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New Approach to GaAs MESFET Analog Frequency
Dividers with Low Threshold Input Power and High
Conversion Gain

Hicham Amine, Olivier Llopis, Michel Gayral, Jacques Graffeuil, and Jean Francois Sautereau

Abstract—A new approach to frequency dividers is proposed
based on the nonlinear feedback control of MESFET in the
forced oscillation mode. The input signal is used to control the
MESFET gain, imposing oscillation conditions. A design of fre-
quency dividers based on this approach is proposed and allows
the threshold input power to be reduced and the conversion
gain to be increased. Frequency division is tested using time
domain simulation, and then an X-band experimental MESFET
analog frequency divider is achieved and exhibits a high con-
version gain and a low threshold input power.

I. INTRODUCTION

NALOG frequency dividers are basic circuits for

phase-locked loops and FM communication systems
[1]. Many concepts have been put forward to achieve fre-
quency division. Miller’s representation [2] is one of the
most often used [3]-[6]. Unfortunately, it cannot be used
when a single component performs many interactive op-
erations and several electronic functions. Additionally,
frequency representations are difficult to use when the cir-
cuit is strongly nonlinear and unstable. Other authors have
proposed a small signal approach [7] to the design of fre-
quency dividers. Unfortunately some circuit characteris-
tics, like loop gain, depend on the applied signal level and
cannot be predicted by these methods.

Our approach is based on the nonlinear feedback con-
trol of MESFET in the forced oscillation mode. The input
signal is employed to control transistor gain, imposing os-
cillation conditions. The advantage of this approach pri-
marily lies in the possibility of using a time domain rep-
resentation which is natural for nonlinear elements. The
MESFET is biased near pinch-off. The self-biasing phe-
nomenon relies on the input signal and is responsible for
the increase of the MESFET dc transconductance and loop
gain at subharmonic frequency.

A simple frequency analysis of MESFET self-biasing
phenomenon is performed and its effect on gain is shown.
The results obtained are then compared to harmonic bal-
ance simulations and to some experimental values. Sim-
ulation and measurement allow the threshold input power,
and the optimum MESFET gate bias to be determined.
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Also a technique for reducing the threshold input power
is proposed.

Based on the device’s self-biasing phenomenon, a fre-
quency divider is presented and analyzed by time domain
simulation using EILDO software [8]. Then, an X-band %
frequency divider is simulated and the transmission of FM
information is shown. Also, 12 GHz band 4 and % fre-
quency dividers have been simulated. demonstrating that
this concept can be applied to achieve frequency dividers
by any ratio.

By way of example, an experimental MESFET fre-
quency divider (8 GHz — 4 GHz), is achieved and ex-
hibits a high maximum conversion gain (P
(Fi/2) /Py (Fp) (typically 10 dB) and a low threshold
input power (—4 dBm).

II. OPERATION PRINCIPLE

Fig. 1 shows the block diagram used in our approach
for frequency division. The MESFET is the nonlinear ele-
ment. It is represented by its nonlinear gain N(e,) as a
function of its input er.

When an oscillation occurs the input device voltage can
be written as

Ver = vir;(t) + Z’fs(t)
= V. cos (Wy.t) + Vi.cos (wg.t + @) (1)

Using the power series technique [9], it can be shown that
the feedback voltage is also given by

st(t) = %; B(P~Wm * q-wfs)Vp.q COS(P-Wm t q'wfs)'t

@)

where V,  is the voltage value of the p.w;, + g.wy, pul-
sation component of the device output.

If a bandpass filter is used as the linear network B(w),
a frequency is selected: r.w, — s.wg which is equal to
wy,. Then, the circuit output pulsation is wg, = r/(s+
1)wy,, and the division is performed. This behavior re-
mains consistent as long as the following condition is sat-

isfied:

B(r.w, — s.wy).N(e,) = 1. 3)
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Fig. 1. Black box diagram of frequency divider.

Where N{(e,) is the nonlinear device gain at the subhar-
monic frequency:

Vr.s
N(e,) = v
fs

To avoid free oscillations the following relation must hold
irrespective of the frequency:

|B(W).N©O)| < 1 )

The MESFET, biased in the pinch-off region, enables
this condition to be verified.

