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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 I tested an entirely novel direct digital 

sampling method that is frequency agile.

Finally I 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, I 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 20th 

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.

1
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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.

50fJ Transmission 
Line

RF
SensorVariable 

3“  Match
RF Power 
Supply Plasma

Chamber

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

2

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



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 process12.

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. I 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 signal 

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-—. Most of the RF calibration efforts are done at microwave 

frequency—— and at mW level——. Some of the methods can be extrapolated 

down in frequency to 1-50 MFIz, but the high power levels (hundreds to 

thousands of Watts) introduce element variations and heat induced changes to 

all RF components.

The actual trend—— 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

3
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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 I researched had 

significant errors involved; therefore in my thesis I 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 instruments1,-(Agilent, Yokogawa), characterization of plasma impedance 

under tens of kilowatts RF Power is far more difficult.

8
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Technological progress made the blocks of the RF instrumentation more 

accurate, smaller and intelligent, as I 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.

-V/l sensor 

-Directional 
Coupler

-Band Pass ^  

-Heterodyne

-Amplify 

-Low Pass 

-Multiplier 

-Vrms

A

N
RF — ►Freq.
Sensor Selection

Analog
Circuit

 Z----------

-Linearize 

-Compute 

-Data com.

Digital
Circuit

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

9

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



■ 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 500). I 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 I 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 I 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, I analyzed all the components as outlined below and determined the 

necessary corrections for the new digital correction via lookup tables.

2.2 V/l Sensor

V/l (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/l (Voltage/Current) sensor pair is, at first glance, the easiest technique used 

to measure RF power. Fig. 2.2 illustrates four transformer coupled V/l probes that 

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

advantages of the RF V/l sensor are:

Less expensive then a strip-line design. The V/l 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 V/l sensor 

that does not need correction or calibration, but as I 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.

The RF current transformer (T1 in Fig 2.2) is often a 1: N type while the 

voltage sensor is either a Ni/ N2 transformer1 (T2 and T3 in Fig. 2.2) that also 

employs a capacitive voltage divider1 (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 I 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/l sensor are discussed

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 Vf, the forward voltage 

wave amplitude and Vr, the reflected voltage wave amplitude and thereby derive 

expressions for Pf, the forward RF power and Pr , the reflected power as well as 

all elements of the power and impedance triangles.

The current on the transmission line—— 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.

below.

r
(2 .1)

V = Vf  + Vr (2 .2)

(2.3)

13
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The equations governing the V/l sensor are:

V + Z  * /  y  — o
f  2

(2.4)

P f  =
/

(2.5)

V - Z  * Ty  - L   0 L (2 .6)

R  = (2.7)

As it shown in Fig. 2.2 the measurement of both the forward voltage Vf 

and reflected voltage Vr 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.

P -load

V V.

zn

Pu* = V * I  = \VWc 0*6

(2 .8)

(2.9)

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

functions have to be implemented:

R = Z„ cos 6 (2 .10)

X  -  Znsin<9 (2.11)

14
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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 dividers2 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.

Fig. 2.3 Schematic Illustration of Ideal Capacitive Voltage Sensor

V,

1 1 (2 .12)
++

jcoC\ j  coC2

(2.13)
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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 Vs is the voltage being sensed.

Fig. 2.4 Schematic Illustration of Differentiator Voltage Sensor

1+jcoRC (2.14)

C

(2.15)
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Where we define:

“ ° = T 5  <2-16>

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

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

Vtphase = tan'
(DQ

J
(2.17)

1
If —  »  R then we can simplify the expression 2.17 to:

coc

V=jG)RCVs (2.18)

but this is a large approximation for our purposes. The observation is that at 

frequencies below f0 the amplitude and phase depends also on the applied signal 

frequency, f.

vt = ^ v ^ / sin(tan" f — 1) (2.19)

Kv 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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V ,s
►

►

R

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.

Vf

Fig. 2.6 Schematic Illustration of Voltage Sensor

V - -
V --------LR

'  j® c 1
V

R
' 1 + jo)Rc2

1 .+ - U *
1 R

+

V~V

j(Dcl jcoc2 jcocl 1 + j 0)Rc2

ju R c i 
' 1 + j&Ric^ + c2)

I define co0 as in expression 2.22, for C2» C i:

1 1
0)n

R(cx + c 2) Rc2

(2 .20)

(2 .21 )

(2.22)
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The approximation for coo works because C i« C 2. The term coi is defined

as:

co. (2.23)
' Rc.

Substituting the expressions for co0 and ©1 in the 2.21 formula the output 

voltage Vt will be simply expressed as:

7
co

V - V
co. (2.24)

1 + 7
CD

C0n

Using some algebraic manipulation— of the terms (multiplying with the 

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

ofV,.

V=V

co , co
—  (—  + 7) 
CO. co„ (2.25)

1 +
f  V

CD

V^o j

0)
CO,

1+
f  ^2 CO

V^o j

1+
c \ 2

CO

\COo J

(2.26)

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

practical R-C load capacitive divider circuit of Fig. 2.6:
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Note however that the phase of the circuit from Fig. 2.6 sensor signal is 

going to vary according to expression 2.28:

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.

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—. The magnetic field is also determined by 

changes in the RF current.

Vt phase = tan ' —  
V to

(2 .28 )

dt
(2.29)

(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

RFout

Vout

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

21
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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 —— 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—'—.

The use of flat printed circuits strip-lines at microwave frequencies was 

first reported by Barrett & BarnesM 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

Fig. 2.8 Schematic Illustration 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 = -1 0  * log (dB) (2.31)
în

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 = -1 0  * log(l -  - ^ ) ( d B ) (2.32)
în

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

loss can create thermal issues.
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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 (dB)
p
1 RFL

(2.33)

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

directional coupler topologies are in Fig 2.10.

RjEmI—

Fg en I— ■

EELF|

— Il o a BI

f - €ofipl

Fg en I— 1 . * — Il o a BI

HfwBI

 ILOADI

H fw BI
-rtr

IRFLH
HfwBI Ir f l T- 1

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 

Vf and Vr. 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, I 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 (Vf and Vr) 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.

£
Microstrin lines

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.

Substrate

Graurid plane
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SOOhm
SOOhm

JL
- r

Fig. 2.12 Vf and Vr 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 Ve. Vm 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:

28

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



(2.34)

Notice that the magnetic induced voltage term Vm 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.

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

One of the boundary conditions for the proper functioning of the directional 

is that reflected voltage Vr is zero when the line is adapted or matched to the 

generator and no reflected wave occurs. This electrical boundary on Vm is 

accomplished by balancing the ratio of Vm and Ve 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).

The "{eft-hand* rufe
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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)
2 7W

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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Applying Faraday’s Law:

, ,  - ju 0L \n (—) „
V = = ___ a -£ . (2.39)

dt 2n dt

For a pure sinusoidal signal:

I  = I 0 sin(cyf + <p) (2.40)

co is the radian frequency:

(0 = 2 4  (2-41)

cp 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 Vm may be positive or negative depending on 

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

placement.

- / / 0I ln ( - )
Vm = ------   — I 0(0 cos(cot + cp) (2.42)

2 n

K  = - I m L  ln(—) / cos(cot + q>) (2.43)
a
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Fig. 2.16 Electrical Representation of a Current Pickup Loop

Vm =  - I 0ju0L \ n ( - ) f  cos(at + cp) (2.44)
a

In conclusion, the RF voltage generated by a directional coupler loop by a 

magnetic field will be expressed by the formula 2.45.

Ki 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

Vm = - Z / / 0/ c o s ( 6 V  +  <z>) (2.45)
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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:

Sx = Ax s in^ , + cpx) (2.46)

S2 = A2 sin(cy2 + <p2) (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.

(ox + a>2 + cpx + cp2 j +

A A (2 48)
cos[(0 , -  0) 2 )t + <px -  (p2 ]

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, I, (j> 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 

calculations and A/D (Analog to Digital conversion)—— as detailed below. No 

matter what kind of RF input sensor is used (directional coupler or simple V/l 

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. I 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.

W .V L z I i V l -J i K z  (2.49)
u

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

Z.

X = X1 -X 2 AD835
X2

XY XY+Z
WOUTPUT

Y2 Y = Y1 -Y 2

Z INPUT

Fig. 2.17 Analog Multiplier Schematic Block

If the design will incorporate a digital circuit, a simple calculation of Vrms is 

enough. The digital circuit will have to do the conversion from peak voltage Vpk to 

average voltage Vrms 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 multiplying the peak voltage 

by 0.707:

^ = ^ * 1/2 / 2  (2-50)

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

2.18:

V10 D1N914 >  R6 
1uF *£lkC2

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 2.1 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, Tl, 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:

Em bedded 18x18 bit m ultip liers to support h igh-perform ance 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 I/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 I 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 process1'— 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—— 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 Measurem ent 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/l 

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 <p 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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V

Fig. 3.1 v and i Phasor Diagram

According to Fig. 3.1 the sum of the angle a and cp is 180 degrees 

a = n-q> (3.1)

cos a = cos(;r-#>) = - cos (3.2)

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

X 2 = V2 + 12 -  2VI cos a  (3.3)

X 2 = V2 + I 2+2VIcos(p (3.4)

x 2- v 2- r
COS ( p - - (3.5)

2 VI

The sign of the phasor (p determines an extra vector termed V (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 I is 

illustrated in Fig. 3.2.
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Ab

Ab

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 I, then the module value of the angle (p 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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V

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 Ywe can also calculate sincp to 

determine the sign of the angle. We apply again the cosine theorem, however 

this time on the triangle that includes vector phasor Y:

Y2 = V 2+ I 2 + 2VIcos(<p + j ) (3.6)

, n. n  . . n  (3.7)
cos($> +  — ) =  c o s ^ c o s ^ - -  s in$?sin— =  - s i n  7̂ '  '

Y2 = V2 + I 2 -2VIsin<p (3.8)

(3.9)Y2 - V 1 -  I 2
sin ( D - --------------------

2V1

cos (p =  cos(-^>) (3.10)

sin tp =  sin(^- -  (p) (3-11)

The sign of costp and sincp functions are summarized below by quadrants.
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90

sinx
cosx

180

270

Fig. 3.5 Cos and Sin Sign in all 4 Quadrants

sin(;r -<p) = sin n cos cp -  cos n sin (p = sin <p (3.12)

With the angle cp 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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Ab

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 2.5

50-70 3

70-75 3.5

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.

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



3.3 Analog Dominated RF High Power Measurem ent Technique #  
2 - Real/Reactive Power Triangle Method

Implementing mathematical functions using analog design can still 

surpass computing limitations for some applications—. 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:

!  -srO)2y + (P\ + ^ 2] +

A A (3'13)
cos[(®! -  co2 > + <px -  <p2 ]

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

signal is filtered out):

/ ( * )  =  — - a 2)t + (px -cp2] (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, I, Q and I that enter into a digital signal processor for calculations for the 

power and impedance triangles.

Local
Oscillator

*]Low Pass 
Filter

Calculus
Module

-90deg

*j Low Pass 
, Filter

JJ

Heterodyne Low Pass Filter Analog Calculation DSP

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 cp.

54

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



P -  F/cos^ 
Q = VI sin cp

(3.15)

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.

This technique provides the user with four terms with which to determine 

the characteristics of the load. The values of V2 and I2 as well as the in phase 

and quadrature phase products of V and I 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, I2, 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:

sin#> - cos(<p ) (3.16)

Z  = R + j X (3.17)

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

R =
P

(3.18)
rms
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X ~ j 2 ~  (3.19)
rms

Expression 3.20 calculates the phase of the current with respect to the voltage.

(p = ta n 1̂  (3.20)

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

expressions 3.21 and 3.22.

V 2j j    rms
(3.21)

V 2  rms .(3.22)

This technique depends on either a digital processor or software to calculate 

load impedance— —. 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—’ — 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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PASS

FILTER
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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/l 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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Signal

Processor

7 7 7 V^ v s  vo ^L x v c

Cal Factors

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 Zvs.

b) Open circuit will generate the calibration constant Zvo.

c) 500 load (adapted load) will generate the calibration constant Z lx-

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

calibration constants Vc, respectively lc.

The DSP calculates the load voltage V, current I, and impedance Z for any 

arbitrary load using the following correction formulas:
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The absolute accuracy for this commercial measurement system (MKS V/l 

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

I 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 majority of the RF generators employed for plasma processing have 500 

output impedance. Even the exceptions are typically 500 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-500 output RF generators, power is measured into 500 load 

and calculated based on efficiency (losses) of the variable (or fixed) match (see 

Annex 1).

Both radio and broadcast equipment are using 750 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.

I 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 number of components was minimized based on the 

consideration that fewer parts would generate fewer errors. I 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 multiplier1 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.
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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 Vf and the reflected voltage Vr from a strip-line sensor.

