DISSERTATION

NOVEL TECHNIQUES OF
RF HIGH POWER MEASUREMENT

Submitted by
Ovidiu Daniel Stan

Department of Electrical and Computer Engineering

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Spring 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3266335

Copyright 2007 by
Stan, Ovidiu Daniel

All rights reserved.

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alighment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform 3266335
Copyright 2007 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Copyright by Ovidiu Daniel Stan 2007

All Rights Reserved

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY

February 22, 2007

WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED
UNDER OUR SUPERVISION BY OVIDIU DANIEL STAN ENTITLED NOVEL
TECHNIQUES OF RF HIGH POWER MEASUREMENT BE ACCEPTED AS

FULFILLING IN PART REQUIREMENTS FOR THE DEGREE OF DOCTOR
OF PHILOSOPHY.

Committee on Graduate Work

-

Thomas Chen i\\ N\i/\

Peter Young p>*
7)7/{)’0/“/6‘ . o [Cafer°

Adviser Ge@ Céyiﬁs

Department Head /

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF DISSERTATION

NOVEL TECHNIQUES OF RF HIGH POWER MEASUREMENT

RF diagnostic systems provide essential parameters for both statistical
process control (SPC) and automated process control (APC) in plasma based
semiconductor and flat panel processing driven at RF frequencies. To achieve
repeatability and control of RF plasma processes such as plasma-enhanced
chemical vapor deposition (PECVD) and plasma etching (PE) it has become
necessary to accurately (<1 %) monitor and control the actual plasma impedance
and RF power delivered to the plasma. This thesis is based on the design and
test of novel RF power instrumentation that is accurate even with RF powers in
the range of tens of kilowatts.

The trend in RF process is to go to two extremes: very high frequency
(>200 MHz) and high power (>50 KW) (large area flat panels). Industry
requirements are already 50kW at 13.56 MHz and up to 200 MHz in frequency.
There are emerging applications reported at even higher frequency (915 MHz

ISM band).

Today’s state of the art instruments can measure RF power with 1%

accuracy at its best; typical accuracy is around 3% and it is rapidly degrading
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with the increase in Voltage Standing Wave Ratio (VSWR) due to unmatched
loads. My thesis research proved that by using a proper digital correction
algorithm better then 1% RF measurement accuracy could be obtained. An
improved power measurement technique for real impedance lines and loads is
presented along with test results at powers up to 3kW. For the case of RF power
measurements into complex impedances | tested an entirely novel direct digital
sampling method that is frequency agile.

Finally | contributed to the art of RF calorimeters as well as more accurate
RF measurements. Absolute accuracy of the RF metrology is compounded by
errors introduced primarily from the measurement system, the chosen calibration
method and power references. RF high power standards are not traceable
directly to primary metrology references provided by NIST. In order to improve
the calibration accuracy of the instruments, | researched novel calibration
techniques and determined the errors involved in the RF high power calibration

methods.

Ovidiu Daniel Stan

Department of Electrical and Computer Engineering
Colorado State University

Fort Collins, CO 80523

Spring 2007
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CHAPTER 1

INTRODUCTION

1.1 History and Background

Radio frequency (RF) technology has been around since the beginnings of
early broadcast communication. In fact, the use of RF in the first half of the 20"
century centered on radio communication, as the very name implies. Electronic
engineers and physicists began using RF power in semiconductor and thin-film
processes in the early 1970’s.

RF has assumed a dominant role in the plasma market in the 1990s with
elaborate component configurations used in critical high-density CVD and
PECVD deposition, etch, and PVD processes for applications including
semiconductor manufacture, IC fabrication, thin-film heads for disks, CDs, hard
disk coatings, and other industrial uses.

The increasing requirements for semiconductor and flat panel industry are
pushing the limits of accuracy for RF power delivery. A repeatable process is a

must when high yield is required.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Typical RF measurement system accuracy was for many years at 3% into
a real impedance load (a load matched to the generator which is most often
50Q). Data was reported at the output of the RF power supply (see Fig.1.1) while
other system components — like an impedance match - were altering the RF
before reaching the chamber.

Fig.1.1 illustrates the block diagram for an RF plasma system.

500 Transmission RF
RF Power Line Variable Sensor
Supply Match T Plasma
Chamber
L —
| -
RF Meter
Fig. 1.1 RF Plasma delivery system — General schematic

The RF diagnostic for what is happening in the plasma chamber
processes was rudimentary and in many cases was simply measuring the DC
bias voltage level and RF peak voltage. There was no information related to the
power transferred to the chamber or what kind of plasma mode transitions takes
place during the process as you change gas mixes and chamber pressures.

Keep in mind that RF powers were often below the kW level. As wafer and flat
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panel dimensions have increased the RF power levels are now in the tens of
kilowatts and thermal drifts are an increasing barrier to accurate measurement.

The setup of the plasma chamber requires measurement of the
impedance before and after striking plasma. Any changes in plasma impedance
will result in changes in the process? 2,

In high power RF instrumentation, the needs were outlined by Sematech®
and the quest began for creating a standard RF metrology device that would
require minimum calibration. My thesis research proved that is not practical to
create such an ideal device because of the electrical and thermal imperfection of
the components. | judge that a better solution is to work toward correcting these
imperfections using software as described and detailed herein. Moreover, the
progress made in high-speed high bit micro controllers and digital signai
processors allows fast signal processing and enables new approaches as well as
on line correction of the RF measurements.

Another dimension of the problem is the state of RF calibration sources
and RF references**8. Most of the RF calibration efforts are done at microwave

19-35

frequency®32 and at mW level2&=2

. Some of the methods can be extrapolated
down in frequency to 1-50 MHz, but the high power levels (hundreds to
thousands of Watts) introduce element variations and heat induced changes to
all RF components.

The actual trend®!32

in RF instrumentation process is to go to high
Frequency and high power (large area flat panels) encounters the problem of no

traceable RF high power standard. Rather all the RF references are only
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traceable to DC current and DC volt standards. Moreover, all the calibration
methods introduce an uncertainty factor into the accuracy of the RF instrument.
In addition, the three most reliable means of calibration | researched had
significant errors involved; therefore in my thesis | present also new high power

RF calibration methods.
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CHAPTER 2

RF Measurement Building Blocks

2.1 Background

The block diagram of an RF instrument has changed very little since its
inception in the early radio arena. Measurements of the forward and reflected
power from antennas were enough to characterize the RF emission level and
efficiency of the RF amplifier stage, quantifying how adapted or matched it is to
the chosen antenna.

