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ABSTRACT

A systematic approach to the design of linear high-power varactor-tuned frequency modulators is presented.

It ie shown that a few simple measurements on the free-running oscillator together with a euitable use of modern

general-purpose optimization programs allow the dasigner to predict and control all aspects of the design problem,

including linearity of the frequency-voltage characteristic, the R.F. voltage swing across the varactor junction,

and the ;ptimum choice of the varactor diode itself.

Introduction

The problem of designing varactor-tuned transistor

oscillators (VTO’SI for microwave integrated circuits,
even broad-band, has been extensively treated in liters

ture, both in the FET and the bipolar transistor case~-z
and can be considered as a relatively settled matter.
When the VTO must act as a frequency modulator. linear~

ty is primarily of concern, and the design problem gets

harder. Though a number of methods for varactor linea-
rization are well known to R&O engineers, a straightfor
ward approach yielding solutions easy to be realized by
MIC technology has not baen presented so far. Thus ex-
cept for the choice of a rough starting point suggested

by previous experience, the design specifications are
usually met by empirical trimming and trial-and-error

techniques.

The problem is further complicated when the oscillator

to be modulated is medium- or high-power, since the va-

ractor junction must then be protected against an excess
of R,F. voltage, If this is the casa, empirically find-

ing a solution may proof a lengthy and critical job,

It is the purpose of this paper to illustrate a pos-
sible systematic approach to the design of linear high-
power VTO’S, allowing all aspects of the design problem
to be simultaneously taken into account. This method r:
quires a few simple measurements on the free-running
oscillator and the application of modern computer-aided

dasign techniques.

Description of the method

As a starting point, let us refer to a transistor

oscillator circuit having the standard topology shown

in fig. 1.
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Fig. 1

Schematic of microstrip transistor oscillator

It is assumed that this network has been designed in

such a way that a stable oscillation at a frequency fo

takes place when port A is open-circuited, i.e., the v~
riable susceptance connected to this port is zero. In
this case the microstrip line merely acts as an impedan
ce transformer allowing the correct feedback reactance-
to load the input port of the transistor. The resonant
cavity may be realized by either microetrip or coaxial
line depending on the noise requirements for the oscill
ator.

If a nonzero susceptance is now connected in parallel

to the microstrip line in some section A, the frequency

of oscillation will obviously be changed. We will deno-
te by B[f] the susceptance value which is required in
order to make the circuit oscillate at a specified fre-

quency f.
To measure B(f) at a number of discrete frequency
pointe, an open-circuited stub of known characteristic
impedance may be connected to the main line in section

A, and then etched away stepwise to change the frequen-
cy of oscillation. An analytical expression may then be

obtained by a least-square fit procedure.
Moreover the magnitude of the R.F. voltage in section A
at any given frequency, namely V(fl, can be roughly evs

lusted by loosely coupling a power meter to the open
end of the stub and relating the measured power to the

input voltage by standard circuit algebra.

The knowledge of the functions of fraquency B(fl and

V[f) represents the starting point for the computer-aid

ed design procedure to be described below.

To change the free-running oscillator into a VTO, a

reactive network containing a varactor diode is connect_

ed to port A. In the most general case this network can
be represented as in fig. 2, where ~ is a two-port in-

cluding the linearizing network and the package parasi-
tic of the varactor, while C. is the junction capaci--

J
tance of the reverse-biased varactor diode.
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Fig. 2

Schematic of varactor tuning network

In fig. 2 port B represents the O,C. port through which
the low-frequency modulating signal is fed to the varag

tor.

For simplicity the absence of losses will be assumed in
the following, though the method is equally applicable

to the case of 10SSY [i.e., finite-Q) varactor and li-
nearizing network, at the expense of computer time.

Now the design goal may be stated as follows: it is

required that the linearizing network be designed in
such a way that

11 the frequency of oscillation of the transistor

circuit be

f= fo+s

where S is
verse bias
prescribed

related to the amlied D.C. volta!m W

(Voc - Vo) , (1)

the modulation slope and V. is the re-
voltage of the varactor, throughout a

frequency band [fl+ f2];
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in the above band the magnitude of the R.F. volts

ge acroes the varact.or junction be low enough to–

avoid forward conduction and reveree breakdown,

that ie,

lVRF(fll < VDC[fl - AV

lVRF(f)\ +VDC(f) <VB-AV ,
(21

where V~ is the breakdown voltage and AV repre-

sent a suitably selected safety margin.

order to apply any computer-aided design procedu-

euitable objective function must be defined, To

do this, let us c;nsider any frequency f within the ran
ge (fl: f~).