To be able to divide the frequency by 2, the condition
(3) becomes

()
(e).B |5

Arg {N(e,).B <%>} = 2.k kinteger

> 1

The first condition is obtained by increasing the MES-
FET gain thanks to the self-biasing of its drain current by
the input signal. The second condition requires adjusting
the phase in the loop.

The advantage of this approach lies in the possibility of
obtaining frequency division by any ratio using one non-
linear element. This element (the MESFET) is biased near
pinch-off to increase the nonlinearity order. Moreover,
such a general approach can be used with any type of non-
linear device; only the self-biasing gain dependence is
needed. '

III. ANALYSIS AND SIMULATION
A. Device Modeling

The MESFET model [10] employed for simulation is
shown in Fig. 2. The linear parameters of the model are
deduced from the measured S parameters for different fre-
quency values. A simplified model is established using
drain current generator as the only nonlinear element. This
drain current is the most significant element in the model
and is described by TAJIMA expressions [10]. Parameter
values for these expressions are derived from pulsed mea-
surements to prevent any trapping problems [12]. In order
to restrain any thermal variation of the drain current, self-
biasing must not be too high. However, simplified mod-
eling becomes insufficient for high input power level and
to achieve a more accurate model, other nonlinearities
must be taken into account like the gate diode current to
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Fig. 2. Nonlinear MESFET model.

limit the gate voltage excursion and the gate capacitance
nonlinearity which depends on the input power level.
Taking into account the element values of the equiva-
lent circuit of Fig. 2, some of these elements (Ls, Rs and
Cgd) can be deleted to do an approached frequency do-
main analysis. The drain current is approximated by

Ids () = Ids[Vgs (1), Vds(®)] = Ids (Vgs)

v olds
dVds

Vds

Where

Vgs\?
Ids (Vgs) = Idss <1 -y if Vgs > Vt

Ids =0 if Vgs < Vi (5)
dlds /dVds = 1/RO0 is represented by a linear resistor,

Idss is the drain saturation current and V't the pinch-off
voltage value.

B. Frequency Domain Analysis

This analysis is based on Fourier Transform. It permits
understanding of the self-biasing phenomenon. This tech-
nique is relatively easy to use but requires a simplified
assumption (5) on the MESFET nonlinearity. The MES-
FET input signal may be written as

v,

er

=V,

I

F
. sin 2.7.F.1) + Vi sin <2.7r. 5 @)

Where Vy is a small signal representing the beginning
of an oscillation at F/2 frequency, F = F;, and V}, the
input signal, with

st < Vm (6)
The gate signal is given by:
Ves = V. cos Q.. F.t + y,)

F
+ V. €Os. <2.7r El + x//1> + Voo (D

The MESFET is biased near pinch-off. Then
Vo — VE << Vit (8)

850

The MESFET drain current is calculated using (5) and
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(M-
< F
lds(t) = %] Ids,. cos | n.2.7. Et + o,
2 (7 F
Ids, = = | Ids(t). cos | n2.w. -t )dt forn > 1
T Jo 2

)

The dc drain current Ids, and the transconductance gm,
are given respectively by

T 2 2

1 Idss ngl Vgso
Ia’oz—SIdtdrg————.—j+Id —~

So =7 ), 10 4V ss<1 Vi
1 ST dlds | Idss Vg Idss ,

o =1 v = 7 Ve " ™ (10)

VSO
<1 - ;;) (11)

Equations (10) and (11) show that Ids, (Fig. 3) and gm,
increase with the input value V. The MESFET gain in-
creases according to the transconductance value. The
MESFET power gain is calculated using (9) and taking
into account the simplified assumptions (6) and (8) as

Idss\*
IN(e)| = <V—fj>

2
B Vt)} '4.Zc.Ze

Vi
{4»—'[?1 + 2. (Vo

K22 |’ (2

where Zc is the input loading impedance. It is assumed to
be real (Zc = 50)

K1 =41+ Q.x.Ci(Ri + Zc + Rg)F)?,
K2 = V1 + (x.Ci(Ri + Zc + Rg)F)*,

2

st

Ze = Re(Z, _—
€ e (Zow) Zow + Zg

s

Z,. is the output loading impedance and Z is the drain
impedance.

