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CHAPTER I 

INTRODUCTION 

Nowadays the words "electromagnetic compatibility/interference" (EMC/EMI) are 

widely used, because interference effects are apparent ahnost everywhere due to the use of 

sensitive electronics and digital circuits in products such as TV sets, computers, and 

telephones. Interference problems were common at least as far back as the Second Worid 

War, when electronic equipment was placed on miUtary platforms and interference 

between equipment was found to be an operational problem [1]. 

Because ofthe increasingly polluted electromagnetic environment, some 

restrictions and standards for electronic devices, equipment and systems have been 

introduced worldwide. Almost all electrical and electronic products, made or sold, need 

to be constructed such that they do not cause excessive EMI and are not seriously affected 

by EMI. 

Throughout the world, industries are now highly interested in EMC because ofthe 

cost competitive nature of today's markets. If a product fails the regulations, it cannot be 

sold. 

EMC testing with electronic equipment usually has two steps. First, to make 

measurements to determine if any undesired signals being radiated from the equipment 

(radiated EMI) and/or appearing on the power hnes, control Unes, or data Imes ofthe 

equipment (conducted EMI) exceed the limits set forth by standards (emission testing) 

Second, to expose electronic equipment to selected levels of electromagnetic fields at 



various frequencies to determine if the equipment can perform satisfactorily in its mtended 

operational envu-onment (susceptibility or immunity testing) [1]. 

There are many measurement methods available for making EMC tests. One of 

the methods used for radiated emission and immunity testing employs reverberation 

chambers. 

A reverberation chamber, or a mode-stirred chamber, is an electrically large 

metalhc rectangular enclosure with a motor-controlled, uregulariy-shaped conductive 

stirrer or paddle wheel tuner mounted inside. On one hand, the tune-averaged field within 

a local region in the chamber is homogenous and isotropic, because ofthe rotation ofthe 

stirrer or tuner. Since the polarization of this field varies randomly, the equipment under 

test (EUT) does not have to be rotated. On the other hand, a necessary condition for this 

method to be vahd is that the chamber is large enough compared to the wavelengths ofthe 

operating frequencies [2]. Thus, the reverberation chamber measurement technique is 

good for very high frequency apphcations. For example, the chamber we used in the 

laboratory is aluminum-welded rectangular enclosure 1.034 m long, 0.809 m wide, and 

0.581 m high, while the microwave source frequency, from HP8753C network analyzer, 

varies from 1 GHz to 6 GHz (from 0.05 m to 0.30 m wavelength). The reason we 

stopped our measurements at 6 GHz is that this is the network analyzer maximum 

frequency hmit. 

Two analytical approaches can be considered to give basic knowledge for 

designing a reverberation chamber. One is the direct solution of Maxwell's equations with 

time-varying boundary conditions. It is very difficult to obtam a solution using this 



approach In the second approach, suitable hnear combinations of eigenmodes ofthe 

unperturbed cavity (without mode stirrer or tuner) with time-dependent expansion 

coefficients are taken to represent the field [2]. The boundary condition on the surface of 

the rotating mode stirrer is assumed to be satisfied with these eigenmodes. The most 

important advantage of this approach is that the unperturbed eigenmodes and 

eigenfrequencies are, in general, much easier to calculate. A requirement to use this 

method is that the total number of eigenmodes, with eigenfrequencies less than or equal 

to the operating frequency, be large enough. 

A number of considerations are important in designing a reverberation chamber 

measurement system. Some of these are as follows: 

a. chamber quahty fiictor (Q), 

b. the chamber volume, V , should be as large as possible to have a large number 

of eigenmodes N, 

c. stirrer/tuner design, and 

d. chamber excitation and field monitoring. 

The quahty factor can be considered to characterize a reverberation chamber 

when it is made of lossy material and can be defined in several ways. In practice, steel, 

aluminum, copper or other metal walls are used and are not perfect such that the 

electromagnetic fields will penetrate into walls and cause ohmic losses. In general, this 

may be described with the help ofthe skin depth (6,) and/or the surface resistance 

(R=l/a8«) where a (siemens/m) is the conductivity ofthe metal. 



Since there are a large number (hundreds, thousands or more) of modes existing in 

an unperturbed chamber with each mode carrying its own Q-value [3], it is convenient to 

define a composite quaUty factor for the chamber. One method of defining a composite 

quality factor for a chamber, within specified frequency range, is approximately given by 

Q = 0)QT (1.1) 

where T is the decay constant of energy stored in cavity modes [4], and ©o is the center 

frequency ofthe span that is used or 

Q = ^COQT (1.2) 

when electric field strength is considered. 

