duinneayanan wizoounfimanTzi

A STUDY ON CHARACTERISTICS OF A QUASI-
OPTICAL ANTENNA-MIXER AND ITS
APPLICATIONS

'E058058

SUWAN JANIN
faymy). ‘ - :
tnﬂ]ﬂziﬁuusgss's"s"z' .b....’...--(::.: ..... teeeerirenn
suond. 1188 Hoeeersoneessesreees )

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENT FOR THE DEGREE OF
DOCTOR OF ENGINEERING IN ELECTRICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2008
KMITL-2008-EN-D-018-191



COPYRIGHT 2008
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



s LY wa o'
Wadeineniinus msAnydnyazauianesnslseynd IFumenanedy

g Qo A
AUYYIUUVUNANNTITAIL

Vinfnw WU Sunssuns
sHTnANY 47060002

Ygan IINTIUMAAIAUR TR
MNIn Franssu i

N.A. 2551

d L4
o1wsigauguineniinus  fas. w'lue lnsqny

d 3 o ~ J a av & aa o o
DIVFHHAIUANINNUNUBIIN ATINUIAANA ATHUIUIAY

unfinge

3‘nmﬁwuﬁﬁduf’:"lﬁ'nﬁnﬁamsﬁnymﬁnmi*ummummﬂwauﬁtyiymuunnﬁnmsﬁa
uae uazaslszyndldam 'nqyﬁﬁfugmaamuemmmnﬁngq;muuwﬁnmsﬁaumuax
ﬁunnﬂ%’uﬁmﬁu"lﬁ’{gn?mswﬁ'uaxuﬁmﬁ'ﬂlathanﬁ"emwmi’fﬂwﬁ'mmmummﬁ GRI)
msfnysunInmseImeanaydyaalavlFmoomeanaudygramsnnisiumsamy
uuyleusa dvvsonuiumssonuuudiulszneuvesmseiniadelssneudasaverna
HaudysuuuMdnMstuaumIuLLylausa wamsnageuguaudalunauaid K
mwoimaesilszneniduawemausuuiudmivusa fafeunsrseshamun g
fiu ﬁmﬁ'ﬁi"uﬁfgnpmmm?i?ﬂqﬁ'mmﬁ' 18.8 GHz daruldSanesngnurvesdaney

L. o

y o da 4 e A A g
duaraununuy leuSavasndndunilsSudyauseadamneilseiunioananu

1 4
=3 °

L] o o 3 4 ¥ o o P
17.5 GHz i lifanesniaad laloawesan HSCH-9101 imThudasdyaandud
] ] [ v b 4 ’
ngiiudygnundudnmeiinaud 1.45 GHz swemaminausiiauwsaaadymdya e
- ¢ o A A o ¥ ¥
spagalanessziuniosndiwennnsnandyyislaonis 14 Inseadarumannuy

leuse namsnaaeunaasminsuonlaamulssninaunfudygrannutosadammes

I v

Uszdunsesfudunsuanudinglininndi 20 dB finawud 18.298 GHz mmsgaydeainms

r 9 '

wasuauuyle Tansedlniianioondt 15 dB finawd 18.8 GHz d1ussuudunisnaasy
= o [-] 4 .4 Q é
uazaTamstinunadindudsauemaraudyassnnsAeds 4X1 sansznou
waznisiieunatdinduainisodivualdsinssyyuvessivenind Ty yiu
Py o ° 4 ] 'é : ° P} o o
soagammeslszsuaseslunnazarmddananuavianulunanfiondu Tnosanisiauaas
sy gmsurndaumufiananialdndyganuidnae Mogaldivauemsia
wa ) ad a o aa P} Y 9 o A an o ) 9 v
Audniian ladilinainvesdinaniiinisgyds lavl435doundy Faisanalémsian

o/

[ 1] | o/ A d‘ 1=
Aunisaien Taslgawemenandayaranuundnmsnauds mafi lduaassfanaiatios



\ A o o ey ¥ =y "
i 11 WesiFuddedinnmuiu 1y I lumsh Il audumsfaquauiaa ladidnasnvea

fnarauuy luviae

II



Thesis Title A Study on Characteristics of a Quasi-optical Antenna-

mixer and Its Applications

Student Mr.Suwan Janin

Student ID. 47060002

Degree Doctor of Engineering

Program Electrical Engineering

Year 2008

Thesis Advisor Prof.Dr.Monai Krairiksh

Thesis Co-Advisor Dr.Keattisak Sripimanwat
ABSTRACT

This thesis addresses a principle of quasi-optical antenna-mixer and its
applications. Theoretical background of quasi-optical antenna-mixer and beam
scanning formulations is analyzed and illustrated for understanding its fundamental.
At first, the antenna composed of a quasi-optical hybrid ring antenna-mixer is
investigated at K-band. The antenna element consists of back-to-back aperture
coupled inverted square patch antenna to couple the RF signal at 18.8GHz to the
sigma port of a hybrid ring mixer while the LO signal at 17.5GHz is coupled to the
delta port. The HSCH-9101 Schottky diodes are used to transform the RF signal to
intermediate signal at 1.45GHz. This antenna mitigates the retransmitted LO signal
problem by using hybrid ring structure. The results show the isolation between the LO
to RF is better than 20 dB at 18.3GHz, and the isotropic conversion loss of lower
sideband is better than 15 dB at 18.8GHz. Next, the 4x1 quasi-optical hybrid ring
antenna-mixers are demonstrated and measured. The multibeam operation can be
defined by fixing the angle of the LO transmitting antenna at each LO frequency that
will be operated at the same time. The results show three IF signals and three
radiation patterns. Finally, the dielectric property determination of lossy medium by
an inverse technique is implemented in spatial domain by using quasi-optical antenna
mixers. The results show the error is less than 11% which is feasibly useful in.non-

destructive dielectric property determination.
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CHAPTER 1
INTRODUCTION