The advantages of RF plasma applications pushed the RF instrumentation
requirements toward more accurate power and impedance measurements in an
arena with very non-linear loads and very high standing wave ratios that vary
with time. While impedance measurements at low power can be done with off the
shelf instruments? 2 (Agilent, Yokogawa), characterization of plasma impedance

under tens of kilowatts RF Power is far more difficult.
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Technological progress made the blocks of the RF instrumentation more
accurate, smaller and intelligent, as | will discuss herein. With the increase in
chip processing power, new pathways in mathematical processing of

measurements are open, which correct for non-ideal effects real time.

| L inearize
v Hl/
RE | Freq. | Analog | | Digital
Sensor | | Selection Circuit Circuit
F Y ry
l |
Fig. 2.1 Anatomy of an RF Measurement System —General Schematic

Fig. 2.1 contains the schematic block of a traditional RF Measurement

System. Its main components are:

* The RF Sensor has to accurately sample the applied fundamental RF
frequency signal. The generated sensor signal must be proportional in
every aspect with: voltage amplitude, current amplitude and the phase
between current and voltage. The role of harmonics should then be

considered
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* The frequency selection circuit function is to segregate the sensor
signal that we are interested in from the high level RF signals. During RF
processing, the plasma chamber has complex, non-linear impedance,
generating a lot of harmonic signals. In addition many processes employ
two of more RF signals at different frequencies. Hence a frequency agile
sensor is sought to measure the strength of a variety of generated signals.
Nevertheless the RF behavior of the plasma chamber today, in practice, is

still characterized by analyzing the main frequency signal alone.

» The analog circuit that interfaces with the RF sensor is used to do the
signal conditioning (auto-gain control or scaling) or to calculate the actual
power via an analog multiplier, or a RF diode rectifier characteristic as
presented herein. Early designs were analog only and achieved 3%
accuracy on power measurement into 50Q and around 5% accuracy on
selected mismatched impedances (other than 50Q). | will show herein
how modern digital devices allow for real time correction of power

measurements to achieve accuracy well below 1 %.

» The digital circuit can perform all the necessary calibration through
lookup tables, power triangle and impedance calculations and corrections,
data communication, user interface, data display. Finally, my thesis shows

to what extent | have been successful to replace the traditional analog

10
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electronics interfaces by novel digital mixers, digital filters and digital

correction algorithms.

Above | summarized the block diagram for the RF power measurement
system from a traditional mixed analog and digital point of view. To properly
understand the source of measurement errors in the traditional RF measurement
systems, | analyzed all the components as outlined below and determined the

necessary corrections for the new digital correction via lookup tables.

2.2 VIl Sensor

V/I (voltage/current) sensor pairs are still widely used for low frequency
applications (KHz-MHz range). The advantage of the V/l sensor is low loss,
especially at high RF currents; therefore is the main choice for applications in
which the load is low impedance. In the high frequency region above 3 MHz the
RF V/I (Voltage/Current) sensor pair is, at first glance, the easiest technique used
to measure RF power. Fig. 2.2 illustrates four transformer coupled V/I probes that

attempt to isolate the power path from the measurement path. Briefly, the main

advantages of the RF V/I sensor are:
- Less expensive then a strip-line design. The V/| sensor can be

designed with off the shelf components, no custom parts required.

11
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- Smaller size at low frequencies. As a rule of thumb the strip-line
sensors size is proportional to the wavelength. Below frequencies
of 1MHz the size of a strip-line RF sensor is impractical, it is over
4 inch long.

- Higher current capability then a strip-line. A deposited strip-line RF
sensor would require a large size central strip to handle large
currents. However, there are air directional couplers designs that
can handle high currents.

- Very good isolation between the main line and measurement
block.

There are a lot of design efforts®** geared towards the ideal /I sensor

that does not need correction or calibration, but as | will prove later, for the case

of high power RF sensors there is a set of required correction factors that must

be accounted for to compensate for known and measurable errors.

CeEi - M oA (S (GBI}, ——{LoAD]
=== ﬂwm‘—ﬁ T2 ﬁL T 1
r—l l—s/\/\r* M~1
$ é 3 3 +
) 31 I Cc2
iE RECoNE N PN P .A
s s - -
T T e W T

Fig. 2.2 Examples of V/I Sensor Topologies

The RF current transformer (T1 in Fig 2.2) is often a 1: N type while the
voltage sensor is either a N1/ N transformer® (T2 and T3 in Fig. 2.2) that also

employs a capacitive voltage divider” (C1/C2 in Fig. 2.2).

12
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In both cases magnetic core coupling requires use of magnetic materials
that bring frequency, temperature and signal amplitude and saturation limitations.
Fortunately, as | will show below all these effects can be parsed, quantified and
accounted for in the linear operating region.

The mathematical equations behind the RF V/I sensor are discussed

below.

2.2.1 Transmission Line Based V/l Sensor Analysis

From directional coupled based transmission line sensors and
transmission line equations one is able to measure both V;, the forward voltage
wave amplitude and V;, the reflected voltage wave amplitude and thereby derive
expressions for P¢, the forward RF power and P, the reflected power as well as
all elements of the power and impedance triangles.

The current on the transmission line1218

measured by a sensor placed at
the unmatched load depends on the forward voltage, reflected voltage and the

line impedance as summarized by the mathematical relations below.

v, -V,

[=-—+ 2.1)
ZO

V=V,+V, (2.2)
14

Z, =7 (2.3)

13
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The equations governing the V/I sensor are:

V+Z,*1

V= (2.4)

szlVf’z (2.5)
Z, '
V-Z7,*%1

v :__20__ (2.6)

P Vrz

re 2.7
Z, (2.7)

As it shown in Fig. 2.2 the measurement of both the forward voltage V;
and reflected voltage V., is done by analog circuits often transformer isolated.

There are several variations of these circuits involving operational amplifiers as a

sum, difference or phase shift.

vl l

loaa’

Zo (2.8)

Pt =V*I=|V|I|cos8 (2.9)

If more than basic signals are required, then more complex mathematical

functions have to be implemented:

R=Z,cos0 (2.10)

X =Z,sinf (2.11)
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Sampling a tens kilowatt power level RF voltage or current accurately is

not trivial due to RF component imperfections as well as parasitic elements. Most

resistors and capacitors have parasitic impedances associated with them, as well

as voltage and power limits. Smaller components have less parasitic impedance,

but also have power and voltage limitations.

The basic topologies for RF voltage dividers” are analyzed below,

neglecting high power effects to illustrate basic concepts.

