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ABSTRACT

A straightforward computer approach toc the design of parametric fregquency dividers using microwave diodes is
presented. A detalled characterization of the nonlinear element together with a new optimization philosophy make
an accurate nonlinear design of MIC dividers directly affordable.

Introduction

Hybrid IC microwave frequency dividers still pro-
vide the only means of locking RF sources above 2 CGHz
to low-freguency reference oscillators by use of caom-
mercially available components. In particular, parame-
tric dividers using microwave diodes often represent an
optimum choice because of their broader bandwidth and
much simpler circuit configuration as compared to the
Miller or to the injection-locked typesl- However, des-
pite of the considerable technical interest of these
devices, little information is available from the lite-
rature concerning the very basic problem of how to ap-
proach the design of a practical parametric divider in
a systematic and cost-effective way. In particular, re-
cent work on divider circuits using high-frequency
(such as GaAs) varactors operated in forward-bias con-
ditions 2 or even step-recovery diodes 3, seems to be
mostly aimed at the presentation of empirical results,
and still make reference to classic simplified analy-
ses ¥,

On the contrary, in this peper we ocutline an accu-
rate and straightforward design approach based on a
complete physical characterization of the microwave
diode and on modern computer-aided methods for steady-
state analysis of nonlinear networks 5,6,

Simulation of the active device

The key point for the validity of the computer-
aided approach is an accurate model of the diode ac-
counting for all main aspects of its RF performance. To
obtain this, we write the current-voltage relationship

in the form
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1 = diode current
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= voltage across the junction
total stored charge
= saturation current
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e = electron charge
KB = Boltzmann's constant
T

= absolute temperature
n = slope factor of current.
In general, there will be two main contributions to the
stored charge, that is, the depletion-layer charge qT
and the charge due to injected minority carriers qD-
Thus

glv) = qT(v) + qDEv) (2)
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The first contribution is easily obtained from well-
known expression for the depletion-layer differential
capacitance, i.s.:

dg -y
T v
— = C - m——
dv T0 (1 ) (3)

where ¢ is the diffusion potential and CTD is the zero-
bias transition capacitance. Thus
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valid for v < ¢ (forward voltages are taken as positi-
vel.
For v > 1,

(4) yields qT = 0 as v approaches ¢; in the-

SEe €Aases we can assume

(v) =0 v (5]
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since the depletion layer then vanishes. On the other
hand, for hyperabrupt varactors with y > 1, (4) fails
for v = ¢; however, such diodes are usually strongly
reverse-biased and it can be assumed that they are
never operated in forward-bias conditions. Thus (4] and
(5) can be used in general for computing the depletion-
layer charge.
From p-n junction theory, the minority-carrisr charge
stored in the diode can be expressed as 7,8
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(n =—§-1n Moll's classic analysis ‘).

, which 1s sufficiently ac-
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A simple expression for CDD

curate for our present purposes, is obtained from
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where T is the average minority-carrier lifetime
(usually given by the manufacturer).
The current arising from (8) may represent an important
contribution to the total diode current for a junction
diode operated under forward-bias conditione. In these
cases, the strong nonlinearity of (6]} usually turns out
in a significant improvement of power-handling ability,
and possibly of circuit efficiency.Furthermore, through
(1) and (6) the simulation of step-recovery diodes be-
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9, In such devices the storage capaci-
7, 1.e., on the average qD is large

comes possible
tance dominates

compared to qT, and the depletion-layer capacitance me-

rely acts as a parasitic effect.

monics is obtained by imposing

Vv o=y K =0, 1) vees N (10)
ko ok

Orce the solution of (10) has been obtained, all guan-
tities of interest, including the circuit efficiency
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Fig. 1 Schematic representation of
parametric frequency divider.

Desigh method

We consider the general circuit configuration of
fig. 1, where the passive linear network includes
idlers, filters, couplers etc., as well as the diode
series resistance (assumed constant) and package para-
sitics. For a frequency divider by m with a fundamen-
tal output frequency wg, only one sinusoidal source
(pump) at a frequency wp =m wg will appear in the net-
work.

