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ABSTRACT 

Statistical models for a component of the power density inside a microwave 

reverberation chamber are studied. These models include average chamber gain 

characteristics, an ideal probability density function (PDF), and an ideal spatial correlation 

function (SCF). The SCF model is extracted from a more general theory of complex 

cavities. Emphasis is placed on observing the appUcability of these models as the 

conditions in the chamber are varied from non-ideal, multi-moded operation to ideal, 

"overmoded" operation in the high-frequency limit. The observations are made with 

measurements and simulations. Deviations from the models are characterized by and 

related to a number of critical chamber parameters such as the Q, the chamber electrical 

size, and the frequency range of chamber operation. The introduction of a chamber 

parameter M, the number of modes in a 3-dB bandwidth, provides useful information with 

regard to the behavior of the models in the low frequency limits of chamber operation. 

The introduction of SCF measurements to microwave reverberation chamber systems 

provides useful insights into the physical behavior of the fields inside the chamber. 
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CHAPTER I 

WTRODUCTION 

The increasing popularity of microwave reverberation chambers [1] for 

electromagnetic immunity testing applications has, in the recent past, motivated a number 

of investigations [2-8] with regard to obtaining accurate models for the electromagnetic 

fields within the chamber. These chambers are generally associated with a number of 

desirable features such as statistically uniform (or homogeneous) fields [1] as well as high 

field strengths in relation to the input power level. The statistical uniformity of the field 

allows a very large cross-section of the test object to be illuminated with a uniform 

(average) power level and is typically accomplished by varying the chamber boundary 

conditions with a rotating mechanical tuner (or paddle wheel). 

Standard inicrowave reverberation chambers are comprised of a metallic rectangular 

enclosure (cavity) with a motor-controlled paddle wheel installed in the vicinity of the top 

boundary. Statistical field samples are typically acquired at various points in the chamber 

for a large (usually about 200) number of incrementally spaced paddle wheel positions. A 

primary chamber design objective is to obtain a spatial field uniformity such that the spatial 

variance of the average field, calculated by averaging over all incremental paddle wheel 

positions, is minimized. 

As far as detailed information with regard to these chambers is concemed, NBS 

Technical Note 1092 [4], entitled "Design, Evaluation, and Use of a Reverberation 
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Chamber for Performing Electromagnetic SusceptibilityA^ulnerability Measurements," is 

currently perhaps the most commonly referenced guide to standard (mechanically stirred) 

microwave reverberation chamber construction and evaluation. Three significant chamber 

quantities that are defined and described in this article are: 

(1) Mode Density: A formula for the total number of modes that can propagate "inside 

an unperturbed, lossless, rectangular chamber" [4] at a particular frequency, f, is 

approximately given by Eq. 1.1. 

N(f) = —abdj-1 -(a-f-b + d)--^^ (1.1) 
3 [cj c 2 

where a,b,d are rectangular chamber dimensions, c is the speed of light, and f is the 

chamber source frequency under consideration. For an overmoded cavity, where the 

source wavelength is small in relation to the chamber dimensions, N(f) can be further 

approximated by the first term in Eq. 1.1. The derivative of this term with respect to 

frequency is known as the mode density and can be expressed by Eq. 1.2. 

dN _ 87cabd 2 .i ^>. 

This term can be evaluated at various frequencies within the range of interest and 

considered with other significant chamber quantities to determine the effectiveness of a 

reverberation chamber. In other words, the lower frequency limit of a particular chamber 

is typically associated with insufficient mode density. 

(2) Composite Quality Factor: Eq. 1.3 is recommended for purposes of calculating the 

composite (theoretical) Q of the chamber. 
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where V is the chamber volume, S is the internal surface area of the chamber, 6 is the skin 

depth, X is the wavelength, and a,b,d are chamber dimensions. This composite Q was 

originally developed in [3] and can be viewed as an average of the Q's corresponding to 

the resonant modes about a particular frequency. Some of the effects of lowering the Q 

by adding absorbing material are reported to be 

(i) "decreases the effectiveness of tuner" [4, p. 12], 

(ii) "increases the chamber loss and hence increases the rf power required to obtain 

test fields of the same level" [4, p. 12], 

(iii) "decreases the spatial statistical E-field uniformity" [4, p. 12]. 

(3) Minimum Tuning Ratio: "A reasonable guideline for proper operation of the tuner is 

a minimum tuning ratio of 20dB" [4, p. 7]. In other words, the ratio of the maximum 

power to the minimum power (at a selected test point and over all tuner positions) should 

be at least 20dB. Apparently, implementation of this criteria (though not theoretically 

derived) assures acceptable levels of field uniformity, or spatial homogeneity, for a large 

number of applications. 

Careful consideration of the discussion in this report seems to indicate a trend towards 

applying a set of very broad empirically based guidelines towards the operation and 

analysis of microwave reverberation chambers. In fact, the most concise set of guidelines 
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available for the design of these chambers (to the author's knowledge) is as follows ([3], 

also repeated in [4]): 

(1) "The volume abd of the chamber should be as large as possible in order to have large 

values of N(f) for stirring or tuning purposes." [3, p. 20] 

(2) The ratios a : b : c of edge lengths squared should not be too rational in order to 

reduce fluctuations in N(f) (avoid mode degeneracy) "and, hence, to increase the 

uniformity in mode distribution." [3, p. 20] 

While these relatively straightforward guidelines for choosing chamber dimensions [3-

4] and evaluating proper chamber operation (in the frequency range of interest) are 

available, theoretical models for the fields inside the chamber are more difficult to obtain. 

These difficulties are primarily due to the fact that, in order to achieve the "mode stirring" 

required for field uniformity, a boundary is perturbed with an irregularly shaped 

mechanical tuner. Other modeling problems such as determining accurate wall 

conductivities and additional geometrical constraints due to small excitation wavelength 

(or multi-mode excitation) make the possibility of obtaining a closed-form deterministic 

solution unrealistic. Thus, attempts to model these electromagnetic fields have lead to 

calculations of [5-7] statistical models for field quantities under a variety of idealized 

assumptions. Further investigations with regard to the validity of these models might 

provide additional insight about the general operation of a microwave reverberation 

chamber and could lead to the definition of useful test parameters. 
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This dissertation includes an evaluation of the probability density function (PDF) 

model for the power density under certain limiting, non-ideal conditions as well as the 

derivation of a new transfer function model for the gain of a microwave reverberation 

chamber. The evaluation process is performed with an elaborate measurement apparatus 

and via numerical simulations. The deviation of the chamber measurements from the 

corresponding theoretical models is considered as a function of some critical parameters 

such as chamber quality factor, electrical size, and mode density. 

The primary focus of this study is the investigation of a possible second-order 

statistical model for the fields inside the chamber. The mathematical form of this model is 

extracted from a more general theory of "complex cavities" and is termed the spatial 

correlation function (SCF) of the power density. The study is conducted by making actual 

SCF measurements and developing a computer SCF experiment (simulation). 

The presentation of the material is initiated in Chapter n with a detailed discussion of 

some relevant mathematical models. The first section of this chapter outlines a more 

elaborate analysis of chamber Q calculations [9] that includes adjustments due to power 

liberated to any receiving sensors and antennas that may be included in a chamber 

measurement configuration. The next section of Chapter II describes an approximate 

method for analyzing the gain versus frequency of a microwave reverberation chamber 

[10]. This method utilizes the overall Q models of the previous section. The third section 

of this chapter describes an ideal first-order statistical model for the power density in a 

microwave reverberation, or mode-stirred, chamber (MSC) while the fourth section 



provides a concise summary of Lehman's [7] statistical theory of "complex cavities." This 

fourth section includes a sketch of the derivation of an ideal spatial correlation function in 

a "complex cavity." As mentioned above, the applicability of this type of function to 

MSC's is the primary topic under consideration in this dissertation. The fifth section of 

this chapter is a description and tabulation of the various chamber parameters that are to 

be considered in the subsequent analysis of chamber simulations and measurements. 

Chapter IE outlines the approach that is applied towards obtaining a statistical 

simulation of an MSC. This approach, which uses a "moving wall" [8 ] [12] to model the 

paddle wheel, incorporates a number of parameters such as chamber excitation frequency, 

size, and Q models. 

Chapter IV describes the entire microwave reverberation chamber measurement 

system that is used in this study. Some details with regard to the significant mechanical 

design considerations along with the selected electrical properties of the chamber are 

included. Also, a block diagram of the measurement apparatus along with a description of 

the electronic control mechanisms are provided. 

The final chapter includes a set of measurements and simulation outputs. The 

measurements and simulations are analyzed in a variety of ways including via comparison 

with the appropriate theoretical model. Conclusions with regard to properties of the 

average chamber power gain, the PDF of the power density, and the spatial correlation 

function of the power density are presented. Emphasis is placed on observing trends in 

these functions due to variations, over preselected ranges, in a number of critical chamber 

parameters. 
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CHAPTER II 

CHAMBER PARAMETERS AND THEORETICAL 

HELD MODELS 

Chamber Quality Factor 

A significant elaboration of the theoretical Q analysis that is described in the 

introduction is contained in Phillips Laboratory Technical Report 91-1036 [9]. Here, an 

equation that accounts for the loading of the receiving antennas and sensors is postulated 

based on an energy distribution argument. This overall Q is specified as a net Q and given 

by Eq. 2.1. 

net 

eqv 

+ N 

ant 

+ N 
1 

(2.1) 

b Q . 
B 

where Qeqv is the composite Q of the chamber (Eq. 1.3), Qant is the Q of a standard 

receiving antenna, Qo is the Q of a standard B-dot probe, and Na,Nb are the number of 

standard antennas and B-dot probes, respectively. 

An expression for Qant is derived [9] from an expression for the average effective area 

of a receiving antenna with an incident signal that is randomly polarized [17]. This 

expression is given by Eq. 2.2. 

-r X^D 
A=-

87U 
(2.2) 
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where A is the average effective area, X is the microwave wavelength, and D is the 

average directivity of the antenna. Ideally, the average directivity of an antenna in a 

microwave reverberation chamber is unity [9] since a high degree of statistical 

homogeneity of the field can be assumed when the chamber size is (ideally) much larger 

than the microwave source wavelength. With this assumption, the average power 

delivered to the antenna, Pd, can be calculated as follows: 

Pd = 
Wc^ 
V > 

(2.3) 

where W is the average energy stored in the chamber, V is the volume of the chamber, c is 

the speed of light and the quantity in the second parenthesis is the average power density 

in the chamber. This equation (Eq. 2.3) can be manipulated to yield an expression for 

;ant • 

ant p [cJ n 
(2.4) 

2nc 
where co is the microwave radian frequency and the relation X = has been used. 

CO 

A similar approach is also applied in the report [9] to derive an expression for Q 
B 

However, this derivation is not outlined here since the measurements in this particular 

study are conducted with antennas and D-dot sensors. The final section of this report 

includes an analysis of these Qnct models in comparison with a set of measured Q values. 
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The results indicate that the Qnet calculations match experimentally measured values 

significantiy more closely than the Qeqv model of Eq. 1.3. 

Finally, an expression for the Q of a wall-mounted D-dot sensor, denoted Qj^, can be 

derived by applying the above-mentioned approach to a first-order model for the operation 

of a D-dot sensor [10]. This model [11] relates the voltage at the sensor output terminals 

to the electric field at the chamber wall as follows: 

V. =RAe col (2.5) 
D o n ^ ^ 

where v ̂ -̂  is the average of the magnitude of the sensor output voltage, Ê ^ is the average 

of the magnitude of the normal electric field at the chamber wall, R is the sensor load 

resistance, A is the sensor equivalent area, and EQ is the permittivity of free space. Also, a 

relationship between the average normal field magnitude at a chamber wall and the 

average energy density in the chamber is derived in [5] and is presented here as Eq. 2.6: 

e I 2 =2iJ (2.6) 
o n 3 

where U is the average energy density in the chamber. These two expressions (Eq. 2.5 

and Eq. 2.6) can be combined to obtain the following relationship for Q^ : 

coW_(oUVR_3 V 

^ D P V.2 2RA2e co 
d o o 

Eq. 2.1 can be modified to accommodate D-dot sensors as follows: 

Qnet = - 1 1 ' , 1 ^ 1 (2.8) 

Q.nv "Q.™, " Q B ' ' Q D eqv ^ant ^ B 
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where Nd is the number of D-dot sensors. 

Transfer Function Models 

A parameter that provides a considerable amount of insight with regard to the overall 

operation of a chamber is the power gain, as a function of frequency, between a 

transmitting antenna inside the chamber and a receiving antenna/sensor inside the chamber. 

In this section, two first-order theoretical models for the chamber gain versus frequency 

are derived with the aide of the Qnet models of the previous section. 

A calculation for the power transfer characteristic, or gain, of a chamber with a 

receiving antenna can be initiated from the definition of the gain in Eq. 2.9. 

P . 
G = - ^ (2.9) 

ant p ' 

o 

where Gant is the gain of the chamber with receiving antenna, Po is the power delivered to 

the chamber from the transmitting antenna, and Pd is the power available to the receiving 

antenna from the chamber. 

Next, Eq. 2.9 can be manipulated as follows: 
G = ^ / ^ = ^ (2.10) 

where CO is the microwave radian frequency, W is the average energy stored in the 

chamber, Qnet is the overall Q of the chamber, and Qant is the contribution to the overall Q 

due to the receiving antenna. 

10 
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The parallel loading effect of the chamber walls and the antenna can be observed by 

evaluating Eq. 2.8 with Na=l, Nb=0, and Nd=0 (Eq. 2.11). 

1 1 1 
- -H 

^net ^ant ^eqv 
(2.11) 

where Qeqv is the contribution to the overall Q due to the walls. 

Substitution of Eq. 2.11 into Eq. 2.10 yields the following simplified expression for 

the gain. 

ant 

f A-1 
1 1 

+ 
Q . Q 

y^ant ^eqv ^ 

^ant 

1-h 
Q 

(2.12) 
ant 

eqv 

An ideal expression for Qeqv can be obtained by letting X « a,b,d in Eq. 1.3. 

Q =co 
^eqv p 

W 3 V 

2 | i S5 eqv ^r 
(2.13) 

where Peqv is the total power lost to the chamber walls, V is the volume of the chamber, |j.r 

is the relative permeability of the chamber walls, 5 is the skin depth of the chamber walls, 

and S is the surface area of the chamber walls. This limiting case corresponds to the case 

of a highly "overmoded" cavity where the source wavelength is infmitesimally small in 

relation to the chamber dimensions and is an approximation that is frequently applied in 

the analysis of microwave reverberation chambers [4]. 
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Substitution of the expression for Qant (Eq. 2.4) and Eq. 2.13 for Qeqv into Eq. 2.12 

yields the desired expression for the gain of the chamber with a receiving antenna: 

ant 
1 

, 4 P̂ r̂ S 25 
1 + - — ^ - r - c o ^ - ^ 

(2.14) 

where the relations 5= I and 1̂ = ̂ ^ ,̂̂ . have been applied, with p.^ the permeability 
co|xa 

of free space and o the conductivity of the chamber walls. 

