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Abstracf—This paper presents equations and design curves for a

noninverting frequency converter which will enable the engineer to

design efficient, high-level parametric devices using abrupt-junction

varactors. In addition, the excellent intermodulation characteristic

and extremely wide dynamic range (m excess of 140 dB) of the para-
metric frequency converters enables their use immediately as low-
frequency downconverters or microwave upconverters without any
deterioration of other parameters, such as noise figure, in system
performance. It has been shown that these abrupt-junction diode
devices possess the largest known dynamic range, in addition to be-
ing relatively spuria free with respect to intermodulation products

produced by the diode nonlinearity, intermodulation distortion being

generated in the device due only to gain saturation.

The design curves also indicate the maximum conversion effi-

ciency possible with a given abrupt-junction diode. An inflection

point for 50 per cent converison efficiency occurs for all diodes. Any

additional improvement in pump-to-sideband efficiency greater than
50 per cent gained by adjusting the diode and circuit performance,
requires relatively large increases in the diode cutoff frequency and
reduction in overall circuit losses. Other design curves include im-

pedance variation with drive powers and the overall limiting output
power capability for a given diode. A design example is presented to
demonstrate the usefulness of the derived results and design curves.
The experimental results obtained with this design have demon-

strated a microwave, C band, tunable converter with almost 50 per

cent conversion efficiency.

1. INTRODLTCTION

T

HE VARACTOR diode has become well known

as an excellent device for low-noise amplification

[1], [2], [3]. Recently, however-, the varactor diode

has been used in high-level frequency converters as both

a means of obtaining large amounts of power tunable

over wide bandwidths and as a means of placing FM

and PM information on a CW source such as a varactor

multiplier. The high-level parametric upconverter dif-

fers from a low-noise parametric amplifier in the area

of conversion efficiency.

Several papers have been published which present a

general discussion of the properties of large signal

varactor parametric devices [1 ]– [5 ]. In each case, only

approximate solutions for the transfer impedances are

derived. It is usually shown that these impedances are

affected by the powers present in all circuits and, there-

Manuscript received June 9, 1964; revised October 5, 1964. The
work disclosed in this paper was partially sponsored by Signal Corps
Contract DA-36 -039 -AM C-02345(E), “Interference Reduction Tech-
niques. ”

The author is with the Communication Systems Di\,., RCA, New
York, N. Y.

1 These impedances are defined as the “effective” real input im-
pedance looking into the device at a specific port (one frequency),
excluding all circuit losses, when the diode is conducting currents at
all the required frequencies.

fore, are the basis of the onset of saturation in any

parametric device.

One of the problems in the large-signal solution for a

varactor-frequency converter is the infinite number of

terms found when attempting to evaluate the Taylor

expansion for charge as a function of voltage for an

arbitrary varactor. If one reverses this approach and

finds the expansion for voltage as a function of charge,

with a junction exponent2 ~ of +, it is found that the

series is finite and easily utilized to find a more exact

solution for the diode transfer impedance. A study of the

interrelationship between these respective circuit im-

pedances, with regard to the conversion efficiency be-

tween the desired frequencies, yields an optimum design

procedure.

A diode which exhibits a capacitive junction ex-

ponents ~ of + is known as an “abrupt” junction varac-

tor. The junction exponent is a function of the dopant

concentration as a function of distance from the junc-

tion. Normally, diodes exhibit y’s between + to ~, the

+ exponent signifying a ‘(graded” junction. If the ex-

ponent y is greater than +, the device is referred to as

hyperabrupt and is characterized by high-conversion

efficiency for high-harmonic orders [6]. When diodes

are used which yield an abrupt capacitance variation

over their entire voltage swing O- VB breakdown, this

analysis would yield exact results if it were not for a

limited allowed forward conduction. For all intents and

purposes, it will be shown that the “normal” available

varactors, where 7=0.45, yield results approaching

those achievable as indicated by this analysis. Although

mathematically convenient, this analysis for the

abrupt-j unction device is also based upon consideration

of the higher achievable conversion efficiencies and

power levels attainable when using this device as com-

pared to the common, graded junction diode. It will be

shown that the allowable drive powers may be signif-

icantly higher for an abrupt diode due to a greater

maximum stored charge. It has been shown [3], [6]

that the transfer impedance for an active varactor in-

creases with increasing y thereby producing higher

operating efficiencies when considering the relative level

of losses.

Another interesting characteristic of abrupt-junction

z The junction exponent determines the reactance-voltage non-
linearity and is defined in Section II.
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devices is that they are relatively spuu-ia free. Since the

expansion of voltage produced as a function of charge

terminates in the second derivative, the device is truly

“square law. ” Higher-order harmonics are not produced

above the second, and third-order intermodulation

terms do not appear as a result of the cliode nonlinearity.