V r 

(<Pin)

Sensor, 
Analog circuit

a „ V

a22V 2r

Op out)

Firmware

(<P>

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.
I

a

s?
i

II *

v 2v f
Vr_ out _ I

<N
I

(4.1)

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

an analog amplification present in the forward ( « n )  and reflected ( a12) channel.

A =
an 0 

0 a22
(4.2)

The second step (digital) is to correct (calibrate) the signal.
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Matrix B contains the correction information obtained either from a function or 

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

B = K  b \2  b 13

b 2 \ b 22 b 22
(4.4)

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:

bn- Correction slope of the forward signal

bi2- Cross-talking correction factor (from reflected to forward channel). In an 

ideal case this element is 0.

bi3- Correction offset of the forward signal

b2i - Cross-talking correction factor (from forward to reflected channel). In an 

ideal case this element is 0.

b22 - Correction slope of the reflected signal 

b23- Correction offset of the reflected signal

Two other correction algorithms that are suitable are polynomial interpolation 

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

employed a matrix B for every calibration point tested.
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To eliminate the drifting hardware offset compensation I 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).

YesN=10

No

N=?
Offset=?
Correction Factors=?  
Measurem ent Results= 7

Circular
Averaging

DisplayCorrection
Calc.

Get
VF&VR

Subtract
Offset

Serial
Interface

Get
V  FWDoffset 

VRFLoffset

Fig. 4.2 Real Impedance Line RF Power Instrument - Signal processing 
Flow Diagram
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The methodology outlined in Fig. 4.2 will remove errors due to hardware- 

offset drift plus will give a quantitative indication of the hardware stability with 

time and temperature. Next, we examine a series of experimental results 

employing this methodology.

4.3 Experimental Results for the M ultiplier RF Power 
Measurem ent Technique

Fig. 4.3 depicts the schematic block of the proposed pathway for RF real 

impedance line measurement employing a stripline sensor and digital correction.

Experiments were run to measure V2f and the offset values at 13.56MHz for a 

power level up to 3000W.

Scale

Scale
BP Fitter

BP Fitter

Analog/
Digital
Converter

Digital
Correction

Interface

Fig. 4.3 Real Impedance Line Power Measurement Technique -  
Schematic Block Diagram
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As a power reference I used a NIST traceable transfer standard. The 

topology was a 13.56MHz/3kW APEX RF signal generator followed by the Unit 

Under Test (UUT) and the transfer in standard into a tuned 500 load (Fig. 4.4).

si4ji measured here!

30 OHM UOAB

D O O S Q P O O U
□ □ o o d q o d L *

Fig. 4.4 Experimental Setup to Evaluate the Power Error Measured in a 
Real Impedance Line

The initial purpose of the experiment was to evaluate what kind of digital 

correction would be required for the proposed schematic block setup of Fig. 4.2 

in order to achieve minimum error. This is based on a linear relationship between 

multiplier voltage and input power. Later, after the proper correction is set into the 

digital circuit, the same setup was used to check the accuracy of RF power 

measurement.

To evaluate the digital correction factors I varied RF power at three different 

RF power levels between 600W and 3000W and recorded the forward voltage 

output of the analog multiplier and the forward offset. In order to achieve
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maximum accuracy I used well-known power levels, based on the calibrated RF 

transfer standard.

Measurement results are presented in Table 4.1.

Table 4.1 Multiplier Voltage Out vs. RF Power In- Experimental 
Measurement Results

Transfer Standard 

(W)

UUT

Multiplier Outputpwo (V)

UUT

OffsetFWD (V)

Power Slope 

(W/V)

600.15 0.962 0.0304 644.21

1122.54 1.828 0.0304 624.46

2995.81 4.94 0.0304 610.19

As it can be observed in Fig. 4.5 the design using a multiplier1- is a linear 

solution that would require just two coefficients to correct it: gain slope and offset 

intercept. Notice the linear interpolation factor R2 is one (100% correlation).
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Power vs DUT output- 500hm multiplier design

3500

3000

2500

5 2000

1000

500

2 60 1 3 4 5

UUT Power (V)

y = 602.15x + 21.284 

R2 = 1

♦  Multiplier -Power detector 
design Standard(W)

 Linear (Multiplier -Power
detector design 
Standard(W))

Fig. 4.5 Interpolation of the Multiplier Voltage out vs. RF Power In

Analyzing the design solely based on the analog block and in ideal load 

conditions (laboratory conditions) would lead to the conclusion that the power 

error is zero. Next we examine the multiplier circuit for various errors.

The following set of equations can describe the multiplier circuit power 

relationship:

Power = O ffset + V j * Slope 

■ O ffset = 21.284Watts (4.5)
Slope = 602.15Watts / Volt

Using an A/D--with 16bit resolution would introduce a theoretical 

quantization error that is at least 1: 65536 from the full scale. This introduces an 

error due to the resolution of the AID.
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For a 3kW full scale the maximum resolution is 45mW or an equivalent error 

of 0.0015% from full scale.

For my comparison experiment I used an Analog Devices1 multiplier AD835 

and a Texas Instruments2 16bit A/D converter with a Maxim voltage reference to 

see the effects of addition of such circuits such as thermal drift.

Environmental
Chamber

RF
Generator

Reference
StandardDevice 

Under Test

rB w ar i
 ̂i \ ‘.b fljr)
QQQQQQOQController

D D D O O O a aaooDOBaa

Fig. 4.6 Setup for Thermal RF Power Drift Evaluation

A major question related to the performance of the circuit is the temperature 

stability of the circuit, which has the main contributors: thermal drift of the input 

filter, A/D voltage reference— — drift and the output multiplier drift.

The Maxim—Voltage reference had an advertised 15ppm/°C thermal drift. 

The multiplier AD835 spreadsheet was giving only an offset thermal drift; there 

were no mentions of any other thermal drifts.
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For the thermal evaluation I used a standard environmental chamber. An 

ultra-stable RF signal generator fed the input of the multiplier (the stripline and 

input filter were not in the circuit). Analog readings of the output of the multiplier 

as well as the digital output of the A/D were recorded.

Input filters for both Vf and Vr signals are band-pass passive filters built with 

regular capacitors—— and ceramic inductors—— .

The inductors that I used were manufactured by Coilcraft— and had the 

following thermal specifications:

Inductor Specification 

Ceramic core

+25 to +125 ppm/°C typical over operating temperature and frequency 

range specified in the product table.

To examine the inductance drift with the temperature we did the following: 

Inductor Test method/condition

Inductors were placed in an LC oscillator circuit. The inductor was the only 

portion of the circuit in the environment chamber. The change in L will be 

indicated by the change in frequency and calculated using the following 

equation.

f 2 -  f 2
TCL = -----—— (lx lO 6) (46)

f x\ tx- t2y  (4b)

I used capacitors from AVX Corporation— and they had the following thermal 

specification:

Capacitor Specification
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Ceramic core

+/-100 ppm/°C from -55°C to 125°C

For my sensitivity analysis I used a pass band filter centered on 13.56MHz 

(Fig. 4.7). L and C values are shown for 27°C. The values of L and C at 

125°C are shown in Fig. 4.9 and Fig. 4.11.

R 7  L 1  C 1  2 7 0 p F  L 2  R-B 2 7 0 p F  L 3

, ^ • 3  1 0  6 8 0 n H  ^  t
R5 - : C2

'J' ,G ] 27°PF
"-'n  v ’n

eaonH io X
R 6  • C 3  
t G  1 2 7 0 p F

C 4  6 S 0 n H  1 0
R1 ; BO

I

Fig. 4.7 Schematic of the Band Pass Filter simulation at 27°C

The simulation of the filter was done using PSpice——. The transfer 

function of the Band Pass Filter at 27°C is simulated in Fig. 4.7. Per the 

simulation the filter has an attenuation of the first harmonic (27.12MHz) of 

21.82dB, obtained as follows:

In general we know that:

. . .  Amplitude
Atteni - ^ e  (4-7>

~,ndAmplitude
2  harmonic

For my simulations conclusions we could measure the fundamental and 

the 2nd harmonic values.

Likewise for 3rd harmonic:

Attenndu . =20log 6-6564 =21.82dB (4.8)
2 harm onic 539327
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A ,, Amplitude fundamental , it>\ m
A “ m > - * —  =1W 0i Am pU tuck^ idB) < 4 '9 )

1 3 harm onic

Calculated data shows the 3rd harmonic attenuation:

, 6.6564 . ^
Atten_rdu =201og-------------=46.26dB (4 10)3 harm onic Q32369

The third harmonic (40.68MHz) level is 46.26dB below the fundamental 

(per the simulation).

The above simulations were confirmed by measurements taken with the 

Network Analyzer to find measurements within 1dB of the simulations.

D a t e / T i r r . e  n u n :  0 3 / 1 4 / 1 0 6  1 2 : 3 9 : 3 0  T e m p e r a t u r e : 2 0 . 0

(A) FiitarSim.dat.

. GV -1

(27 XC 1M ,.539

GV-f-
50 MHz1CMH: 4 0MH:

;Cjuency

Fig. 4.8 Transfer Function of the Band Pass Filter Simulation at 27°C
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As the next simulation step I considered that the ambient temperature would 

vary between 25°C and 125°C. After separately analyzing the effect of the 

temperature over all the filter components, I superimposed the results to see the 

effect on the entire filter. I considered for the inductor a drift of +100ppm/°C; 

therefore the overall drift of the inductor (across full temperature range) would be 

1%. See Fig. 4.9 for the L values at 125°C.

iV)
R7 L1 €1 27QpF L2 R8 270pF ^  R10

i( ? 3  m  6 8 7 n H  TtOV{̂ j R5 C2
X  tG 1 27DpF

•■■'rv

687nH tO
R6 • C3 
tG  I 270pF

• 0 r
C4 887nH 10 1

R1 • £0

i

Fig. 4.9 Schematic of the Band Pass Filter with Inductors at 125°C

D a t e / T i m e  r u n :  0 6 / 1 4 / 1 0 6  1 1 : 1 3 : 0 0  T e m p e r a t u r e :  1 7 , 0

(A) F i i t e i \ S i i r t . d a t

C . 0V -»

C V

1 14m)

 (4il^
0V +  -

0Hz 4 0MHz10MHz

Fig. 4.10 Transfer Function of the Band Pass Filter Simulation with 
Inductors at 125°C

76

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



I considered for the capacitors also a drift of +100ppm/°C with a change of 

1% in value over the temperature span of 25°C to 125°C. Values of C at 125°C 

are shown below in Fig. 4.11.

\0Y-
r'"D

R7
10

t1  C1273pF

• • • v ■ h i ------------ 1
f iS O n H  >

R5 C2
IQ  I 273pF

l;

L2
eeonH

RS

10
R8
t G I

C 3
273pF

273pF L3
HI • ' ' '

C4 6S0riH

R10

10

(V'

R1 ; ED

Fig. 4.11 Schematic of the Band Pass Filter with Capacitors at 125°C

D a c e / T i m e  r u n :  0 8 / 1 4 / 1 0 6  1 2 : 4 3 : 1 2  T e m p e r a t u r e

(P.) FilterSim.dat-
8 .  OV -

€ .  0V -<

4. Cv -1

. OV -1

5 jMH:
F r e q u e n c y

Fig. 4.12 Transfer Function of the Band Pass Filter Simulation with 

Capacitors at 125°C
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According to the simulation, +100ppm in value change of the inductors over 

100°C will produce a drift of 0.04% in signal amplitude at the fundamental 

13.56MHz. The same thermal drift for the capacitors will produce 0.217% drift in 

signal amplitude at the fundamental 13.56MHz.

The above errors are an extreme temperature swing. In order to avoid any 

filter temperature drift I used Negative-Positive-Zero (NPO) capacitors and air 

core inductors. These types of components would give almost zero thermal drift. 

To double-check the hypothesis I heated and cooled (only) the filter area while a 

stable signal generator was connected at the input. The filter was stable under 

constant temperature, but it was exhibiting some drift when it was experiencing 

temperature transitions.

To evaluate the thermal drift for the entire circuit, such as multiplier, I used an 

Environmental Chamber and I set conditions as depicted in Fig. 4.6. The RF 

Generator, measurement equipment as well as the Reference Standard was 

maintained at constant temperature during the entire experiment. Only the 

Device Under Test was placed in the test chamber. Temperature of the 

Environmental Chamber was varied between 10°C and 45°C and output power 

from the Device Under Test was observed. Sufficient amount of time was allowed 

to the entire system to stabilize.

The test was run at constant 1000W at 13.56MHz. This resulted in an 

average drift of 0.105%/°C that was only due to the multiplier circuits placed in
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the stress chamber. All other parts in the circuit were zero drift or were low drift 

and matched.

After the thermal drift effect was loaded in the firmware the circuit was re­

tested using the empirical correction.