Given a passive network, a steady-state analysis
of the circuit may be carried out by the harmonic-ba-
lance technigue 6, According to this method, we repre-
sent both voltage and current at the diocde terminals

2n

as periodic functions of time (having period Ty =-—)
of the form “o
N
vit) = Re; 3 V, exp ( Jkugt )
k=0 (8)
N
i(t) = Re 2;% Ik exp { Jkugt ]} B

where VK. IK are complex quantities and N is the total

number of significant harmonics. Starting from a set of
voltage harmonics Vk' we compute v(t) from the first of

(8), then i(t) by means of the diode equation (1) and
the Fast Fourier Transform algorithm, and finally the
current harmonics Ik, again by use of the FFT. Now, ac-

cording to the equations of the linear network, the
voltage harmonics should be

Vo=

K (8

TZ Udkug ) I+ U

where Z ( jw ) is the impedance of the linear network
as seen at the diode terminals, and Uk is the Thévenin
equivalent source voltage ( Uk # 0 only for k = 0, m).

Thus a set of nonlinear equations for the voltage har-
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Fig. 2 Detailed topology of sample divider.

n, can be derived by a conventional analysis of the
linear network.

From the design point of view, we first note that
a conventional optimization of the linear network
using the divider efficiency as the objective functiocn
is impossible. In fact, solving the system (10} to
find n is usually a lengthy job, making the direct
approach far too expensive in terms of computer time
to be practically affordable.

The only alternative is to carry out a simulta-
neous search for both the voltage harmonics gﬂé the
electrical parameters of the linear network. In order
to do this we define an objective function of the form

Ny 21
= - 2
5 Zlvk v $ £ £, (11)
k=0
where
o (n- Mo )2 for n € ng
f(n) = (12)

8] for n 2 No

ng being the minimum required efficiency and o a suit-
able constant. According to the preceding discussion,
FDB is a function of the vaoltage harmonics Vkand of

the linear network parameters, which can be minimized
by conventienal methods. This usually yields a com-
plete design at much the same cost as one function eva-
luation of the conventional approach menticned above,
especially when the circuit variables are carefully se-
lected. Failure to attain a minimum of the objective
function close enough to zero indicates that the de-
sign specifications cannot be met; most likely this de-
notes an improper combination of pump available power,
minimum efficiency and dicde choice for the frequency
range of operation. Notice that the diode bias voltage
can be used as a design variable, providing a further
degree of freedom and a better conditioning of the op-
timization problem.



A design example

As an example of application, we illustrate the
design of a divider by 2 having a 20% bandwidth with
an input center-band freguency Fin 2.375 GHz and a

maximum permitted loss of 5 dB at an input
of 10 dBm. This divider acted as the first
dividing chain used to lock the tunable RF
120 voice channel FM radio link to a 4 MHz
oscillator.

As a first step, we choose the circuit topology
schematically given in fig.2; the input network is de-
signed as a band-pass filter with a 20% paess band
around fin' and the output network as a low-pass filter

power level
step of a
source of a
reference

with cutoff frequency 1.1 [F.n/2]. The input filter is
1
realized by means of short circuited stubs A/4 at F'n'
i

while for the output filter a stepped-impedance topclo-
gy 1s selected. The order of each filter is determined
on the basis of a 15 dB minimum required isclation
between the input and output ports across the input and
cutput frequency bands. A silicon varactor + with a
zero-bias depletion-layer capacitance C 3.3 pF and

T0
a quality factor of about 90 at f, is selected, mainly
in

for the sake of availability.

An analysis of this preliminary circuit configura-
tion by means of (10} shows that freguency division
does not occur in this circuit, since the only possible
solution has V1 0. As could be expected, selecting at

random and assembling two filters and & diode does not
mean building a& freguency divider. Using this circuit
as a starting point, an optimization of the linear net-
work is then carried out in the way discussed in the
preceding section with n, = 0.35. In order to save com-
puter time, only the inner sections of the input and
output filters are optimized (N,, N3 in fig. 2J), while
the rest is left unchanged at the initial configura-
tion. Furthermore, only three frequencies (lower and
upper bounds and center of the operating band) are con-
sidered in the optimization. In the resulting network
frequency division is obtained with a maximum loss of
4,5 dB over the band of interest and a diode bias vol-
tage of 0 V. The overall cost of the design in terms of
computer time is about 180 sec on a CDC Cyber 76 com-
puter system by use of a conjugate-gradient minimiza-
tion algorithm and with N 10 harmonics.

The final circuit layout is depicted in fig. 3. Im
this network the diode is self-biased, a DC return be-
ing provided by the short-circuited ends of the input
filter stubs. A higher divider efficiency could be ob-
tained by slightly forward-biasing the varactor;
however, the zero bias voltage has the considerable ad-
vantage of completely eliminating any sort of bias net-
work.
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Fig. 3 Picture of MIC parametric frequency
divider operating at 2.375 GHz
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