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Transfer Functions of Amplitude and Phase
Fluctuations and Additive Noise
in Varactor Doublers

ELIO BAVA, GIAN PACLO BAVA, ALDO GODONE, anp GIOVANNI RIETTO

Abstract—In order to evaluate the spectral purity degradation produced
by varactor dovblers, the transfer properties of amplitude and phase
fluctuations have been determined with reference to a theoretical analysis
developed in a previous work. Quasi-stationary conditions have been
assumed and the input and output tuning circuits have been approximated
with a linear relation between frequency and reactance. The effect of the
bias circuit has been taken into account both for fixed-bias and self-bias
conditions. Then the additive-noise contribution of the doubler circuit
elements have been obtained. Numerical examples and curves are given for
all the evaluated quantities.

1. INTRODUCTION

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 €. 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

V,=10,(¢) cos[ w1+ g (1) ] (D)

and,assuming a “shunt-diode” mode operation, the charge
g in the varactor is given by

g=qy+Q/+ Q] (2)
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Fig. 1. (a) RF equivalent circuit of a varactor frequency doubler. (b)

bias network.

Q/=q/1) Sin[wit+q)i(t)] 3

with i=1,2, and w,=2w,.

If v,(¢) and @ (?) are fluctuating slowly with respect to
the angular frequency w;, and when the impedances Z,
can be approximated with the equivalent series resonator
near w;, {Z;=R+jX,=R,+j(wL,~(1/w,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< 27B, where Q is the Fourier angular frequency
of fluctuations (d/dt=jS in eq. (4),{1]) and B= R;/(27L))
is the bandwidth of the mesh at w,.

Moreover, for an abrupt-junction varactor, the func-
tions Fcl, Fcz, Fsl, and Fs2 are given by the first four
equations of system (6) in [1], by letting ¢, =0.

In metrological applications (high-spectral purity) and
in some communication systems, v (f) fluctuations are
very small compared with the mean value (JAv,|<uv,),
whereas |Ag,|<1 rad, therefore, eqgs. (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 differentiating
eq. (10) of [1] with ¢,=0 gives the wanted equation
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 I (V).

Introducing R, = R;+ R, R, =R + R, ©o=$0—2¢y0,
where the quantities with subscript “0” define the static
working point, indicating with A the deviations from the
working point, with Q; and Q, the quality factors of the
two meshes (Q,=wL,/R,, Q,=w,L,/R;), and setting
m=1/4C2V, (C, is the zero-bias capacitance and ¥ is
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the barrier contact potential), the following linearized
equations hold:

A 2m Ag, 2mgq,, cos
a4 420 cos%)_ Ag, 2mygyq c0s @y
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for self-bias operation. R, is the bias resistance, I, is the
saturation current, and V7 is the diode volt equivalent of
temperature, g(f)= g+ ¢; sin (w,f+ @)+ ¢, sin Qw,t+
@,), and Ag is obtained by differentiating ¢(¢) with respect
t0 4o, 41, 92> P> and @,.

If fixed-bias voltage is used, the last equation of system
(4) holds with R, =0. 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.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-27, NO. 8, AuGUST 1979

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,,=1 W), system (4) has been
solved and all input—output transfer functions have been
evaluated in self-bias condition for P, ,=0.5, 1, and 2 W,
The case P,,=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 ©/w, are given. In this figure and in the follow-
ing ones a vertical line shows the £/, value correspond-
ing to =278 (see Section II).

For low Fourier frequencies the transfer function obvi-
ously approaches the modulus 2 and the phase 0°. For
increasing € 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 £2—0 is given by

lim 0,/ Uy | 2R; [ ifR=R,=0

20 vg/og0 - 2R;—R, T2 if R, R,—00
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 §2 approaching 0 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 &’ 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:

91n10_ [S,(R)

S (9)

LA(YES (%)
where S, and S, 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

2
g rad

~10-1
S,=107"8

2
at E;_IkHZ
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Fig. 2. PM-PM transfer functions (¢,/¢,). Maximum efficiency at 1
W, input frequency 500 MHz: continuous lines=modulus; dashed
lines =phase.
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Fig. 3. AM-AM transfer functions ((vy/v59)/(0,/v,0)- Maximum
efficiency at 1 W, input frequency 500 MHz: continuous lines=
modulus; dashed lines=phase.

and
Sy min==4X 107 Y Hz!
(due to thermal noise alone). Transferring these data to
£, =100 MHyz, it is found from (5) that k'(2)<«209.1°/ 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

K(Q)< 2‘;%‘1 ° /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 ((v;/v50)/.9,). Maximum efficiency
at 1 W, input frequency 500 MHz: continuous lines=modulus;
dashed lines =phase.
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Fig. 5. AM-PM transfer functions (@,/(t,/ ty0))- Maximum efficiency
at 1 W, input frequency 500 MHz: continuous lines=modulus;
dashed lines = phase; dot-and-dash ling=modulus for fixed bias.