Table 4.2 Power Error into Real Impedance Line. Test Results

Reference Standard (W) Device Under Test (W) Error (%)

72.81 72.76 -0.07

91.96 91.99 0.04

121.77 121.49 -0.23

164.58 164.46 -0.08

229.24 229.31 0.03

319.98 319.97 -0.00

455.46 455.77 0.07

655.86 655.73 -0.02

947.68 948.55 0.09

1377.52 1379.04 0.11

2005.67 2007.10 0.07

2926.95 2929.01 0.07

This final test results for the multiplier technique with correction are accurate 

and repeatable. Multiple tests did not exceed a power error of 0.3%.
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4.3 Double Diode Peak Detector RF Power Measurem ent 
Technique

The classic approach to measuring RF Power is to use a diode 

detector/rectifier and an R-C load to peak detect the voltage proportional to the 

RF power. A basic approach is depicted in Fig. 4.13 but several other variations 

(like a combination of positive and negative peak detectors) are in use——.

R7
v w

D1N314V10 R6

C2

Fig. 4.13 Voltage Detector Using a Diode

The main drawback for this design is the finite threshold value ( Vt )of the 

diode. If the input voltage does not go above the diode threshold value the output 

will be virtually OV.
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Fig. 4.14 Characteristic Output of a Diode Detector

As long as the input signal is at a relatively high level compared to Vt, the 

output signal is available (Fig. 4.14).

A SPICE simulation of the diode detector circuit from Fig. 4.13 at three 

different input RF voltages (1V, 4V, 10V) supplied the peak voltage DC results 

depicted in the graph in Fig. 4.15.
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Diode Detector Simulation results
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Fig. 4.15 Diode Detector Design - Output Voltage vs. Input RF

The Diode detector approach works well at input voltage levels above 1V. 

The low Vrf interpolation (Fig. 4.15) of the output signal shows little error but it 

also emphasis the offset. Unfortunately, the offset cannot be digitally corrected; 

therefore a different approach should be used for low voltage RF signal.

One variation of the diode detector is the use of the diode detector without 

threshold through DC bias. This solution works better but it still has limitations in 

frequency response.
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The alternative solution that I proposed in this thesis is depicted in Fig. 

4.16. Advantages of this approach are the lack of voltage offset and almost zero 

thermal drift.

I proposed a pair of diodes as in Fig. 4.16 biased with a DC current in order 

to get deep in the linear characteristic area. In DC analysis both diodes are 

forward biased and the voltage at pin 1 is OVDC or very close. If we carefully 

match the +/-5V power supplies, the diodes Vt threshold match, and the resistors 

accuracy this goal can be achieved.

If we apply an RF signal at the input of the circuit (C1), because of the bias 

current, a voltage will also be present at the cathode of diode D1 (see Fig.4.16). 

The RF signal is then filtered by the capacitor C2.
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C l 100n
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V3
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1
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T.R6 
1uF vlk
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Fig. 4.16 Double Diode Detector Design- Schematic Used in Simulation
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The SPICE simulation of the circuit of Fig. 4.16 confirmed that the output 

voltage is linear dependent on the input RF signal with no Vt offset effects as 

shown in Fig. 4.17.

Double -diode voltage detector-Simulation result

800

700
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y = 74.167x -9.2994  

R2 = 0.9998>  500 i 
E
+430 400
>1

^  300
♦ DC-Vout (mV)

 Linear (DC-Vout (mV))200

10 120 2 6 84

RF In (V)

Fig. 4.17 Simulation of the Proposed Circuit Confirmed Linearity

The next step in design feasibility of the double-diode peak detector was to 

implement the circuit and test the performance. To achieve maximum 

performance, I selected a chip containing a pair of HSMS2812 diodes. The 

manufacturer (Avago/Agilent—) guarantees that the pairs are taken from the 

same sites on the wafer, so the performance of both diodes should be as close 

as possible. The diode pair was used in the voltage forward Vf and voltage 

reflected Vr peak detectors to achieve a threshold voltage Vt=0.
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4.4 Experimental Results for the Double Diode Peak Detector RF 
Power Measurem ent Technique

K,V,

Scale

Scale
BP Filter

BP Filter

Digital
Correction

Interface

Analog/
Digital
Converter

Fig. 4.18 Double Diode Peak Detector Design - Schematic Block

Unit under Test (UUT) measurements were done at 13.56MHz and with a 

power level up to 3000W by measuring both the peak output voltage and the DC 

offset.

Table 4.3 Double Diode Peak Detector Design - Test Results

Transfer Standard 

(W)

UUT

Vfwd (V)

UUT

Offsetn/vD (V)

Power Slope 

(W/V)

600.15 2.194 0.781 300.59

1122.54 2.807 0.781 273.47

2995.81 4.268 0.781 246.38
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Test results sensor UUT voltage output versus input power revealed that the 

circuit is not linear, but the results are still predictable using a second-degree 

polynomial interpolation (Fig. 4.19).

Power vs DUT output- diode detector design

3500
y = 207.33x2 - 184.66x + 7.2931
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•M(O
1000

500

0 1 2 3 4 5

UUT Power (V)

Fig. 4.19 Double Diode Peak Detector Design Circuit Voltage Output can 
be approximated by a Second-Degree Polynom

Empirical calculations with the test results provided the polynomial calibration 

coefficients a, b and offset.
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Power = aV f 2 + bV  f + O ffset 

O ffse t = 1293\W atts
1 (4.11)

a = 207.33

Z? = -184.66

4.5 Conclusions

Two methods for measuring RF power on real impedance lines were 

presented: zero Vt double diode peak detector and the analog multiplier method. 

Results are analyzed and fit to polynomials. Both techniques are suited to using 

three corrections to the sensor signal: a software auto-zero, lookup table 

correction and temperature compensation.

Because of the nature of RF circuit components it is impossible to build an 

analog instrument that would measure RF power with better than 1% accuracy 

without look-up corrections.

Using a combination of analog circuits and digital correction, an accuracy of 

+/-0.3% can be achieved versus a reference (transfer standard).

The largest error contributors turned out to be the temperature drift from self 

heating and exterior ambient temperature variations. Correction tables for 

temperature coefficients help maintaining the accuracy under control.
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CHAPTER 5

Novel RF Measurement Technique for Complex 
Impedance Lines and Loads: Digital Direct Sampling

5.1 Background

The RF based semiconductor manufacturing industry is characterized by the 

need for tight process control in order to achieve both increasingly difficult device 

structure geometries and higher yields.

RF measurements into real impedance lines, placed outside the plasma 

chamber, provide information about the amount of RF power delivered to the 

plasma inside the process chamber. However, other physical components of the 

RF plasma delivering system, like the RF match networks, can change the final 

result of the process (etch or deposition rate) even when the level of applied RF 

from the power source is the same.

In his 2003 keynote address at Advanced Equipment and Process Control 

(AEC/APC) XV1, Tom Sonderman of AMD reiterated the truism that, "Your ability 

to control a process is directly related to your ability to measure the process."
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Using RF metrology placed as close as possible to the work piece we gain better 

measurements and control of the RF plasma process.

There is no consensus on the precise definitions for the metrology terms: 

integrated metrology, in situ metrology, in situ sensors, and process and 

equipment sensors. This leads to considerable confusion, unless we clarify the 

terms.

Integrated Metrology has many uses in the control of etch and deposition 

processes, such as film thickness monitoring, endpoint detection of a process 

and a large variety of fault detection conditions that might occur during a process.

The expression "integrated metrology" is used by many in the semiconductor 

industry to illustrate the capability to measure a wafer feature or a wafer property 

that characterizes a process internal to a piece of process equipment. The term 

"in situ metrology" describes the same thing, although this term is frequently 

used to describe the capability to make the measurement directly inside the 

process chamber itself, during processing. For example, the use of in situ 

metrology to measure film thickness during a deposition process enables true 

real-time process control for a film deposition tool that seeks precise film 

thickness. The deposition process can be stopped as soon as the in situ 

metrology reports that the proper film thickness has been achieved. In this 

example, in situ metrology is useful when deposition rates are unstable over time 

or have excessive or unpredictable drifts.

If process repeatability is achieved, true in situ metrology is not required for 

adequate process control. Many times in situ metrology is required only for first
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time development of the process recipe. Once the process is stable, standalone 

metrology can be used in a run-to-run control methodology to correct for small 

drifts in future deposition runs in the same deposition/etch tool.

As a generic example, in Fig. 5.1 RF plasma conditions are monitored using 

current and voltage probes (measurement sensors) placed in between the 

variable match and the process chamber.

500 Transmission 
Line

Plasma
Chamber

RF
Sensor

RF Meter

RF Power 
Supply

Variable
Match

Fig. 5.1 RF Power Sensors can be Located Outside the Process 
Chamber

RF metrology--4 is also critical to fault detection during a process and 

chamber status. Most important tasks are the early detection of equipment or 

process faults such as electrode wear or undesired depositions on chamber 

walls.
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Both RF driven etch and deposition processes require stable RF plasma 

conditions. Brouk and Fleckman have described how plasma instabilities result 

from the interaction between the plasma condition and RF generator5. Since 

probing inside the plasma chamber can be more difficult, plasma control can be 

achieved by monitoring RF circuit parameters outside the reactor. Sobolewski 

discussed how total plasma ion current, electrode sheath voltage and ion energy 

distributions impinging on the wafer could be determined by measuring the RF 

external current and voltage delivered to the biased chamber electrode5.

The RF measurement technique presented in this chapter classifies as 

external to the plasma chamber. The external RF method is enabled by 

advancements in Digital Signal Processors as detailed below.

5.2 Theory of the Direct Digital Sampling RF Measurem ent 
Technique

The method proposed for measurement characteristics in complex 

impedance environment can be categorized as a direct digital sampling method if 

compared to all previous methods, which employ mostly analog circuits. The 

drawbacks of analog based methods were related to complexity, lack of accuracy 

at high VSWR, uncontrollable thermal drift and the difficulty to calibrate.

Direct digital sampling technique acquires in parallel both input signals (Vf 

and Vr or V and I) and process them entirely digitally. The advantages of this 

method are the reduced number of analog circuits, stability and easy of 

frequency agility. Digital direct sampling works at different frequencies without
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hardware changes as long as fast A/D hardware is available. The direct sampling 

method is mostly used in GPS radio receivers2 —(radar, satellite) applications 

but lately has also been used on RF instrumentation—’ 1-.

There is a one to one mathematical relation between the Forward 

Voltage/Reflected Voltage (Vf/Vr) pair of signals and the RF line Voltage/Current 

(V/l) pair. Hence the same downstream RF measurement algorithm can be used 

with either a V/l sensor pair or a directional coupler providing Vf and Vr. The 

choice between front-end sensors depends on the particular application. In 

general, a V/l RF sensor is a better choice for measuring low impedance loads.

The hardware schematic block (Fig. 5.2) of the method analyzed in this 

chapter contains three basic blocks: an RF sensor (directional coupler or V/l 

sensor), an analog circuit (filter and scale the signal for maximum dynamic) and a 

digital circuit for calculating both impedance and power as well as for I/O signals 

(2 channel parallel A/D and a Digital Signal Processor).

Correct 
Compute 

Freq. 
Selection 

Data Com.

V/I Sensor 
or

Directional
 ̂ Coupler

v  1

Filter

Digital
Circuit

F W D = 8 8  8 8 8 W  

R F L = 0 0 .0 0 0 W

RF v 
Sensor

Analog
Circuit

Fig. 5.2 Hardware Schematic Block of the Direct Digital Sampling RF 
Measurement Technique
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The RF signal is acquired thru the input sensor and analog scaled and filtered 

before input of the A/D. The analog filtering is optional because a frequency 

selection is implemented into the digital signal processor. However, the 

undersampling technique requires an analog band-pass filter, as it will be 

explained later.

A major contributor to the errors is expected to be the angle (phase) 

between the input signals (Vf and Vr or V and I). Typically the amplitude of the 

signals is not an issue and can be calculated and calibrated accurately.

From a signal processing point of view, the schematic block diagram of 

direct digital RF measurement for a strip-line sensor is represented in Fig. 5.3.

VK

Sin Cos j

J T

£

I

Correction 
Matrix (4x4)

v fJ

v f_Q, V f_ Q

V„ I

V f_ Q

X

V f J c  ,

Vr-Qc

vTJ c

Calculus
Module

___ .___ y <■.------ .----------------------------------------------V V V'
Sampling Hanning Window Fourier Transform

v

Calibration
Y

RF Calculus

Fig. 5.3 Signal Processing Schematic Block for Direct Sampling
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The RF input signal is sampled as fast as possible (there is a hardware 

limitation but undersampling technique is possible) followed by a windowing 

function (Hann window). The signal goes then thru a Discrete Fourier Transform. 

The output signals are kept in complex form and a correction or calibration matrix 

may be applied. Output of the correction matrix is an accurate representation of 

the sampled signals (Vf and Vr). A final math block will calculate any RF 

information (RF power, voltages, currents, impedance).