If the VTO were working in exact agraement with the de-

sign specification, the O.C, voltage across the varac-
tor, required in order to make the circuit oscillate at

frequency f, would be, from [1):

VT = (f - fol/s + Vo . (3)

On the other hand, the D.C. voltage that is actuazzy re

quired for any given topology of the linearizing net- –

work, can be readily computed. In fact, let

Y
ik

= jBik [i,k = 1,21

be the short-circuit admittance parameters of the two-
port network in fig. 2 at frequency f. By definition
the input admittance at port A muet equal jB(f), so that
the required junction capacitance of the varactor diode
is given by

= {-Bz2 + #
B? 1

CR - B[f]
}/2Tf . (4)

Now let the varactor capacitance be related to the ap-

pliad O.Ci voltage by

Cj = FCIVDCI , [5)

The analytic form of (51 is usually given by the manu-

facturers for abrupt junctions, or may be obtained by
a least-square fit from graphical data in the hyperab -
rupt case. We will aesume that the correction due to

thepreeence of R.F. drivel is included in (5).
Using (41 and the inverse of (51 the actual required

voltage is immediately found:

VA = F;l(CRI . [6)

Ideally one ehould have VA=VT , so that a first contri-

bution to the objective function for network optimiza-
tion can be chosen as

Fl(fl = ][VA - VT)/VTl . [71

[71 represents the contribution to the objective func-
tion arising from the first design specification at fre
quency f.

—

As specification 2) is concerned, note that the mag-

nitude of the R,F. voltage across the junction can be
readily expressed from fig. 2 as

lVRF\ = l{B[fl

so that a normalized
in the form

- Bll}/B121.V(f]

excess voLtage VE

, [81

can be defined
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‘E =
max {[IvRFI + Av - VA1/vA ~

(I VRFI + Voc + AV - VB)/VA} , (9)

where AV and VB are defined by [2].

Thus the contribution to the objective function at fre-

quency f arising from the second design specification

can be taken as

I

‘E
ifv>O

E

F2[f) = (lo)

O ifvE~O .

At this stage the objective function for a minimax
optimization3 can be formulated as follows:

F= max {Fl[fl + w F2[f)} ,
ob

(11)
f ~~f:fz

where w is a suitable weight whose choice is essential-
ly related to the output power level of the oscillator.

Alternatively a least-p
th

formulation can be adopted as

described in ref. 4.

Once a suitable topology has been selected for the

linearizing network, the electrical parameters of the

latter obviously represent the independent deeign vari-

ables.
For maximum design flexibility it ie aleo convenient to

treat the varactor reveree bias voltage Vo and the mo-
dulation slope S as independent variables of the opti-
mization procese, with suitable lower and upper bounde.
Furthermore note that, in many practical cases, fami-
lies of varactor chips, having the same capacitance-
voltage characteristic except for a constant multiply-
ing factor, are available from the manufacturer [e.g.,

the ALPHA DKW 6533 A+F family]. These chips can fit in-

to the same package, so that the mounting parasitic

are the same no matter which particular one is being

used. For such a family the capacitance-voltage rela-

tionship (5) may be given the form

c = K FOIVDc) , [121
j

where FO is fixed and different K values correspond to
different chips. Thus if K is used ae an additional i~
dependent design parameter in the early steps of the
optimization process, even t7ze best choice of the va–
raetor diode ean be demanded to the oompute~.

As a final remark note that, for practical applica-

tions to FM transmission, one is often more interested
in controlling the behavior of the modulation slope

df/dVDc as a function of frequency, rather than the

straightness of the frequency-voltage characteristic
itself. In fact it ie the slope that essentially af-
fects the intermodulation noise.
NOW, while the direct optimization of the slope is
usually not possible by etandard CAO programs, the de-
signer’s control on it can nevertheless be enhanced by
using a suitably distorted function instead of the
straight line [3) as the optimization goal.
For instance, a common requirement is that the devia-
tion of the modulation slope from the ideal constant

value, S, be of the form

df—- S = -4sd2{(f - fo)/(f~ - fll}z , [13)
‘VDC

where C$2 represents the maximum allowed fractional
change of the slope at the band edges, and f. ie the
centre-band frequency.



