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ABSTRACT

FAST SIMULATION AND MODELING OF SCATTERING FROM
TARGETS IN MIMO IMAGING SYSTEMS

G ¢, Yunus Emre
Master of SciengeElectrical ancElectronic Engineering
SupervisorAssoc.Prof. Dr.Lale Alatan

May 2022 86 pages

The forward model analysis in a multiple input multiple output (MIMO) system
requires the computation of the signals received by receiver antennas when various
targets are illuminated by a transmitter antenna. The full wave analysis of such
systems provideaccurate results with high computational cost. Fast analysis of the
system can be achieved by simple models based on several approximations which
limits the accuracyin thisthesis amodelingtechniquehat provide betteraccuracy
compared to simple adels andachievesfaster simulation time thafull-wave
analysis of the whole system is proposadll-ivave simulation result ain isolated
antennais used as an input for this methodology. With the help of surface
equivalence theorem and small dipolgm@ximation,the incident field over the

target and receiver antenreaefound.MoM technique is employed fond scattered

fields created by targetue to this incident fieldFinally, scattered field data is

utilized in reactiortheorem to compute thé&ysal received by the receiver antenna

Keywords:MIMO, Method of Moments, Reaction Theorem
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CHAPTER 1

INTRODUCTION

In the lasttwo decads, several multiplenput multiple output (MIMO) imaging

systems are developed for secufit; [2] and biomedical application§3], [4] .

In MIMO imaging systems,transmitter antennas and receiver antermayg be
separated from each othees shown irFigure 1.1. Transmitter antennas radiaiee

at a time and the signals received by each receiver antenna are retotded.
number of transmitter and receiver antennas are definéd and0  regectively,

0 0 number of signals are processed to construct the image in the imaging
domain.Depending on the application, transmitter and receiver antennas may be
placed on a planar surface, as in concealed weapon detection radars, or on the surface

of a hemisphere aylinderas in brain imaging systems.

Antennas in MIMO System

Ty, B Rxy - Scattered Field

I~

~
-

PEC Target

Incident Field

Figurel.1 A MIMO system withseparat@antennaetsfor transmitting and receiving

In order to optimize the numbefantennas and their locations to obtain best imaging

performance with least complexitthe MIMO system needs to be modeled and



simulated for different target in the imaging domé&ior. this forward model analysis,

both simple models that provide rapid ws with limited accuracy and rigorous
models that yield accurate results with high computational cost are available. For
exampleone of thessimple modelsnakes an assumption that, all the antennas in

the system radiates isopically, sothat they are radiating equally at all directions
Then it assumes only point scatterers and scattered fields are computed by assuming

the reflectivity of the scatterer to be 1 and neglecting multiple scattering.

On the other handull-wave simulationsan give veryaccurate results since they
model the system rigorousl{However, fullwave simulation of asystemthat
includes whole MIMO array and the targetcemputationally expensivand has
large memory requirement8But, during the designprocess electromagnetic
simulation mayneedto be runseveraltimes to find optimakonfigurationfor the
array. This leads to impractical simulation tim@gich again proves to be not

feasible for initial design phase

The aim of this thesis is to propose amalysis methodhat has a good balance
between accuracy amgmputational coso decrease the computational cost of the
full-wave analysis of the whole system together with the targetwaye analysis

of transmitter antenna, receiver antenna andstatering from the target are
performed separately. Then, the fields calculated by those separateavall

analysis are combined by making use of the field equivalence and reaction theorems.
The proposed approach can be summarized as follows:

1. The fullwave analysis of a single isolated transmitter antenna is performed
by using a commercially available electromagnetic simulator CST
Microwave Studio. Fields radiated by the antenna on the surface of a
rectangular prism shaped box tleaicloses the antenneeaexported as it is
shown inFigurel.2.

2. From the exported fields of the transmitter antenna, incident field on the
target is computed. A Bthod of Moments (MoM) basedsoftware is

developed to compute the fields scattered by the target.



3. The fields scattered by the target are computed on the surface of a reatangul
prism shaped box that encloses the receiver antenna as it is shiéiguaran
1.2.

4. Since same antennas are used as transmitter and receiver, the exported fields
in the first step will be same for the receiver antenna. To compute the open
circuit voltage at the receiver antenna, reaction theorem is used and inner
product of the fields radiated by the antenna and the fields scattered by the

target is computed over the box enclosing receiver antenna.

/ Receiver Antenna

"*:% Ee, Hypp “~_ Scattered Field
N Target

Box 2

PEC Scatterer

Transmitter Antenna

ic""*’*f—'—::f"'/l E¢ Heq Incident Field
\\‘

Box 1

Figurel.2 Proposed Method for analyzing MIMO systems

Since each antenna and scatterer are analyzed hyawd methods, the accuracy is
considerably improved compared to simple models. The only source of error in the
proposed approach is assumirttptt an antenna radiates into free space and
neglecting the fields scattered by other antennas and the target. Through simulation
results it will be demonstrated in this thesis that; this assumptiomdoegroduce

a significant deterioration in accuracy. However, this assumption significantly
decreases the computational cost of analysis. When thevdu# analysis of the

whole system is performed all transmitter and receiver antennas and the target needs

to be discretized and it results in a large number of unknowns. On the other hand, in



the proposed approach only one antenna is discretized in first step of the method and
then only the target is discretized in the second step. As a result, the number of
unknowns is reduced significantly. That translates into a significant reduction in

computation time.

The proposed method can be classified as a domain decomposition method (DDM)
where fullwave analyses are performed in smaller subdomains of the whole
simuation model and then their results are combined by using the boundary
conditions on the surfaces of subdomains. However, it is different than the DDMs
proposed in literatur¢5]i [11]. In literature, domain decomposition is utilized either

to combine two different fullvave analysis methods ag%} and[6] or to hybridize

a full-wave analysis method with an asymptotic high frequency method[@F in

[9]. For example,in [5], Finite Element Method is used to model the domain that
contains inhomogeneities whereas MoM is utilized in open radiating homogenous
regions. On the other, when analyzing antennas on electrically large platiGijins

[9]) antenna is enclosed by a fictitious box. Then MoM or Finite Difference Time
Domain method is used to model the antenna and asymptotic high frequency
techniques like physical optics shooting and bouncing ray method is utilized to

model the scattering from the platform.

In all of these DDMSs, either a large matrix equation that matches the field values on
the surface of the subdomains are solved or the fields on these surfaces atedcompu
iteratively by solving smaller problems successively. Hence the exact solutions on
the surfaces of the domains are computed. However, in this thesis, approximations
are made to reduce the computational cost. Therefore, the domain decomposition
method poposed in this work does not provide an accuracy as high as other DDMs

available in literature.

The use ofeactiontheorem to compute the coupling between two antennas mounted
on a large platforp{12]i [14] or between an antenna and a circuit in the-fielt
of the antenn@l5] is proposed in literaturélowever, these studies do not consider

scattering from aarget. Only in12], the coupling between two antennastisdied



in the presence of a metal pole with a plate between antennas. But a difference of
about 1 to 2 dB is reported between measured and computed results. Hence a good
accuracy could not be achievethisthesiswork can beonsidered as the extension

of those studies available in literature since it also considers scattering from a target

in addition to coupling between antennas.

In Chapter 2first the procedure to export the fields of transmitter antenna from CST
Microwave Studio is explained. Théme method to computie incident field over
the target and directly coupled fields to receiver antbynasing the exported fields

is presented.