Since in our study, we are interested primarily in getting the composite Q-values of 

the chambers, we are not focusing on the details ofthe other criteria. For detailed 

mformation, NBS Technical Note 1092 [5] is probably the most commonly referenced 

paper to standard microwave reverberation chamber construction and evaluation. 

In our study, we took the inverse Fourier transform of network analyzer 

measurements in the frequency domain and calculated the decay constant from the tune 

domain data by using the curve-fitting program in MATLAB. Then we used equation 

(1.2) to obtain Q. Furthermore, we compared the results with Mitra's measurement of Q 

[10], which was obtained from the gain ofthe same chamber. This work is described in 

Chapter m. 



We also tested the method of finding the decay constant ( r ) by applying the 

curve-fitting program to a theoretical resonance response. We used a sunple two-port 

RLC network to produce this theoretical response. Chapter H describes this portion of 

the work. 



CHAPTER n 

QUALITY FACTOR OF A TWO-PORT NETWORK 

Starting with the simplest model, a parallel resonance circuit, we tried to generate 

a signal (set of data) usmg MATLAB which resembles our frequency domam data from 

the network analyzer. Considering the resonance circuit as a two-port network, shov^ in 

Figure 2.1, we experimented with the calculation and plotting ofthe transfer fimction. 
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Figure 2.1. A two-port network 

Next, we considered a more comphcated model, one series and one parallel RLC 

resonance circuit connected together. In this network, shown in Figure 2.2, by applymg 

Voltage Law of Kirchhoff around the loop we get 

Vo {CO) = Vs (CO) - Is {(o) • {Rs + jcoL, + — ^ ] 

and by applying Current Law of Kirchhoff to the node 1, we have 

(2.1) 

(2.2) 
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Figure 2.2. A simple equivalent circuit model for the microwave reverberation chamber. 

Usmg (2.2) in (2.1) will resuh in 

V,i(D) = Vs(co)-V,ico)[Rs+jo}L,+-^][4- + JcoC,+-^] 
JcoCi ^1 Jo)C, 

(2.3) 

After arrangmg (2.3) in the form of — we get 
Ki(o) 

H(co) = ̂ ^^^^ = ^ f24) 

^ ^ -̂ (-> , 4 4 . ^ - . 2 ^ c , - ^ l . y M . . q 4 ) - l ( ^ . f )1 ^ ' 

Equation (2.4) is the transfer function ofthe network in Figure 2.2. Assuming the input 

voltage is a unit unpulse fimction, Vs(t)=8(t), then 

V,{(o)^H{co) (2.5) 

and 

Vo(0 = /'(0 (2.6) 

where the resuU that the Fourier transform of unit impulse fimction, 6(t), is 1 is used. The 

fimction h(t) which is equal to vo(t), is called the impulse response ofthe network [6]. 

A plot, with 160,000 points, ofthe transfer function, H(f), includmg the complex 

conjugate, H*(2.04 GHz-f), is shown in Figure 2.3. We added the complex conjugate in 

this way because MATLAB does not include negative frequencies ofthe transfer fimction 



when taking the inverse Fourier transform. The transfer function at negative frequencies is 

the complex conjugate of H(f). The reason we have mcluded only two resonances in the 

network is to have a signal similar to the data we had from the network analyzer for 1 

GHz 

The quahty factors shown m Figure 2.3 are given by 

a=—V (2.7) 

and 

ft=^ (2.8) 

for parallel and series resonance circuits, respectively. The values ofthe elements are 

given in MATLAB simulation program files in the Appendix, while fi)^, = 1 / ^L,C, and 

(OQ2 = 1 / -yl 1-2^2 • Furthermore, using the data of H(f), we took the inverse Fourier 

transform and got the impulse response, h(t). This is shown in Figure 2.4, with an 

expanded view in Fig. 2.5. Then we used this new data with the MATLAB exponential 

curve-fitting routine and used the decay constant ofthe curve to obtain Q(exp-fit) from 

the formula given by 

Qiexp-p) = -f- (2.9) 

where CD^ is the center frequency ofthe span that we used. 

