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Transfer Functions of Amplitude and Phase
Fluctuations and Additive Noise

in Varactor Doublers

ELIO BAVA, GIAN PAOLO BAVA, ALDO GODONE, AND GIOVANNI RIETTO

Abstract-In order to evafuate the spectraf purity degradation produced

by varactor douMem, the transfer properdea of ampfftude and phase

fluctuations have been determined with reference to a theoretfcaf mmfysfs

developed in a prevfous work. Quasi-stationary conditions have been

assumed and the faput and output tuning circuits have been approximated

wftb a ffaear relation between freqnency and reactance. The effect of the

bias circuit has been taken into account both for fried-bfas and seff-bfas

conditions. Then the additive-noise contribution of the doubler cfrcuft

elements have been obtained. Numerfcaf examples aad curves are gfven for

aff the evafuated quantities.

I. INTRODUCTION

I N A PREVIOUS paper [1] the nonlinear static be-

havior (AM–PM and AM–AM conversion) in varac-

tor doublers and triplers has been analyzed, and a few

experimental results have been reported in [2].

In order to evaluate the spectral purity degradation of

signals at the multiplier output, it is necessary to know the

transfer properties of amplitude and phase fluctuations

versus the Fourier angular frequency fl. This determina-

tion is developed here for a doubler assuming quasi-

stationary conditions (slow fluctuations), and approximat-

ing input and output tuning circuits with a linear relation

between frequency and reactance. Then the additive noise

due to losses in the diode and in the circuit and to shot

effect is calculated. This last source of noise appears to be

the most important in self-bias operation. Therefore, tran-

sistor multipliers, though offering gain advantages, are

rather inferior as regards noise performance, owing to the

much higher currents at the working point.

II. DYNAMIC BEHAVIOR OF A VARACTOR DOUBLER

The transfer properties of fluctuations and the noise

characteristics have been studied with reference to the

circuit of Fig. 1, where

Vg=og(l) Cos[ull+ rpg(t)] (1)

and,assuming a “shunt-diode” mode operation, the charge

q in the varactor is given by

~=qo+Q:+Qi (2)
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a)

Fig. 1. (a) RF equivalent circuit of a varactor frequency doubler. (b)
bias network.

Qi’= qi(~)sin[~j~+qi(~)] (3)

with i= 1,2, and U2=2W1.

If Og(t) and r+g(t) are fluctuating slowly with respect to

the angular frequency al, and when the impedances 2!i

can be approximated with the equivalent series resonator

near CJi, [Zi = R, +jXl = R, +j(u,Li – (1 /ai C,))], the dy-

namic behavior of the doubler can be obtained from the

first four equations of system (4) given in [1], with sub-

script “out” = 2. The quasi-stationarity requirement holds

when Q<c2rB, where O is the Fourier angular f requenc,y

of fluctuations (d/dt = jfl in eq. (4), [ 1]) and B = Ri/(2mLi)

is the bandwidth of the mesh at Ui.

Moreover, for an abrupt-junction varactor, the func-

tions FC1, FC2, F,l, and F,2 are given by the first four

equations of system (6) in [1], by letting q3 = O.

In metrological applications (high-spectral purity) and

in some communication systems, t+(t)fluctuations are
very small compared with the mean value (lAogl <<ON),

whereas IAqgl <<1 rad, therefore, eqs. (4) and (6) of [1] will

be linearized. Another equation must be added to take

into account the effect of the bias circuit. Two different

expressions hold depending on the fixed-bias or self-bias

condition of the diode. In the former case differentiatirl g

eq. (10) of [1] with q~o= O gives the wanted equaticm

immediately, whereas for self-bias a more complex proce-

dure is required, that is, differentiating eq. (9) of [1] and at

the same time taking into account the diode rectifying

characteristic 1 (V).