In Chapter 3computation of the scattered fields from the target by using MoM is

explained.

In Chapter 4areview of reaction theorem is presented and then its application in

the proposed model is explained.

Finally, in Chapter 5 conclusion of this woikgiven and brief discussioon the
strong and weak sides of the proposed method compatieeifitdl -waveanalysis of

the whole system is provided






CHAPTER 2

CALCULATION OF INCIDENT FIELD STO THE TARGET BY USING
THE RADIATED FIELDS OF TRANSMITTER ANTENNA

In this chapter, aim is to determine the electromagriiids at the position of
receiver antennas datthe position of singletarget,by usingfull-wave simulation
This scenario contains a singtansmitterand results of a single isolatadtenna
over asurface that encloses the anteana computedFields over that surface are
also used in Chapter 4 while utilizing the reaction theorem.

Once theelectromagnetidields areknown overa surface that encloses the antenna,
fields created by that amna can be found bying surface equivalence theorem.
Surface equivalare theorem is a principle based on defireqgivalent sources over
an arbitrary closedurfacesuch that they produgame fields outside of ¢ftlosed
surfacethat actual sources inside the surface would extitstates that if the
tangential electric fieldntensityand magnetic fielahtensityover a closed surface
is known entirely, then fieldsutside of the closed surfacan be determingd 6] as
shown inFigure2.1to create an equivalent problem that yields same results, sources
in equivalent surface is removed dotlowing equivalentcurrent densities over the

closed surfacearedefinedby enforcingboundary conditions

ofF ¢ O O 2.1)
0 ¢ 0 O (2.2)
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Figure2.1 Transitionfrom Actual Problem to Equivalent Problem

ofandd are equivalentlectric and magnetiturrent densitiegespectively’O ‘0)
is the magnetic (electric) field outside of the closed surfdotume 2 and 'O O
are the magnetic (electric) fields inside of the closed sukfokime 1. For the

sakeof simplicity fields inVVolume 1can be chosen to be equal to Zdrg.

For the null fields insid&, boundary conditions can be rearrangstbllowing:

ofF ¢ O Os ¢ 0 (2.3)

0 ¢ O ©Os ¢ O (2.4
This particular form of surface equivalence
t heor em. Since Loveds equivalence theorem
surface, volume inside of that closed surface can be filled with any material. If it is
filled with a Perfect Electrical Conductor (PEC) then the electrical current density
over the closed surface will not produce any fields outside of the closed sgface
will be omitted. Same method can be done with Perfect Magnetic Conductor (PMC)
materid. If it is assumed that the volume inside of the closed surface will be filled
with PMC then magnetic current density over the closed surface will not produce
any field outside of closed surfgcagainit is omitted. However, the remaining
equivalent current densities will radiate in the presence of the PEC or PMC used to

eliminate one of the equivalent currents.
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Figure2.3 Transformation to Magnetic Conductor Equivalent

If the geometry of the conductor perm(itg. an infinite plange)image theory can be
utilized to eliminate the conductor.

Once theequivalent currents are defined over the closed surface, fields outside of
that closed surface can be found using vector poterfiialationin terms ofvector
potentials will besummarizedby starting withMa x we |l | 6 s in@lpsoat i on s

domain for a lineg homogeneous, isotropic medium



n 0 QO (2.5)

n "o Qg ‘O- of (2.6)
ngo " (2.7)
ngd 1 (2.8)

Using the null identityn8n o rtvector potentiab lcan be defined as:

n of 6 O (2.9)

By taking the curl of2.6), expression can be rewritten as:
n ono 8l g ‘o- ol (2.10)

Using the vector identity 1 nng n e (2.10) can be expressed

as:

nagdl n ol Qg ‘O- rof (2.12)
Using another null identitg ~ n0 twhereU is an arbitraryscalar field and

(2.5) electric scalar potentiali) can be defined,

o ol nw (2.12)
By substituting(2.12) into (2.10),
nngl nol 1 ¢ ol Q@ ne ‘of (2.13
Rearranging the equation above,
nadl ' ¢ - b ol 1 ¢ 8F of (2.14)
Lorentz gauge can be used to simplify the equation wieeegence obfis selected

such that expression inside gradient operatequal to zero

ndl Qg ¢ - @ (2.15)
Finally, equation can beritten as
nol 7 8l o (2.16)

This partial differential equation has a particular solufi8j:

cpe . oipQ sPR
Olu_ll,_ ™ WQ@? (2.17)
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Wherei [ denotes the position of source arjdenotes the position of observation
point. If the electriccurrent densitieare known magnetic vector potential can be
found anywhere which can beadsto calculate the fields created by electrical

sourcedy using following relation§l9]:
o qof T%Qp—‘r_l nepl (2.18)

o Paoar (2.19)

An isolated antenna will be simulated by using CST Microwave Studio and
tangential field components over a closed surface will be exported. Heace t
equivalent currentlensityover the surfaces available only at some discrete grid

points. Therefore,to calculate the fields radiated by these currents, small dipole
approximation20] is used and the electric field and magnetic field due to a single

dipole at @igin is expressed am (2.20) and(2.21).

To find electric field and magnetic field caused by a dipole that is not located

origin,i[isreplaced with [ i Be

- i ar . 1 ir,
- a v ¢ ———

0ir — | | YQ (2.20)
- o, . p .
. Q.
6=y (2.22)
- P P
Y & e (2.23)

Whered is theelectricdipole momentdefined aghe product of effective dipole
current and effective dipole lengtlffective dipole current is the producof
equivalent current density at the grid point multiplied by the grid spacing in the
transverse direction to the current. Dipole length is the grid spacing along the current
direction. Superposition of fields created by each dipole located over clotacksu

will give the fields created by the transmitter antenna at a certain observation point.

11



Using this method, it will be possible to find incident field over the scatterer and
fields directly coupled to receiver antenna from transmitter antenna. lioadidi

that, as long as antenna type is same, there is no need to ruwaviellsimulation

one more time when the transmitter position is changed. Since only the position of

the dipole moments will change but their magnitude and direction will renraie. sa

Magnetic dipoles can balso defined overthe closedsurface. Using the duality
theorem and equatio3.20) and(2.21), fields created bg magnetic dipole at origin
at an arbitrary observation poitdn be defined iequation(2.24) and(2.25). Again,

i [must be replaced with 1 Bandi if dipole is not locatedt origin.

0 i 0, i P Q 2.24
I T N o oY (2.24)
0 il “p n[:‘n 2l a 0 ¢ &rTY'Q (2.25)

=i i i

Main reason to use small dipole approximatiorcéonputethe fields is that, its
formulation isvalid both fornearfield and farfield regions.Accuracy in neafield

is especially impo#ntto find direct coupling between the antennas in the MIMO

system

To apply sirface equivalenctheoremany surface shapean be choseas long as it
encloses the antennfaull-wave simulation are utilized to find the fieldsover the
enclosing surface. In this work CST Microwave Studio is used aswvéye
simulator relateddatais exported from the simulatoince CST Micowave Studio

only provides an option to export the electromagnetic fields over a rectangular
surface, theshape of theenclosed surface must be chosen as a rectangular prism.
Normally, six rectangularsurfaces should be defid to enclose the antenna.
However,in MIMO applications, antennas imd systems are mostly directive
Hence the fields that are located at the back of the antenna is not included in the
calculationssince they will be negligilyl small compared to radiah in other
directions Neglecting those fieldill introduce very small errors but will improve
simulation timeabout twenty percen®nce the fields are exported over the surface,

using the surface equivalence theoreeguivalent current densities carbe

12



calculated. Since, fields are exported over a suriEo®ylator askaiser to input a
value for spacing interval of the export oparat As this value gets small@rumber
of samples that are extractedm thesimulator increase Since this intervak also
used to determine dipole moment for each sample piifias an effect over
accuracyBut as expected small intervals causes more sawpblieh increases the
calculation time. As a rule of thumb, sampling intefigalhosen in such a way that,

there are at least twenty samples per wavelength

To verify the method through numerical exampkesshown irFigure2.4 alinearly
polarized in (x-directior) probe fed circular patch antenna which operates

approximately around 1.GHzis designed

hsub¢| z

Figure2.4 Structure of Patch Antenna

Diameter of the circular patch &.3 mm, whereas the feed offset from the center
is equal to 6.55 mm. Rogers RO40Q&@&terial isused as dielectricsubstrate Wwich

has dielectric constardf 3.55 and its loss tangent is efjgo 0.0027. Substrate
thickness is chosen as 1.524 mm.