1.1 Historical notes on quasi-optical antenna-mixers

Wireless communications have been rapidly developed to serve the demand of
high speed data communications. With respect to this demand, antennas must be
elaborately developed to improve communication capacities. However, the higher
frequency causes the higher insertion loss in the radio frequency (RF) circuits
particularly in the phase shifters. A quasi-optical antenna-mixer, with the RF signal is
transformed by the local oscillator (LO) signal to the intermediate frequency (IF) at
the antenna, was proposed to resolve transmission line loss at millimeter wave
frequency [1]. It composes of the slot ring resonator loaded by a pair of mixer diodes
[2]. Stephan, et al. proposed the means of a newly defined quasi-optical mixer
parameter called isotropic conversion loss [3]. The millimeter-wave front-end utilized
quasi-optical integrated antenna has been proposed in [4]. Planar quasi-optical
receivers that compactly integrate a coupled slot antenna with a HEMT or MESFET
balanced self-oscillating mixer on the same substrate was developed [5] for
applications in microwave and millimeter-wave receiver arrays. The conversion gain
was improved by adding the hemispherical lens [6]. The conversion loss can be
further improved by using the magic slot-lens radiator [7]. A planar quasi-optical
mixer using a folded-slot antenna excited by orthogonal mode was proposed for RF/IF
isolation filter [8]. A micromachining technology was used to create a new alternative
for submillimeter-wave system [9]. The quasi-optical power combiner is an
alternative technique to combine power when the solid state devices can not stand
high power as frequency increases.

For power combiner, at millimeter or submillimeter wave combiner, the work in
[10] used a quasi-optical open resonator to effectively combine the power output of
several solid-state oscillators to a single-frequency. It was shown in [11] that a planar
source array containing 25 individual elements or more result in very efficient power
transfer of energy from the source arrays. York and Compton [12] proposed the InP
Gun resonator of 60GHz with 54% power combine efficiency. The work in [13]
demonstrates the power combiner composed of GaAa IMPATT for 100GHz source



and tested by increasing the element of 5x5, 7x7 and 9x9 with obtained corresponding
power of 300mW, 630mW and 800mW, respectively. The active planar array of
quasi-optical power combiner served by 16 MESFET devices for 10W X-band high
power source was proposed in [14]. Wu and Chang discussed an effect of coupling
between active circular patch antennas on combined radiation and proposed a novel
radiating element with low cross-polarization feature [15]. However, the strong
coupling is usefulness for 4x4 power-combining array in multilayer structure as
shown in [16]. The application of these two types of connections in the two-
dimensional array was discussed. A multilayer (3-D) structure was employed in the
circuit design to accommodate the complex layout of the two-dimensional arrays.

A quasi-optical amplifier, is a technique that incoming power is combined as
discussed above. When using at high frequency, the high power from solid state
devices such as amplifiers can not be obtained. Chi and Rebeiz presented a quasi-
optical amplifier suitable for Gaussian-beam applications which composes of horn
antenna connected with active devices that provided 10.5dB of gain at 5.92GHz [17].
The researches on quasi-optical amplifiers are reported in [18-20].

For a beam scanning system, the quasi-optical mixer-antenna array has been
proposed by Nishimura et al. in [21]. The receiving mainbeam of RF signal can be
controlled by adjusting LO frequency or changing LO incoming direction. The
magnetic loop quasi-optical antenna-mixer in planar array was proposed by Satio et
al. in [22]. The receiving RF main beam can be scanned similarly in 2D plane.

The knowledge of complex permittivity is important in a great number of
applications. Industrial microwave heating requires the precise permittivity
determination of the involved dielectric materials. In food industries, accurate
measurement of ingredient of the product is very important in manufacturing process.
The measuring technique based on cavity perturbation and transmission lines provide
accurate results. Free space methods are nondestructive technique that usually suffers
from reduced accuracy due to unwanted reflections of the surrounding object and the
diffraction from the edges of the sample. Since some objects can not be destructively
determined, hence nondestructive determination of unknown dielectric object is
important and has been widely developed [23]. Measurement of the reflection
spectrum over a wide bandwidth permits one to get rid of spurious solution. This
technique provides accurate results by measuring reflected wave from an' object,

typically layered dielectric sheet with large size comparing to operating wavelength.



Microwave stepped-frequency radar can provide both deep penetration and fine
resolution simultaneously for subsurface evaluation [24]. There is only one drawback
that it needs wideband measurement which requires expensive measuring instruments.
When frequency spectrum is limited, a narrow band measurement is desirable.

In an inverse technique for dielectric property determination applications, the use
of quasi-optical antenna-mixer is feasible because the measurement in spatial domain
[25] can provide as accurate results as those from the measurement in frequency
domain. This technique has a significant advantage that single LO is used, hence
synchronization between LO is not necessary as in the conventional multiple
superheterodyne receivers. Nevertheless, LO retransmission is a severe problem when
it reflects back from the object under determination to the mixer and results in

measurement error. Therefore, mitigation of LO retransmission must be carried out.

1.2 Research objectives

In this thesis, the study on a quasi-optical antenna-mixer is proposed. The
nature of quasi-optical antenna-mixer is based on receiving the RF and LO signals in
front and back sides of the antenna. Therefore, the undesired problem occurs in the
mixing operation. The LO retransmitting signal through the back side to the front side
perturbs the outside environment that is a serious problem in wireless communication
systems. The hybrid ring coupler, embedded in quasi-optical antenna mixer, is
presented to alleviate the undesired LO retransmitting signal.