We have run the m-files for a few different sets of Qi and Q2 values and have 

found that the Q(exp-fit) value always hes between Qi and Q2 Thus our curve-fitting 

technique appears to be giving acceptable answers when applied to a circuit model 
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CHAPTER in 

QUALITY FACTOR OF A REVERBERATION CHAMBER 

A block diagram ofthe experimental apparatus that was designed for this study is 

shown in Figure 3.1 [7]. The aluminum chamber dimensions are 1.034 m by 0.809 m by 

0.581 m while the microwave source wavelength, from a network analyzer, varies from 

0.05 m to 0.30 m. The aluminum alloy used to construct the chamber is known as 6061 T6 

and has a conductivity of a = 2.32 x 10̂  S/m [7]. 

In Figure 3.1, antenna 1 is used for transmitting and is connected to the source of a 

network analyzer. This antenna is a log-periodic dipole-array with dipoles of efficient 

transmission in the 1-18 GHz range. 

Antenna 2, which is also a (1-18 GHz) log-periodic dipole array, is the receiving 

antenna and is placed in the chamber when it is desirable to evaluate the chamber in a 

standard test configuration. According to Mitra [7]: 

One noteworthy characteristic of this antenna is that it cannot be modeled as 
a point sensor since the locations ofthe dipoles are at varying distances from the 
wall and the dhnensions ofthe larger dipoles are not infinitesunal m relation to the 
chamber dimensions. In other words, the power hberated to the receiving port of 
the analyzer is not representative ofthe power at a "point" in the chamber (p. 41) 

In order to study in detail the characteristics ofthe fields in the chamber, h is 

necessary to replace the receiving antenna with either one or two point sensors. For our 

study, we replaced the antenna with one surface-mounted asymptotic conical dipole D-dot 

sensor, which is mounted to the chamber waU where the electric field is perpendicular to 

the polarization ofthe transmitting antenna to minimize couphng [7] (Figure 3.2) This 
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Figure 3.1. Block diagram ofthe basic reverberation chamber system. Antenna 1 is the 
transmitting antenna and is connected to a network analyzer source. The 
other antenna and the two D-dot sensors are selectively placed in the chamber 
and connected to the receiving port/ports of a network analyzer in accordance 
with type of measurement that is desired. 
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Figure 3.2. Block diagram ofthe reverberation chamber system that was used m our 
experiment for this study. The antenna is used for transmitting and is 
connected to a network analyzer source. The D-dot sensor is connected to 
the receiving port ofthe network analyzer. The paddle wheel is stationary. 
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sensor measures the time derivative of the electric displacement, D, normal to the wall [8] 

and hberates an amount of power to an analyzer receiving port that is proportional to the 

power density present at the sensor tip. 

The analyzer block in Figure 3.2 is unplemented with the HP 8753C microwave 

network analyzer. The 8753C has a maxunum output power level of 20 dBm for the 

frequency range of 300 kHz - 3 GHz and a maximum output power level of 10 dBm for 

the range of 3 GHz - 6 GHz 

The basic measurement parameters that this analyzer measures are known as S-

parameters (or scattering parameters). Sn is the voltage reflection coefficient at analyzer 

port 1, S22 is the voltage reflection coefficient at port 2, S21 is the vohage transmission 

coefficient on port 2 from port 1, and S12 is the voltage transmission coefficient on port 1 

from port 2. For reverberation chamber apphcations, S21 is of primary importance since it 

gives the ratio of the power at the receiving port to the power at the transmitting port and 

is therefore an indication of the power level that is detected by an antenna/sensor. 

The experiment consists ofthe measurements of S21 with the network analyzer in 

the frequency domam and storing this data to the computer using a software control/data-

acquisition routine, then taking the inverse Fourier transform of this data with the analyzer 

and storing again. As the last step the time-domain data is subjected to an exponential-fit 

using MATLAB and Q is obtained from Equation (2.9). 

Figures 3.3 and 3.4 show a plot ofthe data from the network analyzer and a plot 

ofthe impulse response of this data for 1 GHz, respectively. The second plot also shows 

the exponential-fit curve with Q value for 1 GHz. Shown m Figures 3.5, 3.6, 3.7, 3.8 are 
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the impulse responses along with the exponential curve fits and Q values for 2 GHz, 

3 GHz, 4 GHz, 5 GHz frequencies, respectively. A plot ofthe data from the network 

analyzer and a plot ofthe impulse response, with exponential-fit curve, of this data for 6 

GHz are shown in Figures 3.9 and 3.10. Figure 3.9 reveals a much higher density of 

resonances than Figure 3.3 because ofthe higher frequency range. 

