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Final Report
NAG 5-803

Research Relative to an Advanced Rod Control System
for Quadrupole Mass Spectrometry Applications

The University of Michigan was funded under a NASA Grant,
NAG 5-803 to investigate an improved RF oscillator design for
quadrupole mass spectrometers routinely used by Goddard Space
Flight Center in flight applications.

The work under the grant has been successfully completed and
two suitable options for the next flight opportunity have been
identified and studied. The development of the oscillator will
continue as part of the definition study for the CRAF mission.
The work under NAG 5-803 has been fully documented in two reports
that are appended hereto. This cover and the two reports are
submitted to satisfy the requirement for a Final Technical
Report.

Appendix I Advanced Rod Control System Feasibility Study

Appendix II Three Frequency Oscillator Tank Circuit
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To: Bruce P. Block August 15, 1986
From: Alan B. Macnee
Subject: Advanced Rod Control System feasibility study

The Advanced Rod Control System outlined by Bruce Block in his
September 20, 1985 proposal includes a broadband linear amplifier to drive the
quadrupole mass spectrometer rods. The proposed amplifier should produce a 350
volt peak—to—peak sine wave across the rod pairs over the frequency range of 0.5
to 15 Mhz. This report summarizes the results of my investigations into the design
of a suitable amplifier output stage using available transistors and passive
components.

1.Introduction

A block diagram of an amplifier and quadrupole load is given in Fig. 1.

+ It +
. O , —1 Broadband
Vin Transistor |

D —

- Coupling
0.5—15 Mhz . 1
Amplifier Circuit = I '

Cqp Vout

Fig.1 Amplifier and quadrupole load.

The quadrupole load can be represented for design purposes by a 25
picofarad capacitance which is balanced with respect to the signal ground. This
represents the capacitance between the two pole pairs plus one half of the
capacitance from either pole pair to ground. To a first approximation the transistor
amplifier can be expected to act as a constant current source . The broadband
coupling circuit should therefore have a constant transfer impedance over the
frequency range 0.5—15 Mhz. Physical realizability considerations for the coupling
circuit, with the capacative load plus the needed voltage swing, sets a lower bound on
the power that must be supplied by the transistor amplifier. That limit is presented
in the next section. It is followed by some preliminary amplifier design and
simulation in Section 3.

2.Coupling Circuit Design

The 30:1 frequency range required means that the coupling circuit is
essentially a lowpass design. Placing a shunt resistor at the input end, the problem is
to select a lowpass circuit to give an almost constant transfer impedance
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Vout/Itl = 121G for 0 < f < fmax -

For a passive, reciprocal coupling circuit, the positions of the current excitation and
the voltage output can be interchanged as indicated in Fig.2 .

o +
+ Lossless

| 1 V1 - C Coupling R v 2
~ Circuit

Fig.2 Equivalent Coupling Circuit.

In this equivalent, the coupling circuit is assumed lossless since this will
lead to the minimum power required from the current source ( transistor
amplifier).The limitation imposed on this circuit was developed by H. Bode . The
resistance seen by the current source is restricted by the requirement that

o
J Ri@wf) d@nf) = W _ (1
e 2C
where
Ri(j2mf) = Real { V1/11 } (2)

Equation (1) is known as the Bode Resistance integral. Bode recognized the
importance of this integral in the design of input or output coupling circuits 1

1. H. Bode; Network Analysis and Feedback Amplifier Design; d. van Nostrand & Co.;
New York: 1945; Chapter 16.

As long as the coupling circuit is lossless, the average power supplied by
the current source 11 is all delivered to the resistor R. Therefore

[1112%R1 = [V2I2/R = Payg 3)
or
IV2/h] = 1Z211= JA*R. (4)

For a lowpass design, one would like to have R1=R for 0 < f < fmax.
Assuming in the ideal case, that this goal can be achieved, Eq.(1) requires that

R'fmax“4C = 1. . (5)
and the average power supplied to the resistor R will be
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2
Pavg = V2maxl 7 gR Z 0.5*V2max®*tmax"C  (8)
where
Pavg = power supplied to coupling circuit
V2max = peak—to—peak voltage across C
fmax ™ highest frequency in Hertz.

This is the minimum average power that must be supplied by the current source to
achieve a constant voltage across the capacitance C from 0 to fmax. Practical

coupling circuits can come very close to this limit.
Normalized lowpass coupling circuit designs can be found in many network
texts and handbooks.2 For instance Weinberg's Table 13—4 for 0.5db Chebyshev

designs gives C=1.5982 farads for R=1 ohm and fmax = 0.1592 Hertz for a 7 pole

filter. This is within 1.3% of the limit set by Eq.(5)! Impedance and frequency
scaling to make C=25pF and fmax=15Mhz gives R=678.5(1 for the Chebyshev

design versus 666.7%2 for the Bode limit of Eq.(5).

