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ABSTRACT

A method to analyze radiated emissions of electronic components/circuits is
presented in this thesis. More specifically the purpose of this approach is to determine an
equivalent source model to accurately represent the radiated emissions produced by the
circuits and components. The proposed equivalent source model, which is able to predict
both electric and magnetic fields at various distances from the device under test, consists
of an array of both electric and magnetic dipoles. Each source point includes two electric

dipoles orientated in x and y directions and two magnetic dipoles in x and y directions.
The value of current associated with each dipole is obtained by extracting data from an

HFSS simulation or from near-field scanning. The field components (£, £, H_H ) are

used to obtain the equivalent source dipole model. The equivalent source dipole model, in

turn, is used to predict all six field components (£, E, E. H,_H, H_) atone or more

observation points. The electric and magnetic dipoles are all assumed to be in a common
horizontal plane and the length of each dipole is identical. Validation of field predictions
from the model is done using full wave simulation (HFSS) and near-field scanning

measurements as well.



v

ACKNOWLEDGMENTS

I would like to express my sincere appreciation to my advisor Dr. DuBroff, for his
advice and direction. I learned all aspects of doing research from my advisor. I would like
to express my appreciation for the opportunity of being in ESIGELEC, Rouen France
while working as an exchange student with Dr. Christian Arcambal and Priscilla
Fernandez, a PhD student in IRSEEM-ESIGELEC. Thanks to Dr. Kosbar and Electrical
Engineering Department of MST for Teaching Assistantship during my pursuit of MS
degree. Thanks for the financial support from MST EMC Lab and ESIGELEC during
different period of my study.

I would like to appreciate Dr. Beetner, Dr. Drewniak and Dr. Pommerenke for
being on my committee and for their support of my research in the EMC Lab. It has been
my privilege to work in EMC Lab and it’s a pleasure to acknowledge all the students. I
would also like to appreciate Dr. Bélahcéne MAZARI, Dr. Anne Louis, Dr. David
BAUDRY for their invitation and thanks to Mrs. Cecilia BRUNEL and Mrs. Héléne
VINCENT for making the exchange program possible. It’s also a pleasure to work with
the graduate students in IRSEEM.

Most of all, I appreciate my family for their encouragement and love.



TABLE OF CONTENTS

Page

ABSTR A CT .. e il

ACKNOWLEDGMENT S . .. e v

LIST OF ILLUSTRATIONS. . .. e vii

LIST OF TABLES. ... e, X
SECTION

L. INTRODUCTION. . .. e 1

2. EQUIVALENT RADIATED EMISSION MODEL SOURCE................... 5

2. 1. INTRODUCTION. ... e 5

2.2. FIELDS ASSOCIATED WITH AN ELECTRIC DIPOLE AT ORIGIN.10
2.2.1. The Magnetic Field Produced by an Electric Dipole at the Origin...10
2.2.2. The Electric Field Produced by an Electric Dipole at the Origin......14

2.3. FIELDS ASSOCIATED WITH A MAGNETIC DIPOLE AT ORIGIN..18

2.3.1. The Magnetic Field Produced by a Magnetic Dipole at the Origin...20

2.3.2. The Electric Field Produced by a Magnetic Dipole at the Origin......20
2.4. OBTAIN THE CURRENT IN A SET OF ELECTRIC AND
MAGNETIC DIPOLES. ..o, 22
2.5. CALCULATE ELECTRIC AND MAGNETIC FIELD USING
THE MODEL. ... 25
3. VALIDATION OF THE EQUIVALENT DIPOLE SOURCE.................. 27
3.1. SIMULATION IN HESS. ... 27

3.2. DERIVE EQUIVALENT DIPOLE MODEL SOURCE IN MATLAB...30



vi

3.3. COMPARING RESULTS FROM HFSS AND THE EQUIVALENT

SOURCE MODEL......ccocoiiiiiiiiiiieeeeee e 32
4. APPLICATION OF NEAR-FIELD SCANNING MEASUREMENT ........... 44
4.1. MAGNETIC FIELD MEASUREMENT .......ccccccoiiiiiiniininiiicnieienene 44
4.2. ELECTRIC FIELD MEASUREMENT .......cccccoiiniininiiniiiiienicieene 48
4.3. COMPARE RESULTS FROM NEAR-FIELD SCANNING AND
THE EQUIVALENT MODEL ......ccccioiiiiiiiiiiieeeeeece e 50
5. CONCLUSIONS ..ottt 55
APPENDIX ..ot s 56
BIBLIOGRAPHY ..ottt 60



vil

LIST OF ILLUSTRATIONS

Figures Page
1.1  Procedure of generating electric and magnetic dipole model source ....................... 4
2.1 A horizontal grid for defining the locations of equivalent crossed dipole sources... 5
2.2 Electric and magnetic surface current densities...........ccevveeeueerieeiieenieeieenieenreenenn. 6
2.3 Crossed electric and magnetic dipoles.........cooevverirviiniininiiiniiieieneeeeeeeeee 7
2.4 Ilustration of the method used to generate the equivalent model .......................... 10
2.5 An electric dipole at the OTIZIN........ccviieiiiieiiieeiie e 11
2.6 A magnetic dipole at the OTTZIN........ceeeviiiieriieeiie e 18
3.1  Microstrip hybrid model in HFSS (units: mm).........cccoveviiiiniiiiiiecieeeeeeeeeee 27
3.2 |He|simulated at 2mm above the trace using HFSS (units: A/m)......c.ccovencnin. 28
3.3 |Ez|simulated at 2mm above the trace using HFSS (units: V/m)......c..ccooeniin. 29
3.4 |Hx|(left, Units: mA/m), | Ex|(right, Units: V/m) simulated at 2mm above

the trace using HFSS... ... 020
3.5 |Hy|(left, Units: mA/m), |Ey|(right, Units: V/m) simulated at 2 mm above

the trace using HESS ... .o i 30
3.6  Position and orientation of the crossed dipoles.........ccceecvierierciienieniieinieeieeiene 31
3.7  Position and orientation of the tilted dipoles .........c.ccceeeeiiirieniiienieniicieeeee 31
3.8  Magnitude of E field predicted by the crossed dipole source,

HFSS and tilted dipole source at h=2mm (Units: dBV/M) .......cccceeevvercirennnnnee. 33
3.9  Phase of E field predicted by the crossed dipole source,

HFSS and tilted dipole source at h=2mm (Units: deg) .......c.cccecervuereenerienecnennne. 34
3.10 Magnitude of H field predicted by the crossed dipole source, HFSS and tilted

dipole source at h=2mm (Units: ABA/M) .........ccceeriiririiriiiieeiieieeeie e 35



3.11

3.12

3.13

3.14

3.15

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

viii
Phase of H field predicted by the crossed dipole source, HFSS and tilted dipole

source at h=2mm (UnitS: deg) .......ccceeeriieriiieeiiieeiie ettt erree e e iee e saee e 36

Magnitude of E field predicted by the crossed dipole source, HFSS and tilted
dipole source at h=Smm (Units: dBV/m) .........ccccooeiiiiiiniiiiiiiieeeeeeee 39

Phase of E field predicted by the crossed dipole source, HFSS and tilted dipole
source at h=5mm (UnitS: d€E) ......cccceerrieriiiiiiiriieiieeie ettt 40