The Fourier Transform—’ — is the core signal methodology used to process 

the signal for my application, therefore I am going to present all the aspects 

related to this key step.

5.2.1 Fourier Transform for Continuous Functions

For a continuous waveform f(t) with the highest frequency component fh, 

the Fourier Transform— F(f) will be defined mathematically as:

(5.1)

F(f) is a complex function with boundary conditions 5.2.

F ( / )  = 0 for / > / * = < > (5.2)
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The condition for alias-free sampling at digital rate fs (in waveform samples per 

second) will be then:

fs > 2/a (5.3)

fs is traditionally called Nyquist rate or f h < f j  2 where fh is the Nyquist

frequency. This inequality is essential to meet as I will demonstrate later. If the 

sampling frequency fs is exactly twice and not greater then the bandwidth of the 

input signal, then phase mismatches between the sampler and the signal can still 

dramatically distort the measured signal. For example, sampling a signal defined 

by cos(7in) at t=0, 1, 2, ...will give you the discrete signal cos(7in), as expected. 

However, sampling the same signal att=0.5, 1.5, 2.5,... will give you a constant 

zero signal. These two sets of samples, which differ only in ampling phase and 

not in frequency of sampling, give dramatically different results because they 

sample at the critical frequency, instead of strictly above the critical frequency. 

This result provides a clear rationale for meeting the strict inequality of the 

sampling condition, and is the reason why the sampling rate must allways 

exceed the critical frequency.

The time interval between successive approximations is a constant and is 

referred as the sampling interval. It is typically given in seconds as:

r  1T = - J  (5.4)
J s
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The Fourier inverse transform is mathematically defined as:

oo

/ ( / ) =  \F ( f )e> “ dt ( 5 .5)
—CO

where j is the square root of -1 and e denotes the natural exponent

eJ(0< = cos(ryf) + j  sin(raf) (5.6)

e~J0)t = cos (cot) -  jsin(cot) (5.7)

In general the Fourier Transform, in frequency space, is a complex quantity:

F ( f )  = R ( f )  + _ //(/) = \H (f)\e’ " w  (5.8)

R ( f )  is the real part of the Fourier Transform and 1 ( f )  is the imaginary 

part of the complex Fourier Transform.

is the absolute amplitude of the Fourier spectrum and is given by

the relation:

\H(f)\  = j R 2( f )  + l \ f )  (5.9)

&>(/) is defined as the phase angle of the Fourier Transform at frequency f and 

is given by the relation:
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(5.10)

Each of the above mathematical functions represents various forms of the 

continuous Fourier Transform. However, for digital signal processing applications 

(like the one discussed on this dissertation) the continuous Fourier transform is 

not employed. Rather a particular case is employed. The Discrete Fourier 

Transform (DFT) is discussed below.

5.2.2 Discrete Fourier Transform (DFT)

Digital processing requires both digital sampling and a discrete way of 

manipulating the measured data. The Discrete Fourier Transform— is the 

mathematical method employed to process discrete waveform data in order to 

obtain the spectral image of the input waveform. The final result of the DFT is 

physically correct and similar to the continuous Fourier Transform if a series of 

conditions and restrictions (discussed below) are met.

Applying the change in the limits of integration to the Fourier Transform 

formula 5.11 we obtain expression 5.12.

(5.11)
-oo

0
(5.12)
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If the signal is repetitively sampled with a period 7 during a time window Pfor a 

finite number of samples N, then the DFT representation becomes:

Unlike the integral form of the continuous Fourier Transform, the Discrete 

Fourier Transform will have the frequency spectrum representing a discrete 

collection, usually referred as frequency bins. Some information, contained in the 

f(t), may be lost if the frequency bins are not selected correctly.

For my application, the signal f(t) that I am analyzing is sinusoidal and has 

a known frequency, therefore this error (discrete frequency bin or “picket fence 

error”) is not present. If the continuous time signal f(t) is represented by N 

samples x(n), sampled with a period 7, then the DFT function X(k) is 

represented by:

with k=0,1, 2,..., N-1. Rearranging the power of “e” term in equation 5.14 to 

emphasis the frequency (instead of “bin number”) by multiplying by P/P we 

obtain:

- j ln k n T  
NT J

t <—nT  

dt ^— T 

P = NT

(5.13)

1 N - 1 - j ln k n
4- X . 1 /  x  \ J

(5.14)

p
j  JV-l - jlT tk n N T

NP (5.15)
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If we substitute the expression for the period P and we use the notation 

co = 27if we obtain:

X ( f )  = ^ x ( n ) e - ' " T ( 5 . 1 6 )
N  n=0

Here nT is the discrete moment in time when the input signal x(t) is 

sampled and termed x(n). If we substitute the conventional mathematical 

expression 5.17 in the formula 5.16 we obtain the form of the discrete signal as a 

sum of trigonometric functions 5.18.

e~Jml =cos(conT)- jsm{a>nT) (5.17)

Then the DFT be represented as:

X <J) = ^7 S  x(n)[cos(conT) -  j  sin(conT)\ (5.18)
N  n = 0

X ( f )  = ̂ l ] x('7)[cos( ^ r )]_7-^Xx(?7)[sin̂ :r)] (5-19)
N  n = 0 J y  n = 0

x(n) is the “n” sample of the input signal and N is the number of samples.

To avoid complicating the simple physical understanding of what happens to 

the discrete signal when is processed I am not going to include at this point in the 

math the effects of sampling and Hann window (see the convolution paragraph).

Key to the signal processing for RF measurement is that Vf and Vr voltages 

are both parallel sampled; therefore the phase information (between the 

channels) is kept constant. Following the signal-processing path both discrete 

signals are multiplied by sin and cos.

101

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



Let us assume that the Vf and Vr signals from the directional coupler are:

, Vf = AsmicoJ + 0 f ) 
f  f  (5.20)

[Vr = Bsin(cost + <pr)

By choosing to parallel sample both signals, the phase difference <p is going 

to be a constant (p=constant between the Vf and Vr signals, even as the phase of 

the load changes.

9 = <Pf~<Pr (5-21)

A local (digital) sin/cos function generator (see Fig. 5.3) will provide the 

proper values for multiplication to recreate the equation 5.19 sample by sample. 

Note that the generated values correspond to a signal that has the same 

frequency as the input signal. Both “sin” and “cos” functions values are calculated 

for the exact same time interval and the same time (so they would not change 

the difference in phase of the input signals Vf and Vr ).

Indices f, represent the precise moment in time when the signal f(t) was 

sampled. This moment corresponds also to a sample number (within the

observation window) = nT  . Following the signal processing from Fig. 5.3, as a

result of the multiplication of the input Vf and Vr sampled signals with the “cos”

and “sin” functions we obtain equation 5.22. Indices “/” from ^sign ifies the “/”

digital sample of the Vf analog forward signal. Similar notation is used for the Vr 

signal.

v n T / *  r  ^  <5 -2 2 >Vf _Qi =V j1*cos(d)stl )
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I used the notation of Vf  _ / ; forthe digital sample that is multiplied with “sin”

and Vf _ Q i as the expression for the digital sample that was multiplied by “cos”

function. The notation is similar (and has the same meaning) to generic I -Q  

signals that are considered orthogonal (from phase point of view).

If we substitute the values of the signal V we get for the forward channel:

f V, L = A sin («.,/, +<pf )*  sin(6V,)
\  ̂ 1 (5.23)
1*7-Q, = A sin +<Pf)* cos iPsh)

Using trigonometric manipulation we obtain the pair of equations 5.24 for the 

forward DFT:

A (5-24)
Vf  _ Qi = — [sin 9f  + sin(2£ysr,. +<pf )]

Similar calculation is done for the RFL channel to find the reflected DFT pair 

of equations:

The next step for DFT calculation is finding the sum of all the discrete 

samples over the length of the observation window:

Vf _ I ,=  y  [cos <pf -  C0S(2*V,. + (Pf  )]

Vr _ I i= — [cos (pr -  cos(2(0sti + q>r)] 

Vr _ Q i= — [sin<pr + sin(2msti + <pr)]
(5.25)

j  N - 1

(5.26)
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The sum will become:

Vf  _ I  = A -  X  [cos 9f  ~ cos(2G>stt +<pf )]
/=0

a « r  i  ( 5 -2 7 )
/̂ _2 = T^Z lsm«’/ +Sm(2®s'i+ ̂ /)J

AT-1 ,

2N 1=0

The leakage effect is attenuated by the proper observation window -  Hanning 

function window. Then we know that the signal was sampled at regular intervals

iV-1 7V-1
and both sums (^]cos(2costj + <^)and^]sin(2rysr, +^y))  are zero in expression

/=0 /=0

5.28 and 5.29. The zero summing of these two terms is guaranteed either by 

employing coherent sampling or by using a Hanning observation window as it will 

be demonstrated later in the thesis.

T ~ X C0Ŝ / - T ^ Z COS(2*V/ + ^ / )  = ^ COS<Pf (5-28)ZTs /=0 LN i=o /

A A Jrl A
— Z sin^ /  + P /) = ^ sin07 (5-29)
Z iV  j_q Z7V /=0 z

So far, for the forward channel we find the equation pair 5.30:

Vf  _ I  = —cos <pf  

Vf _Q = j s in ^ f

Similar results follow for the reflected channel with the equation pair:

t /  i- BVr _ I  = -co s (p r 

t7 n  B  ■Vr _ Q  = -s m < p r
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Observe that on both channels the results carry the information about the 

phase and amplitude of the input signal.

Up until to this level of processing the signal was arranged in a convenient 

form. Both amplitude and phase are corrupted by errors due to several factors: 

the way the signal was sampled, non-ideal components, printed circuit board 

layout (cross talking) or digital processing itself. As long as all these factors have 

a constant predictable influence over the measuring system we can correct for all 

of them. The easiest way is to use a linear correction. From the way the signal is 

processed we can notice that the output amplitude of the “I” and “Q” components 

are linear dependent with the input Vf:

Vf - f = K  *
coefficient

V, (5.32)
digital_processed_signal " "  input_signal_amplitude

The conclusion is that scaling the input signal up/down will also determine a 

proportional (linear) variation of the processed signal; explicitly the RF power 

scaling can be done only by a proportional factor. This is introduced in the 

formulas as “K \ an amplitude-scaling coefficient.

There are four signals in the Calibration block (see Fig. 5.3) and four 

signals coming out. The mathematical relation between input and output of the 

calibration block is defined by expression 5.33.

(5.33)

V f - 1* ' a l l  a l2  al3 a l4 V f - 1

Vf -Qc = Kx
a2 1 _  a l l  _  a23 _  a24

X
Vf _ Q

Vr _ I c a31 _  a32 _  a33 _  a34 K _ i

r 1 to fi 1 a4 1 _  a42 _  a43 _  a44 O
)ii
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There are no DC input signals to the A/D so I can define the calibration 

matrix A as in expression 5.34.

A =

a l l  _ a l2  _ a l3  _ a l4  

a 2 l_  a22 _ a 2 3 _  a24 

a3 l _a32 _a33 _a34  

a4 l a42 a43 a44

(5.34)

Any DC input signal would add an extra offset term a15 as:

Vf  _ I C = K x a l lx V f  _ I  + Kxa l2xV f _ Q  + Kxa l3xVr _ I  + Kxa l4xVr _ Q + a l5  (5.35)

The final math for the calibration block can be summed in the 5.36 system 

of equations.

Vf  _ I C = K x a l lx V f I  + Kxa l2xV f  _ Q  + Kxa l3xVr _ /  + Kxa l4xVr _ Q  

Vf _ Q C = K xa2 lxV f I  + Kxa22xVf _ Q  + Kxa23xVr _ I  + Kxa24xVr _ Q  

Vr _ I c = Kxa3lxVf  _ I  + Kxa32xVf  _ Q  + Kxa33xVr _ I  + Kxa34xVr _ Q 

Vr _ Q c = K xa4 lxV f _ I  + Kxa42xVf _ Q  + Kxa43xVr _ I  + Kxa44xVr _ Q

(5.36)

In an ideal case, when no calibration would be required, the matrix “A” is 

diagonal with elements “1” and “0”.

A =

1_ 0_ 0_0 
0 _ 1_ 0_0 

0_ 0_ 1_0 

0 0 0 1

(5.37)

Based on this observation we can conclude then the other elements of the 

matrix “A” are measuring the cross talk between the forth channels and they 

would be close to zero for an ideal design.

Another interesting aspect of this method is the rejection of other frequencies. 

We can specify the frequency bin we want to observe by changing the mixing 

frequency fs (see Fig. 5.3). An analogy would be the analog heterodyne circuit
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where you can select the probe mixing frequency to keep the intermediate 

frequency constant and tuned to the low frequency input amplifier.