Intermodulation products will be produced, however,

due to the gain saturation process that occurs due to

large signal operation.

The second primary consideration in this analysis is

the fact that we have specified voltage as a function of

charge. Since the charge is the independent variable, it

becomes necessary to pump the device with current,

the time integral of charge. The “current-pumped” mode

of operation yields mathematically convenient relations

based upon a practically achievable network configura-

tion. Figures 1 and 2 indicate the relative difference

between a diode which is made voltage dependent (Fig.

1) and one which is mesh-current dependent (Fig. 2).

The tuned networks allow only the representative volt-

age or current, Figs. 1 and 2, respectively, to be de-

veloped in that circuit. It must be pointed out here that

a voltage-pumped junction, excluding R,,, is impossible

to achieve. The real diode, which ccmsists of a series

loss resistance and a nonlinear junction reactance, will

conduct many currents, resulting in a nonlinear voltage

drop across R,. The actual resulting voltage across the

junction thus becomes nonlinear. B,y specifying the

mesh currents shown in Fig. 2 to be the only allowed

currents, the series representation clf the varactor may

be effectively utilized as the basis of an exact solution

for the resulting terminal voltages.
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.

Fig. 1. Voltage-pumped diode con~,erter.
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Fig. 2. Current-pumped diode conl,erter

II. BASIC REL.%TIONS

A typical varactor diode, reverse biased, is charac-

terized by a junction capacitance which is voltage de-

pendent, as shown in (l).

c(o) = ~ (v, + v,,)’
c(v) = —

v,

[1 “n (v. + v)~
(1)

1+;
c

where

C(0) = zero-bias capacitance

C,nin = junction capacitance at VB

VB = breakdown voltage

V.= contact potential (~0.5 V for abrupt junction)

V= total applied external voltage

T = junction exponent: +abrupt

~—graded

> +—hyperabrupt

The inverted representation of C(V) [the elastance

function S(V) ] maybe expressed as [1], [3]

Q “//(1-”/)

()S= S., T
m

(2)

where

Qfi = maximum charge (at breakdown V,)

Sm,= maximum elastance ( = 1,/C~)

From (l), (2), the diode-junction voltage may be

written as

Q I/(l--’f)

()V+v. =(vll+v.) ~
n?

which becomes

(3)

Q 2=~Sn.Hv + cc],.I/, = (VB + Vc) ~ z ~: Q’ (4)
m ,

2 s.
v + VC]T.1,3 = — —— Q3/’

3 Qmll%
(5)

Figure 3 is a normalized plot of (4) and (5), where the

maximum charge has been referred to that of the abrupt

junction. Figure 4 using (2), indicates the elastance-

linearity condition, with charge as the indepenc[ent

variable, for the abrupt diode.

Examination of these last two equations and Figs. 3

and 4, indicates the true square-law characteristic:, of

the abrupt-junction device, which may be used with a

linear-time variation of charge to obtain a linear varia-

tion in elastance (current pumping defined), whereas a

voltage-pumped diode results in a nonlinear variation

of elastance and, thus, is not capable of providing the

same high-output eficiencies.3 In addition, in order to

3 This property of the current-pumped abrupt-junction diode is
discussed in Rafuse and Penfield [1], ch 7.
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effectively voltage pump a diode junction from a sinus- 111. UPPER SIDEBAND UPCONVERTER

oidal source, no series losses are permitted since the (CURRENT PUMPED)

current, being nonlinear (id = dq/dt), would result in a In the upper sideband mode, the output (at frequency

nonlinear drop across Klosses andy conwuentb’, a nOn- 03) its related to the pump (at frequency W) and signal

linear voltage across Cdiode. (at frequency w,) by

As shown by Fig. 3, the graded junction may support

only % of the abrupt junction’s maximum charge;
6J3=cm+cd2 (8)

Qmwaled=~ Q~abr..tfor equal S~ and ( VB + ~~,). The respective diode currents may be represented as

For abrupt diode:
follows :

(VC + VB)
~sig..l = II COS (~It + 191) = ilej@l~ + il * e-j’J1t (9a)

Q.= = 2 (6)
s.