Magnitude of H field predicted by the crossed dipole source, HFSS and tilted

dipole source at h=5mm (Units: dBMA/M).......c.cceovuiieriiieriieeiieeieeeieeeee e 41
Phase of H field predicted by the crossed dipole source, HFSS and tilted dipole

source at h=5mm (Units: deE) ......cccerruirriiiiiiiiieiieee et 42
Setup of near-field SCANNING .......cc.eevviriiriiiiiiiieteeeee e 45
H field probe with a Smm x Smm square 100p ........ceeevvveeeiieeeiiieieeceeeee e, 45
TEM Cell measurement of the magnetic probe.........cccceecveeevieeenieeeiiieeieeeee e 46
Hx from near-field scanning at h=2mm...........c.cccccvvieriiieiiiieeieeeeeee e 47
Hy from near-field scanning at h=2mm...........cccccceeviiiiiiiniieiiieiecieeeeee e 47
Differential electric field Probe..........cccevviieiieriiiiiiiieeieeee e 48
Differential electric field probe in USE ..........ccocueeiiieriieeiiienieeieeeeeieee e 48
Ex from near-field scanning at h=2mm (Units: V/M)......ccceeeuveviiniiieniniiieieniee 49
Ey from near-field scanning at h=2mm (Units: V/m).......cccceeeerieniniinnninennne 49

E field predicted by the equivalent source and near-field scanning at h=2mm
(Units: ABV/M, d@Z) c.vveiuvieiiieiieeie ettt et ae e 51

H field predicted by the equivalent source and near-field scanning at h=2mm
(Units: dABV/M, dEZ) ..veeeneiiieiiieeieeee ettt et rae e e e s 52

E field predicted by the equivalent source and near-field scanning at h=Smm
(Units: dABV/M, d@Z) ...eeivrieiiieiiieiie ettt ettt ettt et s 53

H field predicted by the equivalent source and near-field scanning at h=Smm
(Units: dABV/M, d@Z) c.veeeuvieiiieiieeiieeieeee ettt ettt 54



Table

2.1

LIST OF TABLES

Dual equations and dual quantities

X



1. INTRODUCTION

The solution of EMC problems poses many challenges for the designers of high
speed digital electronic components and circuit boards. Equivalent source models,
including the ones to be described in this thesis, are useful in facilitating the design
process. More specifically, this type of model may allow designers to evaluate design
alternatives using simulation rather than a process of trial and error involving the
construction and evaluation of functioning hardware. Equivalent source models can also
allow manufacturers to characterize the behavioral aspects of their products without
revealing the detailed inner structure of their products. Other possible advantages might
include far field prediction and emissions testing of circuit designs.

Various approaches to modeling radiated emissions have been proposed and the
equivalent source model to be presented here is based on the model developed previously
at IRSEEM/ESIGELEC in Rouen, France. Their first model, consisting of a set of electric
and/or magnetic dipoles located in a horizontal plane, was able to predict radiated
emissions based on a comparison between the field predicted by the equivalent source
model and the field predicted by a full wave simulation program [1], [2]. While it may
be theoretically possible to represent the radiated emissions in terms of a model
comprised entirely of electric dipoles or entirely of magnetic dipoles, the simultaneous
use of both electric and magnetic dipoles in the model adds a measure redundancy to the
measurements and may make the subsequent field prediction less prone to the
propagation and growth of errors due to measurement uncertainty [3], [4].

In the present work, the equivalent source model will consist of both electric and
magnetic dipole sources acting simultaneously. The principle of superposition [4]

assures that the field produced by two impressed equivalent current sources (. and 77 )

acting simultaneously is equal to the sum of the fields produced by each source acting
alone. In this case the electrical current density and the magnetic current density will be
denoted by jand a7 respectively.

The present equivalent source model also differs slightly from the previously
developed model in terms of the variable parameters associated with the equivalent

source model. In particular the previous model [1] and [2] used the



variables@,,6, ,1 and I, to characterize the magnitude and direction of currents

associated with dipoles at a fixed set of predefined locations. The angles#, and 6, are

actually associated with the orientation of each electric dipole, or magnetic dipole,
respectively. In the model considered in this thesis the variables associated with the set

of dipoles at predefined locations is denoted by 7,1 , [

esloys 1, ,and I, . Inthis case all of
the variables have the same units and can, in theory, be found from an adequate set of

data using a single matrix inversion. The ability to specify 7, and /, independently

would also allow the phases associated with currents in these dipoles to be specified
independently.

To demonstrate the procedure of the equivalent dipole source modeling, a
microstrip hybrid circuit will be used. Full wave simulations are done to obtain both

electric and magnetic fields components ( x and y ) at a single frequency (960 MHz) on a

plane located 2mm above the traces. The equivalent dipole sources are constructed by
deriving the currents in each dipole. Fields predicted from the dipole sources are
compared to those from full wave simulations on a second plane. Near-field scanning
measurements are also done to verify the dipole model sources as shown in Figure 1.1.
Specifically, the upper left hand corner shows an example of the microstrip hybrid model
as entered into a full wave simulation program (HFSS). All three electric field
components and all three magnetic field components are simulated over two horizontal
planes (A and B). Plane A is 2mm above the microstrip hybrid. Plane B is Smm above
the microstrip hybrid.

As will be shown in the following section, each electric dipole in the electric

dipole model is characterized by filamentary electrical currents /, , 7, . Similarly each

magnetic dipole in the magnetic dipole model is characterized by filamentary magnetic

currents /

mes Ly - Thus starting from the full wave simulation, an equivalent combined
electric and magnetic dipole model can be obtained as shown, symbolically, in the left
hand center of the figure. In this case, the equivalent dipole model is calculated based on

fields distributed over a plane 2mm above the microstrip hybrid.



Starting with the lower left hand corner, the data for constructing the electric and
magnetic field dipole model proceeds in a similar manner except that the simulated
values of the electric and magnetic field components are now replaced with experimental
measurements. As in the full wave simulation approach the experimental measurements
are used to infer the electric and magnetic field distributions on the same pair of
horizontal planes, located at 2mm above the microstrip hybrid and Smm above the
microstrip hybrid. This experimental method also produces an equivalent dipole model.

In either case (simulation or measurement) the resulting dipole model can be used
to predict the fields on plane B. Thus, there are 4 sets of values for the electromagnetic
field components on plane B — one set obtained by direct simulation; one set using an
equivalent dipole source model where the dipoles are determined from simulated field
values; one set using an equivalent dipole source model where the dipoles are obtained
from experimental measurements; and one set where the electromagnetic field

components on plane B are experimentally measured.



An illustration of the modeling and verification procedure using a microstrip hybrid:

Microstrip Hybrid in HFSS

Full wave
simulation
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Figure 1.1 Procedure of generating electric and magnetic dipole model source



2. EQUIVALENT RADIATED EMISSION MODEL SOURCE

2.1. INTRODUCTION

Consider a horizontal plane,I1, divided into a grid of rectangular cells as shown

in Figure 2.1 below:

-

Figure 2.1 A horizontal grid for defining the locations of equivalent crossed dipole

sources

The location of the center of the n” cell, as shown in the diagram, is denoted

by 7, '. Further suppose that there are continuous distributions of electric surface current

density js (7) and magnetic surface current density M . (7) defined over this planar

surface. Both surface current densities are assumed to be horizontal. The following figure



shows, for example, the electric and magnetic surface current densities at the center of the

n" cell.

Figure 2.2 Electric and magnetic surface current densities

In the following, it is assumed that the cell is sufficiently small and the surface
currents are sufficiently continuous to allow the surface currents to be regarded as being
nearly constant over the cell. The continuous surface current densities in the n” cell can
be approximated in terms of two filamentary current distributions characterizing the
electrical current and an additional two filamentary current distributions characterizing

the magnetic current as shown in Figure 2.3.



Figure 2.3 Crossed electric and magnetic dipoles

The two electric current filaments form a pair of crossed electric dipoles (as
shown on the left) while the two magnetic current filaments form a pair of crossed
magnetic dipoles (as shown on the right).

