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ABSTRACT 

This thesis included the detailed stmcture of a microvva\ e reverberation chamber for 

EMC testing. A single transmission line in the chamber is illuminated by a distant EMI 

source to study the induced voltages on the load impedance at one end. The frequency-

domain responses are obtained. The statistical characteristics of the reverberation 

chamber, probability distribution function (PDF) and cumulative distribution function 

(CDF), are studied both theoretically and experimentally. A computer simulation 

program "NULINE" is used to simulate the response of the same transmission line 

excitation in a semianechoic EMC testing chamber. The statistical properties of the 

semianechoic chamber are also studied. The goal of this thesis is to compare the 

electromagnetic susceptibility measurement results of the statistical properties of the t\\ o 

different kinds of chambers. Upon our investigation, some meaningful conclusions are 

reached to properly interpret the EMC testing results from a semianechoic chamber and a 

reverberation chamber. Experiments for further investigation are also suggested. 
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CHAPTER I 

INTRODUCTION 

The study of electromagnetic interference (EMI) and electromagnetic compatibility 

(EMC) is an old science. It arose about a century ago with the first use of radio wa\ es as 

a communication medium. Electromagnetic interference can be viewed as a kind of 

electromagnetic pollution, which may severely degrade the performance of an electric 

device or system in its electromagnetic environment. The electromagnetic compatibilit\ 

of an electric device or system indicates its ability to function satisfactorih in its intended 

electromagnetic environment without introducing intolerable electromagnetic 

disturbances to anything in that environment [1]. 

With the exploding growth in use of electronic equipment in past decades, EMI and 

EMC issues have drawn great attention in not only science and engineering communities, 

but in government agencies as well. Throughout the world. EMC standards and 

regulations were, are and will continually be produced b> governments of various 

nations. In industries, electrical and electronic products must go through EMI/EMC tests 

to ensure government standards are met before marketing. 

This thesis focuses on the issue of EMI/EMC testing which, as mentioned above, has 

become an indispensable consideration in today's electronics industr)-. In general. 

EMI/EMC testing falls into two categories: emission testing and immunity testing. 

Emission testing determines the undesired signals radiated from the equipment under test 

(EUT) or appearing on the power lines, control lines, or data lines of the EUT. Immunity 

testing (susceptibility testing) evaluates the performance of the EUT in its intended 



electromagnetic operating environment. This thesis deals with the susceptibilit\ testing 

methods and is divided into two major parts. One part is devoted to EM susceptibilit\ 

measurement of a simple transmission line stmcture using a microwave semianechoic 

testing chamber. Instead of building a real semianechoic chamber, a virtual chamber 

which is a computational EMC testing simulator called NULINE is employed. Statistical 

characteristics in the form of probability distribution function (PDF) and cumulati\e 

distribution function (CDF) for transmission-line voltage are calculated. The other part is 

devoted to the statistical properties of the transmission line in a microwave reverberation 

chamber, also through PDF and CDF calculation. The objective of this research is to 

compare the EM susceptibility results from the semianechoic chamber and the 

reverberation chamber. The comparison can help us better understand the results and the 

relationship between the complex environment of the reverberation chamber and the real-

word environment of the semianechoic chamber. Thus the rest of the thesis will be 

arranged as described below. 

In Chapter II, a brief introduction to the anechoic chamber and its application in EMC 

measurement will be given. The computer EMC testing simulator "NULINE" will be 

discussed. A description of the transmission-line stmcture will follow. At the end of this 

chapter, results on PDF and CDF calculation based on experimental data will be 

presented and discussed. In Chapter III, EMC measurement employing a reverberation 

chamber is covered. The theoretical background and chamber configuration will be given 

and the testing procedure presented. The resuhs of PDF and CDF calculations will be 

discussed. The overall conclusions of this research will be given in Chapter IV. 



CHAPTER II 

EMC TESTING IN RF ANECHOIC CHAMBERS 

AND COMPUTER MODELING 

2.1 Introduction 

Electromagnetic interference (EMI) induces unwanted electrical signals, voltages 

and/or currents, into the circuits of the victim equipment. Interference can reach the 

victim equipment by two routes: conducted along wires or radiated through the air [2]. 

Audible noise in radio receivers, spots or snow on TV pictures, computer monitor 

twinkling due to electrical surges in the power line are typical examples of EMI. As a 

consequence of the different interference mechanisms, EMC testing can be classified into 

two separate categories: conducted susceptibility tests and radiated susceptibility tests. 

This thesis concentrates on the latter. 

In EMC radiated susceptibility testing, the EUT is exposed to selected levels of 

electromagnetic (EM) fields at various frequencies to determine if the equipment can 

perform satisfactorily in its intended electromagnetic environment. The limits or 

requirements set forth for such tests are usually established by regulatory agencies such 

as the Federal Communications Commission (FCC), Department of Defense (DoD), other 

government agencies or professional organizations [1]. Numerous measurement methods 

were developed for such tests depending on the size of the test equipment, frequency 

range, test limhs, types of field to be measured, polarization of the field, and electrical 

characteristics of the test signal (frequency or time domain)[3]. 



The traditional and straightforward approach to making EMC measurements of 

electronic equipment is Open-Site Testing. In conducting EMC radiated susceptibility 

testing by this method, the EUT and the source antenna are set up outdoors. This method 

is convenient for performing susceptibilit> tests on large systems over a wide frequenc) 

range. However, a disadvantage is that there is no isolation between the experimental 

setup and the extemal EM environment. This lack of isolation allows arbitrarily \ ar> ing 

ambient EM signals to mix with the signals of interest [3]. 

The desire for isolating the test space from the outside electromagnetic en\ ironment 

brought about the use of the screened chamber (or shielded enclosure) for EMC testing 

during the late 1960s and early 1970s. The chamber has sidewalls, ceiling, and usuall} 

floor made of corrosion-resistant single-layer or multilayer metal panels: steel, copper, or 

aluminum, solid or mesh. The shielding performance of the screened chamber is 

determined by its design, as well as by mechanical, physical and electrical properties of 

its elements [4]. In general, the shielding is frequency dependent. Shielding effectiveness 

can be determined in terms of ratios of electric or magnetic fields created b> a source at 

some point in space with the shielded enclosure present and absent. 

Intemal reflectivit\' presents a major drawback in the use of shielded enclosures. The 

total field at any position is determined by the vector sum of a direct wa\'e and waves 

reflected (1st order and higher order) from all of the walls. Since the walls are highly 

conductive and usualh orthogonal or parallel, the enclosure becomes a multifrequency 

resonator where complex standing wave pattems can be set up along all three principal 

axes. The existence of standing-waves in a screened chamber introduces high order 



variability in the field strength at the EUT location [IJ. This uncertainty, which will 

bepresent in all EMC measurements, makes the test results inaccurate and undependable. 

Two complementary methods have been developed to tackle the standing-wave 

problem inside a screened chamber. The most obvious way of suppressing the standing 

waves inside the chamber is to cover all or most of the reflecting surfaces with radio 

absorbent materials which can significantly attenuate the reflected wa\'es and prevent 

modal pattems from forming. This has led to EMC testing using RF anechoic chambers 

and semianechoic chambers. In the next section, these will be discussed. Another wa} of 

controlling the measurement uncertainty caused by standing-waves inside a screened 

chamber is to deliberately maximize the number of possible reflection modes which can 

be sustained within a chamber in an effort to expose the EUT to all possible field strength 

values at each frequency of interest. This has led to the use of reverberation chambers 

(also called mode-stirred chambers) for EMC testing. Their description, theory and 

operation will be discussed in Chapter III. 