Introducing R~ = R;+ Rl, R~ = R; + R2, q.= q220– 29j10,
where the quantities with subscript “O” define the static
working point, indicating with A the deviations from the

working point, with Q, and Q2 the quality factors of the

two meshes (Ql = q L1/ R~, Q2 = U2L2/RL), and settiW
m = I /ac~vo (Co is the zero-bias capacitance and V. is
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the barrier contact potential), the

equations hold:

(M . Q 2mqz0
1 +J4Q1 ~ — ~2Rg

)
— Cos rfo –

z

[

2vfl
+ Arpl — sin(g310– f?so)

a2Rgqo

following linearized

Aq2 2mq10 cos q.

z a2Rg

-14m%&ho‘in% +j& 2910+AP22m%&)‘in%—
@gqo ~2 !70 ~2Rgqo

2Avg 21@
= — Cos(rplo– %0)+ —AIPg Sin(plo – TM)

@gqo @2Rgqo

(

Aql 2mq20 sin To – 4mqo

)

Aq2 2mq10
–~+j2K +——

x U2Rg 1? to2 90 ~2Rg

[

2v@
.sinqo+Arpl —— 4%0 – 9@)

~2Rgqo

4mq10q20 cos To
–j4Q, %~—

m2Rgqo 90 ~2 1
2mqloq20 cos ~. Aqo 4mqlo

+ Aq)2 —— —
~2Rgqo go U2Rg

2Avg 20$
= — sin(qlo– CPN)– =L@g cos(%o- %o)

@zRgqo

Aql mqlo
—— Cos q+)+

q. U2R~ %11+’2Qa+A”a

(
2

. sin cpo+ Acp2 – zum~oqo
)

sin.~o+jqy =0
2L 90 ~2

Aql mqlo

(

Aq2 X2 2mqo
—— sinpo+— —— – — +j~

90 ~2RL flo RL (.J2RL )

—mq~o

(

m9~o
+ ATi — COS P.+ Aq2 Cos q’o

%RL90 2~2RLqo

)

Ago 2mq20 = o
–j2Q2~~ –——

90 ~2RL

2qoAqo+ qloAql + q20Aq2

~~ ~q(t)eO(q)/vv’Aqd(a, t)=O+— (4)

for self-bias operation. Rb is the bias resistance, 1, is the

saturation current, and VT is the diode volt equivalent of

temperature, q(t) = go + q, sin (a It + r+,) + q2 sin (20.+t +

Tz), and Aq is obtained by differentiating q(t) with respect

to qo,, ql, qzt Tl, and qz.
If fixed-bias voltage is used, the last equation of system

(4) holds with Rb = O. System (4) may be used to analyze

the behavior of the multiplier as regards possible instabili-

ties, to determine the transfer of fluctuations and to

evaluate the additive noise.

Problems of this kind have been studied by many

authors for various multiplication orders, but with simpler

circuit models [3]–[7].

III. NUMERICAL CALCULATIONS OF FLUCTUATION

TRANSFER FUNCTIONS

For a 500 MHz– 1 GHz doubler, whose static behavior,

analyzed as reported in [1], is summarized in Table I

(maximum efficiency at P.O = 1 W), system (4) has been

solved and all input–output transfer functions have been

evaluated in self-bias condition for Pao = 0.5, 1, and 2 W.

The case P.V = 0.5 W is given here only as an example,

since at this level the efficiency, which has been maxi-

mized at 1 W by a proper choice of circuit components,

drops to a very low value (see fig. 4 of [1]).

In Fig. 2 the modulus and phase of the PM–PM trans-

fer function versus the normalized Fourier angular

frequency fl/ti2 are given. In this figure and in the follow-

ing ones a vertical line shows the ~/02 value correspond-

ing to Q= 27TB (see Section 11).

For low Fourier frequencies the transfer function obvi-

ously approaches the modulus 2 and the phase 0°. For

increasing Q the shape of the curve is influenced by the

Q’s of the resonant circuits.

The curves of Fig. 3 refer to the AM-AM transfer

function for relative amplitude fluctuations.

For increasing input power a saturation effect is notice-

able; moreover, at the maximum efficiency level

(1 W) the AM-AM modulus is slightly greater than 1.

The limiting value for 0.+.0 is given by

v2/ U20

I

2R;
lim —=

{

1, if R1=R2=0

!2+0 vg/ ?@ 2R; –R, = 2, if RI, R2-.+c0

according to the first and third equation of (4) and to (A2)

of [1].

In Fig. 4 the PM–AM conversion coefficient is shown;

for fl approaching O the linear variation of the modulus is

evident.

Fig. 5 reports the AM–PM conversion coefficient (con-

tinuous lines). The most unfavorable situation corre-

sponds to the power level chosen for efficiency maximiza-

tion and in the practical case examined the conversion is

rather important. The AM–PM conversion coefficient re-

ferred to the input (i.e., divided by the multiplication

factor n = 2), indicated as k’ in [2], is 18°/dB. In order

that the AM–PM effects be negligible with respect to the
natural degradation expressed by PM–PM, the following

condition, proved in [2], is necessary:

vs,(a)
k’(q<< 2!2-!!!