An ideal case would be if the voltage divider was made only from ideal

lumped parameter capacitive impedances with no parasitic elements varying

versus frequency (Fig. 2.3).The voltage division is scaled to match detection

electronics input voltage and impedance levels.

i1
C1
c, Vi
Fig. 2.3 Schematic lllustration of Ideal Capacitive Voltage Sensor
1
£ C
_ JOL,
V=—y I (2.12)
joC,  joC,
V=r ¢ (2.13)
"C+C,
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In the case of the cap divider (Fig. 2.3) the output sensor signal is in
phase with the input. The amplitude of the output signal depends only on the
values of the frequency matched capacitor pairs (output is not dependent on the
frequency). This is an ideal case and due to imperfections in the components it
has only academic and introductory value.

The R-C configuration (Fig 2.4) avoids the need for a high impedance
amplifier after the voltage divide because we can choose R small compared to
the amplifier input impedance.

The voltage sensing arrangement then became a C-R differentiator circuit

(Fig 2.4) where V; is the voltage being sensed.

VR 'wRC
dary =VS1J{ ‘wRC (2.14)
R+— J
joC
| |
|
C
| 14 § A
Fig. 2.4 Schematic lllustration of Differentiator Voltage Sensor
2 s
Vi=—
Vil — (2.15)

0 2
l+(£]
(00
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Where we define:

- 2.16
@, RC ( )

To match RF cables R=50Q and C is in the range of pF. This is placing f, in the

range of 1GHz. The phase angle of the output is then:

V phase = tan™ (ff’wij 2.17)

1
If P >> R then we can simplify the expression 2.17 to:
c

V=joRCV, (2.18)

but this is a large approximation for our purposes. The observation is that at
frequencies below f, the amplitude and phase depends also on the applied signal

frequency, f.
v, =K.V fsin(tan” (%Oj) (2.19)

Ky is a constant depending on the load. This derivative configuration of the
voltage divider is of interest because the transfer function is similar with the one
from the current sensor, therefore phase and frequency correction are easy to
implement.

The ideal RF voltage divider contains only a capacitor divider but real
applications require further processing (like gain scaling or signal filtering) that

involves a R-C load (Fig. 2.5).
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Fig. 2.5 Real Capacitor Divider has a Resistive Load

The real case of the RC load capacitive voltage divider is represented in

Fig. 2.6.
| |
I
81
R g c, T [%
Fig. 2.6 Schematic lllustration of Voltage Sensor
1 R
V,—|R Vo—"
- jac, _ 1+ joRc, (2.20)
©o 1 1 1 R
R
Jjoc, joc, joc, 1+ joRce,
joRe, (2.21)

"~ "1+ joR(c, +c,)

| define wg as in expression 2.22, for C>>Cy:

o, = 1 o (2.22)
R(c, +¢c,) Rc,
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The approximation for oo works because C1<<C,. The term w1 is defined

as:

oo L (2.23)

Substituting the expressions for og and w4 in the 2.21 formula the output
voltage V; will be simply expressed as:

j_
vy O (2.24)

1+j£
)

Using some algebraic manipulation’” of the terms (multiplying with the
g

complex conjugate) we can obtain the expressions for the amplitude and phase

of V..

a @ .
o'lo ™) (2.25)

o 1+(£T
2 Wy
V.5V . (2.26)
1+ (ﬁj
Wy

Expression 2.27 is the amplitude of the output voltage for the more

practical R-C load capacitive divider circuit of Fig. 2.6:

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o 1 (2.27)

o, ’
1+ 2
a)o

Note however that the phase of the circuit from Fig. 2.6 sensor signal is

Ve

going to vary according to expression 2.28:

V. phase = tan™ (&) (2.28)
w

Current sensors relay on Faraday’'s law™® that states that the electromotive
force (EMF) (voltage) induced in a conducting loop is the negative of the time
derivative of the magnetic flux enclosed by the loop. The signal level is set by the
RF current being measured and by the designed geometry of the sense loop.

emf = Idi’t“i (2.29)

This approach is typically used at low frequencies by employing an high
permeability iron core to totally capture the flux and routing it through a remote
sense winding having multiple turns so the flux is linked enough times to provide
a usable voltage. The same approach has also been used in RF current sensors
using high frequency ferrite toroids. However, varying core losses versus
frequency and core non-linearities, as well as high winding inductance and
distributed capacitance, obfuscates a direct first principle link to the sensed
voltage of the RF current being sensed. The changes in the magnetic flux are
due to variations in the magnetic field'2. The magnetic field is also determined by
changes in the RF current.

dl
=KX= 2.30
emf 7 (2.30)
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The important conclusion is that the current sensor is reporting the
derivative of the current. Coefficient K is a coupling coefficient.

The presence of a core also adds inductance to the conductor carrying the
current making the sensor obtrusive. There are several designs that are using a

one loop current sensor; a good example is in Fig. 2.7.

lout

Yout

Fig. 2.7 Cross Section of V/l Sensor to Show Current Pickup Loop and
Voltage Pickup Probe Placement

The RF current pickup loop is also subject to inadvertent capacitive
coupling to the inner conductor if proper shielding is not employed. This problem
is mitigated by using a coaxial pickup loop so that the outer conductor of the
pickup loop is grounded to the outer conductor of the power carrying coax at both
ends. A small cut in the pickup loop’s shield shown in the center of Fig. 2.7
allows it to act as a Faraday shield, effectively keeping the electric field from

reaching the center conductor of the pickup loop while allowing the magnetic
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field, which is only proportional to the current, to be completely linked. The split in
the pickup coaxial outer conductor prevents the flow of inductively driven current
in the shield so that the magnetic flux is not excluded from the center conductor
of the loop. For applications using ferrite transformers as current sensors, to
reduce the capacitive coupling, the portion of the RF line (one turn “primary
winding”) is shielded.

Furthermore, subtle considerations about magnetic coupling are
discussed in the strip line directional coupler section 2.3, below, where
advantages and disadvantages of different geometries are outlined. Quantitative

analysis is discussed in section 2.4.

2.3 Strip-line Based Directional Coupler

When two transmission lines 2% are spatially designed to be physically

close together power can be coupled between the lines due to the interaction of
the electromagnetic fields from each line. Those coupled lines are used to
distinguish RF power flow in the forward direction (from generator to load) as
compared to reflected direction (from the load towards the generator). Generally,
microstrip (Fig. 2.8) and stripline forms are used? in designing the directional
couplers.