In multiple-beam operation, those techniques in [21], [22] cannot fulfill the
requirement that the antenna system should provide multiple-beam instead of single
beam operation. These antenna-mixers can scan the mainbeam by controlling the
L.O’s incoming incident angle. However, the work in [21] provides a single beam that
cannot fulfill the requirement of the system like Multiple Input Multiple Output
(MIMO) system [26]-[27] and angle diversity [28] systems. These systems need an
antenna that provides multiple beams simultaneously. The multiple beams antenna
with multiple LO transmitting antennae using quasi-optical antenna-mixer is proposed
in this thesis.

The details in this research are divided into seven chapters as follow:



Chapter 2 deals with the theory background of quasi-optical antenna-mixer and
beam scanning formulation. The analysis and design of antenna element for obtaining
high isolation are carried out and tested in chapter 3. A multibeam antenna using
quasi-optical hybrid ring mixer antenna array is proposed in chapter 4. Some
applications where multibeam antenna is required at high frequency, a quasi-optical
antenna mixer array using multiple of LO can be accomplished with different LO
frequencies. Multibeam antenna can be accomplished with different intermediate
frequencies. The quasi-optical mixer is used to operate as multibeam antenna. The
direction of the RF receiving beam is defined by the direction of LO transmitting
antenna. In order to produce a multibeam antenna without a complicated feeding
system, this thesis proposes the use of quasi-optical antenna-mixers. Multiple LO
transmitters at different frequencies are used to provide multibeam at different IF
frequencies. By taking element patterns into account, accurate beam directions can be
accomplished. This kind of multibeam antenna is useful for modern wireless
communications. The effect of non-uniform plane wave on radiation pattern of a
quasi-optical antenna-mixer array is discussed and the accurate design can be
achieved. It is presented in chapter 5. To accomplish the simple measuring system
with accurate result, chapter 6 demonstrates an implementation of an inverse
measurement system using quasi-optical antenna mixers for measuring reflected wave |
in spatial domain. Comparison of simulation results in frequency and spatial domains™
will be illustrated. Causes of error will be discussed that show the potential of the
system in practical use. The calibration process is proposed and measurement results
by this technique are compared with the ones from the dielectric probe. Chapter 7
details the overall conclusions and discussions of the results obtained form this study

and recommendation for the further research.



CHAPTER 2
FUNDAMENTAL OF A QUASI-OPTICAL ANTENNA -
MIXER

2.1 Introduction

This chapter describes a foundation of quasi-optical antenna-mixer and beam
scanning technique by using quasi-optical antenna-mixer array. Since high insertion
loss in the circuits particularly in the phase shifters is a serious problem at the high
frequency such as in millimeter wave band, a quasi-optical antenna mixer array was
proposed to overcome losses from the used transmission lines [1]. It can scan the
mainbeam without using phase shifters [21]-[22]. These antennae consist of a back-to-
back rectangular-patch antenna fed by a CPW (Coplanar Waveguide) and Schottky-
barrier diode. The mainbeam to receive Radio Frequency (RF) incoming signal
direction can be scanned by moving the direction of the Local Oscillator (LO)

transmitting antenna and changing the LO frequency.

2.2 A quasi-optical antenna-mixer operation

In the conventional receiver, RF and LO signals are fed through transmission
lines to a mixer as shown in Fig. 2.1(a). As frequency increases, insertion loss of the
transmission line typically increases depending on its transmission line length. Due to
this problem, the quasi-optical antenna-mixer was proposed to reduce the losses. The
concept of quasi-optical antenna mixer, where RF is transformed to IF (Intermediate
Frequency) signal at the antenna is shown in Fig. 2.1(b). The RF receiving antenna
and the LO receiving antenna are installed in a back-to-back manner. This technique

occupies an important position in the practical use of millimeter wave systems.
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Fig. 2.1 Receiving systems (a) Conventional heterodyne receiver (b) Quasi-optical

antenna-mixer

2.2.1 Mixer operation

In radio communication, the IF signal is shifted to the RF frequency that is
suitable for electromagnetic propagation at the transmitter. The receiving frequency is
shifted into the baseband frequency to obtain the information. The frequency shifting

is called mixing by using nonlinear devices.

Three-terminal
nonlinear device
RE input Jir= M= Wyo
-(small signal) - Mfpe* Mfyg
(Mixer outputs)
Jwo

Local oscillator
(large signal)

Fig. 2.2 Mixer model

A mixer is a three-port device as shown in Fig. 2.2, which consists of an input RF

signal port, an output IF signal port and a local oscillator (LO) port. The LO port is



used to drive the mixer, and the LO power is normally higher than the RF signal. This
driving action sometimes is called switching or modulation.

In case of RF and LO signals without harmonic and noise, the mixing products or
outputs of the mixer are illustrated in Fig. 2.3. These outputs consist of upper (fgr +

f10) and lower sideband (fzF - f10) products.

Amplitude
A
JretTro
A ﬂ\
A
fRF'fLo
- frequency

0 S Jo v S

Fig. 2.3 Output spectrum of mixing product

Mixing is achieved by injecting two signals to a nonlinear device. The output of

mixer can be expressed as
I=K¥V +v,+v,)" 2.1
where n is an exponential constant, ¥ is an offset or biasing voltage that is applied to

mixer diode, v, =¥, sin(w)is an RF signal, and v, =V, sin(wyf) is the LO signal.

When n=2, (2.1) becomes
I= K[V +V;sin(ayr) + ¥, sin(@,0)] (2.2)

I=K[V? +¥sin’ (@) + ;" sin’ (@) + 2V sin(@yt)

+2VV, sin(w,1) + 2V, sin(w,) sin(ayt)] (2.3)



The output signal in (2.3) shows that it comprises of many terms of signals. We
emphasize on the output term that generates the IF signal which consists of ¥; and 7>.

Therefore, (2.3) reduces to

I, =2KVV, sin(w;t) sin(w,t) 24)

I = KVY, {cos I:(co2 -0, )t] —cos [(co2 +a, )t:l} (2.5)

Equation (2.5) shows the upper and lower bands of the IF signals which one of

interest will be selected by using an IF filter.