MESFET gain increases with the input power accord-
ing to relation (12). This gain also increases with the gate
bias voltage, and to avoid spontaneous free oscillation,
condition (4) leads to

Idss\" |4-Zc.Ze.(Vg, = V1)
=4 =
1

< B’ (13)

The threshold input voltage Vy, can be calculated using
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Fig. 3. Simulated (solid line), analytic (dashed line) and measured ( ¢)
MESFET dc drain current versus the input power.

(12) as
Vet K2
Vy = Kl{ —2. (Vo — Vt)}.
2.Idss. N'|\Ze.Zc.B(w)|

(14)

To reduce the threshold input power the gate bias volt-
age must be as high as possible. However (13) must al-
ways be satisfied. Then the maximum gate bias voltage
is:

v, —Vt{1+ vrR2 } (15)
s 2.V|BW).Ze.Zc| Idss )

Therefore, the MESFET must exhibit a high drain sat-
uration current Idss value and a low pinch-off voltage V't
to maximize the MESFET gain value.

This technique allows the threshold input power to be
determined but cannot be used to analyze the steady state.
Assumption (6) becomes invalid in steady state and an
analytical solution to Fourier integral cannot be obtained.
Furthermore, the MESFET will not work as a classical
mixer because the RF signal (Vy) is a large signal. As a
result, the harmonic balance simulation and time domain
simulation were used to overcome this problem.

C. Simulation

The frequency domain technique is easy to perform but
insufficient for high input power (P, > 6 dBm). The
quadratic approximation of the drain current of the MES-
FET cannot be applied. Furthermore the simplified rela-
tions for the drain current (10) and MESFET gain value
(12) are not valid when the dc gate is not biased in the
pinch-off zone. Accurate simulation in open loop config-
uration is performed using the harmonic balance simula-
tor LIMHA software from the University of Limoges [11].
In this simulation a severe MESFET model and strict drain
relations [10] are used.

The dc drain current (Fig. 3) and open loop MESFET
gain N(e,) for the F/2 oscillation (Fig. 4) are simulated
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Fig. 4. Simulated (solid line), analytic (dashed line) and measured ( #)
MESFET nonlinear gain of subharmonic component (Fy, = 4 GHz, P;, =
~20 dBm) in open loop configuration versus the input power (F, = $
GHz).

as a function of the input power for different dc gate bias
values. Then, a good agreement is found between analytic
and simulated results. The gain increases with the input
power and dc gate bias voltage. When a F/2 frequency
oscillation occurs in the circuit, it can be maintained when
the MESFET gain N(e,) value is higher than the loop
losses.

Fig. 4 shows the frequency division region and the free
running oscillation region when the loop losses are about
5 dB. Note that to avoid spontaneous free oscillations, the
gate bias voltage V,,, must be less than —1.0 V. Thus the
optimum value of V, is —1.0 V. Also worthy of note is
the good agreement between the theoretical results (har-
monic balance and frequency domain analysis) and ex-
perimental ones.

The harmonic balance simulations are efficient in de-
termining the open loop characteristics of the circuit but
cannot be used for the analysis of the frequency division
range or to predict the output power value in steady state.
We therefore performed a time domain simulation [13] of
the frequency division using the ELDO software. The in-
put and output waveforms for the 3 frequency divider (F,,
= 8 GHz, F,,« = 4 GHz) are shown in Fig. 5. To reduce
the threshold input power the gate bias voltage (V,,, =
—1 V) is predicted from the simulated gain (Fig. 4). The
F /2 component of the output wave is calculated using a
FFT program.

The self-biasing phenomenon is observed by simula-
tion. Fig. 6 shows the dc drain current simulated from the
beginning of the F/2 oscillation to steady state. It goes
from one value, imposed by external dc bias voltage (3
mA), to a higher value (22 mA) enabling oscillation to
continue.

As an example of other division ratio simulation, Fig.
7 shows the output waveform of § and § frequency divid-
ers simulated for a sinusoidal input signal (F,, = 12 GHz,
P, =5 dBm).