2. Weinberg: Network Analysis and Synthesis; McGraw—Hill; New York; 1962;
Chapter 13.

Figure 3 gives the element values of this scaled Chebyshev design .

L1 L2 L3
| 1 R e C1 gy C2 — C3 _,_I: C4
+ O
R =678.5 C4 = 25.0 pF.

C1 = 13.59 pF. L1 = 10.51 uH.
C2 = 29.21 pF. L2 = 12.51 uH.
C3 = 30.83 pF L3 = 12.42 uH.
Fig. 3 Chebyshev lowpass filter, 0.5 db ripple, fmax=15Mhz.

For 350 volts peak—to—peak across C4, i1 must be 0.5158 amps.

peak—to—peak, and the average power supplied by the current source ( transistor
amplifier ) must be 22.57 watts. The next section investigates the design of a
push—pull class B transistor amplifier to supply this power and voltage swing. It
should be borne in mind that the average power requirement depends directly on the
choices of the quadrupole voltage V2max and the highest frequency fmax (See
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Eq.(6)). If for instance these were reduced to 250 volts p—p and 10Mhz, the required
power would drop to 7.68 watts!

It also should be noted that the magnitude of the input impedance “seen
by” the current source in Fig.3 varies between 678.5 and zero ohms; however as
long as the current source is held constant the specified equal—ripple transfer
impedance will be achieved. /

The voltage swing required across |1 in Fig.3 is too large to be produced by

typical high—frequency, bipolar, power transistors. This can be reduced by the
introduction of input transformer, which also is convenient for a push—pull class B
driver amplifier. Figure 4 shows the circuit of Fig.3 with a transformer added.

2
(1—k )Lp L2 L3

1:n

2

n! é 2—— k Lp —— C2 —~ C3 =C4
4

transformer equivalent

~— (ideal)
Fig. 4 Equivalent circuit of lowpass filter plus transformer

In this circuit the coupled coils of the transformer have been replaced by an ideal

transformer, the magnitizing inductance k2Lp and the leakage inductance Lp(1—k2).
Transformer losses and stray capacitances are not included. Choosing the leakage

inductance equal to L1/n2 should preserve the high—frequency performance of the
Fig.3 low—pass design .

Lp(1—k?) = Li/n? )
Further, the lower half power frequency will be approximately
flow = RAn22k2Lp) (8)

Eliminating k between (7) and (8) gives an equation for Lp

Lp = (L1 + R/A2mfiow))/n? - @)
where
L1 is the first inductance in Fig.3
R is the shunt resistance before transformation
flow is the desired lower half power frequency in Hertz, and
n is the chosen impedance transformation.
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Having used () to find Lp, Eq.(7) can be soived for the required coefficient of
coupling. An alternative approach is to select n and k; use (7) to find Lp; and then (8)
gives the lower half power frequency that can be achieved.

As an example. choosing n=4 and fjow=0.5Mhz for the circuit of Fig.4,
one finds that Lp must be 14.16uH and the coefficient of coupling must be 0.9765.
In this design then, n2C1=217.4pF, (1—k%)Lp=0.6568uH, kLp=13.5uH, and

R/n2=42.4Q. The peak—to—peak input current required is now increased to 2.063
amperes for 350 volts p—p across C4.

The calculated frequency response of the example design is shown in Fig.5.

Coupling Circuit Example
Calculated Frequency Responses

Ohms |2t}
200 o
1Zin|
ree8s8ensgl o @° - ™ i a
150 — \
100
\
N W
0 4 8 12 16

Frequency in Mhz
flow=0.5 Mhz fmax=15.0 Mhz

Fig.5 Input and Transfer Impedance magnitudes for Fig.4

From 3.5 to 15 Mhz the transfer impedance is close to the Chebyshev prototype
design, which would oscillate between 160.1 and 169.6 ohms. The transformer
magnetizing inductance causes the peak of 182.9%2 at 1.5Mhz followed by the drap
to 131.3Q2 at 0.5Mhz. The magnitude of the input impedance oscillates between zero
and 42.4 ohms as expected.

3. Amplifier Design

To furnish a sinusoidal current excitation to the lowpass transformer
coupled circuit ( Fig.4 ) a class B , push—pull circuit was chosen because of its
potential efficiency. For initial design calculations 2N5102 transistors were
assumed. This transistor type has been used in earlier quadrupole oscillator driver
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circuits, and therefore we have reasonable large signal models for use in the SPICE
simulations. The basic amplifier circuit is given in Fig.6 .

+
- VBB
=L -
Fig.6 Push—pull quadrupcle amplifier circuit

In this figure the portion of the coupling circuit beyond C2 has not been drawn ( see
Fig.4). The two primary windings are the result of center tapping the primary in
Fig.4 so that the load impedance for each transistor varies between 42.4+-4=10.62

and zero depending upon the frequency. The shunt input capacitance nZC1 is replaced
by the transistor output capacitances. The initial SPICE simulations were made
without an additional capacitance, but my present conclusion is that capacitance
will have to be added to give the desired transfer impedance.