2.2.2 180° Hybrid ring or rat-race ring coupler
A hybrid ring coupler is a basic transmission line circuit for balance diode mixer.
It is a four port device, and all ports are matched with standard 50Q2 impedance. The

structure of a hybrid ring or rat-race ring coupler is illustrated in Fig. 2.4.

)

Fig. 2.4 180° Hybrid ting or rat-race ring coupler

If the RF power is inserted to the port 1(Z), it is equally spitted to port 3 and 4
with power of -3dB lower than the input at port 1. Port 2(A) is used as the isolated
port that is 180° of phase difference comparing with the port 1 while the LO incoming
signal arrives at port 2. The electrical length from port 1 to port 2 in the counter

clockwise direction is A/2 and it is A in the clockwise direction. It means that the

corresponding phase differences 180° and 360° respectively. Consequently, the



hybrid ring can isolate the LO incoming signal to the RF receiving port. The

fundamental of hybrid ring coupler can be described by using the S-matrix as

0 SIZ SB SM
S:L SZ] 0 S23 SZ4 (26)
\/5 S31 S32 0 SB4
S4l S42 S43 0
and
0 0 1 1
1{0 0 1 -1
S=—4 2.7
211 1 0
I -1 0

To consider isolation by using S-matrix, the hybrid ring coupler can be chosen in
two cases. One is to select port 1 and port 2 because S;; = Sj2 = 0. The other is to
select port 3 and port 4 with S43 = S34 = 0. These mean that no power is coupled
through these ports. This thesis uses the hybrid ring coupler to improve RF/LO
isolation of the quasi-optical antenna-mixer and an analysis and design will be shown

in Chapter 3.

2.2.3 Isotropic Conversion Loss of quasi-optical antenna-mixer

Since a quasi-optical antenna-mixer combines the functions of antenna and mixer,
the conventional definitions of antenna gain and mixer conversion loss cannot be used
to determine circuit.performances. To characterize the efficiency of the receiver, the

isotropic conversion loss L;s,, is defined as

L., =10log [?L] dB (2.8)

iso

where Pjr is the down-converted IF power signal. Pjso is the RF power that is
obtained by receiving RF signal when the antenna gain is taken into account. It is

compared with the same antenna under the same measurement conditions.
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2.3 Fundamental of a beam scanning system by using quasi-optical

antenna-mixer array

Incoming RF signal

#N

RF receiving antenna

¥4
«—LO receiving antenna

p—- Z - IF,

Fig. 2.5 Diagram of a quasi-optical antenna-mixer array

The diagram of a quasi-optical antenna-mixer array is shown in Fig. 2.5. The
quasi-optical antenna-mixer elements are placed on the z-axis and the RF signal
incidents on the upper side of the quasi-optical antenna-mixers. The LO transmitting
antenna for transmitting LO signal is placed on the lower side in the far-field range.
The received RF signal is transformed to IF signal at each array element and are
combined at a power combiner. The LO signal plane wave, radiated by an LO
transmitting antenna, in the direction 8, is used to control the main beam of the
antenna to receive RF incoming signal at the direction fz. The amplitude of RF signal

of the n"” element is

ER,n = SR,n X DR,n (29)
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where S, is electric field intensity of the signal arriving at the n” element and D, ”

is the element pattern of the n™ element. In the same manner, the LO amplitude on the

n™ element is expressed as

E ,=8,,%xD,, (2.10)

where S, , is electric field intensity of the LO signal arriving at the n™ element and
D,, is the element pattern of the LO receiving antenna. The phase differences

between two elements for the RF and LO signals, ¢, and ¢, , are defined as
@ = kg dp-cos by (2.11)
¢, =k, -d, -cosf, (2.12)

where k, and k, are wave numbers for the RF and LO signals, respectively. d; and
d, are element separations between RF and LO receiving elements, respectively. The

RF signal is transformed by a quasi-optical antenna-mixer into an IF signal. The IF
output in the n” element is
I, =Eg,-cos(wyt —np,)®E,  -cos(w,t—ng,)
1
= EKnER,nEL,n X [COS{(G)R - wL )t - n(qu - (DL) + ﬁ - }
+cos{(@y + 0, ¥ ~n(pr ~9.)+ B, ]

= A, [cos(Q_t - n¥_ + B,.) +cos(Q,t —n¥, + ,.)] (2.13)

where w, and @, are angular frequencies of the RF and LO signals, respectively. K,

is the conversion gain of the mixer, and
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A = %K,,ER,,,EL,,, (2.14)
Q =w,-w, (2.15)
Q,=w,+0, (2.16)
W_=0r—¢, (2.17)
W, =00, (2.18)

B.. and B, are the phase differences from the transmission line. In general, the ®

symbol represents the mixing operation. It is defined as the operator to multiply the
product of both sides of the symbol by the conversion gain. These IF outputs are
combined by using the Wilkinson power combiner [29]. Therefore, the combined IF

signal is obtained as

L,=c-) I, (2.19)

where ¢ is a constant depended on the number of antenna-mixer elements. For

simplicity, we assume that the amplitude of conversion gain of RF and LO incoming

signals of each antenna-mixer are uniform. Moreover, the phase references (¥/_ and

Y , ) are moved to the phase of a linear array factor [30]. Equation (2.19) becomes

IF, = =IF, cos(Q_t)+IF,, cos(Q,t). (2.20)

sum

Therefore, the radiation patterns of linear array factor of IF signal can be

separated into two cases. One is the radiation for down conversion. The other is for up
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conversion, and the maim beam of each case are in opposite directions. These array

factors are given by

— c J(n-1)(kpdg cosOp—k;d; cosf;)
AFdown = Ze RAR €OSOp—FK, d} COSO) 2.21)
i=1
and
n
—_ J(n=1)(kpdg cosOp+k; d; cosb,)
AE‘P—-Ze RYR COSOR+k;d) cost - 0.22)

i=1

It should be noted that (2.21) and (2.22) are used when the element pattern of
quasi-optical antenna-mixer element is an isotropic radiation pattern. The maximum

mainbeam direction of the antenna can be achieved by setting the term of the phase

references (Y- and ¥, ) equal to 0°. For down conversion, the maximum

mainbeam of incoming RF signal can be derived as follow;

=0

deR cos 9R -deL cos QL =0

kpd,cos@, =k d, cosb,

P k;d; cosf,
e 2.23)
where k;, = 2z 270 and k, = 2z _21/n . Therefore, (2.23) is
R
A c " c

R,downcony.| .