I pump = IZ cos (mt + OJ = Le~mZt + & * e–~o’t (9b)

~outp”t = 13 cos (OJ3f + 93) = ~3ei’Ja~ + ~3 * e–j’”st (9C)

F-or graded diode:

3 VC+VB
where the relative phases are included in the complex

Q.,=% ~
(7) currents

Ik ~m i~=—ei~

Thus, the power-handling capability of the graded 2

junction may be shown to be less than that of the abrupt

if one considers that maximum drive power is propor- li~l ‘;(k=l,2,3) (lo)

tional to the current squared, the time derivative of the

instantaneous diode charge. All circuits are assumed to be tuned to resonance, the

To provide full sinusoidal current pumping, which current phases corresponding to that of their respective

corresponds to a voltage swing across the diode junction source voltage generators

between O bias and VB, the bias charge is chosen to be

3 and 4. The corresponding
vk

– Q~/2 as shown in Figs. ?’k = — ejak (11)

bias voltage then becomes ( VB -i- V,)/4. 2

A useful representation similar to that introduced by

w! .————-—.—-. -———— Raf use and Penfield [1], is the pumping quality factor

; 11 which is th_e ratio of the instantaneous diode charge
; 0,8VB to the maximum charge Q..
g

Iikl2 ‘ik3 0,6 VB
ikfk=— %= IM,CI== (12)g

: GRADED
CWQm

g 0 4VB

J
The individual circuit resistance comprising circuit

:
loss and diode loss is represented by

? 0.2VB

R16 = R. + R.i,~”it 1.,, (k) (13)

o,2Qrr 0.4Qm 0,6 Qm O 8QM Qm The effective total source and load impedances be-
P.. DCC., .-,...

CHARGE NORMALIZE TO Qm FOR ABRUPT JUNCTION come

Fig. 3. Voltage as a function of charge. RTk = R~ + RQk

RT, = RB + RL

Srr

O.asnl

.

~oc. sm

:

:

i o.4sm

0,2sm

0 .2Qm .40!7 .6Qm .8Qm Om

A, schematic representation

tuned to resonance, is shown in

(k= 1, 2)

(k= 3) (14)

of the three circuits,

Fig. 5.

I Rk 2 R3 3

1

CHARGE L L

Fig. 4. Elastance-charge curves. Fig. 5. Input-output circuits

.RL
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The total charge Q may be represented as the sum of

a de charge (Q~/2) and an ac charge q found by integrat-

ing the sum of (9a)–(9c). The input-output network

equations are found by substituting the total Q into (4),

collecting the terms at equal frequencies, and adding

the diode loss i& and other impedances (i.e., i@~~) to

the respective equations at their associated frequencies.

These results can be expressed in matrix form which

may then be used to readily solve for the desirable cir-

cuit characteristics (i.e., ZiI,, Zou,, P,~, etc.). Table I

(next page) indicates the basic device parameters of in-

terest obtained in the latter fashion.

IV. OPTIMUM EFFICIENCY CONDITION

In order to utilize the low-loss conversion properties

of this device, the impedance levels4 clf the device must

be made as large as possible with respect to the losses.

This results in a minimum value for the C’S5 representa-

tive of the relative losses. It is to be noted here that an

increase in the output-circuit efficiency by increasing

the load resistance RL increases RT3 (RT, = RL +&),

thereby reducing the transfer impedances in both the

pump and signal circuits [see Table 1, a)].

A real impedance match (assure ing all reactive cir-

cuits tuned to resonance) is established in the signal

and pump circuits when,

where,

In order to establish an optimum conversicm efficiency

between input and output, it will be assumed that the

dominant loss is R, so that the total impedances in the

individual circuits are almost equal. In those cases where

it is desirable to optimize the allowable pump drive

power, it will be shown that a sacrifice in signal-circuit

efficiency would permit an increase in available output

power. The variation in the signal-circuit loss may be

represented as an increase of the loss variable R1 by an

arbitrary multiplier constant a. It may be seen from

(15) and (16) that a has no effect on R,, of Rg~, if K, is

also increased by a. The increase of K1 to K1 requires a

permissible increase in mzz and therefore, an increase in

both Pz and PI (see Table I-f). It will be seen that the

use of a 1 will degrade the optimum pump to output

conversion efficiency by reducing the allowable value

for 7n12~.X (Section V-C).

The corresponding output impedance for maxin Ium

power transferred to RL becomes,

(20)

A simultaneous solution of (20), (15), and (16) yields

the following result for the required optimum source

and load impedance:

(15)

(16)

(17)
where,

(18)
and

using the relation,

(Radian-Cutoff fr~quency) a, = ~ (19)

.s

i These impedances refer to the transfer and load impedances
which exclude circuit losses.

5 This result is exoected from rx-eliminarv considerations of a non-
linear-reactance dew!ce with no kses wher;
predict

P,
—+!!! =1+3
P, COD %

for an upper-sideband, noninverted output.

R, R,
GI=—; G*=— ;Ga=

RO1 R,,

Manley Rowe relations

R,

R,;

KI K,
x= l+- =1+—

R1R3 R2R3

(21)

(22)

(2!2a)

(23)

mz 2

()

COl RI
—. —— (24)
ml co~ Rp

The variable a is an arbitrary signal impedance scaling

factor.