A calculation for the gain of a chamber with a receiving D-dot sensor can be 

performed in the same manner as the previous gain calculation. The initial steps are 

identical, and Eq. 2.12 is modified as follows: 

G . = 
D 

1 
Q 

(2.15) 

\ + D 

eqv 

where G^ is the gain of the chamber with receiving D-dot sensor. 

The desired gain expression is obtained by substituting Eq. 2.7 for Qĵ  and Eq. 2.13 

for Qeqv into Eq. 2.15 to yield: 

G . = 
D 

1 

1 + 
2^, 

(2.16) 

^ o ^ RA^e^ 

S -15 
(0 

where the relations 6= I and [1 = 11^11^ have been applied. 
co|ia 
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The significance of these relationships is discussed in detail in the results and 

conclusions chapter (Chapter V) where two sets of gain measurements are presented 

alongside plots of the theoretical gain curves derived in this section. 

Probability Density Functions 

As mentioned in the introduction, investigations into possible statistical models for the 

fields in a reverberation chamber are motivated by the difficulties associated with finding 

closed-form deterministic field solutions for chamber geometries. The statistical models 

that are presented in [6], entitled "Statistical Model for a Mode-Stirred Chamber," are 

representative of current statistical treatments for the analysis of reverberation chambers. 

Here, the PDF for the power density, at a point in the chamber, is given by the exponential 

jHiStrJhiirinn (rhi <;qnarp wifh tWO^dggr^eSJlf fr^ed.OJTli.iaEq^2JL7. 

f ( p ) = ^ e - P / ^ ^ ' (2.17) 
^ 2 a ' 

where p is the power density for one field component (Ex, Ey, or Ez) and is therefore 

proportional to the received power for most (linearly polarized) sensor/antenna 

configurations. In this treatment, the two possible polarization's of each field component 

seem to be referred to as "in-phase and quadrature components of the field in each 

dimension" [6]. This leads to the definition of six "field components": components in 

three orthogonal directions each with an in-phase and quadrature component, g ,̂ in Eq. 

2.17, is defined as "the variance of each of the six field components" [6]. PDF's for the 

13 
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magnitude of the total field and for one dimension of the total field are represented as chi 

distributions with six degrees of freedom and chi distributions with two degrees of 

freedom, respectively. All three of these PDF's are "derived" based on an heuristic 

argument that is initiated by observing that, when a large number of modes are present in 

the chamber, each of the six field components can be thought of as a sum of a large 

number of random variables, where the random nature of the summing elements (modes) 

is introduced by the paddle wheel. Then, by the central limit theorem, each of these six 

components should be Gaussian. When points away from the wall are considered, a 

"reasonable assumption" [6] is to consider these field components to be independent and 

identically distributed. The forms of the PDF's are specified by applying existing 

statistical theories for sums of squared::Gau.ssianjrandqm variables. 

Histograms of power density measurements from a highly overmoded (or electrically 

large) cavity along with goodness-of-fit-test results are also provided in |6]. | The 

distributions of this measured data are in close agreement with the theoretical exponential 

distribution^Eq. 2.17._ Similar histograms are presented in chapter V for the case of a 

chamber system with a range of excitation frequencies such that, in the lower end of the 

frequency spectrum, the chamber is electrically small. Also, histograms for measurements 

taken on a chamber wall are presented. For these particular applications (i.e., PDF 

measurements), the power measurements are processed in log magnitude (or dB) and it is 

convenient, for comparison purposes, to perform the following change of variables on the 

PDF of Eq. 2.17. 

14 
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P = lOlog(p) (2.18) 

This change of variables leads to the following distribution for the power (power density) 

in dB [7]. 

^p(P) = (l/|30ze 

where z = e^^"^^/'^',|3' = (10/ln 10) = 4.343, and Pis the 

(2.19) 

average measured power in dB. The 

standard deviation for this distribution is always 5.57 dB [7]. Above the mean, the form 

of this curve (Eq. 2.19) is such that the distribution falls towards zero rapidly, forming a 

theoretical "cut-off for the power measurements. 

Correlation Functions 

The possibility of extending the current statistical theory for the fields in the chamber 

to include a second-order statistical model is addressed in this section. As is the case in 

many practical statistical applications, the investigation of complicated, and perhaps 

unrealistic, joint PDF models is bypassed with the consideration of more compact, and 

perhaps more easily interpretable, correlation function models. 

The theoretical framework for this study is based on Lehman's [7] "A Statistical 

Theory of Electromagnetic Fields in Complex Cavities." In this eighty-page Phillips 

Laboratory Interaction Note, Lehman initiates a lengthy discussion with regard to 

developing a general theory for the fields in irregularly shaped, or unsymmetrical, cavities. 

Here, Lehman's treatment of the first-order statistics of complex cavities can be 

15 
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interpreted as a generalized and detailed mathematical expression of the heuristic 

treatment for reverberation chambers in [6]. 

The first half of this work [7] is dedicated to finding a deterministic solution for the E-

field in an arbitrarily-shaped cavity. This solution is deemed unsuitable for computations 

and is used to find volume averages that are shown to be equivalent to expectation 

operations in the second half of the paper. The form of this solution, for the electric field, 

is known as an eigenvector, or modal, expansion and is derived from an expansion 

solution to an inhomogenous wave equation for the magnetic vector potential. The 

excitation is a filamentary source and a damping term (to model wall losses) is also 

incorporated into the wave equation. A major portion of this half of the treatment is 

dedicated towards specifying the eigenvectors that are contained in the modal expansion. 

Here, a seemingly novel approach is applied in the sense that an arbitrarily-shaped cavity is 

spht into a large number, N, of rectangular elements that are individually enlarged and 

defined as "virtual cavities." The dimensions of these virtual rectangular cavities are 

chosen by extending each boundary of the corresponding cavity element such that the 

extended boundary intersects a surface of the original arbitrarily shaped cavity. Thus, the 

dimensions of N virtual cavities that are derived from N cavity elements are specified. 

This formulation allows the real complex cavity eigenvectors to be expressed as a 

superposition of known virtual cavity eigenvectors. These resultant eigenvectors can be 

used in the modal expansion solution provided that an orthogonality condition is satisfied. 

This requked orthogonality condition is, in turn, satisfied if Eq. 2.20 is satisfied. 

16 
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N 
I 

n=l V 
I I c o s [ K „ . ( r - r J ] d V = 0 (2.20) 

where N is the number of cavity elements, in is the position vector to a selected corner of 

the nth virtual cavity, Kn is the wavevector for the nth virtual cavity, and V is the complex 

cavity volume. This equation is Lehman's mathematical definition of a complex cavity and 

can be physically interpreted as follows: If the shape of the cavity is smooth compared to 

a wavelength, the phase factor in Eq. 2.20 "will be slowly varying because the position 

vectors to the comers of the virtual cavities will all be highly correlated" [7, p. 20] and the 

left side of the equation will be large. Similarly, "if the shape of the cavity is very 

irregular compared to a wavelength" [7, p. 20], the left side of Eq. 2.20 will be small. 

With regard to the general applicability of this criterion, Lehman states that "it will not 

be possible to a priori validate the complex cavity assumption for every cavity of interest. 

The only practical way to proceed is to assume complexity based on experience with other 

cavities and then use experimental data to justify the assumption" [7, p. 21]. However, 

with regard to the present development, this criterion is repeatedly applied during the 

calculation of "the volume averages of all the powers of a single component of the 

eigenvectors" [7, p. 23]. These calculations, along with the "volume averages of products 

of different eigenvector components" [7, p. 28], are used in the development of the 

statistical models. 

The PDF's for the field variables are calculated by treating r, the position vector, as a 

uniformly distributed random variable. This "postulate" leads to the equivalence of 
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volume averaging and statistical expectation. Also, though not directiy stated, the 

distributions of the eigenvector components can be assumed to be Gaussian since the large 

number of virtual cavity eigenvectors are a function of the "random" position vector and 

the actual eigenvector components are a sum of a large number of virtual cavity 

eigenvector components. The development proceeds in a relatively straightforward 

manner by building upon these basic results. The following ideal assumptions, in addition 

to the complex cavity requirement, are embedded in the calculations: 

(1) Equal Energy Assumption: In a 3 dB bandwidth about a particular excitation 

frequency, the modal Q's are approximately equal to the average Q of the cavity and the 

modal frequencies are approximately equal to the excitation frequency. 

(2) The number of modes within a 3 dB bandwidth is large. 

The resulting PDF's, from these complex cavity calculations, are identical to the PDF's 

derived in [6] for reverberation chambers. 

Clearly, the most significant simplifying assumption that is embedded in the 

mathematical derivation of these PDF's is assumption (2) in the previous paragraph. This 

assumption is applied rather early in the treatment and is implemented by defining a 

variable, denoted as M, for the number of modes in a 3 dB bandwidth. An approximate 

expression for M can be derived from the mode density formula of Eq. 1.2 and is given by 

Eq. 2.21. 

M = - ^ (2.21) 
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where Q is the average of the modal Q's about a particular excitation frequency, co. The 

actual limiting process is applied during the derivation of the PDF for the amplitude of a 

component of the "partial fields" where the term partial field is used to denote two 

mutually orthogonal electric field solutions each corresponding to a different polarization. 

This PDF calculation is a preliminary calculation that facilitates the straightforward 

derivation of the remainder of the PDF's and correlation functions and allows the 

(deterministic) infinite modal expansions to be converted to the following statistical form: 

Eus(l,t) = X,3 sin(cot) E^,(r,t) = X^, sin(cot) (2.22) 

where u and w denote polarizations and s represents a Cartesian component (x,y, or z). 

Here, a fairly intricate mathematical procedure is applied to show that the characteristic 

function for all the X's is in the form of Eq. 2.23. 

$x(t))~[H-P^^P' (2.23) 

where p is the standard deviation of a Gaussian eigenvector component, u^sd), and\) is 

the "dummy" variable in the transformed domain of the characteristic function. A form of 

the deterministic solution (in terms of eigenvector expansions) [7] for the partial fields is 

included here, in Eq. 2.24, for completeness. 

k(l+M/2) 

E,s(r,t) = ao I u,,,(ro)uk's(lMwt) (2.24) 
k'=k(l-M/2) 

where k=oyc is the wavenumber, r^ is a position vector that specifies the location of a 

filamentary source oriented along the x-axis and ao is a constant that depends on 

parameters such as the length of the filamentary source, the amplitude of the source 
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current, the excitation (source) frequency, and the cavity Q. As mentioned above, u^sd) 

can also be expressed (in general) as the sum of a large number of (virtual cavity) 

eigenvectors and is therefore assumed Gaussian. (The solution for the w-polarization is 

identical to Eq. 2.24.) 

The result of letting M go to infinity in Eq. 2.23 leads to the following ideal form for 

the characteristic function of the X's. 

(l)x(^)^e 2 (2.25) 

The PDF for the X's is obtained by incorporating the constant, ao, into Eq. 2.25 and then 

taking the inverse Fourier transform to yield: 

fx(x)= , ' , e '"^^^^ (2.26) 
""^ V27cMaoP' 

Thus, Lehman has applied a rather elegant mathematical procedure to show that the ideal 

PDF of the partial field amplitudes are Gaussian. He then proceeds with a large sequence 

of short, but detailed, calculations to derive expressions for the PDF's and correlation 

functions for the field variables of interest. 

Two sets of correlation functions are calculated for all the field variables. The first 

type of correlation is denoted as spatial correlation and [7] "results because the fields are 

continuous functions of position." The second type of correlation is denoted as temporal 

correlation and [7] "will occur when the bandwidths of two driving frequencies, say 

CO and co', overlap." These correlation functions are calculated for the [7, p. 1] "amplitude 

of the components of the partial cavity fields, the magnitude of a component of the time 
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averaged electric field, the square of a component of the time average field, the time 

averaged component of the power density and the total energy density." Inspection of 

these functions indicates that the concept of spatial correlation of a component of the 

power density is readily applicable to microwave reverberation chambers. 

A sketch of the derivation of the spatial correlation function (SCF) for a component of 

the power density can be initiated by noting the fact that the spatial correlation coefficient 

for the eigenvector components is given by Eq. 2.27. 

r / N / M sinfklri-12!) , . 
K K s ( l i > u , . f e ) ] = y ^ ^ ' ^^K. fa , !^ ) (2.27) 

VH-i -2IJ 

where k is the wavenumber as a function of frequency and ii , 12 are position vectors. 

This coefficient is derived by applying the standard definition of a correlation coefficient, 

evaluating the expectation operators in this definition with the formulas for the volume 

averages that are derived in the first part of the paper [7], and then simplifying the result 

by applying the complex cavity definition in Eq. 2.20. The next critical step towards 

obtaining the SCF of the power density is the calculation of the SCF for a component of 

the partial fields. This is accomplished by once again using the definition of the correlation 

coefficient, expanding the X^^j) and X^^j) terms with eigenvectors, applying the 

appropriate volume average formulas, and then substituting Eq. 2.27. The result turns out 

to be identical to the result in Eq. 2.27. 
K[x,,(i i) ,X„,(r2)]=K,(ii ,r2) K[x^,(ri),X^3(i2)]= K.d , , !^) (2.28) 
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The desired result for the SCF of a component of the time averaged power density is 

obtained by observing the defmition in Eq. 2.29 and further evaluating the individual 

expectation operators on the right-hand side of Eq. 2.30 by substituting Eq. 2.28 and the 

appropriate parameters (mean and variance) from the exponential distribution for a 

component of the power density. 

E s ^ ( l ) - j [ x . ' ( r ) + X , 3 ^ ( r ) ] (2.29) 

(E3^(rOE.^(r2)) = i{x, .^(rOX,,^(r , )) + l(x, .^(rOX..^(r2))-

i ( x j ( r 0 x . . ^ ( r 2 ) ) + l (x .3^( r0x . ,^ ( r2) ) 
(2.30) 

The final form of this result is expressed in Eq. 2.31. 

r / N / M 9/ X sin^(k|r. - r , ! ) 
K[P(rOP(r,)]=K3^(r,r,) = — f ^ ^ (2.31) 

In the concluding section of this paper, Lehman's comments with regard to the 

application of these results to reverberation chambers are as follows [7, p. 65]: 

Although the statistical model developed herein is based on the 
assumption that the position vector r in the cavity is a random variable, 
it is easy to demonstrate that these statistical models also apply to the 
fields in mode-stirred chambers. The probability density functions and 
the correlation functions are shown to be independent of the shape of 
the cavity as long it satisfies the definition of a complex cavity. 
Therefore, the statistical model is valid for the set of all complex 
cavities with constant volume V and constant Q. All of the cavities 
belonging to this set of constant V and constant Q complex shaped 
cavities is called an ensemble and the volume averages are replaced by 
ensemble averages. For each stirrer position, a mode-stirred chamber 
represents a different shaped complex cavity having the same volume 
and Q as any other stirrer position. Therefore, measurements performed 
at different stirrer positions correspond to measurements performed for 
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different members of the ensemble of cavities. As a result, averages over 
stirrer positions are equivalent to ensemble averages which in turn are 
equivalent to volume averages and the statistical models are applicable to 
the analysis of mode-stirred chamber test data. 