Input return loss, 3D radiation patternplane and Hplane radiation patterns at 1.5
GHz obtained by CST simulations are presentddgare2.5, Figure2.6, Figure2.7
andFigure2.8, respectively.
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Figure2.6 3D Radiation Pattern of Patch Antenna (1.5 GHz)

Farfield Realized Gain Abs (Phi=0)

s /\

0 H

. /
-10 -

-20 \/

h 200 -150 -100 -50 0 S0 100 150 200
Theta / Degree

Figure2.7 E-planeRadiation Pattern of Patch Antenna (1.5 GHz)

14



Farfield Realized Gain Abs (Phi=90)

dBi
n

20 : : : : :
-200 -150 -100 -50 0 50 100 150 200

Theta / Degree

Figure2.8 H-planeRadiation Pattern of Patch Antenna (1.5 GHz)

With an effort b decrease simulation time firsily fields at the front surface tfe
enclosing surface amsedto compute theiélds over a square plane that is 450m
farther awayfrom the antennas shown irFigure2.9. At the same time, fields over
that observatioplane are alsextracted from CST Microwave Studio and results are
compared with each other.

Results of CST andhdiated field calculation byrsall dipole approximation method
arecomparedor three different dimensi@of front surface([s+ o} and[1 . 5 &
1 . ]¥ te- see the effect of size of front surfaBeiuface is chosen as 10 mm away
from the antennand sampling interval of exported dagachosen as 10 mm in both
directions Results are presentedly for dominant components of electric field and
magnetic field. Since antenna is horizontally polarizedp¥ponent of Hield and

Y -component of Hield aredominant componest
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Figure2.10: Simulation Scenario (5 surfaces)

The magnitude and phase of electric field is compared with the results of CST for
two different box sizes iRigure2.11andFigure2.12, respectively. The left column

is for front surface size g aand right column igor front surface size of 18

1.5a: The first row is for field calculation only by using the front surface, the second
row is for the calculation by using 5 surfaces. The third row shows CST results. To
better interpret the level of error, for eachec#ise percentage error in magnitude
with respect to results of CST is plottedFigure2.13, whereas the absolute phase
error distribution is presented iRigure 2.14. Similarly, magnitude and phase
distributions of magnetic field intensity are givenFigure 2.15 and Figure 2.16,
respectively. The percentage error in magnitude and phase error for magnetic field

are compared ifigure2.17 andFigure2.18, respectively. Finally, mean values of
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errors inmagnitudes and phases of electric and magnetic fields are summarized in
Table2.1.

By investigating the results, it can be observed that when using only front surface
error decreases considerably by increasing the size of the surface. Similarly, when 4
side surfaces are included into the calculations in addition to the front surface, the
accuracy ofe- a-sized front surface case increases as expected. However, same
improvement in accuracgannotbe observed for 1& 1.59-sized front surface

case. This may be due to the fact that we may be at the limits of the best accuracy
we can achieve through small dipole approximation for a discretization with step size
of 10mm @/20). Changing the box size and adding more faces may be resulting in
marginal changes around this accuracy level and causing unexpected fluctuations. If
a better accuracy is desired, the step size in discretization should be decreases.
However, this redts in longer computation times and larger memory requirement.
As it will be demonstrated at the end of Chapter 4, due to the variational nature of
reaction integrals, the error in field distributions contributes less to the mutual

impedance results calaied by these fields.
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Error Type|  Mean Error in Magnitude Mean Error in Phase
(Percentage) (Degrees)
Surface Type E-field H-field E-field H-field
[o- 3] 1088 11.17 7.77 7.85
1 Surface
[1.5 1.59) 0.86 0.70 419 438
1 Surface
o 3] 3.77 3.97 3.23 3.37
5 surfaces
[1.% 1.5 2.62 2.39 6.98 7.25
5 surfaces

Table2.1: Error Comparison Table for DiffereBurface Types
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CHAPTER 3

APPLICATION OF METHOD OF MOMENTS

In this chapter, application dflethod of Moments (MoM) technique will be
explained to findthe surface currestinducedover the scatteredtue to the fields
radiated by the transmitter anteni#ectric field integral equations (EFIE) will be
employed to find thanduced currentsince there is already a weléveloped
procedure for this kind of calculations. Also, unlikagnetic field integral equations
(MFIE), EFIE can beasilyapplied toopensurfacess wellso it is more appropriate

for different target shape1]

Scattered electifield due to inducealectriccurrent densitylcan be found with

the following equation:

0 Qol ne (3.1)
where magnetic vector potentizican be written as,
olir _ diro rs'Q"éé
l e e —
.[II S Il_ l @ (3.2)

and electric scalar potential can be written as:

.‘lll_ p ”'Q sl l'S’Q
- 9liR

g (3.3)

Charge density is related to currentlensity through the following continuity

equation

~

nal (3.4)
The tangential component of the total electric field should be zero ovsuttaee
of thePEC scattereiThis boundary condition can be written in terms of incid@nt

and scattered field®
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¢ O © T (3.5
Then integredifferential equation can be constructed as:
o ofirq stk p | sl s

(o} = Il QY n—— n@——0%
T al 1R Qr” - al ke

(3.6)

RacWilton-Glisson(RWG) basis functionslefined below[22] are used to expand
the induced current.

a .
"——"Th 1[Q&Y
o r 1 [QE
AT a . (3.7)
re——"TR  i[Q&Y
o [ 1[QE

vrmh ¢ 0 Q
Whered is the length of fi edge element)’ is the area of triangléY and” [ is
the vector that goes from free vertex of the triafiyléo an arbitrary point inside of
the correspondingiangle.As shown inFigure3.1 on the other hand,[” denotes the
vector that starts from an arbitrary point¥ triangle andends afree vertex of that

triangle.

T .» nthedge element

Figure3.1: Triangle pair shown for'hedge element
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Divergence of théasis function is defined as,

| Q

—h i[Q&y

v 0
nod . oa . . (3.8)
'y b_ h l [-QSY
tmh £ ®i 0 Wi Q
Current density over the surface is approximated as:
ol oadir (3.9

Where 0 denotes the total number of rboundary edge in the surface. Main
objective here is to find coefficients of basis functitarseach edge element which
is denoted byO.

Galerkin approach is used so testing and basis functions are chteesaime. By
substituting (3.9) into (3.6) and testing equatior3.6) with RWG functions,

following N equations are obtained for each m value:

ORAO QBRAO o« RACQ:t &  pkfB O (3.10)
The gradient operator acting enin the second term of rigiitand side can be

transferred ont&d by using integration by parts.