We may now substitute the optimized impedances

into the appropriate expressions in Table [, i n order to

obtain a representation of the maxirnu m optim~lm

conditions for this device. Table I I is a summary of

these results.
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—.. —

a) Input impedance (Z)

b) Current gain

c) Power-conversion efficiency*

Pout

“0 = 7;

d) Active-transfer impedance

e) Theoretical maximum efficiency [7]

f) Input power**

TABLE I

From (29)

—— ——..—————

Signal to sideband

CIJ1 to G.13

‘w Zsm 2
ZI = RT, + ——

cwJ3RTa

& Wmsm—— ——

;1 WIRTr

42 RORg RL
P, co,

ma = — = —————

P, RT, [RT, + Roll’

R,, = ~25mL
WW3RT8

“Os. ‘:(*) (i~z)

()
“ 2$ [RI+ R,,]PI = 8WZ12 —
~c s

* PO= power dissipated at frequency Q~, in RL
P.= a~,ailable signal input power at frequency w
P.= available pump power at frequency m

** The input power is derived from the relation,

pin = 2 I ~in12Rim

and refers to the signal and pump circuits PI and P.z, respectively.
The familiar notations, PN (normalized power)= VB2/R. and co,
(diode cutoff frequency) = Sin/R, have been used.

TABLE II

IMPEDANCE OPTIMIZED CONDITION

From (30)

Pump to sideband

us to rq

42 R02R.,RL
Po WA

70D = — = —————
P, RTa lRT, + Ro2]2

%’%+<)(2G)
()“ 2; [R, + R,,]Pz = 8m# —

~, s

4

b)

c)

d)

e)

Output efficiency

Total-device efficiency

Po
———
P. + P,

Input power

Input impedance

Output impedance

V. NORMALIZED

I Referred to signal Referred to pump

.—— ————————— ———————————————.——————————

w, #x–l
70,= ; –d–y—+–~ 70P = ~rlo,

~2

70P
~oT . ——

1 + @l/@!

I

DESIGN CURVES

Examination of Table II indicates that the quantities

shown may be normalized so as to enable universal

curves to be plotted.

A. Normalized Impedance Variation

From Table II, d), e), we may represent all the

match impedances by a normalized variable Rn where,

This quantity (61) is plotted in Fig. 6 (page 156).

The value of X corresponding to a particular operat-

ing efficiency is computed using the necessary diode

and circuit-loss data available. The magnitude of the

operating pump level ml may be determined from the

efficiency-operating point, Fig. 8. A nominal value of

0.20 may be assumed. The actual circuit-load resistance

may be slightly lower in value than the calculated value

due to the effect of the shunting capacitive reactance at

the diode. If this reactance should become appreciable

with respect to the nominal value of the junction

capacitance, the theoretical conversion efficiency will

be reduced. This effect is present in both the pump and

output circuits when current pumping is used.
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B. Vaviation in Pump-to-Output Conversion

E&ciency q.~

We may normalize the output efficiency qOP with

respect to the frequency ratio as follows:

cd~ (m,r)”
‘vOml= — 7J”3p =

[1+ ~1 -~(mlr)’]’
(26)

@3

where (25), and Table II, a) have been used.

Figure 7 is a plot of (26) vs. Kz/RzR3.

Figure 8 is a plot of (26) vs. ml, with r as a parameter,

where

(27)

r represents a quality factor determined from the diode

cutoff frequency w and circuit losses.

C. “ Worst-Case” Criteria for Maximum P14mping Vari-

able, ml ~,.

In order to prevent forward conduction or reverse-

diode breakdown, the elastance variation is bounded

between S~ and O (i.e., O< S(t)/Sn < 1). tTsing (2)

ml + mz + ma < 0.’25 (28)

where the peak values for the m’s are used, irrespective

of phase, in order to indicate a worst-case condition.

Using (22), (24), (28),

0.25
ml ,,l~X =

l+[l+&as ‘2’)
ml~,X is shown in Fig. 8, superimposed upon the

efficiency curves as a function of qOP,, with ul/coz and

RJR, as parameters.

These vertical curves correspond to the maximum

value of ml which may exist without permitting the

diode voltage to exceed the reverse-breakdown level or

permit forward conduction. This limiting value corre-

sponds to the condition where the diode voltage repre-

senting each of the three circuits assumes its maximum

value simultaneously. If the phase angle between pump

and signal voltage sources were chosen to correspond

to the value where ml assumes their absolute maximum,

a slight increase in allowable ml would be possible.

Since this phase angle is arbitrary, only the worst case

will be considered, corresponding to these curves.

