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ABSTRACT

KRISTIAN KONTTINEN: Determining the Amplitude Dependence of Negative
Conductance in a Transistor Oscillator

Tampere University of Technology

Master of Science Thesis, 49 pages, 34 Appendix pages

June 2016

Master's Degree Programme in Electrical Engineering

Major: RF Engineering

Examiners: University Lecturer Olli-Pekka Lundén and Lecturer Jari Kangas
Keywords: oscillator, negative resistance, negative conductance

An electronic oscillator is an autonomous circuit that generates a periodic electronic
signal. In practice, an oscillator should provide a voltage signal with a certain
frequency and amplitude to a resistive load. Predicting the output voltage amplitude
typically involves complicated nonlinear equations. One popular simplified approach
to amplitude prediction uses the concept of negative output conductance. It assumes
that the output conductance of the oscillator is a function of the output voltage
amplitude. This function can then be used to predict the output voltage amplitude.

In literature, it is commonly assumed that the output voltage amplitude dependence
of the negative conductance or resistance in a transistor oscillator can be approxi-
mated sufficiently accurately with a certain straight-line equation. Then a rule for
maximizing the oscillator output power is derived based on this straight-line ap-
proximation. However, the straight-line equation has not been shown to be valid
for transistor oscillators. Instead, the straight-line approximation was originally
found to be suitable in describing the negative conductance of an IMPATT (IMPact
Avalanche and Transit Time) diode. The validity of the rule for maximizing the
output power is questionable for transistor oscillators.

This work studies the output voltage amplitude dependence of negative conductance
in a transistor oscillator by simulations, measurements and analytical methods. Sim-
ulations are based on the harmonic balance technique. One simulation method de-
termines the amplitude dependence by using a varying test voltage source, and the
other method uses a varying load. The measurement method involves terminating
the oscillator with a resistive load. The output voltage amplitude and the corre-
sponding negative conductance are calculated from the measured output power for
varying load conductance values. The analytical methods are based on a function
describing the negative conductance of the transistor oscillator. This function is de-
rived in this work. The results show that the straight-line based rule for maximizing
the output power is inapplicable for transistor oscillators.
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TIHVISTELMA

KRISTIAN KONTTINEN: Transistorioskillaattorin negatiivisen konduktanssin
amplitudiriippuvuuden maarittaminen

Tampereen teknillinen yliopisto

Diplomityd, 49 sivua, 34 liitesivua

Kesakuu 2016

Sahkotekniikan koulutusohjelma

P&aaine: Suurtaajuustekniikka

Tarkastajat: yliopistonlehtori Olli-Pekka Lundén ja lehtori Jari Kangas
Avainsanat: oskillaattori, negatiivinen resistanssi, negatiivinen konduktanssi

Elektroninen oskillaattori on autonominen piiri, joka tuottaa jaksollisen, elektronisen
signaalin. Oskillaattorin tehtéva on tuottaa resistiiviselle kuormalle jannitesignaali,
jolla on haluttu taajuus ja amplitudi. Lahtojannitteen amplitudin ennustaminen vaa-
tii tyypillisesti monimutkaisia epélineaarisia yhtéloita. Eras yleinen yksinkertaistus
lahtdjéannitteen amplitudin ennustamiseen perustuu negatiiviseen lahtokonduktans-
siin. Téassé yksinkertaistuksessa oskillaattorin lahtokonduktanssin oletetaan olevan
lahtojannitteen amplitudin funktio. Tata funktiota voidaan kayttda lahtojannitteen
amplitudin ennustamiseen.

Kirjallisuudessa oletetaan yleisesti, ettéd transistorioskillaattorin negatiivisen kon-
duktanssin tai resistanssin riippuvuutta lahtéjannitteen amplitudista voidaan ar-
vioida riittdvan tarkasti suoran yhtalon avulla. Téastd arviosta johdetaan edelleen
sdanto, jolla oskillaattorin 1ahtéteho voidaan maksimoida. Suoran yhtalon sopivuut-
ta transistorioskillaattoreille ei ole todettu, vaan alun perin suoran yhtalo todettiin
sopivaksi kuvaamaan IMPATT-diodin (IMPact Avalanche and Transit Time) ne-
gatiivisen konduktanssin amplitudiriippuvuutta. Tehon maksimointisdannon toimi-
vuus transistorioskillaattoreille on kyseenalainen.

Tassa tyossa tutkitaan erdén transistorioskillaattorin negatiivisen konduktanssin
amplitudiriippuvuutta simuloinneilla, mittauksilla ja analyyttisilld menetelmill&. Si-
muloinneissa kiytetddn harmonisen balanssin menetelméd. Toisessa simulointime-
netelméssad amplitudiriippuvuus maéaaritetdéan vaihtelevan testijannitelahteen avulla
ja toisessa vaihtelevan kuorman avulla. Mittausmenetelméassa oskillaattoriin kytke-
taan resistiivinen kuorma. Laht6jénnitteen amplitudi ja sitd vastaava negatiivinen
konduktanssi lasketaan mitatun tehon ja kuormakonduktanssin avulla vaihtelevilla
kuormakonduktanssiarvoilla. Analyyttiset menetelmét perustuvat téssa tyossé joh-
dettuun, transistorioskillaattorin negatiivista konduktanssia kuvaavaan funktioon.
Tulosten perusteella suoran yhtéloon perustuva tehon maksimointisaanto ei sovellu
transistorioskillaattoreille.
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1. INTRODUCTION

An oscillator can be defined as a circuit which generates “a periodic signal of con-
stant amplitude and frequency fy from the energy delivered by direct-current (dc)
sources” [1, p. 1]. Oscillators have several applications in radio-frequency circuits.
For example, frequency conversion can be performed with an oscillator and a mixer
[2, p. 616]. Oscillators are also used to generate the carrier signal in radio transmit-
ters |2, p. 577].

The nonlinearity of the oscillator complicates the design |2, p. 577]. An oscillator
involves an active device which is typically a transistor or a negative-resistance diode.
Often the voltage and current waveforms in the oscillator circuit are nonsinusoidal

and the active device is in “nonlinear” operation.

One common approach to oscillator analysis in textbooks uses the concept of neg-
ative resistance. In that approach, the oscillator consists of an active part which
has negative resistance connected to a passive part which has positive resistance |3,
p. 562]. The passive part can be a resonant circuit (e.g. an LC-resonator) or the
external load to which the oscillator delivers power. The active part may use a diode
which intrinsically has negative resistance, e.g. an IMPATT (IMPact Avalanche and
Transit Time) diode. Alternatively, a circuit consisting of a transistor and suitable
reactive elements can be used to generate negative resistance. During oscillation,

the sum of the active- and passive-part impedances is zero.

The negative resistance is commonly considered to depend on the oscillation am-
plitude. Initially, when the circuit is switched on, the magnitude of the negative
resistance is assumed to exceed the positive resistance. This causes current at a
certain frequency to develop from the noise present in the circuit. As the amplitude
increases, the magnitude of the negative resistance decreases. Finally, when the
circuit is oscillating in steady state, the sum of the negative and positive resistance
is zero. [3, p. 562]

In some textbooks and papers, it is assumed that the magnitude of the negative
resistance decreases with increasing oscillation amplitude according to an equation
of a straight line. This straight-line assumption is then used to derive an optimum

load resistance value which maximizes the output power [3, p. 571].
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In some oscillators, it is more appropriate to view the active device as having negative
conductance instead of negative resistance. In this case, the negative conductance is
typically assumed to decrease according to the equation of a straight line, and the

optimum load value is expressed as a conductance.

The straight-line assumption of the negative conductance was originally presented
for oscillators which use an IMPATT diode as the active device [4]. However, text-
books and papers have used the optimum load conductance value derived from the
straight-line assumption also for transistor oscillators. This is despite the fact that

the straight-line assumption has not been shown to be valid for transistor oscillators.

This thesis aims to determine the validity of the straight-line assumption in a transis-
tor oscillator. The output voltage amplitude dependence of the negative conductance

is studied with measurements, simulations and analytical methods.

This thesis is structured as follows. Chapter 2 discusses the concepts of negative
resistance, negative conductance and the amplitude dependence. Previous research
on the amplitude dependence of negative conductance in oscillators is also reviewed.
Chapter 3 describes the simulation methods, and Chapter 4 discusses the measure-
ment procedure. Chapter 5 derives a function which predicts the amplitude depen-
dence of negative conductance by using circuit analysis. Chapter 6 presents the
results. The validity of the optimum load conductance assumption is assessed based
on the measurement results. The chapter also discusses the agreement between the

methods. Chapter 7 summarizes the main results and concludes the thesis.



2. THE CONCEPT OF NEGATIVE
RESISTANCE

This chapter begins by showing the existence of negative resistance and negative
conductance in steady-state oscillation. Section 2.2 presents the startup conditions
for oscillation. Section 2.3 discusses the origin of the straight-line approximation and

reviews previous research on the amplitude dependence of negative conductance.

2.1 Existence of negative resistance and conductance

Oscillators can be analyzed and designed using the concept of negative resistance.
The oscillating circuit can be considered a combination of an active one-port circuit
and a passive one-port circuit. The active circuit has negative port resistance, and
the passive circuit has positive port resistance. The resistance of the active part

must be understood as dynamic or “differential” resistance.

Figure 2.1 illustrates this idea. The impedance of the active circuit is Z,,; = Rour +
JjXout and the impedance of the passive circuit is Z; = Ry + j X at the oscillation

frequency.

1
-

+

active circuit %4 passive circuit

Zout7Y’0ut - ZL7YL

Figure 2.1. The oscillator consists of an active circuit connected to a passive circuit.
The impedances of the circuits are denoted with Zy: and Zy, and the admittances with You:
and Y.

The existence of negative resistance can be shown by writing Kirchhoft’s voltage law

for loop current I [3, p. 562]:

When the circuit is oscillating, I is nonzero. Therefore, the sum of the impedances
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is necessarily zero:
Zout + ZL = Rout + onut + RL + ]XL = 0. (22)

Separating the resistances and the reactances yields two necessary conditions for the

existence of oscillation:

(2.3)

Rout + RL =0
Xout + XL =0.

It is assumed that the passive circuit is lossy: R; > 0. Therefore, the resistance of

the active circuit is negative during the oscillation: R,,, = —R < 0.

The oscillation conditions can also be written in terms of admittances |1, p. 14].

Writing Kirchhoft’s current law yields
V(Y:)ut + YL) - O, (24)

where V' is the oscillation voltage, Y, = Gt + 7 Bow the admittance of the active
circuit and Y;, = G+ j By, the admittance of the passive circuit. Since V' is nonzero,
it follows that Y,,; + Y7, = 0 and

Gout + G =0
{ et (2.5)

Bout + BL - O

Since the conductance of the passive circuit is positive, the conductance of the active

circuit is negative.

The active circuit with negative resistance can be constructed using a two-terminal
negative-resistance device such as an IMPATT, tunnel or Gunn diode. Alternatively,
the negative resistance circuit can be built from a transistor, resistors and capacitors.
In that case, reactive elements are connected between the transistor terminals to

make the resulting circuit exhibit negative resistance between two nodes. [1, p. 12]

An example of a transistor oscillator is the Colpitts oscillator |5, p. 38] in Figure 2.2.
With suitably chosen values of reactive elements L, C; and Cy, the output conduc-

tance G, is negative.
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N
' th)ut

h
900
3
—

Figure 2.2. Colpitts oscillator without a biasing network.

The Colpitts oscillator can be modified by adding a capacitor in series with the
inductor to increase the frequency stability [5, p. 40]. The resulting circuit in Fig-

ure 2.3 is known as the Clapp oscillator.

L T Cl

I
[

i
' th)ut

C’TT C’QT

Figure 2.3. Clapp oscillator.

2.2 Startup of oscillations

Conditions (2.3) and (2.5) are valid in steady-state oscillation. When the oscillator
is switched on, the oscillation amplitude increases from zero until it saturates and
reaches the steady-state value. This increase of the amplitude requires that the
circuit is initially unstable [1, p. 19]. The instability of the circuit can be determined
with the oscillation startup conditions. These conditions can be formulated in terms
of Zyw and Zp (impedance formulation) or alternatively in terms of Y, and Y

(admittance formulation).

The startup conditions assume an amplitude and frequency dependence of Z,,; and
Y,ut. In the impedance formulation, Z,,; depends on the amplitude of the oscillation
current ¢ and the angular frequency w such that Z,,, = Rout(%,w) + onut(%,w)
|6, p. 251]. The impedance of the passive circuit usually is, to a great extent,
independent of the amplitude: Z;, = Ry (w) 4+ j X (w). The admittance formulation
uses the amplitude of the oscillation voltage, 0, such that the admittances are written
as Your = Gout(0,w) + jBout (0, w) and Yy, = G (w) + jBL(w) [6, p. 256].



2.2. Startup of oscillations 6

In some oscillators, R,,; becomes less negative when 7 increases. This kind of a circuit
requires a negative small-signal loop resistance to start oscillating: Rout(g,w) +
Rp(w) < 0 when 7 =~ 0 [3, p. 562]. When the circuit is switched on, the instability
causes the noise present in the circuit to be amplified, which makes ¢ increase. As 7
increases, R,,; becomes less negative until Rout(ioa wo) + Rr(wp) = 0, where 7o and
wq are the steady-state amplitude and frequency. The startup conditions for these

kinds of oscillators are given as the impedance formulation [5, p. 55|

R,, i~ 0,w)+ Rp(w) <0
(% 0.0) + Fu () 0
1~ 0,w =0.

In other oscillators, R,,; becomes more negative with increasing amplitude [3, p. 563].

In this case, the startup conditions are given as the admittance formulation [5, p. 52|
Gout(
Bout (ﬁ

The steady-state conditions (2.3) and (2.5) are equivalent, which can be seen as

S>
&

€ &

(2.7)

Q

)"—GL(W) <0
= 0.