Closing discussions with regard to the complex cavity, equal energy, and large mode 

assumptions are also included in the paper [7] with the general conclusion being that the 

relative validity of these assumptions is unresolved and requires further study. 

A major segment of chapter V of this dissertation (Results and Conclusions) is 

dedicated to the analysis of the applicability of this SCF function to microwave 

reverberation chambers. Selected sets of empirical and computer simulation outputs are 

included. Chapter in provides a description of the simulation algorithm that is developed 

and implemented for the computer simulation of an SCF experiment in a microwave 

reverberation chamber. Chapter IV provides a detailed description of the measurement 

apparatus that is designed and implemented for purposes of measuring the spatial 

correlation of the average power density in an actual microwave reverberation chamber. 
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Summary of Critical Parameters 

A brief description of seven critical parameters that effect the electromagnetic 

response of any standard microwave reverberation chamber is presented in this section. 

The objective is to introduce the reader to the significance of these parameters 

immediately following the presentation of the theoretical models of interest. This type of 

approach should give the reader an increased awareness of the dominant theme in this 

dissertation of investigating the effects of varying chamber parameters on the applicability 

of a few relatively simple, idealized, mathematical (statistical) models. The parameters are 

described individually in the following numbered segments. 

(1) Excitation Frequency, f: The frequency of the microwave source is critical in the 

sense that large source wavelengths, in relation to the chamber dimensions, generate small 

mode densities and vice versa. In this study, the phrase "ideal chamber operation" implies 

that the source wavelengths are small in relation to the chamber dimensions. 

(2) Chamber Size: The chamber size, including the volume and the surface area, is 

related to the quality factor, Q, and the Q is, in turn, directiy related to the number of 

modes in the 3-dB bandwidth, M. 

(3) Chamber Quality Factor. O: At the present time, the Q is perhaps the most frequentiy 

discussed, measured, and theoretically studied parameter of a microwave reverberation 

chamber. However, while the Qnet models are more accurate than the previous Qeqv 

models, there do not seem to be any sets of documented measurements available that do 

not deviate from the corresponding theoretical calculations by less than a factor of two 
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[9]. Most studies, for example [4] and [6], report measured Q's that are lower than values 

from the given theoretical models by a factor of 10 or more. 

(4) Number of Modes in 3-dB Bandwidth. M: This parameter is one of the most 

significant parameters that is embedded in Lehman's theory of complex cavities. As 

described in chapter V, a new approach for measuring the average chamber Q by applying 

the gain models that are derived in the first section of this chapter is mvestigated in this 

study. These Q measurements are used to determine M values, which are important with 

regard to the accuracy of the PDF and SCF models that are presented in this chapter. 

(5) Paddle Wheel Size: This parameter is not investigated in detail in this particular 

study. Wu and Chang, in [18], have examined a hypothetical [18, p. 164] "2-D cavity 

with a 1 -D perturbing body." The results from their simulations indicate that the 

dimension of the perturbing body should be [18, p. 169] "of the order of two wavelengths 

or longer." For the measurements that are included in this dissertation, the effectiveness 

of the paddle wheel is evaluated from an analysis of chamber gain measurements (Chapter 

V). 

(6) Number of Paddle Wheel Positions: As mentioned in the introduction, a typical 

microwave reverberation chamber experiment is usually designed to accommodate 

approximately 200 incrementally spaced paddle wheel positions. The effect of selectively 

excluding some of these samples in a spatial correlation measurement is documented in 

Chapter V. 

(7) Sensor and Antenna Critical Frequencies: Sensor and antenna critical frequencies 

occur due to electromagnetic energy being stored in stray distributed capacitances (and 
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sometimes inductances) between structures within and in the vicinity of the sensor or 

antenna. These frequencies affect the net, or overall, Q of the chamber and in certain 

extreme cases can effect PDF as well as SCF measurements. A discussion of these effects 

is included in Chapter V. 
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CHAPTER m 

SIMULATION METHODOLOGY 

A computer simulation of a spatial correlation function (SCF) measurement inside a 

microwave reverberation chamber is developed by modeling the chamber as a rectangular 

cavity with one moving, or "perturbed," wall and no paddle wheel. In this approach, field 

measurements inside the chamber are simulated with values calculated from field equations 

for a set of rectangular cavities with heights that vary in equally spaced increments from 

the height of the paddle wheel to the height of the top of the actual chamber of interest. 

Before proceeding with implementing an algorithm based on the above-mentioned 

approach, a number of authorities, including those cited in [14] and [15], have been 

consulted with regard to the possibility of applying a standard numerical technique to this 

specific simulation problem. The general consensus is that the finite-difference time-

domain (FD-TD) method [16], based on relatively straightforward second-order central-

difference approximations for the space and time derivatives in Maxwell's equations, is 

more suited to this application than the more traditional frequency-domain integral 

equation approaches. However, Y. Rahmat-Samii [15], a recognized authority on 

computational electromagnetics, pointed out, during a detailed discussion, that while the 

chamber under consideration may be considered electrically small for reverberation 

chamber applications, it is considered electrically large for simulation applications. His 

comments referred to the fact that, while detailed FD-TD simulations have been 
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successfully conducted with multimode cavities [13], a successfully completed detailed 

sunulation (including paddle wheel and antennas) of a reverberation-chamber-sized 

apparatus has not been done. He was generally not optimistic about the possibility of 

obtaining a accurate sunulation (using FD-TD) of the chamber with reasonable execution 

times and reasonable computer storage requirements. 

In another consultation [14], K.C. Chen , a authority on microwave reverberation 

chambers, expressed the view that simulation techniques such as FD-TD and the 

frequency domain methods would not lead to useful results in this application due to the 

fact that a successful simulation, after a lengthy development process, would not yield a 

simulation that could be easily linked to chamber parameters. 

After considering the comments provided by the consulted authorities and evaluating 

the results of a literature search, a viable approach to the simulation is obtained by 

modifying the basic approach in [8], entitled "An Investigation of the Electromagnetic 

Field inside a Moving-Wall Mode-Stirred Chamber." This technique, in [8] and [11], is 

based on obtaining the Green's function solution for a rectangular cavity and then 

repeatedly applying this solution to a cavity with a perturbed boundary. In other words, 

the location of an entire wall of a rectangular cavity is perturbed in order to simulate a 

"mode-stirred" chamber response. The direct application of this method to the present 

simulation problem is not necessarily preferable since important chamber parameters, such 

as the chamber Q, are not directiy embedded in the Green's function approach to the 

solution for a rectangular cavity. This approach is modified by applying the "moving wall" 
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chamber concept to a "mode selection" procedure instead of using the Green's function 

solution. This procedure leads to a simulation that is directly related to chamber 

parameters such as Q and the number of modes in a bandwidth. A skeletal description of 

this approach is as follows: 

—> A large number of resonant frequencies for each rectangular cavity associated with a 

"moving wall" chamber is calculated. 

—> The frequency response of each resonant mode is approximated by a simple second-

order curve that is derived directiy from Qnet. The shape of this curve is similar to the 

frequency response characteristic of a high-Q narrow-band filter with the resonant 

frequency being analogous to the filter center frequency. 

-^ The second-order curve is used to determine which modes are significant at a 

frequency of interest. 

-^ A statistical field sample is obtained by summing the fields due to all significant modes 

at the frequency of interest. 

This "moving wall" algorithm is implemented with certain pre-processing steps in 

order to shorten overall execution times. The pre-processing steps involve the calculation, 

sorting, and archiving of a large number of resonant frequencies for all of the rectangular 

cavities that are to be considered in the calculations. In this case, a simulation of a 

chamber experiment with 200 distinct paddle wheel positions is desired, and resonant 

frequency arrays are calculated, using Eq. 3.1, for 200 rectangular cavities. 
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(3.1) 

where c = speed of light, m, n, and p are integers, and a, b, and d are cavity dimensions. 

The heights of the cavities are separated by increments of (d̂ ax - dmin)/200, where dmin is 

the minimum cavity simulation height (paddle wheel height) and dmax is the maximum 

simulation height (height of chamber to be simulated). For a given height, d, a resonant 

frequency array is evaluated by varying (m,n,p) from (1,1,0) to some "acceptably large" 

numbers. The "acceptably large" final values of (m,n,p) are determined from an analysis 

of a mode density formula [2] combined with consideration of the desired simulation 

frequency range. (The number of resonant modes in a particular frequency interval 

converges to a finite number as m, n, and p become sufficientiy large.) The initial values 

of n and m are unity, instead of zero, since in this particular study the wall-mounted D-

dot sensors are designed to detect the z-component of the field which, from an analysis of 

the field equations [3], is identically zero when n or m is zero. 

The simulation program processes the sorted resonant frequency data generated by the 

pre-processing program. It first determines a set of significant resonances, or modes, at a 

particular simulation frequency for a specific cavity height. These modes are selected by 

modeling the frequency response of each cavity resonance, in the neighborhood of the 

desired simulation frequency, with a second-order curve, Eq. 3.2, that is analogous to the 

transfer function of an ideal RLC circuit. 
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where 0]̂  = a cavity modal resonance in radians/s and Qnet = overall Q of the chamber. 

The magnitudes of these second-order responses at the simulation frequency are used as a 

measure of the relative significance of each mode. Specifically, the program scans the 

appropriate resonant frequency array for the resonance that is closest to the simulation 

frequency. The magnitude of the response associated with this nearest resonance is 

evaluated at the simulation frequency and stored as a variable called magi. The responses 

associated with other neighboring resonances are evaluated successively, at the simulation 

frequency, in ascending and descending frequency order until resonances are encountered 

that generate a magnitude that is less than .l*magl and the mode selection process is 

terminated. The results of this mode selection process are sets of m, n, and p indices and 

amplitudes that correspond to modes that significantiy contribute to the simulated chamber 

response at the chosen simulation frequency. 

Qnet, tiie overall theoretical Q of the chamber with receiving D-dot sensors/sensor, is 

calculated from Eq. 2.8 and is given by Eq. 3.3 . 

3 V 3 V 
where, as defined in chapter 2, Qeqv =-r—rr , Q^ " V^Tl ' ^ ^ number of D-dot 

sensors, V = volume of chamber, |ir = relative permeability of chamber walls, 5 = skin 

depth of chamber walls, S = surface area of chamber walls, R = sensor load resistance, A 
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- sensor equivalent area, and eo = permittivity of free space. The Qeqv term in this 

equation expresses the loading due to the chamber walls while the Q^ term gives the 

loading due to a sensor. The sensor loading term is derived, in Chapter II, from an ideal 

first-order model for a D-dot sensor. One objective of this simulation is to study the 

simulated SCF response as Qnet is divided by various scale factors (i.e. Q = Qnet / 5 , Q = 

Qnct / 10 ,.. .), corresponding to possible additional chamber losses. 

The electric field, due to each mnp mode, is calculated from the z-component of the E-

field solution for an ideal rectangular cavity (Eq. 3.4) [3]. 

E. =jk . 
k ^ 

k̂  k̂  
E, sin(k^x)sin(kyy)cos(k^z) 

/ 

-f-
^yK k ,k . 

"xz 

EoSin(k^x)sin(kyy)cos(k^z) 
•yz J 

(3.4) 

where k . = i ^ , k , = i ^ , k . = ^ , K. - ^^^S^ ^ K - ^ R ^ ^ 

k, = J k / +ky^ +k,^ , and Eo , Ei are amplitude constants in volts per meter. Here, the 

first term represents the TE solution whereas the second term represents the TM solution. 

This equation is evaluated for all of the selected mnp sets where each resulting term is 

multiplied by the corresponding magnitude factor from the selection step. The total 

electric field, at a point on the bottom of the chamber, is calculated by summing all of the 

these individual terms. A power density sample is obtained by taking the magnitude-

squared of the total field. 
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In the simulation program, the aforementioned process of calculating power density 

samples is embedded inside two nested loops. The outer loop is the "height perturbation 

loop" where a resonance frequency array corresponding to a particular cavity height is 

loaded into memory from disk storage. The inner loop is the "frequency loop" where a 

pre-determined initial sunulation frequency is incremented by a specified amount. Two 

power density calculations, for two different spatial locations on the bottom of the 

simulated chamber, are performed within the inner loop. This procedure generates two 

power density samples for each simulation frequency and each rectangular cavity height. 

The power density data is stored in two large memory segments. One segment contains 

all the data for one spatial location, while the other segment contains all the data for the 

other spatial location. A computer-generated spatial correlation function output is 

obtained by correlating the data in the two memory segments using the usual product-

moment formula. In addition to calculating the SCF for a given spacing and frequency 

range, the simulation program generates a number of outputs that allow for comparisons 

of this simulation approach to available theoretical and experimental models for 

microwave reverberation chambers. 

The implementation of the "moving wall" algorithm is a set of Matiab m-files that 

execute on a SUN 10 SPARC workstation. Two main m-file programs perform the actual 

calculations while a set of small m-files, that are called by the main programs, perform 

auxiliary calculations such as evaluation of the Qnet formulas (Eq. 3.3), evaluation of 

(second-order response) magnitudes (Eq. 3.2), and generation of mnp integers. The first 
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main program calculates, processes, and stores, on disk, approximately 150 megabytes of 

resonant frequency data. The second main program processes this data in segments and 

generates a simulated SCF output. The most significant array sizes in this program, at any 

given time during the execution process, are tiiree approximately 1,000,000 element mnp 

integer arrays, one 50,000 - 75,000 element integer array segment of resonant frequency 

data, one 50,000 - 75,000 element double-precision array segment of resonant frequency 

data, and two 51 x 200 element double-precision arrays with calculated power density 

samples. 

In [8], the simulation output is evaluated by choosing 20 incrementally-spaced moving 

wall positions, over a wavelength, and then taking 20-sample E-field averages at several 

different points in the chamber. The algorithm is said to simulate a microwave 

reverberation chamber response since two of the observation points yield an E-field tuning 

ratio of at least 40 dB and a homogeneity of 2 dB. The results of performing these tests 

on a sample output from the simulation program that is developed for this study yield 

similar results: (power) tuning ratios of well above 20 dB as well as a power density 

homogeneity of better than 1 dB for the chosen chamber size and at the highest simulation 

frequency of 13.5 Ghz.. 