2.2 EMC Testing Using an Anechoic Chamber 

Microwave anechoic chambers are used for a great variety of indoor EMC 

measurements. An anechoic chamber is made by covering the sidewalls. ceiling and floor 

of a screened enclosure with high-quality broadband pyramidal radio absorbent materials 

(RAM). In general, RAM is made by impregnating a carbon carrying latex into a flexible 

polyurethane foam plastic. Such modification produces a chamber with good reflection 

attenuation such that it approximates free-space. In order to imitate open-site testing, the 

screened room floor can be made reflective by not lining with RAM. Such a test facilit\ 



is called a semianechoic chamber. Semianechoic chambers reduce standing waves to 

manageable proportions such that reliable EMC measurements may be made [1]. In our 

EMC testing, a virtual semianechoic chamber will be used. 

A block diagram of a typical anechoic chamber EMC/EMI measurement system is 

shown in Figure 2.1. The test field is established inside the chamber by means of a RF 

source connected to a standard-gain transmitting antenna. The antenna is positioned at the 

access doorway with its aperture in the plane of the absorber points on the chamber wall. 

The EUT is placed on a rotatable dielectric supporter on a cart. An automatic position 

controller system is connected to the supporter and a data receiving system is connected 

to the EUT. The response or susceptibility characteristics of the EUT are obtained by 

illuminating the EUT with different polarizations of the field and rotating the EUT in 

azimuth. The EUT is rotated a few degrees around its elevation axis before each azimuth 

cut. The main reason for this is that typically the EUT's worst case performance or 

susceptibility is desired. From the chamber data, the maximum, minimum, mean, 

standard deviation of induced response, PDF and CDF can be obtained at each frequency. 

Unfortunately, this is a time-consuming process. 

Compared to Open-Site Testing, EMC testing in anechoic chambers isolates the test 

space from the outside electromagnetic environment, reduces reflections of 

electromagnetic energy and improves the measurement accuracy and repeatability [4]. 

However, a major drawback is the chamber's constmction cost. The cost is extremely 

high largely owing to the absorbent material's cost. The working space in the room can 

be substantially reduced by the absorber and thus a large and more expensive chamber is 
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Figure 2.1 Block Diagram of a Typical Anechoic Chamber 



required. In practice, full RAM-lined large chambers are onh used in industries where 

the investment can be justified, such as the aerospace and auto industr\'. 

In response to the explosive development of computer usage and continuing 

development of consumer electronics products in recent >ears. there is now strong 

legislation against EM interference. Industr> has made great efforts to develop computer 

modeling techniques in the area of EMC. These techniques are used in the design, 

constmction, test, and evaluation of products and can greatly lower product development 

costs. In our research of EMC radiated susceptibility testing, we have used a transmission 

line modeling program called NULINE to simulate a semianechoic EMC testing 

chamber. The program and its theoretical basis is discussed in the next section. 

2.3 Semianechoic EMC Testing Chamber Simulation 
and Its Theoretical Basis 

The NULINE simulation program was developed by Dr. F.M. Tesche, an independent 

EMC consultant to both government and industry, as a result of the application of 

transmission line analysis techniques in the study of nuclear electromagnetic pulse effects 

on electrical power systems in 1991. It is a program for determining the frequency-

domain or time-domain response of a single-wire transmission line located over a 

conducting or lossy ground plane. The excitation of this line can be from a lumped 

voltage or current source along the line or by an incident electromagnetic plane \va\e. 

The line responses include load voltages and currents, and currents and charge densities 

located along the line. To simulate the electromagnetic environment in a semianechoic 

EMC testing chamber in which we are interested in the induced load voltage on one load 
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of a single transmission line above the chamber floor, we will set the simulation 

environment as shown in Figure 2.2. 

In this instance, the single transmission line, with two loads, is excited by a time 

harmonic incident electromagnetic plane wave (sine wave). The excitation is defined b\ 

the two angles of incidence, VJ; (0°-90°) and ^ (0°-360°), as well as an E-field polarization 

vector angle, y (0°-180°), measured with respect to the vertical plane of incidence. The 

line parameters include line length, line height, and line radius. The load impedances can 

be set to match or unmatch the characteristic impedance of the transmission line. The 

ground plane can be chosen as lossy or perfect conductive. The observables can be 

chosen to be the load voltage or current at the far end (x = L) of the line. These 

parameters are stored in a data file. To obtain the frequency-domain response of the line, 

we can mn NULINE in a frequency-sweeping mode by setting starting frequency, end 

frequency, and step length. The simulation results, which retum the induced voltage (both 

real and imaginary part) at load Z2 for each frequency point, will be presented in an 

output file. Table 2.1 shows a sample output file. Its corresponding load voltage response 

spectrum (I V2 (f) I vs. frequency) is shown in Figure 2.3. 

In the NULINE code, the determination of the response of the transmission line to an 

incident, distributed field excitation is accomplished by transmission line theory, where 

the transmission line and the loads are treated as an electromagnetic scatterer. The 

extemal excitation field causes scatterer body currents to flow that create a scattered E-

field. When the scattered field is added to the excitation field, the boundary conditions 

require a zero total tangential electric field on the scatter. In terms of the transmission line 

model of the line, the scattered field can be viewed as arising from a set of distributed 
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Table 2.1 Sample Output file of Induced Load Voltage 

Frequency (Hz) Load Voltage (real part) Load Voltage (imaginary- part; 

l.OOE+09 
1.52E+09 
2.03E+09 
3.02E+09 
4.03E+09 
5.10E+09 
6.13E+09 
7.18E+09 
8.19E+09 
9.34E+09 
l.OlE+10 
1.12E+10 
1.22E+10 
1.35E+10 

7.17E-03 
-4.56E-03 
8.75E-04 
-8.96E-03 
5.46E-03 
-3.11E-03 
3.96E-04 
-1.67E-04 
1.55E-03 
-7.73E-04 
-2.23E-03 
1.27E-03 
-6.81E-04 
-7.72E-04 

1.23E-02 
-1.33E-02 
-1.13E-02 
2.80E-03 
3.39E-03 
-2.53E-03 
1.64E-03 
6.04E-05 
-7.09E-04 
1.63E-03 
1.57E-03 
-1.91E-03 
-7.28E-04 
-1.30E-03 

Plot Of frequency file VOL.FRQ 
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0.00001 
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Figure 2.3 Sample Plotting of Induced Load Voltage (I V2 (f) I vs. frequency) 
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voltage sources V s along the line, as well as two lumped voltage sources Vi and XS at 

each end of the line [6], as shown in Figure 2.4. 

The distributed voltage sources V s result from the excitation of the horizontal portion 

of the transmission line by an extemal tangential E-field along the conductor. The 

extemal E-field is the sum of the primary incident field, E'"''(co). and the ground plane 

^ref reflected field, E'̂ (̂(o). The two lumped voltage sources Vi and V2 arise from the 

interaction of the vertical electric field with the vertical ends of the line. Similarly, this 

vertical electric field consists of the incident and ground-reflected components. The 

combination of Vs,V\ and V2 results in the scattered voltage Vsca (w,x) which is a 

v.. 

