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ABSTRACT

Voltage tuning of filters and oscillators with varactors is becoming

widely used in communications equipment, to avoid problems of mechanical

tuning and to decrease size and weight. The successful use of varactor

~uning over fairly wide bands requires that adequate change in capacitance

can be achieved within the tuning range, that the signal developed not

be so large as to drive the varactor out of its nominal range, and that

the d-c voltage developed for tuning purposes be held within fairly

precise limits over its range of variation. Variations in power supply

voltage on the tuning system can conceivably cause serious mistuning.

Sensitivity of tuning to power supply variation can be modified by

padding the tuning varactor with a fixed capacitance.

A set of universal design curves is given from which key design values

can oe obtained for most design problems involving varactor tuning.

From these curves it is possible £0 determine sensitivity to power supply

voltage changes and to tuning voltage.

The use of these design curves is illustrated by an application to

a a~~ferer.tial O5::i llator design, where the sensitivity to supply voltage

changes can be decreased substantially with tbe aid of the curveso

1 On leave from the Electrical Engineering Department, University of Kansas,
Lawrence, Kansas.
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1
~.o Fur.d~ment~ls of Varactor Tuning. A varactor is a semiconductor

p-n junction device, characterized by a high Q and a voltage-variable

capacitance with reverse bias voltage. In a voltage-tuning application,

the varactor is normally part of a tuned circuit which, in turn, is part of

a filter or voltage-controlled oscillator (veo). As the d-c bias on the

varactor is varied its capacitance changes, causing the filter to track

or the v~o to change frequency.

Varactors are of two main types, abrupt-junction and graded-junction.

For voltage-tuning applications, the abrupt-junction type is preferred

because a greater percentage change in capacitance can be obtained for a

given tuning voltage range, due to the greater curvature in the

capacltance-voltage Characteristic••

For the abrupt-junction varactor type, to which all the following results

per~&in, the capacitance vs voltage law for reverse bias is

C • e rvB + ¢~O.S (1)
minlJ + ¢J

where Croin is the capacitance at the breakdown voltage VB' ¢ is very

nearly the contact potential of the diode, and V is the tuning voltage

:nagnltude.

Equation (1) can be used to derive various other forms of expressing

the G-V relation. In particular, if Vo is the maximum value of tuning

vo ~ ge in an application, the corresponding value of capacitance

"WoulQ be

~
B + BO.S

Co • Croin V + ¢

°
(2)

1 renfield, P. and R. P. Rafuse: Varactor Applications, The M.I.T. Press,
1962, pp. 63-13.
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and one can then write

C • C rv0 + ¢l 0.5 (J)

°lI + ¢j
which is the form to be used for obtaining universal design curves,

with Co the minimum value of capacitance in the tuning range.

Equation (3) can be simplified for mast tuning applications, since

ordinarily the tuning voltage will be large compared to ¢.

Co ~ V - VJC~ 0 5 1 + (¢12) VV
(Vivo) • 0

When V:»·f/> I

(4)

Normally the second term in this approximation is small enough that

the expression

C • (5)

is ad~qua~e for the applications. In particular, this equation can be

used with good accuracy when the varactor is applied as illustrated in

'?-g. ::., wi~h the tuning range extending from VI to Vq, where Vl».r) •

!i'or example, if Vo • 50 volts and VI - 10 volts, with ¢ -GeS volt,

the ITAXimum error incurred by using Eq. (5) instead of Eq. (3) is

abou~ 2%. Ordinarily, with production devices, the exponent will differ

fr~ O~5 by more than 2%, suggesting that the theoretical equation is

a sufficiently inexact representation of the varactor that Eq. (5)

might as well be used as Eq. (3), as long as they differ by only a few

percent. Therefore, in the remainder of this paper, Eq. (5) will be

used to represent the performance of a varactor in tuning applications.