Plots of the maximum, average, and minimum of the power density data from this 

sample simulation are shown in Figure 3.1. Inspection of this figure indicates that the 

average curve is generally 5-10 dB below the maximum curve. In an actual microwave 

reverberation chamber, shifts in the 5-10 dB range between tiie corresponding measured 
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Figure 3.1. Plots of the Minimum, Maximum, and Average of the Power Density, in dB, 
from a Sample Chamber Simulation. The two selected points, with power 
densities SI and S2, are spaced 17.5 cm apart and are located in the 
vicinity of the center of the bottom wall. The dimensions of the simulated 
chamber are 1.0342 m X 0.8087 m X 0.5812 m. The Q values are from a 
2 D-dot sensor Qnet model that is divided by 10. 
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chamber attenuation curves can be considered as another indicator of efficient tuner 

operation [4]. 

Figures 3.2 and 3.3 are the two output text files that are generated by this sample run. 

In Figure 3.2, the columns from left to right represent the simulation frequency, the total 

number of modes processed by the program, the Q values from the chosen Q model, the 

average number of modes processed within the 3 dB bandwidth, the theoretical number of 

modes in the 3 dB bandwidth, and the calculated spatial correlation coefficient. In Figure 

3.3, the columns from left to right represent the simulation frequency, the minimum 

contribution to the overall chamber response from a selected mode, the average 

contribution to the overall chamber response from the selected modes, the minimum 

bandwidth of the selected modes from the 200 height perturbations, the average 

bandwidth of the selected modes from the 200 height perturbations, and the maximum 

bandwidth of the selected modes from the 200 height perturbations. All these parameters 

are used for diagnostic purposes and are inspected periodically for unusual trends. Most 

of the parameters can be applied towards comparing simulations to measurements and 

dieoretical values. A tiiird output data file contains all the calculated power density 

samples in compressed form for future analysis applications such as the plots in Figures 

3.1,3.4, and 3.5. 

An additional statistical test is performed to evaluate the quality of the simulation 

output. This test involves tabulating tiie standard deviation of the output power density 

samples and plotting them in histogram form. A sample test plot is shown in Figure 3.4. 
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1.5656+004 
1.5796+004 
1.5926+004 
1.6056+004 
1.6186+004 
1.6306+004 

1.6416+004 
1.652e+004 
1.6636+004 

1.6746+004 

1.6836+004 
1.6936+004 

1.7026+004 
1.7116+004 
1.7206+004 
1.728e+004 
1.7366+004 
1.7446+004 

0.040 
0.070 
0.140 
0.220 
0.280 
0.500 
0.530 
0.730 
0.840 
1.120 
1.370 
1.440 
4.360 
2.470 
2.970 
2.880 
3.340 
4.010 
4.370 
4.740 
5.320 
8.230 
9.250 
7.730 
8.540 
10.000 
10.350 
10.820 
14.320 
13.150 
14.230 
18.800 
17.210 
19.040 
19.680 
20.960 
22.990 
27.160 
25.920 
28.150 
29.250 
32.840 

35.890 
37.180 

40.100 
40.100 
44.260 

43.170 
48.680 
49.920 

52.430 

0.079 
0.138 
0.218 
0.321 
0.449 
0.604 
0.788 
1.003 
1.250 
1.531 
1.848 
2.203 
2.597 
3.032 
3.509 
4.031 
4.598 
5.213 
5.878 
6.593 
7.361 
8.183 
9.061 
9.997 
10.993 
12.050 
13.170 
14.355 
15.607 
16.927 
18.318 
19.781 
21.318 
22.931 
24.623 
26.394 
28.248 
30.185 
32.209 
34.321 
36.523 
38.817 
41.206 

43.691 
46.276 

48.961 
51.749 
54.643 
57.645 

60.757 

63.981 

0.741 
0.618 
0.339 
0.610 
0.303 
0.456 
0.409 
0.485 
0.388 
0.445 
0.153 
0.030 
0.171 
0.130 
0.285 
0.065 
0.102 
0.278 
0.039 
0.086 
0.205 
0.012 
0.013 
0.104 
0.000 
0.010 
0.061 
0.070 
0.060 
-0.021 
-0.083 
0.155 
-0.007 
0.090 
0.011 
0.060 
0.039 
0.112 
0.125 
0.036 

-0.013 
-0.083 
-0.025 
0.061 

0.075 
-0.060 
-0.052 
0.063 
-0.029 

-0.041 

0.130 

Figure 3.2. Sample Output File Kl.OUT from Chamber Simulation Program 
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magmin magav6 minbw avebw maxbw 

1.0006+09 
1.2506+09 
1.5006+09 
1.7506+09 
2.0006+09 
2.2506+09 
2.5006+09 
2.7506+09 
3.0006+09 
3.2506+09 
3.5006+09 
3.7506+09 
4.0006+09 
4.2506+09 
4.5006+09 
4.7506+09 
5.0006+09 
5.250e+09 
5.5006+09 
5.7506+09 
6.0006+09 
6.2506+09 
6.5006+09 
6.7506+09 
7.0006+09 
7.2506+09 
7.5006+09 
7.7506+09 
8.0006+09 
8.2506+09 
8.5006+09 
8.7506+09 
9.0006+09 
9.2506+09 

9.5006+09 
9.7506+09 
l.OOOe+10 
1.0256+10 

1.0506+10 

1.0756+10 
1.1006+10 

1.1256+10 

1.1506+10 
1.175e+10 
1.2006+10 
1.225e+10 
1.250e+10 
1.2756+10 
1.3006+10 
1.325e+10 
1.3506+10 

0.008 
0.023 
0.239 
0.130 
0.038 
0.040 
0.088 
0.085 
0.174 
0.108 

0.152 
0.128 
0.997 
0.462 
0.262 
0.239 
0.292 
0.278 
0.382 
0.439 
0.452 
0.917 
0.997 
0.665 
0.624 
0.646 
0.703 
0.716 
0.995 
0.714 
0.872 

1.000 
0.898 
0.961 

0.872 
0.894 

0.896 
0.898 

0.843 
0.935 

0.953 

0.984 

0.972 
0.996 
0.993 
0.972 
0.941 
0.968 
0.995 
0.978 
0.979 

0.098 
0.133 
0.313 
0.293 
0.338 
0.418 
0.456 
0.500 
0.568 
0.617 
0.670 
0.695 
0.997 
0.804 
0.835 
0.835 
0.861 
0.892 
0.900 
0.902 
0.924 
0.963 
0.997 
0.952 
0.960 
0.968 
0.972 
0.977 
0.996 
0.984 
0.985 
1.000 
0.989 

0.992 
0.988 
0.990 
0.994 
0.994 
0.993 

0.995 

0.997 
0.997 

0.998 
0.998 

0.998 
0.998 
0.998 
0.998 
0.999 
0.998 
0.999 

0.0006+00 
0.0006+00 
1.3196+05 
6.600e+05 
O.OOOe+00 
0.0006+00 
5.9456+05 

0.0006+00 
8.3936+05 
7.6036+05 
7.7206+05 
1.1626+06 
1.7516+06 
2.5436+06 
2.1186+06 
2.1576+06 
2.6006+06 
3.1076+06 
2.6466+06 
3.683e+06 
3.3936+06 
4.1556+06 
3.5546+06 
4.1736+06 
3.8796+06 
4.3776+06 
4.5226+06 
4.598e+06 
4.8906+06 
4.6776+06 
4.9776+06 
5.2356+06 
5.3516+06 
5.3766+06 
5.6036+06 
5.6426+06 
5.7366+06 
6.0066+06 
6.0936+06 

6.234e+06 
6.3166+06 

6.3276+06 
6.4666+06 

6.6736+06 
6.788e+06 
6.9256+06 

7.0216+06 
7.1216+06 
7.263e+06 
7.2486+06 

7.5216+06 

6.3186+07 
3.232e+07 
4.967e+06 
9.5196+06 
1.1936+07 
1.0626+07 
8.5336+06 
8.0466+06 
6.105e+06 
5.9896+06 
5.4366+06 
5.4206+06 
2.9166+06 
4.390e+06 
4.3956+06 
4.4986+06 
4.6456+06 
4.5146+06 
4.5356+06 
4.7666+06 
4.6006+06 
4.5236+06 
4.5576+06 
4.8646+06 
4.9446+06 
5.0256+06 
5.1226+06 
5.1656+06 
5.2646+06 
5.3856+06 
5.5076+06 
5.5366+06 
5.7106+06 
5.8096+06 

5.9466+06 
6.0406+06 

6.1486+06 
6.2476+06 
6.3526+06 

6.4576+06 
6.5566+06 

6.6656+06 
6.7736+06 
6.8716+06 
6.9996+06 

7.1036+06 
7.215e+06 

7.3286+06 
7.425e+06 

7.5416+06 
7.6536+06 

2.1796+08 
8.0576+07 
8.409e+06 
1.7476+07 
6.2666+07 
6.4196+07 
3.1056+07 
3.3736+07 
1.7176+07 
2.9206+07 

2.1506+07 
2.6026+07 
3.5406+06 
7.9616+06 
1.4376+07 
1.6286+07 
1.3416+07 
1.3756+07 
1.0946+07 
9.734e+06 
9.6696+06 
5.004e+06 
4.7196+06 
6.6926+06 
7.8766+06 
7.651e+06 
7.2476+06 
7.3176+06 
5.3766+06 
7.3836+06 
6.2206+06 
5.6626+06 
6.3436+06 
6.0906+06 
6.8316+06 
6.7326+06 
6.8386+06 
6.9786+06 
7.3206+06 

6.9006+06 
6.9276+06 
6.835e+06 

6.9936+06 
6.9586+06 
7.0926+06 
7.308e+06 

7.6806+06 
7.590e+06 
7.5206+06 
7.7486+06 
7.7756+06 

Figure 3.3. Sample Output File K2.0UT From Chamber Simulation Program 
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Figure 3.4. Histograms of Power Density Data for a Simulation Frequency of 10 GHz and 
a Chamber Size of 1.0342 mX 0.8087 m X 0.5812 m. The standard 
deviations are well above the theoretical value of 5.57 dB. 
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Figure 3.5. Histograms of Power Density Data for a Simulation Frequency of 10 GHz and 
a Chamber Size of 1.0342 mX 0.8087 mX 0.5812 m. The standard 
deviations approach the theorptkX3^^e.of^>^/^l£kafter adding a 
random phase term between Uie TE and TM components of the E-field. 
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Observation of a number of test plots indicates that the spread, or standard deviation, of 

this data is significantiy above the tiieoretical value of 5.57 dB (Chapter II). A careful 

analysis of the basic physical principles that are embedded in this original implementation 

indicate that the large standard deviations may be due to a relatively large number of 

occurrences of the TE and TM terms in Eq. 3.4 adding in phase. The inclusion of a 

random phase term between these TE and TM terms generates standard deviations that 

are in the neighborhood of the theoretical standard deviations for the higher frequencies in 

the simulated frequency range. For the particular chamber size that is considered in these 

simulations, these high frequencies correspond to the ideal case of large chamber 

electrical size. Figure 3.5 is a sample histogram that is generated by using data from the 

final form of the simulation program. Figure 3.6 shows plots of simulated SCF outputs 

for two different Q values with a spacing of 2.5 cm. A selected set of simulated 

correlation outputs will be discussed in detail in chapter V. The matiab M-file 

implementation of the simulation methodology that is documented in this chapter is 

included in the appendix. 
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Figure 3.6. SCF Simulation Output for Two Different Q Values. The spacing, r, is equal 
to 2.5 cm. The solid curves are theoretical values from Eq. 2.31 while die dotted 
curves are plots of the simulation output. 
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CHAPTER IV 

MEASUREMENT APPARATUS 

System Specifications 

A block diagram of the experimental apparatus that was designed and constructed for 

this study is shown in Figure 4.1 [2]. The welded aluminum chamber dimensions are 

1.034 m by 0.809 m by 0.581 m while the microwave source frequency, from a network 

analyzer, varies from 1 GHz to 13.5 GHz. This frequency range corresponds to a 

wavelength range of 30 cm to 2.22 cm. Thus, the source wavelength is not negligible in 

relation to the chamber dimensions in the lower end of the test spectrum. Here the 

apparatus allows for the accentuated observation of non-ideal phenomena to be contrasted 

with ideal theoretical calculations. A chamber with these moderate dimensions is often 

referred to as an "electrically small" chamber. 

The aluminum alloy used to construct the chamber is known as 6061 T6 and is found, 

in [19], to have a conductivity of a = 2.32 x 10̂  S/m. This parameter is embedded in the 

theoretical Qnet formulas and is, in turn, also embedded in the tiieoretical gain formulas of 

chapter II as well as in the simulation program (appendix). 

Antenna 1 (Figure 4.1) is connected to the source of a network analyzer and is 

denoted tiie transmitting antenna. This antenna is a log-periodic dipole-array with dipoles 

that allow for efficient transmission in the 1-18 GHz range. 

Antenna 2 (Figure 4.1), which is also a (1-18 GHz) log-periodic dipole array, is 

denoted as a receiving antenna and is placed in the chamber when it is desirable to 
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Figure 4.1. Block Diagram of the Basic Reverberation Chamber System tiiat was 
Designed and Constructed for tiiis Study. 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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evaluate the chamber in a standard (documented) test configuration. A significant amount 

of effort has been dedicated towards gathermg and evaluating experimental data in this 

(antenna-to-antenna) configuration in order to insure that this system is a functional 

reverberation chamber apparatus and is acceptable for further experimental investigations. 

Some of this preliminary data is included in chapter V alongside plots of the tiieoretical 

model in Eq. 2.14. One noteworthy characteristic of this antenna is that it cannot be 

modeled as a point sensor since the locations of the dipoles are at varying distances from 

the wall and the dimensions of the larger dipoles are not infinitesimal in relation to the 

chamber dimensions. In other words, the power liberated to the receiving port of the 

analyzer is not representative of the power at a "point" in the chamber. 

In order to study in detail certain statistical characteristics of the fields in the chamber 

(e.g. the spatial correlation of the power density between two points), it is necessary to 

modify the apparatus by replacing the receiving antenna with either one or two point 

sensors. This problem has been studied in detail with the decision being to replace the 

antenna with two ($2400/sensor) wall-mounted D-dot sensors [4]. These sensors measure 

tiie "time derivative of the electric displacement, D, normal to the wall" [2] and Uberate 

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

present at the sensor tip. In Chapter V, the approximate theoretical model of Eq. 2.16, 

developed for the chamber response with receiving sensors, is compared witii a 

corresponding set of measured data. Acceptable levels of agreement have been observed 

and this basic experimental apparatus is deemed suitable for further study of the fields in 
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tiie chamber. The data sheet for tiiese sensors, with all the critical dimensions, is shown in 

Figure 4.2. 