There are four elements as input to the correction matrix and four elements 

as output. We also take into consideration any possible cross talking (that any 

element can influence any other element) therefore the size of the correction 

matrix should be 4x4. Some of the terms may be redundant (for example term “a” 

has a symmetric effect on term “b” and “b” has the same effect on “a”), but as a 

general form the matrix has a maximum of 16 independent elements.

5.2.3 The Fast Fourier Transform

In 1965 Cooley and Tukey published their abbreviated mathematical 

algorithm which has become known as the “Fast Fourier Transform—”. The Fast 

Fourier Transform (FFT) is a computational algorithm that greatly reduces 

computing time and hence makes the Fourier Transform more real time possible. 

In my application I did not used the Fast Fourier Transform, but I think it is worth 

mentioning as an alternative.

It must be pointed out that the FFT is not a different transform from the 

DFT, but rather just a means of computing the DFT with a considerable reduction 

in the number of calculations required.

While it is possible to develop FFT algorithms that work with any number of 

points, maximum efficiency of computation is obtained by constraining the 

number of time points to be an integer power of two, e.g. 1024 or 2048.
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5.2.4 Approximation of Continuous Fourier Transforms with the DFT

The approximations involved when using the DFT—' — in the analysis of 

continuous time systems must be carefully understood. There are problems that 

arise in the process that may lead to erroneous results unless proper precautions 

are taken.

While the mathematical properties of the DFT are exact, the DFT itself is 

seldom of interest as the end goal. The DFT is usually used to approximate the 

Fourier Transform of a continuous time process, and it is necessary to 

understand some of the limitations inherent in this approach.

There are three possible phenomena that result in errors between the DFT 

computed and the true Fourier Transform. The three major phenomena are (a) 

aliasing, (b) leakage, and (c) the picket-fence effect.

(a) Aliasing. One solution to the aliasing problem is to ensure that the 

sampling rate is high enough to avoid any spectral overlap, or to use an anti­

aliasing filter. This is considered common digital knowledge but there are ways 

around it. Special considerations to aliasing are given in the undersampling 

chapter of this dissertation.

(b) Leakage. This problem arises because of the practical requirement that 

we must limit observation of the signal to a finite interval. The process of
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terminating the signal after a finite number of terms is equivalent to multiplying 

the signal by a window function. The net effect is a distortion of the spectrum.

rACQUISITION BUFFER
1

Fig. 5.4 Measuring a non-integer number of periods adds spectral 
leakage to the FFT

However, the leakage is NOT present if the window of observation is a multiple of 

the period of the observed signal. This is a relatively difficult condition to meet, 

but not impossible. Some authors are using the term “coherent sampling” for this 

technique.

-ACQUISITION BUFFER
r

Fig. 5.5 Measuring an integer number of periods gives ideal FFT
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One way to alleviate the leakage effect is to use a special window of 

observation. We have to employ a time domain truncation function that has side-

* / ■f\
lobe characteristics smaller in magnitude then those of the— function; which 

is the Fourier Transform of a regular window of observation.

Rectangular (no wm tort

I
\A (YYYYYYYYYYYT i
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4-itwi
8lacfcmsi*Ham$
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Fig. 5.6 Representation in frequency of common type of sampling 
windows

One option for the observation window, to alleviate the leakage effect, is the 

Hanning function:

x(t) = — 
2

1 2 nt\l-c o s (— )
Tc

(5.38)

Tc is the length of the observation window; 0 < t < Tc
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Fig. 5.7 Representation in time of different type of sampling windows

(c) Picket-Fence Effect. This effect is produced by the inability of the DFT to 

observe the spectrum as a continuous function, since computation of the 

spectrum is limited to integer multiples of the fundamental frequency f. 

Observation of the spectrum with the DFT is analogous to looking at it through a 

sort of "picket-fence," since we can observe the exact behavior only at discrete 

points. The major peak of a particular component could lie between two of the 

discrete transform lines, and the peak of this component might not be detected 

without some addition processing.

To summarize this section, the DFT algorithm can be used to approximate 

the transform of a continuous time function, subject to the following limitations 

and difficulties.
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The signal must be band limited, and the sampling rate must be 

sufficiently high to avoid aliasing. For computational purposes it is necessary to 

limit (in time) the length of the signal. As a consequence of the limited 

observation time the spectrum will be degraded somewhat by the leakage effect. 

Leakage is most severe when the simple rectangular window function is used.

Components lying between discrete frequency lines are subject to error in 

magnitude due to the "picket-fence" effect.

5.2.5 Undersampling Effect

The undersampling effect can be found in the literature under several 

different names: sub-sampling, harmonic sampling, bandpass sampling or super- 

Nyquist Sampling.

From Nyquist criteria we know that we have to digitize a signal at a 

frequency (called the Nyquist frequency) that is at least twice the bandwidth of 

the signal (some authors would wrongfully mention “twice the signal frequency”). 

In the baseband signals case the bandwidth and the maximum frequency that 

can be analyzed are the same.

There are cases when we are constrained by existing hardware 

limitations. For example, the speed of the A/D converters is not high enough to 

acquire the input signal. One solution to the hardware limitation is the 

undersampling method.
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The answer is that we can acquire signals at higher frequencies than 

Nyquist frequency if several precautions are taken into consideration.

To properly discuss undersampling the term of non-based bandwidth has 

to be clarified. The baseband bandwidth is equal to the highest frequency of a 

signal or system, or an upper bound on such frequencies. By contrast, the non­

baseband bandwidth is the difference between the highest frequency and the 

nonzero lowest frequency. A good example is the FM radio where the signal is 

ranging from 88MHz to 108MHz. This can be considered as a non-baseband 

signal with a bandwidth of 20MHz; therefore it can be sampled with a sampling 

frequency above 40MHz.

Perhaps an easier explanation to undersampling follows changes in 

frequency rather than time.

We know that sampling a signal f(t) at a frequency Fs is equivalent to a 

convolution in frequency (analog to a frequency mixer). On the frequency axis we 

will see the presence of the Fs+f(t) and Fs-f(t). This pair of mixed frequencies 

are repeated every n*Fs, where “n” is the “n” harmonic.

The same mix of frequencies happens in the case of undersampling, but 

this time we are using one of the harmonics of the sampling frequency (this is 

why some authors are using the term harmonic sampling). Since this is true for 

any harmonic it is obvious that we have to use a bandpass filter (at the input of 

the A/D) to reject any other frequencies that may result into images across our 

field of interest.
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To include the undersampling case, the Nyquist theorem must be 

restated as follows:

Let 0<fL<fiH be the lower and higher boundaries of a frequency band of a 

signal, then there is a non-negative integer N and a sampling frequency fs that 

will satisfy simultaneously the following conditions :

If we reduce the above statement for a baseband signal then fL=0Hz and 

N=0, therefore the condition is going to be reduced to fs>2fH (that is the Nyquist 

alias-free sampling condition).

As an example let’s consider the FM radio band to illustrate the idea of 

undersampling.

An FM radio is operating in the band from fL=88MHz to fH=108MHz with a 

total bandwidth of:

According to the undersampling conditions mentioned before, the 

following requirements must be met simultaneously:

(5.39)

(7V + 1 ) A > f H

W = f H - f L =2QMHz (5.40)
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2 ( f H - f L) =  40M H z < f s

L  
2

N ^ r <  f L =  SSMHz (5 .41)

(N + l ) £ - > f H =lO*MHz

Using the result from the first equation and solving the second inequation 

gives us N<4.4. If we proceeding with N=4 then we get the expressions 5.42 for 

sampling frequencies boundaries.

,  2*88 MHz AA%jnT
f ,  < ---------------= AAMHz

4

,  2*108 MHz (5'42)f  > ----------------= 43.2MHz
5

with an interval of sampling frequencies as set of solutions

43.2MHz < f s < AAMHz.

Any acceptable solutions are for N=1, 2, 3, 4. If we select N=3 then the 

solutions for the sampling frequencies are:

2*88MHz re st-urr f  < --------------= 58.66MHz
3 (5.43)

. 2* 108MHz v '
/  > --------------- = 5AMHz

A

with an interval of sampling frequencies as set of solutions

5AMHz < f s < 58.66MHz . Of course, the last solution (using N=3) is not the best

optimization as a higher speed A/D has to be used.

Note that when undersampling a real-world signal, the sampling circuit 

must be fast enough to capture the highest signal frequency of interest. 

Theoretically, each sample should be taken during an infinitesimally short
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interval, but this is not practically feasible. Instead, the sampling of the signal 

should be made in a short enough interval that can represent the instantaneous 

value of the signal with the highest frequency. This means that in the FM radio 

example above, the sampling circuit must be able to capture a signal with a 

frequency of 108 MHz, not 43.2 MHz. Thus, the sampling frequency may be only 

a little bit greater than 43.2 MHz, but the input bandwidth of the system must be 

at least 108 MHz.

If the theorem is misunderstood to mean twice the highest frequency, then 

the required sampling rate would be assumed to be greater than the Nyquist- 

frequency 216 MHz. While this does satisfy the last condition on the sampling 

rate, it is grossly oversampled.

Some A/D converters are specifically characterized for undersampling, 

while others are designed only for baseband sampling. The analog signal path of 

the A/D converter must handle the input frequencies with minimum distortion.

The A/D clock jitter is a concern and can generate some signal indetermination 

(error).

5.3 Experimental Results for the Direct Digital Sampling RF 
Measurem ent Technique

Fig. 5.8 depicts the schematic block of the proposed RF measurement 

solution for RF complex impedance line and loads measurement. The signal 

sensor is a directional coupler that is feeding the forward and reflected voltage 

into a dual channel A/D.

116

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



V r

LP Fitter

LP Fitter

A/D
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Fig. 5.8 Schematic Block for the Direct Digital Sampling Technique

A one-pole low pass filter (25Q+12pF) is used to attenuate any undesired 

high frequency signals. The input circuit (Fig. 5.9), including the input filter, is 

specified by the A/D manufacturer. Other configurations are possible (including a 

high speed single-input to differential output operational amplifier).

VCM
C4

2.2uF
Ain+

R7
-WX

C1 R1
C3

C2
0

H H >
0.1uF

0.1uF
LTC229812pF

V10

reak

R 4

■V/V Ain-

Fig. 5.9 Input Circuit for Direct Digital Sampling Technique
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Both clocks of the A/D were connected together for true parallel sampling. 

The manufacturer is mentioning sampling speeds up and above 300MHz; 

therefore this chip is a good candidate for undersampling. Because of low values 

of the track-and-hold capacitors (4pF) there is a limitation at low frequencies; in 

this particular case it is 1 MHz.

Tests were conducted using a 13.56MHz generator with power levels up 

to 3kW. The circuit was loaded with a variable match that covered impedances 

up to 5:1 VSWR.

Computer

Device 
Under Test

RF
Generator

Reference
Standard

Variable
Match

RF
Out

RF
RF In put RF InRF In Out Out SOOhm

Load

Fig. 5.10 Test Setup for Direct Digital Sampling Technique

The variable match impedance and the efficiency variation (using the 

method presented in Annex 1) were mapped using an impedance analyzer. One 

concern was the difference in impedance at low power (using impedance 

analyzer) and at high power. The design of the variable match had to be

118

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



optimized (range vs. efficiency) to achieve efficiency as high as possible. Careful 

design of the match delivered efficiency in excess of 95% even at high VSWR.

Since the direct sampling measurement method is linear with power, the 

calibration process itself can be done at low powers (to further minimize the 

thermal effects).

so

Fig. 5.11 Impedance Accuracy of the Circuit with Default Calibration 
Factors (Before Calibration)

Based on previous tests a set of calibration coefficients (default values) 

were loaded on the DSP. Fig. 5.11 displays the impedance values measured by 

the device before calibration versus real impedances. The red dot represents the
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true impedance (as measured by Network Analyzer) and the green circles are 

the values reported by the direct digital sampling device under test. Notice that 

the relative distribution of the impedances is similar but affected by an offset. The 

calibration process was done at 300W. The match impedance was changed to 

113 positions, including 50Q. The values reported by the device under test were 

recorded along with the power levels reported by the W-Meter connected to 500 

load.

The calibration process created a set of 113 equations with 16 unknowns 

(calibration factors). The 16 unknowns are the elements of the 4x4 correction 

matrix. A software program optimized the solution and the calibration matrix was 

loaded into the DSP.
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Fig. 5.12 Impedance Accuracy of the Circuit, After Calibration

The measurement process was repeated, this time with the calibration 

coefficients. The result of the direct digital impedance measurement, with the 

device calibrated, in graphical form is depicted in Fig. 5.12.