-1
~ cos [deL cosOL}

SrAR (2.24)
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Similarly, the maximum of RF receiving direction is written as

w,=0

deR cos 9R + deL cos 9L =0

deR cos 9R = —deL cos 91.
p k;d; cosf,
OSYR =TT kpdy (2.25)

where k, = 27 _ 27/, and k, = 2 = %. Therefore, (2.25) is
A, c Ar c

-1
~ cos (deLcoseL]

0
Rupconv.| v f d
R“R

(2.26)

Equations (2.24) and (2.26) are used to predict the maximum mainbeam for
receiving RF signal. Fig. 2.6 shows the relation of down conversion receiving RF
signal direction (6r) depending on the LO transmitting antenna direction (6;) when
the frequency ratio (f/fz) is.vafied from 0.7 to 1.3 with step of 0.1. The results show
that the receiving RF sighal direction (6z) is sensitive with the LO transmitting
antenna direction (6.). In cases of (fi/fz) are 0.7, 0.8 and 0.9, which mean that the LO
frequencies are less than RF frequency, the scan limit of RF receiving directions are
45.6 to 134.4, 36.9 to 143.1, and 25.8 to 154.2 degrees, respectively. However, in case
of (fi/fg) are 1.1, 1.2 and 1.3, the scan limit of RF receiving directions are between 0
to 180 degrees can be accomplished by moving the LO transmitting antenna direction
(6p) form 22 to 156, 32 to 148,.and 38 to 142 degrees, respectively. These results are
important for a quasi-optical beam scanning performance. For up conversion, Fig. 2.7

shows the relation of up conversion of receiving RF signal direction (6z) depending
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180 74 T
1312 1.1 1.0

150} 0.9 ==
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ED 0.7
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QL : LO transmitting direction (degrees)

Fig. 2.6 Relation of 6z depended ; with varied frequency ratio (f./ fr) when dg=d,

for down conversion
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@ = 0.8
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Fig. 2.7 Relation of 6 depended 6 with varied frequency ratio (f, /fg) when dg=d]

for up conversion
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on the LO transmitting antenna direction (6.) when the frequency ratio (f/f) is varied
from 0.7 to 1.3 with step of 0.1. The results show that the receiving RF signal
direction (6g) is sensitive with the LO transmitting antenna direction (6.). In cases of
(i/fx) are 0.7, 0.8 and 0.9, which mean that the LO frequencies are less than RF
frequency, the limit of RF scan directions are 134.4 to 45.6, 143.1 t0 36.9, and 154.2
to 25.8 degrees, respectively. However, in case of (f1/fg) are 1.1, 1.2 and 1.3, the limit
of RF scan directions is 0 to 180 degrees of all directions by moving the LO
transmitting antenna direction (6;) form 24 to 158, 32 to 148, and 38 to 142 degrees,
respectively. By comparing Fig. 2.6 and 2.7, those results can confirm that the
directions for receiving RF signal in the up and down conversion are in opposite
directions. Furthermore, the scanning mainbeam capabilities are critically limited with
the frequency ratio. These results can be taken into account for performance
consideration of a quasi-optical beam scanning application.

To study the effect of ratio of distances between antennas (dg/d;) in case of up
and down conversion, Fig. 2.8 and 2.9 illustrate the relation of 6z depended 6, with
varied distance between RF and LO receiving antenna ratio (dr/d;) when fg=f, for

down and up conversion, respectively.

180 7d T
1312 1.1 1.0
150} 0.9
§ 0.8 #
& 0.7 1
S 120}
= —d,/d, =07
.
5
2 i +dL/dR = 08
5 90
g d/d. =09
g —o-a,/dp=\. 3
8 60! —d,/d, =13
; —-d, /dy=12
e 30 | —x—dL/dR=l.l
D d/d, =1
0 " 1 n i n
0 30 60 90 120 150 180

9L : LO transmitting direction (degrees)

Fig. 2.8 Relation of 6z depended 8, with varied distance between RF and LO

receiving antenna ratio (dg/d;) when the fz=f; for down conversion
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&0 %
£ —d,/dy=0.7
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%‘x 30 T —o-d, /dy=12
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9L : LO transmitting direction (degrees)

Fig. 2.9 Relation of 6z depended 6, with varied distance between RF and LO

receiving antenna ratio (dg/d;) when the fz=f, for up conversion

Fig. 2.8 and 2.9 show that the receiving RF signal direction (fg) is sensitive with
the LO transmitting antenna direction (f;), and the accurate case is that when the

distance between RF and LO receiving antenna is the same.