07
0,0) + Br(w)

follows:

Zout + ZL =0
— Zout = _ZL
11
Zout B ZL

— Y:)ut = _YL
— Yu+Y,=0.

However, the startup conditions (2.6) and (2.7) are not necessarily fulfilled simulta-

neously [1, p. 25]. This can be shown by considering that the impedances

Zowt = —150Q — §5Q, (2.8)
Zr =50+ j50Q (2.9)

fulfill (2.6) whereas the admittances

1
Your = 7= —6.65927mS + 50.221 98 mS (2.10)
out
1
Y, = — =100mS — 5100 mS (2.11)
Zr

do not fulfill (2.7).
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2.3 Amplitude dependence of negative resistance

The negative resistance or conductance of a practical device or circuit normally
depends on both the oscillation amplitude and frequency. This characteristic is

significant when designing an oscillator for maximum output power.

Gewartowski determined [4] that the magnitude of negative conductance |G| of an
IMPATT diode decreases with increasing RF voltage amplitude v according to the

equation of a straight line as

~

G (@) = [Gnl(1 = =), (2.12)

m

where G, < 0 is the negative conductance in small-signal conditions and 9, is the
RF voltage amplitude at which |Gy| = 0. This approximation was suggested by
computations based on a large-signal model of the IMPATT diode.

An oscillator can be constructed by connecting an IMPATT diode having the negative-
conductance characteristic of (2.12) to a load. The oscillator usually also involves
a resonator which mainly determines the oscillation frequency. The power deliv-
ered to the load depends on the load conductance, G;. The optimum value which
maximizes the output power is [4]

Gm

This optimum G, can be found with the expression of power delivered to the load.

Assuming that the load voltage is sinusoidal, the load power can be written as

1
Py = QGL@Q, (2.14)

where 0 is the load voltage amplitude. Since the circuit is oscillating in steady state,
condition Gy + Gy = 0 holds. The load power can be expressed as

1 . 1 v
P, = §|GN|U2 = —|Gpn|(1 =

2 U,

)02, (2.15)

This function can be maximized by computing the derivative, which results in

30?

). (2.16)

m

. 1 .
P(6) = 51Gul (20 -
The derivative is zero at v = %f)m, which maximizes the output power.

From (2.12) it follows that |Gy| = GT’”l, which implies that the maximum power is
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delivered to a load with conductance

G =Gy = —%. (2.17)

The RF amplitude dependence of the negative conductance of two-terminal semi-
conductor devices has been analytically determined or measured also in other papers
than [4]. For example, the negative conductance of Gunn diodes has been measured
as a function of input power [7|. The paper also provides an analytical model for the
conductance as a function of the fundamental-frequency terminal voltage. Another
paper [8] presents the measured admittance of Gunn and IMPATT diodes as a func-
tion of RF voltage amplitude, and [9] presents theoretical results of the IMPATT

diode admittance.

The rule for the optimum load conductance of equation (2.13) and the assumption
about the linear dependence of negative conductance have been applied to also
transistor oscillators in textbooks and papers although originally derived for the
IMPATT diode. In [10], it is assumed that the magnitude of negative resistance,
in contrast to negative conductance, decreases linearly in the same fashion that
negative conductance was assumed to decrease. In that paper, the oscillator is
designed such that the magnitude of the small-signal negative output resistance,
|R.n|, is maximized and the load resistance is chosen as R; = —%Rm. A textbook
3, p. 563| suggests the relation Ry, = —3R,, for circuits with a decreasing negative
resistance magnitude and the relation G = —%Gm for circuits with a decreasing
negative conductance magnitude. Another book [6, p. 253| suggests that in some
cases, the negative input resistance of the active device can be approximated by
an equation of a straight line, which leads to the same conclusion of selecting the
optimum load resistance as R;, = —%Rm. A book [1, p. 451| states that G, = —1G,,

3
is an empirical criterion to maximize the output power.

However, no studies have been published that would have validated the common
assumption that the straight-line approximation of the negative output resistance
or conductance is useful in transistor oscillator design. Therefore, the optimum load

—lRm.

values may differ from G = —%Gm or R, = —3

Some research exists on the amplitude dependence of negative resistance in transistor
oscillators. In [11], a formula was derived for the negative resistance in a Colpitts
crystal oscillator. The negative resistance is the resistance “seen” by the resonator

circuit consisting of the series combination of a crystal and a variable capacitor. The
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obtained negative resistance magnitude is proportional to

2 L(z)
x Iy(x)’

(2.18)

where x is proportional to the resonator current amplitude and I;(z) and Iy(x)
are the modified Bessel functions of the first kind of orders 1 and 0. When zx is
large, the formula can be approximated as % In other words, at large resonator
current amplitudes, the negative resistance magnitude is inversely proportional to

the resonator current amplitude.

In [3, p. 566], the input impedance of an oscillator was simulated as a function of the
input current amplitude. The textbook also derives a formula which approximates
the input impedance at high input current amplitudes. In this approximation, the
negative input resistance is inversely proportional to the input current amplitude |3,
p. 565|. Simulation results of the output admittance of an oscillator are presented
in [1, p. 455]. Measurement method and results of a FET (field-effect transistor)

oscillator output admittance are presented in [12].

In the above-discussed previous research on transistor oscillators, the accuracy of
neither simulations nor analytical methods of determining the amplitude dependence
of negative conductance or resistance was verified by measuring the amplitude de-
pendence. The range of oscillator feedback element values was also limited. The
paper with amplitude dependence measurements [12| does not discuss the straight-

line approximation.

This thesis aims to determine the validity of the straight-line approximation in a
Clapp oscillator which operates at frequencies near 100 MHz. The relation between
the output voltage amplitude and the negative conductance is studied by simula-
tions, measurements and analytical methods. This relation is determined for 16
combinations of feedback capacitance values. The simulations and analytical results
are compared to measurements and their agreement is assessed. The validity of the
rule G = —%Gm for maximizing the load power is assessed by measurement results.
As discussed above, this rule has been applied to transistor oscillators although no

studies supporting its validity have been published.
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3. SIMULATIONS

The negative conductance behavior of the Clapp oscillator was simulated with
Keysight Advanced Design System 2015.01 circuit simulator. Two simulation meth-
ods were used: a wvartable load method and a wvariable test voltage method. Both
methods involve finding the steady-state solution of the voltages and currents of the
circuit with the harmonic balance technique. Harmonic balance does not capture
the transient behavior which occurs when the circuit is switched on and the output

voltage amplitude gradually increases as it reaches the steady-state value.

3.1 Variable load method

Figure 3.1 shows the simulation circuit of the variable load method.

Ry =2k R, =8.075k2

- —5v C.=3513pF

% DC feed

@ MPS918

él}r = 500nH

Ly =C =,

DC block
SR, =80 |
+

T CZ = C_i - Cce % DC feed Vout §RL = GLL

=C, T r

Figure 38.1. The simulation circuit of the variable load method.

The bipolar transistor MPS918 was selected in the simulation circuit because of
its similarity with the PN3563 transistor which was used in the measurements.
Resistors Ry and Ry set the collector-emitter bias voltage to Vopg = 5V and the
collector bias current to Icg = 20mA. The ideal RF chokes, denoted by “DC Feed”,
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pass DC currents and block currents of other frequencies. The DC block is an open

circuit at DC and a short circuit at other frequencies.

Inductor L, models an airwound inductor of 500 nH, and R, models its losses. The

quality factor is assumed 40, which implies a series resistance of R, = 82 at 100 MHz
[13].

The capacitance of C is defined as C; = C] — Cye, where Cp is the small-signal
base-emitter capacitance of the MPS918 transistor. The adjustable parameter C]
is the total capacitance between the base and emitter nodes. Similarly, defining Cs
as Cy = C}/x — C,, allows adjusting the ratio of total base-emitter and collector-
emitter capacitances with parameter x. The amplitude dependence of the negative
output conductance was simulated for 15 combinations of C] and z. The values of

parameters Cy, and C,.. were determined as described in Section 5.2.

The variable load method involves simulating the circuit with several load con-
ductance values. For each load conductance GG, the simulator attempts to find an
oscillatory steady-state solution. If a solution is found, it satisfies the oscillation con-
ditions of (2.5). Therefore, for a given G, the output admittance Y,y = Gour+J Bout

can be obtained as

Gou =-G )
' g (3.1)
Bout = 0.
Equivalently, from the impedance conditions (2.3) it follows that
Ry = —R )
' t (3.2)
Xout = 07

where R, is the output and R}, the load resistance. A similar measurement method

based on varying the load is presented in [12].

For each (z, C7)-combination, the value of C, was first selected with a separate sim-
ulation procedure. A load resistor of 50 €2 was placed at the output port and C, was
varied until the simulated oscillation frequency was approximately 100 MHz. Next,
O, was fixed to this value, and the load conductance was swept. For each load con-
ductance, a harmonic balance simulation was performed, and the resulting output
voltage spectrum was recorded. The magnitude of the fundamental component of
the resulting output voltage spectrum is treated as the output voltage amplitude.

For this amplitude, the output conductance is G, = —G.

The output negative conductance was obtained for 101 load conductances vary-
ing from 2mS to 200mS. Table 3.1 shows the values of C, used for each (C7, z)-
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combination. Also shown are the frequencies obtained from the load conductance
sweep simulation with the load conductance of 20 mS, a value which corresponds to

a resistance of 50 (2. As can be seen, the selected C, values yield approximately the

desired frequency of 100 MHz.

Table 3.1. The C, values used in the variable load simulations.

oscillation frequencies obtained with Gy = 20 mS.

z C7 (pF) C, (pF) f (MHz)
4 30 15.00  100.06
4 40 9.05  100.05
4 80 6.46  100.03
4 160 5.70  100.03
9 30 11.30  99.95
9 40 8.00 99.94
9 80 6.08  99.91
2 160 5.47  100.00
1 30 9.10  100.04
1 40 7.15  99.97
1 80 5.75  100.05
1 160 530  100.01
0.5 30 8.00  99.94
0.5 40 6.55 100.41
0.5 80 560  99.56

The variable load method is summarized as follows:

1. Select C] and z.
2. Select G, = 20mS.

3. Select a value for C,.

4. Simulate the circuit and record the oscillation frequency.

5. If the frequency is not approximately 100 MHz, go back to step 3. Otherwise,

go to step 6.

6. Now (G, is varied. For all 101 G values from 2mS to 200 mS, simulate the

circuit and record the output voltage spectrum.

7. Go back to step 1.

Also shown are the
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3.2 Variable test voltage method

In the variable test voltage method, the load resistor at the output is replaced with
a voltage source as shown in Figure 3.2. The voltage source provides a sinusoidal
waveform at the fixed frequency of 100 MHz, and its amplitude is swept from 0V
to 8 V in intervals of 0.05V. For each amplitude, the simulator finds the spectrum
of the output current, i,,;. At the fundamental frequency, the output admittance is

calculated from .
Your = Fout.! (33)

Uout,l ’
where vo,,1 is the fundamental frequency phasor of the voltage at the output port
and 7,1 the fundamental frequency phasor of the current flowing into the output
port. The output conductance is obtained as the real part of (3.3). Similarly, the

output resistance can be obtained as the real part of

v
Zout = .OUt,l . (34)
Lout,1
Phasor v,,:,1 equals the amplitude setting of the voltage source. A similar simulation
method of obtaining the transistor oscillator output admittance with a test voltage

source is presented in |1, p. 453-456].

W A Che = 13.76 pF

5V C. =3.513pF

é DC feed

i

=
MPS918
N

000
"
1l
Q
I
Q
|
£

L, = 500nH
DC block
SR, =80 I -
Lout —+
1 _ o U = Vgest
L CT TCQ =7 Oce % DC feed Vout @ f — 100 MHz

Figure 3.2. The simulation circuit of the variable test voltage method.

For each (Cf,x)-combination, the value of C, was selected from Table 3.1. The

variable test voltage method is summarized as follows:

1. Select C] and z.
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2. Select C, for this combination of C] and z from Table 3.1.

3. Simulate the circuit and record the output current spectrum for all test voltage
amplitudes (from 0V to 8 V in intervals of 0.05V).

4. For each test voltage amplitude, calculate the output conductance Re {ZO"—“}

Vout,1

Appendix C shows more detailed versions of the simulation circuits including the
simulation settings. The simulation results are shown in Appendix A and discussed
in Chapter 6.
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4. MEASUREMENTS

This chapter presents the measurement method used to determine the output con-
ductance of a Clapp oscillator. The output port of the oscillator is terminated with
load conductance G, and output RF power is measured with a spectrum analyzer.
The output conductance is obtained from G,,; = —G, according to (2.5). The out-
put voltage is calculated by using the load conductance and the measured power.
Essentially, the output conductance is set to —Gp, and then the output voltage
amplitude is obtained from a measurement result. A similar method involving a
varying load is described in [12]. The paper determined the output admittance of a

FET oscillator by measurements where the load admittance was varied.

When G is varied, the output voltage amplitude varies. The measurement is re-
peated with varying values of G to obtain a wide range of output voltage ampli-

tudes. To vary G, resistors Ry and R, were placed at the oscillator output as in

Figure 4.1.
10 k2
s °Veo
Lrrc
: Cpcs
I output connector
Lr% Ol =
Cbes R, l

' AMVN—e

’—|I + +

Cr = CQT LRFC? - Vow —= I RSA§ UsA
- Gout CTYL

Figure 4.1. The constructed Clapp oscillator is terminated with the variable load con-
ductance. The spectrum analyzer input impedance Rga = 502 is a part of the load.