/ / / / / / / / / / / / / / 

Figure 2.4 Distributed and Lumped Voltage Sources For E-Field Excitation 
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fiinction of incident wave frequency co and the location x along the transmission line. The 

total induced voltage is determined by adding a contribution from the excitation field. 

Details can be found in [6]. 

2.4 Simulation Setup and Sampling Method 

Since the objective of this research is to compare the statistical characteristics between 

the two testing methods, the simulation parameters are set to match those of the 

transmission line actually constmcted on the bottom of the reverberation chamber. The 

frequency range of the chamber is 1.0 GHz to 13.5 GHz, and the transmission line 

parameters are set as shown in Figure 2.5. 

L = 43 cm 

a 
r = 0.04cm 

Zi = 5 0 ^ h = 0.9 cm 

D 

Z2 = 50!^ 

/ / / / / / / / / / / / / / / / / / / / / / 

Figure 2.5 Transmission Line Parameters in Simulation and Tesfing 
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Here: Length L = 43 cm. Height h = 0.9 cm (from the surface of ground plane to the 

center of line), Radius r = 0.04 cm, Zi = Z2 = 50 Q, and the ground plane is a perfect 

conductor. 

The characteristic impedance of the transmission line can be obtained by [7]: 

^0=J^=T^COSh-'(A)'^^0 
C~ 2n r V£. 

2n 

^_, , 0 . 9 , 471x10"' ^^„ , ^ 
cosh ' ( ) I— = 228.4Q 

0.04 J 1 
3671 

xlO 

Therefore, the transmission line is not matched to the loads, which is the case in the 

reverberation chamber. The incident waves in the semianechoic chamber simulation 

should be chosen in such a way that their solid angles distribute uniformly on the surface 

of the hemisphere above the ground plane. In other words, it is the solid angle Q, instead 

of the azimuthal angle (j) and elevation angle \\f, which should be sampled. From Figure 

2.2, an element solid angle on the upper hemisphere space is dQ = cosv|/dv|/d(j). A uniform 

distribution of Q can be obtained by uniformly sampling (j), and sampling v|/ such that its 

probability density function is cosy. To do so, a brief review of random variable theory 

would be very helpful. When transforming one random variable x into a new random 

variable y by means of a transformation 

y = T (X), (2.1) 

14 



if T is monotonically increasing or decreasing, the density functions fx(x) and fY(y) are 

related by [8] : 

fY(y) = fx(x) 
dx 

dy 
(2.2) 

In our case, x can be selected as a random variable uniformly distributed between [0.1] 

with fx(x) = 1, y corresponding to vj/, and fy^,(\\f) = cosi}/. Further assume that T is 

monotonically increasing without losing generality. From equation (2.2), we get: 

COSH/ 
dx 
d\^ 

(2.3) 

which results in: 

v|/ = sin' ( X ). (2.4) 

The third angle parameter y, which is the E-field polarization angle with respect to the 

vertical plane, is generated by uniformly sampling between 0°-180°. In our experiment, 

2000 \\f,^,y sets were generated using a PASCAL routine called "Bmaker." The source 

code for the routine can be found in the Appendix. The distributions of \\f, ^, and y are 

shown in Figure 2.6. Once the parameters were set, we ran NULINE in batch mode. The 

output file retumed the frequency response at load Z2 (I V2 (f) I vs. frequency) for 2000 

incident excitation waves. Figure 2.7 shows two sample plots, from which we can see the 

difference in induced voltage V2 (f) excited by EM waves from different angles. The 

15 



following work concentrates on obtaining the statistical characteristics of Vo (0 at some 

frequency points. 

2.5 Probabilitv Densitv Function and Cumulative Distribution Function 

In statistical analysis of a random process, the most important characteristics are its 

probability density function (PDF) and cumulative distribution function (CDF), which 

distinguish one random process from another. 

When analyzing a random process with a finite number of sample points, we can, in 

principle, use a bar chart to represent the relative frequency of occurrence over intervals 

with unit length. The height of a bar represents the number of data points falling into a 

unit interval. The total area equals the total number of samples. A bar chart like this 

describes very briefly the relative distribution of a random variable. If such a bar chart is 

scaled to have a total area of one, it is referred to as a histogram. It is reasonable to 

suppose that as the number of samples becomes very large and the width of the intervals 

becomes very small, the histogram will approach a smooth curve. This smooth curve it is 

imagined to tend towards is known as a probability density function (PDF), f (x). On the 

other hand, the probability of the event {X < x} is defined as the cumulative distribution 

function (CDF), F (x). Thus, 

F(x) = P{jr<x}. (2.5) 

The relation between the PDF and the CDF is: 

16 
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Figure 2.6 2000 Randomly Sampled Solid Angles for Simulafion 

17 



Plot of frequency file V2 107.FRQ 
0.01 

|V(f)| 0.001 

0 0001 

— — — — I — — — r- — T — T — I — r - T T - r - — — — — —i — — — r- — -i — T — I— r- T- r-

- ~ - - - - ' - I I C I 2 Z I I ' l C I I C I I I 'Z ' — 2 Z I ~'~ Z I Z 
- — — — — —'— — — L _ J Z Z Z'_ L Z Z L Z Z Z Z _ ' _ Z ~ ~ ~ J _ J. Z'Z i_ .!_ L 
- — — — — — I — — — ^ — -n — T — I — n T T - n — — — — — I — — — r- — 1 — T — I — r- T- r-

' I 1 _ J. _ " _ L J - i l I 1 I _ J. _ ' _ U J- L. 
> • t I I I I I I I I I I I I I I 

- ' I 1 _ J. _ " _ J _ J - J . I I I I _ J. _ ' _ l_ J- L. 
• I I I I I I I I I I I I I I I I 
• I I I I I I I I I I I I I I I I 

I J E . I I l l l l l l l I I l l i l l l 
\ y i y \ ' I l l l l l l l I I l l i l l l 
I / I / V ' A<^ ' / \ ' A ' y^ ' '.^^^ ' * l l i l l l 

\ f \ L _ i _ _ _ ' ^'^^'^ i / ' ^ ^ ^^^^^^"^""^ ' ' l l i l l l 

- S C - t t Z i t Z Z Z/Z J Z I Z ' Z L I I Z Z Z Z Z Z I Z Z Z C Z J Z I Z ' Z C I C 
- — — W — —1-4 — — iJ — -I — J . . l _ i - i . j . i . _ — . . — I — — — ( . - . ^ . o , — I — k . A - 1 . 
- — — 4 c — — 1 ^ — — ^ — - J — ^ _ l _ U ^ X . l - _ _ _ _ _ l _ _ _ i - _ ^ — ^ _ l — l_ .&. L. 