Alternatives to this wall-mounted D-dot sensor approach to making "point" 

measurements which employ a "free field" ( not wall mounted) probe are prohibitively 

expensive in terms of the budgetary constraints for this project. For example, a system 

that is centered around an EMCO (The Electromechanics Company) Model 7121 

Broadband Probe could be used to measure the SCF in a chamber if the following items 

were acquired: 

(1) One EMCO Broadband Probe - $5845 

(2) Two or Three Hughes TWT (traveling wave tube) Amplifiers - $10,000 -$15,000 each 

(3) One Gigatronics Source - $27,450 

Items (2) and (3) are necessary due to the sensitivity rating of the probe which requires the 

presence of higher field levels inside the chamber than can be provided by the sources in 

the analyzer block of Figure 4.1. 

The analyzer block in Figure 4.1 is implemented with either the HP 8753C or the HP 

8719A microwave network analyzer. The 8753C has a source frequency range of 300 

kHz - 3 GHz and a maximum output power level of 20 dBm, while tiie 8719A has a 

source frequency range of 130 MHz - 13.5 GHz and a maximum output power level of -

10 dBm. In addition, the 8753C can be physically configured with two receiving ports to 

accept two D-dot sensor outputs while the 8719A has only one receiving port. 

Initially, the 8753C was used, along with a set of software control/data-acquisition 
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are used to Measure tiie SCF in tills Study. (Provided by Prodyn 
Technologies) 
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routines, to measure the spatial correlation of the power density within the chamber. The 

8753C was chosen because of its ability to accept both sensor outputs. It had the 

drawback, however, of limiting the highest frequency of measurement to 3.0 GHz. The 

values for the SCF were obtained by calculating a correlation coefficient for each analyzer 

frequency with a set sensor spacing. These calculations are performed by the 

control/data-acquisition software as a post-processing step by using the usual product-

moment estimate [20] for the correlation in Eq. 4.1. 

N 

K = 
^ (Pln-PlK-P2) 

n = 1 

^ (Pln-Pl) ^hn-^l) 
n = 1 n = 1 

K 
(4.1) 

where P, = N -1 N 
I P 

n = l 
In 

1 N 
P^ = ^ I P-

^ n = l 
2n 

Pin = power density at 

location 1 for paddle wheel position n, Pzn = power density at location 2 for paddle wheel 

position n, and N = total number of paddle wheel positions. 

After carrying out these preliminary 8753C measurements, a set of enhancements were 

made to the apparatus with the 8719A in the system. These enhancements included the 

integration of a microwave switch (TA2F31 from DB Products) between tiie analyzer 

receiving port and the two chamber output ports, shown in Figure 4.3, along with a 

computer interface card designed for this switch. This modification aUows for 1-13.5 

GHz two-sensor SCF measurements via tiie single receiving port on the 8719A. Major 
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Figure 4.3. Reverberation Chamber System that is used with HP8719A Microwave 
Network Analyzer to make SCF Measurements from 1 to 13.5 GHz. 
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structural enhancements, that are discussed in the following section, included the 

integration of a "low-backlash" gearbox that reduces paddle wheel vibrations. 

The basic measurement parameters that these analyzers measure 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 voltage transmission 

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

2 to port 1. For reverberation chamber applications, S21 (or equivalently S12) 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. These S21 values are proportional to the average power density in 

the neighborhood of the antenna/sensor in the chamber and are used directly as statistical 

samples for both the PDF and the SCF measurements. Si 1 and S22 measurements can be 

used as correction factors for S21 measurements to obtain chamber gain parameters 

between the transmitting antenna and the receiving sensor/antenna. These correction 

factors provide some compensation for antenna/sensor reflections and are discussed in 

more detail in Chapter V. 

Mechanical Design Considerations 

Three significant structural upgrades tiiat are implemented on the system of Figure 4.3 

are the placement of a "low-backlash" gearbox on the output shaft of the stepper motor, a 

new door design for the chamber enclosure witii an elastomer seal, and a sensor plate 
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design that allows for close-spacing SCF measurements. These upgrades are discussed 

briefly in the following numbered segments. 

(1) Low-Backlash Gearbox: The gearbox (speed reducer) on the original motor assembly 

was a standard worm-gear type. With this gearbox in place, a maximum free-play of 

approximately 0.9 degrees was measured at the paddle wheel. For most of the 

measurements in this study, the paddle wheel is rotated in 200 1.8-degree incremental 

steps. Therefore, the relatively large amount of free-play could lead to a situation where 

the paddle wheel does not rotate to a unique position at each step. This inherent 

inaccuracy in the system was corrected by replacing the worm-type gearbox with a 

precision low-backlash planetary gearbox from Sterling Instruments. This particular 

gearbox (S9123A-PG010) has a maximum backlash rating of 6 arc minutes (or 0.1 

degrees). 

(2) Door and Seal: The electromagnetic seal on the original chamber system was a wire 

mesh gasket. The gasket was not attached to the door but was attached around the 

circumference of the chamber opening. This was accomplished by gluing a piece of foam 

rubber weatiier stripping around the chamber opening and then by gluing the wire mesh 

gasket to the edge of the weather stripping. The door was fastened, with bolts, to the 

chamber and the wire mesh gasket was compressed between the door and the chamber. 

Leakage tests were performed to evaluate the quality of tiiis seal by connecting an 

external broadband log-periodic antenna to an analyzer source and placing it in the close 

vicinity of the door. This allowed for an S12 (transfer power ratio from the source to the 
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receiving port) analyzer measurement to be used as an indicator of the leakage levels into 

the chamber when the analyzer receiving port was connected to an antenna in the 

chamber. The results of performing several of tiiese leakage tests in the 1-10 GHz range 

indicated that leakage levels at a number of frequencies were, on the average, about 10-15 

dB above the average system noise level whereas most of the leakage signals for the 

selected sweep frequencies were, on the average, only 0-5 dB above the system noise 

level. This problem, of small segmented frequency ranges with leakage, was temporarily 

addressed by taping the edges of the door to the chamber witii conductive tape. The wire-

mesh gasket and tape combination yielded leakage levels that were only 0-5 dB above the 

system noise level for all sweep frequencies in the 1-10 GHz range. The S21 values in 

these tests were in the -90 to -80 dB range. This shielding system was used to conduct a 

small set of preliminary SCF measurements but is not practical for obtaining a complete 

set of SCF measurements since adjusting the sensor spacing inside the chamber would 

require repeatedly removing, cleaning, and applying strips of conductive tape. 

The development of a permanent door and seal design was initiated by soliciting some 

major vendors of EMI products for technical literature with regard to state-of-the-art 

electromagnetic shielding design methodologies. In particular, handbooks from 

Chomerics [21] and Tecknit [22] provided detailed and fairly comprehensive material on 

this subject. After careful consideration of the material in these handbooks, a decision was 

made to design a door with a groove that can be fitted with a conductive elastomer gasket. 

The dimensions of the door along with the bolt specifications that were selected to meet 
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certain minimum torque requirements are shown in Figure 4.4. The dimensions of the 

groove and gasket are shown in Figure 4.5. The (nominal) groove dimensions were 

calculated from a set of algebraic formulas in [22] by substituting values for the minimum 

and maximum allowable gasket deflections along with the fabrication tolerance of the 

gasket diameter. Leakage tests performed on the implementation of this design also yield 

leakage levels that are 0-5 dB above the system noise level and S21 values that are in the -

90 to -80 dB range. 

(3) Sensor Plate: While it is possible to fasten the D-dot sensors to the bottom wall of 

the chamber with conductive tape, it is preferable to have a thin, flat, rectangular plate 

with small threaded holes that allow for the sensors to be easily fastened to the plate with 

small screws. This type of plate was designed and fabricated for tiie Prodyn sensors with 

holes tiiat allow for 6 sensor spacings ranging from 2.5 to 17.5 cm. SCF measurements in 

this spacing range were conducted by fastening this plate to the bottom wall of the 

chamber. 

Sensor spacings below 2.5 cm cannot be obtained with this sensor and plate 

mechanism due to the 1 inch diameter of the sensor ground disk (see Figure 4.2). Thus, a 

plate and sensor design that allows for close-spacing measurements was designed by 

fabricating two D-dot sensors from type 141 semi-rigid cables. The sensors were made by 

stripping about 1 inch of tiie outer conductor, along with the dielectric material, from the 

end of the cables and tiien bending the inner conductor 90 degrees. The resulting 

monopoles were cut to a length of 0.125 inches. These 141 cable-sensors are placed on a 
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CHAMBER DOOR 

r 1.50, each side 

ifZ 
Groove radius: 
2.00 inner, 2.26 outer, 
each corner 

1 ^ 

\ 
Hole for 1/4-28 bolt. 5 oer side 

U Groove for elastomer sasket 
Csee detail) « 

21.50 

21.50 

Material: aluminum. 3/8 thick 

(All dimensions in inches) 

Figure 4.4. Drawing of the Chamber Door 
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CROSS-SECTION DETAIL 
OF GROOVE AND GASKET 

Gasket: 1/4 diameter metal-filled 
silicone elastomer 

Groove: 0.205 deeD. 0.260 wide 

(All dimensions in inches) 

Figure 4.5. Drawing that Shows Cross-Section of the Chamber Door Groove and 
Elastomer Seal. 
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plate witii a semicircular slit in the middle. After the cables are placed in tiie sht, clamps 

are placed on the cables to insure that the outer conductor is in contact with tiie plate and 

tiie spacing between the monopoles remains fixed. Figure 4.6 shows a photograph of this 

plate with the 141 cable-sensors attached. The sensor spacing is 0.5 cm. 

A major feature of this structure is the conductive tape, witii two holes, that is placed 

over the ends of the cables. The tape covers the region between the sensors and provides 

a more symmetric current flow around the monopoles. Measurements, at 2.5 cm, without 

the conductive tape yield lower measured correlation coefficients than measurements 

taken with the Prodyn sensors with tiie same spacing. Measurements with the tape yield 

correlations that agree, on the average, with those from the Prodyn sensor at a spacing of 

2.5 cm. The results are not identical, however, since random fluctuations are observed in 

all the SCF measurements in this study. This effect is discussed in more detail in the 

following chapter along with SCF measurements for close sensor spacings of 0.5 cm, 1.0 

cm, and 1.5 cm and SCF measurements for six larger spacings ranging from 2.5 cm to 

17.5 cm. 
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Figure 4.6. Photograph of Sensor Plate for Close Spacing SCF Measurements. The 
sensors in tiiis design are made from 141 semi-rigid cables. 
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CHAPTER V 

RESULTS AND CONCLUSIONS 

Power Transfer Characteristics 

The apparatus shown schematically in Figure 4.1 was used to measure chamber gain 

for comparison with the theoretical models of Eq. 2.14 and Eq. 2.16. The HP 8719A was 

selected as the network analyzer since it allows for comparisons over a larger frequency 

range. This system is referred to as configuration 1 when the receiving antenna is in place 

and as configuration 2 when the receiving antenna is replaced with a receiving D-dot 

sensor. As mentioned in chapter IV, the antennas are linearly polarized log-periodic 

dipole arrays (Watkins-Johnson WJ-48195, 1.0 to 18.0 GHz) and are mounted well apart 

and with perpendicular polarizations in order to minimize direct coupling between them. 

The D-dot sensor is a surface-mounted asymptotic conical dipole from Prodyn 

Technologies (Figure 4.2) and is mounted to a chamber wall where the electric field is 

perpendicular to the polarization of the transmitting antenna to minimize coupling. The 

sensor is used at frequencies up to its 3-dB point of 10 GHz, where its response has fallen 

to 3 dB below the first-order model of Eq. 2.16, by correcting the sensor output values 

for tills fall-off during data analysis. 

Plots of measured chamber gain for configuration 1 and configuration 2 are shown in 

Figure 5.1 and Figure 5.2, respectively [10]. The corresponding theoretical models are 

also plotted in these Figures, Eq. 2.14 in Figure 5.1 and Eq. 2.16 in Figure 5.2. The 

measurements presented in these Figures were conducted with a 21-point frequency sweep 
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Figure 5.1. Chamber Gain versus Frequency in Configuration 1. 
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Figure 5.2. Chamber Gain versus Frequency in Configuration 2. 
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from 1 to 10 GHz. A total of 153 separate gain measurements were accumulated for each 

frequency point. Each of these measurements was taken witii tiie paddle wheel adjusted 

to a unique angular position controlled by tiie stepper motor, which was programmed to 

turn the paddle wheel one complete revolution in 153 equal angular increments. 

The gain values in Figures 5.1 and 5.2 were obtained from S21 and Sn measurements 

as follows: 

^21=-
21 

1- 11 

(5.1) 

where G21 is the measured power gain from the transmitting port (port 1 in Figure 4.1) to 

the receiving port (port 2 in Figure 4.1), |S2i| is the magnitude of the voltage transmission 

coefficient from port 1 to port 2, and |Sii| is the magnitude of the voltage reflection 

coefficient at port 1. The 1 -|Si ip term is included to account for power returned to the 

source from the transmitting antenna. An important characteristic of the experimental 

curves in both Figure 5.1 and Figure 5.2 is tiie large, greater than 20 dB, difference 

between the maximum and minimum values of G21 over the entire frequency interval. This 

large difference is generally desirable witii regard to proper reverberation chamber 

operation and is an indication of a properly functioning paddle wheel. 

As might be expected, the theoretical curves in both Figure 5.1 and Figure 5.2 are only 

approximate representations of the actual response of the chamber. The slopes of the 

theoretical curves match the general trends of tiie slopes of the experimental maximum and 
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average curves, but the tiieoretical values tend to be larger than the experimental. This 

discrepancy can perhaps be attributed to factors such as losses in tiie paddle wheel blades, 

antenna internal and mismatch losses, and losses through tiie access panel (door) gasket, 

which were not modeled and included in the calculations. Regarding chamber wall losses, 

which were modeled, the value used for the wall conductivity, a, was 2.32 10̂  S/m. 

Although this is the handbook value [19] for our particular aluminum alloy (6061T6), it 

may in fact be too high [23]; and this would add to the discrepancy. 