To verify the repeatability of the device, six devices were tested on a fixed 

load. Typical applications require specifications of accuracy into VSWR=3. A 

fixed load of Z  = 17.00 + y‘2.70 was measured using six different devices.
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Table 5.1 Test Results. Six Different Devices Measured a Fixed Load

DUT ID
Measured
Resistance

R

Measured
Reactance

X

Impedance
distance

(W)

Impedance 
Error (%)

Phase
(rad)

Phase
Error
(rad)

Phase
Error
(cleg)

552750 16.87 1.2 1.51 0.09 0.07 -0.09 -4.96

552753 16.78 2.2 0.55 0.03 0.13 -0.03 -1.55

552755 17.34 3.5 0.87 0.05 0.20 0.04 2.39

552756 16.65 2.2 0.61 0.04 0.13 -0.03 -1.50

552757 17.23 3.4 0.74 0.04 0.19 0.04 2.14

552751 17.45 2.3 0.60 0.03 0.13 -0.03 -1.52

The test results were very good (see Table 5.1). The Impedance error was 
below 0.1%.

The next step was to verify the power accuracy. The setup from Fig. 5.13 

was used to evaluate the power accuracy. To minimize the errors the variable 

match was removed from the circuit during the 500 power accuracy test.

Device 
Under Test Reference

Standard
RF

RF In Out
RF
OutRF In RF In

50Ohm
Load

RF
Generator

RF
Out

Computer

Fig. 5.13 Power Accuracy of the Circuit, Setup for 50Q Test
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The power accuracy test results are listed in Table. 5.2. Power was 

increased in 10 steps from 32W to 2500W. The reference standard was a 

transfer standard calibrated on the calorimeter. A proper way to characterize the 

RF power accuracy is by using a combination of percentile and absolute values. 

The result of my tests was 0.34% accuracy or 0.71W whichever is higher (Table 

5.2).

Table 5.2 Power Accuracy of the Circuit into 50Q. Test Results

RF Power level (W) DUT (W) Standard (W) Error UM

32 31.37 32.08 -0.71 W

50 49.56 50.07 -0.51 W

100 99.92 99.95 -0.03 W

200 199.67 199.91 -0.24 W

400 399.48 399.88 -0.10 %

800 798.82 800.34 -0.19 %

1000 997.71 1000.98 -0.33 %

1500 1499.47 1501.36 -0.13 %

2000 1999.83 2001.34 -0.08 %

2500 2501.55 2500.45 0.04 %

3000 2984.4 2994.45 -0.34 %

Looking at the results we can notice that all the errors are in the negative 

range. If we perform a correlation between the DUT and the Standard reference
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(Fig. 5.14) we can conclude that is not an offset error but a slope error (error of 

0.16%). In the ideal case, the correlation function was supposed to be y=x, but 

we obtained y=1.0016x. The explanation of the slope error is from the variable 

match. The efficiency of the variable match had an error of 0.16% into 50Q.

DUT vs Reference Standard

3000

2500

p  2000
a■oc
$  1500
Ooc
o 1000

y = 1.0016x 
R2= 1

I do' ♦  Standard(W)

Linear (Standard)W))500

2000 2500 3000500 1000 15000
DUT Power (W)

Fig. 5.14 Correlation revealed a slope error of 0.16%

To evaluate the repeatability and reproducibility of the measurement 

method a Measurement System Analysis— was performed. The subjects of the 

test were 6 devices connected as shown in Fig. 5.13. Three different operators 

performed three tests for a total of 54 tests. Table 5.3 contains the input data 

(error into 50Q at 1000W) for the MSA.
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Table 5.3 Power Error at 1000W into 50Q Load

MSA Data Template

Date:
Part
Type:

8/3/2006
Direct Sampling 
Measurement

USL:
LSL:

1.0
- 1.0

0 0.218 0.247 0.135 0.145 0.055 0.201 0.04 0.145 0.134
0 -0.042 -0.102 -0.112 -0.122 -0.145 -0.045 -0.002 -0.114 -0.156
0 -0.011 -0.004 0.065 -0.087 -0.102 0.02 0.04 -0.098 -0.109

0 -0.02 0.101 0.155 0.125 0.056 0.09 0.089 0.002 -0.04

0 -0.224 -0.058 -0.124 -0.187 -0.114 -0.209 -0.108 -0.098 -0.188

0 -0.269 -0.282 -0.212 -0.225 -0.305 -0.321 -0.231 -0.187 -0.165

Test results were slightly skewed by -0.05 (Mean=-0.05 in Fig. 5.15).

Mean = -0.051019 
StdDev = 0.14303 
USL = 1 
LSL = -1
Sigma Level = 6.6347 
Sigma Capability = 8.1338 
Cpk = 2.2116 
Cp = 2.3305 
DPM = .00001636 
N = 54

Direct Sampling Cpk Analysis

Error at 1000W into 50Ohms

Fig. 5.15 Cpk Analysis Results on Power Error at 1000W into 50Q Load
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The mean value drives the same conclusion as before: the match 

efficiency requires a slight correction. I used +1% as Upper Level and -1% as 

Lower Level. With a result of a=6.6 this measurement device is more than 

adequate to measure 1% accuracy.

Table 5.4 Measurement System Analysis of power error at 1000W into 
50Q load

MSA ANOVA Method Results

1  0.00383208 0.061903798 16.33%
I  0.00368531 0.060706794 15.70%
1  0.00014677 0.012114678 0.63%
1  0.0001389 0.011785637 0.59%
1  7.8642E-06 0.002804318 0.03%
1  0.01963497 0.140124847 83.67%
I  0.02346705 0.153189598 100.00%

1
-1

0.18571139
0.40409923

Repeatability— (Table 5.4) is a figure of merit for the interaction of the 

device under test with the test operator. Repeatability is 15.70%, 5 times less 

than the product repeatability. This means that no matter how the operator 

handled the device, the error introduced is 5 times less than the error introduced 

by the inaccuracy of the device. Reproducibility (figure of merit of the variance 

between operators) is below 1%, which is a very good result.
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Repeatability 

XAxis Category
Reproducibility

Fig. 5.16 Power at 1000W - Measurement System Variance Components

Another way of looking at the errors is depicted in Fig. 5.16. Out of the 

entire measurement system, errors less then 20% are due to the operator 

(reproducibility) and operator/device interaction (repeatability). The study 

concludes that the device is easy to use and gives repeatable and reproducible 

results.
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5.4 Conclusions

The direct digital sampling method is well known as a generic way of 

acquiring signals. My unique contribution is to supplement the direct sampling 

method with the math behind the signal processing analysis that delivers 

information regarding both the amplitude and phase between two input signals. 

Also, I contributed to the development of the calibration method.

A new method to measure RF impedance and RF power into real and 

complex loads was presented from both the theoretical and the practical point of 

view. Direct digital RF sampling front end uses no analog frequency down 

conversion mixing. This type of design significantly simplifies the multiple 

frequency receiver design. In theory the accuracy should be almost zero, but 

digital errors combined with variable match calibration and power reference will 

have an effect on the final result.

Errors of less than 0.3% were obtained consistently for power 

measurements into 500 and lower than 0.1% error readings for impedances.
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CHAPTER 6

CALIBRATION TECHNIQUES FOR RF POWER 
MEASUREMENT DEVICES

6.1 Background

The calibration of RF devices can be achieved only using indirect RF to DC 

power measurement methods1' 5. Moreover, the final accuracy of the calibrated 

device will be affected by the cumulative errors of all the instruments or 

references used in the chain of measurement. At best, the RF instrument 

calibration will only be as good as the secondary reference that was used. All RF 

high power instruments are calibrated (besides other procedures) into 500 loads.

For accurate and traceable RF power measurements, the principle of RF/DC 

power substitution- - is used for primary standards because no RF standard 

exists. By comparing the heating effects of the RF power and a substituted DC 

power in the energy-absorbing element of a calibrating calorimeter, the RF power 

level is traced back to a DC power standard (DC Voltage and DC Current). In a
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practical calorimeter, various corrections are usually necessary as described 

below.

One ideal RF calibration possibility would be to look at the line voltage— of 

the fundamental frequency. This approach would work well, but only if the load is 

perfectly matched to the RF generator (adapted) and the signal would also have 

zero harmonics (perfectly sinusoidal). When the load is not matched to the 

source there are forward and reflected standing waves along the transmission 

medium, connecting the source and the load (see Fig. 6.1). The only constant 

along the unmatched transmission line is the delivered power.

Relative Line Voltage

0.5 Load-1 OOGlim

0
Load=5GOhm

-0.5

5/40 1/4 1/2 3/4 1
Distance from  load in (wavelength)

Fig. 6.1 Voltage Across a Transmission Medium Depends on the Load

Even accurately measuring the amplitude of an RF voltage is no trivial matter. 

A typical RF oscilloscope has +1-5% error for voltage amplitude readings. RF
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voltage amplitude calibration has also a traceability issue; there is no such thing 

as an absolute RF standard for RF voltage. Hence we are forced to measure the 

energy delivered by an RF source to the load.

The RF energy delivery calibration process does have a sound traceability 

part, but it is affected by many cumulative errors. The sources of the calibration 

errors using calorimetry are going to be studied in this chapter.

Any traceable energy standard substitution method takes hours to perform an 

accurate RF calibration. For this reason it is considered impractical to directly 

calibrate each RF instrument. The typical approach is to calibrate a secondary 

reference that later is used to calibrate the RF instruments. The secondary 

reference source is called a “transfer standard”. Calibration of the RF Instrument 

versus the transfer standard is done by direct comparison.

RF Instrument 
Calibration

DC Voltage 
DC Current 
NIST Traceable

RF Calorimeter 
DC to RF Cal 
Of T ransfer 
Standard

Fig. 6.2 RF Instrument Calibration. Calorimetry Pathway

There are several methods commonly used to calibrate the Transfer 

Standard. Two of them are presented in detail in this chapter along with an 

associated error analysis.
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6.2 RF Calibration Method by a Dry Calorim eter

The dry calorimeter is most associated with a bolometric measurement, 

method—— widely used by National Laboratories to calibrate RF signals at mW 

levels and microwave frequencies——.

I will describe a method that would leverage the fundamental work done 

so far in the field of low power RF calorimetry and then extend it to high power 

calibrations, in the range of kW.

The first method is based on a calibrated directional coupler (or a series of 

cascaded directional couplers) along with a calibrated secondary RF power 

reference. An RF generator will deliver power to the input of a directional coupler 

connected to two separate loads. The ratio of the power split, K, between port 2 

and port 3 is known as a characteristic of the directional coupler. In Fig. 6.3, one 

of the power meters is calibrated (either the) it is a matter of algebraic calculation 

to find exactly how much RF power is flowing to the other port.
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AA/H>
Load#2

Directional
Coupler

Power
Meter

Power
Meter

RF Generator

Fig. 6.3 Dry Calorimeter -  Block Diagram

The dry calibration method relies primarily on two known elements:

a) A calibrated Power reference connected to Load#3 in Fig. 6.3

b) A directional coupler with a calibrated power coupling coefficient, K

The coupling coefficient K is not easy to characterize. The transfer factor 

K is affected not only by the intrinsic characteristics of the coupler, but also by 

the external loads. Since we are dealing with high power RF (kW range), a 

simple network analyzer characterization is not enough due to thermal effects. 

Thermal drift of the directional coupler will affect the accuracy. Therefore it is 

important to maintain the directional coupler at constant temperatures. Using 

alumina or (even better) beryllium oxide for the directional coupler substrate will 

help spread the heat and maintain a constant coupler temperature during
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calibration. We can use several couplers and form a scaling chain between an 

available standard and an unknown RF power level.

If we have a 1 kW RF transfer standard available (calibrated using a 

substitution method) and we try to calibrate a 10W RF standard then the 

directional coupler will require 20dB-coupling factor. The same 20dB coupler 

would be used if we have a 10W transfer standard and we have to calibrate a 

1kW RF standard.

iC=10*log £1
K ? 2 J

(6 .2)

6.2.1 Dry Calorimeter. Error Analysis

The quantitative analysis of the errors introduced by external load or 

source factors is done using the RF scatter S parameters——.
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Fig. 6.4 Directional Coupler Scatter Diagram

The scattering equations for the directional coupler junctions (Fig. 6.4) are given, 

by definition, in terms of the S parameters as follows:

b̂  T* "i" S 3̂̂ 3

b^  ” F  S'2 ''2 'd * 2 ' ” 1”  * ^ 2 3 ^ 3

b3 =  Ŝ Cl̂  +  ^ 32^2  ■*" *^33^3

(6.3)

Consider the case where we are interested to develop an expression for b3 

(output power) in terms of b2 (input power). The relation would give us the power 

transfer coefficient. Solving equation 6.3 for b2 in terms of b3 we find:

b2= — b ,+■'i j 
*31

’ 22

9
21 32

'31

f
G2 T- ’ 23

*^21*^33

’3i y
a, (6.4)
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The RF measurement setup will include loads attached to port 2 and to 

port 3. Ideally the loads would be adapted (exactly 500 impedance matched) but 

in reality they have associated reflection coefficients l"2, respectively r 3:

a2— T2b2

aT> ~  ^3^3
(6.5)

Making the substitutions we get the final expression equation 6 .6  for b2 in terms 

of S parameters, b3, l” 3 and f 2:

21 +r, 23
V 31

(
l - r ,

s'c  21 32
°22 o

\  3̂

V

(6 .6)

31 y

Assuming the wave amplitudes are normalized by the characteristic 

impedance, the incident power P2 on the load connected to port 2 , is given by:

P i ~  r  2 (6.7)

By squaring the amplitude (from expression 6 .6 ) we get:

Pi =

21

/  \  \  2( S' S'
c  21 33

23
’ 31 V 31 y

i-r.
y o o y

c  21 32
° 2 2

\b3 (6 .8)

’ 3 i y  y

On port 3 we have also connected a power sensor. Similarly, |&3| is the

incident power on port 3.