For these initial amplifier simulations the secondary inductance was LS=

k2n2Lp=216 uH, the primary inductances were LP1=0LP2=3.411 uH, and the three
coefficients of coupling were all taken equal to 0.975.

The transistors Q1 and Q2 were taken to be 2N5102's . They were
simulated in SPICE by the Gummel—Poon model given below:

.MODEL Q5102 NPN (BF=24.8,BR=0.7,1S=9.79E—12,RB=2.,RE=.07,
+RC=0.1,VAF=80.4,VAR=15,ISE=1.1E—-10,NE=1.46,TF =0.82NS,
+TR=200NS,CJC=261PF ,VJC=.5.MJC=.388.CJE=0688PF.VJE=1.,
+MJE=.345,PTF =45)

With this model it was found that for VCC=24 volits, VBB=0.56 volts gave
quiescent collector currents of 26.4mA with base currents of 1.12mA. The voltages
VB1 and VB2 were assumed sinusoidal, 180 degree out of phase,and to have equal
amplitudes. At 1 Mhz an amplitude of 0.48 volts (peak) carried both transistors to
the edge of saturation .

A complete SPICE run is given in Appendix A. This run is at 1 Mhz with
two changes in the 2N5102 model: both TF and CJC are halved from the values given
above. The operation at 1 Mhz was not influenced significantly by this change. The
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operating path for both transistors is the same except for the 180 degree phase
difference. Figure 7 plots this path in the ic—vCE plain for Q1. At this frequency

Q1 Output Load Path
2N5102 at 1 Mhz, CJC=130.5 pF, TF=.41 nSec

Coll. Curr. Amps. At=40 nSec.
3 o

1 N \\\Q\/ IJ/IO;G-Q—

N 3
NN
\\\Q\
<
0 !;t:>arr—aa——ee—eaia——q
-1
0 10 20 30 40 50

Collector-emitter volts
960{t<2000 nSeo.

Fig.7 Q1 operating path at 1 Mhz

the load seen by Q1 is almost a pure resistance of 10.6 ohms.The peak collector
current is 2.217 amperes and the minimum collector—emitter voltage is 1.447
volts. The corresponding numbers for Q2 are 2.207 amperes and 1.104 voits.

A plot of ic;Q1 and vc4 ( the quadrupole voltage ) versus time is shown in Fig.8.



Quadrupole and Transistor Current VWaveforms
f=1 Hhz
volts or amperes v(C4)
300 o
100=IC(Q1)
100
o - iy~ ~r syl AAS
-100
-200
.9 1.1 1.3 1.8 1.7 1.9 2.1
time in microseconds
2N5102's with CJC & TF halved

Fig.8 Calculated Quadrupole voltage and Q1 collector current waveforms.

The peak—to—peak amplitude of the quadrupole voltage (V(12) in Appendix A) is 383
volts , and the waveform is reasonably close to sinusoidal. The Fourier analysis shows
there is 4.91% 3rd and 2.28% 5th harmonic, and the total harmonic distortion is
5.55%.

The average current from the VCC supply is 1.342 amperes which makes
Pcc = Ic*Vee = 32.2 watts.

At 1 Mhz, the load impedance is almost purely resistive ,and the voltage
across the 42.4 ohm resistor (V(4,5) in Appendix A) is 80.5 volts p—p. The power to
that resistor is therefore

PRL = IV(4.5)|2/8%RL = 24.2 watts,
and the amplifier's collector efficiency is 75.3%.

It should be noted that for this application “the load"” is a 25 pF
capacitance, and therefore the collector efficiency is of only secondary importance.
The power supplied by VCC will always be the average of the two collector currents
times twenty—four voits, and to a first approximation this will depend only on the
peak values of the current waveforms. They will be approximately constant over the
entire frequency range. As the input impedance varies between 0 and 10.652 with
changing frequency, the power to BL will vary from 0 to 24.2 watts, but the input
power will not change. The difference will be dissipated in the transistor collectors.



For the present example design, one can expect the transistor dissipation to vary
between

(32.2—24.2)+2=4.0 and 32.2+2=16.1 watts per transistor.

Holding the peak input voltages constant at 0.48 volts peak.additional
SPICE analyses have been run for 4, 8, 10, 12, 14, 15, and 16 megahertz. Figure 9
summarizes some of the results of these runs.

2N5102 Amplifier Frequency Response

VB1=0.48v. TF=0.41 nSec CJC=130.5 pF

Load p-p volts
800 o

10*Pcc watts

600 A -

P 100%x Dist.
®
400

- 0

0 4 8 12 16 20

Frequency in Mhz
Class AB Voltage Drive

Fig.9 Output voltage, Percent distortion, and Power input
versus frequency for constant input voitage.