The spectrum analyzer was connected to the SMA output connector with a 50-(2
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cable. Therefore, the load conductance of the oscillator consists of the combination
of Rs, R, and the spectrum analyzer input impedance Rgq = 50 2 which parallels

R:
1

G = —
"7 R, + R,||Rsa

(4.1)

When the circuit is oscillating, the output conductance is G,,; = —G. The spec-
trum analyzer input power Ps4 can be expressed in terms of the spectrum analyzer

input voltage amplitude vg4 as

<9
105,

=54 4.2
IR (4.2)

Pg

which is equivalent to
Usa = V/2RsaPsa. (4.3)

The spectrum analyzer input voltage is

A Ry||Rsa

UsA 0 (4.4)

- —Uoua
Ry + Ry||Rsa ™

where 0,,; is the desired oscillator output voltage

o = Bt ByllBsay — Bst BypllRsa pm—p— (4.5)
RPHRSA RpHRSA

4.1 Measurement circuit

The oscillator was constructed on a printed circuit board with through-hole and
surface-mount components. The transistor is a bipolar, NPN, through-hole type
PN3563 in TO-92 package.

The layout was designed to minimize the lengths of the RF current carrying paths.
These include the paths between the transistor, feedback capacitors, resonator com-

ponents, the DC blocks, R, R, and the output connector.

Ceramic radial disc capacitors are used as C', Cy and ). and leaded axial resistors as
R, and R,. Since the measurement procedure requires changing these components
many times, 1-pin sockets are used as connectors. As shown in Figure 4.2, the 1-pin
sockets were soldered on the bottom side of the board to minimize the path lengths
from the components to the board. Two pairs of 1-pin sockets are used for each of
C1, Cy and C,. to allow connecting two capacitors in parallel for a fine capacitance

adjustment.
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C, Cs
DCB oo odbo
R [Z] o oo
SMA E transistor
connector C o ookl
-
Rp[-;l DCB

Figure 4.2. The measured oscillator and the layout viewed from the bottom. The circles
denote connectors for capacitors C1, Co, C, and resistors R, and R,.

The top side of the board includes the resonator coil, the RF chokes, the SMA
output connector and the PN3563 transistor which is located below the resonator
coil. The coil is soldered to the terminals of C,. and C5. The 10-k(2 trimmer is placed

on the bottom side to avoid a possible interference with the resonator coil.

Surface-mount 1206-sized 1-nF capacitors are used as the DC blocks. The RF chokes
are leaded inductors of 2.2 pH.

The resonator coil is an air-core inductor designed using the approximate inductance

formula [3, p. 24]
B 10772 g N2
© 9r4100

where j9 = 47 - 107" H/m is the permeability of free space, r is the radius, N the

(4.6)

number of turns and [ the length of the coil. The coil was wound on a rod with the
radius of 5mm. The coil radius is taken as the distance from the coil axis to the
center of the coil wire. Since the diameter of the coil wire is 0.8 mm, the coil radius
is 7 = 5.4mm. The length and the number of turns were chosen as [ = 10 mm and
N =8, which results in L = 496 nH. The impedance of the coil was measured with
a vector network analyzer. At f = 100 MHz the measured reactance was X = 3212
which results in the effective inductance of X/(27f) = 511 nH.
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4.2 Measurement procedure

The bias point of the circuit was set before the output conductance measurements.
The collector-emitter bias voltage Vogg equals the 5-V supply voltage. The collector
current was adjusted with the trimmer to 20mA, and it was approximated as the
measured total current drawn by the circuit. When setting the bias point, C, was

removed to prevent the circuit from oscillating.

The amplitude dependence of the output conductance was measured for 16 combina-
tions of z and Cf. The corresponding C'; and Cy were obtained by using the measured

base-emitter and collector-emitter capacitances of the PN3563 in Table 5.1:

C1=C]—Ch=C]—T7.7pF (4.7)
1 1
=L _c,.,==. 4.
CQ T xr ( 8)

For each (z,C]) case, the output power was measured with approximately 2040
combinations of s and R, each combination corresponding to a load conductance
value. Low values of load conductances are obtained with combinations where R, is
omitted and R, is high. High values are obtained with combinations where R, = 02

and It is low.

First, the load conductance is set to 20 mS (corresponding to 50 2). The value of C,
is adjusted until the measured oscillation frequency is approximately 100 MHz. Then
the load conductance is set to an initial value which was chosen as 1.04 mS with R, =
91092, R, = open. The spectrum analyzer input power and oscillation frequency
are measured. The load conductance is gradually increased and the power and
frequency are measured. The measurement is terminated either when no oscillation
is observed or when the measured oscillator output power decreases to a value close

to the spectrum analyzer noise floor.

The measurement procedure for one (z, CY) case is summarized as follows:

1. Capacitors C; and Cy are inserted. Realization of certain capacitance values

required two capacitors in parallel.

2. Load resistance value of 502 was realized using a short jumper wire in the

place of R, and leaving R, open.
3. An initial C, is inserted.

4. The oscillation frequency is measured with the spectrum analyzer, and C, is
varied until the frequency is approximately 100 MHz. The frequency and the

spectrum analyzer input power are recorded.
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5. The oscillation frequency and the spectrum analyzer input power Psy are
recorded for the remaining combinations of R, and R,. The measurement is
terminated when no oscillation exists or the measured power is close to the

noise floor.

6. For each combination of R,, R, and measured Pg4, the output voltage is
obtained with (4.5) and the output conductance with (4.1) and G, = —Gy.

Tables in Appendix B show the results for each (z,C") case. The omission of a
resistor is denoted with “~” and a jumper wire with “0”. The last line of each table
shows the load conductance for which no oscillation was observed or the measured

power was close to the noise floor.

4.3 OQObservations

As discussed in the previous section, the measurement of an (x, C) case is termi-
nated when no oscillation is observed or the measured power is close to the noise

floor. This occurs when (GG, exceeds a threshold value which may depend on x and
C1.

In some (z,C]) cases with G exceeding the corresponding threshold value, the
output power is close to the noise floor. Additionally, the power at frequencies near
the fundamental frequency is slightly elevated from the noise floor. In other words,
the output signal spectrum is broad. In contrast, when the spectrum measured with
load conductances equal or lower than the threshold value, the spectrum has a sharp

peak at the fundamental frequency, and the power is significantly higher.

Figure 4.3 shows the effect when G exceeds the threshold value in case x = 4,
(1 = 40 pF. The spectra were measured with varying collector-emitter bias voltages
to distinguish the output spectrum from external interference. When the bias voltage
is altered, the oscillation frequency shifts whereas the frequencies of the external

interference remain constant.

The top figure shows the spectra measured with Vopg =4V, 5V and 6 V when G, =
45.6mS. When Vogg = 5V, the output spectrum has a sharp peak of 1.45dBm at
98.31 MHz. The output frequency of the oscillator is lower when Vegg = 4V and
higher when Vogg = 6 V. The power of the external interference is small, and it is

not visible because of the scaling of the figure.

When G is increased to 50.3mS, the output power decreases significantly, having
a maximum of —68.5dBm at 99.67 MHz with Voo = 5V. This output power is
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close to the noise floor, and the output spectrum is wide. Therefore, this G, exceeds
the threshold value. Two major external interference peaks exist at 99.8 MHz and
102.1 MHz.

When G, is increased to 53.3 mS, the output spectrum widens and lowers. Increasing

G, more widens and decreases the output spectrum.

The threshold value of G, is apparently between 45.6 mS and 50.3 mS in case z = 4,
(7 = 40pF. It should be noted that the threshold value may differ when the
measurement is repeated. For example, the measurement results of case x = 4,
(7 = 40pF in Appendix B show that clear oscillation existed at G, = 50.3m$S
with Psq4 = —12.3dBm. According to that measurement, the threshold value is
greater than 50.3mS. However, when the measurement was repeated to obtain the
spectra in Figure 4.3, the sudden decrease of the output power already occurred at
G = 50.3mS.
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GL =45.6 mS {
01 -- VCE‘Q =4V
— Veeqg =5V :
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Figure 4.3. The measured output spectra in case v = 4, C| = 40 pF with varying load
conductances and collector-emitter bias voltages. The triangular markers show the mazxima
of the oscillator output when Vopg = 5V.
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5. ANALYTICAL METHODS

This chapter presents two analytical methods of predicting the amplitude depen-
dence of the negative conductance in the Clapp oscillator. Both methods are based

on the output admittance function derived in this chapter.

The output conductance G, of the oscillator in Figure 5.1 is expressed as a function
of the output voltage amplitude and the oscillation frequency. The analysis is based

on a quasi-linear transistor model which is discussed in the following.

L, Cy

J
Lot

C’TT C’QT 4—"Uo_ut Gr

[
' Gout

Figure 5.1. Clapp oscillator with a load having conductance Gr,. The biasing components
are omitted.

5.1 Quasi-linear transistor model

The conventional small-signal analysis involves the use of linear models for the active
devices. These models are only applicable when the voltages and currents have small
amplitudes. As the amplitudes increase, the nonlinear behavior of the active devices
makes the analysis increasingly inaccurate. In particular, the output impedance of a
linear network is independent of the test voltage amplitude. Therefore, linear models

are inapplicable for predicting the amplitude variation of the output conductance.

A quasi-linear transistor model has been developed [14] to facilitate the large-signal
analysis of transistor oscillators. The model has been previously used to successfully
predict the output power of a Clapp oscillator [15]. In this thesis, the applicability
of the model is evaluated in predicting the amplitude dependence of the output

conductance of the Clapp oscillator.
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The quasi-linear transistor model in Figure 5.2 is based on the traditional linear,
lumped-element hybrid-m model which consists of resistors, capacitors and a voltage-
controlled current source. In the traditional hybrid-m model, the current of the
voltage-controlled current source is described as ¢ = ¢,,., Where g, is the con-
stant transconductance and vy, the base-emitter small-signal voltage. However, as
the base-emitter voltage amplitude ;. increases, the equation ¢ = g,,vp. becomes

inaccurate since the nonlinearity of the transistor limits the increase of the current.

base q?c collector
o * ‘+ ] * * * o
Che ‘L r YmUbe ZTo ‘L C

A 1
[ \ 4 '_ \ g \ 4 \ g O

emitter emitter

Figure 5.2. The quasi-linear transistor model.

The quasi-linear transistor model accounts for this limitation, in essence, the sat-
uration of collector RF current. In the quasi-linear model, the transconductance
gm is substituted with the transadmittance phasor y,,. The magnitude of y,, is a
decreasing function fj,,.|(9s), and the phase of y,, is assumed constant and denoted

as ¢. The transadmittance is now written as

Ym = f|ym‘(f)be)6j¢. (51)

The magnitude function has been formulated [14] as

Fm (i) = mo (5.2

<1 n <®?e‘ym0|>7“ >1/7--

When 0y, is small, the value of the function is approximately |y,,,|. At large values

Of @667

~

|ym0 ’ . Zc,ma:): (53)

N r 5
Upe |ym0 | " /r Upe
Z‘4:,'maz

and the current of the voltage-controlled current source in this case is fi,,|(Ose )0be =

Jiym| (D) =~

fc,max, which is a constant. As shown in Figure 5.3, parameter r controls the steep-

ness of the transition from the region of fi, . |(0se) = |Ym,| at small values of . to

the region fi,.|(Ose) ~ ZCU”% at large values of Vpe.
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Figure 5.3. The transadmittance magnitude function f‘ym|(ﬁbe) with varying r.

5.2 Quasi-linear models of PN3563 and MPS918

Table 5.1 shows the quasi-linear transistor model parameters of the PN3563 used in

measurements. These parameters have been obtained from measurement results in
[14].

Table 5.1. The measured quasi-linear transistor model parameters of PN3563.

Parameter Value

Cbe 7.7 pF
T 141 Q
Cbc 3.3 pF
Cee 0pF

Ty 12320
[Yimeo| 105mS
) —64°
bemaz 30.6 mA
r 2

To compare the analytical methods with the simulation methods, the parameters
of the quasi-linear transistor model in Figure 5.2 were determined for the MPS918

transistor simulation model.

Characterizing the transistor simulation model is similar to characterizing a physical
transistor with measurements which is described in [14], [15] and [16]. When char-
acterizing a transistor with measurements, the S-parameters of the transistor are
measured as a function of input power, and the transistor parameters are calculated

from the results. When characterizing a transistor simulation model, the transistor
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parameters are calculated from the simulated large-signal S-parameters [17].

The characterization of the simulation model involves simulating the small-signal
and large-signal S-parameters of MPS918 at 100 MHz. The transadmittance function
parameters Y, ¢, %Cymw and r are obtained from the power-dependent large-signal
S-parameters. The large-signal S-parameters were simulated at input power levels
from —30dBm to 0dBm at the bias point Vegg = 5V, Icg = 20mA as shown in
the simulation circuit in Figure 5.4.

AAA% A%
R R
_l_ R2 R1

= R=2k Ohm R=8.075 kOhm

DC_Feed
DC_Feed2
Hi =
DC_Block l_l -
DC_Block1 DC_Block
DC_Block2

IT‘ }/ P_1Tone
LA 0

1T pb_mot_MPS918_19911018 PORT2
P_1Tone I\A o Num=2
PORT1 Z=50 Ohm
Num= = P=polar(dbmtow(P_AV),0)
um=1 Freq=100 MH.
Z=50 Ohm req= z

v_DC
| SRC1
= Vdc=5V

DC_Feed
DC_Feed1

Lt

|_Probe

P=polar(dbmtow(P_AV),0)
Freq=100 MHz

W

DC P_AV=-30 LSSP

DC1 HB1
Freq[1]=100 MHz
Order[1]=15

LSSP_FreqAtPort[1]=
SweepVar="P_AV"
Start=-30

Stop=0

Step=0.1

Figure 5.4. The large-signal S-parameters of the MPS918 transistor were simulated with
Agilent ADS.