- — — — — — ' — \ ^ —P— — — —. — — ' — ' _ * * ' _ ' ' * _ -L _ ' _ L .L L 
I ^ f " " " " ^ l " ! " " ! " " " " " " " " " l " " * " " " " " I I P I " 

I I l l l l l l l t I l l i l l l 
- — — — — — I — — — ^ — - I — ^ — I — ^ ^ ^ ^ — — — — — I — — — ^ — -H — .* — I — H- ^ ^ 

I I l l l l l l l I I l l i l l l 
I I I I t I I I I I I l l i l l l 

- , - - - I 1 - T - t - r r r r 1 r 1 - T - I - r r r 

1.0e+09 1.0e+10 

Frequency (Hz) 

1.0e+11 

Plot Of frequency file V2 1775.FRQ 

O.OIT 

|V(f)| 0.001 

0.0001 
1.0e+09 1.0e+10 

Frequency (Hz) 

1.0e+11 

Figure 2.7 Sample Plotting of Induced Voltage for Two Different Angles 
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F (X2) -¥(xx) = ?{x,<X<x,}=[' f{x)dx. (2.6) 

The probability that a random variable takes a value between xi and x: is the integral of 

its probability density function over that interval [8]. Therefore, the PDF and CDF of a 

random variable uniquely represent its statistical characteristics. 

2.6 Simulation Results and Discussion 

Figures 2.8-2.13 present histogram, PDF and CDF plots at six different frequencies 

using the data in the NULINE output file. The ratio of the magnitude of the induced 

voltage at load Zj to the incident electric field (I E I = 1 V/m) is used for the horizontal 

axis. This ratio is called I S21* I in order to comply with the terminology in EMC testing. 

Its meaning will be further explained in the next chapter. It took about four hours to mn 

NULINE on a 486 personal computer in our lab. The output file "data.dat" was processed 

by a MATLAB M-file called "simulation2000," which is included in the APPENDIX, to 

obtain the PDF and CDF plots. 

The smooth lines in the graphs are the PDF and CDF plots of a chi-square distribution 

with 2 degrees of freedom which is believed to be the distribution function of the 

electromagnetic fields in a reverberation chamber. We put them here to compare the 

results between the two testing chambers. More details of the field distribufion in the 

reverberation chamber will be discussed in the next chapter. 

Several trends are observed from these plots: 

1. When frequency increases from 1.0 GHz to 13.5 GHz, the maximum voltage ratio. 
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which corresponds to the worst case of EM vulnerability of the transmission line, 

decreases from -37.2 dB to -45.5 dB. 

2. When frequency increases from 1.0 GHz to 13.5 GHz, the mean value of the voltage 

ratio decreases from -54.5 dB to -62.5 dB. 

3. When frequency increases from 1.0 GHz to 13.5 GHz, the PDF and CDF in the 

semianechoic chamber look more like the chi-square distribution. 

4. When frequency increases from 1.0 GHz to 13.5 GHz, the "worst case" values become 

fewer in numbers. 

From (1) and (2), we conclude that the transmission line is more vulnerable to EM 

interference at low frequency than at high frequency. In other words, when the 

wavelength of the EMI source is comparable to the transmission line dimension (when f 

= 1.0 GHz, A- = 30 cm.; when f= 13.5 GHz, A, = 2 cm), larger interference is coupled into 

the victim. From (3), we conclude that, at high frequency, the statistical characteristic 

(PDF and CDF) of the semianechoic chamber resembles a chi-square distribution. The 

reason needs to be further investigated. 

(4) needs more explanation. In Table 2.2, the twenty largest voltage ratio values at f = 

1.0 GHz and f = 13.5 GHz, together with their corresponding wave angles, are listed. 

When f = 1.0 GHz, the maximum I S21* I (which corresponds to worst EMI case) occurs 

when v|/ = 29.7 degree. Within one dB. we find eighteen waves with minimum \\i = 18.1 

and maximum \\J = 37.6. In other words, the transmission line is most EMI vulnerable 

when EM waves strike with \\f between 18.1 and 37.6 degrees. On the contrar\. when f = 

13.5 GHz, the maximum happens at v|/ = 9.6 degrees. Within one dB, only four waves 
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with minimum \\f = 6.2° and maximum \\f = 10.7° are found. Obviously, the beam shapes 

which correspond to the worst EMI situations for the two frequencies are quite different. 

To explain this, a very brief review of antenna theory is needed. In antenna theor>. the 

radiation of antennas can be graphically represented by antenna pattems which, in 

general, contain a main lobe and several auxiliary lobes. The direction and width of the 

lobes determine the performance of the antenna. They both are functions of frequency. 

From reference [13], we can find the radiation pattems of some transmission line 

antennas. Those pattems show a narrowing of the main lobe with increasing frequency. 

According to the reciprocity theorem of electromagnetics [2], this will also happen when 

a transmission line is illuminated by EM fields. Thanks to NULINE, this is evidently 

what we are seeing. 
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Figure 2.10 Plots of PDF and CDF for Frequency of 5.2 GHz 
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Table 2.2 The Twenty Largest Voltages at f = 1.0 GHz and f = 13.5 GHz, together 
with their Corresponding Wave Angles 

Freq. (Hz) 

l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
l.OOE+09 
1 .OOE+09 
l.OOE+09 
l.OOE+09 

Freq. (Hz) 

1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 
1.35E+10 

ABS(S2i*)(dB) 

-37.178 
-37.210 
-37.407 
-37.591 
-37.659 
-37.777 
-37.801 
-37.824 
-37.858 
-37.935 
-37.948 
-38.987 
-38.094 
-38.108 
-38.114 
-38.115 
-38.170 
-38.186 
-38.298 
-38.322 

ABS(S2i*)(dB) 

-45.531 
-46.108 
-46.140 
-46.568 
-47.329 
-47.515 
-47.947 
-48.009 
-48.024 
-48.223 
-48.752 
-48.876 
-50.125 
-50.184 
-50.314 
-50.348 
-50.542 
-50.663 
-50.890 
-50.908 

PSl (Degree) 

29.7 
28.1 
30.6 
27.4 
29.1 
33.2 
26.8 
31.1 
30.0 
36.5 
37.6 
25.1 
23.9 
24.2 
28.5 
31.6 
25.3 
18.1 
19.2 
32.5 

PSI (Degree) 

9.6 
7.2 
6.2 
10.7 
11.6 
10.0 
8.0 
10.9 
14.9 
10.0 
8.3 
6.7 
14.2 
13.9 
11.3 
9.7 
5.8 
5.6 
14.9 
11.1 

PHI(Degree) 

6.5 
8.6 
9.3 
350.8 
12.3 
358.4 
349.6 
354.8 
343.5 
2.5 
8.2 
18.4 
2.7 
19.3 
19.9 
16.1 
0.2 
10.4 
343.9 
17.9 

PHl(Degree) 

4.2 
6.1 
2.8 
352.9 
354.8 
351.6 
349.3 
2.0 
357.9 
1.8 
6.9 
2.6 
17.2 
6.5 
348.7 
11.4 
351.6 
11.8 
345.1 
11.4 

GAMMA(Degree) 

169.3 
170.5 
162.9 
23.5 
156.8 
21.9 
168.5 
26.6 
6.1 
160.9 
165.7 
162.8 
152.0 
167.2 
164.7 
1.3 
151.6 
164.6 
14.3 
151.2 

GAMMA(Degree) 

155.5 
163.4 
2.7 
24.1 
148.5 
151.8 
169.0 
45.4 
3.3 
47.9 
51.4 
132.3 
84.1 
29.2 
12.2 
125.5 
57.1 
52.0 
90.5 
38.5 

Num. Of Test 

908 
485 
1569 
534 
1350 
1110 
1887 
69 
693 
671 
1849 
1929 
757 
1530 
654 
21 
847 
1473 
1100 
1774 

Num. Of Test 

25 
745 
1361 
1234 
1610 
518 
24 
381 
1538 
1029 
154 
934 
860 
1834 
185 
1799 
250 
503 
812 
1801 

I 

'S 
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CHAPTER III 

EMC TESTING IN MICROS'AVE REVERBERATION CHAMBERS 

3.1 Introduction 

As discussed in Chapter 11. the problem of controlling, or at least minimizing, the 

measurement uncertainty caused b\ standing waves inside a reflectiv e screened chamber 

can be tackled in another way that is complementar\ to the 'absorption" approach. This 

alternative technique deliberately maximizes the number of possible reflection modes 

which can be sustained within a highly reflective chamber in an effort to expose the EUT 

to many incident waves at each frequency of interest in the band to be investigated. 