This same data is presented in Table 1.
Table 1 SPICE Calculated Amplifier Performance

Freq. in Mhz | VC4 p—p volts | Pce in watts | Percent Distortion
1.0 383 32.2 5.85
4.0 413 35.6 6.60
8.0 346 31.6 0.53
10.0 370 29.3 1.05
12.0 338 35.7 0.61
14.0 357 21.8 0.38
15.0 298 29.2 0.45
16.0 116 34.6 1.38

These calculations confirm that the d—c input power required is relatively
constant over the frequency range. The quadrupole voltage is also relatively constant
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out to 15 Mhz, although less so than the coupling circuit alone ( Fig.5) . This
difference seems to have two causes: (1) the peak current does not stay constant
because of the varying operating path at low frequencies and the transistor frequency
response at the higher frequencies. (2) The leakage inductance of the three winding
does not exactly match the desired inductance L1, and the output capacitance of the

transistors does not match the nZC1 value.

Comparison of Figures 7 and 10(a)—(c) shows the wide variation of
transistor operating path with changing input frequency . The circuit takes about

Q1 Output Load Path
2N5102 at 4 Mhz CJC=130.5 pF

Coll. Curr. Amps. At = 6 nSec
3 o
oK Sﬁ

\~\\ g
> 3
1 N
N |
0
~
-1
0 10 20 30 40 50

Collector-emitter volts
330 nSec ¢ t ¢ 600 nSec

(a)

450 nanoseconds to reach steady—state operation. The plotted data is for the last
cycle before 600 nSec. At 4 Mhz the transistor load is aimost a short circuit, and
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Q1 Output Load Path
2N5102 at 8.0 Mhz

Coll. Curr. Amps At=3 nSec
3 o

3 TS

N ey

\ N
N
h .
0 \Btc e
-1
0 10 20 30 40 50

Collector-emitter volts
474 nSec ¢ t ¢ 600 nSec

(b)

Q1 Output Load Path

2N5102 at 14 Mhz CJC=130 pF

Coll. Curr. Amps. At=3 nSec.
3 a

\\ e

0 D\\\ﬁ\\ B n\;\n&-r

0 10 20 30 40 S0

Collector-emitter volts
528 nSec ¢ t < 600 nSec

(c)
Fig.10 Q1 collector characteristic operating paths at (a) 4 Mhz,
(b) 8 Mhz, and (c) 14 Mhz.
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the operating path Is close to a vertical straight line in the ic—VvCE plain. Because of
the siope of the transistor collector characteristic (rg=65%), the vertical load line

results in a significant increase in the peak collector currents at this frequency with
the fixed amplitude voltage excitation. This increase contributes to the peak of
voltage output and power input seen at 4 Mhz in Fig.9 . At 8 and 14 Mhz the load
impedances have significant reactive components, and the drop—off in the transistor
performance with increasing frequency is beginning to show.

4. Conclusions

All of the analysis and calculation confirm that it is feasible to design the
amplifier and quadrupole coupling circuit needed for the Advanced Rod Control
System proposed by Bruce Block. The principal system cost of the lowpass , constant
amplitude rod driver amplifier is the d—c power that must be supplied.
(Approximately 35 watts in the example design). This amplifier input power is
constant over the frequency range and is the average power given by Eq.(6) divided by
the amplifier efficiency. For sinusoidal waveforms and the lowpass coupling circuit
it is not easy to exceed the efficiency of an ideal Class B amplifer. w/4 . Therefore
the key equation becomes

Pec > (2/m) » |quo|e|2 * fmax * Cqpole (10)

where for Pgg in watts

[Vgpolel is peak—to peak volts
fmax is in Hertz, and
Cqpole is in farads.

Circuit losses, class AB operation, and transistor limitations all will increase the
power required, but with carefull design probably by not more than 20 percent.

Reducing the required quadrupole voltage will have the greatest effect on
the needed d—c power. it should be borne in mind however. that Eq.(10) assumes that
the system is designed for optimum performance with the selected voltage,
frequency. and capacitance parameters. For a given design, assuming class B
operation, reducing the quadrupole voltage by reducing the input signal amplitude will
only give a linear reduction of Pgg withﬂvqpogel .



Appendix A

SPICE Analysis of Example Quadrupole Amplifier Design
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1. Introduction

This report presents the progress obtained so far concerning the three-frequency tank circuit to be
used in the oscillator for the mass spectrometer of the CRAF project. Some interesting results have
been obtained and a good solution is now visible.

At the moment the extent of the investigation is in theoretical analysis and computer simulations
using the CIRAN software package. Two basic circuit forms have been examined with some
positive results. Moreover, models have been investigated to represent the behavior of real

inductors.

The Foster and Cauer canonical form circuits have been used to produce a three-frequency tank
circuit which is of the necessary configuration for this application. Of the two, the most promising
is the Foster form. Although in theory the Cauer form produces the more desirable element values
it is the Foster form that results in the best component sizes when practical considerations are taken
into account.