At each power level, the S-parameters were converted to Y-parameters and the value
of the transadmittance was calculated from

Ym = Y1 — Yio. (5.4)

The base-emitter voltage amplitude was obtained from

 Zo Py, (5.5)

Zin
Bpe = 2V/2 |2
o \/—’Zzn+ZO

where P,, is the available power of the generator, Z, = 50 2 and the input impedance
is
1+ Si

The transadmittance function parameters r and %c,max are obtained by fitting the

values of the simulated |y,,| and 0 into equation (5.2) with the method of least
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squares. The value of |y,,,| is taken as the value of |y,,| at the power level of
—30dBm and ¢ as the phase angle of this y,,. As seen in Figure 5.5, the fitted

transadmittance function agrees with the simulated transadmittance values. The

resulting quasi-linear transistor model parameter values are shown in Table 5.2.

200 —

150 —

Y| (mS)

100 —

O  Simulated |y,,| of MPS918
—— Transadmittance magnitude function
With [y, = 237.1mS, icmar = 38.23mA
and r = 2.377

ey
D
<

Oy
)

0.0

0.1

\ \ \
0.2 0.3 0.4

'Dbe (V)

Figure 5.5. The simulated transadmittance magnitude of the MPS918 transistor and the
fitted transadmittance function (5.2).

The small-signal S-parameters are used to extract the values of Cj., Cy., Cye, 7r and

r,. These S-parameters are converted to Y-parameters, and the values of Cy., Ci.,

Cee, 7 and r, are extracted with the following formulae [14]

where w = 27 - 100 MHz.

C'be

T'n

Cbc =

CC@

To

_ Im{Yy:} + Im {Y12}

w
1

" Re{Yy}

w
_ Im{Ys} + Im{Yi2}

w
1

" Re{Ya}

(5.7)

(5.8)
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Table 5.2. The simulated quasi-linear transistor model parameters of MPS918.

Parameter Value

Che 13.76 pF
T'r 57.93¢2
Clye 0.5617 pF
Cle 3.513pF
T 332.10Q
|Yimo | 237.1mS
b —58.40°
bemaz 38.23mA
r 2.377

5.3 Deriving the output admittance function

In Figure 5.6, the transistor has been replaced with the quasi-linear model, and the
load, with conductance G, has been replaced with a voltage source v;.s having
amplitude Uy, and frequency w = 2w f. The voltage source makes current i,,; flow

into the emitter terminal. The output admittance is given by You: = tout/Vsest-

The parallel connection of capacitances C; and Cj, is denoted as C] = C;+C which
represents the total capacitance between the base and the emitter nodes. Similarly,
the total capacitance between the collector and the emitter nodes is defined as
Ch = Cy + Ce. The behavior of the output admittance will be analyzed in terms of
C1 and CY,.

Cy=—/ C) Utest

e

Figure 5.6. The output admittance of the Clapp oscillator is analyzed with the quasi-
linear transistor model.

To simplify the expressions, Figure 5.7 shows the circuit in Figure 5.6 redrawn with
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the substitutions

Y = jwC| + 1/r, (5.12)
Yy = jwCl +1/r, (5.13)
Y; = jwCh. + 1/ (jwL, +1/(jwC,) + R,). (5.14)

Vtest

Figure 5.7. The simplified form of the circuit in Figure 5.6.

Current i,,,; is obtained by solving the nodal equations

v (Y1 +Y3) — Vet Y1 =0 (5.15)
Utest(YQ + le) - Uly'l - ym(vl - Utest) + Z-out- (516>

Simplifying and solving (5.15) for vy yields

Y1
V] = Upest = 5.17
1= Viest gy (5.17)
Utest(Yé + le + ym> + 711(_}/1 - ym) = Z-out- (518)
Substituting (5.17) into (5.18) yields
est | (Ya + Y1 + Um L (<Y1 = Ym) | = ot 5.19
U t<(2+ 11Ty )+Y1+Y},( 1 y)) Lout (5.19)
The output admittance is obtained as
Vi = o (5.20)
out Vtest '
= Yo+ Vit + —— (=Y] — 5.21
2 1TY Y, + Yg,( 1= Ym) ( )
Y Yi?
=Y + Yo+ Yo : (5.22)

Vi+Y; Yi4Ys
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The value of y,, depends on the base-emitter voltage v, which is obtained as

Y: —Y3
Upe = V1 — Utest = Vtest 7 <> — Utest = Utest

. 5.23
Yi+Y; Yi+Y; (5:23)

Therefore, y,, can be written as

—Vs jo _ ; jo
Vtest (le T Y:f;) ‘) e = f|ym| (Utest ) 6( .
5.24

Substituting this into equation (5.22) yields the output admittance as a function of

Vs
Vi+Ys

Ym = Sy (00e)€® = fiy,n) (

the test voltage amplitude 0.5 and frequency:

Ys
Yi+Y;

Y;)ut(’atesta W) = le + }/2 + f|ym\ (6test

| Y, v;2
o3 ) __"L__ (595
)6 (Y1+Y3> vy, O02)

The output conductance and susceptance are the real and imaginary parts of the

output admittance:

Gout(@testy w) = Re{yvout(ﬁtesta CU)} (526)
Bout(@tesh w) - Im{}/out<@test’ w)} (527)

5.4 Using the output admittance function

The output admittance function, equation (5.25), predicts the output conductance
amplitude dependence of the Clapp oscillator. The output admittance is expressed
as a function of the output voltage amplitude and the oscillation frequency. The
evaluation of its real part yields the predicted output conductance. However, the
evaluation of the function requires specifying an appropriate frequency. This fre-
quency should be close to the oscillation frequency which would be obtained with
the chosen set of other parameters Y;, Y5 and Y;. The value of Y3 depends on

capacitance C, which was determined in measurements.

The frequency can be specified in two methods. The first method is simple. Since
the oscillation frequency in the measurements was adjusted to be near 100 MHz
by choosing a proper value for C,, the value of 100 MHz is used as the frequency
when evaluating the function. That is, the output conductance at an output voltage

amplitude 0,,; is obtained from
Gout = Re {Y;Jut ({)outa 2w - 100 MHZ)} . (528)

A problem with this approach is that the measured oscillation frequency varies with

the load conductance. Hence, the predicted output conductance at 100 MHz may
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differ from the measured output conductance because of the frequency difference.

The second method is related to the oscillation conditions (2.5) which are fulfilled
during steady-state oscillation. The output conductance was measured with load
admittances which are assumed to have a negligibly small susceptance: By = 0.

Therefore, the output conductance and susceptance fulfill

Gout = - GL

5.29
Bout =0 ( )

when steady-state oscillation exists. However, condition B,,; = 0 may not be satis-
fied if the output admittance function is evaluated at the frequency of 100 MHz. In
other words, the imaginary part of Y, (0o, 27100 MHz) is nonzero. The frequency
at which the output admittance function is evaluated should therefore be selected
such that the imaginary part is zero. For a given v,,,, this frequency f, is obtained

by solving
Im { Y, (Dout, 270 fs)} =0 (5.30)

for f;. Then the predicted output conductance is obtained by evaluating the real

part of the output admittance function using the solved f, as
Gout = Re {Y;)ut(ﬁout; 27Tfs)} . (531)

The effect of using f, instead of 100 MHz is the following: the analytical model
predicts that if the load conductance is set to G, = —Gour = — Re {Youi(Vout, 27 f) }
and the load susceptance is set to zero, then the output voltage amplitude will be
Uout and the oscillation frequency will be fs. The results obtained with this method
correspond to the results obtained with measurements since in both, this method

and in measurements, conditions (5.29) are fulfilled.

Multiple values of fs which solve (5.30) may exist. In this case, those values of f;
which do not correspond to steady-state oscillation are discarded. To qualify as a
solution which corresponds to steady-state oscillation, f must fulfill two conditions.
First, the output conductance should be negative, Re {Yout(Vout, 27 fs)} < 0. As the

load conductance is positive, a negative output conductance is required.

Second, it is required that the solution corresponds to stable oscillation. That is, if
the oscillation amplitude or frequency is perturbed slightly, it returns to its original
value |2, p. 586]. The stability of the solution can be determined by evaluating a
stability condition. The condition [18] [1, p. 18] involves the amplitude and frequency
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derivatives of the total admittance Y = Y,,; + Y7, where Y7, is the load admittance:

 ORe{Yy}OIm{Yy} OIm{¥y}ORe{¥s}
S St Ow R W (532)

The measured loads consisted of resistors and the spectrum analyzer input impedance
as described in Chapter 4. The resistors have parasitic inductance because of their

terminal wires, which causes a nonzero load susceptance and nonzero derivatives
ORe{Yr}
Jw

and the amplitude derivatives

and mrgiYL}. For simplicity, it is assumed that these frequency derivatives

ORe{Yr} . q 2Imi¥r}
OVout 0D

can be neglected:

ORe{Yr} ORe{You} N ORe{Yr} ~ORe{You}

Ow Ow Ow Ow (5.33)
Olm{Yr}  O0Im{Y,,}  O0Im{Yr} ~ OIm{Y,u}

Ow N Ow * Ow - Ow (5.34)
8ReA{YT} _ 8Re:{Yout} N ((9ReA{YL} - 8ReA{Y0ut} (5.35)

aUout aUout 8Uout avout
Olm{Yr}  O0Im{Y,,}  O0Im{Yr} — OIm{Y,u}

aﬁout B a{}out + 8f}out - 8f}out ' (5 ‘ 36)

Hence, the stability condition can be written in terms of the output admittance as

o aRe {Y:)ut} aIm {nut} _ a:[m {Y;Jut} a Re {Y;Jut} >
N 3@%,5 ow 3ﬁout ow

S 0. (5.37)

The condition is evaluated at the given v,,; and the solved w = 27 f,. In practice,
this is done numerically. To summarize, those values of f; which do not correspond

to a negative output conductance or which do not fulfill the stability condition are
discarded.

In conclusion, two methods exist for obtaining the output conductance with the

analytical output admittance function:
1. Gout = Re{Yout(ﬁout, 27 - 100 MHZ)}
2. Gouwt = Re{Yout (Vout, 27 fs) } such that Im {Y,.¢(0Ogur, 27 f5)} = 0, Gowr < 0 and

fs corresponds to stable oscillation.

The first method uses a constant frequency to predict the output conductance. The
second method predicts both the output conductance and oscillation frequency by

assuming that the conditions in (5.29) are fulfilled.

Analytical method 2 has similarities to a simulation method described in [1, p. 27-32].

The simulation method involves finding the total admittance Y7 (0o, w) = Y7 + Your
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of a FET-oscillator. The values of 0,,; and w are optimized such that the steady-
state oscillation condition Y7 (0y,,w) = 0 is satisfied in the simulation. Finally, the

stability parameter S is evaluated by computing the derivatives numerically.

5.5 Calculation examples

Graphs in Appendix A compare the output voltage amplitude dependence of the
output conductance obtained with measurements, analytical methods and simula-

tion methods. Case x = 4, C] = 30pF is shown in Figure 5.8 as an example.

© —s50 _]‘D' ® Measured

604 - - Analytical method 1, PN3563 (f = 100 MHz)
— Analytical method 2, PN3563 (Byy: = 0)

=701 -+ Analytical method 1, MPS918 (f = 100 MHz)
- =+ Analytical method 2, MPS918 (B,,: = 0)

—807 O Simulated (variable load conductance)

_90- Simulated (variable test voltage)

0 1 2 3 4 5 6 7

ZA}out (V)

Figure 5.8. The measured, simulated and analytically determined output conductance in
case v =4, C7 = 30pF.

Each (z,C]) combination has 4 curves obtained with analytical methods. Curves 1
and 2 are results of the analytical methods 1 and 2 obtained using the component
values of the measurement circuit and the quasi-linear parameters of the PN3563
transistor extracted from actual measurements [14]. Curves 3 and 4 are results of the
analytical methods 1 and 2 obtained using the component values of the simulation
circuit and the quasi-linear parameters extracted for MPS918 from the ADS model

of MPS918. The calculations involved in obtaining the curves were done with R
[19].
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The next example illustrates obtaining curve “Analytical method 1, PN3563 (f =
100 MHz)”. As can be seen from (5.25), the output admittance depends on Y7, Y5 and
Y3;. The values of these admittances are evaluated by using the component values
of the measurement circuit and the measured quasi-linear model of the PN3563
transistor. Component values C,., C; and C5 used in the measurements are shown
in Appendix B. As an example, the output conductance at v,,; = 0.8 V is calculated
with analytical method 1 and PN3563 transistor in case x = 4, C] = 30 pF as follows:

w = 2m - 100 MHz (5.38)
Dout = 0.8V (5.39)
L, = 500nH (5.40)
R, =8Q (5.41)
C, = 8.6pF (5.42)
O] = Oy + Gy = 22pF + 7.7pF = 29.7pF (5.43)
Cy,=0Cy+ C. =T78pF + 0pF = 7.8pF (5.44)
Yy = jwC) + 1/r; = (0.0070922 4 j0.0186611)S (5.45)
Yy = jwCh +1/r, = (8.1169 - 107* 4 54.9009 - 1073)S (5.46)
Vs = jwChe + 1/(jwL, + 1/(jwC;) + R;) (5.47)
= (4.7819- 10" — j5.6431 - 10%)S (5.48)

Yout (W, Tour) = (—0.02137957 + 50.01093298)S (5.49)
Gout = —21.4m8. (5.50)

Curve “Analytical method 2, PN3563 (B,,; = 0)” is obtained according to the
following example. At 0,,; = 0.8 V, the output conductance is found by first solving

frequency fs numerically from
Im {Y,,:(0.8V, 27 f,)} =0, (5.51)

which yields two solutions: fg = 92.628892MHz and f, = 17.779359 MHz. The

output conductance and the stability parameter S are calculated for both solutions,
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which results in

Sp, =1.571264-107" SVZS >0 (5.52)
Gout.foy = Re {Yout (0.8V,27f1)} = —26.0mS (5.53)
S, =1.549385-107' SVZS >0 (5.54)
Gout.fy = Re {Y,ut (0.8 V, 27 f2)} = 16.4mS > 0. (5.55)

The stability conditions indicate that both solutions are stable. However, f is

discarded since the corresponding output conductance is positive.