The correspondence between the current distributions in Figure 2.2 and Figure

2.3 is given approximately by

Iex(f:n ') ~ Jsx(f:n ')5}’
Iey(’_;n ')z sz(Fn ')5);
i | = (2.1)
Imx(rn )zMsx(rn )5);
Imy(Fn ') ~ Msy(Fn ')5,\'

Now consider a second plane,I1,, parallel to I1,. This plane contains a set of
observation points7, . The electric and magnetic crossed dipoles in the plane I1,; produce
an electromagnetic field onIl, . In general this field will have three electric field

components and three magnetic components. However, the relationship between the

horizontal components of the electromagnetic field at the observation point 7, and the



crossed dipole sources at 7, can be written as a set of four simultaneous linear equations,

Le.
(E (7)) ex (7))
E,E)| o[ .
E (7)) | (o) (Y 22
E r !
L&) ] my (7)) |

The matrix d)(ﬁmn) 1s a matrix comprised of four rows and four columns. The

sixteen elements of the matrix each depend, in some form, on the magnitude and the
direction of the vector Rmn from the source point 7' to the observation point 7, . Using this

notation it is relatively straightforward to generalize to more extensive models. For
example if the number of source points is denoted by N and the number of observation

points is denoted by M , the system of equations would become

FAGH L)
E,(7) 1,(7)
H (%) L. (7))
H, (%) OR,) - DR, || Ly
: = : : (2.3)
E(F) | | PRy - @Ry 1 7))
E (%) 1,(7)
H,(y) 1,.(%)
L, ()] 1)

In order to obtain the expressions for the matrices, q)(ﬁmn) , begin by considering
the plane I1; to be defined in the xy plane. For simplicity, assume thato, =&, =/. Then

consider the electromagnetic fields produced by a set of crossed dipoles centered at the
origin, i.e. '=0. Let the observation point be denoted by 7 . In this case, Equation (2.3)

reduces to



_Ex(Fl) | [ex (’7’) (DII q)]2 q)13 q)14 ]GX (F')
Ey (ri) _ (D(R»H) Iey (7_5’) _ q)21 q)22 q)23 q)24 Iey (’_i:) (24)
H (%) L, (V ) O, D, D, Dy ||l (r )

_Hy (}_/i)_ Imy (I_;') 720 q)41 ®42 ®43 ®44 Im ) (’_;’) =0

The matrix, @, is related to the position of the source point and the observation

points. The algebraic form and symmetry of these matrix elements will be discussed in a

subsequent section. The currents /,, (7'),1,, (¥'), 1, (7'), and I, (7')represent the

Loy > L
equivalent electric and magnetic dipole sources. Once these quantities are found through
the solution of a set of simultaneous linear algebraic equations, the resulting electric and
magnetic fields at any distance and direction from the source can be found. To
accomplish this, the amplitude and phase of the horizontal components of the electric and
magnetic field radiated by the electronic device are required. That means, a second plane,

A, parallel to IT, which contains a set of observation points is needed. This information

could be obtained from HFSS simulation or from experimental near-field scanning
measurements. The electrical and magnetic fields resulting from equivalent will be

compared to the data from simulation and measurements at a third plane B.
The procedure initially requires the auxiliary potential functions 4 and

F generated, respectively, by J and M to be expressed in terms of a set of equivalent
dipole currents which are used to approximate the electric and magnetic surface currents

as previously described in section 1. Then the corresponding electric and magnetic fields

are determined ( £ L H,dueto 4 and E v H . due to F ). The total fields are obtained by

the superposition of the individual fields due to 4and F (J and M ). [5] The net results

is a simultaneous linear equations relating the total horizontal electric and magnetic fields
to the electric and magnetic currents flowing on a predefined array of crossed electric and
crossed magnetic dipoles. By inverting this system of linear equations or by using a least

squares approach it is possible to infer a set of dipole currents from a set of known values
of the horizontal field components on a horizontal sampling plane. The process is

represented schematically in the figure below (Figure 2.4).
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Here is an illustration of the method:

Jjand i1 | — | Aand F | —» | E, H,and E, H,

The inverse problem

Figure 2.4 Illustration of the method used to generate the equivalent model

Once the currents associated with the equivalent crossed dipole source model
have been determined, the entire set of field components can, in theory, be predicted at
arbitrary points above the equivalent source model.

The model will be initially developed by evaluating the electric and magnetic
fields produced by one set of crossed electric dipole and magnetic dipole located at the
origin. The expressions obtained for this case can be readily generalized to apply when

the dipoles are located at an arbitrary point.

2.2. FIELDS ASSOCIATED WITH AN ELECTRIC DIPOLE AT ORIGIN
The electrical current associated with an electric dipole source produces a vector
magnetic potential, denoted by 4 . The electric and magnetic fields produced by the

electric dipole source can be found from the vector magnetic potential and these fields

will be denoted by E ,and H , respectively. Field components in the § direction, for

example, will be denoted as E, and H ,, .
2.2.1. The Magnetic Field Produced by an Electric Dipole at the Origin.
Consider an electric dipole at the origin, oriented in the § direction as shown in the figure

below. In this case § is used to denote either horizontal direction (X or y ).
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z
A Observation point
(x9 y’ Z)
g
(0,0,0) .
y
1 Is

es

X

Figure 2.5 An electric dipole at the origin

The vector magnetic potential at the observation point 7 is given by

Ay = sl i 2.5)
Ay

where f = w4/ ue and where wis the radian frequency of the time harmonic current

source represented by 7, . The contribution to the magnetic field H (¥) can then be
written as

H,(F)= 1y x A(F) = w(ﬁilem’j (2.6)
)7 4rr

Using the vector identity for the curl of a vector, §, times a scalar, 4—Se”ﬁ’ the
r

previous expression becomes



HA(F) = V(Ie—sle"-’ﬁrjx§+(Ie—sle_"ﬁ"j(szA) (2.7)
4y

drr

The second term is zero since $ is a constant. Evaluating the remaining term

H,(F)=V| -~ L e /P S—ri Lot e P ><§=i Ie—sle_jﬂ’ (7x5)
dr\ 4xr dr\ 4xr

( +],6’j( jﬂ’j(fx@

(2.8)
(e iz o
= (—+jﬂj(Lejﬂrj{ﬁ(f‘x)AC)+Z(SAX)A’)+£(§X§)}
r 4rr r r r
Letting § = x for electric dipoles oriented in the x direction:
- — 1 . I _ ﬁ’
H, (r)=|—+jp| =€’ (xxx)+ (xxy)+ (xxz)
- r 4 r r r (2.9)

1 B\ 1. s A
(rz r j(47zre [ - Zy]

Or, in component form

HAx_x = 0

1 ]ﬂ [exl —jpr
HAyfx :—(r—z+7j(4—me J z (210)
HAZ_x :(iz_kﬁj(iejﬂrjy
r r \4xr

The notation H

Asy As,

field produced by an electric dipole oriented in the §, direction as summarized below

12

has been used to represent the 5, component of the magnetic
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x component of H field calculated from vector magnetic potential

A due to the dipole orientated in x direction.

Ax_x
A due to the dipole orientated in x direction.

H, . v component of H field calculated from vector magnetic potential
A due to the dipole orientated in x direction.

H, . z component of H field calculated from vector magnetic potential

Comparing these results with equation (2.4),

®,, =0
® =_(L+£j( ! e-mrjz @.11)
Y o \dar
For future use, denote:
Ao =(ri2+%(ﬁe%jy (2.12)

When the dipole orientation is changed to the y direction, it is found that:

_ Il
H, (F)= (l+jﬂj( = _‘]ﬁr]{i(ﬁx)2)+X(j/xj/)+£(j/x2)}
r 4 r r r

— e
| " (2.13)
- (Lz n ﬁj [Ie_J o iP j [z - 2]
r r Arr

Or, in component form:

i Ll .
HAx_y:(iz"‘ﬂ](iemrjz
r r Ay

H, =0 (2.14)

1 Il
H, =-|—+2|| -2 |x
ey (rz r j[47rr J
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H, x component of H field calculated from vector magnetic potential
A due to the dipole orientated in y direction.

H, y component of H field calculated from vector magnetic potential
A due to the dipole orientated in y direction.

H, z component of H field calculated from vector magnetic potential
A due to the dipole orientated in y direction.