2.4 Beam scanning operation

To demonstrate beam scanning system by quasi-optical antenna-mixer array, we
assume that this array composes of a four-element quasi-optical antenna mixer system
(N=4), and the distance between element, with dg=d}, is 0.5\. The array is assumed to
be linear array of isotropic elements. The combined IF outputs are calculated as a
function of 6z when the frequency ratio (fi/fz) are 0.7, 0.8 and 0.9, and the LO
transmitting antenna direction (6;) are fixed at 45 degrees. In addition, the combined
IF radiation patterns are corresponding to the components of down and up conversion.
Fig. 2.10(a) shows the down converted main beam of IF radiation: pattern 'can be
scanned from 60, 55 and 50 degrees when the frequency ratio (f;/fg) are adjusted from
0.7, 0.8 and 0.9, respectively. On the other hand in up conversion, the main beam is in

opposite direction of 120, 125 and 130 degrees. These results clearly show that the

08008
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change in mixing operation changes the mainbeam in opposite direction. For the fixed

ratio of frequency (fi/fz = 0.9) and changing 6, Fig. 2.11 shows relation of IF

—— £,/ =07 X
------- f./fz=08 |
ciiee £./F.=0.9 60° A
UL 90° \ 550
120° 60°

180°

(a)

0 ; T f,/f,=0.38
eoveee £ /f,=09

(b)

Fig. 2.10 IF radiation pattern when 6, are fixed at 45 degrees and frequency ratio
(f1/fr) are 0.7, 0.8 and 0.9 (a) down conversion (b) up conversion
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Fig. 2.11 IF radiation pattern when ratio of frequency (f/fz = 0.9) and changing the
LO transmitting antenna to 45, 70 and 90 degrees (a) down conversion (b)

up conversion
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radiation pattern when changing the LO transmitting antenna to 45, 70 and 90
degrees, respectively. The calculated results show the mainbeam of IF can be
controlled by moving the LO transmitting antenna. Moreover, the mainbeam direction

of down conversion is opposite to the up conversion case.

2.5 Conclusion

The fundamental of quasi-optical antenna-mixer and the theoretical background
for beam scanning system using this antenna are described and analyzed in this
chapter. This antenna is proposed to solve the problem of losses in transmission line.
For beam scanning system using quasi-optical antenna-mixer array, the IF receiving
main beam direction can be controlled by two means. One is changing the LO
transmitting frequency. The other is moving LO transmitting direction. The calculated
results show that the receiving IF signal direction (fg) is sensitive to the LO
transmitting antenna direction (), and the scanning mainbeam capabilities are
critically limited by the frequency ratio. The accurate mainbeam prediction is
obtained when the distance between RF and LO receiving antenna ratio (dg/dy) is the

same.



CHAPTER 3
A HYBRID RING COUPLER QUASI-OPTICAL

ANTENNA-MIXER

3.1 Introduction

This chapter describes an analysis and a design of a hybrid ring coupler quasi-
optical antenna-mixer for mitigating local oscillator retransmission. The antenna
element consists of back-to-back aperture coupled inverted square patch antenna to
couple the RF signal at 18.8GHz to the sigma port of a hybrid ring mixer while the
LO signal at 17.5GHz is coupled to the delta port. The HSCH-9101 Schottky diodes
are used to transform the RF signal to the intermediate frequency signal at 1.3GHz.
The results show that the RF/LO isolation is better than 29dB at 18.19GHz, and the
isotropic conversion loss of the down converted signal is better than 16dB at
19.25GHz.

3.2 Principle of a hybrid ring coupler quasi-optical antenna-mixer

The hybrid ring quasi-optical antenna-mixer using a hybrid ring coupler to
mitigate LO retransmission is shown in Fig. 3.1. Fig. 3.1(a) shows the cross-section of
a six-layer antenna element, which consists of an aperture-coupled inverted square
patch antenna for receiving RF and LO signals at the top and the bottom layers. The
middle layer of the antenna, with mixer diodes, is shown in Fig. 3.1(b). To
demonstrate the design at K-band, the aperture-coupled inverted square patch antenna
is designed to receive RF and LO signals at 18.8GHz and 17.5GHz, respectively. A
hybrid ring mixer is equipped with an impedance stepped low pass filter (LPF). The
radius R is designed to obtain high isolation in the LO-to-RF receiving antennas. The
strip-foam-slot inverted patch [31] as shown in Fig. 3.1(c), which has the broadband
characteristic, low cross-polarization level, integrated radome and low-cost, is used.
The inverted square patch antenna at the top layer, with the width J, is etched on the
patch substrate by using RO3003 PTFE material with height #; = 0.762mm and

dielectric constant ¢,; = 3.
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CHAPTER 6
AN INVERSE TECHNIQUE IN SPATIAL DOMAIN

USING QUASI-OPTICAL ANTENNA-MIXERS FOR
DIELECTRIC PROPERTIES DETERMINATION

6.1 Introduction

An inverse measurement system by reflection measurement in spatial domain at
19 GHz band is implemented and tested in this chapter. Hybrid ring quasi-optical
antenna-mixers, with features of high LO/RF isolation and local oscillators’
synchronization, are used as probes for measuring reflected wave from the unknown
object. Calibration process is proposed for accurate results. Comparison of dielectric
properties of Agar phantom measured by this system with those from the commercial
dielectric probe show that the error is less than 11%. It shows the potential to design a

low cost dielectric-property determination system.

6.2 System Principle

An inverse technique is a procedure for determining unknown dielectric
properties of a medium. It is accomplished by using optimization techniques by which
performance functions are approximated. Then, parameters of the performance
functions are adapted to minimize error between desired function and approximated
function in the domain of independent variables. In this context, the desired function
is the measured data while the approximated function is the calculated data. When
multiple probes are used, loss in feeding network must be taken into account. The
problem of transmission loss can be mitigated by down converting the signal to the
lower frequency. However, local oscillators’ synchronization is necessary when
multiple receivers are used for down conversion. Quasi-optical antenna mixer has
been proposed for beam scanning without phase shifters so that low loss can be
accomplished at high frequency. Using one local oscillator, intermediate frequency

from each element of the mixer antenna can be simply measured.
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An inverse measurement technique in spatial domain [23] using quasi-optical
antenna mixers transmits a single continuous wave from a transmitter (Tx) toward a
target. Then N antennas are used to receive reflected wave from the target. Output
from the antennas will be complexly measured for amplitude and phase, respectively.
Since signal processing at high frequency is not convenient due to loss, these signals
are down converted to intermediate frequency (IF) signal. Then these complex
reflected IF signals will be fed to the inverse technique algorithm based on steepest
descent method to iteratively minimize error between measured and calculated waves
to find unknown a,' and a," of the target. The diagram of the proposed system is
shown in Fig. 6.1.