The typical RF applications are using the directional coupler to sample Vf
— forward voltage and Vr —reflected voltage from the main RF line. The design of

the directional coupler?*® is not trivial; it requires computer aided finite element
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analysis and is beyond the purpose of this dissertation. Nevertheless, the basics
can be found in the literature®33,

The use of flat printed circuits strip-lines at microwave frequencies was
first reported by Barrett & Barnes2 in 1951. One of the contractors was Airborne
Instruments Laboratory, where researchers developed a printed line on a thin
dielectric support suspended between two plates using air as the dielectric. They

called it Stripline and registered that name as a trademark. Since then a lot of

research and progress was done regarding RF hybrids, splitters and dividers %

45

Microstrip lines

"
e Ground Plane

Fig. 2.8 Schematic lllustration of a Directional Coupler

As a general rule, the size of the directional coupler is proportional to the
wavelength of the RF signal; therefore below a certain frequency the size of the
directional coupler would be too large. Because of physical limitations the use of
a compact directional coupler is practical only for frequencies above 1MHz.
Directional couplers are also characterized by the available bandwidth, coupling
factor, RF insertion loss (which is critical at high RF power levels) and directivity
(or isolation of RF forward waves from RF reflected waves). The bandwidth is

relatively large and is affected by non-linearities at both frequency ends;
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therefore in practice a directional coupler is “optimized” for a specific frequency

range by the use of additional reactive elements.

The RF coupling coefficient is a measure of the signal amplitude on the

output port as compared to the input port in dB units.

CouplingFactor =-10* log—%"—(dB) (2.31)

The coupling factor is not constant, but varies with applied RF frequency;
hence, a perfectly flat frequency response coupler cannot be built. Therefore
directional couplers are specified in terms of the coupling accuracy at the
frequency band center.

In an ideal directional coupler the RF insertion loss is mainly due to power

coupled and it is expressed in dB:

InsertionLoss = —10 *log(l — %ﬂ)(dB) (2.32)

Again, due to the presence of tens of kilowatts of RF power flow, insertion

loss can create thermal issues.
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Coupling | Insertion awe
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i
3 3.00 o 15 <
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10 0.458 = 10 :
20 0.0436 O
30 0.00435 5 <+
0001 0.1 1.0
(Insertion) Loss - dB
Fig. 2.9 Directional Coupler Insertion Loss vs. Coupling Factor

The directivity of the directional coupler is defined as the ratio between the
forward and reflected channel outputs when connected to an adapted load,

expressed in dB.

Directivity =10* log P (dB) (2.33)

RFL

The directivity should be as high as possible. Four typical examples of

directional coupler topologies are in Fig 2.10.

LOAD

LOAD

Fig. 2.10 Common Topologies for the Microstrip Directional Couplers
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From the application and geometry point of view there are no differences
in the topologies from Fig. 2.10; all of them are providing the same output signals
Vi and V.. Geometrically, the example that is using 3 strip-lines (instead of two);
will have an advantage regarding the isolation between the forward and reflected
voltage signals.

In summary the qualitative advantages of the directional coupler (as an RF
sensor) are: simplicity, repeatability and stability in time. Some of the
disadvantages are the fact that is a custom device and that the output varies with
applied frequencies and has bandwidth limitations. Many applications involve two
closely spaced RF frequencies driving the same load so bandwidth can be
crucial to limiting accurate measurement for two frequencies operation. The
heterodyne approach discussed later eliminates these issues. If the directional
coupler is build in the micro-strip technique it is worth mentioning that there are
also limitations regarding the current capacity of the main strip (difficult to use at

high currents).

2.3.1 Directional Coupler RF Sensor Quantitative Analysis

Next, | am going to restrict the size of the directional coupler to be much
smaller than the wavelength of the RF signal to be measured, therefore the
voltage and current spatial distributions along the directional coupler does not

change over the length of the strip-line. Keep in mind that while the forward and
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reflected voltage waveforms are positive standing waves, the RF currents are
180 degrees out of phase and will induce voltages in magnetic loops that are
opposite in sign, to distinguish forward from reflected currents.

Total output voltages (Vi and V,) are the sum of capacitive and inductive
terms. The electrical induced voltage is due to capacitive coupling (Fig. 2.11) so

that allowable parasitic capacitance is below several pF.

Microstrip lines

Substrate

Graund plane

Fig. 2.11 Capacitive Coupling Between Coupled Strip-lines

The central strip-line (main RF line) in which RF current flows develops a
RF magnetic field that is in turn inducing an EMF into the forward and reflected
current loops. The forward and reflected magnetic/current loops, shown in red in
Fig 2.12, are separated from each other by the strip-lines unique grounding paths

plus the walls of the directional coupler shown in blue in Fig. 2.12.
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Fig. 2.12 Vs and V, are generated by electrical and magnetic RF coupling

In a coaxial transmission line, in which the RF currents on the inner and
outer conductors are equal and opposite, the RF magnetic flux is zero outside
the outer conductor of the line. The construction of the directional coupler current
sensing pickup loops are exposed only to the RF magnetic field driven by the RF
current that flows though the central red colored conductor in either of two
directions. The capacitive coupling between red conductors of the strip line is
termed V. Vi, is the voltage induced by the RF current driven magnetic field.
Then the total voltage output of the directional coupler will have the following pair

of equations:
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V.=V, +V,
(2.34)

Vr = Ve - Vm
Notice that the magnetic induced voltage term V,, has different signs

because of the different direction of magnetic fields from forward and reflected

currents as set by the left hand rule for electron flow.

The "left-hand"” rule

<
ST

11—

Fig. 2.13 Left Hand Rule Specifies the Relation Between RF Vectors |
and B

One of the boundary conditions for the proper functioning of the directional
is that refiected voitage V. is zero when the line is adapted or matched to the
generator and no reflected wave occurs. This electrical boundary on V, is
accomplished by balancing the ratio of V, and V., components (typically by
tailoring the termination resistors).