The results obtained so far indicate that the use of a three-frequency oscillator is implementable and
practical. Element values are of an acceptable size (especially inductors) and impedance levels
produced by the tank circuit seem to be high enough for the oscillator to operate properly.

Producing models to realistically simulate inductors and transformers is very necessary if
computer simulations are to produce realistic results. This is so because these simulations have
shown how critical the non-ideal characteristics of these elements are. Circuit performance is
severely affected by the extent of good coupling between the primary and secondary of the
transformer (ie. the value of the coupling coefficient) connecting the amplifier portion of the
oscillator to the tank circuit. Additionally, the far-from-ideal nature of real inductors produce
results which are distant to those obtained with ideal inductors.

2. Three Frequency Tank Circuit

Circuit synthesis has fully developed theories for the design of realizable filters and tank circuits.
In a simplified manner, theory states that in order to have a realizable circuit (ie. no negatively
valued elements) the poles and zeros of the circuit must alternate. For this application it is desirable
to use a circuit consisting of inductors and capacitors only. This condition further constrains the
pole/zero configuration to having either a pole or a zero for direct current signals (ie. frequency of 0
Hz). Additicnally, since it is desired to have a DC voltage go through to the quadrupole, a zero
must be selected to be placed at 0 Hz.

All of the above conditions lead to the following configuration, where "o" represents zeros and "x"
represents poles: ,

4«—9—»—9—-——6?

Classical implementation of a specified pole/zero configuration involves two canonical forms, each
with two variations: the Foster and Cauer forms. However, a final restriction must be considered.
The input to the tank circuit is through a voltage step-up transformer while the load on it is the mass
spectrometer quadrupole, which is modeled as a capacitance (of value 30 pF). In order to have a
correct implementation, these elements must be taken into account as part of the Foster or Cauer
form. With all characteristics considered only one Foster and one Cauer form implementation can
be used.



Voltage levels and power dissipation are of concern when designing the oscillator for the mass
spectrometer. The quadrupole requires high voltage levels (in the range of 400V) for the selection
of certain masses. The amplifier portion of the oscillator is being designed to produce a maximum
of approximately 100V. Therefore, a transformer is needed at the input of the tank circuit to step
the voltage up by a factor of about four.

Since power dissipation must be kept to a minimum, the high voltage levels require the smallest
possible currents. This can be accomplished by having the input impedance of the tank circuit as
high as possible. One of the tank circuit design criteria thus becomes maximizing impedance levels
at the operating frequencies.

The other important criterion in designing the tank circuit is to use the smallest possible inductors.
This will reduce the weight and size of the oscillator, as well as avoiding possible problems in
interference and unnecessary power dissipation. However, it is desirable to have a large
transformer secondary inductance since this will make improved transformer performance possible.

Because of a certain tolerance in inductor sizes and impedance levels, several different tank circuits
can be designed for the oscillator. This flexibility increases the possibility of designing a useful
oscillator to drive the mass spectrometer quadrupole.

Three operating frequencies are needed for the mass spectrometer to have a mass selection ranging
from 1 amu to 300 amu. These frequencies have been chosen to be 0.9, 1.9, and 3.75 MHz. At
these frequencies the approximate voltage amplitudes (peak voltage) required are:

0.9 MHz 80-450V
1.9 MHz 65-350V
375MHz  25-250V

CIRAN was used to verify the circuit designs. This not only included verification of theory but
also simulation of the circuit's performance with real elements. More specifically, the circuit had to
perform correctly with real inductors and a real transformer. With this method it is possible to
visualize where the circuit will not perform correctly and what measures must be take to correct the
results.

Unfortunately, CIRAN was not adequate to determine resonant frequencies and their impedance
levels. CIRAN can realistically produce only a small number of points and this is usually not of
high enough resolution to show the required values. In order for this to be true, approximately
1000 to 5000 points must be evaluated.

To overcome this problem, a program was written in IDL (Interactive Data Language) for use on a
VAX. This program reads in the coefficients of the s-plane function produced by CIRAN and
plots results of impedance magnitude and impedance phase versus frequency. Here a large number
of points may be specified and an adequate resolution can be obtained. Several plots produced by
this program are shown in the appendices of this document.

2.1. Zero Placement and Pole Pre-Distortion

In the design of the tank circuit only the pole locations are specified, since these are the ones that
determine the resonant frequencies needed for the oscillator. On the other hand, the zeros of the
circuit do not influence the value of the resonant frequencies, so they can be placed at the most
convenient frequencies.

Two factors are involved in defining the convenience of a zero location: element sizes and
impedance levels. The values of the elements depend heavily on the placement of the zeros. In
general all inductor values tend to be large for certain combinations of zeros and very small for
other combinations. Since smaller inductors are preferred in this design the zeros should be
placed accordingly.



Maximization of impedance levels is also dependent on zero placement. If the zeros are placed
too close to the poles, the impedance levels associated with these poles become very small.
Therefore, to maximize impedance levels the zeros must be placed as far away from the poles as
possible. Unfortunately, this produces larger inductors, so zero locations must be found to
produce the best possible compromise.