~

e FQO en OAQ"Y (3.11)
By substituting(3.8) into (3.11) it takes the following form

e JAQ"Y & 61 . ’Q"\(éi e QY (3.12)

Theintegral expressions on thight-handsidecan beapproximatedsthe product
of the area ofthe triangle andthe value ofe at the center point of that triangle.

Therefore, righthand side can be rewritten as:
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+10dQY a - if il (3.13)

where i[[ andi[ are position vectors to the centers”¥f and”Y triangles,
respectively. The same approximation is applied for the testing integrals of the
incident field and the vector potential terms giver{dil). As a result, following

relations are obtained:

O kA p O v oo p (0) o
oY _RAO L. 2 OrQyY — 2 O QY
"ol a co ol ! co ol ]
a Oir oir
- JAY \ 3’ o ) :)’
¢ ohr J ohir J (3.14)

Where” [ vector denotes the vector that starts from the center of triavigend
ends afree vertex of that triangle. Howevet[ vector starts from free vertex of

triangle”Y andends at theenter of that triangle.
These N equations can be written in matrix from as follows:

00 w (3.15)
Now all the inner producexpressions are defined, integfifferential equation
(3.10) can be rewritten as beloly using the inner product expressions found in
(3.123) and(3.16):
a ‘ ‘
?'O ir o o1 ar

!

'91? olir or ofir or

a o il il Qta plBO (3.16)
Eachentry of the impedance mati§X] models the field at the frtesting function

due the R basis function.

It can be written as

A Q]% of or ol or & - . (3.17)
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Whered! ande’ are given in following expressions:

i & o) r r o & ) r r”
v T e T ety Gl
u p & 0o T T a0 U0 (3.19)
Q86 il e 0 ir i '

Also, entries of/oltage excitation vector caused by the incident field over the surface

of scatterer can be calculated with the following expression:

.oa ,

O = O JF © Jr (3.20)
Where,

g Oi[ (3.22)

Integrals in(3.18) and(3.19) can be approximateat center points only, using the
same approach for inner products in testing procedure. However, thistiadiuce

too much error, especially for diagonal entries.

ava

Figure3.2 Barycentric Subdivisionf Triangle Subdomains

In order to numerically compute those integtasycentricsubdivision[23] method
is used Instead ofapproximating the integral at the centertbé triangle this

approachdivides a triangle into sub triangles as showkigure3.2. Each edge of
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the triangle is divide to three equal parts, thus creating 9 differenttsabngles.
Once the center of each strlangle is determined, integral expression is

approximated at each center point and calculated as following:

Q sFh 8 o T

drim w irir (3.22)

Note thatd® is denoting the area of the triangle, not the magnetic vector potential.

Voltage excitation vector is affected by the radiation characteoistie transmitter
antenna, meaning that if the transmitter antenna type is changed, all the entries in
voltage excitation vector must be recalculated. Whereas, entries in impedance matrix
areonly affected by the shape and the position of the targag Emg asheposition
andthe shape of the targeemainssame, impedance matrentriesdo not need to

be recalculated and\s a result, for different transmitter antennas matrix equation is

solved for different right hand side vectors.

Once current dasity coefficients for each edge elemané found small dipole
approximation can be employed to fiedattered electric field and magnetic field

created by the target at an arbitrabservatiorpoint.

Dipole moment for each edge element caddfined as follow [24]:
a a i QYaOirl ir (3.23)

Where, & 'O expression can be interpreted as effective current of the dipole and
i[ il contains information about dipole length and direction of current vector.
Using equationg2.20) and (2.21) presentedn Chapter 2 electromagnetic fields
created by each dipole moment can be determinedadisgnvatiorpoint. Scattered
fields createdby the targeis equal tothe superposition othosefields created by

eachdipole.

To create triangular meshéasr target, a mesh generator called GMSH is used.
Program itself has many capabilities, but only 2D mesh generation and geometry
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import-export capabilities are required for implementation. &Msupportsstep

files as an import optiarbince CST Microwave Studio also support export option
for .step file, any PEC target that is modeled in CST can be discretized in GMSH
platform seamlessly.

Anotherutility of GMSH mesh generator is that, once theshing operation is done
as shown irFigure3.3 andFigure3.4, mesh model can be imported as .stl file which
contains information of every triangle cemposition and assigns a unique number
to each corner so that it will be possible to determine winiahgle contains which
corner. In addition to that, .stl files are also veagy to export and use in MATLAB,

which is the platform that is used for timeplementations of the methods explained

in this thesis.

Figure3.4 Sphere Target Meshed in GMSH Platform
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To test thecode developed for implementatioh MoM, its results and Mie series

[18] results are compared. Since scattered wave frdPiE@ sphere scatterds

knownfor a plane wave incide®, MoM solutionis constructed fothis scenaricand

they arecomparedo Mie series results.

A

Rd " Observation Plane

Scattered Wave

Observation Plane Properties
Shape: Square Plane over x-y plane
Coordinates:

x-coordinates: 800-1200 mm
y-coordinates: 800-1200 mm
z-coordinates: -1000 mm

Sphere PEC

Position: Origin

Incident Plane Wave
Propagation Direction: +z

Polarization Direction: +x
Q.

Figure3.5 Comparison Scenario

Radius: 1.25\ or 2.5\

Only dominanffield componentgO andO ) are examinedViagnitude and phase

distribution ofthose fieldsaregiven inFigure3.6 - Figure3.11for a PEC sphere that

has2.5aradius

E-Field Mag Dist Mie X-dir (V/m)

1200
0.145
1150 ©
0.14

1100 50.135

£ 1050 1013
E 10125
@ 1000
E] -012
> 950 - 0.115
900 011
850 0105
01
800 . :
800 900 1000 1100 1200

x-axis (mm)

(@)

E-Field Mag Dist Calc X-dir (V/m)

1200
0.145
11
0 0.14
1100 0.135
E 1050 0.13
E 0.125
2 1000
% 012
= 950 0115
900 0.11
850 0.105
01
800

800 200 1000 1100 1200
x-axis (mm)

(b)

Figure3.6 Magnitude Distribution of Scatteredeld over Arbitrary Surfacg.5e-

Radius Sphejga) Mie (b) MoM
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E-Field Phase Dist X-dir Mie (Degree) E-Field Phase Dist X-dir Calc (Degree)

150
100 100
E 1050 50 £ 1050 50
E E
@ 1000 {0 @ 1000 0
s s
> 950 50 > 50
900 -100 -100
850
-150 -150
800 . 4 - 4
900 1000 1100 1200 800 900 1000 1100 1200
x-axis (mm) x-axis (mm)

() (b)

Figure3.7 Phase Distribution of ScatteredField over Arbitrary Surfac€.5-
Radius Sphejga) Mie (b) MoM

E-Field Mag Percentage Diff X-dir 1200 E-Field Phase Diff X-dir
E -
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4 1150 E |
4 1100 . 200
1050 " : 100

13 3 . o
w 1000 - . 0
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2 5 850 1 100
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Figure3.8 Error Distribution over Surface for-field (2.5-Radius Sphejda)
Magnitude(b) Phase
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(a) (b)

Figure3.9 Magnitude Distribution of Scattered-Held over Arbitrary Surface (26
Radius Sphejga) Mie (b) MoM
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H-Field Phase Dlst Y-dir Mie (Degree) H-Field Phase Dist Y-dir Calc (Degree)
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x-axis (mm) x-axis (mm)