For ease of understanding we consider a coaxial cable and its internal
magnetic fields. The RF magnetic flux in a simple coaxial cable exists only

between the inner conductor and outer enclosure (Fig. 2.14).
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Fig. 2.14 Magnetic Flux in a Coaxial Line

If we pass a wire loop (Fig. 2.15) through the outer shield across the
enclosure of the directional coupler and back out again, we link all the flux over a
precisely known area (blue area in Fig. 2.12) associated with the current in the
central conductor. The loop voltage can be analytically determined from

fundamental laws.
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Fig. 2.15 A Wire Loop Placed in a Magnetic Field will Pick up a Voltage

For a long wire carrying a pure sinusoidal current “I”, the magnetic field “B”

at a radius “r’, on a perpendicular plane is:

B =% (2.35)

To quantify the total flux ® over a chosen square area of the current
sensor pickup loop we integrate magnetic field “B” over a radius “a” to “b” from

the outer edge of the inner conductor to the inner edge of the return path all

along the length “L".
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®= [B,dd= Tjﬂldrdl (2.36)

5 2mr
o = ”0 [l] (2.37)
IL
® = ”0 [1 ] ”0 n2 (2.38)
Applying Faraday’s Law:
b
_ —,U()Lln(‘)
v, = @ _ a_dl (2.39)
dt 27 dt
For a pure sinusoidal signal:
I =1, sin(wt + @) (2.40)
o is the radian frequency:
o =2nf (2.41)

¢ is the phase between current and voltage. The sinusoidal voltage induced into
a magnetic loop by a RF current flowing in the central conductor at r=0 is
depicted in formula 2.42. Note that V,, may be positive or negative depending on

the direction of the RF power flow measured by the current loop physical

placement.
b
— HoLIn(=)
V =——9% ] ocos(wt + ) (2.42)
2
V==Lt L In() f os(o1 +¢) (2.43)
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Fig. 2.16 Electrical Representation of a Current Pickup Loop

m

v - _zoﬂoun(g) Feos(t + ) (2.44)

In conclusion, the RF voltage generated by a directional coupler loop by a
magnetic field will be expressed by the formula 2.45.
V, =-K,I,f cos(at + ¢) (2.45)
K, is a constant that depends on the design geometry and near field

patterns of the directional coupler.

2.4 RF Frequency Selection Circuits

When two or more RF power sources are used on a plasma process it is
important to know the relative magnitude of RF and IF energy that is pumped into
the chamber at each applied frequency, especially on the fundamentals. Two or

more frequencies may deposit substantial energies into the process chamber. On
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frequency agile RF measurement systems, frequency selection is done using
one of the following techniques:

¢ Analog filtering (low pass or band pass filter).

¢ Heterodyne mixing of the signal into a predetermined frequency range.
Bandwidth of the chosen RF signal and the associated frequency selective input
filter must be matched and it will dictate the measurement frequency span
available.

The RF sensor filter should reject any harmonics, but flat enough around
the fundamental to measure frequencies of two signals very close to each other.
Customer dual RF frequency drive applications are sometimes just off-
fundamental by a tens to hundreds of kHz. Overly sharp transitions around
fundamental in the RF sensor can cause inaccuracies by too sharp attenuation.

Analog filtering is a classic solution, easy to implement and can account
for preservation and measurement of both amplitude and phase even at kW RF
power levels. Accurate RF measurement systems require temperature stable RF
components. Use of temperature insensitive Negative-Positive-Zero (NPO)
capacitors is a must. The inductors should be mechanically stable and be
selected with air core or some powder-iron core that is stable with temperature.
With all this temperature precautions there still are some variations at
temperature transitions (due to mechanical contractions/dilatations).

Problems with analog solutions may arise when the RF source contains
two frequencies such as 100MHz and 13.56MHz both delivering large powers to

the same process system. Frequency agile capabilities become required. An
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elegant solution to this need, for a frequency agile, is the heterodyne design
scheme. The super-heterodyne principle is to down-frequency convert all signals
we wish to measure into the same exact IF (Intermediate Frequency) frequency
region allowing one identical IF amplifier for all RF frequencies measured.
Mathematically let's assume that we have two sinusoidal signals that we
are going to combine in an analog mixer circuit:
S, = 4, sin(o, +¢,) (2.46)
S, = 4, sin(w, +¢,) (2.47)
The result of the two frequency mix can be obtained by using the 2.48
trigonometric formula below. Expression 2.48 will simplify the product of two
sinusoidal signals into two components one at a higher and one at a lower
frequency.

A A,

A 4, sin(o, +¢,)sin(w, +¢,) = COS[(a)l + 0, )[ +@ +, ]+

W (2.48)
1_22_cos[(a)1 — @, )t T - §02]

We are interested in the difference signal at a fixed IF frequency set by
bringing the probe mixing signal to within the IF frequency of the target RF
frequency. Usually the IF signal is called intermediary frequency and, for radio
frequencies, it is either 455 kHz or 10.7 MHz. Of keen interest is that the phase
information of the target RF signal is preserved in this down shifting into a fixed

IF band.

The benefits for the super-heterodyne circuits in RF measurements are

summarized as:
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* Excellent RF harmonic and spurious RF signal rejection.
* The tuned heterodyne amplifier circuit will require only low frequency.
IF components rather than the RF frequency of the target frequency.

One disadvantage of the heterodyne is the complexity of the design. To
implement such a solution we have to synthesize a variable frequency
comparable with the frequency that we have to measure. The technology offers
plenty of solutions but all of them involve extensive development resources.

A more complete description of how we employ a heterodyne circuit to
accurately measure V, |, ¢ for RF target frequencies is described later in this

dissertation.

2.5 Analog Circuit

The functions of the analog measurement circuit are amplification (gain
scaling), low frequency filtering (smoothing the signal), multiplication, RMS

4690 55 detailed below. No

calculations and A/D (Analog to Digital conversion)
matter what kind of RF input sensor is used (directional coupler or simple V/i
sensor circuits), the calculation of the RF power involves squaring the RF voltage
or current signal. The analog multiplier or an RF diode circuit with a polynomial
second-degree transfer function are both options that we describe below.
Typically, an analog multiplicator can achieve 1% accuracy. However,

beside analog multiplication there are other errors occurring such as voltage

offset and temperature drifts. | will propose later in the dissertation an auto-zero
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method and give test results justifying this choice. First let's examine the
problems with commercial multiplier chips.

Some representative analog multipliers include: HS2556, AD734, AD835.
Expression 2.49 is a typical transfer function for the AD835 multiplier whose
simplified circuit diagram is given in Fig 2.17.

(2.49)

Note that we obtain a scaled product capability as well as an arbitrary offset term

Z

X1 AD835

X2

XY XY +Z
® ~03) {>-0 W OUTPUT
+
Y2 Y=Y1-Y2
Z INPUT

Fig. 2.17 Analog Multiplier Schematic Block

If the design will incorporate a digital circuit, a simple calculation of Vs is
enough. The digital circuit will have to do the conversion from peak voltage V to
average voltage Vims as well as the multiplication. A simple approach to the peak

voltage detector circuit is presented in Fig. 2.18.
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Peak to RMS conversion is simply a matter of muitiplying the peak voltage

by 0.707:
Vs =V ¥4/2/2 (2.50)

A classic approach to the peak voltage detector circuit is presented in Fig.