Comparing these results, again, with equation (2.4):

®32:(L2+£ (—l ejﬁ’jz
7 r Ay

CD42 =0 (215)
A22 = (Lz+£ (Lefﬂ’jx

r r 4y

2.2.2. The Electric Field Produced by an Electric Dipole at the Origin.
Starting with Maxwell’s curl equations in the frequency domain for a source-free,

lossless and homogeneous medium,
VxH, = jwsE, (2.16)
hence,

E, =,LV><HA (2.17)
Jjog

And substituting from equation (2.8)
- —_ A A 1 . I l — ‘,Br
VxH, (F)=Vx| (§xr)(—+jp)(—==e'") (2.18)

r 4rr

Again using vector identities, this can be written as

- —_ 1 . I)l —'ﬂr A A 1 . ] l 7-ﬂ,. A A
VxH, (F)=V| (=+ N 2=e ) [ x(ExP)+ (= + ) 2-e )V x (s xF)
r 4rr r 4rr

The first term in this expression can be written as
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V{ l+jﬂj(le—"’lejﬂ’ﬂx(§xf)z{{—%—(£+jﬂ} }(le—‘*lemrj}fx@xf)

r Ay r r 4y

={ L2+(1+jﬂ] (Ie_sle-«fﬂ"j}fx(fx@ (2.19)
7 r Ay

IS TR S T A A I,
i v

While the second term can be simplified since

Vx($xr)=8(V-r)=#(V-8)+(F-V)s—(s- V)
; 2.20
_(V-F)-(-V)i=25-T (2.20)
r 0s
By noting that#(V-§) = (7-V)s =0, and that (§-V)-7 is simply the directional

derivative of 7 in the s direction. In order to combine the two terms in the expression for
the curl of H ,, let 7 be defined as the complement of § in the following sense. If § = % or
$ then 7 = yor X, respectively. Furthermore, let the scalar quantities s and be defined

such that if §=xor pthen s=xor yand ¢= yorx, respectively. Applying this notation

to the curl of the magnetic field intensity:



16

1 Il _; 2, or
+H =+ B || e || =5 ——
(r ]ﬁj(47zr j(r GSJ
1 1 ? I . s ~ St sz
=4 —=+|—+J oo NS =1 |+ =425
{Lz ( "ﬂj Mw j}{ £r2 ] r rz}
| Il _. 2. § (sS4t +2z5)s
+| —+ o e || 2§
(r ]ﬁj(47zr ](r r r ]
1 1 ? ' s ~ St sz
= =+ =+ I R ] IR [ R ey e
{[7/2 (r ]ﬂj }(472’1’ j}{ (rz j r rz}
1. Il ., \§ (s§S+tt+z%)s
N es Jpr -
(r ]ﬂj(47zr Jr »
1 1 1 1 Nrg s ~ St V4
= =+ =+ — | =+ —a eS| S |+ 2
{L’z (r ]ﬂj }rz (r / j}(4ﬂ're j{s[rz j r Zrz}

1,1

es

2.21)

e P j |:§(S2 +r0) +stf + szé]

The s component of the curl of the magnetic field intensity can then be written as

| VxH (7] =(IL“Z€WJ{[LZ+(1+MJ }(i—ljﬁt%(lﬂ'ﬂj(sz +r2)}
s\ 4zxr r r r r-\r
(2.22)
= [IQ_YIQJﬂ’]{:si}(l_kjﬂj_l(lq_]ﬁ]_pﬁz (1 _S_zj}
4rr ro\r r\r r
Now consider the # component:
[VXI:IA(F)J (IQSI jﬂrj{%‘{l jﬂ] }S—ﬁ Lg(—-i-jﬂjst}
¢ \4rxr r
(L -.wr]{;(iﬂﬂj Fﬁ%(amj}st 22
4rr r ror\r

|

3(l+jﬂr)—r2,6’2

r

Jo
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and the z component becomes the same as the # component after replacing ¢ with z . That

1S

1,1

[VxH, (?)]Z = [4—

nr

4
7

e—jﬂr][3(1+jﬂ’”)—’”2ﬂ2 ]SZ

(2.24)

From these three equations the electric field components can be obtained as

E,(F)=| —
4 jwer

e Iesl
E,F)=| ——
4 jwer

e Ievl
E.(F)=|——
4r joer

Now letting § =x:

/
chl :(4 .
T jwEr

/
0, :( .
4r joer

A= (; e
4r joer

While letting § =

/

®, = (4 .
T jwer

/
q)zz = (—
4r joer

[
A, :[ .
4 jower

1,1

)

e /P
e P

e /P

ejﬂrj{(?)x —r )( n ﬂj+ﬂ [
I"
3A+jBr)=r'p

.
]

y results in:

(=220

(3(l+jﬁr)—r2ﬂzjst

r

(3(1+jﬂr)—r2ﬂ2}z

4
7

_22
X
o),

31+ jpr)—rp

2 n2
Xz
4
r

)
Q==

3+ jpr)y—-rp

3(1+jBr)-1r'p’
o),

_22
A
o),

)

(2.25)

)

(2.26)

22 j} (2.27)



18

2.3. FIELDS ASSOCIATED WITH A MAGNETIC DIPOLE AT ORIGIN

Consider a single horizontal magnetic dipole located at 7 'in the xy plane. Let the

dipole have a length of/and an orientation in the § direction, where the unit vector § as

previously noted could be parallel to either the x or y axes.

z
A Observation point
(x9 y’ Z)
g
(0,0,0) _
y
I

Figure 2.6 A magnetic dipole at the origin

The corresponding vector electric potential is given by

- ~ipr
Ay =sElmle ™ (2.28)
Ay

and the corresponding magnetic field components can be determined as follows

E, _ Ly (2.29)
&

Noting the similarity of equation (2.28) and (2.29) with equation (2.5) and (2.29), it is

evident that these two pairs of equations are related through duality. Thus knowing the
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solutions to one set, (2.5) and (2.6) for example, the solution to the other set (2.28) and

(2.29) can be formed by a proper interchange of quantities. [6] The dual equations and

dual quantities are listed below:

Table 2.1 Dual equations and dual quantities

Electric Sources (J #0, M =0)

Magnetic Sources(J =0, M # 0)

- Jkr
A(l—;) 4 ILI]&Sle
4rr
_ 1 -
H,=—VxA4
Y7,
1 _
EA :.—VXHA
jowe
EA
HA
J
A
&
Y7
p

. L&l le"
F(F)=§Zm’®
4rr
~ 1 _
E,=——VxF
£
HF :‘—VXEF
joe

HF

_EF

M

F

U

£

B

Using the precious obtained expressions for the fields due to electric sources, this

table will allow the corresponding expressions for magnetic sources to be written by

inspection.




20

2.3.1. The Magnetic Field Produced by a Magnetic Dipole at the Origin. Here

are the field components of magnetic field due to F :

H (F) = tul i {—(3S il )( + ,Bj+,3 ( ZJ}
4r jour r r

. 22
HFt(’_;): ]+Sle—jﬂr [3(14_.]13’;) l"ﬂ Jst (230)
47 jour r
SN 22
H, (7)=| —Lml_ oo [3(1+Jﬂ? P Jsz
47 jeour r
Letting § = xyields,
_ 2
D, = —l e /P {(3)6 r—)( + ﬂ}*‘ﬂ ( ]}
47 jour r r
. 22
@43= .;e—jﬁr (3(1+]ﬂ7’4) l"ﬂ ny (231)
47 jeour r

47 jeour r

. Y]
A L [3(1+]ﬂ7’) B sz

While letting § = y yields,

. 22
P (3(l+]ﬂr) B jyx

47 jeour r

D, = .;e‘”” {M( + ﬂ}rﬂ( ZJ} (2.32)
47 jour r

. 22
A, =L £3(1+Jﬂr) B jyz

47 jour r

2.3.2. The Electric Field Produced by a Magnetic Dipole at the Origin. The

components of the electric field due to a magnetic dipole at the origin are given by:

EFx x_O
| 1.0 s

EF) x_—(r—2+7j[4—ﬂ_r€j jZ (233)
1 B\(Id

E, =] —=+I2 | tm g

Fex (rz r )(4777 jy
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x component of E field calculated from vector electric potential

Fx_x
F due to the dipole orientated in x direction.
Eg | y component of E field calculated from vector magnetic potential
F due to the dipole orientated in x direction.
E,. . z component of E field calculated from vector magnetic potential
F due to the dipole orientated in x direction.
1 B\ 1.,
E, =—|—+i& || e/ |z
oy ( ”oor j ( drr
E, ,=0 (2.34)
1 B\ L, _.
E =| —+— o e ipr X
ey (rz r j[47n’
Eg | x component of E field calculated from vector electric potential
F due to the dipole orientated in y direction.
Eg , y component of E field calculated from vector magnetic potential
F due to the dipole orientated in y direction.
E.. z component of E field calculated from vector magnetic potential

F due to the dipole orientated in y direction.