The permissible operating region represented by these

curves is the area to the left of a given vertical curve.

The maximum-conversion efficiency is obtained by the

intersection of the r curves with the proper m 1~., char-

acteristic, knowing the circuit losses, frequency ratios,

and diode characteristics. If an increase in signal-circuit

loss is required (22a), its affect upon m ~~.X (29) must be

considered with the respect to the achievable efficiency.

D. Maximum Input Power

The normalized input powers become,

P2m Wt RIR, @ }

( -1
Pz~x =— —= 8m14— —

PN ~1
(30)

Rf/R3 x – 1/

Plmn = ~ P2,*N (31)
~z

where

Rl = aR8

using Table II, c) and (22) substituting for u,.

Assuming the diode loss

total net circuit losses (i, e<

Pz~~ = 8ml~

resistance R, constitutes the

a= l),

Figure 9 shows the relationship between

pump power and the normalized variable

Kz ml%C2
—

R2R8 – U,LOZ

for different values of mlj.

(32)

the input-

These equations have been derived with the assumpt-

ion that the effective diode voltage never exceeds a

magnitude corresponding to reverse breakdown or

forward conduction. In a practical device, the diode is

permitted to conduct in the forward direction over a

small portion of its normal pump cycle. As a result, a

greater power handling capability is obtained in acldi-

tion to increased operating efficiency. The data repre-

sented by the preceding formulas is, therefore, some-

what conservative. The actual operating conditions are

expected to exceed the limitations represented here,

when an optimum eficiency and power handling capa-

bility are to be expected.

E. Output Power

The most important consideration in the design of an

efficient power converter is the optimizaticm of the

various design parameters with respect to the power

(pump) -efficiency product. Although the device is capa-

ble of a high-power input at reduced cutoff frequencies,

the output power suffers from a very low efficiency of

conversion. The reduction in cutoff frequency for a

constant pumping parameter mlz corresponds to an in-

creased series resistance R, and, consequently, a higher

dissipation loss.

Taking the product of the two normalized quantities

%.. p~.~ using (26) and (32)
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1965 Perlrnan: Varacfor Power-Frequency Converters 157

0,0s

004

.

f 0,0,

&

0.0,

0,0,

01\

\

Y
M, XI MUM .,,0.,,,, ,“”, ,,.,, FOR A 0,”,..
TUNE. F., HI. ” co,. E.,l ON E, F, CIE NC”.

——
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Fig. 10. Normalized output po}ver as a functiou of conversion efficiency and pump power

Figure 10 is a plot of this result as a function of

ml%c~ K,
—

GJ2(I)3 R2R3

with m 14 as a constant parameter. The circuit losses

other than R, have been excluded since both the effi-

ciency and input power are maximized for a minimum

loss product RZR3. The effect of addled circuit losses

would be represented on these curves as a reduction in

the power Pomo,~ proportional to the factor Rl&/N2R3.

If R, is increased by a (22a), the pump power may be

correspondingly increased, resulting in an increase in

available PO.
RIR,

PO,O,~(Actual) = =3 PO~ (34)

The horizontal parameter K2/RzR3 must be adjusted

accordingly.

These curves indicate a slow decrease in output power

as a function of the increasing frequency ratio UC~/OJ:!W3.

The maximum output power is obtained for small values

of KZ/RtR~ corresponding to very low conversion ef-

ficiencies. In order to attain the high levels of output

power specified for K2/RzR3 <5, the input pump drive,

curve 9, is unnecessarily high. In the neighborhood] of

KZ/R2f?3 = 10 the attainable output power has decreased

to 70 per cent of its maximum value. The requi red

pump input has decreased to less than 10 per cent its

value at K2/RzR~ = 0.5, as a result of the increased con-

version efficiency. This results in a substantial impro, ve-

ment in operating efficiency with only a minor decrease

in output power.

The improvement in efficiency associated with in-

creasing ratio is not significant for K2/R2R3 >50 rt?Stllt-

ing in a limiting output power. The output drops 35

per Cent as the parameter KZ/RZR3 k increased from

50 to 500, corresponding to an input change of only 31

per cent. It is thus readily seen that no substantial gain
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in conversion efficiency is obtained by increasing the

parameter Kz/RzRa beyond approximately 50. The de-

signer may determine the desired operating point de-

pending upon the specific design requirements.

The relative figures used here are for comparison

purposes only. An examination of achievable results

for a specific low-loss varactor will determine the ob-

tainable results. The data represented by these power

curves is a result of a low-loss approximation. The ac-

tual circuit data may be readily substituted into the

appropriate equations to provide more exact results.