The presence of the additional inductor (called the leakage inductor) in a non-ideal transformer
model is very important. The less ideal a transformer is, the larger the leakage inductor
becomes. This will adversely affect the location of the zeros in a real circuit. The zeros will
shift towards the poles, reducing the impedance levels at the resonant frequencies. To correct
for the shift the zeros are pre-distorted so the final effect will be the desired one. However, this
pre-distortion will result in larger inductors. Therefore, a significant effort must be made to
develop a good transformer.

Pole pre-distortion is necessary when an ideal circuit is implemented with real elements. This is
so because real elements introduce effects that were not considered in the ideal analysis. For
example, using real inductors introduces an extra capacitance corresponding to their self-
capacitance. Additionally, transformers with non-ideal coupling are modeled with an additional
inductor, which once again can move poles and zeros from their ideal positions.

The method used here for pole pre-distortion is an iterative one. Analysis of the ideal circuit
with real elements shows how far the poles are from their desired frequencies. These
differences are then added to the theoretical poles and the updated values are used to calculate
new circuit values. The new element values will now place the poles closer to the desired
locations but not on them. Therefore the process must be iterated several times to obtain pole
positions that are satisfactory.

2.2, Foster Form

The Foster form circuit developed for our purpose is shown in Fig. 1. This is the basic form
produced by the theory with an additional element (the primary inductance) to form the
transformer. In theory the disadvantage of using the Foster form is that inductors L and L are
very large. For example, for an ideal circuit with poles at 0.9, 1.9, and 3.75 MHz, and zeros at
1.35 and 2.6 MHz the element values are:

Lg =253.0 uH
L, =343.0 uH
L, =2059 uH
C; = 40.5 pF
C, = 18.2 pF
Cg = 30.0 pF



Ly L
2 L = Cy
(quaosupole capacitance)
Jn— C, - C 2
Fig. 1

The above inductors are too large for practical purposes, and only L, might be acceptable.
However, in reality a tank circuit with these elements would not produce the required resonant
frequencies. Thus, as presented in the previous section, pole pre-distortion is carried out. After
several iterations a circuit is obtained which has the correct real pole positions. The final
element values are:

Ly =109.8 uH
L; =129.5 pH
L, =90.7 uH
C; =107.3 pF
Cy, =41.3 pF
Co = 30.0 pF

These values of inductance are practical and a tank circuit can be built and used for the oscillator.
A more extensive presentation of these examples, including impedance level plots, is given in
Appendix A.

L J— Co
° [ (quadrupole capacitance)

Fig. 2

Actual implementation of the Foster form tank circuit would be that shown in Fig. 2. Here the
transformer's secondary inductance (L) is split in half and a capacitor is placed in between.
This is done to create a balanced circuit in which the reference ground is present as a horizontal
line bisecting the circuit. The resistors are added to create a DC path to ground for the
quadrupole.



The insertion of a new capacitor between the secondary inductors will shift the poles of the
circuit. For example, with a 0.1 UF capacitor the resultant poles (and their percentage deviation
from the required values) are:

0.71 MHz (-21.11%)
1.83 MHz (-3.68%)
3.72 MHz (-0.80%)

These results indicate that the lowest frequency must be monitored and that pole pre-distortion
will have to take this new capacitor into account.

2.3. Cauer Form

Cauer form may in many respects be considered the dual of the Foster form. Its structure is
different in all respects to the Foster form structure. Additionally, while Foster form theory
requires large inductors, Cauer form utilizes smaller inductors. This fact makes a Cauer form
tank circuit attractive for the present needs. However, as mentioned before, pole pre-distortion,
to account for reality, produces inductor values that are smaller for the Foster form than for the
Cauer form.

The basic Cauer form circuit needed for tank circuit implementation is shown in Fig. 3. Once
again, the topography has been determined by considering the need to have L and Cy as the
input and output elements respectively. Fixing Cgy to 30 pF, defining poles at 0.9, 1.9 and 3.75
MHz, and zeros at 1.3 and 3 MHz, the following element values are obtained for the ideal case:

L, = 188.7 uH
L; =100.2 pH
L, =364.7 uH
C; = 49.7 pF
C, = 38.5 pF
Cy =30.0 pF

Of the above values, only L3 is impractical. Comparing these values with the theoretical values
obtained for the Foster form would indicate that the Cauer form would be the best
implementation of the two. However, only a comparison after pole pre-distortion can be used to
choose a real circuit implementation.
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(quadrupole capacitance)

Fig. 3



When pole pre-distortion is carried out on the Cauer form the followi.ng element values result
(the percentage values indicate the change with respect to the ideal circuit element values):;

Li=211.6 u4H (+12.14%)
L1=1073puH (+7.09%)
Ly=3535uH (-3.07%)

Cy = 20.6 pF
C;=37.1pF
Co = 30.0 pF

Actual implementation of the Cauer form circuit requires a balanced circuit which will produce a
reference ground through the middle of the tank circuit, as with the Foster form implementation.
The physical circuit would then be that depicted in Fig. 4 (split transformer secondary not
shown). Therefore, instead of one 107.3 puH inductor, two 53.7 uH inductors would be used,
and instead of a 353.5 pH inductor, two 176.8 uH inductors.