(6 )

We stall find it convenient to define viVO • x as the voltage-tuning

variable. Thus for the varactor, the t~~g law used is

C -0.5
• C xo
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2.0 Capacitance vs Voltage for a Series-Padded Varactor. In series padding,

a fixed capacitor Cs is placed in series with the varactor. This gives a

composite capacitance CT which has a different tuning law. We have

•

We shall find it convenient to let cs/co • 0(. and we refer to 0( as the

p r meter of Eq. (~). Thus we write

as the tuning ~ for the series-padded varactor. When oc • co,

Eq. (8) reduces to Eq. (6), since 0(. co means no padding.

3_0 Cap~citance vs Voltage for a Parallel-Padded Varactor. In parallel

p daing, a fixed capacitor Cp is placed in parallel with the varactor.

'f.:ll.s givt:s a composite capacitance Ct which has a different tuning law.

'we have

We shall find it convenient to let CalCp • Q, and we refer to Q as the

parameter of Eq. (9). Thus we write

Ct • Cp(l + Q x-OoS ) (10)
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"S V.e tuning law for the parallel-padded varactor. When Q • CD,

~_. 10) reduces to Eq. (7), since Q • 00 means no padding.

4.c Center Frequency vs.Tuning Voltage._ Now the relations between center

ireq ency of a parallel tuned circuit and tunigg voltage will be derived

:or ~ne unpadded and padded varactor.

4.0.1 The Unpadded Varactor. For the unpadded varactor serving as

t~~ ~ pacitance in a parallel L-C circuit, the resonance frequency is

(11)

and vne maximum value of f O corresponds to the minimum capacitance, thus

(to)~· 21T(~o)O.; (12)

Then, with Eq. (0) as the tuning law,

r • If ) 0.25
to -\ 0 ~ X

Tr.6 ~inimum frequency corresponds to x· xl • vllVo' where VI is

tb~ <.linimum tuning voltage, thus

(fO)min • (to)max ~0.25

~b ~wain~ range of frequency is

F • I'f) - (t )
~ 0 max .0 min

• (f) (1 _ x 0.25)o max 1

(13)

(14)

(15 )

(16)

E~ua~ion 16 may be solved for ~ in terms of a desired maximum resonance

frequency and a desired tuming range, giving

x •1
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Eq~a~~on (16) may be used as the basis for a design chart, shawn in Fig. 2.

The :~w~r portion of the vertical scale is expanded for ease of reading.

4.0.2 The Series-Padded Varactor. For a parallel-tuned circuit with

a series-padded varactor as the capacitive element and ~. cs/co' the

ce~~er frequency can be written in the form

wnere

[

0 5] 0·5
f • (f ) 1 + <X. x •

s Smax 1+0< (18)

(f) ...
s max

1

(19)

Frorr. these equations we can solve for the voltage tuning range parameter Xl,

wte:c Xl ~ V1/Vo' in terms of the frequency tuning range F and the maxiwlln

:e&v~ce frequency (fs ) • We obtain
max

{
[1 - FlUs )ma.x] 2 (1 + o() - lJ2.

Xl ... . oc (20)

;. '~...ily of curves can be plotted from Eq. '20) with 0( as a parameter.

S~ch ~ family is shawn in Fig. 30

4:0.3 The Parallel-Padded Varactor. For the resonant circuit containing

a p~alle:-padded varactor with Q ... Co!Cp' the center frequency is

[
1 + Q J0.5f • (f )

P P max 1 + Q x-O.S

wbere

(21)

1 (22)
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Solv:.ng for the tuning range parameter in terms of the frequency range F

and the maximum center frequency, we have

x .. g2 f 1+ g 11 -2 (23)

1 l [1 - F/(fp)rnax] 2 j
A ::'amily of curves can be plotted from Eq. (23) with g as a parameter.

Sucb a family is shown in Fig. 4.