Table 3.1 shows a sample of measured S21 values for 6 GHz that is the beginning 

and the last part of Figure 3.9. Table 3.2 sununarizes the decay constant and the 

exponential-fit Q values from Figures 3.4, 3.5, 3.6, 3.6, 3.7, 3.8, and 3.10. It also gives 

the frequency span (Af). Here Af was chosen 20 MHz for 1,2, and 3 GHz, and 50 MHz 

for 4,5, and 6 GHz because we were hmited by the control/data-acquisition program to 

have 800 points. We wanted to have at least two resonances on a frequency span so that 

we could get an averaged Q value for the chamber. On the other hand, we had to have the 

frequency span so small that with 800 points we could resolve all the resonances properly. 

These requirements dictated the 20 MHz span at the lower frequencies, but at the higher 

frequencies the points had to be spread out to a span of 50 MHz because ofthe frequency 

resolution ofthe analyzer. Before each measurement, we carried out a fiill 2-port 

caUbration as defined in the operating manual ofthe analyzer. The cahbration was made at 

the end ofthe microwave cables (at the chamber). The network analyzer was in the 

stepped continuous wave (CW) sweep mode for all of our measurements. 

The analyzer has options for windowing when inverse Fourier transformmg the 

data. These are called minimum, normal, and maximum windowing and theu- sidelobe 

levels are -13 dB, -44 dB, and -90 dB, respectively. We used all of these windows before 

15 
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Figure 3.3. Linear magnimde of the scattering parameter S21 versus frequency 
(1.00-1.02 GHz). 
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Figure 3 4 Curve-fit of the impulse response of the scattering parameter 
' 82. versus time (1.00-1.02 GHz). 
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Q(exp-fit) = 5.44646+003 

Figure 3.5. Curve-fit of the impulse response ofthe scattering parameter 
S21 versus time (2.00 - 2.02 GHz). 
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Figure 3 6 Curve-fit of the impulse response of the scattering parameter 
' ' S21 versus time (3.00 - 3.02 GHz). 
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Figure 3.7. Curve-fit of the impulse response of the scattering parameter 
S21 versus time (4.00 - 4.05 GHz). 
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Figure 3.8. Curve-fit of the impulse response of the scattering parameter 
S21 versus time (5.00 - 5.05 GHz). 
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Figure 3.9. Linear magnitude of the scattering parameter S21 versus frequency 
(5.95 - 6.00 GHz). 
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Figure 3.10. Curve-fit of the impulse response of the scattering parameter 
S21 versus time (5.95 - 6.00 GHz). 
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Table 3.1: Sample of Measured S21 Values (5.95-6.00 GHz). 