L1/2 L2/2
11101

1:n
o O

L L, =—=¢C = = G,
{quadrupole capacitance)

Fig. 4

Comparing the resulting Foster and Cauer circuits reveals some possible trade-offs. On the one
hand, the Cauer form circuit has two inductors more than the Foster form circuit, with two of
these elements being larger than the largest Foster form inductor. On the other hand, the Cauer
implementation produces significantly higher impedance levels than the Foster circuit. The
importance of these two factors must be taken into consideration when deciding which form will
eventually be used.

3. Inductor Modeling

Since real inductors are such non-ideal elements it is necessary to develop a model using ideal
elements which can closely simulate real behavior within a given frequency range. Several
configurations were investigated and tested for their appropriateness, starting with a simple
approach and leading to more complex circuits. One model has worked the best and is the one that
is presently being used to simulate inductors in the CIRAN runs of possible tank circuits. At the
moment a new model is being developed which might more closely represent real behavior.

3.1. Implemented Inductor Model

The model used to simulate inductors in present analysis is simple. It consists of four elements,
as depicted in Fig. 5.



Fig. 5

In the model the capacitor represents the capacitance present between inductor windings, the
resistor Rg the resistance of the wire, and the resistor Ry, the core losses. The value of C can be
obtained with some measurements of the inductor in question and the resistors are determined
by the Q-curve of the inductor. By specifying the maximum Q and at which frequency it occurs
the values can be calculated. For details on measurement requirements and equations, refer to
Appendix C.

As can be apparent from the procedure to obtain the inductor model parameter values, this model
has one important shortcoming. The model can accurately simulate the peak Q value at the
correct frequency. However, no calculations take into consideration the Q-curve bandwidth of
the inductor. As a consequence, the model bandwidth is not correct. As the frequency moves
away from the peak Q the difference between model and reality becomes obvious and can be up
to 50% or more.

This shortcoming makes the inductor look more ideal than it really is. Therefore real
implementation will still differ significantly from computer simulations. To avoid this some
more models were investigated. These models were based on the present one with extra ideal
elements placed in various locations.

3.2. Inductor Model Investigation

Several different models have been investigated to replace the inaccurate model being used
presently. Since the basic configuration of two conjugate-pair poles and one zero most closely
resembles real inductors, no more dynamic elements can be added to the model. Therefore, the
only possible additional components are resistors and sources.

Several attempts were made to add more resistors to the existing model. However, both
simulation and theoretical analysis have proven that additional resistors do not improve the
model's suitability.

Since extra resistors were ineffective, recent models have considered the use of dependent
current sources. The reasoning behind this attempt is simple. From inductor core theory it is
known that losses associated with inductors have a non-linear variation with frequency. With
this in mind an attempt had to be made to have the parallel resistor vary with frequency.

No available simulation package has the possibility of defining frequency-dependent resistors,
so a dependent current source was used to represent the varying resistor. As frequency changes
so does the effective impedance of the inductor. This in turn affects the current going through
the model's inductor. Therefore, if the current source were to depend on the current of the ideal
inductor it would also vary with frequency. The proposed model is shown in Fig. 6.



Fig. 6

This model has the effective parallel resistance increase with increasing frequency. The model's
inductor current will decrease with increasing frequency. This results in the source current
being smaller, which is equivalent to a larger resistance if the model's overall voltage is
considered a constant.

After extensive theoretical analysis it was concluded that the above model was inadequate for
our purposes. In fact, the best the model could do was have exactly the same behavior as the
model being used now. A model was then chosen to reflect a "resistance” variation of the
source which was opposite in nature. Instead of having the effective parallel resistance increase
with frequency, the new model had the resistance decrease with frequency. This model is
shown in Fig. 7.

+ _
v L
L
O'VL
RS
Fig. 7

While analysis of this model has not yet been completed, present results seem to indicate that
this model is also inadequate for the required purposes. It should be noted here that the criterion
used for judging these models is whether a set of equations can be obtained to determine the
elements' values. The model itself might improve on the one being used now, but it is of few
practical value if the parameters can not be calculated relatively easily.

4. Conclusions
Results from the study look promising. However, it is not know what minimum impedance levels

are required to make it possible for the oscillator to work properly. Therefore, it is necessary to
construct a prototype tank circuit in the laboratory which can be measured and tested in an oscillator

8



circuit. Fortuna;ely, the choice of zero locations, element sizes, and impedance levels is flexible
enough that variations in oscillator requirements can be met in most cases with a practical tank

circuit.