This method is known as mode stirring or mode tuning and was developed in the 

1970s. A testing chamber build upon this concept is known as a microwave reverberation 

chamber. EMC measurement using a mode tuned or stirred reverberation chamber 

appears to offer some potential advantages for EMI/EMC testing. These include [9]: 

1. Like an ordinary screened chamber, a reverberation chamber also isolates the test 

space from the outside electromagnetic environment. 

2. Like an ordinar\' screened chamber, a reverberation chamber is an indoor test facilit\ 

that makes EMC testing possible regardless of the weather. 

3. A reverberation chamber is capable of providing efficient conversion of source RF 

power to high field strength. This reduces somewhat the need for expensive high-

power sources. 

4. Reverberation chamber testing can be conducted over a broad frequency range. 
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5. Unlike the anechoic and semianechoic chamber with expensi\e radio absorbent 

materials covering the walls, a reverberation chamber can be built using existing 

shielded enclosures with only minor modification. This greatly reduces its 

construction cost. 

6. Reverberation chamber testing can be used for both radiated susceptibility and 

emission testing with minor instrumentation changes. 

7. Unlike the anechoic and semianechoic chamber, in a reverberation testing chamber the 

EUT is immersed in an isotropic homogeneous field with wave polarization being 

randomly varied. There is no need to rotate EUT and repeat the test. This results in a 

considerable reduction in manpower and test time requirements. 

The limiting factors of reverberation chamber testing are that polarization properties 

are not preserved for characterizing an EUT, and that the users may not feel confident to 

interpret the measurement results taken inside the chamber and to correlate to actual free-

space operating conditions [3]. 

3.2 Theoretical Concepts 

A reverberation chamber can be built by adding a stirrer to a shielded enclosure. It is a 

large (in terms of wavelength), high quality factor (Q) cavity whose boundary conditions 

are randomly perturbed by means of a rotating conductive stirrer or paddle wheel. 

Typical frequencies of operation are from a few hundred MHz to 18 GHz and above. 

Large chamber size means a large number of modes. As formulated by a National 

Bureau of Standards technical report [10], the total possible number of modes that can be 

sustained inside an unperturbed, lossless, rectangular chamber is approximately given b>: 
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N{f)^—abd^-(a + b^d)^ + \;. (3.1) 
c 

Here abd in cubic meters represents the chamber volume, f is the operating frequency in 

hertz, and c is the speed of wave propagation in the chamber medium (usually air) in 

meters per second. 

While the total number of eigenmodes inside an unperturbed chamber is an important 

design criterion, another equally important factor for chamber design is the mode density 

function which represents the change in number of modes in a given frequency interval. 

The derivative of (3.1) with respect to frequency is the mode density: 

dN STT 

df 
abdf' (3.2) 

For a particular chamber, the lower frequency limit is typically associated with 

insufficient mode density. 

The Q factor of a reverberation chamber is another important design consideration. 

The Q should be large because otherwise the stirrer will be less effective in ranging the 

chamber fields. 

Since the primary focus of this research is the investigation of the statistical 

characteristics inside the chamber, a theoretical probability density function (PDF) model 

would be very helpful. In fact, finding the closed-form deterministic field solution for a 

reverberation chamber is extremely difficult, if not impossible, due to the random nature 
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of the fields. So the best option for the analysis is statistical. The PDF model presented in 

[11], entitled "Statistical Model for a Mode-Stirred Chamber." is the most representati\ e 

of current statistical treatments for the analysis of reverberation chambers. In this model, 

the case of interest is that where a large number of modes are present in the chamber. 

This requires using a wavelength that is much smaller than the chamber dimension. In 

this case, the field at a point is the vector sum of the contributions of all these modes. 

Moving the paddle wheel changes the way the energy in the field is distributed among the 

modes. The energy in a given mode can be thought of as a random variable that depends 

on paddle-wheel angle. 

According to [11], the PDF for the power density in one dimension at a field point in 

the chamber is given by the chi-square distribution with two degrees of freedom: 

f{P) = ie-=P (3.3) 

Here P is the power density and P is its average value. Alternatively. P and P may be 

taken as the power, and its average, supplied by a linearly polarized receiving sensor or 

antenna at the field point. 

In PDF measurements, decibel (dB) values are often used. This can be done here b\ a 

simple variable change in equation (3.3) which leads to the following power density PDF 

indB: 

/ ( P ) = ( l / p ) z e " (3.4) 

Here z= e^''~'''^^\ p = (10/lnlO) = 4.343, and P is the average power in dB. This 
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distribution falls towards zero rapidly on the high end, forming a practical "cut-off" for 

the power density [12]. 

3.3 Experimental Apparatus and Testing Procedure 

The block diagram of the microwave reverberation chamber for this research is shown 

in Figure 3.1. The chamber is made of aluminum alloy with conducti\ity of a = 

2.32x10^ S/m. It has welded seams and dimensions of 1.034 m x 0.809 m x 0.581 m with 

a square opening for a door on one side. The door is made of aluminum alloy 3 8-inch 

thick. To have a good electromagnetic seal, a groove of 0.26-inch width was cut around 

the door for a gasket made of !/4-inch diameter metal-filled silicon elastomer. When the 

door is fastened, with bolts, to the chamber, the elastomer gasket is compressed between 

the door and the chamber. 

A four-blade metal paddle wheel was mounted just below the ceiling of the chamber 

functioning as a mode stirrer. A stepper motor on top of the chamber rotates the paddle 

wheel. The stepper motor is controlled by a PC such that the paddle wheel is rotated in 

200 1.8-degree incremental steps. This system was designed by A. Mitra [12]. 

As mentioned in Chapter II. the equipment under test is a single-wire transmission line 

above a ground plane. In our experiment, the line was constructed on the chamber floor 

as shown in Figure 3.1. Two SMA bulkhead connectors were inserted in holes drilled in 

the floor and the wire connected between them. A # 20 copper wire (0.8 mm in diameter) 

0.9 cm above the floor was used. Under the floor, a 50-0 load and a 50-Q cable were 

attached to the SMA connectors. 
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The source antenna used to excite the EM field in the chamber and illuminate the 

transmission line is a broadband antenna covering 1.0 GHz to 13.5 GHz. A microwave 

network analyzer supplies the power. The analyzer is also used as a data collecting and 

processing apparatus for the voltage at the right end of the transmission line. 