Freq. (Hz) 
5.9500e+009 

5.9501e+009 

5.9501e4O09 

5.9502e+O09 

5.9502e+009 

5.9503e+009 

5.9504e+O09 

5.9504e+O09 

5.9505e+009 

5.9506e+O09 

5.9506e-K)09 

5.9507e+O09 

5.9508e-K)09 

5.9508e+O09 

5.9509e4O09 

5.9509e+009 

5.9510e+O09 

5.951 le+009 

5.951 le+009 

5.9512e-K)09 

5.9512e+O09 

5.9513e+009 

5.9514e+009 

5.9514e+009 

5.9515e4<X)9 

5.9516e+O09 

5.9516e+009 

5.9517e4O09 

5.9518e+009 

5.9518e-K)09 

5.9519e4O09 

5.9519e+O09 

5.9520e+O09 

5.952 leH)09 

5.9521e4O09 

5.9522e+009 

5.9522e+009 

5.95236^009 

5.9524e+009 

5.9524e+009 

5.9525e+O09 

5.95266+009 

5.95266+009 

5.95276+009 

5.9528e+009 

5.9528C+O09 

5.9529e+009 

5.95296+009 

5.95306+009 

JS2L 
1.04176-001 

9.09586-002 

8.00176-002 

7.50966-002 

7.64966-002 

6.67806-002 

4.88686-002 

2.91436-002 

2.87596-002 

5.49146-002 

6.87186-002 

7.32696-002 

7.33536-002 

7.18276-002 

6.54986-002 

5.52186-002 

4.59506-002 

3.64276-002 

2.99026-002 

3.22386-002 

4.32646-002 

4.85886-002 

3.98416-002 

2.59886-002 

7.81976-003 

2.03276-002 

5.04636-002 

7.22586-002 

8.32906-002 

8.83226-002 

8.62776-002 

6.84666-002 

6.04616-002 

6.53386-002 

6.39656-002 

5.53556-002 

4.54696-002 

3.76556-002 

3.27856-002 

3.34216-002 

3.85406-002 

4.12016-002 

3.53496-002 

2.82286-002 

2.89366-002 

3.32226-002 

3.88666-002 

4.77526-002 

5.35816-002 

Freq. (Hz) 
5.953 le+009 

5.95316+009 

5.95326+009 

5.95326+009 

5.95336+009 

5.95346+009 

5.9534e+009 

5.9535e+O09 

5.95366+009 

5.95366+009 

5.95376+009 

5.95386+009 

5.9538e+009 

5.95396+009 
5.95396+009 

5.95406+009 

5.95416+009 

5.95416+009 
5.95426+009 

5.95426+O09 
5.95436+009 

5.95446+009 
5.95446+009 
5.9545e+O09 

5.95466+009 

5.95466+009 

5.9547e+009 

• • • 

5.99576+009 
5.99586+009 

5.99586+009 

5.99596+009 
5.99596+009 

5.9960e+O09 

5.99616+009 
5.996 le+009 
5.99626+009 

5.9962e+009 

5.99636+009 
5.99646+009 

5.99646+009 

5.9965e+O09 

5.9966e+009 

5.99666+009 

5.9%76+O09 

5.9%8e+009 

5.99686+009 

5.9%96+009 

5.9969e+O09 

is^n 
5.27386-002 

4.82676-002 

5.41116-002 

5.77416-002 
5.84076-002 

6.15446-002 

6.16366-002 

5.25136-002 

3.44896-002 

3.37226-002 

4.36026-002 

4.94506-002 

6.14936-002 
7.60506-002 
8.97906-002 

9.46396-002 
8.78186-002 

8.07506-002 
8.37826-002 

8.90436-002 
8.96616-002 
9.52386-002 
1.05636-001 
1.15766-001 

1.16926-001 
1.15366-001 
1.18456-001 

• • • 

7.68366-002 
5.88196-002 

3.87156-002 
3.13856-002 
3.48456-002 

3.73316-002 
3.36006-002 
2.95426-002 

3.17446-002 
4.42416-002 
5.85566-002 

5.75646-002 

4.83726-002 

4.71696-002 
4.93646-002 

4.32406-002 

3.62806-002 
3.48876-002 

3.79646-002 

3.99896-002 
3.89376-002 

1 Freq. (Hz) 
5.99706+009 

5.99716+009 

5.99716+009 

5.99726+009 

5.99726+009 

5.99736+009 
5.99746+009 

5.99746+009 

5.99756+009 

5.99766+009 

5.99766+009 

5.99776+009 

5.9978e+O09 
5.99786+009 
5.99796+009 
5.99796+009 

5.99806+009 
5.99816+009 

5.99816+009 

5.99826+009 
5.99826+009 

5.99836+009 
5.99846+009 
5.99846+009 

5.99856+009 

5.99866+009 
5.99866+009 
5.99876+009 
5.9988e+O09 
5.99886+009 
5.99896+009 
5.9989e+O09 

5.99906+009 
5.99916+009 

5.99916+009 
5.99926+009 
5.99926+009 

5.99936+009 
5.9994e+009 

5.99946+009 

5.99956+009 

5.9996e+O09 

5.99966+009 

5.99976+009 

5.9998e+O09 
5.9998e+009 

5.99996+009 

5.99996+009 

6.00006+009 

S21 1 
3.99326-002 

3.74686-002 1 

3.05196-002 

2.73566-002 

2.95496-002 

2.88996-002 
1.65516-002 

3.23526-003 

1.23416-002 

1.83916-002 

2.01446-002 

2.07246-002 

1.87646-002 

1.54756-002 
1.28316-002 
1.33236-002 

1.53606-002 

1.41826-002 
1.11686-002 
4.55316-003 

1.46476-002 
2.54936-002 
3.19616-002 
3.42676-002 
3.75256-002 

5.42286-002 
6.08606-002 
4.83076-002 
3.42146-002 

2.80446-002 
2.75716-002 

2.61836-002 

2.42946-002 
2.86106-002 
3.06536-002 

2.83166-002 
2.69796-002 

2.64476-002 

3.59636-002 
4.45396-002 

4.80506-002 

5.02456-002 

4.83096-002 
4.31466-002 

3.34636-002 

2.38976-002 

1.99276-002 

2.13406-002 

2.82736-002 
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inverse Fourier transforming, but we only plotted the data in the case of minimum 

windowing. There is no big difference m the shape ofthe plot except it is smoother when 

applying normal or maximum windowing. 