Obtaining curve “Analytical method 1, MPS918 (f = 100 MHz)” involves using
the component values of the simulation circuit and the quasi-linear model of the
MPS918 transistor to calculate Y7, Y5 and Y3. The value of C, was obtained from
Table 3.1. As an example, the output conductance at v,,; = 0.8V is calculated in

case x = 4, C] = 30 pF as follows:

w = 27 - 100 MHz (5.56)
Gout = 0.8V (5.57)
L, = 500 nH (5.58)
R, =80 (5.59)
C, = 15pF (5.60)
C! = 30pF (5.61)
Cy,=C1/x=T75pF (5.62)
Y = jwC +1/ry = (0.01726221 + j0.018 849 56)S (5.63)
Yy = jwCs + 1/r, = (0.003011 141 + 50.004 712 389)S (5.64)
V3 = jwCe + 1/(jwl, + 1/(jwC;) + R.) (5.65)
= (0.000 184 539 — j0.004 446 377)S (5.66)
Yyt (s Gout) = (—0.031 18147 + 50.003 186 01)S (5.67)

Gout = —31.2mS. (5.68)
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6. RESULTS

This chapter is organized as follows. Section 6.1 uses the measurement results to
determine the validity of the output power maximization rule which follows from
the straight-line approximation of output conductance. Section 6.2 compares the
analytically obtained and simulated output conductance to measurement results.
Section 6.3 discusses the differences between analytical method 1 and the simulation

methods. Section 6.4 discusses the differences between the simulation methods.

6.1 Examining the validity of the straight-line approximation

As discussed in Section 2.3, the straight-line approximation of the output conduc-
tance amplitude dependence implies that the condition G, = —G,,/3 maximizes
the output power. Table 6.1 evaluates the assumption G, = —G,,/3 for maxi-
mum output power based on the measurement results of Appendix B. Each row
corresponds to a combination of  and C]. The small-signal output conductance,
G, is assumed to be the maximally negative output conductance obtained from
the measurement results. This output conductance was obtained with the highest
value of load conductance for which clear oscillation existed. Column Gy, /3 is the
load conductance used in the measurement closest to —G,,/3. Column Py /3 is
the output power obtained with this load conductance: Pp /3 = %G L1 /3@Zut. The
assumption G, = —G,,/3 for maximum output power implies that Py /3 should be
the maximum output power. Column G, pyq, is the load conductance which yields
the maximum measured output power, column Py, .. Ratios %”ﬁ and %T’ﬁ
evaluate the validity of the assumption G, = —G,,/3 for maximum output power.

If the assumption is true, the values in both columns should be approximately 1.
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Table 6.1. Determining the validity of the load conductance assumption Gy = —Gp, /3
for mazimum output power for the measured combinations of x and Cj.

x 1 G Griss  Pris Grpema  Prmae G_LG;;/SI I;LLT;;
(pF) (mS) (mS)  (mW)  (mS)  (mW)
0.5 30 —86.7 30.0 4.1 7.09 12.0 4.1 2.9
0.5 40 —103.3 34.7 4.1 12.50 7.0 2.8 1.7
0.5 80 —323.0 103.3 1.3 323.03 2.8 0.3 2.1
0.5 160 —120.0 39.6 0.02 75.56 0.03 0.5 1.2
1.0 30 —65.5 20.0 15.9 5.56 48.0 3.9 3.0
1.0 40 —70.0 25.0 6.8 4.76 35.4 4.9 5.2
1.0 80 —120.0 39.6 3.3 4.76 8.2 8.4 2.5
1.0 160 —120.0 39.6 0.4 50.30 0.4 0.8 1.1
20 30 —53.3 16.7 17.3 4.76 47.2 3.7 2.7
2.0 40 —61.7 20.0 10.1 4.00 37.0 5.1 3.7
20 80 —86.7 30.0 5.2 4.00 23.1 7.2 4.5
2.0 160 —61.7 20.0 2.9 7.09 5.1 2.9 1.8
4.0 30 —39.6 12.5 19.1 4.00 40.8 3.3 2.1
4.0 40 —50.3 16.7 11.7 4.00 37.8 4.2 3.2
4.0 80 —70.0 25.0 6.1 2.86 31.7 8.2 5.2
4.0 160 —45.6 15.2 6.4 3.45 19.8 4.4 3.1
In 13 out of 16 cases, % is at least 2.8. That is, the load conductance selected
according to G, = —G,,,/3 is several times greater than the load conductance which

yields the maximum output power. Additionally, the maximum output power is in

almost all cases significantly higher than the power obtained with G|, = —G,, /3.

The data shows that choosing G, = —G,,/3 yields output powers that are not
even close to the maximum values in many cases. Since this condition follows from
the straight-line approximation, the usefulness of the straight-line approximation is

questionable in predicting the maximum oscillator output power.

Cases (0.5,80 pF), (0.5,160 pF), (1,160 pF) are exceptions (the lines shown in grey).
—Gm/3

? GL,Pmaz
voltage amplitude is small, less than 0.5V, for all measured load conductances in

In these cases is less than 1 and G|, pmes is high. The measured output

these cases. The small output voltage amplitude may indicate that the oscillation

is not stable. Instead, the circuit is on the verge of oscillation. This may contribute

to the difference of these 3 cases compared to the 13 other cases.

6.2 Comparison of the measurements and predictions

Table 6.2 shows maximum and average percentage differences of the output con-

ductance obtained with analytical methods and simulations compared to the mea-
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surement results. The selected cases are those in which the analytical methods best

agree with the measurement results.

A percentage difference between the predicted and measured G,,; was calculated for
each measured output voltage amplitude. The difference is relative to the measured

output conductance:

GOU redicted — GD’LL measure
%-difference = 100 % - —oubpredicted d < (6.1)

Gout,measured

The maximum percentage difference is defined as the value which has the largest
absolute value. The average percentage difference is defined as the average of the

absolute values of the percentage differences.

The results of the analytical methods were obtained with the component values of
the measurement circuit and the quasi-linear model of the PN3563 transistor. As
discussed in Section 5.4, analytical method 1 evaluates the real part of the output
admittance function at the frequency of 100 MHz. In analytical method 2, the

frequency at which the output admittance function is evaluated, is solved from
Im {Y;mt(@outa 27Tfs)} = 0.

In case x = 4, C] = 30 pF, both analytical methods yield similar results: the average
difference from the measured values is less than 20 % and the maximum difference
is less than 50 %. In this case, the analytical methods have the best agreement.
The capacitance ratio x = C/C} affects the accuracy of the analytical methods. In
cases of Table 6.2, the accuracy decreases with decreasing x when C] is constant.
In other words, at low values of CY, the accuracy is better than at high values. The

same is true for C]: low values of C] yield a better accuracy than high values.

Simulation methods tend to overestimate the negative output conductance. One
reason for this may be that the simulation model of the MPS918 transistor does not

accurately represent the PN3563 of the measurement circuit.

In other cases than those in Table 6.2, analytical methods are less applicable. Ana-
lytical method 1 tends to predict a positive output conductance at all output voltage
amplitudes, or it predicts that the output conductance becomes zero at a lower value
than measured. Analytical method 2 tends to predict that no oscillation exists for
output voltage amplitudes greater than a limit value which is approximately 1V or

less.



6.3. Comparison of the output conductance function and simulations 38

Table 6.2. Mazximum and average relative difference of the predictions compared to
measurement results. VL: variable load simulation method, VTV: variable test voltage
stmulation method.

z C} (pF) method max %-difference  average |%-difference|
(%) (%)
4 30 Analytical 1, PN3563 +47 17
4 30 Analytical 2, PN3563 +49 19
4 30 VL +172 73
4 30 VTV —793 184
4 40 Analytical 1, PN3563 —300 74
4 40 Analytical 2, PN3563 +94 28
4 40 VL +192 99
4 40 VTV —877 192
4 80 Analytical 1, PN3563 —974 297
4 80 Analytical 2, PN3563 —96 48
4 80 VL +218 103
4 80 VTV +239 88
2 30 Analytical 1, PN3563 —183 68
2 30 Analytical 2, PN3563 -91 44
2 30 VL +207 75
2 30 VTV +306 132
2 40 Analytical 1, PN3563 —353 112
2 40 Analytical 2, PN3563 —99 39
2 40 VL +252 137
2 40 VTV +287 120
6.3 Comparison of the output conductance function and sim-

ulations

Figure 6.1 compares the results obtained with the output conductance function
and the simulation methods in case v = 4, C| = 40 pF. The figure has two curves
obtained with the output conductance function. One curve corresponds to analytical
method 1. In other words, the output conductance was obtained by evaluating
Re {Yout(Uout, 2 f) } at the frequency of 100 MHz. The other curve was obtained with
a frequency-adjusted analysis which is described in this section. Both curves were
obtained using the quasi-linear model of the MPS918 transistor and the component

values of the simulation circuit.

At output voltage amplitudes of less than 0.1V, the variable test voltage simulation
method and analytical method 1 predict a negative conductance of approximately
—58mS at 100 MHz. This agreement is expected as is shown in the following. At

output voltage amplitudes close to zero, the transadmittance of the quasi-linear
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transistor model is approximately its small-signal value, |¢/,,,,|¢’*. The other compo-
nent values of the quasi-linear model were obtained with the S-parameter simulation
at a low power level. Therefore, the quasi-linear model is approximately the same
as a linear small-signal model. In this case, the analytical method corresponds to a
linear analysis. When the output voltage amplitude is low in the variable test volt-
age method, the circuit voltages and currents are small, which makes linear analysis

agree with the simulation.

20 —

Gout (mS)

a,f:"A
Y
IS /
A x =4, C] =40pF
~80 — AA O  Simulated (variable test voltage), f = 100 MHz
A'A A Simulated (variable load), f = fvr
- —- Analytical method 1
“100 4 7 Re{Yout(Ove, 27 fyr)}
\ \ \ \ \ \ \
0 1 2 3 4 5 6 7 8

output voltage amplitude (V)

Figure 6.1. The amplitude dependence of the output conductance obtained with the
variable test voltage method, variable load method, and the output conductance function
with MPS918 in case x = 4, C] = 40pF. Symbols 0y, and f,, denote the output voltage
amplitude and oscillation frequency obtained with the variable load method.

At low output voltage amplitudes, a discrepancy exists between analytical method 1
and the variable load method. With 0,,; = 0.1183 V, analytical method 1 predicts a
negative conductance of —57.45mS at 100 MHz. The variable load method yields a
more negative output conductance, —87.30 mS. However, the oscillation frequency
in this case is 93.89 MHz instead of 100 MHz. As can be seen from Figure 6.2,
the oscillation frequency depends on the load conductance with the variable load
method.
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Figure 6.2. The oscillation frequency of the variable load method as a function of the
load conductance in cases where xr = 4.

To investigate the effect of this frequency difference on the discrepancy between
the variable load method and analytical method 1, a frequency-adjusted analysis
was performed. In this analysis, the output conductance was calculated with the
frequencies and amplitudes obtained with the variable load method. That is, G,

was calculated using the output admittance function according to

Re {Yout(Oyr, 2w fy)} s (6.2)

where 0y, and f;,, are the output voltage amplitude and frequency obtained for each
load conductance value using the variable load simulation method. For example,
when G, is set as 87.30 mS, the variable load method yields the oscillation frequency
of fi. = 93.89MHz and the output voltage amplitude of 0,,, = 0.1183 V. Since
Gonw = —Gp, the output conductance according to the variable load method is
Gow = —87.3mS at the output voltage amplitude 0.1183 V. At this output voltage

amplitude, the frequency-adjusted analysis predicts
Re{Y,,:(0.1183V, 27 - 93.89 MHz)} = —83 mS. (6.3)

This value is close to the value obtained with the variable load method.

At output voltage amplitudes of less than 0.6V, the frequency-adjusted analysis
agrees better with the variable load method than analytical results obtained at
100 MHz. Therefore, the discrepancy between analytical method 1 and the variable

load method at low amplitudes can be largely attributed to frequency differences.
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However, at higher amplitudes, both curves obtained with the output conductance
function disagree with the simulation results. The accuracy of the quasi-linear tran-
sistor model deteriorates as the base-emitter and collector-emitter voltages increase,

which probably contributes to the discrepancy between the methods.

6.4 Comparison of the simulation methods

At low output voltage amplitudes, the variable test voltage method yields a less
negative output conductance than the variable load method. The simulated os-
cillation frequency varies in the variable load method as shown in Figure 6.2. In
contrast, the frequency in the variable test voltage method is kept at 100 MHz. To
determine if the frequency difference causes the difference between the results, the
output conductance was simulated with the variable test voltage method using some
of the oscillation voltage amplitudes and frequencies obtained with the variable load
method. The results are shown in Table 6.3.

Table 6.3. The negative output conductance obtained with simulation methods in case
z =4, C] =40pF.

Method ot (V) f (MHz) Gou (mS)
Variable load 0.1183  93.89 —87.30
Variable test voltage 0.1183 93.89 —87.31
Variable test voltage 0.1183  100.00 —57.99
Variable load 0.9937  96.37 —39.91
Variable test voltage 0.9937  96.37 —40.25
Variable test voltage 0.9937 100.00 —34.34
Variable load 2.9883  100.05 —20.00
Variable test voltage 2.9883 100.05 —20.85
Variable test voltage 2.9883  100.00 —20.89
Variable load 4.0329 108.43 —7.26
Variable test voltage 4.0329 108.43 —13.22
Variable test voltage 4.0329  100.00 —17.62

At Uy of 0.1183V, 0.9937V and 2.9883 V, the variable test voltage method yields
similar results to the variable load method when the frequencies are equal. How-
ever, at 4.0329V, the variable load method yields a negative output conductance
which is approximately half that of the variable test voltage method. Therefore, the

frequency difference is insufficient to explain the discrepancy.