() (b)

Figure3.10 Phase Distribution of ScatteretiField over Arbitrary Surfac€.5e-
Radius Sphejga) Mie (b) MoM
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(a) (b)
Figure3.11 Error Distribution over Surface fot-field (2.55-Radius Sphepga)
Magnitude(b) Phase
Fora PEC sphere that has 2radiusmean magnitude error forfield is 227
percentand forH-field is equal tat.79 percent. Mean phase error foffiEld is
equal to 0.15 degrees. Foffidld it is equal to 0.47 degrees.
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Figure 3.12 Magnitude Distribution of Scattered-Fteld over Arbitrary Surface
(1.25-Radius Sphejga) Mie (b) MoM
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Figure3.13 Phase Distribution of ScatteredAteld over Arbitrary Surfacel(25s

Radius Sphejga) Mie (b) MoM
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Figure3.14 Error Distribution over Surface for-field (1.25a-Radius Sphedga)
Magnitude(b) Phase
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Figure 3.15 Magnitude Distribution of Scattered-Held over Arbitrary Surface
(1.25e-Radius Sphejga) Mie (b) MoM
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Figure3.16 Phase Distribution of ScatteredField over Arbitrary Surfacel(25e-
Radius Sphejga) Mie (b) MoM
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Figure3.17 Error Distribution over Surface for-Held (1.25-Radius Sphejga)
Magnitude(b) Phase

1100 1200

For a PEC sphere that has B2&diusmean magnitude error forfield is 0.&
percent and for Hield is equal to 1.13 percent. Mean phase error fbeld is
equal to 0.33 degrees. Foffidld it is equal to-1.02 degrees.
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CHAPTER 4

REACTION THEOREM

In this chapterfundamentals of the reaction theoreutl be explained and it will be
utilized with the combination of fields found in previous chapteexfdain howthe
interaction between transmitter antenna and the receiver antenna is computed by

using them

Previous chapters of this thesisere actually preliminary work to employ this
theorem, which is quite useful to determine and characterize the interaction between
the transmitter and receiver antennBgaction theorem is fundamental key to
determine theoupling betweemny antennas, has many different forms, Hiter
utilizeselectromagnetic fieldsr electricalcircuit quantities like voltage and current
There are alstybrid forms that usebothfields and circuitquantitiesin a single
equationReaction theorem is founded over reciprocity principle, which explains the

fact that an antenna has same characterigticBnsmitting and receng operations.

Lorentz reciprocity principle whicbnly contains field expressions can be shown as

follows:
O 0O O 0 MY O O O 0 Y (4.1)

WhereO andO denotes the electric and magnetic fields created by the antenna 1
respectively. SimilarlyO andO arethe electric and magnetic fields created by the
antenna 2Y and"Y are surfaces that enclose antenna 1 and antenna 2, respectively.
It should benoted that, surfaces that encloses the antennas must not intersect with
each other and must not include any kind of source or scatterer other than antenna

itself.
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Circuit version of the reciprocity principle can be showi2a$:

w0 w0 4.2
Where O denotes the currerdt port 1 of the microwaveircuit and when it is
excited from port Js shown irFigure4.1. Similarly, O denotes the current at port
2 of the microwave networkvhen it is excited from port 2> is the voltage created
at the terminals of pb1 as shown irFigure4.2. @ is equal to potential difference
created at the terminals of port 2. Circuit form of remgity principle is stating that
for a paswe reciprocalmicrowave device such as coupler, filter or power divider
etc. interchanging the input and output ports of such network will not hawgpati
on response of the network. Meaning that, its transmission characteristics will stay
exactly sameven if it is fed from different ports. This principle is also valid even if

the network itself does not contain any kind of symmetry in its structure.

111 Passive
<f> Microwave
Network

1

.

Figure4.1 Excitation Scenario for Port 1
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Passive I,

|—
+

Via Microwave (f>
I

Network

Figure4.2 Excitation Scenario for Pogt

In equation(4.1), quantities at right hand side ateft-handside are called as
reactionsLeft hand side of the equation is denoted by the sydipDand defined
as reaction of antenna 1 over antenngibilady for the right-handside, it is

represented &% fpOand deiihed as reaction of antenna 2 over antenf26]L

It is also stated that, left hand side of the equaid?) equals to negative déft-
handside of the equatiof.1) which results in following exgssion27]:

@ O O 0 0 0 MY (4.3)

Most of the timereciprocity principle derivationaremade for the scenario where
both antennas are placedthe same environment. However, even if one of the
antennas arpositionedn a different medium, a reciprocity theorem can be defined

between these two antenmnalsich can be expressed as follow{28]:
w O O O O 0 MY (4.4)

In equation(4.4) O andO denotes the electric and magnetic field created by
antenna 2respectivelywhen it is placed in a different mediui@. is also denoting
the current at the input port of anten2 when it is excited and transmitting signal.
As shown inFigure4.3 andFigure4.4, when antenna 1 is excited, it radiates in the

presece of the scatterer and the receiver antenna with its port left open, whereas
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when antenna 2 is excited, it radiates into free space. HerayedO are the fields

exported from CST Microwave Studio when a single antenna is radiating into free
space.

Antenna 1 Antenna 2
w,e

~~~~~
- =~

-
S
pem———
~~
IS o

~. -
~ -
~~~~~~~~

~ -
< -
See—e —

Figure4.3 Antenna 1 Radiation Scenario

Antenna 2

Figure4.4 Antenna 2 Radiation Scenario (Different Medium)

From now on, since both circuit and electric form of reciprocity is defined and

combination of them can be used in single equation, relationship between mutual
impedance and aetion quantities can be defined.

Mutual impedance between two antennas can be defined as following:

()

o) (4.5)
0 g

4.
00 (4.6)



Replacing the reaction quantity in equat{@dr®) mutual impedance can be found by

utilizing the general form afeciprocity theorem as following:

@ % O O O 0 MY (4.7)
It should be noted that in equati¢h?) fields O andO are the fieldcreated by
transmitting antennarhen both receiver antenna and the scatterer aselpresent.
In proposed method, those fields are foahtthe superposition dhefields scattered
from the target and the fields radiated by the transmitter antenna at the position of
receiver antenndVhen calculating the former fields, the incident field is assumed
to be the field created by transmitter antenna radiating in free space. Similarly for
the later fieldstransmitter antenna is assumed to radiate in free spheeefore,
some errors will be introduced because exact fields are notlng2@)] a modified
reaction theorens proposed to accoufdr multi-scatteringn order to increase the
accuracy of calculationglowever,in thiswork only singlescattering isonsidered
since it provides good balance between accuracy, simulation time and memory

requirements

Field quantities are not enough to find the mutual coupling between transmitter and
receiverantennasexcitation currents of antensianust be alsdound Excitation
current quantitie®0 andO are denoting the curresitthat is created at the psuf
transmitter and receiver antespahen the corresponding antenna is excited with a
voltage sourceNote that"O is the current when transmitter antemaxdted in the
presence ofeceiver antenna anldetarget. However, it is assumed that this quantity

is not affected too much with tipgesence obther objed. In addition to thatsince
transmitter and receiver antenra® sametype, excitation current$or them are
assumed to be equdlherefore,in the calculationsO and"O are assumed to be

equal.
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To find the excitation current, a current monitor tool defined in CST Microwave
Studio is used. As iRigure4.5, the magnetic field along a closed loop is evaluated

to compute the current enclosed by the loop

—e—,
Su
&

Ienc

Figure4.5 Current Monitor Definition in CST
Current that is created at the excitation port of the patch antenna with respect to
frequency is giveim Figure4.6:

Current in A [Magnitude]
0.28

[
l

== currentl [1]

0.22 : \

\

0.14 . .
1.3 135 14 1.45 15 1.55 1.6 1.65 17

Frequency | GHz

Figure4.6 Excitation Current \th respect td-requency

Now all thequantities to find mutual impedance between transmitter and receiver
antennasre available. Henceesult of the approach proposed in this thesis can be
compared with the results of the fulave simulatiorof the transmitter and receiver
antennas and ¢htarget.The interaction between two antenmssomputed by the
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proposed methodhen theras no scattererrirst, the incident field is computed by
usingonly 1.5 1 . 8@mm 300mm) size surface positioned 10mm away from

the transmitter and receivantennas.