In Figure 3.11, we plotted the quahty factors using the decay constant, Q(exp-fit), 

using the gain ofthe chamber, Q(Mitra) [7], and using a theoretical formula, Qnet. We 

divided the theoretical Q values by seven (Qnet/7) in order to have them on the same scale 

with the other Q values that were obtained from the two diflFerent measurement 

techniques. As we compare our results with Mitra's results, and with the lowered 

theoretical, we can see that they are in fan- agreement. 

Table 3.2. Decay constant and quahty factor from exponential fitting 
program for different frequencies and frequency spans. 

Frequency 
f(GHz) 

1.00 
2.00 
3.00 
4.00 
5.00 
5.95 

Frequency Span 
Af(MHz) 

20 
20 
20 
50 
50 
50 

Decay Constant 

0.5263 
0.8631 
1.1783 
1.4132 
1.2369 
1.3942 

Quahty Factor 
Q(exp-fit) (10*) 

0.167 
0.545 
1.11 
1.79 
1.95 
2.62 
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3 4 
Frequency (Hz) x^& 

Figure 3.11. Comparison ofthe quahty factor ofthe chamber using different 
methods (time domain model using decay constant, Q(exp-fit), 
using the gain ofthe chamber, Q(Mitra), and theoretical, Qnet/7). 
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CHAPTER IV 

CONCLUSION 

The apparatus shown in Figure 3.2 was used to measure chamber quahty factor Q 

for comparison with a theoretical model, Qnet/7, and with another measurement 

technique, Q(Mitra). 

Conclusions from this study are as follows: 

a. As mentioned in Chapter II for the circuit model, the exponential-fit Q values 

we got for a few different sets of Qi and Q2 faU between Qi and Q2, forming a kmd of 

average, which is what we desire. 

b. As we mentioned m Chapter HI for the chamber, the Q values which we 

obtained from our technique are similar to Q values which Mitra had from the gain 

measurement ofthe same chamber. 

c. One reason to try our technique was to use an alternative method to check the 

low Q values which Mitra obtained when compared to the theoretical model, Qnet. 

Differences between the two sets of Q measurements can be partially accounted for by 

contrasting the two measurement methods; we had an exponential-fit Q value for a span of 

frequencies without rotating the paddle wheel, while Mitra had a Q value for 200 paddle 

wheel positions at fixed frequency. 

d. Before we started our S21 measurements we had measured the Si 1 parameter 

manually for each resonance and found the Q value using Q = ^ W , where ^ is the center 

frequency and BW is the bandwidth ofthe resonance, A sample of these results is shown 
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in Table 4.1 These values vary from a few 10̂  to a few 10̂  for the frequency range of 

1 GHz - 1.75 GHz. This large variation in values shows the need for averaging over a 

small range of frequencies, as we have done, to obtain a more meaningful Q. 

e. This thesis is a prehminary study ofthe time domain technique and indicates 

that the technique seems to work, ff, in the fixture, one wants to make use of this 

technique, one should develop it further, test it with more comphcated models (as an 

example Figure 4.1). 

R2 L2 
" » » i _ 

C2 Rn Ln 
p f • 

Cn 
H I— 

^RT.ni_Lci 

^ 

i L n - l 

Vb; 
P n - 1 - C n - 1 

Figure 4.1. A general equivalent circuit model for the microwave reverberation 
chamber 

f In Figure 2.3, the frequency axis is shown from 1 GHz to 1.04 GHz. In fact, it 

goes down to zero frequency, with the values ofthe transfer function around zero. To 

avoid all these zeros, from 0 to 1 GHz, one should use the frequency-shiftmg theorem of 

the Fourier transform. 

24 



Table 4.1. Sample of measured Q values using Sn parameter (1 GHz -1.75 GHz). 