S.a Center Frequency Sensitivity to Voltage. The sensitivity of the

resonant frequency of a tuned circuit to voltage is defined as the

c~rivative of the ce~ter frequency with respect to voltage. This

ser.sitivity will vary 'With the operating point. Also the sensitivity

v0 ~in~ voltage will differ from the sensitivity to tuning supply voltage •

.I:.. i.::i assll1lled that the tuning voltage is obtained by tapping the tuning
z

5' ?~ly voltage. We designate the sensitivity as S' where y identifies the
y

~~r ~~ular center frequency being considered (fa' f , or f ) ~d z is the
5 p

P~:::'iJ~ ular voltage involved (tuning voltage V or tuning supply voltage E).

~n~ne er specific values are to be discussed, we use units of cycles/second

V
5.a.l Unpadded Varactor. For the unpadded varactor, 'We can find Sf ,

a
the ti .~iiJivity of the center frequency to t~ing voltage, by differentiating

2q. (~~). This gives

V dia dx
Sf -a dx dV

(fa)max

4Va
( V) -~.75

• Sf . xa nu.n

(24)

(25)

V
N',ere (SfO)min .. Cta\Ja:x/4VO. The sensitivity of the center frequency with

respect to changes in supply voltage E is given by



E
sf •o

dfO dx dV

dx dV dE
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Il' ~e assume that E '" VO' then V '" xE and dV/dE '" x, hence

E 0.25
EO (Sf) X

o max
(28)

To~e vhat the sensitivity of the center frequency to changes in supply voltage

is a maximum at the point where the sensitivity to change in tuning voltage

is a minimum, namely at the point where varactor capacitance is a

minimum (x • 1).

;.0.2 Series-Padded Varactor. For the series-padded varactor, we

~i:~ for the sensitivity to tuning voltage

(29,

v
(Si·')· •s nun

(Jo)

7:e maxim~~ sensitivity to tuning voltage occurs at x '" xl' i.e~ at the

c~cst tuning voltage.

'It:le sensitivity to supp:}.y voltage E, assuming E "" YO' is

where
E V

(Sis)max • (Sfs)min

(31)

(J2)

As for the unpadded varactor, the maximum sensitivity to supply voltage

is tr.c same as the minimum sensitivity to tuning voltage, and occurs at x • 10
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S.0.3 Parallel-Padded Varactor. For the parallel-padded varactor

tbe sensitivity to tuning voltage is

(3)

where
v

(Sf ). •
P lTllll 4V (1 + Q)

o
(34)

The sensitivity is a maximum when x • Xl.

The sensitivity to change in supply voltage is, assumins E • VO'

OS)

ThlE sensitivity varies with x in a manner quite different from the other

SC1~ ~iviv~es considared. All others studied vary monotonically across ~ne

'0_:~ge ~~ing range. However this one, under some circumstances, will have

. r~~_mu, at some point inside the limits of the tuning range. In particular,

~~l:crentiating the sensitivity and setting it equal to zero, we find that

~~is ~~mum occurs 2
at x • Q /40 In order for this maximum to lie inside

~b,; c.uning range, it is necessary that Q<' 2.

Figure 5 shows curves of sensitivity of center frequency to supply voltage.

Th case G • 2 is the maximally flat curve, and corresponds to holding the

s~n~itivity to supply voltage nelatively constant over a substantial portion

vi ~he tuning range. Figure 5 shows, for comparison; sensitivities for the

unpadded varactor and for the series padded varactor. Also a parallel-padded

varactor ~:ith Q • 2~/2 is considered.
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6.0 Design Applications.

The design charts presented can be used in various ways as aids

iT- design. A summary of applications follows.

6.0.1 Figure 2. Figure 2 applies to a varactor of the abrupt-junction

type without padding. When the maximum frequency and the tuning range are

known, tte required voltage range can be read directly from the chart.

£'0::' example, if the frequency tuning range is to be 30% of the maximum

f~aquency~ it is seen that the ratio of minimum to maximum tuning voltage

mus7, :Je 0.240 These data apply to any varactor of the abrupt-(j.unction type.