In order to obtain high-efficiency power conversion

without sacrificing the power-handling capability of a

single diode, multiple diode circuits may be used. Push-

pull balanced operation of two or more diodes enables

the designer to minimize the number of necessary

filters because of the design symmetry. The problem of

large signal detuning is also minimized.H lTsually the

pump and idler sideband filters are not required since

push-pull circuits result in a “balanced” cancellation

of the output signal in the input-pump port and vice

versa. The reduction in the number of filters used re-

sults in reduced circuit losses with an increase in the

conversion efficiency. The use of several varactors en-

ables one to apply nF’i. (input power) where n repre-

sents the number of varactors. In addition, the overall

dynamic range is extended since each individual varac-

tor operates within its linear range regarding its input-

output characteristic. Care must be exercised in the

circuit design, in order to prevent a runaway condition

resulting from an imbalance in the power applied to the

individual diodes. The runaway condition corresponds

to the case where the number of diodes ‘(operating” in

balance are not sufficient to handle the power present,

resulting in a sequence of burnouts, effectively increas-

ing the powers across the remaining diodes. The bias

networks may be used so as to place the balanced diodes

in series in order to minimize detuning effects.

F. Efective Bias

From the original matrix solution mentioned in Sec-

tion III, one may express the dc component, using (29),

as

[ ( WLR1 W1U2 RI
V~. = 0.25 + 2WZ1Z1+—+— )1V~ (35)

w2Rz f-’J32 ““p E

As an example, if

WI << @27 @3; ml~ = 0.2

then, V~O*O.34 VB.

The fixed bias voltage required to maintain sym-

metrical current pumping about the mean charge

g = – Qn/2 is VB/4. The additional dc voltage is pro-

duced by the nonlinear mixing of the signal frequencies

G Detun ing effects tend to be minimized since the odd-order terms
in the charge expansion are out of phase when considering the charge
developed across each push-pull diode.

in the varactor. A resistor is usually placed in series

with the bias supply and the diode, to compensate for

variations in the effective diode bias in the presence of

power variations. The voltage drop across this resistor

is zero only for a no-signal condition. Under full-pump

conditions, self bias will usually appear across the finite

bias source impedance relative to the low diode internal-

forward resistance. The effect of this bias is to add to

the fixed bias, making it necessary to reduce the fixed-

bias supply voltage in order to maintain the effective

fixed bias of V~,.

VI. DESIGN AND EXPERIMENTAL REStTLTS

A. A Description of Seve~al Possible Circuit Approaches

Because of the inherent symmetry which exists in a

push-pull circuit, a large degree of signal isolation may

be obtained. In addition, an increase in allowable input

power is permitted, proportional to the number of

diodes used. It is shown (Appendix) that this type of

circuit provides an output at the upper-sideband fre-

quency which may be isolated from the pump circuit,

by diode balance, without the need for 10SSY filters.

Tunability is readily attained using the appropriate

impedance-matching networks without the added com-

plications associated with low-loss tunable filters. A

low-pass filter is necessary in the signal U1 port to

prevent the pump U, from dissipating in the signal

circuit. Since the power-conversion efficiency is usually

specified between the pump and output circuits, it is

important to minimize the losses in these circuits.

The design shown here may be implemented in either

coax, stripline, waveguide, or in a combination, de-

pending upon the operating frequencies and the desired

isolation. A possible scheme using symmetrical inputs

in coax is shown in Fig. 11. Both the pump and signal

enter the diodes through high- and low-pass filters, re-

spectively, in a normal coaxial TEM propagation mode.

The resultant sideband (sum frequency idler) is re-

moved from a resonant matching cavity structure by

means of a tunable probe. The impedance matching in

the coaxial ports is established by realizing a real-part

match, using the appropriate filter impedance trans-

formation, and a resonant condition by locating the

stop filter in the proper position. Although reference

has been made specifically to coaxial networks, strip-

line structures may be used to advantage in many cases.

A simplified representation of another circuit using

only coaxial networks, is shown in Fig. 12. This par-

ticular circuit uses what might be referred to as a sec-

tion of coaxial-coax. The diodes are pumped in series

by means of a balanced transmission line, which may be

designed using the techniques available for construct-

ing “balun transform ers. ” The signal is introduced

through a low-pass filter and drives the diodes in the

push-pull, parallel mode. The resultant idler is gen-

erated in a TEN1 mode with the conductors acting as a

quarter-wave coaxial tuning assembly. The output may
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be removed using a current probe coupled to the idler

center conductor at the proper impedance tap. The

output cavity may be tuned by varying the position of

the rear shorting wall (A-A) using sliding finger con-

tacts.