Y

L.
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e ———
Wwooe

————————————
\

-

Receiver Antenna

t

|

|

|

| Distance between centers of two antenna
|

|

i

)

2= 450mm

= 1

{ 0

] H =]

.' HE

: 1

|: i Note: Antennas are aligned in x-axis and z-axis

1
| - Transmitter Antenna Position:

e

L= X-pos=0mm y-pos=-225mm z-pos=0mm
Reciever Antenna Position:

Transmitter Antenna
X-pos=0mm y-pos=225mm z-pos=0mm

Figure4.7: Validation Scenario fothe proposed methd®nly Front Surface)
& valuesareobtained by the proposed method are compared to the results of CST

simulationsin Figure4.8 - Figure4.10.

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) No Target

1.2 -
mm  Z(2,1)(Reaction)
1l B == =2(2,1)(CST)
h
v 0.8 il
3 I
E 06 il
T 1
o /]
= 04- i‘!
4
o -
1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure4.8: Z(2,1) Magnitude Comparison (CST vs Reaction Theorem) (Front
Surface only)
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Z(2,1)(Reaction) vs. 2(2,1)(CST) (Real) No Target
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Real Part
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Figure4.9: Z(2,1) Real Pai€omparison (CST vs Reaction Theorem) (Front Surface
only)

Z(2,1)(Reaction) vs. Z(2,1CST) (Imaginary) No Target
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Figure4.10: Z(2,1) Imaginary Part Comparison (CST vs Reaction Theorem) (Front
Surface only)

As it can be seeinom Figure4.8 to Figure4.10even though usingnly frontsurface
was giving good results computencident field,0 values obtained by using only

front surface are not accurate enouBecauseapplication of reactin theorem
requires a closed surface for integration.

Same scenario is repeated but nalsurfaces on a rectangular prism except the
back surface are used both to find incident field and apply reaction thebnem.
scenario ishownin Figure4.11.
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Note: Antennas are aligned in x-axis and z-axis
Transmitter Antenna Position:

x-pos=0mm y-pos=-225mm z-pos=0mm
Reciever Antenna Position:

X-pos=0mm y-pos=225mm z-pos=0mm

Transmitter Antenna

Figure4.11: Validation Scenario fathe proposed methd#lo Back Surface)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) Gap=450mm
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Figure4.12: Z(2,1) MagnitudeComparison (CST vs Reaction Theorem) (No Back
Surface)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) Gap=450mm
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Figure4.13: Z(2,1) Real Part Comparison (CST vs Reaction Theorem) (No Back
Surfacé
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Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) Gap=450mm
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Figure4.14: Z(2,1) Imaginary Part Comparison (CST vs Reaction Theorem) (No
Back Surfacg

As it can be seen, accuracy in magnitude is increased significantly. Since this kind
of surface will take some time fa@omputation,the size of the front surface is
reduced to 200mm from 300mm length and widtlsee if it hasignificantimpact

on accuracy

L.

t
I
I
I
I Distance between centers of two antenna
I 450mm

I

|

}

wuwgoz

Note: Antennas are aligned in x-axis and z-axis
Transmitter Antenna Position:

X-pos=0mm y-pos=-225mm z-pos=0mm
Reciever Antenna Position:

Transmitter Antenna X-pos=0mm y-pos=225mm z-pos=0mm

Figure 4.15. Validation Scenario fothe proposed metho{No Badk Surface)
(SmallerFrontSurface)
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Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) No Target
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Figure4.16: Z(2,1) MagnitudeComparison (CST vs Reaction Theorem) (No Back
Surface)(SmalFrontSurface)
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Figure4.17: Z(2,1) Real PartComparison (CST vs Reaction Theorem) (No Back
Surface)(SmalFrontSurface)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) No Target
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Figure4.18 Z(2,1) ImaginaryPart Comparison (CST vs Reaction Theorem) (No
Badk Surface)(SmalFrontSurface)
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Accuracy of the calculation compared to CST does not change much even though
smaller surface is used to calculate mutual impedance. This shows that emphasis on
closed surface is more important than usadargf surfaces for accurac@ne last
change over surface is implementedsee the impact over accuracy. Side surfaces

areextended to back of antenfram 20mm to 100 mm

| Distance between centers of two antenna
450mm

1 Note: Antennas are aligned in x-axis and z-axis
Transmitter Antenna Position:
X-pos=0mm y-pos=-225mm z-pos=0mm
Reciever Antenna Position:

Transmitter Antenna X-pos=0mm y-pos=225mm z-pos=0mm

Figure4.19: Z(2,1) Comparison ScenaridNo Back SurfaceflLarger Side Surfaces)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) No Target 450mm

m  Z(2,1)(Reaction)
m— m Z(2,1)(C5T)
1
@ 0.8 l|
3 I
‘T 0.6 1 ‘
¥ I
[u]
=04 " ‘
02- i\
&
0—-——ﬂl-f - \_——_-
1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure4.20: Z(2,1) MagnitudeComparison (CST vs Reaction Theorem) (No Back
Surface)arge SideSurface)
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: Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) No Target 450mm

mmm Z(2,1){Reaction)
s wm 7(2,1)(CST)

a 05 '

"g 1

=

2 ||

?aD I

= 0—---—--," ’-—-—_

Y

1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure4.21: Z(2,1) Real PartComparison (CST vs Reaction Theorem) (No Back
Surface)Large SideSurface)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) No Target 450mm

mmm  Z(2,1)(Reaction)
)

0.2 i1| m— m Z(2,1)(CST)

O—-—-—-"' r"‘-—-——nq

; I
3 -0.2
=
: |
0 0.4-
= |
-0.6
-0.8
-1
1.3 1.4 1.5 1.6 1.7

Frequency (GHz)

Figure4.22: Z(2,1) ImaginaryPart Comparison (CST vs Reaction Theorem) (No
Back Surface]Bigger SideSurfaca)

It can be seen that, this configuration provides almost identical results with CST,

hence this surface will be used for further examination of different cases.

To investigate limits of thgroposedapproach, distance between antenig

decreaseffom 450mm to 350mm and 250mm as showRigure4.23.
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| Distance between centers of two antenna
: 250mm:100mm:350mm

|

|

wwooz

Note: Antennas are aligned in y-axis

Transmitter Antenna Position:

X-pos=0mm y-pos=-125:-50:-175mm z-pos=0mm
Reciever Antenna Position:

X-pos=0mm y-pos=125:50:175mm z-pos=0mm

Transmitter Antenna

Figure 4.23. Z(2,1) Comparison Scenario (CST vs Reaction Theorem) (Varying
Distances)

The results for 350mm distance are presented and compdfepie4.24 - Figure

4.26, whereas results for 250mm distance are comparedime4.27 - Figure4.29.