A possible reason for the discrepancy at 4.0329V can be found by considering the

spectra of the output voltage and current. As shown in Figure 6.3, the output voltage
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spectrum of the variable load method consists of multiple frequency components.

Table 6.4 shows the values of the voltage and current phasors.
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Figure 6.3. The output voltage and current spectra and the time-domain forms of the
variable load method with v = 4, C1 = 40pF, G = 7.26mS, Oy = 4.0329V, f =
108.43 MHz.
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Table 6.4. The output voltage and current frequency components of the variable load
method with x = 4, C} = 40pF, G, = 7.26 mS, D4y = 4.0329V, f = 108.43 MHz.

ko fi MHz)  Oours (V) Arg{vous} (°) dours (mA)  Arglicur} (°)

1 108.4 4.033 —-34 29.285 176.6
2 216.9 1.696 —88.0 12.314 92.0
3 325.3 0.285 —130.9 2.071 49.1
4 433.7 0.172 42.4 1.247 —137.6
5 542.2 0.193 2.5 1.403 —177.5
6 650.6 0.114 —38.0 0.827 142.0
7 759.0 0.053 —76.7 0.386 103.3
8 867.5 0.027 —86.7 0.198 93.3
9 975.9 0.032 —88.4 0.230 91.6
10 1084.3 0.036 —115.7 0.261 64.3
11 1192.8 0.028 —153.1 0.207 26.9
12 1301.2 0.017 160.1 0.127 —-19.9
13 1409.6 0.010 119.8 0.073 —60.2
14 1518.1 0.006 115.3 0.040 —64.7
15 1626.5 0.004 108.0 0.030 —72.0
16 1734.9 0.002 30.7 0.018 —149.3
17 1843.4 0.003 —72.7 0.023 107.3
18 1951.8 0.003 —164.6 0.023 15.4
19 2060.2 0.006 100.5 0.041 —79.5
20 2168.7 0.005 106.7 0.034 —73.3

Figure 6.4 and Table 6.5 show the output voltage and current spectra when the
circuit is simulated with the variable test voltage method. The test voltage source is
set equal to the fundamental frequency component of the load voltage obtained with
the variable load method. As a result, the output voltage spectrum of the variable
test voltage method consists of a single component at the fundamental frequency.

This is because the voltage source is a short circuit at other frequencies.

The resulting output current component at the fundamental frequency, 54.9 mA/163°,
differs from the value obtained with the variable load method, 29.3 mA/177°. Con-
sequently, also the resulting output admittance (—13.2mS) differs from the value
obtained with the variable load method (—7.26 mS).
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Figure 6.4. The output voltage and current spectra and the time-domain forms of the
variable test voltage method with x = 4, C| = 40 pF, Ot = 4.033V, f = 108.4 MHz.

Table

6.5. The output voltage and current frequency components of the variable test
voltage method with x = 4, C} = 40pF, et = 4.033V, f = 108.4 MHz.

ko fx MHz)  Goup (V) Arg{vour} (°) tours (mA)  Arg{iou} (°)
1 108.4 4.033 —-3.4 54.877 163.4
2 216.9 0.000 0.0 31.807 129.1
3 325.3 0.000 0.0 8.133 82.0
4 433.7 0.000 0.0 3.818 —56.3
5 042.2 0.000 0.0 2.782 —131.7
6 650.6 0.000 0.0 1.528 120.1
7 759.0 0.000 0.0 1.372 19.7
8 867.5 0.000 0.0 0.928 —68.9
9 975.9 0.000 0.0 0.747 171.6
10 1084.3 0.000 0.0 0.655 90.7
11 1192.8 0.000 0.0 0.461 —36.8
12 1301.2 0.000 0.0 0.477 —115.0
13 1409.6 0.000 0.0 0.302 108.7
14 1518.1 0.000 0.0 0.353 30.7
15 1626.5 0.000 0.0 0.207 —116.4
16 1734.9 0.000 0.0 0.261 162.8
17 1843.4 0.000 0.0 0.169 —14.7
18 1951.8 0.000 0.0 0.238 —82.1
19 2060.2 0.000 0.0 0.408 74.0
20 2168.7 0.000 0.0 0.157 —109.4
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The difference between the fundamental components of the output current may be
caused by the difference in the output voltage spectra. To test this, the output
conductance was simulated with the variable test voltage method such that the test
voltage source has a spectrum consisting of the first 10 frequency components of
the spectrum in Table 6.4. The resulting output voltage and current waveforms
in Figure 6.5 are more similar to those obtained with the variable load method
in Figure 6.3 than the waveforms obtained with a single frequency component in
Figure 6.4. Table 6.6 shows the resulting fundamental component of the output
current, 29.1mA/177°. This value is closer to that of the variable load method,
29.3mA/177° than the fundamental output current of the single-frequency case,
54.9mA/163°.
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Figure 6.5. The output voltage and current spectra and the time-domain forms of the
variable test voltage method when the test voltage consists of the first 10 frequency compo-
nents of the spectrum obtained with the variable load method.

From this analysis, it can be concluded that at low output voltage amplitudes, the
disagreement between the variable load method and the variable test voltage method
can be explained by the frequency differences. Secondly, if the output voltage am-
plitude is sufficiently high, the frequency difference is insufficient to explain the
disagreement. Instead, the disagreement can be attributed to harmonic components
of the output voltage and current.



6.4. Comparison of the simulation methods 46

Table 6.6. The output voltage and current frequency components of the variable test
voltage method when the test voltage consists of the first 10 frequency components of the
spectrum obtained with the variable load method.

k fk (MHZ) @out,k (V) Arg{vout,k} (O) zout,k (mA> Arg{iout,k} (o)

1 108.4 4.033 —34 29.096 176.8
2 216.9 1.696 —88.0 12.242 91.8
3 325.3 0.285 —130.9 2.057 49.9
4 433.7 0.172 42.4 1.203 —140.1
) 542.2 0.193 2.5 1.341 179.8
6 650.6 0.114 —-38.0 0.777 135.5
7 759.0 0.053 —76.7 0.392 85.9
8 867.5 0.027 —86.7 0.231 51.9
9 975.9 0.032 —88.4 0.240 37.0
10 1084.3 0.036 —115.7 0.336 12.2
11 1192.8 0.000 0.0 1.325 104.0
12 1301.2 0.000 0.0 0.863 47.8
13 1409.6 0.000 0.0 0.531 -9.6
14 1518.1 0.000 0.0 0.149 —51.2
15 1626.5 0.000 0.0 0.055 147.0
16 1734.9 0.000 0.0 0.191 —168.5
17 1843.4 0.000 0.0 0.399 160.9
18 1951.8 0.000 0.0 0.335 96.2
19 2060.2 0.000 0.0 0.509 —18.0
20 2168.7 0.000 0.0 0.254 —54.1
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7. CONCLUSIONS

This thesis investigated the amplitude dependence of the negative output conduc-
tance in a Clapp oscillator by measurements, simulations and analytical methods.
One aim was to determine the validity of the straight-line assumption of the output
conductance. The straight-line assumption implies that the output power is maxi-
mized when the load conductance G, is selected as G| = —G,,, /3, where G,, is the
small-signal negative output conductance. With 13 out of 16 measured feedback ca-
pacitor combination cases, the load conductance which maximizes the output power
was significantly less than —G,, /3. Additionally, the output power obtained with the
selection G = —@,,/3 was significantly less than the output power obtained with
the actual optimum G. According to these results, the straight-line assumption is

invalid for the Clapp oscillator.

An output admittance function based on a quasi-linear transistor model was de-
rived. The output admittance of the Clapp oscillator is expressed as a function
of the output voltage amplitude and oscillation frequency. This function was used
to predict the negative conductance by two methods. Analytical method 1 uses a
constant frequency of 100 MHz which approximates the oscillation frequency in the
measurements. Analytical method 2 predicts both the output conductance and the
oscillation frequency by accounting for the steady-state oscillation conditions. The
analytical methods agree best with measurement results in cases where the feed-
back capacitors have low values. In other cases, the analytical methods are less

applicable.

The simulation methods generally overestimated the magnitude of negative output
conductance compared to measurements. This may be attributed to the differences
between the transistor model of the simulator and the transistor used in the mea-

surements.

Further research could develop analytical methods based on the quasi-linear transis-
tor model to other oscillator topologies. Measurements could be extended to include

reactive loads for a more complete understanding of output power maximization.
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APPENDIX A. NEGATIVE CONDUCTANCE
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Figure 1. The measured, simulated and analytically determined output conductance and

oscillation frequency in case x = 4, C7 = 30 pF.
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Figure 2. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 4, C] = 40 pF.
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Figure 3. The measured, simulated and analytically determined output conductance and

oscillation frequency in case x = 4, C7 = 80 pF.
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Figure 4. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 4, C; = 160 pF.
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Figure 5. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 2, C} = 30 pF.
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Figure 6. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 2, C1 = 40pF. In the variable load method, the simulator
found that oscillation exists for 14 load conductances between 110mS and 200mS. For
these load conductances, the fundamental frequency is 22.1 MHz and the amplitudes of all
the frequency components are less than 3.1-10715V. These solutions have been omitted
from the figures.



APPENDIX A. Negative conductance curves 56

30
20 A
101

~10-

~20-

_30_
401
0 —50-
E o
5 701
5 —80-

—904 %
—1001"

—110 1
—120 1
—130 1

—1401 -

—150 1
—160 1

® Measured

- - Analytical method 1, PN3563 (f = 100 MHz)
— Analytical method 2, PN3563 (B, = 0)

.-+ Analytical method 1, MPS918 (f = 100 MHz)
- =+ Analytical method 2, MPS918 (B,,: = 0)

O Simulated (variable load conductance)

Simulated (variable test voltage)

104 1

102

f (MHz)

100 —‘vf'

2 3 4 5 6 7
f}out (V)

® Measured
— Analytical method 2, PN3563 (Bt = 0)
- =+ Analytical method 2, MPS918 (B,,: = 0)

O Simulated (variable load conductance)

2 3 4 5 6 7
@out (V)

Figure 7. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 2, C} = 80 pF.
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Figure 8. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 2, C; = 160 pF.
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Figure 9. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 1, C} = 30 pF.
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Figure 10. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 1, C} = 40 pF.



APPENDIX A. Negative conductance curves

—~

n

~—

out

40 1
30 1
20 A
101

—10-
—90 -
—30-
—40 A
—50-
—60 -
—70 -
—80 -

60

_90_
—100 -
~110 1
~120 1
—130
—140 £
—150 4
—160 -
—170
—180

® Measured

- - Analytical method 1, PN3563 (f = 100 MHz)
— Analytical method 2, PN3563 (B, = 0)

.-+ Analytical method 1, MPS918 (f = 100 MHz)
- =+ Analytical method 2, MPS918 (B,,: = 0)

O Simulated (variable load conductance)

Simulated (variable test voltage)

0 1 2 3 4 5 6 7
f}out (V)

® Measured
— Analytical method 2, PN3563 (Bt = 0)
- = Analytical method 2, MPS918 (B,y,: = 0)

O Simulated (variable load conductance)

103

102 1

101 A

f (MHz)

100

99 A1

0 1 2 3 4 5 6 7
'&out (V)

Figure 11. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 1, C} = 80 pF.
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Figure 12. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 1, C; = 160 pF.
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Figure 13. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 0.5, C1 = 30 pF.
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Figure 14. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 0.5, C] = 40 pF.



APPENDIX A. Negative conductance curves 64

—200 = ° ® Measured
- = Analytical method 1, PN3563 (f = 100 MHz)
_950 - + Analytical method 2, PN3563 (B, = 0)
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=
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
7Ajout (V)

Figure 15. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 0.5, C1 = 80pF. Multiple solutions exist for some Doyt
values with “Analytical method 2, PN3563 (Boyt =0)”.
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Figure 16. The measured, simulated and analytically determined output conductance and
oscillation frequency in case x = 0.5, C] = 160 pF.
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Table 1. Measurement results in case v ~ 4, C} ~ 30pF : C, = 8.6pF, C; = 22pF,

Co=T78pF = C] =29.7pF, C}, = 7.8pF.

R, () R, (Q) Psa(dBm) f (MHz) G (mS) 9o (V)
0 - 10.48 100.0 20.00 1.06
910 - 0.38 99.1 1.04 6.34
620 - 3.14 99.8 1.49 6.08
430 - 5.42 100.7 2.08 5.67
360 - 6.52 101.2 2.44 5.49
300 - 7.45 101.7 2.86 5.22
240 — 8.45 102.5 3.45 4.85
200 — 9.12 103.0 4.00 4.52
160 - 9.78 103.2 4.76 4.09
150 - 9.95 103.2 5.00 3.98
130 - 10.29 103.3 5.56 3.72
110 — 10.52 103.3 6.25 3.40
91 - 10.69 103.2 7.09 3.05
75 - 10.81 103.1 8.00 2.74
51 - 10.89 102.7 9.90 2.24
30 - 10.78 102.7 12.50 1.75
16 — 10.56 102.1 15.15 1.41
10 — 10.64 102.0 16.67 1.29
0 200 8.14 99.2 25.00 0.81
0 100 6.14 98.8 30.00 0.64
0 68 4.26 98.9 34.71 0.52
0 51 1.55 98.8 39.61 0.38
0 39 - - 45.64 -
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Table 2. Measurement results in case v ~ 4, C|] =~ 40pF : C, = 6.8pF, C; = 32pF,

Cy = 10pF = C} = 39.7pF, C} = 10pF.