Comparing these expressions with the matrix elements in equation (2.4),

. } (2.35)
_ J -Jpr
D, =—| =+ || —e’" |z
23 (rz 7 j(47zr )
®,, =0
1 I

A = —4 L || P

o j(47zre jx
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2.4. OBTAIN THE CURRENT IN A SET OF ELECTRIC AND MAGNETIC
DIPOLES
In the previous sections the equivalent sources were assumed to be located at the
origin while the observed fields were assumed to be at an arbitrary observation point

denoted by 7 = xx+ yp +zz. Under these circumstances, the currents associated with the

electric and magnetic dipole can be related to the observed field components through

1, (’7’) o, ©, D5 D, B _EX(FI) |

Iey (’7’) _ D, D, Dy Dy Ey(?l) (2.36)
1, (7') O, D, Dy Dy H (7) .
Imy (’7,) 720 o, D, P, D, _Hy (771)_

Now consider there are N source points located at7, for n=1to N and M

observation points located at7 , for m =1toM . Provided that M = N equation (2.36) can

m

be generalized to

1) | (E.(7) |
L) E,(7)
1,.(7) H.(7)
L&) | [o@R,) - ®®&,)]| | H @)
I : : (2.37)
L@E) | PRy - ©Ry) ]| | E(F)
L,(7) E,(7)
I, (7)) H.(7,)
I,(7) | H,G) |

For the case when the number of observation points exceeds the number of source

points the matrix inversion in equation (2.37) can be replaced with the method of least
squares. The sixteen element sub matrix, CD(RMN) for m=1toM and n=1to N connects

the dipole currents at 7 to the horizontal field components at 7, and has the general form

of
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QII(Rmn) ®12(Rmn) ®13(Rmn) ®14(Rmn)
®,(R,) Pu(R,) Pu(R,) @uR,)
D, (R,) P©u(R,) ©u(R,) D(R,)
D, (R,) Pu(R,) Pu(R,) Pu(R,)

(2.38)

where R, =7 —7 =(x, —x )X+ (y, —.,)y+(z, —z,)% to accommodate the shift
in the location of the source point from the origin to an arbitrary source point7, .
Then defining
X,, =X, =X,
Yon = V= Vs

Z n :Zm_Zn

m
[ 2 2
rmn - xmn + ymn + Zon

The matrix elements of ®(R,,,) can be obtained from the matrix elements found

(2.39)

for a single source point located at the origin by replacing » with r, ; replacing x with

n >

x, ; replacing y with y ;replacingz with z, .

mn 2 mn 2

It should be noted, however, that the matrix ®(R v ) only expresses the horizontal
electromagnetic field components at the observation point7, , in terms of the electric and
magnetic dipole sources at the source pint, 7, . In order to include the contribution to the
vertical electric and magnetic fields at the observation point in the matrix @(RMN) should

be replaced with the matrix A(Emn) where

@, (R,) ®,R,) ®,R,) ©,R,)]
D,(R,) ©,(R,) Dy(R,) D,(R,)
Ay(R,) Au(R,) Au(R,) Au(R,)
D, (R,) DPu(R,) Du(R,) DPLR,)
D, (R,) ©,(R,) P,(R,) PR,

_A21 (]_émn) A22 (]_émn) A23 (Emn) A24 (Emn)_

AR, )= (2.40)

In summary the matrix elements for both ®(R,,,)and A(R, )can be written as
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®ll(ﬁmn):[ ‘l j{[?)xmn —3”mn ]{L_,_]ﬂ}i_ﬂz {l—i"";J}eXp(—jﬂrmn)
4rjwer,, ., - v

! j{ 31+ jBr, ) -1 B

rmn

]xmnym,, exp(—jpr,,)

v r.. )\ 4rr,

mn

0. (Ra) =0 (Ra) =0 (Ra) =0 (R) <[ 2 e e

! j(3(1+jﬁrmn)—fmn2ﬁ2

r

mn

3xfm —I”m,,2 1 .
[ . ] (r_+ J,B] +p’ (1 - i}’”; ]} exp(—/jfr,,)

mn

Jxmnzmn eXp(_jﬂrmn)

3A+jpr,,)— rmnz/i’2
4
-

mn

o (B = (B =~ e+ L2 o enoiesn

Ay (Emn) =-Ay ( amn ) :( 12 +£j [;J X, exp(=j pr,,)

/_/%
S\

Jymnzmn eXp(_jIBrmn)

r r.. )\ 4xr,,

mn

{[3)("1” _:m” ][L%—]ﬂ}‘*‘ﬁz (lim';}}exp(]ﬁ”mn)
r. h

rmn m mn

! j[3(1+jﬂrmn)—rmn2ﬂ2

r

mn

3+ jpr,,)— rmn2ﬁ2
4

]/;nn

(UL -2 o

4

v

mn
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Notice that @, (R, ) contains a factor of ! and @,,(R,,) contains a factor of 1 .
€ H

Thus ®@, (R, ) could be written as 72®.,(R, ) where 7,is the intrinsic impedance of free

space. Similarly @, (R, )=7n®,(R, Yand ®,,(R, )=n®,, (R, )so the matrix

®(R,,) becomes
7702@33 (Emn) 7702(1)34 (Rmn) 0 q)14(]_émn)
2 D 2 D D
(D(]_émn) — 770 ®34(Rmn) 770 (I)44(_>Rmn) ch4(§mn) 0_. (2.41)
0 _(I)l4 (Rmn ) q)33 (Rmn ) q)34 (Rmn )
q)l4(Rmn) 0 q)34 (Rmn) q)44 (Rmn)
Therefore,
7702cD33 (Rmn) 7702CD34 (Rnn) 0 ®l4(Rmn)
7702(1333 (Rmn ) 770ch44 (Rmn) _q)14 (Rmn ) 0
= A E A (Rmn) _A (ann) _A (Emn)
A(Rmn)z ll( mn) 12 " Zlﬁ 22_> (2.42)
0 _q)14 (Rmn ) (D33 (Rmn ) q)34 (Rmn )
(I)l4 (Rmn) O q)34 (‘Rmn) ¢)34 (Rmn)
L AZI (Rmr1 ) A22 (Rm” ) A23 (l_émn ) A24 (Rmr1 ) |

2.5. CALCULATE ELECTRIC AND MAGNETIC FIELD USING THE MODEL
Once the values of dipole currents have been found, the electric and magnetic

fields at any point in the space would be given by



E(7)
E (1)
E (1)
H (7)
H, (1)
HG) | [AR)
E(F,) | [ARY)
E ()

E (1)

H (%)

H (7,)

| H.(7) ]

AR,

AR,

.G |
1)
1,.(F)
I, @)

INGY!
1, (%)
INGY!