Z(2,1)(Reaction) vs. Z(2,1)(C5T) (Magnitude) No Target 350mm

mm  7(2,1)(Reaction)
— m Z(2,1)(CST) |

|
I
0.5 - ‘ ‘
-ﬂ'i \n-......__....

1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

10

Magnitude

Figure4.24: Z(2,1) Magnitude Comparison (CST vs Reaction Theorem) (350 mm
Gap)
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Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) No Target 350mm

mmm  Z(2,1)(Reaction)
' — m Z(2,1)(CST)
)

0.5 -
g I\
"g 0 St o wpn pn m—— Ny T ———
\|
%ﬂ -0 5
s |||

-1} '
1.5 : :
1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure4.25: Z(2,1) Real Part Comparison (CST vs Reaction Theorem) (350 mm
Gap)

Z(2,1)(Reaction) vs. Z(2,1{CST) (Imaginary) No Target 350mm
i mmm  2(2,1)(Reaction)
m— m Z(2,1)(CST)
1 I I
II
0.5 |‘

1
D—ﬂ_---a‘ I ‘ ’-—_ﬂl
L 4

Magnitude

1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure4.26: Z(2,1) Imaginary Part Comparison (CST vs Reaction Theorem) (350
mm Gap)

53



2(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) No Target 250mm

mmm Z(2,1)(Reaction)
 m Z(2,1)(CST)
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l
fl
il

Magnitude
5w

0.5} i \
, -
o Y M. P ———
1.3 1.4 1.5 1.6 1.7

Frequency (GHz)

Figure4.27: Z(2,1) Magnitude Comparison (CST vs Reaction Theor@&s) (mm
Gap)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) No Target 250mm
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Figure4.28 Z(2,1) Real Part Comparison (CST vs Reaction Theor@s() (nm
Gap)

05 Z(2,21)(Reaction) vs. Z(2,1)(CST) (Imaginary) No Target 250mm

i
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-— Z(2,1)(C5T)

1.3 1.4 1.5 1.6 1.7
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Figure4.29: Z(2,1) Imaginary Part Comparison (CST vs Reaction Theor2at) (
mm Gap)
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For a better comparison, magnitudexnf at 1.5 GHz computed for three different

distance values between antennas (denoted as Gap) are preseigackih30.

Z(2,1)(Reaction) vs. Z(2,1)(CST) w.r.t Gap (1.5 GHz)
=N = Z(2,1)(Reaction)

N N\ = Z(2,1)(CST)
5\ \
2 §\~\
)
~
15 V.

Magnitude

-5\\
Bt

250 350 450
Gap (mm)

Figure4.30: Z(2,1) Magnitude Comparison with respect to G&ST vs Reaction
Theorem)

Results shows that when distance between amdedeereases, accuracy also
decreases Becauseas antennas get closer, they are affecting their radiation
characteristics more. Also, small dipole approximation gets less accurate as the
observation distance is decreasing. Even thmoposedmethod still provides
acceptableesults when distance betwedaosest poirgof antennass roughly equal

to quarter wavelength.

Another scenario is constructed for comparison. This time antennas are put side by
side insteadf on top of each othefhe box size and di&nce between antennas can

be seenifrigure4.31and the results of this case are presentéjure4.32- Figure

4.34.
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# Distance between centers of two antenna
e 450mm

Note: Antennas are aligned in y-axis
Transmitter Antenna Transmitter Antenna Position:
X-pos=-225mm y-pos=0mm z-pos=0mm
Reciever Antenna Position:
X-pos=225mm y-pos=0mm z-pos=0mm

Figure4.31: Z(2,1) Comparison Scenario (CST vs Reaction Theorem) (Side by side
Antennas)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) No Target

wmm  7(2,1)(Reaction)

1.2} a = Z(2,1)(CST)
l L
1
fg: 0.8+ l‘
£ I ‘
o6 | I
s 1 \
0.4 ]
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0 B = g - - . \———--
1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure4.32. Z(2,1) Magnitude Comparison (CST vs Reaction Theor&ige( by
Side Antennas)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) No Target

Q

Al
e . e o s o 5 ‘.\.________

Real Part

-0.5
!
ERs
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Figure4.33: Z(2,1)Real ParComparison (CST vs Reaction Theore®ide by Side
Antennas)
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Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) No Target

| A
’ |
P o e o '\-————-

\l

! [ Z(2,1)(Reaction)
— l2(2,1)(CST)

Imaginary Part
o

-0.5 -

.1 L Il
1.3 1.4 1.5 1.6 17
Frequency (GHz)

Figure4.34: Z(2,1) Imaginary ParComparison (CST vs Reaction Theorer@ijde
by Side Antennas)

The proposed method provides satisfactory results as foellsideby-side

placement.

Now that comparisons are made foany different scenarip$EC scatterers are
included in comparisons. Firstly, a PEC sphere is inclageshown irFigure4.35

and comparisonaremade with CST resultfer 3 different gap values

Target Properties
X Radius:150mm
z Position of Center:

x:0mm y=0mm z=800mm

PEC Sphere Target

250:100:450mm

Mote: Antennas are aligned in y-axis

Transmitter Antenna Position:

X-pos=0mm y-pas=-125:-50:-175mm z-pos=0mm
Reciever Antenna Position:

X-pos=0mm y-pos=125:50:175mm z-pos=0mm

Transmitter Antenna

Figure4.35: Z(2,1) Comparison Scenario (CST vs Reaciibeorem) (PEC Sphere
Included)(Varying Distance with Antennas)

The results for 450mm gap are presenteBigure4.36 - Figure4.38. The results
for 350mm gap are presentedrigure4.39- Figure4.41. And the results for 250mm
gap are presented gure4.42 - Figure4.44.
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29,:)(Reaction) vs. Z(2,1)(CST) (Magnitude) Gap=450mm Target:Sphere

mm  Z(2,1)(Reaction)
— mZ(2,1)(CST)

Magnitude

0.5

Frequency (GHz)

Figure 4.36: Z(2,1) Magnitude Comparison (CST vs Reaction TheoreSphére
Targe) (450 mm Distance Between Antennas)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) Gap=450mm
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wm  Z(2,1)(Reaction)
w =Z(2,1)(CST)

Real Part

[=]

o T

Figure 4.37: Z(2,1) Real PartComparison (CST vs Reaction Theorem) (Sphere
Target) (450 mm Distance Between Antennas)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) Gap=450mm
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Figure4.38: Z(2,1)ImaginaryPartComparison (CST vs Reaction Theorem) (Sphere
Target) (450 mm Distance Between Antennas)
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IZ[ZJ,I)(Reaction) vs. Z(2,1)(CST) (Magnitude) Gap=350mm Target:Sphere