R, () R, (Q) Psa (dBm) f (MHz) Gp (mS) Oou (V)
0 - 10.08 100.5 20.00 1.01
910 - 0.25 101.7 1.04 6.25
620 — 2.79 102.0 1.49 5.84
430 - 5.33 102.5 2.08 5.61
360 — 6.41 102.8 2.44 5.42
300 - 7.15 103.0 2.86 5.04
240 - 8.07 103.4 3.45 4.64
200 - 8.78 103.7 4.00 4.34
160 - 9.25 103.7 4.76 3.85
150 - 9.60 103.6 5.00 3.82
130 - 9.66 103.6 5.56 3.46
110 — 9.98 103.5 6.25 3.19
91 - 10.08 103.3 7.09 2.85
75 - 9.93 103.2 8.00 2.48
51 — 10.24 102.7 9.90 2.08
30 — 10.21 102.5 12.50 1.64
16 — 10.11 102.0 15.15 1.34
10 - 9.88 101.8 16.67 1.18
0 200 7.88 99.7 25.00 0.78
0 100 6.05 99.2 30.00 0.63
0 68 4.46 99.0 34.71 0.53
0 51 3.06 98.7 39.61 0.45
0 39 1.18 98.4 45.64 0.36
0 33 —12.30 99.9 50.30 0.08
0 30 - - 53.33 —
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Table 3. Measurement results in case v ~ 4, C} ~ 80pF : C, = 5.6pF, C; = 71pF,

Cy =20pF = C} = 78.7pF, C) = 20 pF.

Ry () R, () Pga(dBm) f (MHz) Gp (mS) dou (V)
0 - 9.05 99.6 20.00 0.90
910 - —0.58 101.2 1.04 5.68
620 - 1.88 101.4 1.49 5.26
430 - 4.30 101.5 2.08 4.98
360 - 5.48 101.6 2.44 4.87
300 - 6.56 101.7 2.86 4.71
240 - 7.21 101.8 3.45 4.21
200 - 7.87 101.8 4.00 3.91
160 - 8.46 101.7 4.76 3.52
150 - 8.56 101.6 5.00 3.39
130 - 8.67 101.6 5.56 3.09
110 - 8.95 101.5 6.25 2.84
91 - 8.90 101.3 7.09 2.48
75 - 9.22 101.2 8.00 2.29
51 - 9.24 100.9 9.90 1.85
30 - 9.13 100.7 12.50 1.45
16 - 9.18 100.3 15.15 1.20
10 - 9.24 100.2 16.67 1.10
0 200 6.91 99.1 25.00 0.70
0 100 5.17 98.7 30.00 0.57
0 68 3.72 98.5 34.71 0.49
0 o1 2.09 98.2 39.61 0.40
0 39 0.95 98.0 45.64 0.35
0 33 —0.21 98.1 50.30 0.31
0 30 —1.15 97.9 53.33 0.28
0 24 -3.29 97.8 61.67 0.22
0 22 —4.24 97.7 65.45 0.19
0 20 —8.95 97.9 70.00 0.12
0 18 - - 75.56 -
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Table 4. Measurement results in case x ~ 4, C] ~ 160pF : C, = 5.1pF, C; = 150 pF,
Cy =39pF — C] =157.7pF, C}, = 39pF.

R () Ry (Q) Psa (dBm) f (MHz) G (mS)  @ou (V)

0 - 6.31 98.5 20.00 0.65
910 - —-1.97 99.8 1.04 4.84
620 - 0.54 99.9 1.49 4.51
430 - 2.83 99.9 2.08 4.21
360 - 3.71 99.9 2.44 3.97
300 - 4.31 99.9 2.86 3.64
240 - 5.34 99.8 3.45 3.39
200 - 2.93 99.8 4.00 3.13
160 - 6.31 99.7 4.76 2.75
150 - 6.49 99.7 5.00 2.67
130 - 6.47 99.7 5.56 2.40
110 - 6.89 99.6 6.25 2.24

91 - 6.91 99.5 7.09 1.98
75 - 6.87 99.5 8.00 1.74
51 - 7.22 99.3 9.90 1.47
30 - 7.09 99.1 12.50 1.14
16 - 6.87 98.9 15.15 0.92
10 - 6.68 98.8 16.67 0.82

0 200 3.96 98.2 25.00 0.50

0 100 1.22 97.9 30.00 0.36
0 68 —1.11 98.0 34.71 0.28
0 o1 —4.75 97.8 39.61 0.18
0 39 —18.50 97.7 45.64 0.04
0 33 - - 20.30 -




APPENDIX B. Measurement results

70

Table 5. Measurement results in case v ~ 2, C| ~ 30pF : C, = 6.8pF, C; = 22pF,

Cy = 15pF = C} = 29.7pF, C} = 15pF.

R () Ry () Psa (dBm) f (MHz) Gp (mS)  ou (V)
0 - 11.90 101.7 20.00 1.24
910 - 0.44 98.7 1.04 6.39
620 - 3.04 99.6 1.49 6.01
430 - 5.28 101.3 2.08 5.58
360 - 6.15 101.9 2.44 5.26
300 - 7.24 102.1 2.86 5.09
240 - 8.73 102.4 3.45 5.01
200 - 9.28 102.7 4.00 4.60
160 - 10.51 102.9 4.76 4.45
150 - 10.71 102.9 5.00 4.34
130 - 10.98 103.0 5.56 4.03
110 - 11.43 103.1 6.25 3.77
91 - 11.70 103.2 7.09 3.43
75 - 11.59 103.3 8.00 3.00
o1 - 11.66 103.2 9.90 2.45
30 - 11.88 103.2 12.50 1.99
16 - 11.65 103.0 15.15 1.60
10 - 11.58 103.1 16.67 1.44
0 200 9.06 101.7 25.00 0.90
0 100 6.84 101.5 30.00 0.70
0 68 2.50 101.4 34.71 0.60
0 o1 3.80 101.3 39.61 0.49
0 39 2.10 101.2 45.64 0.40
0 33 0.63 102.0 50.30 0.34
0 30 —0.59 101.9 93.33 0.30
0 24 - - 61.67 -
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Table 6. Measurement results in case © ~ 2, C] ~ 40pF : C, = 6.1pF, C; = 32pF,
Cy =20pF — (f =39.7pF, C) = 20pF.

R, () R, () Pga (dBm) f (MHz) Gp (mS)  Gou (V)

0 - 10.04 101.4 20.00 1.00
910 - —0.74 101.6 1.04 5.58
620 - 2.09 101.7 1.49 5.39
430 - 4.58 101.9 2.08 5.14
360 - 5.70 102.0 2.44 5.00
300 - 6.69 102.1 2.86 4.78
240 - 7.96 102.3 3.45 4.59
200 - 8.69 102.4 4.00 4.30
160 - 9.14 102.5 4.76 3.80
150 - 9.24 102.4 5.00 3.66
130 - 9.65 102.5 5.56 3.46
110 - 9.90 102.5 6.25 3.16

91 - 10.18 102.4 7.09 2.88
75 - 10.35 102.4 8.00 2.60
ol - 10.35 102.2 9.90 2.10
30 - 10.42 102.2 12.50 1.68
16 - 10.45 102.0 15.15 1.39
10 - 10.35 101.9 16.67 1.25

0 200 8.17 101.0 25.00 0.81

0 100 6.19 100.8 30.00 0.64

0 68 4.93 100.7 34.71 0.56

0 o1 3.33 100.6 39.61 0.46

0 39 1.85 100.4 45.64 0.39

0 33 0.96 101.0 50.30 0.35

0 30 -0.13 100.8 93.33 0.31

0 24 —3.95 101.2 61.67 0.21

0 22 - - 65.45 -
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Table 7. Measurement results in case v ~ 2, C{ ~ 80pF : C, = 5.1pF, C; = 71pF,

Cy =39pF = C} =T78.7pF, C), = 39pF.

R, () R, () Pgsa(dBm) f (MHz) G (mS) ou (V)
0 - 9.04 100.6 20.00 0.90
910 - —2.10 101.3 1.04 4.77
620 - 0.78 101.3 1.49 4.64
430 - 2.92 101.3 2.08 4.25
360 - 4.00 101.4 2.44 4.11
300 - 4.98 101.4 2.86 3.93
240 - 6.00 101.4 3.45 3.66
200 - 6.65 101.4 4.00 3.40
160 — 7.17 101.3 4.76 3.03
150 — 7.43 101.3 5.00 2.98
130 - 7.83 101.3 5.56 2.80
110 - 8.07 101.3 6.25 2.56
91 - 8.16 101.2 7.09 2.28
75 - 8.58 101.2 8.00 2.12
o1 - 8.84 101.1 9.90 1.77
30 - 9.03 101.0 12.50 1.43
16 - 9.16 100.9 15.15 1.20
10 - 8.87 100.8 16.67 1.05
0 200 6.83 100.4 25.00 0.69
0 100 5.36 100.2 30.00 0.59
0 68 3.99 100.1 34.71 0.50
0 51 2.65 100.0 39.61 0.43
0 39 1.08 99.9 45.64 0.36
0 33 0.36 99.9 50.30 0.33
0 30 —0.22 99.9 53.33 0.31
0 24 —1.51 99.8 61.67 0.27
0 22 —2.30 99.7 65.45 0.24
0 20 —3.11 99.8 70.00 0.22
0 18 —4.12 100.0 75.56 0.20
0 16 —6.47 99.8 82.50 0.15
0 15 —8.00 99.8 86.67 0.13
0 13 - - 96.92 -
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Table 8. Measurement results in case x ~ 2, C| ~ 160pF : C, = 4.7pF, C1 = 150 pF,
Cy = T78pF — (4 = 157.7pF, C}, = T8 pF.

R, () R, () Pga (dBm) f (MHz) Gp (mS)  Gou (V)

0 - 4.58 101.8 20.00 0.54
910 - —8.67 102.2 1.04 2.24
620 - —6.44 102.1 1.49 2.02
430 - —4.11 102.1 2.08 1.89
360 - —2.94 102.1 2.44 1.85
300 - —1.93 102.1 2.86 1.77
240 - —0.84 102.1 3.45 1.67
200 - —0.08 102.1 4.00 1.57
160 - 0.68 102.1 4.76 1.44
150 - 0.85 102.1 5.00 1.39
130 - 1.28 102.0 5.56 1.32
110 - 1.92 102.0 6.25 1.26

91 - 2.56 102.0 7.09 1.20
75 - 3.04 102.0 8.00 1.12
ol - 3.47 102.0 9.90 0.95
30 - 4.37 101.9 12.50 0.84
16 - 4.57 101.9 15.15 0.71
10 - 4.70 101.8 16.67 0.65

0 200 2.79 101.6 25.00 0.44

0 100 1.00 101.6 30.00 0.35

0 68 —0.24 101.5 34.71 0.31

0 o1 —1.77 101.4 39.61 0.26

0 39 —3.95 101.3 45.64 0.20

0 33 —5.68 101.3 50.30 0.16

0 30 —6.90 101.3 93.33 0.14

0 24 —14.55 101.3 61.67 0.06

0 22 - - 65.45 -
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Table 9. Measurement results in case © ~ 1, C] ~ 30pF : C, = 5.9pF, C; = 22pF,

Cy =30pF = C} =29.7pF, C) = 30 pF.

Ry () Ry () Psa (dBm) f (MHz) Gp (mS)  ou (V)
0 - 12.02 102.0 20.00 1.26
910 - —0.94 98.7 1.04 5.45
620 - 1.63 98.7 1.49 5.11
430 - 4.14 98.7 2.08 4.89
360 - 5.57 99.0 2.44 4.92
300 - 6.68 99.0 2.86 4.78
240 - 8.19 99.3 3.45 4.71
200 - 9.27 99.6 4.00 4.60
160 - 10.48 99.9 4.76 4.44
150 - 10.64 99.9 5.00 4.31
130 - 11.25 100.2 5.56 4.16
110 - 11.61 100.5 6.25 3.85
91 = 12.09 101.1 7.09 3.59
75 - 10.56 102.6 8.00 2.67
51 - 10.89 102.6 9.90 2.24
30 - 10.97 102.6 12.50 1.79
16 - 10.81 102.6 15.15 1.45
10 - 10.67 102.6 16.67 1.30
0 200 7.60 102.3 25.00 0.76
0 100 5.73 102.2 30.00 0.61
0 68 4.06 102.2 34.71 0.50
0 o1 2.27 102.2 39.61 0.41
0 39 0.44 102.1 45.64 0.33
0 33 —0.47 102.7 50.30 0.30
0 30 —1.46 102.6 93.33 0.27
0 24 —4.33 102.9 61.67 0.19
0 22 —6.67 103.0 65.45 0.15
0 20 - - 70.00 -
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Table 10. Measurement results in case v ~ 1, C{ = 40pF : C, = 6.1pF, C; = 32pF,

Cy =39pF = C} =39.7pF, C} = 39 pF.

Ry () R, () Pga(dBm) f (MHz) Gp (mS) dou (V)
0 - 10.35 99.0 20.00 1.04
910 - —1.78 96.9 1.04 4.95
620 - 0.93 97.0 1.49 4.72
430 - 3.35 97.1 2.08 4.46
360 - 4.60 97.2 2.44 4.40
300 - 5.72 97.3 2.86 4.28
240 - 7.19 97.5 3.45 4.20
200 - 8.19 97.7 4.00 4.06
160 - 9.26 98.0 4.76 3.86
150 - 9.47 98.1 5.00 3.76
130 - 9.88 98.4 5.56 3.55
110 - 8.36 99.4 6.25 2.65
91 - 8.76 99.4 7.09 2.44
5 - 8.97 99.4 8.00 2.22
51 - 9.19 99.3 9.90 1.84
30 - 9.45 99.3 12.50 1.50
16 - 9.76 99.3 15.15 1.28
10 - 9.78 99.3 16.67 1.17
0 200 7.37 98.9 25.00 0.74
0 100 5.52 98.8 30.00 0.60
0 68 4.31 98.8 34.71 0.52
0 o1 3.13 98.8 39.61 0.45
0 39 1.53 98.8 45.64 0.38
0 33 0.73 99.1 50.30 0.34
0 30 0.18 99.0 53.33 0.32
0 24 —1.59 99.3 61.67 0.26
0 22 —2.15 99.2 65.45 0.25
0 20 —-3.31 99.4 70.00 0.22
0 18 - - 75.56 -
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Table 11. Measurement results in case x ~ 1, C] ~ 80pF : C, = 5.1pF, C; = T1pF,

Cy = 78pF = () = 78.7pF, C} = T8pF.