Some insight into the physical phenomena that determine the shape of the chamber 

response can be obtained from an examination of equations used in the models. For 

example, for configuration 1 the coî '̂  dependence in the second term of the denominator of 

Eq. 2.14 can be attributed to the loading of the receiving antenna decreasing with cô  

combined with the chamber wall loss increasing with co . Specifically, the ratio of Q's in 

Eq. 2.12 can be rewritten as a power ratio as follows: 

n / P 
^ant _wW / coW _ eqv (5.2) 

eqv eqv 

Here, Pd ̂  co"̂  from Eq 2.3 and Peqv °̂  co from Eq. 2.13 since 5 «= co" \ 

At low frequencies, however, the first term in the denominator of Eq. 2.14 

dominates. Thus there are two distinct frequency regions. The transition point between 

these two regions can be calculated by setting the second term in the denominator equal to 

unity and solving for tiie corresponding value of co. The result is a transition point for our 

chamber at 3.34 GHz. Below this transition point, Pd > Peqv in Eq. 5.2, so that power 
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extraction from the chamber by the receiving antenna dominates over power loss to the 

chamber walls. 

,-3/2 Similarly, for configuration 2 the co' dependence in the second term of the 

denominator of Eq. 2.16 is due to the cô  variation in the D-dot sensor loading combined 

with the CO variation in the chamber wall loss. (The frequency dependence of the sensor 

loading can be observed by solving for Pd in Eq. 2.7.) 

The first term of the denominator of Eq. 2.16 becomes important only for high 

frequencies— well above 10 GHz for our particular chamber and sensor. This is the range 

where the power extracted by the sensor is dominant. Over the interval of our 

measurements, 1-10 GHz, the chamber wall loss dominates. 

An immediate application of the theoretical gain models of Eq. 2.14 and Eq. 2.16 can 

be developed from observation of Eq. 2.10. This equation expresses the chamber gain as 

a ratio of the chamber Q , Qnet, over the antenna or sensor Q. Therefore, a frequency 

domain approach to measuring the Q of a microwave reverberation chamber, in a given 

configuration, is to measure the chamber gain and then calculate Qnet values by applying 

the appropriate model for the sensor/antenna Q. This procedure was carried out for the 

chamber system of Figure 4.3, referred to as configuration 3, with the two Prodyn D-dot 

sensors installed as the receiving sensors. Eq. 2.7 was used as tiie sensor model with R = 

50 ohms and A = 10̂ ^ ml A plot of tiie resulting Q measurements versus frequency is 

shown in Figure 5.3 where the smootii curve is Qnet, given by Eq. 2.8, divided by seven 

since this gives the best fit to the measurements. Table 5.1 is the tabulation of a series of 
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T-

x10 Measured Chamber Q Versus Frequency 

6 8 
Frequency (GHz) 

Figure 5.3. Chamber Q Measurement via Chamber Gain Measurement with Two 
Receiving (Prodyn) D-dot Sensors (configuration 3). The jagged curve 
represents the measured values whereas the smooth curve is Qnet, from Eq. 
2.8, divided by seven. The gain measurement was taken with a 21-point 
frequency sweep and 200 incremental paddle wheel positions. 
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Table 5.1. Tabulation of Calculated M Values from Measured Gain Values. 

f 

1.0000e-h009 
1.6250e-H009 
2.2500e+009 
2.8750e-H009 
3.5000e-H009 
4.1250e-h009 
4.7500e+009 
5.3750e+009 
6.0000e-f-009 
6.6250e-H009 
7.2500e-h009 
7.8750e+009 
8.5000e-f-009 
9.1250e-h009 
9.7500e+009 
1.0375e+010 
l.lOOOe-hOlO 
1.1625e+010 
1.2250e+010 
1.2875e+010 
1.3500e+010 

column, from left to right (not 
calculation process. 

Measured 
Gain 

-45.56 
-35.19 
-33.20 
-27.88 
-28.29 
-28.96 
-24.60 
-26.33 
-24.30 
-21.35 
-19.89 
-22.46 
-19.53 
-19.45 
-21.62 
-19.96 
-23.64 
-16.42 
17.52 

-20.57 
-19.77 

Q-
D 

2.62e-^007 
1.61e-h007 
1.17e-h007 
9.12e+006 
7.49e+006 
6.35e+006 
5.52e+006 
4.88e-^006 
4.37e-H006 
3.96e+006 
3.62e-h006 
3.33e-h006 
3.08e+006 
2.87e-h006 
2.69e-H006 
2.53e+006 
2.38e-H006 
2.25e-h006 
2.14e-H006 
2.04e+006 
1.94e-h006 

including f), represents a step 

Measured 
Q 

7.28e+002 
4.88e+003 
5.58e+003 
1.48e-H004 
l.lle+004 
8.08e-h003 
1.91e-h004 
1.13e+004 
1.62e-H004 
2.90e-h004 
3.71e-h004 
1.89e4-004 
3.43e+004 
3.26e-H004 
1.85e-h004 
2.55e+004 
1.03e-h004 
5.14e+004 
3.79e-H004 
1.79e+004 
2.05e-h004 

3-dB 
BW 

1.37e+006 
3.33e+005 
4.03e-H005 
1.94e+005 
3.15e+005 
5.10e+005 
2.48e+005 
4.74e+005 
3.70e+005 
2.29e+005 
1.96e+005 
4.17e-h005 
2.48e-h005 
2.80e+005 
5.27e+005 
4.07e+005 
1.07e-H006 
2.26e+005 
3.24e+005 
7.21e-H005 
6.59e-f-005 

Each 
in the 

M 

0.62 
0.40 
0.93 
0.73 
1.75 
3.94 
2.54 
6.21 
6.03 
4.55 
4.66 
11.72 
8.11 
10.57 
22.72 
19.84 
58.58 
13.86 
22.02 
54.21 
54.43 
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calculations that were performed, including the calculations for the Q measurement, that 

lead to a set of values for the number of modes in a 3-dB bandwidth, M. These 

calculations were performed sequentially from left to right by processing the gain 

measurements (second column) first and arriving at the values for M by substituting the 

results from tiie 3-dB bandwidth calculation (fifth column) for df in tiie mode density 

formula of Eq. 1.2. The resulting dN values are the M values. The 3-dB bandwidth was 

obtained simply by observing tiie relationship BW = f/Q where the Q's are the measured Q 

values of column four. 

PDF of Power Densitv 

A study of the probability density function for a component of tiie power density in the 

special (small, non-ideal) chamber of Figure 4.1 was initiated by examining tiie sample 

distributions, at each frequency, for the gain measurements of Figures 5.1 and 5.2. This 

involved plotting and analyzing tiie form of the histograms for the 153 measured samples 

at each frequency. Figure 5.4 shows these histograms [2] at the lowest and the highest 

measurement frequencies, 1 and 10 GHz, for tiie receiving antenna configuration 

(configuration 1) and Figure 5.5 shows tiie histograms [2] at 1 and 10 GHz for the 

receiving D-dot sensor configuration (configuration 2). Inspection of tiiese figures 

indicates that there is good agreement at 10 GHz between the measured distribution and 

the theoretical PDF (Eq. 2.19) both away and on the wall. At 1 GHz, poor levels of 

agreement are observed since the distributions of tiie measured values are much "flatter" 
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Figure 5.4. Probability Density Function for EM Power Density in Configuration 1. The 
bin sizes for the histograms are 0.25 dB. The standard deviation for the 1 
GHz data is 6.61 dB and the standard deviation for the 10 GHz data is 5.35 
dB. 
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Figure 5.5. Probability Density Function for EM Power Density in Configuration 2. The 
bin sizes for the histograms are 0.25 dB. The standard deviation for the 1 
GHz data is 8.57 dB and the standard deviation for the 10 GHz data is 5.36 
dB. 
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than the shapes of the corresponding theoretical curves. In configuration 1, the standard 

deviation of the measured data varies from 6.61 dB, at 1 GHz, to 5.35 dB at 10 GHz. In 

configuration 2, the standard deviation of the measured data varies from 8.57 dB, at 1 

GHz, to 5.36 dB at 10 GHz. As mentioned in chapter n, the theoretical value for this 

standard deviation is 5.57 dB. The upward shifts in the measured standard deviations, as a 

function of decreasing frequency, indicate that the distribution widens as the number of 

modes in a 3-dB bandwidth, M, decreases. 

Inspection of the sample standard deviations of the measurements used to obtain the Q 

of Figure 5.3 can provide more insight into the relationship between the transition of the 

non-ideal measured PDF's at 1 GHz to the more ideal forms at higher frequencies and M. 

For example, inspection of the standard deviation values in the seventh column of Table 

5.2 indicates that the first sample standard deviation that is between 5 and 6 dB occurs at 

about 4.5 or 5 GHz. Observing the corresponding M values in the sixth column of this 

table indicates that the measured distribution could converge to an ideal one for M values 

as low as 3 or 4. This means that Lehman's assumption of an infinite M may not restrict 

the applicability of his theory as much as one might have supposed. 

A similar type of analysis can be performed on tiie simulation output. Here, standard 

deviation values, from a post-processing program that calculates a set of statistics (and 

also generates histograms) for the simulation samples, are tabulated and observed in the 

fourth column of Table 5.2. These particular sample standard deviations result from a 

simulation run with Q = Qnet / 10 and a distance of 8 cm between calculated field points 

(or samples) and correspond to the simulation run, from the overall set of simulations, that 
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Table 5.2. Measured M and a Values From the Q Measurement of Figure 5.3 Alongside M and a 
Values From Uie Corresponding Simulation Output. 

Simulation 

M. Mth a 

l.OOOOe+009 
1.2500e+009 
1.5000e+009 
1.7500e+009 
2.0000e+009 
2.2500e+009 
2.5000e+009 
2.7500e+009 
3.0000e+009 
3.2500e+009 
3.5000e+009 
3.7500e+009 
4.0000e+009 
4.2500e+009 
4.5000e+009 
4.7500e+009 
5.0000e+009 
5.2500e+009 
5.5000e+009 
5.7500e+009 
6.0000e+009 
6.2500e+009 
6.5000e+009 
6.7500e+009 
7.0000e+009 
7.2500e+009 
7.5000e+009 
7.7500e+009 

8.0000e+009 
8.2500e+009 
8.5000e+009 

8.7500e+009 
9.0000e+009 

9.2500e+009 
9.5000e+009 

9.7500e+009 
l.OOOOe+010 
1.0250e+010 
1.0500e+010 
1.0750e+010 
l.lOOOe+010 
1.1250e+010 
1.1500e+010 
1.1750e+010 
1.2000e+010 
1.2250e+010 

0.04 
0.07 
0.14 

0.22 
0.28 
0.50 
0.53 
0.73 
0.84 
1.12 
1.37 
1.44 
4.36 
2.47 
2.97 
2.88 
3.34 
4.01 
4.37 
4.74 
5.32 
8.23 
9.25 
7.73 
8.54 
10.00 
10.35 

10.82 
14.32 
13.15 
14.23 

18.80 
17.21 
19.04 

19.68 
20.96 

22.99 
27.16 
25.92 
28.15 
29.25 
32.84 
35.89 
37.18 
40.10 
40.10 

0.08 
0.14 
0.22 
0.32 
0.45 
0.60 
0.79 
1.00 
1.25 
1.53 
1.85 
2.20 
2.60 
3.03 
3.51 
4.03 
4.60 
5.21 
5.88 
6.59 
7.36 
8.18 
9.06 
10.00 
10.99 
12.05 
13.17 

14.36 
15.61 
16.93 
18.32 
19.78 
21.32 

22.93 
24.62 

26.39 
28.25 
30.18 
32.21 
34.32 
36.52 
38.82 
41.21 
43.69 
46.28 
48.96 

9.15 
9.49 
6.74 
7.27 
8.72 
9.26 
8.49 
7.84 
7.98 
7.15 
6.96 
6.98 
6.88 
6.82 
5.88 
7.02 
6.87 
5.64 
6.90 
6.36 
6.29 
6.27 
6.67 
6.14 
6.34 
6.09 
6.10 
6.01 

5.77 
5.96 
6.31 
6.44 
5.62 

5.25 
4.85 
5.18 

5.42 
5.46 

5.44 
5.96 
6.18 
6.03 
6.48 
6.54 
5.17 
5.93 

Measurement 

M 

l.OOOOe+009 0.62 

1.6250e+009 0.40 

2.2500e+009 0.93 

2.8750e+009 0.73 

3.50O0e+009 1.75 

4.1250e+009 3.94 

4.7500e+009 2.54 

5.3750e+009 6.21 

6.0000e+009 6.03 

6.6250e+009 4.55 

7.2500e+009 4.66 

7.8750e+009 11.72 

8.5000e+009 8.11 

9.1250e+009 10.57 

9.7500e+009 22.72 

1.0375e+010 19.84 

l.lOOOe+010 58.58 

1.1625e+010 13.86 

1.2250e+010 22.02 

6.99 

8.37 

6.72 

7.46 

6.25 

6.42 

5.25 

5.77 

5.51 

5.24 

5.63 

6.66 

6.28 

5.69 

5.25 

6.05 

5.62 

5.95 

5.37 
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Table 5.2. Continued. 

Simulation Measurement 

M ave Mth M 

1.2500e+010 
1.2750e+010 
1.3000e+010 
1.3250e+010 
1.3500e+010 

44.26 
43.17 
48.68 
49.92 
52.43 

51.75 
54.64 
57.64 
60.76 
63.98 

5.54 
5.56 
6.24 
5.73 
5.60 

1.2875e+010 

1.35006+010 

54.21 

54.43 

5.04 

5.75 

most closely matches the conditions in the chamber for the measurement of Figure 5.3. 

Inspection of these standard deviation values, which are for one of the two field points, 

also indicates that the first sample standard deviation that is between 5 and 6 dB occurs at 

about 4.5 or 5 GHz. One of the output files (in tiie form of Figure 3.2) from this 

simulation run also shows that, in the 4.5 - 5 GHz range, the average number of selected 

modes that fall within the 3-dB bandwidth is approximately 3 or 4. These average M 

values are shown in the second column of Table 5.2. Also, the theoretical values of M 

(from the output file) are mcluded in the thu-d column of Table 5.2. These values range 

from about 3.5 to 4.5 in the 4.5 - 5.0 GHz range. 
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SCF of Power Density 

Figure 5.6 is a set of plots that show measured and simulated spatial correlations 

versus spacing while Figure 5.7 is a set of plots that show measured and simulated spatial 

correlations versus frequency. Lehman's tiieoretical curve, Eq. 2.31, is plotted alongside 

all of these results. All of the measurements were taken with the measurement system of 

of Figure 4.3 (denoted as configuration 3). Measurements with sensor spacings of 2.5, 

5.5, 8.0, 11.5, 13.5, and 17.5 cm were taken with the Prodyn sensors (Figure 4.2) in place 

whereas measurements with sensor spacings of 0.5, 1.0, and 1.5 cm were taken with the 

141 cable-sensor plate (Figure 4.6) in place. Fifty-one discrete frequency points between 

1 and 13.5 GHz, with 0.25 GHz increments, were used for both the measurements and 

the simulations. 

The complete set of simulation runs include three runs, with Q = Qnet, Q = Qnet /lO , 

and Q = Qnet /lOO , for each of the sensor spacings of the above-mentioned measurements. 