Let assume that a plane wave of amplitude E, is obliquely incident from a free
space of propagation constant k; onto an infinite half plane of homogenous lossy
dielectric medium witﬁ angle 6; as shown in Fig. 6.1. To simplify the calculation,
homogeneous dielectric half space is considered. In addition, mutual coupling

between the antenna elements are neglected.

£,,¢, z  Object under determination
R LT
) K‘%\
,// N
\

L - L 2 T (.5,
Quasi-optical antenna-mixers Amplitude
and Phase » Algorithm

Measuremem ;

A

Fig.6.1 Block diagram of the proposed system

Reflected waves from obliquely incident wave at an observation point P(r,8) can
be considered in case of the perpendicular and parallel polarization [23]. Since

microstrip antennas will be used as probes and exhibit vertical polarization, hence

perpendicular polarization case is considered. The reflected wave E| is
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E, =4 R E e 6.1)

where R, is a reflection coefficient of the lossy dielectric medium in the case of

perpendicular polarization. Reflection coefficient is given by [23]

R.(6)= sinB—\/a‘, —cos’ @
' sin @ ++/&, —cos® 8 62)

where &, is the complex relative permittivity of the lossy dielectric medium, which is

!
a function of dielectric constant ( &, ) and loss factor (3," ). The loss factor is equal to
o/ we, , where ¢ is the conductivity, o is angular frequency and &, is the permittivity
of free space. The complex relative permittivity is defined as

SN N
€ =6 Jé . (6.3)

A number of optimization techniques have been developed. There are many
performance functions depended upon the problem as mentioned in [24] where the
square of performance functions increases error of parameter vectors rapidly. In this
work, the suitable performance functions are the summation of absolute of difference

between measured and calculated quantities, e.g. real and imaginary parts of the

reflected waves. Measured results (E],, ) are obtained from measurement while
calculated ones (E;}) are obtained from (6.1) to (6.3). Therefore, the performance

functions, Q; and Q;, can be expressed mathematically as

i (6.4)

I (6.5)
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where X is a parameter vector (i.c., g,' and a,') and o; is j"' independent variable of
L sampling points. In this paper, @, is the measurement position. The total

performance function is a summation of each performance function that can

simultaneously be optimized. It is defined as

o(X.0,)=0(X.0,)+0(X,0,) (6.6)

The performance function can be optimized to find the minimum function. The
first order derivative of the function at any point represents the direction of the
maximum increment of the function value. Thus, minimum function value should be
searched along the opposite direction of the first order derivative direction. It is called

a descent search direction, which is defined as
d=-vQ(X,0,). (6.7)

The condition mazxé' is solved by using the linear programming that satisfies the

condition -VQ© ()? ,co,)-c? 26 and OSHJHSI, where the superscript T is the

transpose of the matrix and ||| is the norm of the matrix. In case of § <0, an error

occurs and the calculation is terminated. Initial values and performance functions

should be changed and calculation is restarted. In the case of § >0, the calculation

continues and the step length a' is defined as a positive value that found among each
performance function by using the bounding phase method and golden section search
calculation. The parameter vector is calculated from the descent search direction and

the step length that has been adapted. If the performance function of the parameter

vector is greater than the former one, then " is decreased to an appropriate value and
the parameter vector is recalculated. If performance function from the parameter
vector is less than the former one, then program continues the calculation in the next
iteration loop until the error (performance function) is less than a specified tolerance
or the relative change of error is constant value. Then, the parameter vectors at this

step are acceptable values.
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6.3 Effect of RF/LO isolation on IF error

Generally, the reflected RF signal is delivered to the mixers at the upper ports
whereas the LO signal from the LO oscillator is delivered to the lower ports. Then, IF
signals are measured at outputs of the mixers. The accuracy of the system depends on
the accurate measured IF signals for inverse calculation to obtain unknown dielectric
property. If the object under determination reflected the LO retransmission signal and

entered the upper ports, for simplicity, assume that the reflection of the retransmission
can be C times of the LO signal (0<C <1I) with phase shift of D(-180° < D <180°).
There will be other LO signal (C cos(w,,t+ D)) entering the upper ports of the quasi-

optical antenna-mixers. The output IF signals of the mixer are

IF = 1 | cos(@ppt + @yot) + COS(Wprt — Wy t) +
" 2| Ccos(@pgt + @yt + D)+ C cos(@pet — 0,5t — D)

}. (6.8)

By filtering the RF, LO and up converted signals out, the down converted signals

becomes
IF = %[cos(a)RFt — @, pt) + C cos(@pet — W, ot — D)] - (6.9)

The ideal output signal of those in Equation (6.9) is the first term when C and D

are zero, otherwise it will be different and results in error. The error can be defined by

Eq.(6.9)|..,.,— E9-(6.9)
Eq.(6.9)|

Error(%) = arbiray €2 %100 . (6.10)

C=D=0

To illustrate effect of LO retransmission on output signal error, Table 6.1 shows
the error for different C and D (worst case). The error is 0% when C is 0 (no LO
retransmission) and is 100% for total LO retransmission from the object. The lower
values of C corresponding to low LO retransmission provide less error of the IF
signal. This error has a significant effect on inverse measurement technique for

dielectric property determination [23]-[24] which complex IF signals are measured at
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the IF port. The LO retransmission should be less than 10dB to provide less error than
10%.