The high-pass pump filter in Fig. 11 may become a

section of waveguide. In this case, the pump couples to

the diodes by means of an E-field probe, the same one

used to connect a coaxial low-pass signal circuit to the

The diodes are held in series by a rod which forms a tee

structure with the low-pass filter, in a section of nearly

square waveguide. Since the pump enters in a ‘l~EIO

mode, in parallel with the varactors, the output (idler-)

will be effectively rotated into a TEO1 mode in series

with the varactors. This spatial phase relationship be-

tween the pump and output accounts for the isolation

between these two frequencies. The guide width (the a

dimension with respect to the pump) must be above

cutoff for the frequency w2, whereas the b dimension

may assume a slightly smaller width so as to effect a

high-pass filter response for the output. This provides

additional isolation between the pump and desired

uppey-sideband output and ako rejects the undesired

louw sideband, which would dissipate povver in the out-

put ilnpedance if allowed to circulate.

The necessary impedance matching is established in

the waveguide circuits by the use of suitable obstacles.

If broadband tuning is desired, a sliding screw tuner

may be used to transform the load impedance to the

necessary low impedance at the diode plane and also

resonate the resultant imaginary component. The low-

pass fi[ter may be designed to incorporate the resi(dual

elastance of the diodes (Appendix), as well as the in-

ductance associated with the connecting probe. If a

Chebyshev, even-order filter prototype is used, the

series diode elastance and inductive connecting probe

form the filter end section. The final capacitance is

located at the upper waveguide shorting plane and acts

as the necessary pump-idler bypass and waveguide

boundary condition.

B. Design Example

The following example is intended to describe the

procedure required to obtain the necessary design de-

tails using the previously derived equations. IJlost cur-

rentll- available diodes do not exhibit an abrupt capacit-

ance variation over the entire voltage swing when re-

verse biased. It has been found that an average y = (0.42

is characteristic of several readily available diodes.

The frequencies of interest in this design are

Pump—~2 = 4250 Me/s

Signal—jl = 150-750 Me/s

Idler—j, =4400–5000 Me/s

The diodes chosen for this design have the following

specifications:

Dissipation 1 watt

Junction capacitance at – 6 V 1 PF

Breakdown voltage, V~ 60 volts

Cutoff frequency at VZ3 150 Gc/s

Series loss resistance R. 2.8 olhms

Average junction exponent 0.42

These specifications are characteristic of several R.CA,

diode assembly. Figure 13 shows this form of circuit. Sylvania, and AEL varactors.
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From (27), neglecting all losses except R.,

~(at 150 Me/s) = 34.7

r(at 750 Me/s) = 32.8

Since R1=R2=R, and a = 1

R=0187(nea;:eD)‘or’’=’’oMC’s

E=042rea::eH)‘or’’= ’’oMC’s
we find, using Fig. 8, the pump-to-sideband conversion

efficiencies,

4400
— (0.75) = 77.5 per cent

“5° = 4250

with ml max equal to 0.18

5000
— (0.68) = 80 per cent

‘T5” = 4250

with ml max equal to 0.15.

It must be emphasized that these calculated ef-

ficiencies are for a truly abrupt diode; exclude the effect

of the parasitic package capacitance, circuit losses other

than R,, and coupling losses. The necessary impedance

levels may be found by considering the results of the

Appendix and Fig. 6, where,

Kz

–1 =(0.18r,,o)2 = 39
R2R3 150 kIC/S

Kz–1 =(0.15r7,J’ = 24.2
R~R3 76” ~lc[,

Therefore, from Fig. 6, the normalized impedance RN

varies from 6.3 to 5.0 as the signal frequency is increased

from 150 to 750 LIc/s. Considering the input to be a

push-pull circuit, we find, using (25),

R,, = R,, = 8.8 to 7.0 ohms

RL = 35.2 to 28 ohms

The calculated maximum pump power [(30) Fig. 9]

is approximately 75o mW. An increase of this power to

almost twice this value is permitted if we choose a = 2,

(22a). The new calculated conversion efficiencies are

found to be approximately 73.0 per cent associated with

a mmor decrease of the values for wzl,n~~ (Fig. 8; F, L).

An input filter was designed to match to an 16-ohm

input impedance over the band of signal frequencies.

The actual synthesis procedure will not be described

here. This low-pass, coaxial structure was incorporated

into the circuit shown in Fig. 13. The separation be-

tween the diode plane and the location of the input-

output waveguide joining the diode-guide assembly was

adjusted empirically for optimum power transfer. Since

this particular form of diode assembly places the diodes

in a high-impedance section of guide, external tuning

was necessary to adjust the effective impedance levels

in both the pump and output circuits. The output

load RL was established in the diode plane using a slide

screw tuner with a VSWR of 15 to 1. A similar device

was used in the pump circuit, although only minimum

tuning was required, since the probe structure coupling

was optimized by the internal geometry and probe design.