L Imy (?]\VI )
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(2.43)

In the procedure of modeling, the number of dipoles depends on the number of

measurement points or the numbers of points we take from simulation. The position of

the dipoles also relates to how many points we take from the DUT. For example, the

positions are different when we take an array of [26x26] dipoles and [14x14]dipoles,

assuming the two arrays cover the same area. Meanwhile, the dipoles are required to be

considered as infinitesimal.
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3. VALIDATION OF THE EQUIVALENT DIPOLE SOURCE

3.1. SIMULATION IN HFSS

As shown below, a microstrip hybrid was constructed in HFSS to study the
radiation at 2cm from the trace. The purpose of this part is to get all the fields
components information needed to build the equivalent source, in Matlab, based on

electric and magnetic dipoles.

100

=

A

Figure 3.1 Microstrip hybrid model in HFSS (units: mm)
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The hybrid is excited with wave ports at a single frequency 960MHz. The source
power is set to be one watt. The sizes of the traces are determined in EZpp to make sure
the hybrid has an input impedance of 50 Q. There is an air box above the trace, which is
used to study electromagnetic fields above the trace. The dimensions of that air box
are 70mm x70mm x3mm . The lower face of the box is 2mm from the trace. Boundary
conditions are applied to the trace and the ground plane. Both of them are PEC. The
biggest box holding the whole structure is an air box set for radiation boundary
conditions.

Results from the simulation are shown as below:

NamedExpr f
6. 3627e+B81

. 5.9651e+001
5. 5674e+001
5.1695e+001
4. F72le+001
4. 3744e+001
3. 9765e+001
3. 5791e+001
3. 1815e+081
2, 7838e+801
2, 3861e+8011
1.9885e+6881

1, 5988+801
1.1932e+881
7. 9551e+888
3. 9755e+008
1.6733e-883

Figure 3.2|Hz| simulated at 2mm above the trace using HFSS (units: A/m)
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HamedExpr
2.5332e-801

2,3749e-00L
2. 21668-001
2. 05853 -B01

1, GpwEe-BOL
1. 7417e-80L
1.5834e-001
1, 42518-801
1. 266Ge-BOL

| 1, 1085e-001
9, 5B2RE-B02
7. 9191e-002

6. 3361e-002
4. 7531e-802
3, 1702e-002
1.5872e-002
4. 2266e-B05

Figure 3.3 |Ez| simulated at 2mm above the trace using HFSS (units: V/m)

Figure 3.4 |Hx|(left, Units: A/m),

Ex| (right, Units: V/m) simulated at 2mm above the

trace using HFSS
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Figure 3.5 |Hy| (left, Units: A/m),

Ey| (right, Units: V/m) simulated at 2 mm above the

trace using HFSS

H and E field data are saved in a file to be imported in Matlab. In this case, x and

y component of both H and E field are used to build the equivalent model source.

3.2. DERIVE EQUIVALENT DIPOLE MODEL SOURCE IN MATLAB

Once we get all the information from HFSS simulation, the crossed dipole model
is ready to predict electric and magnetic fields at a certain distance from the source. This
equivalent source model built, in Matlab, is made up of an array of 26x26 crossed
dipole sets. Each dipole set contains 2 electric dipoles and 2 magnetic dipoles. The length
of each dipole is Imm. It’s considered to be electrically small at 960 MHz in free space.

In this part, the crossed dipole model source will be compared to the tilted dipole

model developed in ESIGELEC [1], [2].
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Position of the model sources
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The dipoles are on the same plane as the trace. The number of the dipoles is
determined by the length of the dipole and the dimension of the device under test
(microstrip hybrid in this case). It is important to ensure the dipoles do not overlap one
another, and to use as many dipoles as possible to get an accurate model. Then the
number of dipoles will be decreased to see how well the model works with fewer dipoles.
In this case, 1352 electric dipoles and 1352 magnetic dipoles work well. Results are
shown in the next section and they will be compared to the fields predicted by tilted

dipole model source.

3.3. COMPARING RESULTS FROM HFSS AND THE EQUIVALENT SOURCE
MODEL

The electromagnetic fields generated by the equivalent source model are
simulated in Matlab for both the crossed dipole and tilted dipole models. Electric and
magnetic fields are calculated at 2mm and Smm above the source plane. Results are
shown as below. Figure 3.8 and Figure 3.10 show the magnitude of the individual electric
and/or magnetic field components using the crossed dipole model, using a commercial
full wave simulation program (HFSS), and using the tilted dipole model. Figure 3.9 and
Figure 3.11 show the phase of the individual electric and/or magnetic field components
using the crossed dipole model, using a commercial full wave simulation program

(HFSS), and using the tilted dipole model.

In order to quantity the differences represented in these figures, the relative error
at each dipole location was computed using the following formula:

error, (x,y)= |FieldHFSS (x, »)— FieldMatlab (x, y)|
e |F ieZdHFSS (x,y)

Since the field at some points may be very small comparing to the field right

above the trances, the relative error calculated at those locations may be extremely large.



Crossed Dipole Model Prediction, Vatiab, tor |EX|,

|EYl,|EZ] at h=2mm
30

30
0.03 0.03
N 20
\
0.02 0
0.01 0
E o 10 E E
> > >
0.01 20
20.02 « -30
L
40
0.03
50

-0.02 0 0.02

Full Wave Simulation, HFSS, for |Ex|,|Ey|,|Ez| at h=2mm

30 30
0.03
20
0.02 10
0.01 0
E o 10 E
> >
-0.01 -20
-0.02 30
4
-40
-0.03
-50

Tilted Dipole Model Prediction, for |Ex|,|Ey|,|Ez| at h=2mm

30 30
0.03 r ‘ 0.03
‘ 20 20
o
o
0.02 . ’ B 0 0.02 "
Al
0.01 / o 0.01 o
0 ’ 10 0 10
-0.01 20 0.01 20
-30 -30
002 " -0.02 [ >
40 40
-50 -50
002 0 002

-0.02 0 0.02
x(m) x(m)

y(m)
y(m)

Figure 3.8 Magnitude of E field predicted by the crossed dipole source, HFSS and tilted
dipole source at h=2mm (Units: dBV/m)
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Crossed Dipole Model Prediction, Matlab, for Phase of Ex, Ey, Ez at h=2mm

i

y (m)

0.03
0.02
0.01
0
0.02
)

-0.02 0 0.02 -0.02 0

x (m) x (m) x (m

0.02
)
Tilted Dipole Model Prediction, for Phase of Ex, Ey, Ez at h=2mm
0.03 150 0.03 ¢l
0.02 100 0.02
0.01 50 0.01
e
0 ‘ 0 0
-0.01 -50 -0.01 -
-0.02 -100 0.02 R
-0.03 N -150 0.03 R
0.02 0.02
) )

Full Wave Simulation, HFSS, for Phase of Ex, Ey, Ez at h=2mm
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100
50
0
-50
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-150

-0.02 0 0.02 -0.02 0
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y (m)

X (m

150

y (m)
y (m)

-0.02 0 -0.02 0
x (m x (m

Figure 3.9 Phase of E field predicted by the crossed dipole source, HFSS and tilted dipole

source at h=2mm (Units: deg)
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Figure 3.10 Magnitude of H field predicted by the crossed dipole source, HFSS and tilted

dipole source at h=2mm (Units: dBA/m)
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Crossed Dipole Model Prediction, Matlab, for Phase of Hx, Hy, Hz at h=2mm
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For this reason, the weighted error is used to evaluate the accuracy of the dipole
model. The weighted error was computed using the following formula:

error,, (X, )% |F ield ;e (X, y)| _ errot,, ., (x,y)
max |TotalFieldHFSS (x, y)|

errorweighted (x’ y =

max |T0talFieldHFSS (x,y)

. . 2 . 2 . 2
|T0taleeldHFSS (x, y)| = \/‘Fleldx_HFSS (x, y)‘ + ‘Fleldy_HFSS (x, y)‘ + ‘erle_HFSS (x, y)‘
Field .« (x,y) represents any one field component as simulated in HFSS.