The power transfer coefficient K from port 2 to port 3 is:
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(6.9)

Substituting expression 6.8 in equation 6.9 we obtain the final expression for the 

power ratio factor from port 2 to port 3 as in Fig.6.4.

All scatter parameters can be measured with a network analyzer—— and 

an accurate transfer factor K can be computed. V2, respectively l~3are intrinsic 

characteristics of the loads 2 and 3 and they can also be measured using a 

network analyzer.

6.3 RF Calibration Method by a W et Calorim eter

Wet calorimeter calibration method applies to real impedance lines (500) 

and high RF power (>100W to kW). The principle of a wet calorimeter is based 

on the substitution method of one calibrated source of energy being compared to 

an unknown source of energy. Specifically, a temperature increase in a common 

load developed by a standard DC source is compared with the temperature 

change (in the same load) developed by an RF source that is under test. If the 

temperature change in the load by the RF generator and the DC source are the

K  =

V

/

(6 .10)
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same we conclude that the power levels are equal to the DC power level. This is 

an indirect method that relies on the wide availability of DC equipment 

(traceability of DC voltages and DC currents standards).

The RF load that is used for this application is water-cooled (“wet”) and 

has a frequency bandwidth that starts from DC. RF and DC sources are 

alternatively cycled to the load until a thermodynamic equilibrium is met (Fig.

6.5).

RF

DC

Load
Temp.

f  ton

toff

ton

toff

ton

toff

>

- t

Fig. 6.5 Wet RF Calorimeter Timing Diagram to Compare DC and RF 
Energy Delivery

6.3.1 Wet RF Calorimeter Components and Analysis of Possible Error 
Sources

Some of the RF Calorimeter components are large error sources and their 

control is critical for an accurate calibration. Other components have a reduced 

error contribution (<0.1 %), but their control will also help reduce the overall error 

of the calibration process.
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6.3.1.1 Load Impedance Effect on Calorimeter Accuracy

A major RF calibration error is introduced by the fact that the load is not 

pure resistive, but also has a reactive component. Off the shelf resistive RF loads 

have 5% Z accuracy; the manufacturer does not specify if this is a resistive R or 

reactive X error. Experimental measurements show that the error can be of any 

nature (resistive or reactive); furthermore the error is changing in time.

X
tan<^ =  —  ( 6 .1 1 )

R

Only load delivered RF power PDLv will heat up the load while the RF 

measurement systems are measuring forward power P f w d  and reflected power 

P rfl-

Pqlv = Pfwd ~ Prfl (6-12)

Delivered DC Power is:

Pdc ~ Pdc^dc (6.13)

As a figure of merit, I arbitrarily define the error introduced by the 

Imaginary part (X) of the load as the difference between the forward RF Power 

and the delivered Power. Ideally the RF reflected Power would be OW and the 

forward and delivered Power would be equal.

E u *  = Pfwd~ Pdlv *100(%) (6.14)
FWD

In expression 6.14 we substitute the relation 6.15 between forward power 

P fwd and delivered power P Dlv- The RF reflection coefficient is defined as:

141

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



*100(% ) (6.16)

Performing the simplification we obtain the error introduced by the mismatch of 

the load as a function of load reflection coefficient:

Now I define the LoadDeviation as the difference from the actual mismatch load 

Z| to the nominal value Z 0 = 50 + j 0

In summary, a LoadDeviation of 6.5% will introduce a calorimeter error of 0.1%. 

Fig. 6.6 summarizes the calibration of forward power versus load deviation. 

Hence, for a 1% error accuracy in RF calibration the load deviation has to be 

22%. However, for high accuracy (<0.1 %) the load deviation must be accounted 

for.

(6.17)

LoadDeviation  =
J(R, -50Y+X,2

(6.18)
50
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Fwd Power Error vs Load Error
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Fig. 6.6 RF FWD Power Error vs. Load Error

Since typical off the shelf RF loads are only 5% accurate they will 

introduce an error of 0.06% for the Forward Power reading.

6.3.1.2 Effect of the Coolant Flow Variations on Calorimeter Accuracy

The calorimeter employs the measurement of the temperature rise of 

water flowing thru a heated load. Variations of the cooling water flow— in a 

calorimeter can introduce calibration errors. Below I will derive an expression for 

the dependency of the measured power dissipated in a load immersed in water 

versus the flow variations.
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I can express dissipated power P versus energy Q and time t.

P = Q  (6.19)
t

The energy Q also depends on the cooling mass m and temperature 

increase AT of the coolant as it passes through the calorimeter:

Q = mcAT (6.20)

The cooling flow F (liters/second) depends on both: volume V and time t.

rp V
F  ~  (6 -21)

Density is the relation between mass and volume.

P = y  (6.22)

Combining all of the above expressions we obtain a relation for the 

dissipated power in the calorimeter versus water flow, cooling medium and 

temperature increase:

_ me AT _ pVcAT

~ T ~  ~ V' (6-23)
F

P = FpcAT  (6.24)
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Fig. 6.7 Wet RF Calorimeter Energy Diagram

The increase in temperature AT for flowing water passing thru the heated load is:

Ar_ ----------------M l----------------- _  (6.25)
M_ters_^ j ooo(^|-) * 4.184 * 103 

sec m KgC

F ( — ) *  69.73 
min

l i te r
P ( W ) = A T * F ( — ) *  69.73 (6.27)

min

Any unaccounted variations in water flow rate will directly affect the 

calorimeter accuracy via AT measured.
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This requires a very accurate and constant flow pump - constant flow. 

Further considerations and more exact calculations can be done based on the 

flow type (laminar or turbulent), shape and surface of the material, but the above 

assumptions are sufficient for first order error calculations.

The error on the calorimeter accuracy is one to one. 1 % change in water 

flow will determine a 1% inaccuracy of the power measurement.

6.3.1.3 Effect on Calorimeter Accuracy due to Input Temperature Variations 
of the Coolant

A typical coolant used for RF calorimetry is water or water based solution. 

As has been shown above, the temperature variation induced by the applied 

power is inverse proportional to the product of density p and caloric capacity of 

the coolant Cp. Below I show that for every °C difference of inlet water we get a 

0.04% error in calorimeter power calibration. Water temperature variations will 

introduce a power measurement error if the absolute input temperature, T1 in 

Fig.6.7 (going into the load), will change during RF measurement cycle vs. DC 

measurement cycle. In other words it is not enough to match the increase in 

temperature during DC and RF cycle, but one must also match the inlet 

temperature (or introduce a correction factor) to do an accurate calibration.

Variations in the inlet water temperature, T1 in Fig.6.7, are inducing fine 

changes in both the density and specific heat of water—’ —. The product of the 

water heat capacity and water density affects the energy transfer from the heated 

element to the water. Both these elements are temperature dependent.
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Water Heat Capacity vs. Temperature
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Fig. 6.8 Specific Heat Capacity for Water vs. Temperature

Observe that Water Heat capacity has a minimum around 35°C.

Water density vs. Temperature
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Fig. 6.9 Specific Water Density vs. Temperature
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For temperatures above 25 °C we can model the water density as a linear 

function.

(6.28)

Water Density* Water Heat Capacity vs. Temperature
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y = -0.0014X2 - 1.5903x + 4210.7 
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• Poly, (r *Cp)
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Fig. 6.10 The Product Water Heat Capacity*Water Density vs. 

Temperature

Therefore, as demonstrated above, the error introduced by the cooling 

agent (water) depends on the variation of the inlet temperature in the calorimeter. 

Cooling water temperature will affect the heat transfer. The RF test should be 

performed at the same inlet temperature as the DC test or the power should be 

corrected according to the variations presented in the above graph.
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The calorimeter error due to inlet water changes in temperature is given 

by the following function:

_ j(r  + l)-j;(r)
Errorwatertemp variation y ( T ) '• j r jy  / u j

y(T) function is the interpolation of the product Water Heat Capacity*Water 

Density vs. Temperature as illustrated in Fig 6.10.

Calorimeter Error Arising from Coolant Temperature Variations
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Fig. 6.10 Calorimeter Error due to Water Inlet Temperature Variation 
from DC to RF Cycle

An error calculation for the calorimeter power calibration gives an error of - 

0.04%/°C for the water inlet temperature variations from DC to RF cycle.
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6.3.1.4 The RF/DC Switch Effect on the Calorimeter Accuracy

The switch used to connect either the DC supply or the RF generator to 

the load should be dimensioned according to the maximum power and highest 

frequency that will be calibrated. However, any switch will introduce a loss and 

associated measurement errors sources can be quantified.

It is recommended to measure the DC voltage exactly at the load. This will 

eliminate all the errors related to cable length (losses on cables) and switch 

contact resistance.

Usually DC meters have difficulty when RF signal is applied so the 

practical solution would be to disconnect the DC measurement system while 

applying the RF. Typically the switch will be an RF switch.

When the calorimeter it is used to calibrate RF transfer standards there 

are no additional errors introduced by the switch (the RF standard should be 

connected next to the RF load; there is no switch between the transfer standard 

and the load).

If the calorimeter is used to calibrate/check RF generators we must take 

into consideration the switch loss and it should be introduced as a RF Power 

correction error. Careful consideration should also be given to the degradation in 

time of the switch loss. To minimize the loss degradation (and extend the life of 

the switch) it is recommended to do a “cold switch”- no DC ON or RF ON during 

the switch time.
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6.3.1.5 RF/DC Cables Losses Effect on the Calorimeter Accuracy

To minimize the errors introduced by the cables connections from the 

source to the load it is recommended to perform the DC voltage measurement 

right on the terminals of the load. DC current can be measured anywhere in the 

circuit.

RF cable losses can and will introduce a measurable loss if we are 

calibrating an RF source. One must introduce a proper RF power correction 

according to the cable loss. Every manufacturer provides a diagram containing 

the cable loss versus frequency.

No cable loss error is introduced if we calibrate an RF standard and if it is 

connected next to the load.

6.3.1.6 Temperature Measurement Error Effect on the Calorimeter Accuracy

Reliable temperature measurement is a major source of error involved in 

the accuracy of the calorimeter. We showed that:

l ite r
P(W )-AT  * F {—— ) * 69.73 (6.30)

min

For AT=5°C measurement, an error of 0.1 °C in this measurement is 

equivalent to a calorimeter RF power error of 2%.

Measuring the absolute temperature (even relative temperature) with 

0.01% accuracy can be difficult. For this reason we employ an indirect solution to
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measure the temperature. Using Pt10o resistors or termistors, biased by a 

constant current supply, will convert the temperature measurement to a voltage 

measurement -  that can be accurately done with better then 0,01% accuracy. 

More important is to match the temperature swing (relative change in 

temperature) during DC and RF cycles then to match the absolute water inlet 

temperature to the load. As it was demonstrated above, an inlet water 

temperature error of 1°C will generate 0.04% RF power error calibration while an 

error as small as only 0.1 °C in the relative temperature swing will determine a 2% 

RF power error calibration.

If the inlet coolant temperature changes from the DC run to the RF run 

knowing the temperature difference is important in order to correct the power due 

to the change in heat transfer.

6.3.1.7 Effect of V d c  and be Measurement Error in the Calorimeter Accuracy

The entire calorimeter indirect heat comparison philosophy (and 

traceability) of equal effects of power RF and DC heating on a load relies on the 

accuracy of the DC current and voltage measurements.

Off the shelf DC meters can easily measure DC voltage with better than 

0.001% accuracy. The DC current can be measured by using an accurate shunt 

and a DC meter.
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Fig. 6.11 4 Wire Current Measurement diagram

Evaluating the shunt value is critical and it should be done using a 4 wire 

method (2 wires for High power and 2 for instrumentation measurement). Self­

heating of the shunt can change the readings. For RF power levels of calibration 

up to 3000W, as performed in my experiments, we require a current sensor of 

nominal 8A; however, due to self heating, a sensor of 50A would be more 

appropriate.

Since DC power is direct proportional to the current, an error of 1% in 

current reading would generate a 1% error in calorimeter power calibration.