^(GHz) ^(GHz) U (GHz) t (GHz) 

1.002932 

1.005082 

1017304 

1.024844 

1.028281 

1.030967 

1.032925 

1.035042 

1.036659 

1.039068 

1.045595 

1.047120 

1.051760 

1.055672 

1.066290 

1.069669 

1.074054 

1.074838 

1.079102 

1.080574 

1.085304 

1.089205 

1.093160 

1.102100 

1.110331 

1.122844 

1.126202 

1.132329 

1.143359 

1.149060 

1.150834 

1.152985 

1.157973 

1.158900 

1.170610 

1.172107 

1.174681 

1.176688 

1.178007 

1.178985 

1.183073 

1.190949 

1.193302 

1.199852 

1.203989 

1.210594 

1.212676 

1.213458 

5464 

5789 

186.59 

1682.5 

102820 

2252 

397.9 

792 

10564 

291 

3286 

35603 

399.6 

32328 

8265 

3367 

2811 

18346 

8542.2 

5143.6 

1971 

3206.4 

2818.9 

9232.4 

24560 

6149.6 

8778.8 

4128.7 

5176.9 

2516.9 

121270 

7705 

3553.2 

3619.5 

101740 

36664 

2106.2 

20270 

3788.1 

10187 

43041 

6598.8 

1405.7 

87218 

60408 

15963 

9985.6 

86595 

1.214369 

1.217377 

1.219098 

1.233692 

1.240218 

1.241885 

1.243673 

1.246308 

1.248399 

1.252073 

1.252885 

1.259832 

1.262600 

1.265474 

1.266622 

1.275163 

1.280815 

1.281973 

1.282430 

1.283530 

1.284060 

1.284328 

1.285324 

1.287213 

1.288246 

1.288690 

1.297121 

1.298858 

1.301865 

1.304232 

1.305118 

1.318796 

1.325199 

1.334259 

1.338840 

1.339375 

1.339498 

1.340110 

1.343559 

1.344288 

1.346281 

1.348015 

1.352727 

1.352907 

1.356147 

1.357237 

1.357883 

1.358519 

255120 

14993 

36638 

18800 

765.5 

22025 

23553 

56836 

1483.2 

6221 

21865 

14683 

134610 

16001 

54233 

53130 

3098 

46016 

60217 

37561 

62555 

18011 

265020 

30742 

15436 

28302 

136420 

46341 

4805.4 

9687.2 

47495 

48779 

28052 

11152 

275200 

22015 

34094 

30773 

12583 

62138 

5972 

37317 

58320 

9690.9 

27470 

6749.6 

94964 

5424 

1.360684 

1.369776 

1.374531 

1.376604 

1.378021 

1.379577 

1.384602 

1.387633 

1.390853 

1.394456 

1.396626 

1.398991 

1.401488 

1.409223 

1.410712 

1.411402 

1.414497 

1.424069 

1.424399 

1.425990 

1.429893 

1.436641 

1.623961 
1.629560 
1.632307 

1.632602 
1.642053 

1.644308 
1.644914 

1.646201 
1.646504 
1.647663 

1.648819 

1.651761 
1.653567 
1.653926 

1.656717 

1.656952 
1.664181 

1.665402 
1.666739 
1.667412 

1.669473 
1.671016 

1.671172 

1.671591 

1.673120 

32298 

608790 

246640 

229630 

15220 

64970 

75164 

25799 

8556.5 

96656 

42229 

171780 

8059 

65433 

96883 

144770 

21007 

22298 

12358 

19715 

12317 

12996 

32974 

4851 
55737 
36021 
19625 
11846 

19320 
26217 
23548 

36001 
20545 

2161 
37255 
23688 

26738 

34921 
32101 

2564 
38945 

20554 

3542 

14610 

18820 

5780 

7390 

1.674484 

1.674788 

1.675647 

1.678170 

1.678674 

1.679358 
1.683866 

1.684560 

1.686001 

1.686849 

1.687784 

1.690108 
1.693040 

1.693281 
1.695097 

1.698575 

1.699195 
1.699935 
1.702819 

1.703963 
1.704678 

1.705406 
1.711817 

1.713978 
1.714412 

1.716515 
1.718353 
1.719695 
1.719871 
1.727044 

1.728981 
1.729561 

1.730022 
1.730815 
1.732980 

1.733473 
1.736806 
1.738214 

1.739884 

1.741734 

1.742526 

1.743706 
1.744740 

1.746584 

1.749866 

1.751632 

1.752490 

1.752842 

12440 

20279 

14861 

25928 

18074 

25225 

34935 

5885 

43428 

41178 

42463 
107950 

38417 

16613 
23586 

16704 

7419 
178920 

4433 
18599 
122490 
125750 

37150 

43083 
112300 
39446 

170070 
117540 
235530 

21233 
1943 
13200 

4364 

14421 
23567 

9495 
26861 

10602 
18759 

7183 
28450 

24792 
27752 

9375 

7822 

10752 

30182 

27419 
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APPENDDC: MATLAB SIMULATION M-FILES 