T Sa(fl) (5)

where S. and Sv are the spectral densities of the ampli-

tude and phase fluctuations of the input signal.

The best 5-MHz quartz oscillators available at present,

have

~9=lo-18& at

Hz
&=lkHz
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Fig. 3. AM–AM transfer functions ((u2/u20)/(wg/ UN)). M=imum

efficiency at 1 W, input frequency 500 MHz: continuous fines=
modulus; dashed lines = phase.

and

Sa,minE4X 10-19 HZ-l

(due to thermal noise alone). Transferring these data to

j,= 100 MHz, it is found from (5) thatIc’(Q<<209.10/ dB.
This evaluation is optimistic since it does not take into

account the increase in S. , due to the additive noise and

to the AM–AM transfer ratio in the preceding stages.

Since there is at present a trend to build high-spectral

purity quartz oscillators operating at 100 MHz with Char-
acteristics similar to those indicated above at 5 MHz,

condition (5) should become

V(Q)<< ~ O/dB= 10.45°/dB

which is very strict as regards the AM–PM performance

required from the doubler. The improvement achievable
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Fig. 4. PM–AM transfer functions ((02/020)hg). Minimum efficie~~cY

at 1 W, input frequency 500 MHz: continuous tines= modulus;
dashed lines = phase.
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Fig. 5. AM–PM transfer functions (9z/(u~/uso)). Mafimum efficieyLcY
at 1 W, input frequency 500 MHz: continuous tines= modulus;
dashed lines = phase; dot-and-dash lin~= modulus for fixed bias.

TABLE I
CIRCUIT VALUSS AND STATIC PARAMETERS OF THE ANALYZED

DOUSLER; THE PHASES ARS EVALUATED FOR PSO = O

,
Pa” [w] ~xlolo[cl qloxlo’%l qzoxl 0’ ‘ [Cl ‘?Io to)

ii

920 i“)

0.5 - 0.65948 + 0,44867 0.33369 -73 .257 -12 .3074

1 - 1.74056 1.34734 4.31578 0 180

2 - 2.13027 1.56808 5.48748 2’7 .4454 255 .225

v= =0.04 [v] f, = 500 MHz

RbZ,= 0.1 [V] R, =2sl

m = 6.67X I&” R2 =20

V. = 0.6 [V] av,plax= 1 wP

~ =11.163 ~ X1=73.9087 Q Q1=20

R;= 20.326 fl Xz = + Q2 = 20
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with output circuit detuning (fig. 6, [1]) is not enough to -195 I

satisfy the above inequality. 10 log. 1?2

A more interesting way of reducing the AM–PM con-
-200

I “-” ~ ~ : \<

FfI (PM)

10 bg I$$]z RZ(PM)
version is to bias the diode with a fixed reverse voltage. In -205 u, (PM/ .= -=. ----- ,----- ---

this case the PM–PM, PM–AM, and AM–AM transfer \

functions are not affected appreciably, whereas the AM–
/

-210 RI(AM)

PM conversion is greatly reduced, as shown by the dash-
R2(AM)i

1,

R=(PMI-— __ J’

and-dot curve of Fig. 5; in this case the AM–PM conver-
-215 ———. .—— —

sion coefficient referred to the input is reduced to about -220 I-- i—--,

5 O/dB.

IV, ADDITIVE NOISE

The main sources of additive noise in

Fig. 1, assuming that the diode is never

breakdown region, are the following:

~
-225 ,

,.-7 ,.-6 ,65 ,64 ,63 ,6* ,0-1 +2

the multiplier of Fig. 6. Output spectra of amplitude and phase fluctuations due to

operating in the thermal noise of spreading resistances RI and R2; the same vertical
scafe is used for both spectra. For phase noise continuous fines, refer
to self-bias oDeration. and dashed lines to fixed bias [ Vh = 30 V].

For amplitud~ noise kere is no difference between the two conditions.

thermal noise due to the series resistance of the varactor

and the tuning circuits and to the bias resistance;

flicker noise, for very low Q’s;

shot noise due to the self-bias current;

possible fluctuations of the fixed-bias voltage.

The output noise spectra (bandwidth = 1 Hz) are calcu-

lated by replacing the known terms of system (4) with the

quantities Ai (see Table, II) representing the equivalent

noise sources (Ai refers to the ith equation of system (4)).

Since the different noise sources are uncorrelated, their

noise power contributions at the output must be evaluated

separately, and then summed.