’ == Z(2,1)(Reaction)
1 ‘ = uZ(2,1)(CST)
I
8 -
g° 2
2 1
‘0.6 l 1
¥ i
s T
0.4 -
T
1
0.2
I
0 -_-_-____Ln‘é_&____-_-
1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure 4.39: Z(2,1) Magnitude Comparison (CST vs Reaction Theorem) (Sphere
Target) 350 mm Distance Between Antennas)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) Gap=350mm
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Figure 4.40: Z(2,1) Real PartComparison (CST vs Reaction Theorem) (Sphere
Target) 850 mm Distance Between Antennas)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) Gap=350mm
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Figured4.41: Z(2,1)ImaginaryPartComparison (CST vs Reaction Theorem) (Sphere
Target) 850 mm Distance Between Antennas)
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Zgz.n)(Reactfon) vs. Z(2,1)(CST) (Magnitude) Gap=250mm Target:Sphere
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Figure 4.42: Z(2,1) Magnitude Comparison (CST vs Reaction Taey (Sphere
Target) 250 mm Distance Between Antennas)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) Gap=250mm
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Figure 4.43. Z(2,1) Real PartComparison (CST vs Reaction Theorem) (Sphere
Target) 250 mm Distance Between Antennas)

; Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) Gap=250mm
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= wZ(2,1)(CST)
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Figured.44: Z(2,1)ImaginaryPartComparison (CST vs Reaction Theorem) (Sphere
Target) 250 mm Distance Between Antennas)
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As the distance between antennas are getting tdassch other, it can be seen that
results of the proposed method stadéwiate from CST resultbecaus@assumption
of scatterer and transmitter radiating into fspace is getting less valid and multi

scatterings are getting stronger.

To investigateéhe effects of changing the distance between target and antennas it is
first increased to 1000mm from 800mm, then it is decreased to 600mm. The results

for 1000mm distance are shown igure 4.46 - Figure 4.48 ard the results for

600mm distance are shownkigure4.49 - Figure4.51.

Target Properties
X Radius:150mm
z Position of Center:
x:0mm y=0mm z=600:400:1000mm

PEC Sphere Target

Note: Antennas are aligned in y-axis
Transmitter Antenna Position:
Xx-pos=0mm y-pos=-175mm z-pos=0mm
Transmitter Antenna Reciever Antenna Position:

x-pos=0mm y-pos=175mm z-pos=0mm

Figure4.45: Z(2,1) Comparison Scenario (CST vs Reaction Theorem) (PEC Sphere
Included)(Varying Distance of Target)

2(11,1%( Reaction) vs. Z(2,1)(CST) (Magnitude) Distance=tooomm Target:Sphere

B == Z(2,1)(Reaction)

m m Z(2,1)(CST)
1
g i
g 1
I
2 o5 ks
|
l' ‘
0 -’ \
1.3 1.4 1.5 1.6 1.7

Frequency (GHz)

Figure 4.46: Z(2,1) Magnitude Comparison (CST #eaction Theorem) (Sphere
Target) (L000mm Distance Betweefintennas and Target
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1 Z(2,1)(Reaction) vs. Z(2,1)(C5T) (Real) Distance=1000mm

== Z(2,1)(Reaction)
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0.5 -

Real Part

Figure 4.47. Z(2,1) Real PartComparison (CST vs Reaction Theorem) (Sphere
Target) (000mm Distance Betweefintennas and Tge)

15 Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) Distance=1000mm
wmm  Z(2,1)(Reaction)

e w Z(2,1)(CST)
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0 vom =y =
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Figure4.48: Z(2,1)Imaginary ParComparison (CST vs Reaction Theorem) (Sphere
Target) L000mm Distance Betweefintennas and Target

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) Distance=600mm Target:Sphere
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Figure4.49: Z(2,1) Magnitude Comparison (CST vs Reaction Theorem) (Sphere
Target) 600mm Distance BetweeAntennas and Target
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Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) Distance=600mm
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Figure 4.50: Z(2,1) Real PartComparison (CST vs Reaction Theorem) (Sphere
Target) 600mm Distance BetweeAntennas and Target

0.8 Z(2,21)(Reaction) vs. Z(2,1)(CST) (Imaginary) Distance=600mm
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Figured4.51: Z(2,1)Imaginary ParComparison (CST vs Reaction Theorem) (Sphere
Target) 600mm Distance BetweeAntennas and Target

As expected, as target geteszr, accuracy giroposednethod is decreasing since

multi-scatterings getting more significant.

Different targets are also examinedé® accuracy and effectivenesshef proposed
method for various scenaridsirst a cone target is considered asvaman Figure
4.52 and results are presentedrigure4.53 - Figure4.55. Then a square plate target

is considered as shown kigure4.56 and results for this target are showrkigure
4.57 - Figure4.59,
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Target Properties

Radius of Bottom:150mm
Height: 200 mm

Position of Center:
x:0mm y=0mm z=800mm

PEC
Cone Target

- -—

350mm

~~~~~

———————— —

Note: Antennas are aligned in y-axis

Transmitter Antenna Position:

X-pos=0mm y-pos=-125:-50:-175mm z-pos=0mm
Reciever Antenna Position:

X-pos=0mm y-pos=125:50:175mm z-pos=0mm

Figure4.52: Z(2,1) Comparison Scenario (CST vs Reaction Theorem) (PEC Cone)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) Target:Cone

Magnitude
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Figure 453 Z(2,1) Magnitude Comparison (CST vs Reaction Theoreboné

Target)
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Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) Target:Cone
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Figure4.54: Z(2,1)Real ParComparison (CST vs Reaction Theore@deTarget)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) Target:Cone
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Figure4.55: Z(2,1) Imaginary ParComparison (CST vs Reaction Theore@pge
Target)
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x:0mm y=0mm z=800mm
Plate is in x-y plane

R pp—

______ :’,/,;.l Target Properties

=" i g T e X Edge Length: 200mm
HE z Position of Center:
HE
H
]
1
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wwooz

Note: Antennas are aligned in y-axis

Transmitter Antenna Position:

X-pos=0mm y-pos=-125:-50:-175mm z-pos=0mm
Reciever Antenna Position:

x-pos=0mm y-pos=125:50:175mm z-pos=0mm

Transmitter Antenna

Figure4.56: Z(2,1) Comparison Scenario (CST vs Reaction Theorem) (PEC Plate)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Magnitude) Target:Plate
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Figure 4.57: Z(2,1) Magnitude Comparison (CST vs Reaction Theordngte
Target)

Z(2,1)(Reaction) vs. Z(2,1)(CST) (Real) Target:Plate
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Figure4.58: Z(2,1)Real ParComparison (CST vs Reaction TheorelpfeTarget)
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6 Z(2,1)(Reaction) vs. Z(2,1)(CST) (Imaginary) Target:Plate
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Figure4.59: Z(2,1) Imaginary ParComparison (CST vs Reaction Theoreflafe
Target)

To see the effect of different targetssults of Z(2,1) for different target are shown
in at the samémein Figure4.60- Figure4.62. Impact of square plate is much higher
to Z(2,1) parameter so igure4.63 - Figure4.65 only sphere and cone targets are

plotted to show their differences more clearly.

2 Z(2,1)(Magnitude) for Different Targets Gap=350mm
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Figure4.60Z(2,1) Magnitude Comparison for Different Targets
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5 Z(2,1)(Imaginary Part) for Different Targets Gap=350mm

mmm 7(2,1)(Sphere)

== m Z(2,1)(Cone)
—-— Z(2,1)(Plate)

t |‘

£

= 1

S 0 —ﬂ#}-———

£ ]

& il

E 1]

_5 L L L ]
1.3 1.4 1.5 1.6 1.7
Frequency (GHz)

Figure4.61:Z(2,1) Real Part Comparison for Different Targets
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Figure4.62: Z(2,1) Imaginary Pai€omparison for Different Targets

Figure4.63Z(2,1) Magnitude Comparison f@phere and ConEargets

68
















