R7 D1 /@‘ /@
ATy > *

2.18:

L1
vio %% pinets | | re
&9 - <
C J co 1uF <1k
~o M Mo

Fig. 2.18 Single RF Peak Voltage Diode Circuit

The advantage of this circuit is simplicity and extremely high frequency
range by the availability of high frequency diodes. The drawbacks of single RF
peak detection are the finite diode threshold voltage, the non-linear diode
characteristic and the temperature drift.

Diode threshold limitations of this circuit are addresses by dual diode peak
detectors discussed later in this dissertation.

A/D circuits have to transform the peak or RMS analog signal into a digital
signal. Some of the information may be lost during the conversion if minimum

precautions are not employed. The typical characteristics of the A/D are the
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number of bits (quantization) and speed (measured in samples per second). An
important circuit that is associated with the A/D is the voltage reference. Either
internal or external to the A/D, the voltage reference will dictate the accuracy,

temperature drift and long-term stability of the A/D.

Table 21  A/D Quantization Error Depends on the Number of Bits

Number of A/D bit Quantization Error (%)
8 0.390625
10 0.09765625
12 0.024414063
14 0.006103516
16 0.001525879

Analog Devices, Texas Instruments, Linear Technologies and Maxim are
several manufacturers that are providing high performance A/D converters. For
RF measurements, where we need better than 1% accuracy, 12 or more bits of
resolution should be considered. Dual channels A/D and several ppm/°C for
voltage references are required. We will show in the thesis the replacement of
analog portions of the RF measurement system by digital algorithms. Proper
digital algorithms can do the same functions as analog circuits: analog
heterodyne frequency conversion, analog filtering and scaling. In addition of
these capabilities there are unique functions of digital circuits (employ correction
factors and I/O management) that make them better candidates for RF

measurements.
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2.6 Digital Circuit Emulation and Replacement of Analog Circuits

The digital circuit block can replace many of the analog functions on the
mixed analog-digital RF measurement system due to advances in Digital Signal
Processors. Digital processors excel when it comes to mathematical functions
(like multiplying, squaring a number or complex corrections based on look up
tables). On top of all the analog functions that they can implement, DSP also can
give us the convenience of data communication (serial/parallel interfaces) and
I/O for digital display.

Major commercial vendors for DSP are Motorola, Ti, Xilinx and Microchip.
For ease of use Microchip has hardware power, while it requires no special
programming skills. For example the 16F873A controller has a digital interface,
LCD interface, serial interface, 20 MHz clock (at 2-3 clock cycles/instruction),
analog interface (unfortunately on 10bit), 8kB of EPROM, 128B of EEPROM at
less than $10/pc. Using support software (compiler) the firmware can be
developed using a set of instructions similar to Basic. For an intensive digital
manipulation at low cost the FPGA from Xilinx called Spartan3 is preferred
because of the following features:

- Embedded 18x18 bit multipliers to support high-performance DSP

applications

- On-chip digital clock managers (DCMs) eliminating the need for

external clock management devices
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- Distributed memory and 16-bit shift register logic (SRL-16)
efficiently implementing DSP functions

- 18Kb Block RAM that can be used as buffer memory or cache

- Digital on-chip termination eliminating the requirement for multiple
external resistors

- Eight independent 1/O banks supporting 24 different I/O standards

The combination of low-cost and full-feature capability means that the
Spartan-3 Generation FPGAs can implement complete system functions in the
most cost-efficient manner.

In summary, in Chapter 2 we have reviewed both the analog and digital
building blocks that | have employed in my thesis research for RF power
measurement at kW power levels and have detailed the capabilities and
limitations of building the blocks, components and the overall system. This work
on real impedance solutions sets the stage for Chapter 3 where RF
measurements on complex lines and impedances are discussed. This leads to
Chapters 5 and 6 where my novel designs and test results to RF power

measurement are detailed.
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CHAPTER 3

Previous Methods for RF High Power Measurement on
Complex Impedance Lines and Loads

3.1 Background

The precise behavior of the RF driven plasma is sought and RF sensor
design needs to find more accurate methods below 1% accuracy to better control
RF driven plasma processl'lz or to achieve more precise processing of ever
smaller feature sizes. Driven by industry demand for tighter process control
accurate RF power and impedance measurement needs evolved recently to
require accuracy better then 1%. In some cases the mathematical knowledge
was available to improve accuracy, but the hardware infrastructure was lacking.
Recent parallel advances in digital signal processors and fast analog chips made
possible to improve accuracy into RF instrumentation, as we will discuss herein.

Measurement into real impedance lines is less technically demanding, but
without proper consideration can lead to poor or inconsistent results as shown in

Chapter 2. An analysis and proposed improvement of the RF power

measurements technique into real impedance lines are done in Chapter 4 of this
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dissertation, but here we focus on the unique problems of mismatched lines with
large VSWR ratios and with kW RF power level. Chapter 5 will address new
means for obtaining all digital RF measurements in complex impedance lines

Prior research®43

into developing better voltage and current sensors on
mismatched lines was limited by analog and digital hardware limitations. New
digital signal processors open new pathways to RF sensor and power
measurement to system designers.

The following methods presented into this chapter for measurements in
complex impedance lines at RF high power (W to kW) will introduce the reader to
the unique issues involved. Detailed discussions of my designs for all digital RF

power sensor systems are given in Chapter 5, but the motivation for this

approach is found here.

3.2 RF High Power Measurement Technique # 1 — Z-Scan

Z-Scan**technology is a proprietary RF power and impedance technique
patented by Advanced Energy Ind. The instrument can measure complex
impedances into powers up to 10kW at frequencies up to 30MHz: voltage,
current and phases are the first electrical values that are calculated utilizing a V/I
sensor. From these three values both the RF power and RF impedances are
computed. Key to this technique is the methodology by which the phasor ¢ is
calculated. Using simple trigonometry and the cosine theorem we can evaluate

the module of the angle between the voltage vector v and the current vector .
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Fig. 3.1 v and i Phasor Diagram

According to Fig. 3.1 the sum of the angle o and ¢ is 180 degrees
A=T7T—Q (3.1)
cosa =cos(7 — @) =—cos @ (3.2)

Applying the cosine theorem on Fig. 3.1 we obtain equation 3.3:

X' =V'+1"-2VIcosa (3.3)

X' =V'+I'"+2VIcosp (3.4)

c()s(p-;iz_—__Vz—__I2 (35)
2Vl

The sign of the phasor ¢ determines an extra vector termed Y (discussed
in Fig 3.4) by adding 90 degrees to the / phasor. The analog operational

amplifiers accomplish all mathematical operations.
The post sensor signal processing flow diagram signal for V, X and / is

illustrated in Fig. 3.2.
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/ - Ab

Fig. 3.2 Initial Signal Processing Solution for Z-SCAN

If the measurement system provides the properly scaled value for the
vector V and current vector /, then the module value of the angle ¢ can be
calculated. However, the result of the calculation (using the cosine theorem) is

not unique because it does not give the information about the sign of the angle.