TABLE I
CIRCUIT VALUES AND STATIC PARAMETERS OF THE ANALYZED
DOoOUBLER; THE PHASES ARE EVALUATED FOR (p80=0

Pay (W] | agx1010FT | ayox10100]| agox10?TC]] @, (°) | $po ()
0.5 - 0.65948 | + 0.44867 0.33369 ~73 .257 | -12 .3074
1 - 1.74056 1.34734 4.31578 o 180
2 - 2.13027 1.56808 5.48148 27 .4454 | 255 .225

Vr =004[V] h =500 MHz
R,I,=0.1 [V] R, =28
m  =6.67x10%° R, =28
Vo =06 [V] Poyqmax=1W
R,=11163Q X,=739087Q Q,=20
X
R{=203269 X,=5' 0,=20
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with output circuit detuning (fig. 6, [1]) is not enough to
satisfy the above inequality.

A more interesting way of reducing the AM—PM con-
version is to bias the diode with a fixed reverse voltage. In
this case the PM-PM, PM-AM, and AM—-AM transfer
functions are not affected appreciably, whereas the AM—
PM conversion is greatly reduced, as shown by the dash-
and-dot curve of Fig. 5; in this case the AM~PM conver-
sion coefficient referred to the input is reduced to about
5°/dB.

IV. ADDITIVE NOISE

The main sources of additive noise in the multiplier of
Fig. 1, assuming that the diode is never operating in the
breakdown region, are the following:

thermal noise due to the series resistance of the varactor
and the tuning circuits and to the bias resistance;
flicker noise, for very low @’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 A4, (see Table II) representing the equivalent
noise sources (4; 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 R, thermal noise for the maximum efficiency case
P, =1 W (Table I) are reported in Fig. 6, both for self-
and fixed-bias conditions.

It appears that the power spectral densities produced by
R, have a slightly narrower band than those produced by
R, 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 R, 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 kQ has been
chosen for R,. 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/VHz has been assumed.

The effects of R, thermal noise on amplitude fluctua-
tions are negligible; the phase noise is of the same order
as that generated by R, and R,. Since the bias network
operates near zero frequency, the contribution of flicker
noise may be important. The diagrams of Fig. 7 can be
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Fig. 6. Output spectra of amplitude and phase fluctuations due to
thermal noise of spreading resistances R, and R,; the same vertical
scale is used for both spectra. For phase noise continuous lines, refer
to self-bias operation, and dashed lines to fixed bias [V, =30 V].
For amplitude noise there is no difference between the two conditions.
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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 R,. The dashed
line is the contribution due to fluctuations of an external voltage

assuming a white noise of 1 mV/VHz .

TABLEII

KNOWN TERMS 4; OF SYSTEM (4) TAKING INTO ACCOUNT THE
SOURCES OF ADDITIVE NOISE; kX =BOLTZMANN CONSTANT,
T'= ABSOLUTE TEMPERATURE

A
thermal noise 1 1A
= T V4 kTR
due to R1 Ag w1RglqO| 1
A
thermal noise 3 2
= ST \]4 kTR
due to R2 A4 w2Rquo| 2
thermal noise " _ yaxT Rb
due to Ry 5 = gmlqol
bias voltage AVb
fluctuations A5 = T
(fixed bias) ,qol
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used to evaluate the effects of R, 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 w=~0, w=~w,,
w~w,. Their effect on the output fluctuations (w==w,) can
be obtained from the curves of Fig. 7 (w=0) and Fig. 6,
by multiplying their respective results by the following
factors:

R
—2—VL (I+2I) (curves showing R, contribution)
T
2
IR gV (I+21) (curves showing R, contribution)
Yr
2
ﬁ(] +2I) (curves showing R, contribution)
2Vr

where I 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 be
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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