Field,,,,, (x,y) represents the same field component as calculated in Matlab for the

equivalent dipole model. The mean error is defined as the value of the weighted error

averaged over all values of xand y in the images presented above.

errorweighted (‘x9 y)

mean weighted error =122 x100%
Xy

X,y

For crossed dipole model:

=4.3108x107"°% |H, = 77673x10°5%

mean weighted error

=1.3794x107%

X \mean weighted error

-14
E = 6.4705x10™% |H
Y1mean weighted error Ymean weighted error
— 0 — 0
Z Ilmean weighted error - 51 1 A) ‘ Z Ilmean weighted error o 576 A)
Errors from the tilted dipole model are:
— 0 — 0
X lmean weighted error - 073 A) ‘Hx mean weighted error 086 A)
E =0.79% |H =0.99%
Y1mean weighted error Ylmean weighted error
A =11.35% |H | =5.34%
mean weighted error Z lmean weighted error

In this case both models (the tilted dipole model and the crossed dipole model)
seem to yield fairly accurate results. However, the crossed dipole model will allow the

xand y components of the source currents for each dipole to be modeled independently

in both magnitude and phase. This would seem to be advantageous in modeling fields
with elliptical or circular polarization. In addition the relationship between the dipole
currents in the equivalent crossed dipole source model and the field components on a

given plane can be expressed in terms of linear equations while the relationship between
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the dipole current and orientation angle in the tilted dipole model may require a nonlinear
relationship. In comparing the execution times for finding the crossed dipole model and
the tilted dipole model it appears that the crossed dipole model runs faster, at least for the
code implementation used in this thesis.

A further measure of the usefulness of the equivalent dipole source models is the
ability of the models to predict the electromagnetic fields on a second horizontal plane
parallel to the measurement plane but located at some distance above the measurement
plane. The next set of figures shows the fields predicted at 5 mm above the plane
containing the traces of the hybrid. Figure 3.12 and Figure 3.14 show the magnitude of
the individual electric and/or magnetic field components using the crossed dipole model,
using a commercial full wave simulation program (HFSS), and using the tilted dipole
model. Figure 3.13 and Figure 3.15 show the phase of the individual electric and/or
magnetic field components using the crossed dipole model, using a commercial full wave
simulation program (HFSS), and using the tilted dipole model.

Mean weighted errors are calculated again in this case. The results are show
below:

Errors from the crossed dipole model:

— 0 — 0
X | mean weighted error - 392 /0 ‘Hx mean weighted error 434 A)
E =6.51% |H =7.05%
Y1mean weighted error Ylmean weighted error
| =5.03% |H | =9.00%
Z Ilmean weighted error Zlmean weighted error
Errors from the tilted dipole model:
— 0 — o
‘ X lmean weighted error - 397 A) ‘Hx mean weighted error 4 11 /0
E =7.88% |H =5.18%
Ymean weighted error Ylmean weighted error
E | =8.85% |H | =10.28%
Z\mean weighted error Zlmean weighted error
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Crossed Dipole Model Prediction, Matlab, for |Ex|, |Ey| |EZz| at h=5mm
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Figure 3.12 Magnitude of E field predicted by the crossed dipole source, HFSS and tilted
dipole source at h=5mm (Units: dBV/m)
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Crossed Dipole Model Prediction, Matlab, for Phase of Ex, Ey, Ez at h=5mm
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Figure 3.13 Phase of E field predicted by the crossed dipole source, HFSS and tilted
dipole source at h=Smm (Units: deg)
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Crossed Dipole Model Prediction, Matlab, for |Hx|,|Hy|,|Hz| at h=5mm
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Figure 3.14 Magnitude of H field predicted by the crossed dipole source, HFSS and tilted
dipole source at h=5Smm (Units: dBA/m)
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Crossed Dipole Model Prediction, Matlab, for Phase of Hx, Hy, Hz at h=5mm
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Figure 3.15 Phase of H field predicted by the crossed dipole source, HFSS and tilted

dipole source at h=Smm (Units: deg)
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From this set of comparisions, 4 of the 6 field components predicted by the
crossed dipole source model are more accurate than the field prediction from the tilted
dipole model. The errors are all below 9%. Since the equivalent dipole source is obtained
by potential functions, it is able to calculate electric and magnetic fields at any distance
from the source. In this case, near field data are used to construct the model. It may also
enable the model to predict far field radiation based on this information. However, this

part is not verified in this thesis.
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4. APPLICATION OF NEAR-FIELD SCANNING MEASUREMENT

Near-field scanning measurement is a practical way to verify the methodology
presented above. While full wave simulation is an easy way to construct the model, it’s
always better to see how this method could be applied to the “real world”. To get the field
information, either Vector Network Analyzer or Spectrum Analyzer could be used.
However, the experiment setup is relatively complicated for a spectrum analyzer to get
the phase of the electric and magnetic fields. [1] In this case, a Vector Network Analyzer

is used to measure S21 and the phase of the fields (H, H E E ).

4.1. MAGNETIC FIELD MEASUREMENT

The Near-Field Scanning system (Smart Scan) used in this experiment is
developed in MST EMCLab. The test bench is constituted by a 3 axes robot, which
enables the system to measure x, y, and z components of the fields. A 5 by 5 square
magnetic probe is place 2mm (and Smm) over the microstrip hybrid. The normal
direction of the loop is either perpendicular or orthogonal to x axis or y axis depends on
with field component we are taking. The hybrid is made exactly of the same size as the
one built in HFSS. It has four ports. One of them is connected to VNA portl. The source
power is set to be 10dBmW. The other three ports of the hybrid are terminated with 50
ohm loads. During the experiment, fields are taken in an area of 70mm x70mm 2mm
above the traces and Smm above the traces, which is also the same as in the simulation
procedure. Port 2 of VNA is connected to the probe. Frequency is centered at 960MHz
with a span of 20MHz. S21 and phase information is written in a file during the
experiment for future use. The configuration of the experiment is presented as below in
Figure 4.1.

The magnetic probe (black holder PCB probe as shown in Figure 4.2) is also
designed in MST EMCLab. The coupling measurement of H field shows that the probe is
good up to 1GHz (shown in Figure 4.3). [7]



HP 4396A 100 kHz to 1.8 GHz
Network Spectrum Analyzer

Figure 4.1 Setup of near-field scanning

Figure 4.2 H field probe with a 5mm x Smm square loop
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Figure 4.3 TEM Cell measurement of the magnetic probe

Before the test is run, the number of the measurement points is determined

according to the size of the microstrip hybrid and the length of each dipole. In this case,
to be consistent with full wave simulation, a26x 26 array is arranged in the centered area

with a size of 70mm x 70mm .

Here are results from near-field scanning measurements drawn by the scanning

system.



Figure 4.5 Hy from near-field scanning at h=2mm
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4.2. ELECTRIC FIELD MEASUREMENT

The setup of the electric field measurement is basically same as shown in figure
4.1 except that a hybrid should be added to the differential electric field probe before it’s
connected to port 2 of the VNA. Other settings are the same as in the magnetic field

measurement.

Figure 4.6 Differential electric field probe

Figure 4.7 Differential electric field probe in use



E field scanning results are shown as below:
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4.3. COMPARE RESULTS FROM NEAR-FIELD SCANNING AND THE
EQUIVALENT MODEL

Now the information collected from the experiment (£, E »H ,H at2mm)

serves as the input of the model. Equivalent sources are obtained by the fields measured
at 2mm. Again results are compared at Smm to verify the accuracy of the equivalent
source. Figure 4.10 and Figure 4.12 show the magnitude and phase of the electric field
components using the crossed dipole model and from near-field scanning. Figure 4.11
and Figure 4.13 show the magnitude and phase of the magnetic field components using
the crossed dipole model and from near-field scanning.