(Qnet is given by Eq. 2.8 for the case of two receiving D-dot sensors.) The SCF values 

from the Q = Qnet /lO runs were chosen for the plots of Figures 5.6 and 5.7 since Qnet /lO 

is of the same order of magnitude as the measured chamber Q's of Figure 5.3. The SCF 

outputs from the simulations with Q = Qnet /lOO were found to be in close agrrement with 

Lehman's theoretical curve in tiie upper half of the selected frequency range, where large 

values of M occur. Slightiy lower levels of agreement with the theoretical curve are 

observed in the SCF outputs from the Q = Qnet /lO runs in tiie upper half of the frequency 

range. In contrast, the SCF outputs from the Q = Qnet nins are significantiy higher than 
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Figure 5.6. Measured, Simulated, and Theoretical SCF of the Power Density, versus 
Spacing, Inside tiie Microwave Reverberation Chamber of Figure 4.3 or 
Figure 4.1. The measurements were taken witii tiie measurement system of 
Figure 4.3. (a) Plots for frequencies of 1, 1.25, 1.50, 1.75, 2.00, and 2.25 
GHz. 
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Figure 5.6. Continued, (b) Plots for frequencies of 2.5, 2.75, 3.00, 3.25, 3.50, and 3.75 
GHz. 
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Figure 5.6. Continued, (c) Plots for frequencies of 4.00, 4.25, 4.50, 4.75, 5.00, and 5.25 
GHz. 
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Figure 5.6. Contmued. (d) Plots for frequencies of 5.50, 5.75, 6.00, 6.25, 6.50 and 6.75 
GHz. 
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Figure 5.6. Continued, (e) Plots for frequencies of 7.00, 7.25, 7.50, 7.75, 8.00, and 8.25 
GHz. 
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Figure 5.6. Continued, (f) Plots for frequencies of 8.50, 8.75, 9.00, 9.25, 9.50, and 9.75 
GHz. 

78 



. / , • •-*>•? t-^i.'-?nr'-!rh 

SCF of EM Power Density 

f= 10.50 GHz 

f=11.00GHz 

5 10 15 
Spacing (cm) 

10 15 20 

• . - - * • 

20 5 10 15 
Spacing (cm) 

Theo. = Solid Meas. = Dashed Sim. = Dotted 

Figure 5.6. Continued, (g) Plots for frequencies of 10.00, 10.25, 10.50, 10.75, 11.00, and 
11.25 GHz. 
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Figure 5.6. Continued, (h) Plots for frequencies of 11.50, 11.75, 12.00, 12.25, 12.50, and 
12.75 GHz. 
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Figure 5.6. Continued, (i) Plots for frequencies of 13.00, 13.25, and 13.50 GHz. Plots for 
frequencies of 1.00, 1.25, and 1.50 GHz are repeated for convenience. 
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Figure 5.7. Continued, (c) Plots for spacings of 5.5 and 8.0 cm. 
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tile corresponding tiieoretical values in the upper half of the frequency range. Here, 

inspection of the output files shows that even at tiie highest simulation frequency of 13.5 

GHz, the (average) number of selected modes tiiat are witiiin the 3-dB bandwidth is only 

about 5 whereas in the Q = Q„et /lO and Q = Q„et /lOO cases the values for this parameter 

are about 50 and 500, respectively. 

Inspection of the forms of tiie measured SCF response in Figures 5.6 and 5.7 reveals 

the following three trends. 

(1) High Spatial Correlations at Large Spacings and Low Frequencies: This effect can be 

observed in Figure 5.6(a)-(c) and Figure 5.7(c)-(d). The measurements seem to 

"converge," on the average, to Lehman's theoretical curve at frequencies above the 4.5 to 

5.0 GHz range. The frequency range below 4.5 GHz was cited, in the previous section, as 

a region that can be associated with insufficient mode densities for the chamber in this 

study. 

(2) Random (Jagged) Fluctuations in the (Locally) Monotonic Nature of the Response: 

This lack of "smoothness" can be observed in all the of measurements as well as in all of 

the simulation outputs. An effort to analyze this effect by taking the Fourier transform 

(FFT) of a number of measured SCF sample outputs did not reveal a "signature" in the 

transform domain. As shown in Figure 5.8, this effect can be related to the number of 

data acquisition samples, or paddle wheel positions, that are programmed into the motor 

control algorithm of the measurement system. All of the SCF measurements in this study 

were taken with 200 paddle wheel positions. Selectively removing every fourth sample 
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from a selected measurement set (Figure 5.8) indicates that the peak-to-peak levels of 

these fluctuations decrease as the number of samples increases. 

(3) Low Correlation at Close Sensor Spacings and at High Frequencies: This effect can 

be observed in Figure 5.7(a)-(b). Since the presence of undesirable signals is a relatively 

common problem in microwave ckcuits, a number of possibilities were carefully 

investigated to determine the physical nature of these low correlations. Some of the 

possibilities that were eliminated by inspection of some additional sets of measurements 

and additional simulations along with some rough hand calculations were: 

(i) decorrelation due to electromagnetic scattering at close sensor spacings, 

(ii) the existence of slowly propagating or heavily attenuated surface waves, 

(iii) large sensor size in relation to the signal wavelengths, and 

(iv) the existence of non-standard waveguide modes that do not fall into the realm 

of standard theories for the operation of an overmoded rectangular cavity. 

Further consideration of this effect led to the hypothesis that the decorrelation may be due 

to the unsymmetric nature of the tape in the vicinity of the 141-cable sensors. In other 

words, the "bump" in the tape between tiie two sensors may be causing the sensors to 

operate in a non-ideal manner. As mentioned in chapter IV, this was not considered a 

problematic structural flaw prior to conducting the SCF measurements since trial 

measurements at a spacing of 2.5 cm yielded acceptable levels of agreement with trial 

measurements taken with the Prodyn sensors in place. However, since a 2.5 cm SCF 

measurement with the Prodyn sensors requires placing them in direct contact with each 
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other, it is conceivable that the 2.5 cm measurements with these sensors also are 

associated with structural dissymmetries. This hypothesis of dissymmetries in the 141 

cable-sensor plate was verified by making a final SCF measurement with a modified sensor 

structure. This structure was implemented by drilling two small holes in the bottom of the 

chamber that are spaced 1 cm apart. Then, two 141 cable-sensors were press-fitted into 

the holes from the outside of the chamber such that only the inner conductor of the cables 

was protruding into the chamber with the flat chamber wall between the outer conductors 

of the cables. Significantiy higher values of spatial correlation, at the higher frequencies, 

were measured with this structure in relation to the 1 cm spacing measurement with the 

141 cable-sensor plate. 

Summary and Discussion 

The following outiine serves as a summary of the major developments and results that 

are documented in this dissertation project. 

-> Design and Construction of Microwave Reverberation Chamber Measurement 

Apparatus with Source Wavelengths such that tiie Chamber is Electrically Small at 

the Lower End of the Source Frequency Spectrum. 

-^ Development of Algoritiim that Allows for Computer Simulation of SCF Experiment 

by Generating Suitable Statistical Power Density Samples. 

—> Matiab Implementation of SCF Algorithm. 

—> Derivation of Average Chamber Gain Models. 
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-> Measurements of Chamber Gains. 

-^ Development of Frequency-Domain Method to Measure Chamber Q Using Chamber 

Gain Models. 

-^ Calculation of M Values for Chamber. 

-^ Evaluation of Measured PDF's Under Non-Ideal (ElectricaUy Small) Chamber 

Conditions Using Histograms and Sample Standard Deviations. 

-^ Evaluation of Measured PDF's Under Non-Ideal Conditions Via Consideration of 

Chamber M Values and Output from SCF Simulation Program. 

-^ Measurement of the SCF in a Microwave Reverberation Chamber. 

-> Comparison of SCF Measurements and Simulations to Lehman's Theoretical SCF 

Curve for Complex Cavities. 

The introduction and investigation of M as a microwave reverberation chamber 

parameter is perhaps the most significant of these developments. Further study of this 

parameter could lead to a simple criterion that provides an accurate low-frequency bound 

for the operation of a microwave reverberation chamber. Formulas that are presently 

under consideration [25] by other investigators include a 60-modes criterion and a 6 x fo 

criterion, where fo is the fundamental resonant frequency of the chamber cavity. 

The 60-modes criterion can be applied by either finding the 60th mode of the chamber 

cavity by computer counting or by setting N equal to 60 in Eq. 1.1 and solving for f. A 

computer counting calculation for the chamber in this study (Figures 4.1 and 4.3) yields a 

low frequency cut-off of 844 MHz. This criterion seems to have originated from NBS 

91 



T , .an 

Technical Note 1092 [4, p. 21] where the authors state tiiat the "practical lower frequency 

limit for using the NBS enclosure as a reverberation chamber is approximately 200 MHz. 

This lower limit is due to a number of factors including insufficient mode density, hmited 

tuner effectiveness, and ability to uniformly excite all modes in tiie chamber." The 

dimensions of this NBS chamber are such that a frequency of 200 MHz corresponds to the 

existence of approximately 60 distinct modes from 0 to 200 MHz. However, the 60-

modes criterion does not seem to have been specified or generally recommended within 

the body of this paper. 

The fundamental frequency for the chamber cavity (Figures 4.1 and 4.3) in tiiis study 

is 235 MHz. Six times this value yields a chamber low frequency cut-off of 1.41 GHz. 

This criterion originated from tiie analysis of a sample set of chamber data [25]. In this 

case, plots of the chamber VS WR versus frequency were analyzed, and the 6 x fo term was 

found to correspond to the low-frequency edge of a region on the plot where the VSWR 

response is approximately flat. Literature with regard to the underlying physical principles 

behind this criterion has not been cited at the present time. 

The M equals 3 or 4 criterion that was proposed in the second section of this chapter 

as a possible criterion for the low frequency limit of the chamber in this study corresponds 

to a low frequency cut-off of 4.5 - 5.0 GHz. Whether or not this criterion develops into 

an acceptable bound for the low-frequency operation of a microwave reverberation 

chamber is an open question since this criterion, like the other two that are described 
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above, was not developed via a formal mathematical procedure but is proposed based on 

the observation of a limited set of data. 

Additional analytical methods that are currentiy under investigation [25] and could 

lead to criteria for the low-frequency cut-off of a microwave reverberation chamber are 

methods based on applying Kolmogorov-Smirnov goodness-of-fit tests to the measured 

PDF's and Lehman's "unstirred energy" calculation for a microwave reverberation 

chamber. Published literature with regard to these investigations are not presentiy 

available. 

Possible applications for the SCF inside a microwave reverberation chamber include 

the consideration of "correlation lengths" as part of the overall testing procedures [24]. 

This concept is particularly well-suited to applications that use a microwave reverberation 

chamber test environment to simulate the actual EMI environment of interest. For 

example, inspection of Lehman's theoretical SCF curve (Eq. 2.31) for null points yields 

that the first null occurs at: 

| l i - l2 |=Rco„ = V 2 . (5.3) 

This X/2 quantity can be used to investigate tiie concept of correlation lengtii in a 

microwave reverberation chamber in the sense that, under ideal conditions, the correlation 

between the power density at two points becomes negligible at and beyond this spacing. 

However, interesting cases such as the measured SCF response at 2 GHz in Figure 5.6a 

exist that do not conform to this straightforward formulation. Accurate characterization 

of the correlation length could lead to situations where the comprehensive testing of a 
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particular device in a chamber will not also require the placement of all the surrounding 

equipment from the device's intented operational environment. Only equipment that falls 

within a particular correlation length would need to be placed in the chamber. 

94 

\ 
>.-:•- V^i »i i>iri 



T 

REFERENCES 

[1] D.A. HiU, "Electronic Mode Sturing for Reverberation Chambers," IEEE Trans. 
Electromagn. Compat., vol. EMC-36, no. 4, pp. 294-299, Nov. 1994. 

[2] T.F. Trost, A.K. Mitra, and A.M. Alvarado, "Characterization of a Small Microwave 
Reverberation Chamber," Proceedings of the 1J th International Zurich Symposium 
and Technical Exhibition on EMC, pp. 583-586, March 1995. 

[3] B.H. Liu and D.C. Chang, "Eigenmodes and the Composite Quality Factor of a 
Reverberating Chamber," NBS Tech. Note 1066, Aug. 1983. 

[4] M.L. Crawford and G.H. Koepke, "Design, Evaluation, and Use of a Reverberation 
Chamber for Performing Electromagnetic SusceptibilityA^uhierability 
MesiSUTemQnts:' NBS Tech. Note 1092, Apr. 1986. 

[5] J.M. Dunn, "Local, High-Frequency Analysis of tiie Fields in a Mode-Stirred 
Chamber,"/EEE Trans. Electromagn. Compat., vol. EMC-32, no. 1, pp. 53-58, 
Feb. 1990. 

V [6] J.G. Kostas and B. Boverie, "Statistical Model for a Mode-Stirred Chamber," IEEE 
Trans. Electromagn. Compat., vol. EMC-33, no. 4, pp. 366-370, Nov. 1991. 

[7] T.H. Lehman, "A Statistical Theory of Electromagnetic Fields in Complex Cavities," 
Phillips Laboratory Interaction Note 494, May 1993. 

[8] Y. Huang and D.J. Edwards, "An Investigation of the Electromagnetic Field inside a 
Moving-Wall Mode-Stirred Chamber," The 8th lEE Int. Conf. on EMC, Edinburgh, 
UK, pp. 115-119, Sept. 1992. 

[9] T.A. Loughry, "Frequency Stirring: An Alternate Approach To Mechanical Mode-
Stirring For The Conduct Of Electromagnetic Susceptibility Testing," Phillips 
Laboratory Tech. Report 91-1036, Nov. 1991. 

[10] A.K. Mitra, T.F. Trost, "Power Transfer Characteristics of a Microwave 
Reverberation Chamber," to appear in IEEE Transactions on EMC, May, 1996. 

[11] C.E. Baum et al., "Sensors for Electromagnetic Pulse Measurements Both Inside 
and Away from Nuclear Source Regions," IEEE Trans. Electromagn. Compat., vol. 
EMC-20, no. 1, pp. 22-35, Feb. 1978. 

95 

-••-. -*^-tn 



T B k ^ 

[12] Y. Huang, "The Investigation of Chambers for Electromagnetic Systems," Ph.D 
Dissertation, University of Oxford, 1994. 

[13] M. Iskander et al., "FDTD Simulation of Microwave Sintering of Ceramics in 
Multimode Cavities," IEEE Trans. Microwave, vol. MTT-42, no. 5, pp. 793-800, 
May 1994. 

[14] K.C. Chen, private communication, Sandia National Laboratory, Sept. 1994. 