C. Experimental Results

By tuning only the pump and output circuits, driv-

ing the signal input with an unmatched 50-ohm source,

the following results were obtained with a pump power

of 1.5 watts and a signal power of 200 mW.

Signal Frequency (Me/s) Conversion Efficiency

150 0.46

200 0.42
250 0.42
300 0.46
350 0.47
400 0.45

The allowable, theoretical pump power level is now

found to be approximately 1.3 W. However, a drive

power of 1.5 W was used without any appreciable de-

terioration in performance. Since the calculated power

is based upon a limitation in allowable voltage swing, it

is somewhat conservative, as some forward conduction

is permitted to establish a regulating self bias. The

fixed bias used was 25-volt (average) total, or 12.5 volts

per diode. The theoretical bias would be approximately

32.5 volts, or 16,25 volts per diode for abrupt, fully-

pumped junctions [see (3.s) ].

VII. CONCLUSIONS

The abrupt-j unction varactor diode enables the de-

signer to convert microwave energy from one frequency

to another with a high degree of efficiency and wide

dynamic range. The actual effect of the device’s non-

linearity due to gain saturation upon information sig-

nals has not been considered in this paper. The inter-

modulation distortion has been shown to approach a

limiting value of – 17 dB as the output power ap-

proaches its maximum value [7].

The use of push-pull circuits provides sufficient iso-

lation between the pump and output powers, permitting

the exclusion of Iossy, narrow-band filters in these cir-

cuits. Several wide-band, tunable converters have been

built which demonstrate the reproducibility and ef-

ficiency obtainable from currently available varactors.

Power outputs of greater than + watt have been ob-

tained at LX band. Conversion efficiencies approaching

50 per cent at C band and 75 per cent at 500 Me/s have

been attained.

Although most of the currently available varactors

have junction exponents which lie in the range $ to ~,
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the results achievable using varactom similar to those

used in this design (y= 0.42) have demonstrated the

validity of this design procedure. If varactors are used

where 7 = ~ over the entire voltage swing, the ef-

ficiencies obtainable would approach those found in this

analysis.

AETmwm

ANALYSIS OF JI THREE-FREQUENCY

PLTSH-PULL CIRCCTIT

A simplified representation of a three-frequency,

push-pull upconverter is shown in Fig. 14. The pump

and signal currents il and iz, respectively, drive the

diodes in parallel with the polarities of the diodes re-

versed with respect to one another. The resulting sum

frequency, idler current i3, circulates through both

diodes in series and is dissipated in circuit losses and a

load resistor RL (not shown), which is effectively by-

passed at the pump and signal frequencies. The idler

current effectively cancels at the pump and signal port

1 due to the circuit balance (assuming identical

diodes).

A fixed bias supply J’o is connected so as to establish

the necessary quiescent bias across the individual

diodes. The required input and output matching net-

works will be determined.

Representing the charge on diodes A and B as

Qcz=~+qa referred to node 1)

@=+$+qb referred to node 2)

where

q. = (ii’ + ;2’ – i3)d

qb = (iL’ + ;2’ + ;3)d

‘i 1’ = ii/2 iz’ = ;2/2

(36)

(37)

(38)

(39)

(40)

the terminal voltages 171 (at CO1)and I’Z (at u2) at nodes

1) and 2) become

“(o’)‘1’2(R+R)’’++” ‘“)

( $)Vj(u,) = 1/2 R + i,+ 5’,nQ,nM,*M3 (42)

where (36)–(40) have been substitutec[ in (4). The volt-

age at the output frequency wi does not appear at this

node. The effective output voltage appearing across

RL is the sum of the contributions from each diode

where

V,((w) (=2R, +
s.–)2jti3

i3 -1- il

The necessary bias voltage VO becomes twice

(43)

that

=-t--++
il+i

2

(A) J ~-

rj

‘3
(B)+

+

0

Fig. 14. Schematic representation of two varactors
in push-pull circuit.

represented by (35). Assuming we tune the new elas-

tance components in each circuit to resonance, the real

input impedances may be evaluated from (4 l)–(43)I.

The pump and signal impedances, optimized for an

impedance match become (using the criteria developed

in Section IV and assuming the total loss to be R,,)

mlgu,z
x= l+-

The value of X has not been altered

push-pull mode of operation; therefore,

(44)

(45)

(46)

because of the

the achievable. .
efficiency represented in Fig. 7 remains the same (as-

suming identical diodes). The optimized impedance

levels have changed, however, by a factor of two to

one, as shown by (44) and (45). In addition, as expected,

the allowable power input has been doubled.
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