The output amplitude and phase fluctuations due to R,

and R2 thermal noise for the maximum efficiency case

PaV= 1 W (Table 1) are reported in Fig. 6, both for self-

and fixed-bias conditions.

It appears that the power spectral densities produced by

-190

m Iogw /92?

~ .%J>ml
2

PM

-210

-220

Rb. KY3 kQ

-230 \

-240
b*

AM

-250 v

-260 /
\

PM
-27o .—-– -— -

‘\

-280 -
\\

10+ lIYJ 104 ,.3 ,& ,.., ~

w

RI have a slightly na~rower band than those produced by

R2 and exhibit a faster decay outside the band. This is due

to the more effective filtering of the noise originated in the

input mesh. It may be remarked also that in self-bias

conditions, the phase noise due to R, and R2 is decidedly

more important than the amplitude noise. This latter does

not change significantly when fixed bias is used, whereas

in this case, there is an improvement in the phase noise

spectrum which, moreover, decreases with V~ as it appears

from the solution of system (4).

The improvement in phase noise produced by fixed-bias

results from the lower AM–PM conversion coefficient, as

indicated in the preceding section.

The noise spectra due to the bias network are shown in

Fig. 7. In the case of self bias a value of 100 k!il has been

chosen for Rb. The effect of external bias voltage fluctua-

tions is negligible. In order to make its spectrum visible in

Fig. 7, for the spectral density of fluctuations the greatly

exaggerated value of 1 mV/ ~ has been assumed.

The effects of Rb thermal noise on amplitude fluctua-

tions are negligible; the phase noise is of the same order

as that generated by R, and R2. Since the bias network

operates near zero frequency, the contribution of flicker

noise may be important. The diagrams of Fig. 7 can be

Fig. 7. Output fluctuations due to the bias circuit; the same vertical
scale is used for amplitude and phase spectra. The continuous lines are
the contribution of thermal noise in the bias resistance Rb. The dashed
line is the contribution due to fluctuations of an external voltage

assuming a white noise of 1 mV/ @ .

TABLE II

KNOWN Tmwm Ai OF SYSTEM (4) TAKING rNTO ACCOUNT THE

SOURCES OF ADDITIVE NOISE; k= BOLTZMANN CONSTANT,

T= ABSOLUTE TEMPERATURE

I I

thermal noise ‘1

\

G
due to R, K=q-

= (i)l Rg]qol
‘2

thermal noise

\

‘3 = G

due to R2 @q
W2RL Iqol

‘4

thermal noise m-%

due to Rb ‘5 = Zmlqol

bias voltage A Vb
f luctuat ions

(fixed bias)
‘5 = z~ pfj[
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used to evaluate the effects of Rb flicker noise, by denor-

malizing with respect to thermal noise and multiplying by

the spectral density of the flicker noise.

The shot noise, due to the self-bias current, gives con-

tributions around the angular frequencies U= O, UNO1,

UC=W2.Their effect on the output fluctuations (UNUJ can

be obtained from the curves of Fig. 7 (uEO) and Fig. 6,

by multiplying their respective results by the following

factors:

Rb
— 1+21,)Qv=( (curves showing Rb contribution)

R;
— 1+21,) (curves showing R, contribution)
2R1V~(

R:
— 1+21,) (curves showing R2 contribution)
2R2VT(

where Z is the diode mean current.

It is evident that the first quantity is quite large (in our

example it is approximately 320) and, therefore, one may

conclude that, at least for phase fluctuations under self-

bias conditions, the shot-noise contribution is by far the

most important one.

The resistive characteristic of the diode has been used

only for self-bias calculations. The related resistive mixing

effects have not been taken into account in calculating

both the signal fluctuations and the additive noise. How-

ever, it is to be remarked that the efficiency of resistive

mixing is sensibly lower than that of the varactor effect.
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V. CONCLUSION

In the first part of this work the transfer functions for

amplitude and phase fluctuations in an abrupt-junction

varactor doubler have been analyzed and calculated.

The evaluation of AM–PM conversion appears to be of

special importance; in particular, this quantity may he

significant in a self-biased multiplier, and is greatly re-

duced when external bias with fixed voltage is used.

Then the additive noise contributions produced by the

circuit elements have been calculated. In a self-biased

multiplier, without breakdown, the most important con-

tribution to the additive noise is given by the shot noise in

the diode detected current. Here again this effect can be

made negligible by using fixed bias.
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