A direct integration of [131 yielde the theoretical fre

quency-voltage characteristic:
—

-f~-f~cin ‘1 + Zti(f - fol/[f2 - fl)

‘T - 4s6 1 - Zd[f - fo)/(f2 - fll
+Vo.

If the above is used instead of [3) to compute the ob-
jective function by (71 and (111, the resulting beha-

vior of the modulation slope turns out to be closer to
the acceptable one, defined by [131, despite of the
larger deviation of the actual frequency-voltage chara:

teristic from a straight line. This technique is usual-
ly very effective for broadbanding the linearizing net-

work.

A deeign example

In thie section we report about a varactor-tuned

transistor oscillator that was designed according to
the above method. The oscillator was devised to act as
an extra-low-noiee frequency-modulated source for a 120
voice channel FM radio link, with mechanically selected
carrier frequancy ranging from 2.3 to 2.43 GHz. The mi-

nimum required output power was 24 dBm throughout this

band, and the acceptable deviation from FM linearity
was 1% over t3 MHz from the carrier. A modulation slope

between 2 and 4 MHz/V was desired.

To meet the specifications on noise and output power,

a brass coaxial cavity was used as the resonant circuit

and was coupled to the base of a common-collector tran-
sistor via a capacitive coupling and a section of micro
strip transmission line. Thus a circuit topology such -
as described in fig. 1 was realized. By using either a
TRW 63601 or an MSC 80018 transistor an output power of

about 25 dBm was measured across the operating band.
In both cases the FM noise was less than 1 Hz r.m. s.
over a 100 Hz band 14 KHz apart from the carrier.

The tuning varactor mount and linearizing network as
well as the oscillator circuit itself (except for the

cavity] were built on 1.58 mm DUROID substrate by MIC
techniques. The tuning network was parallel-connected
to the microstrip line in a section some 90 degrees
apart from the transistor base, roughly corresponding
to a current node.

The measured B[f) and V[f) around centre-band [fo=

2.365 GHz) were, for this circuit:

B(f) ~ -28~f[f - fol .10-21 mho

V[fl = 20 v .

After performing a number of trial computations on dif-

ferent circuits, the topology schematically illustrated

in fig. 3 was selected for the linearizing network.
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Fig. 3
TODO1OZY of linearizing network

In this network the short high-impedance line acts as a
lumped inductance preventing the varactor capacitance

from being resonated within the band of operation, whi-
le the low-impedance line playe an essential role in
lowering the R.F. voltage across the varactor junction.

The lumped variable capacitor was introduced for practi-

cal convenience, to provide compensation for the spread

of the actual electrical parameters of the varactor with
respect to the nominal ones used in the calculations.

An ALPHA DKW 6533 F diode was computer-selected for this

application in the way described in the previous sec-
tion; the optimized bias voltage was 8.4 V.

The computed behavior of the optimized linearizing
network is shown in fig. 4, where the applied D.C. VOl-

tage is plotted against frequency deviation from centre-

band.
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Computed performance of linearizing network

From fig. 4 the frequency-voltage characteristic of the

modulator is seen to be practically indistinguishable
from a straight line over t9 MHz from the carrier: the
maximum relative error is actually 0.5% in this band.
The resulting modulation slope is approximately 2.9
MHz/V at f=fo.

The measured dependence of the modulation slope on fre-
quancy was found to be qualitatively of the form (13).

Its percentage change was less than 1% over +3.5 MHz
from the carrier and less than 2% over *4.7 MHz, in ex-
cellent agreement with the theoretical predictions.
The computed magnitude of the R.F. voltage across the

junction is also plotted against frequency deviation in
fig. 4 and is seen to be lower than the D.C. voltage by
at least 1.2 V. Thus the diode appears to be protected

from being driven into forward conduction. The same is
true as breakdown is concerned, as the figure shows,

Actually no forward conduction or breakdown effects were
observed during the operation of the practical circuit.

A performance similar to that described above was ob-

tained from the VTD over the whole band of mechanical

tuning [2.3 + 2.43 GHz).
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