Fig. 3.3 The Trigonometric Solution of the Cosine Theorem is not
Unique to the Sign of Angle ¢ so Additional Calculations are Necessary
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A"

Fig. 3.4 An Extra Vector, Y, is Required to Calculate the sin¢

Using simple analog circuits we can change the phase of the vector / by
90 degrees. Using the additional vector Y we can also calculate sing to
determine the sign of the angle. We apply again the cosine theorem, however

this time on the triangle that includes vector phasor Y:

Y'=V*+1I"+2VIcos(p + %) (3.6)
cos((a+£)=cos¢cos£—sin¢)sin£=—sin(p (3.7)
2 2 2
Y’=V'+I"-2VIsing (3.8)
sing = yr-r-r (3.9)
2V
cos@ = cos(—p) (3.10)
sin @ = sin(7r — @) (3.11)

The sign of cosg and sing functions are summarized below by quadrants.
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180 o]

270

Fig. 3.5 Cos and Sin Sign in all 4 Quadrants

sin(r — @) =sin 7 cos@ — coswsin @ = sin @ (3.12)

With the angle ¢ calculated using both sine and cosine functions we can
uniquely determine the sign of the angle between voltage and current.

This technique will determine the voltage and current amplitude and it will
calculate the angle between current and voltage. The signal-processing pathway
for this is summarized in Fig. 3.6. Once these three elements are calculated, all
the other information (power, impedance) can be calculated from the appropriate

power or impedance triangles.
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Fig. 3.6 Signal Processing Solution Pathway for Z-SCAN

The errors and limitations of the Z-Scan technique come both from
hardware and firmware. Accurate gain scaling of the voltage and current as well
as an accurate 90 degrees phase change are the issues that affect accuracy of
the angle. The maximum frequency limitation is due primarily to computing
resources.

Calibration of the Z-Scan is done using a three-load approach:
Open/Short/Load conditions as well as a 50Q calorimetric reference. Table 3.1

summarizes the accuracy limits of the Z-scan approach.
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Table 3.1 Z-Scan Power Accuracy- Source User Manual PN#5705078-C

Degrees (phase angle) Power Error (%)
0-30 2
30-50 25
50-70 3
70-75 35
75-80 4
80-85 6
85-87 8
87-88 11
88-89 19
89-89.5 31

The accuracy is 2% or above into 50Q and it degrades with increasing
VSWR encountered in unmatched loads. The maximum error occurs at extreme
loads, pure capacitive or pure inductive loads where the angle between current

and voltage is 90 degrees.
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3.3 Analog Dominated RF High Power Measurement Technique #
2 - Real/Reactive Power Triangle Method

Implementing mathematical functions using analog design can still
surpass computing limitations for some applications®2. In general, the analog
design will greatly improve speed and therefore it will work at higher frequencies,
but the analog nature always makes the absolute calibration more difficult.

The heterodyne design is an old concept based on the mix of two different
frequency signals to create a new signal at lower frequency that preserves all
amplitude and phase information. This mix creates a signal with a frequency
equal to the difference between the two mixed signals. A single local probe
oscillator signal is used to mix with the target RF frequencies on both the RF
voltage and RF current (or forward and reflected voltages) input channels.

The heterodyne will lower the frequency that has to be processed (so less
performance analog circuits can be used) while it maintains the information of the
original signal. Another point of view is that high frequencies can be analyzed
(high frequencies that can not be approached with today’s circuits).

The mathematical equation for mixing two sinusoidal signals is:

4,4,

A4 4, sin(w, + @) sin(@, +@,) = COS[(a)l + wz)t +o, T, ]+

w (3.13)
'1_2£C05[(‘01 —w, )t T o _(02]

From equation 3.13 we are interested in the difference signal (the sum

signal is filtered out):

f(x)= 1—4%2—005[(0)1 —a)z)t + ¢ _(02] (3.14)
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If one could calculate the power and the square of the voltage or current,
then all other RF information in power and impedance triangles can be derived.
To better visualize the topology look at Fig 3.7 which traces the forward and
reflected voltages measured using a strip-line as they are first heterodyned to an
IF frequency and then passed trough a low filter circuit to eliminate the higher
component of the heterodyne mix. Analog calculations form the four quantities
V2, P, |, Q and | that enter into a digital signal processor for calculations for the

power and impedance triangles.

Local
Oscillator

- Caleulus
~ Module
3_. :
£
R— . g
Heterodyne Low Pass Filter Analog Calculation DSsp

Fig. 3.7 Analog Heterodyne Based Measurement System

To calculate the RF elements (impedance components), this solution
measures first both real power P and reactive power Q and then calculates the

load impedance Z and phase angle ¢.
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P=VIcosg
(3.15)

Q=VIsing
This approach was never used historically at RF frequency because the

necessary direct measurements could not be made, but today modern precision
wideband analog multipliers make it possible. A 90 degrees shift block will also

allow calculating the reactive power Q.
. /4
sing = cos(g — 5) (3.16)

This technique provides the user with four terms with which to determine
the characteristics of the load. The values of V2 and I as well as the in phase
and quadrature phase products of V and | are available. Only three of the four
terms are actually required to determine the phase and impedance of the circuit.

Using signals V2, P, and Q we may derive the same result. Also, I?, Q and
P could be used as a second solution pathway. The final solution can be
determined by averaging the two methods. This technique permits accurate and
repeatable data to be collected.

Let us consider the general expression 3.17 for the impedance Z:
Z=R+jX (3.17)

Circuit impedances can be derived from the current and voltage by:

P
:IT

rms

R (3.18)
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.9

)
Irms

(3.19)

Expression 3.20 calculates the phase of the current with respect to the voltage.
—tan" 2 3.20
@ P (3.20)

One other way of calculating the impedance elements can be found in

expressions 3.21 and 3.22.
R=—2% (3.21)

V2
X = 3.22
0 (3.22)

This technique depends on either a digital processor or software to calculate
load impedance4—§' 47 No published performance specification is available, but it

is estimated that this technique can achieve 1% accuracy into 50Q.