Furthermore, continued attempts will be made to develop a useful inductor model with better
characteristics than the one being used at the moment. It is very important that such a model be
found if computer simulation is to reflect reality more closely. A possible model might use a
dependent source available in one of the simulation packages of the laboratory with polynomial
dependence on a current or voltage value.



Appendix A
Results of Foster Form Tank Circuit



As presented in Section 2.2, a possible Foster form tank circuit with poles at 0.9, 1.9, and 3.75
MHz has element values of:

L, = 109.8 pH
L, =129.5 uH
L, =90.7 uH
C; = 1073 pF
C, =41.3 pF
Cp = 30.0 pF

CIRAN simulation of this circuit, using real inductors and a transformer with a coupling coefficient
of 0.7, produces the results plotted on page A-iii (and a magnified plot of the 0.9 MHz frequency
on page A-iv). The values printed at each peak give the frequency (in MHz) and impedance (in
kQ) of the peak, for the impedance plot, and frequency, phase (in degrees) and impedance in the
phase plot. The phase shift corresponding to each peak should be zero, and any variation from this
value is due to the resolution of the plot.

The impedance levels for the circuit are 11.1, 4.8, and 8.1 kQ for the 0.9, 1.9, and 3.75 MHz
frequencies respectively. These are assumed to be high enough for proper oscillator operation.
However, an alternative solution is available. This solution has circuit element values of:

L =118.4 uH
L, =143.4 uH
L, =847 uH
Cl =96.9 pF
Cp =41.0 pF
Co =30.0 pF

The results plot is given on page A-v and shows impedance level values of 11.6, 6.5, and 8.4 kQ.
The disadvantage of this solution compared with the previous is that inductor L is significantly
larger, although higher impedance levels are achieved.

The second solution might not be a good substitution for the first, since impedance values are not
very different, but it does show how flexible the tank circuit design can be if some allowances are
made (eg. permitting larger inductor values or lower impedance levels).
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Appendix B

Results of Cauer Form Tank Circuit




In this appendix, two Cauer form circuits will be presented that could be used as tank circuits for
an oscillator with resonant frequencies at 0.9, 1.9, and 3.75 MHz. The difference between the two
solutions emphasizes the flexibility of designing the tank circuit for this specific need. The circuit
implemented and simulated is that shown in Fig. 4.

The first solution is plotted on page B-iii, which is a tank circuit with the following elements:
Lg=211.6 pH

L, =1073pH (53.65 pH)
L,=353.5uH (176.75 pH)

Cl = 20.6 pF
C, =37.1 pF
Cp = 30.0 pF

The values in parentheses are the sizes of the inductors that would actually be used in the circuit (ie.
half of Lj and Ly). This circuit produces impedance levels of 17.2, 10.2, and 11.0 kQ for
increasing resonant frequencies. These levels are higher than those of the Foster form solutions
presented in Appendix A. Note, however, that the two inductors corresponding to L, are much
larger than any in the Foster solutions.

The second Cauer solution is plotted on page B-iv. Here the impedance levels are much higher
than those for the previous example: 28.1, 20.5, and 24.9 kQ. However, the element values for
this circuit are:

L, =192.7 uH
Ly=137.6 uH (68.80 uH)
L,=397.7uH (198.85 uH)

Cy=224pF
C, =34.6 pF
Co = 30.0 pF

and the L, inductors are approaching impractical limits.

With these two solutions it is apparent that if one is willing to accept larger inductor values it is
very possible to produce high impedance levels.
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Appendix C

Implemented Inductor Model Measurement
Requirements and Equations




Of the four elements in the inductor model, two are obtained from measurements and the other two
are calculated using equations obtained through theoretical analysis. The value of the ideal inductor
in the model is identical to the real inductance value measured on a Q-meter. The capacitor value is
obtained by extrapolation of the Q-meter data for varying frequency. It is the values of Rp and Ry

that are calculated using equations.

A specific phenomenon is used to obtain the value of the model capacitor. If measurements of the
real inductor are made in a Q-meter it can be shown that the value of the parallel capacitance
produced by the instrument to obtain peak Q at a given frequency varies linearly with the inverse of
the angular frequency squared. If the data obtained is extrapolated to cross the capacitance axis a
negative intercept value is obtained. The magnitude of this value corresponds to the value of
capacitance inherent in the inductor.

Theoretical analysis produces simple equations to determine the values of Ry, and Rg. These can be

obtained by finding the peak Q value (Qp) of the inductor in question and at which frequency it
occurs (fp). With these two values and the inductance value the following equations can be used:

nfpL
Rs = _é’.;.- Rp = 4nQpfpL
With this method the model parameters are completely defined. A graph is presented on the
following page showing the difference between the model performance and the actual Q-curve of a -
sample inductor. The peak Q values coincide, although this is not obvious from the plot since the
interpolation of inductor data points is not accurate.
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