In microwave theory, any two-port device, like the chamber, has a total of four S-

parameters (scattering parameters). These are illustrated in Figure 3.2. The S-parameter 

notation is: 

'12 a-> 

Figure 3.2 S-Parameter of a Two-Port Device 

S out in. where the first number (out) refers to the port where the signal is emerging and 

the second number (in) is the port where the signal is incident. For example, Sn is the 

complex ratio of the signal emerging at port 1 to the signal incident at portl. and it is a 

reflection coefficient. In this illustration, "a"" represents the signal entering the device and 

"b" represents the signal emerging. 
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In our experiment, the quantity actually measured by the network analyzer is an S-

parameter, S21. This is the voltage transmission coefficient for the chamber, that is, the 

ratio of the complex voltage wave out of the chamber at the right end of the transmission 

line (port 2) to the complex voltage wave into the chamber at the antenna (port 1). The 

network analyzer was set to compute the magnitude of S21. IS21I, and to express it in dB. 

This we refer to as the chamber gain. The chamber gain was measured in a frequency 

stepping mode for each paddle wheel position. There were 200 paddle wheel positions, 

each 1.8-degree apart, completing a revolution. Due to the computer memory limitation, 

under each paddle wheel position, power gains were measured for only 51 frequencies 

(1.0 GHz - 13.5 GHz). The network analyzer used in our work was an HP 8719A. The 

computer generated an output file of gain measurements called "stemp.dat". A MATLAB 

M-file was written to calculate and plot the corresponding PDFs and CDFs. Figures 3.3 -

3.9 are the PDF and CDF plots for different frequencies. Again, the solid curves are 

theoretical plots of a two-degrees-of-freedom chi-square distribution and the histogram 

and stair step curves are the results from the experimental data. 

3.4 Results and Discussion 

Several trends are observed from these plots as frequency increases from 1.0 GHz to 

13.5 GHz: 

1. The maximum chamber gain varies up and down by a few dB. 

2. The mean chamber gain varies up and down by a few dB. 

3. The measured PDFs and CDFs conform to the Chi-Square distribution. 

4. The standard deviation falls by about 3 dB. 



5. The difference between maximum and mean chamber gain decrease from 15 dB to 10 

dB. 

The variability in (1) and (2) is probably due to the frequency sensitivity of the chamber 

antenna as well as the transmission line. 

At the higher frequencies the agreement with the chi-square distribution is \ er> good, 

as shown in Figures 3.7, 3.8, and 3.9. Here the measured standard deviation of about 5.7 

dB agrees well with the chi-square value of 5.57 dB. 

This chi-square response has been observed before in reverberation chamber [12] using 

various linearly polarized receiving sensors and antennas. Thus we see here that it also 

occurs for a receiving transmission line. 

4 
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Reverberation Chamber Frequency: 1.000 GHz 
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Figure 3.3 PDF and CDF plot when f= 1.0 GHz 
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Reverberation Chamber Frequency: 2.250 GHz 
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Figure 3.4 PDF and CDF plot when f=2.25 GHz 
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Re^rberation Chamber Frequency: 3.000 GHz 
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Figure 3.5 PDF and CDF plot when f=3.0 GHz 
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Reverberation Chamber Frequency: 5.250 GHz 

Mean:-21.9819 
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Figure 3.6 PDF and CDF plot when f = 5.25 GHz 

41 



Reverberation Chamber Frequency: 7.250 GHz 
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Figure 3.7 PDF and CDF plot when f=7.25 GHz 
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Reverberation Chamber Frequency: 9.000 GHz 

Mean: -20.8944 

Standard Deviation: 5.769 
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Figure 3.8 PDF and CDF plot when f = 9.0 GHZ 
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Reverberation Chamber Frequency: 10.250 GHz 
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Figure 3.9 PDF and CDF plot when f = 10.25 GHz 
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Reverberation Chamber Frequency: 11.500 GHz 
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Figure 3.10 PDF and CDF plot when f=l 1.5 GHz 
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Reverberation Chamber Frequency: 13.500 GHz 

Mean: -25.6273 

Standard Deviation: 5.208 

Maximum: -16.2109 

Minimum: 42.1465 

Maximum-Mean: 94164 

Probability Density Function 

-35 -30 -25 -20 
Cumulative Distribution Function 

-50 4 5 4 0 -35 -30 -25 -20 -15 -10 

|S21| (dB) 

Figure 3.11 PDF and CDF plot when f=13.5 GHz 
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CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

By comparing the EM susceptibility results of a transmission line in a simulated 

semianechoic chamber and in a reverberation chamber, the following observations are 

offered: 

At the higher frequencies the distribution function for induced voltage in the 

reverberation chamber follows the theoretical model and the distribution function in the 

semianechoic chamber simulation, while having a somewhat similar shape, contains a 

group of large values, corresponding to the transmission line acting as a receiving 

antenna with a narrow beam. The absence of the large values in the reverberation 

chamber data is perhaps not surprising because excitation of the transmission line by 

several different waves simultaneously tends to swamp out the large effect due to one of 

them. 

A recommendation for future work is to determine the alignment on a dB scale of the 

semianechoic chamber PDF and the reverberation chamber PDF. That is. to adjust the 

reverberation chamber gain data to a 1-V/m incident field strength, which is the value 

used in the semianechoic data. This can be done by measuring the strength of the electric 

field in the reverberation chamber with a small sensor at the location of the transmission 

line. 

Once proper alignment of the PDFs is obtained, they can be compared not only on the 

basis of shape but also on the basis of absolute value. The semianechoic data represents 

the important exterior real-world situation where a single plane wave from some source 

47 



of interference might be incident on the transmission line from an} direction. The 

reverberation data represents a complex interior situation where multiple waves might be 

incident in any direction. The correlation of these two situations will become clear once 

the alignment is achieved. The following question, in particular, can then be answered: 

" What is the difference between the maximum values of the two data sets?" 

One might guess that the alignment of the two PDFs should be such that the a\ erage 

values are equal. Let us suppose this is the case and answer the above question. We take f 

= 10.25 GHz. From Figures 2.12 and 3.8, we get 16 dB and 10 dB for the difference 

between maximum and average. Thus the reverberation chamber measurement gives a 

maximum value which is 6 dB lower than the semianechoic; it underestimates the 

exterior real-word susceptibility of the transmission line by 6 dB. 

This thesis can be thought of as involving the issue of the correlation between the 

response of a very simple EUT (a transmission line) in the real word and in a 

reverberation chamber. It would be worthwhile to understand this issue for any EUT. 