From the field plots and the error calculation, the results at Smm are not as good

as expected. The phase discrepancy is obvious, especially for . These disturbances

might be due to the following reasons:

When making measurements at 2mm, there is a good chance to have the distance
shorter or longer than 2mm, which is not a problem in HFSS. The equivalent model
source is sensitive to this small error. The phase of the fields could be very different even

when the distance changes a little. Also, after measuring £, the probe turns 90 degrees to
measure £, the distance between the probe and the source plane will also be slightly

changed. All of these could affect the accuracy of the crossed dipole source model.
Phase measured by the network analyzer are not the designed phase of E and H

field. The phase measured by the network analyzer is the phase of S,,. The probe factor

also has a phase associated with it. But this phase information was not taken into account
since the model is working at a single frequency 960 MHz. This might cause errors that
are larger than expected.

All experiments have random errors. No measurement can be made with infinite
precision. To avoid random errors, multiple measurements are required. But data from
measurement is an input of the equivalent model source. It is not the focus of this thesis
but serves as an indication of how the crossed dipole source model could be used with
near-field scanning measurements. For this reason, the experiment was not repeated and

it might not show the best result one could get from near-field scanning.
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Crossed Dipole Model Predlctlon for |Ex| at h=2mm Crossed Dipole Model, for |Ey| at h=2mm
0.03 X
20 20
0.02 X 40
40
0.01 . -60
-60 — -80
0 E
0 > 100
-0.01 0 120
-100
-0.02 -0. 140
-0.03 -120 0. 160
003 -0.02 0.01 001 0.02 0.03 003 002 0.01 0 001 002 003
) x(m)
Near-field Scanning, for |Ex| at h=2mm Near-field Scanning, for |Ey| at h=2mm
0.03 X
220 -20
0.02 X 40
40
0.01 ) 60
. -60 _ -80
E 0 £
. -80 > -100
-0.01 -0. -120
-100
-0.02 -0. -140
0.03 120 . -160
003 0.02 0.01 001 0.02 0.03 0.03 0.02 0.01 0 001 002 0.03
x(m)
Crossed Dipole Model Prediction, for Phase of Ex at h=2mm Crossed Dipole Model Prediction, for Phase of Ey at h=2mm
150 150
100 100
50 50
E 0 E 0
> >
-50 -50
-100
-150
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 -0.03 -0.02 -0.01 0 0.01 0.02 0.03
x (m) X (m)
Near-field Scanning, for Phase of Ex at h=2mm Near-field Scanning, for Phase of Ey at h=2mm
0.03 150
0.02 x 100
-
0.01 l 50
g 0 0
>
0.01 -50
0.02 -100
-0.03 -150
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 -0.03 -0.02 -0.01 0 0.01 0.02 0.03
x (m) x (m)

Figure 4.10 E field predicted by the equivalent source and near-field scanning at

h=2mm (Units: dBV/m, deg)
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Crossed Dipole Model Prediction, for |Hx| at h=2mm Crossed Dipole Model Prediction, for |Hy| at h=2mm
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Figure 4.11 H field predicted by the equivalent source and near-field scanning at h=2mm
(Units: dBV/m, deg)
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Crossed Dipole Model Prediction, for |Ex| at h=5mm Crossed Dlpole Model for |Ey| at h=5mm
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Figure 4.12 E field predicted by the equivalent source and near-field scanning at h=5Smm

(Units: dBV/m, deg)
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Crossed Dlpole Model Prediction, for |Hy| at h= 5mm
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5. CONCLUSIONS

The equivalent model based on a set of crossed electric and magnetic dipoles is
able to provide an accurate representation of the device under test when characterizing
near-field board radiation emissions. The methodology has been verified by HFSS
simulation as well as near-field scanning measurements. The details of the techniques
developed in this thesis were demonstrated through application to a microstrip hybrid. By

extracting £, E, H_ H  ata certain distance (2mm above the hybrid) using HFSS or

near-field scanning, fields at a variety of distances could be calculated by the model in
Matlab. Comparing results from HFSS simulation and the equivalent model, the errors
are all within 5%. While the errors from near-field scanning measurements are relatively
large, it does not affect the accuracy of the methodology.

In this thesis, both electric and magnetic dipoles are used to obtain the
equivalence. Since the orientations of the electric and magnetic dipoles are fixed, the only
parameters that need to be solved in the modeling process are the electric and magnetic
currents. It involves one matrix inversion in the program, which helps improve both
accuracy and running speed of the equivalent model developed in ESIGELEC.

This equivalent model is built on a plane for the reason that circuit components or
PCB could be regarded as a plane. It should be interesting to build a 3D model to
represent for sources in space in the future. It’s expected to be more accurate and it could
be used in more cases.

It’s also interesting to know whether far field radiation emissions could be
predicted from near field scan data using this model. Theoretically far field could be
extracted from near field measurement. But it is not easy to do the near field
measurement accurately enough to estimate the far field because much of the propagating
wave is buried in the evanescent waves and noise in the near field. This could be an

important step to try in the future.
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APPENDIX

This is an indication of how to get all the parameters when the dipoles are moved
from the origin to any point in the plane and how the total fields (e.g. H field) were

counted.

z
Measurement point
(x,,2)

v

0,0,0 >

( s Vo ) y
(X9 Vo5 2Z0)
115

X

Now move the electric dipole source from origin to any point (x,, y,,z,) in the
xy plane, ris the distance between the observation point and the source point. x, y,zis

the coordinate of the observation point. Parameters will be changed into:

ayy =By ez

ey N Mgy
aHAy_y = O
1 jp

Ievl —jpr
Ay _(V_2+7)(4_7ﬁe PIx=x,)

Where

r= \/(x_xo)2 +(y_y0)2 +(Z_Zo)2
For a set of horizontal electric dipoles located at 7, ' in xy plane having a length of
[ (which is determined by the frequency of interest to make the dipole infinitesimal),

wheren =1...N, corresponding current/,,/ .1, ,total H ,atone measurement point

esl> Tes2o°""
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7 is the submission of H , from all the dipoles. (Note that total / , is not the total H field
measured at a measurement point since we have to take H field from the magnetic dipoles

(H ) 1nto account.) (x,y,z) is the coordinates of measurement points and (x,, y,,z,) 1S

the center point of the sources (dipoles) as shown below:

Z .
A Measurement point
(x,,2)
hy . g
Py

-

(X905 Yo»Z0)

1,15
X

I,.(7")

H o (F)=[@ae o @ pae croe s @y o ] ”r )

I, (7))
(1, (7" ]

H ()= [ @iy 5@ iy yaoe s @iy v | fo ()
RG]

For a given set of measurement points, 7, wherem =1...M and a given set of

electric dipoles located at 7, where n =1...N, the magnetic field components are the
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superposition of all field component also related to current of the electric dipoles through

sets of linear equations.

Measurement plane

Iesl\ IESAIeAﬁ\
LR Y
\ \ 1&:\ Source plane

For example the x component of the magnetic field may be written in the form

i H, (1) I @) (@) - (@ 1 I,.(R" ]
HAx(’_;2) — (aHAx)Zl . . (aHAx)2N Iex (’_;2 ')
_HAx(FM)_ _(aHAx)Ml - - (aHAx)MN_ _Iex(}_;N ')_

Or more concisely as

[HAx (7, )]mxl = [OCHAx ]mxn [[ex (7, ')]m

For y component of the magnetic field:
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HAy (]7;) I (aHAy )ll (aHAy)IZ °t (aHAy)lN i Iey (’_/i ') |
HAy (772) _ (aHAy)Zl ° . (aHAy)ZN Iey (}_;2 ')
H,, (7, )_ _(aHAy)Ml - - (aHAy)MN_ Loy (Fy ')_

and

(H, G =], 1G]

@ on =~ s = 542NN =2 expl= i, )

For z component of the magnetic field:

[HAZ (’_;m)]mxl = [aHAzl ]mxn [Iex (77” ')]nxl + [aHAZ2 ]mxn I:Iey(l_i'l ‘):|

nx1

1 i [ .
(aHAzl )mn = ( 2 + ﬂ)(—)(‘xm - XO) exp(_.]krmn )
rmn mn 47Z'an
L B

(ipnh = (—5+ )(%)(ym ) exp(—jir,,)
r

mn mn mn
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