To select a varactor, one takes the data from these curves together with

the know:l circuit information. Alternatively, one can see from the curves

in ?ig. ~ ~hat if the tuning voltage is limited to a range from one half

th r:axil.."Um value to the maximum value, the frequency tuning range can

be only -6% of the maximum frequencyo
-I

6.0.2 Figure 3. When the frequency tuning range is a fairly small

percentage of the maximum frequency, it may be desired to use series padding.

The use of series padding reduces the sensitivity of the circ it to d-c

power supply variation, and improves the linearity of signal handling.

'::;·1.gure 3 shows wbat percentage of the maximum frequency can be tuned

W1.~n a given amount of padding and a particular ratio of mimimum to

ma.."'Cimurn tuning voltage. For example, if it is desired to tune over a

range which is 6% of the maximum frequency, a tuning voltage range

froffi about 42% of maximum voltage to maximum voltage may be used if

ex :::. 0.5, wbich means that the value of series capacitance Cs is

one half of the minimum varactor capacitance CO.
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S.o.,) l'igure 4. Parallel padding may be deliberate or may b

l~Dc_sible to prevent due to the presence of strays which effectively

p c... varactor. Such padding reduces the percentage of frequency tuning

_a:,g wh~ch can be achieved with a given voltage range. Figure 4 shows

t"-a _el.~ions between frequency tuning r nge and voltage range for specific

_mo~ts of padding. For example, if it is desired to tune 6% of the maximum

fr~quency, a voltage ranging from about 54% of maximum to maximum will

su:~ _ce ... :.th g' .. 0.5, which means that the parallel padding c...pacitor

~p = 200' a capacitance twice as great as the minimum varactor capaci~ance.

6.0.~ Figure 5. Figure 5 shows sensitivity of the resonance :requency

tc Ti..ning voltage for an unpadded varactor and for series padding With OC· 1,
l

'C ~~r ?~r lel padding with g .. Z and 22 • It is seen as mentioned earlier

-c. ...1. -che sensitivity can be maintained' constant within a small percent over

a wice t~~ing range for properly selected parallel padding.

:-hen the maximum frequency and the maximum tunlng voltage are knowr.,

vhe supply voltage equal to the maximum tuning voltage, these curves

?e4~ ~ d€~ermination of sensitivity. For example, if the maximum frequency

::"s 2 .:legacycl s/sec and the maximum tuning voltage is 100 volts, at a tuning

\·c:..·v.:.ge vi 60 volts the center frequency would change by 4.8 cps per millivolt

:-: ~ unpadded varactor, by 3.3 cps per millivolt for a parallel-padded

v-r~c~or .ith g "" 2, and by 2.1 cps per millivolt for a series-padded varactor

witt. 0( z: ....

The ~ at ch racteristic for g .. 2 sugGests a way of making a voltage-

cont~olled source which is quite insensitive to supply-voltage variation.

Thi can bl:; done by making the output equal to the difference of two

frc~~encies f g "" f l - f 2• The frequency f l can be varied by a tuning
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vol~age, ~hile the frequency f 2 remains constant. Thus f
g

is effectively

var:'.:-d by the tuning voltage. Both f 1 and f 2 may be made to have the

same sensitivity to supply voltage changes by including varactors in

each individual oscillator. The varactor involved in producing I l has its

vol~age otanged but proportional to the tuning supply voltage, while the

varactor lnvolved in producing £2 does not have a changeable voltage except

for cbanges in the tuning supply voltage, as its voltage is a constant

propc_tion of the tuning supply voltage. This differential oscillator

sche. substantially eliminates dependence of the output frequency on

supply voltage variations, though it may still be sensitive to variations

due wO ctner causes.

'( • .:: :3um.1"~Y. Formulas and charts have been presented whlbh speed and

~aci_itate the design of voltage-tuned circuits using varactors as ~he

variaole tuning elements.
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