[15] Y. Rahmat-Samii, private communication, UCLA, Sept. 1994. 

[16] A. Taflove and K.R. Umashankar, "The finite-difference time-domain method for 
numerical modeling of electromagnetic wave interactions with arbitrary structures," 
in M.A. Morgan, Ed., Finite-Element and Finite-Difference Methods in 
Electromagnetic Scatter. Amsterdam: Elsevier, 1990. 

[17] C.T. Tai, "On the Definition of the Effective Aperture of Antennas," IEEE Trans. 
Antennas Propagat., vol. AP-9, pp.224-225, March 1961. 

[18] D. I. Wu and D.C. Chang, "The Effect of an Electrically Large Stirrer in a Mode-
Stirred Chamber," IEEE Trans. Electromagn. Compat., vol. EMC-31, no. 2, pp. 
164-169, May 1989. 

[19] J. H. Potter, Handbook of the Engineering Sciences, Vol. II, Van Nostrand, 1967. 

[20] R. N. Rodriguez, "Correlation," Encyclopedia of Statistical Sciences, vol. 2, pp. 
193-204, Wiley, 1982-. 

[21] EMI Sheading Engineering Handbook, Chomerics Inc., Woburn, MA, 1989. 

[22] Sheading Design Guide, Tecknit EMI Sheilding Products, Cranford, NJ, 1991. 

[23] D.A. Hill et al., "Aperture Excitation of Electrically Large, Lossy Cavities," IEEE 
Trans. Electromagn. Compat., vol. EMC-36, pp. 169-178, Aug. 1994. 

[24] T.F. Trost and A.K. Mitra, "Eectromagnetic Compatibility Testing Studies," Final 
Technical Report on Grant NAG-I-1510, NASA Langley Research Center, January 
15, 1996. 

[25] G. Freyer, Consultant, Monument, CO, private communication, March 1996. 

96 

fjifi^imvi&i:y 



cvw-

APPENDIX 

MATLAB SIMULATION M-FILES 

(1) BWRESl.M (Used to permanently store resonant frequency data for simulation) 

%***** Calculate, Sort, and Select Cavity Resonances for Reverberation Chamber 
%***** Simulation 
clkl=clock; 
c=2.99792458E8; 
a= 1.0342; 
b=.8087; 
d=.5812; 

lpnum=95; 
simres 
lc=zeros(l,51); 
mgl(l)=l; 
mgl(2:52)=zeros(l,51); 

bwhl(l)=300e6; 
bwhl(2)=75e6; 
bwhl(3:9)=50e6*ones(l,7); 
bwhl(10:21)=25e6*ones(l,12); 
bwhl(22:5 l)=50e6*ones(l,30); 
ddmax=.2; 
ddl=ddmax/200; 
dl=d-ddmax-ddl; 
df=.25e9; 
for h= 1:200, %Perturbation Loop 
lenl=0; 
save Stat, out h -ascii 
dl=dl+ddl; 
fres = (c/2) * ((fresl + fres2 + ((pl/dl).^2)) .^ .5 ); 
[fres,k]=sort(fres); 
ff=.75e9; 
for i= 1:51, %Frequency Loop 

ff=ff+df; 
f(i)=ff; 
[fptO,10] = min( abs( fres - ((f(i)-bwhl(i)) * ones(size(fres))))); 
[fptl,ll] = min( abs( fres - ((f(i)+bwhl(i)) * ones(size(fres))))); 
len2=len 1+11-10+1; 
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fbw 1 (len 1+1 :len2)=fres(10:l 1); 
kbw 1 (len 1+1 :len2)=k(10:l 1); 
[fptc,lc(i)] = min( abs( fbwl - (f(i) * ones(size(fbwl))))); 
lenl=len2; 
mgl(i+l)=lenl; 

end 
datak = ['data' int2str(h)]; 
fhl = [datak'.mat']; 
eval(['save' fhl ' fbwl kbwl mgl Ic']); 

end 
clk2=clock; 
save etmat clkl clk2 

(2) SIMRES.M (Used by BWRESl.M) 

%*** Integers For Cavity Resonances Starting *** 

lp=lpnum; 
len=(lp^2)*(lp+l); 
frf ^^ ^1^ X̂* ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^1* ^^ ^* ^^ ̂ ^ ̂ ^ ̂ ^ ̂ ^ ̂ ^ ̂ ^ ̂ ^ ̂ ^ ̂ Ir ?lf Îr t̂r *^ Îf ^1^ *\f 

ml=zeros(l,len); 
mm=l; 
il=l; 
i2=(lp)*(lp+l); 
del=(lp)*ap+l); 
fori 100= l:(lp), 

m l(i 1 :i2)=mm*ones(l ,del); 
mm=mm+l; 
il=il+del; 
i2=i2+del; 

end 
( 7 7 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

nl=zeros(l,2*len); 
nn=l; 
il=l; 
i2=(lpfl); 
del=(lp+l); 
forilOO= LOp), 

n 1 (i 1 :i2)=nn*ones( 1 ,del); 
nn=nn+1; 
il=il+del; 
i2=i2+del; 
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^m 

end 
i2=i2-del; 
while 12 < len , 
i 1=12+1; 
i2=2*i2; 
nl(il:i2)=nl(l:il-l); 

end 
nl=nl(l:len); 
^ * * * * * * * * * * * * * * * * * * * * : ) „ j . : j , : ( . ^ : j , : j . ^ ^ ^ 

pl=zeros(l,2*len); 
pl(l:lp+l)=0:l:lp; 
i2=lpfl; 
while 12 < len, 
11=12+1; 
12=2*12; 
pl(ll:12)=pl(l:ll-l); 

end 
pl=pl(l:len); 
( ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * : } . * * 

fresl =(ml/a).^2; 
fres2 = (nl/b).^2; 

(3) SIM57.M (This is the actual simulation program) 

%***** Mode Selection in Microwave Reverberation ************* 

c^^^^^^ prQrrj LoHPlirv's Ficld £GUiitions ^ '̂̂ '̂'̂ '̂ '̂ '̂ '̂̂ '̂ 'î *'̂ ** '̂''****'̂ * 
%***** Resonant Frequency Arrays Generated By BWRESl.M ******* 
1^.175; 
rot=(21/180)*pl; 
xO=.5; 
yO=.325; 
xl=x0+(r*cos(rot)/2); 
x2=x0-(r*cos(rot)/2); 
yl=y0-(r*sin(rot)/2); 
y2=yOf(r*sin(rot)/2); 
j=(-l)^5; 
c=2.99792458E8; 
slg=2.32E7; 
u=4*pi*lE-7; 
e=8.8542E-12; 
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T ,m 

a= 1.0342; 
b=.8087; 
d=.5812; 
S=2*a*b + 2*b*d + 2*a*d; 
V=a*b*d; 
AA=lE-4; 
R=50; 
eta=377; 
rand('seed',sum( 100*clock)); 
( ^ * * * * * * * * * * 

clkl=clock; 
f=le9:.25e9:13.5e9; 
eqv50 
BD3 = (f./Q3); 
N3 = ((8*pi*V)/(c^3)) * ((f.^2).*BD3); 
fll=f-(.5*BD3); 
ful=f+(.5*BD3); 

( ^ * * * * * * * * * * 

lpnum=95; 
simres 1 
modes=zeros(l,51); 
modes3=zeros(l,51); 
mag l=zeros(51,200); 
ill 0=zeros(51,200); 
fulO=zeros(51,200); 
bwlO=zeros(51,200); 
fidlO='el.out'; 
fopen(fidlO,'w'); 

C / ^ 9JC «fC 7|C 9JC SJC 3|C 9|C ?)C 3|C 3|C 

ddmax=.2; 
ddl=ddmax/200; 
dl=d-ddmax-ddl; 
for h= 1:200, %Perturbation Loop 
save stat.out h -ascil 
dl=dl+ddl; 
datak = ['data' lnt2str(h)]; 
fhl = [datak '.mat']; 
eval(['load'fhl]); 
fres = fbwl; 
k = kbwl; 
clear fbwl kbwl 
for 1= 1:51, %Frequency Loop 
%Model Excitation Resonances 
lnc=0; 
l=lc(l); 
ll=k(l); 
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evml 
lnc=lnc+l; 
modes(l)=modes(l)+1; 

If (fres(l)>fll(l)) & (fres(l)<ful(l)), modes3(i)=modes3(l)+l;, end 
data(lnc,l)=ml(il); 
data(lnc,2)=nl(il); 
data(inc,3)=pl(ll); 
data(lnc,4)=mag; 
magl(i,h)=mag; 
10=1; 
1=1+1; 
evml 
while mag > (.l*magl(l,h)) 

li=k(l); 
lnc=inc+l; 
modes(l)=modes(l)+1; 

if (fres(I)>fll(l)) & (fres(l)<ful(l)), modes3(l)=modes3(l)+l;, end 
data(lnc,l)=ml(ll); 
data(lnc,2)=nl(ll); 
data(lnc,3)=pl(il); 
data(inc,4)=mag; 
1=1+1; 
lfl==mgl(l+l) 

fprintf(fidlO,'Insufficlent Modes At f=%8.3g h = %4.0fsn',f(l),h) 
break 

end 
evml 

end 
fulO(l,h)=fres(l-l); 
1=10; 
1=1-1; 
evml 
while mag > (.l*magl(i,h)) 

ll=k(l); 
lnc=inc+l; 
modes(l)=modes(l)+1; 

If (fres(l)>fll(i)) & (fresa)<ful(i)), modes3(i)=modes3(l)+l;, end 
data(inc,l)=ml(ii); 
data(inc,2)=nl(ii); 
data(lnc,3)=pl(ll); 
data(inc,4)=mag; 
1=1-1; 
lfl==mgl(l) 

fprlntf(fidlO,'Insufficlent Modes At f = %8.3g h = %4.0f^*,f(l),h) 
break 

end 
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^m Bom I^^^^BaasESsaBBBa* 

evml 
end 
fllO(i,h)=fres(l+l); 
%Calculate Field and Power Density At Two Points 
kx=(pl/a)*data( 1 :lnc, 1); 
ky=(pi/b)*data(l :inc,2); 
%kz=(pi/dl)*data(l:lnc,3); 
%kxy=((kx.^2)+(ky.^2)).A(.5); 
%ki^((kx.^2)+(ky.^2)+(kz.^2)).A(.5); 
ph 1 =exp(j*2*pl*rand(inc, 1)); 
erl = data(l:lnc,4) .* sln(kx*xl) .* sln(ky*yl); 
ell = data(l:inc,4) .* sin(kx*xl) .* sin(ky*yl) .* phi; 
er2 = data(l:lnc,4) .* sin(kx*x2) .* sin(ky*y2); 
el2 = data(l:inc,4) .* sln(kx*x2) .* sln(ky*y2) .* phi; 
emagl=abs(sum(erl)+sum(ell)); 
emag2=abs(sum(er2)+sum(el2)); 
s 1 (i ,h)=(emag 1 ̂ 2)/(2*eta); 
s2(i,h)=(emag2^2)/(2*eta); 
clear erl ell er2 el2 data phi 

end 
end 

save pden.mat f s 1 s2 
'̂77 *l.̂  *li^*1^ *1* *^^^^^^^^i^^4^?^*Hr*ir^^^if^^^^tr^tf^^f^^If^f^Ifsif*i^^tf^^^ 

^T7 ^L^ ^1^ *^ *1^ * ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ f c ^ mS^ m3gm mS-m *1^ *4f ^ I T ^ I ^ ^If ^ ^ ^ll* ̂ jf S ic j l f Mg ̂ Ig 

fidl='kl.out'; 
fid2='k2.out'; 
fopen(fldl,'w'); 
fopen(fid2,'w'); 
modes 3=modes3/200; 
bwlO=fulO-fllO; 
for 1=1:51 
cc=corrcoef(s 1(1,1:200),s2(l, 1:200)); 
ccc(i)=cc(l,2); 
fprintf(fldl,'%8.3e %10.0f %14.3e %10.3f %10.3f 
%10.3f^«',f(i),modes(i),Q3(l),modes3(l),N3(l),ccc(l)) 

magmln=mln(mag 1 (1,:)); 
magave=mean(mag 1 (1,:)); 
maxbw=max(bwlO(l,:)); 
minbw=mln(bw 10(1,:)); 
avebw=mean(bwlO(l,:)); 

fprintf(fld2,'%8.3e %10.3f %10.3f %10.3e %10.3e 
%10.3e\n',f(l),magmin,magave,minbw,avebw,maxbw) 
end 
fclose('all'); 
clk2=clock; 
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save etslm.mat clkl clk2 
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * 

(4) EOV50.M (Used by SIM57.M) 

qfac=10; 
sd = (pl*u*slg*f) .̂  (-.5); 
Ql = ((3/2)*V*ones(size(sd)))./ (S*sd); 
Ql 1 = 2*Q1; %** 2-sensor model 
Q2 = (3/2) * ((V*ones(slze(f)))./ (R*(AA'^2)*e*2*pl*f)); 
Q3 = (1/qfac) * ((Q1.*Q2)./(Q11+Q2)); 
(5) SIMRESl.M (Used by SIM57.M) 

%*** Integers For Cavity Resonances Starting *** 
%*** withm=l n=l r^O ************************** 
lp=lpnum; 
len=(lp^2)*(lp+l); 
£77 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

ml=zeros(l,len); 
mm=l; 
11=1; 
12=ap)*(lp+l); 
del=(lp)*ap+l); 
for 1100= l:(lp), 

ml(ll:12)=mm*ones(l,del); 
mm=mm+l; 
ll=ll+del; 
12=12+del; 

end 
( 7 7 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

nl=zeros(l,2*len); 
nn=l; 
11=1; 
12=(lpfl); 
del=(lp+l); 
for 1100= l:(lp), 

n 1 (11:12)=nn*ones( 1 ,del); 
nn=nn+l; 
il=ll+del; 
12=12+del; 

end 
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i2=12-del; 
while 12 < len , 

11=12+1; 
12=2*12; 
nl(ll:12)=nl(l:ll-l); 

end 
nl=nl(l:len); 
< ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

pl=zeros(l,2*len); 
pl(l:lp+l)=0:l:lp; 
12=lp+l; 
while 12 < len, 
11=12+1; 
12=2*12; 
pl(ll:12)=pl(l:il-l); 

end 
pl=pl(l:len); 
C7 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

(6) EVMl.M (Used by SIM57.M) 

^*********^_^g Q̂j. sî /157 \4 to calc. cavity response************ 
%**calc. magnitude of second order response******** 
fD=fres(l); 
num=fD^2; 
denl=-(f(l)^2)+(fD'\2); 
den2=f(l)*fO/Q3(l); 
den=(denl^2 + den2^2) ^ .5; 
mag=( l/Q3(l))*num/den; 
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