(1) FITTHES.M (used to fit exponential curve to the impulse response theoretical data) 

%FITTHES Nonhnear curve fit with simplex algorithm 
% Demo mitiahzation 
tf ^xistCShdeShowGUmag'), figNumber^; end 
/o Consider the foUowing data: 
global Data 
load ba5a-4.m 
Data=bayr4; 
yl=Data(:,l); 
n=l 60000, 

11 =lmspace(0,(n-1 )/2.04e9,n-1) 
t=tr; 
y=yi; 
clear tl yl; 
ifssinit(figNumber), 

cla reset, 
axis([0 5e-6 0 8e-6]) 
hold on 
plot(t,y,'b. •,'EraseMode','none') 
xlabeKTime (s)') 
ylabel('Impulse Response h(t)') 

if figNumber, return; end 
end; 
% Beginning ofthe demo • 

global Plothandle 
Plothandle = plot(t,y,'EraseModeVxor'); 
lam = 3E6; 
trace = 0; 
tol = . l ; 
lambda = fmins('fitfun',lam,[trace tol]); 
alpha=lambda; 
Qexp = pi/alpha* 1.01e9 %f^l.01 GHz 
hold off 
echo off 
% End ofthe demo ' 

4i«4<4>4»tt4i4>*4'**«>ti4t4"|t4>*4»»E4>**«4i«**4>4i*4i4>4E4>4i*4i4>4'4>4>*4i«4>4>*4i4i4i4t*t4>4>*4i4i*4i««« 
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(2) FTFUN.m (used by fitthes.m) 

function err = fitfim(lambda) 
global Data Plothandle 
n=160000, 
11 =linspace(0,(n-1 )/2.04e9,n-1); 
t=tl ' , 
y = Data(:,l); 
A = zeros(length(t),length(lambda)), 
for j = l:length(lambda) 

A(:,j) = exp(-lambda(j)*t); 
end 
c = A\y; 
z = A*c; 
set(Plothandle,'ydata',z) 
drawnow 
err = norm(z-y); 

(3) FITDEM02.M (used to fit exponential curve to the impulse response ofthe data from 
analyzer) 

%FITDEMO Nonlinear curve fit with simplex algorithm. 
if-existfSlideShowGUIFlag'), figNumber=0, end; 
global Data 
load td3_200.out 
Data=td3_200(:,2:3), 
tl=Data(:,l); 
yl=Data(:,2); 
t=t l ; 

y=yi; 
if ssinit(figNumber), 

% Let's plot this data. 
cla reset; 
%axis([.le-6 1e-6 0 8e-3]) 
hold on 
plot(t,y,'m.','EraseMode','none') 

if figNumber, return, end 

end; 
% Beginning ofthe demo ========== 
global Plothandle 
Plothandle = plot(t,y,'EraseMode','xor'); 
lam = 3E6; 
trace = 0, 
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to l= . l ; 
lambda = fmins('fitfun',lam,[trace tol]); 
alpha=lambda; 
hold off 
echo off 
% End ofthe demo ' 

(4) FITFUN.M (used by fitdemo2.m) 

function err = fitfun(lambda) 
global Data Plothandle 
t=hnspace(0,2e-6,400000), 
y-Data(:,l); 
A = zeros(length(t),length(lambda)); 
for j = l:length(lambda) 

A(:,j) = exp(-lambda(j)*t); 
end 
c = A\y; 
z = A*c; 
set(Plothandle,'ydata',z) 
dravmow 
err = norm(z-y); ^ ̂  ̂  ̂  

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

(5) FREQl M (plot the data in frequency domain) 

load fl_20.ou 
Data=fl_20(:,2:3); 
f=Data(:,l); 
y=Data(:,2); 
plot(f,y) 
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