6.3.1.8 RF Source Effect on Calorimeter Accuracy

An RF source is required if the calorimeter is used for calibrating transfer 

standards. One error source is the harmonic content in the output of the RF 

generator. Some RF standards are sensible to harmonics (a typical example is 

the diode detector topology); other RF standard topologies, for example 

containing a filter input or a heterodyne block, would further attenuate the effect 

of harmonics.
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Fig. 6.12 Calorimeter Power Error vs. RF harmonics

For less than 0.01% calibration error a less than 40dB level of harmonic 

content is required for the RF generator.

6.3.1.9 DC Source Effect on Calorimeter Accuracy

The RF calorimeter requires a variable high power DC source with low 

ripple. A linear power supply is ideal, but the typical solution is a switching power 

supply, because they are cost and space effective. The downside to the use of a
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switching power supply is the output “noise”. Supplementary output filtering of the 

DC power supply is highly recommended.

In summary, table 6.1 contains a condensed list of errors for the wet 

calorimeter.

Table 6.1 Wet Calorimeter Error Sources

Reference Error Source Error Detail Error
Magnitude (%)

Note

6.3.1.1 Heating 
element / RF 
load

Reactive 
component of 
the RF load

0.1% for 6.5% 
load error

6.3.1.2 Water flow 
variations

Cooling 
pump RPM 
variations

Direct
proportional 
0.1% for 0.1%

Constant 
flow is critical 
to the 
calorimeter

6.3.1.3 Inlet water
temperature
variations

Inlet cooling 
mixer

0.04%/°C

6.3.1.4 RF/DC Switch 
loss

Switch
insertion loss

0% The error is
topology
dependent.

6.3.1.5 RF/DC cables RF cable loss 0% -

6.3.1.6 Temperature
measurement

Instrument
accuracy

Error of 0.1 °C 
is equivalent to 
a calorimeter 
error of 2%.

The most 
important 
error source.

6.3.1.7 Vdq and Id c

measurement
system

Instrument
accuracy

0% The current 
sensor must 
be properly 
characterized

6.3.1.8 RF Source Harmonics 0.01% for 40dB 
harmonics level

The RF
source
should have
less than
40dB
harmonics
content

6.3.1.9 DC Source DC Output 
ripple

0% A good 
output filter is 
required.

155

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



In my experience the most important error source is the temperature 

measurement system. Even if there are other elements that can change the 

accuracy, I consider this one to be the primordial error source. The second 

source of error is the current measurement block; a current sensor is difficult to 

characterize with 0.01% accuracy; in addition thermal effects, if any, are also 

difficult to quantify.

6.4 Mathem atical Basis for the Complex Impedance RF 
Calibration

We can achieve a more accurate measurement calibration if we employ 

more than one reference to perform the calibration and if the absolute errors of 

these different references are randomly distributed (rather than using only one 

reference). Statistically speaking, the best achievable error would be affected by 

the distribution of the errors. If the error distribution of the references is random 

then (theoretically) a zero error can be achieved.

To follow this approach I used more than one reference to calibrate an 

RF measurement device and all the references had a random distribution of the 

absolute error. More accurate stochastically based calibration results were 

reported also by Rolain and team—.

For a linear system the mathematical calibration process for error 

correction can be reduced to a calculation of a set of correction values Ak that 

will satisfy the equation:
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Y „ = X * A l  (6.31)

We assume that the system under calibration is stable and responds 

every time with a set of signals defined by the matrix X.

The calibration matrix Ak will transform the behavior of the device X to be 

near to reference Yk (Fig. 6.13), with an error ek. Yk is a matrix characteristic of 

the reference identified by indices k.

FW D Input Block

RFL

Correction
Data

Fig. 6.13 Generic Signal Processing During Calibration

If we have n references and every reference is defined by a set of 

properties (vector Yk) then we can define Y space as expression 6.33.

r = {r„r2)r3...y„ }  (6.32)
By default every reference has an error ek versus the standard Y (ideal 

value). It is common practice to use references Yk that were traceable to a 

standard Y.

Yk = Y  + ek (6.33)
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The purpose of the calibration process is to determine the correction data 

(content of matrix Ak).

A  = (6.34)

We consider ek a random variable with a normal distribution. Module of ek 

has a maximum value £. The assumption is generally true for 

electrical/mechanical references. By definition a reference tends to emulate a 

standard but it has a degree of uncertainty that is modeled here as an error ek.

ek\ < s  (6.35)

The calibration process will link the space or references Y to the space of 

calibration values A.

Yk ^  (636)

 A,}  (6.37)

Use of the average Y of multiple references will lead to the expression

6.38 for the calibration matrix A; Aj can be a member of the calibration values 

(space A).

Ai = YX~x (6.38)

6.38 is the expression of Y that takes into consideration the errors ek.

X n  X ( Y  + e„) «Y + 5 >
Y   fe-1   k=1___________ __  _______ k=1

n n n
(6.39)

I X
Y = Y  + — —

n
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If the reference error is random, has a normal distribution and the number 

of references is infinite then the sum of errors will be zero.

n

} im Z e* =0 (6-4°)

If the sum of errors is zero then the average of the references Y is equal 

to the standard Y.

Y = Y  (6.41)

Using the average of multiple references Y to calculate the calibration set 

Aj will determine our calibrated system to deliver characteristics similar to the 

standard Y.

Y = X*A,  (6.42)

The measurement system in Fig. 6.14 must be calibrated to report correct 

(with low error) for both power and impedance. We are using as reference an 

RF Match and a 50Q line W-meter. The combination of references (RF Match 

and W-meter) will give us complete information about the level of power and 

impedance at the output of the RF generator. The RF Match is characterized by 

a random error therefore the entire system of reference is affected by a random 

error.
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Fig. 6.14 Example of RF Power and Impedance Calibration Setup for 
Complex Impedance Lines

Assuming that the Device Under Test (DUT) reports four independent 

electrical signals, the X matrix has 4 elements and based on that we can 

calculate Forward, Reflected Power and impedance. Therefore the sufficient 

calibration matrix Ai would have 4x4 elements. Depending on the application 

(symmetry) the Calibration Matrix A  can be reduced to less than x2 elements.

To find the 16 elements of matrix Ai we need to produce a set of 16 

equations. The equations can be generated by changing the state of the system 

(i.e. changing the settings of the RF match) and reading the reported values 

from the measurement system (what we want to calibrate) and from the 

reference (RF Match and W-meter). We change the settings (position) of the RF 

match 16 times and read the outputs X from the DUT and from the W-meter.
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Because of inaccuracies of both the references and of the readings the 

equations would not have an exact solution (matrix X), but rather can be found 

only as a best approximation. To increase accuracy of the calibration, I 

recommend changing the state of the system in more than x2 instances. This will 

produce a large set of equations with x2 unknowns. The solution of the system 

with more then x2 equations cannot be uniquely found. In this case solving the 

equations is reduced to the best fit solutions; a set of solutions that satisfies the 

set of equations with minimum errors.

6.5 Summary and Conclusions

I presented three calibration methods; two of them for real impedance lines 

and one for real and complex impedance. All calibration methods presented in 

this dissertation involve correction factors that must be determined or empirically 

calculated. My approach is the calibration against multiple references that have 

a random distribution of errors. Statistical average of random errors should give 

(theoretically) a minimum error reference.

Also, on this chapter, I presented, for the first time, a complete error analysis 

on a wet high power calorimeter. My analysis improves both the accuracy on 

actual wet calorimeters and reduces calibration time.

All RF Power instruments will require a calibration into 50Q line. Further 

calibration (into complex loads) is required if the instrument claims accuracy into 

complex loads.
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None of the existing or presented methods are trivial. All of them require a 

great amount of time to be perfected. The universally accepted calibration 

process is relatively short for a dry calorimeter (minutes/hour) and extremely long 

(hours) for a wet calorimeter. For practical purposes an absolute transfer 

standard is calibrated against the calorimeter and then it is used to calibrate 

production RF standards. Because of this methodology the errors are 

accumulating. Depending on the final required accuracy one must choose the 

calibration process accordingly.
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CHAPTER 7

SUMMARY AND FUTURE WORK

7.1 Summary

Historically, prior efforts towards more accurate RF measurement systems 

were focused mostly on either more accurate components or better RF sensors. 

While knowing that better building blocks help, my research proved that both 

accuracy and repeatability of RF measurement could be better achieved by using 

digital correction to known sources of error rather than by pursuing perfect RF 

components.

The thesis research presents three RF measurement techniques: two for real 

impedance lines and one for real and complex line. All of them are delivering 

three times improved accuracy than previous methods when digital correction is 

employed. Hence my thesis indicates that the future high accuracy RF power 

measurements is toward less analog components and more digital functions.
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7.2 Perspective on RF calibration

The lack of national or international high power RF calibration standards 

makes it difficult to compare results taken with different RF instruments. It is up to 

the RF instrument manufacturers to ensure that secondary RF references 

(standards) are correct and free of errors. The RF calibration process involves 

several steps in a chain of calibration events, every step having an error.

Absolute accuracy of the RF measurement is a sum of errors, starting with the 

error of the calorimeter.

The limitations of the RF calorimeter arise from comparing heat effects of RF 

versus DC over the same load, to alternate between the two power sources. 

Besides accuracy limitations there are also limitations for the maximum RF 

power that can be calibrated on the calorimeter. The RF switch can perform the 

job to insert DC or RF generator into the circuit, but it has power and mechanical 

limitations. A better calorimeter topology that will increase the maximum RF 

power calibrated is presented in Fig. 7.1.
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Fig. 7.1 Improved High Power RF Calorimeter Topology

There are still some impedance differences to be considered but the 

topology from Fig. 7.1 should not have any power limit, or the disadvantages of a 

mechanical switch.

A second direction to investigate, from this thesis, is the reduction in 

calibration time for a wet calorimeter. Better accuracy can be obtained if we can 

eliminate the transfer standards and calibrate the devices directly on the 

calorimeter. Instead of performing numerous comparison cycles between RF and 

DC thermal effects we can reach the calibration factors after only several cycles 

and estimate the errors based on the extrapolation of the thermodynamic basis of 

the calibration process.
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7.2 Investigate Limitations on RF Power of the Proposed 
Techniques

Going to the extremes on high RF power or high RF frequency is 

challenging. There are always going to be measurement limitations due to 

components (lack of components or technology limitations) or laws of physics. It 

would be interesting to research the maximum dynamic range at RF that can be 

obtained while maintaining the accuracy below 1% from 3kW to 100kW and for 

frequencies above 100MHz.
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ANNEX 1

Method of Determining the RF Power Losses in an RF 
Diport

To determine the match load efficiency, G, as the ratio of power output 

versus power input, one could use a calibrated Network Analyzer. The Network 

Analyzer has to be calibrated for measuring reflection coefficient at Port 1 and 

for measuring Transmission coefficient at Port 2. This technique requires 

measuring the Sn and S2i parameters.

al

b l Network

b2

a2

Fig. A.1 Generic Diport Network

Efficiency of a variable match is changing across the Smith Chart and 

should be mapped along with the impedance. Depending on the match design 

and the position on the Smith Chart the efficiency can vary significantly.
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The easiest way to calculate the variable match would be to use the

scatter parameters— as follows:

al s2i b2

Fig. A.2 Scatter Parameters for a Generic Diport

By definition, Sn is the input reflection coefficient at port 1, calculated as 

the ratio between the output signal and input signal both at port 1 when the diport 

is terminated in the characteristic impedance at port 2:

e - bi° i i_ a ,
(A. 1)

By definition, S21 is the forward transmission calculated as the ratio 

between the output signal at port 2 and input signal at port 1 when the diport is 

terminated in the characteristic impedance at port 2:

o  _ b 2
21 (A.2)

« 2 = °

By definition, S22 is the output reflection coefficient, at port 2 calculated as 

the ratio between the output signal and input signal both at port 2 when the diport 

is terminated in the characteristic impedance at port 1:
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s A22 (A. 3)
al=0

By definition, S12 is the reverse transmission, calculated as the ratio 

between the output signal at port 1 and input signal at port 2 when the diport is 

terminated in the characteristic impedance at port 1:

c - A .
12

^2
(A.4)

a l = 0

I define the efficiency of the match as the ratio between the Output Power, 

P o u t ,  at port 2 and Input Power, Pin, at port 1:

■ out (A. 5)

a M
a,

hi -hi

1/ I2 2
h i a2
i i2 2
n  1 a {

\a.

2 2

2 2
a,

1 211 2

i - h . i
(A. 6)

k  i2 h>i21
G=- 1 -\s,

(A.7)

21

G=

21

22

i - h i i
(A. 8)
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If the load is adapted (50+jO Q) then a2=0 (there is no reflected signal) and 

the formula A.8 becomes:

^  l521 f

i - | s „ f  ( A ' 9 )

Typically the reflection and transmission coefficients are expressed in 

terms of dB (decibels). The conversion between dB and efficiency is expressed 

in A. 10 formula.

j Q ( S 2 U n d B / \ 0 )

_  jq(S'11»mB/10) (A-1 0)
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