R (Q) Ry (Q) Psa (dBm) f (MHz) G (mS)  ou (V)
0 - 7.31 99.1 20.00 0.73
910 - —6.62 99.3 1.04 2.83
620 - —4.19 99.3 1.49 2.62
430 - —1.90 99.4 2.08 2.44
360 - —0.85 99.4 2.44 2.35
300 - 0.14 99.4 2.86 2.25
240 - 1.26 99.4 3.45 2.12
200 - 2.05 99.4 4.00 2.00
160 - 2.89 99.4 4.76 1.85
150 - 3.00 99.4 5.00 1.79
130 - 3.33 99.4 5.56 1.67
110 - 3.93 99.3 6.25 1.59
91 - 4.54 99.3 7.09 1.50
75 - 2.09 99.3 8.00 1.42
o1 - 2.89 99.3 9.90 1.26
30 - 6.52 99.3 12.50 1.07
16 - 7.05 99.2 15.15 0.94
10 - 7.24 99.2 16.67 0.87
0 200 2.68 99.0 25.00 0.61
0 100 4.20 99.0 30.00 0.51
0 68 3.01 98.9 34.71 0.45
0 o1 2.16 98.9 39.61 0.41
0 39 0.72 98.8 45.64 0.34
0 33 0.37 98.9 20.30 0.33
0 30 —0.30 98.8 93.33 0.31
0 24 —1.36 98.8 61.67 0.27
0 22 —-1.74 98.8 65.45 0.26
0 20 —2.35 98.8 70.00 0.24
0 18 —2.45 99.0 75.56 0.24
0 16 —3.68 98.9 82.50 0.21
0 15 —4.33 98.9 86.67 0.19
0 13 —4.80 98.9 96.92 0.18
0 12 —5.30 99.1 103.33 0.17
0 10 —8.24 99.4 120.00 0.12
0 0.6 - - 198.57 -
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Table 12. Measurement results in case x ~ 1, C| ~ 160 pF : C, = 4.7pF, C; = 150 pF,
Cy =160pF = C}] = 157.7pF, C} = 160 pF.

R (Q) Ry (Q) Psa (dBm) f (MHz) G (mS)  ou (V)
0 - —4.94 100.7 20.00 0.18
910 - —27.15 100.8 1.04 0.27
620 - —24.26 100.7 1.49 0.26
430 - —21.58 100.7 2.08 0.25
360 - —20.31 100.7 2.44 0.25
300 - —18.94 100.7 2.86 0.25
240 - —17.55 100.7 3.45 0.24
200 - —16.35 100.7 4.00 0.24
160 - —14.84 100.7 4.76 0.24
150 - —14.39 100.7 5.00 0.24
130 - —13.56 100.7 5.56 0.24
110 - —12.61 100.7 6.25 0.24
91 - —11.64 100.7 7.09 0.23
75 - —10.82 100.7 8.00 0.23
o1 - —9.21 100.7 9.90 0.22
30 - —7.58 100.7 12.50 0.21
16 - —6.29 100.7 15.15 0.20
10 - —5.65 100.7 16.67 0.20
0 200 —5.99 100.7 25.00 0.17
0 100 —6.32 100.7 30.00 0.15
0 68 —6.98 100.7 34.71 0.14
0 o1 —7.49 100.6 39.61 0.13
0 39 —8.09 100.6 45.64 0.12
0 33 —8.29 100.6 20.30 0.12
0 30 —8.69 100.6 93.33 0.12
0 24 -9.37 100.6 61.67 0.11
0 22 —9.86 100.6 65.45 0.10
0 20 —10.22 100.6 70.00 0.10
0 18 —10.15 100.6 75.56 0.10
0 16 —11.47 100.6 82.50 0.08
0 15 —12.19 100.6 86.67 0.08
0 13 —12.44 100.6 96.92 0.08
0 12 —13.15 100.6 103.33 0.07
0 10 —13.35 100.7 120.00 0.07
0 0.6 - - 198.57 -
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Table 13. Measurement results in case x ~ 0.5, C1 ~ 30pF : C, = 6.1pF, C; = 22pF,
Cy =59.9pF — (] =29.7pF, C}, = 59.9pF.

R, (Q) R, (Q) Psa(dBm) f (MHz) G (mS) 9o (V)
0 - 8.89 99.7 20.00 0.88
910 - —7.55 96.8 1.04 2.55
620 - —4.66 97.0 1.49 2.48
430 — —1.99 97.1 2.08 241
360 — —0.72 97.2 2.44 2.39
300 - 0.38 97.3 2.86 2.31
240 — 1.72 97.5 3.45 2.24
200 — 2.91 97.6 4.00 2.21
160 - 4.10 97.8 4.76 2.13
150 - 4.35 97.9 5.00 2.09
130 - 4.88 98.1 5.56 2.00
110 — 5.45 98.2 6.25 1.90
91 - 6.29 98.5 7.09 1.84
75 - 6.76 98.8 8.00 1.72
51 - 6.67 99.7 9.90 1.38
30 - 7.43 99.8 12.50 1.19
16 - 7.87 99.8 15.15 1.03
10 - 7.78 99.8 16.67 0.93
0 200 6.06 99.8 25.00 0.64
0 100 4.38 99.8 30.00 0.52
0 68 3.01 99.8 34.71 0.45
0 51 1.61 99.8 39.61 0.38
0 39 0.04 99.8 45.64 0.32
0 33 —1.02 100.0 50.30 0.28
0 30 —1.58 99.9 53.33 0.26
0 24 —3.16 100.0 61.67 0.22
0 22 —3.92 100.0 65.45 0.20
0 20 —4.45 100.4 70.00 0.19
0 18 —5.33 100.8 75.56 0.17
0 16 —8.16 100.7 82.50 0.12
0 15 —14.55 100.9 86.67 0.06
0 13 - - 96.92 -
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Table 14. Measurement results in case x ~ 0.5, C| = 40pF : C, = 6.1pF, C; = 32pF,
Cy =T78pF — C] =39.7pF, C} = T8 pF.

R, (Q) R,(Q) Psa(dBm) f (MHz) Gp (nS) 0pu (V)

0 - 791 97.3 20.00 0.79
910 - —9.74 96.3 1.04 1.98
620 - —7.03 96.4 1.49 1.89
430 - —4.48 96.5 2.08 1.81
360 - —3.36 96.5 2.44 1.76
300 - —1.92 96.6 2.86 1.77
240 - —0.53 96.7 3.45 1.73
200 - 0.51 96.8 4.00 1.68
160 - 1.65 96.9 4.76 1.61
150 - 2.05 97.0 5.00 1.60
130 - 2.78 97.1 5.56 1.57
110 - 3.30 97.3 6.25 1.48

91 - 3.77 97.4 7.09 1.38
75 - 4.38 97.4 8.00 1.31
51 - 2.33 97.4 9.90 1.18
30 - 6.42 97.4 12.50 1.06
16 - 7.05 97.4 15.15 0.94
10 - 7.39 97.4 16.67 0.89

0 200 6.22 97.3 25.00 0.65

0 100 4.78 97.3 30.00 0.55

0 68 3.73 97.3 34.71 0.49

0 51 2.67 97.2 39.61 0.43

0 39 1.64 97.2 45.64 0.38

0 33 1.22 97.3 20.30 0.36

0 30 0.78 97.3 53.33 0.35

0 24 —0.25 97.4 61.67 0.31

0 22 —0.80 97.4 65.45 0.29

0 20 —1.23 97.5 70.00 0.27

0 18 —1.40 97.7 75.56 0.27

0 16 —2.45 97.7 82.50 0.24

0 15 —3.00 97.7 86.67 0.22

0 13 —-3.79 98.0 96.92 0.20

0 12 —4.57 98.4 103.33 0.19

0 10 - - 120.00 -
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Table 15. Measurement results in case x =~ 0.5, C1 ~ 80pF : C, = 5.1pF, C; = 71 pF,
Cy =160pF = C}] = 78.7pF, C}, = 160 pF.

R () Ry () Psa (dBm) f (MHz) G (mS)  Gou (V)
0 - —1.22 98.0 20.00 0.27
910 - —23.45 98.1 1.04 0.41
620 - —20.68 98.1 1.49 0.39
430 - —18.08 98.1 2.08 0.38
360 - —16.89 98.1 2.44 0.37
300 - —15.56 98.1 2.86 0.37
240 = —14.13 98.1 3.45 0.36
200 - —13.02 98.1 4.00 0.35
160 - —11.55 98.0 4.76 0.35
150 - —11.16 98.1 5.00 0.35
130 - —10.36 98.0 5.56 0.35
110 - —-9.33 98.0 6.25 0.35
91 - —8.39 98.0 7.09 0.34
75 - —7.45 98.0 8.00 0.34
o1 - —5.88 98.0 9.90 0.32
30 - —4.16 98.0 12.50 0.31
16 - —2.94 98.0 15.15 0.30
10 - —2.25 98.0 16.67 0.29
0 200 —-1.79 98.0 25.00 0.26
0 100 —2.36 98.0 30.00 0.24
0 68 —2.84 98.0 34.71 0.23
0 51 —3.37 98.0 39.61 0.21
0 39 —4.04 98.0 45.64 0.20
0 33 —3.92 98.0 50.30 0.20
0 30 —4.24 98.0 93.33 0.19
0 24 —4.70 98.0 61.67 0.18
0 22 —5.02 98.0 65.45 0.18
0 20 —5.18 98.0 70.00 0.17
0 18 —5.09 98.0 75.56 0.18
0 16 —5.67 98.0 82.50 0.16
0 15 —6.01 98.0 86.67 0.16
0 13 —6.23 98.0 96.92 0.15
0 12 —5.95 98.1 103.33 0.16
0 10 —6.05 98.2 120.00 0.16
0 5.6 —7.26 98.5 198.57 0.14
0 3.3 —7.68 99.3 323.03 0.13
0 1 = = 1020.00 -
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Table 16. Measurement results in case z ~ 0.5, C1 = 160pF : C, = 5.1pF, C; = 150 pF,

Cy = 330pF = C) = 157.7pF, C} = 330 pF.

R, (Q) R, (Q) Psa(dBm) f (MHz) Gp (nS) 0pu (V)
0 - —17.82 95.8 20.00 0.04
910 - —42.50 95.9 1.04 0.05
620 - —39.53 95.9 1.49 0.04
430 - —36.71 95.9 2.08 0.04
360 - —35.22 95.9 2.44 0.04
300 - —33.62 95.9 2.86 0.05
240 - —31.89 95.9 3.45 0.05
200 - —30.68 95.9 4.00 0.05
160 - —29.14 95.9 4.76 0.05
150 - —28.61 95.9 5.00 0.05
130 - —27.82 95.9 5.56 0.05
110 - —26.77 95.9 6.25 0.05
91 - —25.70 95.9 7.09 0.05
75 - —24.76 95.9 8.00 0.05
51 - —23.07 95.9 9.90 0.04
30 - —21.22 95.9 12.50 0.04
16 - ~19.74 95.9 15.15 0.04
10 - ~19.01 95.9 16.67 0.04
0 200 —18.22 95.9 25.00 0.04
0 100 —18.62 95.9 30.00 0.04
0 68 —18.98 95.9 34.71 0.04
0 51 ~19.38 95.9 39.61 0.03
0 39 —20.03 95.9 45.64 0.03
0 33 —20.07 95.9 50.30 0.03
0 30 —20.53 95.9 53.33 0.03
0 24 —21.14 95.9 61.67 0.03
0 22 —21.95 95.9 65.45 0.03
0 20 —22.40 95.9 70.00 0.02
0 18 —21.47 95.9 75.56 0.03
0 16 —23.75 95.9 82.50 0.02
0 15 —26.46 95.9 86.67 0.02
0 13 —26.25 95.9 96.92 0.02
0 12 —26.75 95.9  103.33 0.01
0 10 —26.05 95.9  120.00 0.02
0 5.6 - - 198.57 -
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Figure 17. The simulation circuit of the variable load method.



APPENDIX C. Simulation circuits

‘[ R 2k Ohm

R
R1
R=8.075 kOhm
|_Probe
DC_Feed Ic
DC_Feed2
Vv(Q
|~ pb_mot_MPS918_19911018
Q1

Rr
R=8 Ohm

Cr
C=15 pF

(9] o |||:’_
o
=]
S
>
I

Cc

C1 VE]
C=C1p - Cbe
DC_Block
DC_Block1

[

,{ .|
L
J 82 DC_Feed
,{c—cm/x-(:ce [{l DC_Feed3

B
|_Probe
iout

V_DC
+]| srct
Vdc=5V
vout
+ V_1Tone
test_src
@ V=vtest
Freq=ftest

|2 [oc]

|$I HARMONIC BALANCE |

DC1

HarmonicBalance
HB1

Freq[1]=100 MHz
Order{1]=20
SweepVar="vtest"
Start=0

Stop=8

Step=0.05

VAR
VAR1
x=4

VAR
VAR2

C1p=30 pF

Cbe=13.76 pF

VAR
VAR4
Cce=3.513 pF

VAR
VAR5
vest=1

VAR
VAR6
ftest=100 MHz

Figure 18. The simulation circuit of the variable test voltage method.
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