Then reverberation chambers, with their many advantages, could be used routinely for 

susceptibility testing. 
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APPENDIX A 

PASCAL CODE FOR MAKING 2000 RANDOM SOLID ANGLES 

unit Batch; 

interface 

uses 
SysUtils, WinTypes, WinProcs. Messages, Classes. Graphics, Controls, 
Forms, Dialogs, StdCtrls, Math; 

type 
TBatchForm = class(TForm) 
NumEdit: TEdit; 
StartButton: TButton; 
ExitButton: TButton; 
Lablel: TLabel; 
Label 1: TLabel; 
FileEdit: TEdit; 
procedure ExitButtonClick(Sender: TObject); 
procedure StartButtonClick(Sender: TObject); 

private 
{ Private declarations } 

public 
{ Public declarations } 

end; 

var 
BatchForm: TBatchForm; 

implementation 

{$R*.DFM} 

procedure TBatchForm.ExitButtonClick(Sender: TObject); 

begin 
Close; 

end; 

procedure TBatchForm.StartButtonClick(Sender: TObject); 
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var 
NumString: string; 
Num: integer; 
line: string; 
i: integer; 
BatchFile: Textfile; 
x: double; 
realPSI, realPHI, realGAMMA: double; 
strPSI, strPHI, strGAMMA, strFILEV: string; 
Position: integer; 
FileName: string; 

begin 
FileName := FileEdit.Text; 
AssignFile(BatchFile,FileName); 
Rewrite(BatchFile); 

NumString := NumEdit.Text; 
Num := StrToInt(NumString); 

Randomize; 
for i := 1 to Num do 
begin 

StartButton.Enabled := FALSE; 
ExitButton.Enabled := FALSE; 

X := StrToFloat(FormatFloat('#.####',Random)); { get random # to 4 decimal 
places } 

X := X + 0.0001; { x: range from 0.0001 to 1.0000 } 
realPSI := (ArcSin(x) * 180) / PI; { Find ArcSin(x) and convert to Degrees } 

realPHI := Random * 360; { PHI: range from 0.0 to 360.0 } 
realGAMMA := Random * 180; { GAMMA: range from 0.0 to 180.0 } 

StrPSI := FormatFloat('0.0',realPSI); {Set PSI to 1 decimal place} 
StrPHI := FormatFloat('O.O'.realPHI); {Set PHI to 1 decimal place} 

StrGAMMA := FormatFloat('0.0',realGAMMA); { Set GAMMA to 1 decimal 
place } 

StrFILEV := IntToStr(i); { Set Filename } 

line := •c:\nuline\NULINE PSI=* PHI=* GAMMA=* FILEV=* CONTROL=RUN" 

Position := Pos('*',line); 
Delete(line,Position, 1); 
Insert(strPSI,line,Position); 
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Position := Pos('*',line); 
Delete(line,Position, 1); 
Insert(strPHI,line,Position); 

Position := Pos('*',line); 
Delete(line,Position, 1); 
Insert(strGAMMA,line,Position); 

Position := Pos('*',line); 
Delete(line,Position, 1); 
Insert(strFILEV,line,Position); 

vvTiteln(BatchFile,line); 
end; 

StartButton.Enabled := TRUE; 
ExitButton.Enabled := TRUE; 
CloseFile(BatchFile); 

end; 

end. 
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APPENDIX B 

MATLAB M-FILE FOR PDF AND CDF CALCULATION 

IN SEMIANECHOIC CHAMBER SIMULATION 

close all 
clear all 
clc 

% The name of this file is "simulation2000" 

%PDFTEST - Calculate PDF and CDF. 
% PDFTEST calculates and displays the Probability Density 
% Function and the Cumulative Distribution Function of the test 
% data in Final.dat. 
% 

% For each function a theoretical curve and the curve produced from 
% the data are plotted. 
% 

% As input the function requires an integer between I and 51. This 
% number is an index corresponding to the data collected at a 
% particular frequency. 
% 

% Call PDFTEST without arguments. 
% 

% Texas Tech University 
% Electrical Engineering Microwave Lab 

0/̂  ************* LQ^^^ Qata From File ***** 

format long e 

0/^************** create index array 

index=[l:20]'; 
index=[index;index;index;index;index;index;index;index;index;index]; 
index=[index;index;index;index;index;index;index;index;index;index; 

index;index;index;index;index;index;index;index;index;index]; 
index=[index;index;index;index;index;index;index;index;index;index]; 
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% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 

load datanew.dat; 

realpart = datanew(:,2); 
imagpart = datanew(:,3); 

num = (realpart). ̂ 2 + (imagpart). ̂ 2; 
num= 1 O*logl O(num); 

%%%% generate a matix with format: columel is index, 
%%%%% colume2 is freq,colume3 is voltage in dB. 

%%%% I call this data matrix "datanew". Use the same name to save space%%%% 

datanew=[index,datanew(:, 1 ),numj; 
fnum = input('Enter the index of Frequency points(l to 20):'); 

f=datanew(:,2); 
freq = f(fnum); 
sl=datanew(:,3); 
ppts = 2000; 
f^ts = 20; 
data = sl(fnum:fpts:ppts*fpts); 
liml = round( min(data)) - 10 ; 
lim2 = round( max(data)) + 10 ; 
dB = liml:0.25:lim2; 
m = mean(data); 
s = std(data); 

0̂  ***** PDF Functions ***** 

% PDF Theoretical Curve 
eulers = 0.5772; 
beta = 4.343; 
xvaluesl =dB; 
ym = mean( 10.^(data/10)); 
xm = 10*loglO(ym) * ones(size(dB).l); 
z = exp( (xvaluesl-xm)/(beta-eulers)); 
yvaluesl = (1/beta) * (z .* exp(-z)); 
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% PDF Data Curve 
[n,binj = hist(data,dB); 
n = n/(0.25*ppts); 
[xvalues2,yvalues2] = bar(bin,n); 

% ***** CDF Functions ***** 

% CDF Theoretical Curve 
eulers = (0.5772 * 0); 
beta = 4.343; 
xvals = dB; 
ym = mean( 10 .^ (data/10)); 
xm = 10*loglO(ym) * ones(size(dB),l); 
z = exp( (xvals-xm) / (beta-eulers)); 
yvals = (1/beta) * (z .* exp(-z)); 
xvalues3 = xvaluesl (l:length(xvals)); 
for i = 1 :length(yvals), 

yvalues3(i) = sum(yvals(l:i))*.25; 
end 

% CDF Data Curve 
[n,bin] = hist(data,dB); 
n = n/(0.05*ppts); 
for i = 1 :length(n), 
xl(i) = sum(n(l:i))*0.05; 

end; 
% [xvalues4,yvalues4] = bar(bin,xl); 
xvalues4 = dB; 
yvalues4 = xl; 

%***** PDF and CDF Calculated Using Stats Toolbox Functions ***** 

xvalues5 = sort(data); 
yvalues5 = pdf('Normar,xvalues5,m.s); 
xvalues6 = sort(data); 
yvalues6 = cdf('Normar,xvalues5.m,s); 

%***** Dislpay Plots * * * * * 
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figl =figure(l); 
set(figl,'Pos',[10,50,775,500]); 
zoom on; 

% Display Additional Information 
subplot(3,l,l); 
axis([0 10 0 5]); 
axis('off); 

% Format Frequency Output 
freq; 
Ft = int2str(freq); 
Ftleft = Ft(l:length(Ft)-9); 
Ftright = Ft(length(Ft)-8:length(Ft)-6); 
z = V.b'; 
z = strrep(z,'v',Ftleft); 
if Ftright ==" 
Ftright = '0'; 

end; 
z = strrep(z,'b',Ftright); 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 0 / o « 0« 0« 0» 0 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % 