3.4 Mixed Analog/Digital RF High Power Measurement
Technique # 3 — Heterodyne + DSP for Error Correction

Advances into the Digital Signal Processors (DSP) made possible to push
the digital application boundaries and replace analog functions. The technique
proposed by Gerrish®® 22 is using an analog mixer (superheterodyne) followed by

a pair of Analog to Digital converters and a DSP (Fig. 3.8).
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Fig. 3.8 Analog Heterodyne Measurement System with a Digital Error
Correction Solution

In order to reduce the errors of the method along Gerrish focused on
improving the V/I sensor along with an error compensation algorithm. For every
operating frequency between successive calibrated radio frequencies (for which
the correction coefficients are stored) correction coefficients are applied by
interpolating between stored values. The method claims that it can achieve 0.2
degrees phase accuracy. Absolute phase accuracy does not give us clear
information about the overall accuracy because the gradient of the phase is not
linear (as explained next in the calibration procedure for component variations at

high Rf power flow conditions).
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Fig. 3.9 Signal Processing Schematic for US PAT No. 6,708,123

The digital calibration of the circuit is done for several frequencies per
decade using four well-known calibration standards:

a) Short circuit will generate the calibration constant Z,s.

b) Open circuit will generate the calibration constant Z,.

c) 50Q load (adapted load) will generate the calibration constant Z, x.

d) Voltage or Current Standard (known value) will generate the

calibration constants V., respectively |..
The DSP calculates the load voltage V, current |, and impedance Z for any

arbitrary load using the following correction formulas:
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Z=27Z % 2y =2y
ZVO - ZV
) ‘V{ =|p* 2y =2
v (3.23)
-
L 12
with
Z, =; (3.24)

The absolute accuracy for this commercial measurement system (MKS V/I
Probe 4100) is 1% for power and 1.5% for impedance. This is still not enough to
meet the new needs for less then 1% accuracy and sets the stage for my

contributions in Chapters 4 and 5.

3.5 Summary

| identified and focused my researched on three of the most performing
methods of RF high power measurements. All of them involve analog circuits and
digital signal processing. None of the investigated techniques is breaking the 1%

accuracy barrier for power.
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CHAPTER 4

Two Digitally Correctable RF Measurement Techniques
for Real Impedance Lines and Loads

4.1 Background

Accurate power measurements into real impedance lines remain the main
diagnostic tool for RF applications. Real impedance is an indication that the
phase between the RF voltage and the RF current is zero.

The maijority of the RF generators employed for plasma processing have 50Q
output impedance. Even the exceptions are typically 50Q RF generators
(including measurement systems) followed by variable matches (variable
capacitors or switched pin diode arrays add capacitors or inductors into the
circuit). For non-50Q output RF generators, power is measured into 50Q load
and calculated based on efficiency (losses) of the variable (or fixed) match (see
Annex 1).

Both radio and broadcast equipment are using 75Q impedances as the

adapted line. The principle of RF measurement however remains the same;
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therefore everything presented in this dissertation applies. However, the
requirements for broadcast are not as stringent as in plasma applications.

| proposed, designed and tested an RF power measurement (for real
impedance lines) that takes into account the source errors that were analyzed in
Chapter 2. The nhumber of components was minimized based on the
consideration that fewer parts would generate fewer errors. | researched two
improved versions of the analog input circuit: a modified diode detector and a
new analog multiplier circuit. All circuits fed the resulting analog signal into the

same digital calculation and correction block (Fig. 4.1).

4.2 Multiplier RF Power Measurement Technique

This technique is based on the fact that power is proportional to the square of
the voltage or the current. Computation of the power can be done with analog
circuitry, digital circuitry or a combination of analog and digital. In this particular
case a commercial analog multiplier! was used.

The input signal is sampled by a sensor, filtered by a band-pass filter and
sequentially processed by an analog and then by a digital circuit. Analog circuits
are preferred because of their speed; however they are not 100% predictable.
The latest generation of digital signal processors (DSP) makes real time
calculation of video signals possible, opening the path to replacing fast analog

circuits.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The signal processing block diagram in Fig. 4.1 illustrates the way the signal
is processed. In this application, the RF sensor will deliver as input signal the

forward voltage Vs and the reflected voltage V; from a strip-line sensor.

Vf aj 1V2f Pt
Sensor,
Analog circuit 2 Firmware
Vr g a’22V r P r
e )I >

(Pin) (Pour) (0)

Fig. 4.1 Real Impedance Line RF Power Instrument - Signal Processing
Diagram

From the mathematical point of view, the signal is processed in two steps.
The first step is to calculate the square of the forward and reflected power

signals.

2
I(fout _ 4% Vf
VI" out V 2 (4 1)

p
The elements of the matrix A are real numbers and physically correspond to

an analog amplification present in the forward (4,,) and reflected ( a,, ) channel.

P a;, 0
04, (4.2)

The second step (digital) is to correct (calibrate) the signal.
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Vfout
friL B*| Vr
P out (43)

Matrix B contains the correction information obtained either from a function or

from a look-up table that was generated during calibration.

B= l:bu by, by :l

b21 b22 b23 (44)

Depending on the error types, the correction of the signal can take different
forms. Most common are DC offset and variable gain; this correction pathway
can only be used if the characteristic of the input signal is linear. The elements of
the matrix B are real numbers:

b11- Correction slope of the forward signal

b12- Cross-talking correction factor (from reflected to forward channel). In an
ideal case this element is O.

b1s- Correction offset of the forward signal

b,1 - Cross-talking correction factor (from forward to reflected channel). In an
ideal case this element is 0.

b2, - Correction slope of the reflected signal

bos- Correction offset of the reflected signal

Two other correction algorithms that are suitable are polynomial interpolation

and an interpolation table. For more flexibility | used a correction table; therefore |

employed a matrix B for every calibration point tested.
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To eliminate the drifting hardware offset compensation | implemented a
firmware auto-zero: after every ten measurements the circuit would measure the
offset (short the input and measure the output) and would subtract it from the

input (Fig. 4.2).

Get
VF&VR <
Get
Yes
VFWDoffset
VRFLoffset
No
N=? .
Subtract Offset=? ~| Serial
< - » Interface
Offset Corregtion Factors=? terta
' Measurement Results=?
A
Circular
Averaging
A
Correction |« Display
Calc.
Fig. 4.2 Real Impedance Line RF Power Instrument - Signhal processing

Flow Diagram
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The methodology outlined in Fi