The transmission of the informative signal is also ver-
ified by frequency modulation of the input signal. Thus,
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Fig. 5. Simulated output waveform (solid line) of 3 frequency divider.
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Fig. 6. Simulated MESFET dc drain current and output 5 frequency di-
vider waveforms.
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Fig. 7. Simulated 1 and ‘% frequency dividers output waveforms for a sinu-
soidal input signal (F,, = 12 GHz, P,, = 5 dBm)

it can be assumed that

Uin(®) = Vip. cos 2n.F.t + my, cos 27.F,,.0)]

where
my, = 1 and F,,, = 3 MHz
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Fig. 8. Simulated output spectrum for a frequency modulated input signal -

(P, = 0dBm, m, = 1, F,, = 8 GHz, F,,, = 3 MHz).

The output waveform is simulated and its spectrum
(Fig. 8) is calculated using a FFT program. The simula-
tion output can be assumed as the frequency modulated
signal:

F
Voue () = Vyyu- COS [271-. 5 .t + mgy,. cos (27r.Fm2.f)J
with
mi,
Moy = 0.48 = B and F,, = F,, = F,;; = 3 MHz.

The present divider can therefore be used for FM com-
munication or PLL circuits.

IV. EXPERIMENTAL RESULTS

The dc drain current is measured in open loop config-
uration. This current increases with the input power as
shown in Fig. 3. This is consistent with the simulation of
Section (III-B) and the theoretical relation (10). There-
fore, it allows the self-biasing to be validated. Moreover,
the measured MESFET open loop gain (Fig. 4) increases

" as predicted by the simulation and the theoretical analy-
sis.

The measured, theoretical and simulated values of the
dc drain current and the MESFET gain are compared and
turned out to be in good agreement. This enables the non-
linear modeling of the MESFET to be validated.

Based on self-biasing, an experimental frequency di-
vider by 2 has been achieved and its block diagram is
represented in Fig. 9. The combiner is a circulator, the
phase shifter is produced by a variable length transmis-
sion line and the feedback obtained by a 3 dB power di-
vider.

The MESFET is a MGF1412. DC bias is derived from
simulation (V,, = —1.0 V and V,, = 3 V). The mea-
sured dc¢ drain current varies from a low value (0.05 Idss
for P, = 0 mW to a high value (0.4 Idss) for P, =10
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Fig. 9. Schematic of the experimental analog frequency divider.
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Fig. 10. Frequency divider output power (F,,;, = 4 GHz) and MESFET dc
drain current versus the input power (F,, = 8 GHz): measurement ( ) and
simulation (solid line).

mW and thus shows the influence of the self-biasing dur-
ing frequency division. The output power and dc drain
current are measured for different gate bias values as given
in Fig. 10. The optimum dc gate bias is —1 V, the thresh-
old input power is —4 dBm, the maximum conversion
gain 10 dB, and the present divider could operate on the
(—5.0, +10 dBm) input power range with a conversion
gain higher than 2 dB. Note that the experimental and
theoretical values of the optimum dc gate bias, the con-
version gain and the threshold input power are in good
agreement.

The transmission of a FM informative signal is verified
for different modulation frequencies and power levels.
Fig. 11 shows the measured spectrum of the frequency
divider output when the input signal is frequency modu-
lated with: F,,;, = 3 MHz, m;, = 1, P;;, = 0.0 dBm and
F,, = 8.015 GHz. The measured output is frequency
modulated with: F,, = 3 MHz, m,, = 0.5, P, = 8.7dBm
and F,,, = 4.007 GHz. This is consistent with the simu-
lated results described in Section (III-B).

Finally, the performance of such a circuit is better than
classical MESFET frequency dividers. The conversion
gain of these circuits are currently less than O dB and their
thresholds input power are higher than 0 dBm.
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CONCLUSION

An original concept of frequency dividers based on the
self-biasing phenomenon has been proposed. This con-
cept has been validated by frequency domain analysis and
harmonic balance simulations. This allows 5, 1 and } fre-
quency dividers to be simulated using a time domain anal-
ysis. Then an experimental frequency divider has been
produced, exhibiting a high conversion gain and a low
threshold input power. Additionally the transmission of a
frequency modulation has been checked and showed that
these frequency dividers can be used in FM transmission
and PLL systems.

The good agreement between 51mulated and experi-
mental results confirms our model and technique. More-
.over, it has been shown that drain current nonlinearity is
sufficient to describe MESFET behavior in frequency di-
viders.

Finally, this proposed approach can be applied to other
devices to perform frequency division by any ratio.
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