% Format Additional Info 
Mt = num2str(m); 
SDt = num2str(s); 
Maxt = num2str(max(data)); 
Mint = num2str(min(data)); 
MMt = num2str(max(data) - m) 
stFreq = num2str(freq); 
Freqtext = Trequency: freq GHz'; 
Meantext = 'Mean: m'; 
SDtext = 'Standard Deviation: sd'; 
Maxtext = 'Maximum: max'; 
Mintext = 'Minimum: min'; 
MMtext = 'Maximum - Mean: mm'; 
text(0,4,'simulation2000'); 
text(4,4,strrep(Freqtext,'freq',z)); 
text(0,2,strrep(Meantext,'m',Mt)); 
text(0.1 ,strrep(SDtext,'sd'.SDt)); 
text(4,2,strrep(Maxtext,'max',Maxt)); 
text(4,1 ,strrep(Mintext,'min',Mint)); 
text(7,2,strrep(MMtext,'mm',MMt)); 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%origin 
al%%%%%%%%%%%%%%%%%%%%%%%%% 
% Format Additional Info 
%Mt = int2str(m); 
%SDt = int2str(s); 
%Maxt = int2str(max(data)); 
%Mint = int2str(min(data)); 
%stFreq = num2str(freq); 
%Freqtext = 'Frequency: freq GHz'; 
%Meantext = 'Mean: m'; 
%SDtext = 'Standard Deviation: sd'; 
%Maxtext = 'Maximum: max'; 
%Mintext = 'Minimum: min'; 
%text(0,4,'Simulation'); 
%text(5,4,strrep(Freqtext,'freq',z)); 
%text(0,2,strrep(Meantext,'m',Mt)); 
%text(0,1 ,strrep(SDtext,'sd',SDt)); 
%text(5,2,strrep(Maxtext,'max',Maxt)); 
%text(5,1 ,strrep(Mintext,'min',Mint)); 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 

% PDF Plot 
subplot(3,l,2); 
plot(xvalues2,y values2,xvalues 1 ,y values 1); 
axis([liml lim2 0 (max(yvaluesl)+.l)]); 
%xlabel('|S21| (dB)'); 
yiabelC); 
title('Probability Density Function'); 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 

% % % % 

% CDF Plot 
subplot(3,l,3); 
plot(xvalues3,yvalues3,'g'); 
hold on 
stairs(xvalues4,yvalues4) 
hold off 

% % % % % % % % % % % % % % % % % % % % % " 0° o'̂  o" o" o" o" ,/' , ' „ ' .- 0° 0° 0° 0° o« o" o" o" „" ./̂  o" 0 

% % % 

% CDF Plot 
subplot(3,l,3); 
%plot(xvalues4,yvalues4,xvalues3,yvalues3); 
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axis([liml lim2 0 1.1]); 
xlabel('|S21| (dB)'); 
ylabelC); 
title('Cumulative Distribution Function'); 
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APPENDIX C 

MATLAB M-FILE FOR PDF AND CDF CALCULATION 

IN REVERBERATION CHAMBER 

Clear all 
Close all 

% The name of this file is "chamber" 

%PDFTEST - Calculate PDF and CDF. 
% PDFTEST calculates and displays the Probability Density 
% Function and the Cumulative Distribution Function of the test 
% data in Stemp.dat. 
% 

% For each function a theoretical curve and the curve produced from 
% the data are plotted. 
% 

% As input the ftinction requires an integer between 1 and 51. This 
% number is an index corresponding to the data collected at a 
% particular frequency. 
% 

% Call PDFTEST without arguments. 
% 

% Texas Tech University 
% Electrical Engineering Microwave Lab 

format long e 
close all 
clear all 
% ***** Load Data From File ***** 

fnum = input('Enter Index Of Frequency Point (1 to 51):'); 
load stemp.dat; 
f=le9*stemp(:.2); 
freq = f(fnum); 
sl=stemp(:,3); 
ppts = 200; 
fpts = 51; 
data = sl(fnum:fpts:ppts*fpts); 
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liml = round( min(data)) - 10 ; 
lim2 = round( max(data) ) + 10 
dB = liml:0.25:lim2; 
m = mean(data); 
s = std(data); 

% ***** PDF Functions ***** 

% PDF Theoretical Curve 
eulers = 0.5772; 
beta = 4.343; 
xvaluesl = dB; 
ym = mean( 10 .^ (data/10)); 
xm = 10*loglO(ym) * ones(size(dB),l); 
z = exp( (xvaluesl-xm) / (beta-eulers)); 
yvaluesl = (1/beta) * (z .* exp(-z)); 

% PDF Data Curve 
[n,bin] = hist(data,dB); 
n = n/(0.25*ppts); 
[xvalues2,yvalues2] = bar(bin,n); 

% ***** CDF Functions ***** 

% CDF Theoretical Curve 
eulers = (0.5772 * 0); 
beta = 4.343; 
xvals = dB; 
ym = mean( 10 .^ (data/10)); 
xm = 10*loglO(ym) * ones(size(dB),l); 
z = exp( (xvals-xm) / (beta-eulers)); 
yvals = (1/beta) * (z .* exp(-z)); 
xvalues3 = xvaluesl (l:length(xvals)); 
for i = 1 :length(yvals), 

yvalues3(i) = sum(yvals(l:i))*.25; 
end 

% CDF Data Curve 
[n,bin] = hist(data,dB); 
n = n/(0.05*ppts); 
for i = 1 :length(n). 
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xl(i) = sum(n(l:i))*0.05; 
end; 
% [xvalues4,yvalues4] = bar(bin,xl); 
xvalues4 = dB; 
y values4 = x 1; 

% ***** Dislpay Plots ***** 

figl =figure(l); 
set(fig 1 ,'Pos',[l 0,50,775,500]); 
zoom on; 

% Display Additional Information 
subplot(3,l,l); 
axis([0 10 0 5]); 
axis('off); 

% Format Frequency Output 
if fnum >= 37 
freq = freq* 10; 

end 
freq 
Ft = int2str(freq); 
Ftleft = Ft(l:length(Ft)-9); 
k = findstr(Ft,'0'); 
k = k(l); 
Ftright = Ft(length(Ft)-8:length(Ft)-6); 
z = 'v.b'; 
z = strrep(z,'v'.Ftleft); 
z = strrep(z,'b',Ftright); 

% Format Additional Info 
Mt = num2str(m); 
SDt = num2str(s); 
Maxt = num2str(max(data)); 
Mint = num2str(min(data)); 
MMt = num2str(max(data) - m) 
StFreq = num2str(freq); 
Freqtext = 'Frequency: freq Hz'; 
Meantext = 'Mean: m'; 
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SDtext = 'Standard Deviation: sd': 
Maxtext = 'Maximum: max'; 
Mintext = 'Minimum: min'; 
MMtext = 'Maximum - Mean: mm'; 
text(0,4,'Reverberation Chamber'); 
text(4,4,strrep(Freqtext,'freq',z)); 
text(0,2,strrep(Meantext,'m',Mt)); 
text(0,1 ,strrep(SDtext,'sd',SDt)); 
text(4,2,strrep(Maxtext,'max',Maxt)); 
text(4,1 ,strrep(Mintext,'min',Mint)); 
text(7,2,strrep(MMtext,'mm',MMt)); 

% PDF Plot 
subplot(3,l,2); 
plot(xvalues2,yvalues2,xvaluesl,yvaluesl); 
axis([liml lim2 0 (max(yvaluesl)+.l)]); 
%xlabel('|S21| (dB)'); 
ylabelC); 
title('Probability Density Function'); 

% CDF Plot 
subplot(3,l,3); 
plot(xvalues3 ,y values3 ,'g'); 
hold on 
stairs(xvalues4,yvalues4) 
hold off 
axis([liml lim2 0 1.1]); 
xlabel('|S21| (dB)'); 
ylabelC); 
title('Cumulative Distribution Function'); 
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