Table 6.1 Error for different C’s and D’s
C (Isolation dB) | 1 (0 dB) | 0.1 (10 dB) | 0.001 (20 dB) | 0.0 (e dB)
D 0,180° 0,180° 0,180° 0,180°
Error (%) 100 10 2 0

6.4 System design and measurement results

A quasi-optical antenna-mixer, which the radio frequency (RF) and the local
oscillator (LO) signals are transformed to the intermediate frequency (IF) at the
antenna, was proposed to resolve transmission line loss. LO to RF isolation was
increased by using a hybrid ring coupler that were analyzed and designed in chapter 3.
Measured results show that this quasi-optical antenna-mixer provide RF/LO isolation
better than 29dB at 18.19GHz. Therefore, this chapter demonstrates these quasi-
optical antenna-mixers for picking up the reflected signal. The system is demonstrated
at 19.3GHz to measure dielectric properties of Agar phantom. Two quasi-optical
antenna mixers are used as probes and arranged in vertical polarization as a
photograph in Fig. 6.2. Two HP-P281C waveguide to coaxial adaptors were used to
transmit RF and LO signals. One was connected to an HP 83640B Signal Generator to
transmit RF signal at 19.3GHz. The other is connected to an Agilent 83630B to
transmit 18.3GHz of LO signal. The LO antenna is located at 70mm away from the
middle of antenna-mixers. The RF transmitting antenna is located with 70° (¢ in Fig.
6.1) from the normal direction of the Agar phantom at the distance of 130mm from
the antenna-mixers. An object under test is a 300x300x1 Omm® Agar phantom which is
180mm from the antenna-mixers. It is prepared by mixing Agar powder with 956.6cc
of distilled water at 80°C, 2.4gm of NaCl and 1.0gm of NaN. Dielectric properties of
Agar phantom can be varied by varying quantity of Agar powder. The dielectric
~ constant is inversely proportional to Agar powder. The experiments were performed

with Agar phantoms which have relative permittivity &, of 29.36—;21.08 and

39.19—j31.86. The environmental setup was covered by Emerson AN-77 absorbers.
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Complex reflected wave from the Agar phantom was measured by using a
Tektronix TDS 3032 oscilloscope and fed to the optimization algorithm. Before data
acquisition process, the magnitudes and phases of IF signals have to be compensated
(or hardware calibration) by placing the RF transmitting antenna in front, at the
middle point, of the quasi-optical antenna-mixers. The amplitude was calibrated by
adjusting the biasing mixer-diodes currents. However, the phase calibration cannot be
adjusted directly. It was accomplished by measuring the IF signals as shown in Fig.
6.3 and taking into account in the optimization algorithm. This phase difference is due
to non-linear effect of diode-mixer.

For software calibration process, the calculated results are based on uniform
plane wave assumption, however the LO transmitted wave is illuminated by an open-
end waveguide with non-uniform pattern. Hence, calibration of amplitude and phase
must be accomplished. The amplitude can be calibrated by H-plane radiation pattern
of the TEjp-mode [30] as

cosX sinY

Ay =—£Ccos(0,,)cos¢ - (6.11)
2 ) (7;) Y
x|z
2
where
-~ Jkr
C= ja_bf‘EL , (6.12)
2zr
X=—k2£sin0cos¢, (6.13)
and
Y=k7bsin9sin¢. (6.14)
The normalized amplitude compensation of H-plane TE;o-mode becomes
cos (— sin(#, ))
A,y =—0.25abke™™ cos(6,) (6.15)
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where
2n-1
6, = tan™'| —2

(6.16)

a is waveguide aperture length, b is waveguide aperture width, r is the distance
between LO transmitting antenna to quasi-optical antenna-mixer, d is separation
between quasi-optical antenna-mixers (0.94) and & is wave number. The received RF
signal is transformed to IF signal. at each array element. The non-uniform LO
amplitude and phase excitation can be determined from the different propagation
paths from the LO transmitting antenna to each element of the array. Using the
relationship of plane wave and the spherical wave at the observation point, phase can
be calibrated by using the assumption for compensating formulations as shown in Fig.
6.4.

\ -~
N A
L
110 ///Q// ’
3
",:‘/_//, N\
-~ ‘\ Quasi-optical antenna-mixers
#1 " #2
«— d
r r

LO transmitting antenna

Fig. 6.4 Calibration process

Referring to Fig. 6.4, the non-uniform LO amplitude and phase excitation can be
determined from the different propagation paths from the LO transmitting antenna to

each element of the array. The free space loss and phase shift are different. The
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amplitude and phase excitation of each array element for the array can be expressed in

(6.17) and (6.18), respectively.

A elements B
Hactmem) - [0.5dy +r

r

¢L(2elemem.r) = kli\/ r2 + (05d)2 - r]

(6.17)

(6.18)

where r and d are the distance between the LO transmitting antenna to the quasi-

optical antenna-mixers (far-field region) and the separation between antenna-mixer

elements, respectively. ¢, is an initial phase at the center of the n™ element, and & is

the wave number. Note that in this investigation, two elements were used. The un-

calibrated and calibrated reflected waves of different Agar phantoms are illustrated in

Table 6.2 and 6.3. The relative permittivity (&, (inv.) and &, (inv.)) in case of un-

calibrated and calibrated reflected waves compared with the relative permittivity

obtained by using a dielectric probe {40] are illustrated.

Table 6.2 Relative permittivity in case of un-calibrated waves

Magnitude Phase . . , . Number % error
V) (degrees) &, £, £, €, of

chi | ch2 | cn1 | cnz | Gnv) | (inv.) | (probe) | (probe) | jierations | £ | &

r r
Samplel | 1.19 | 1.15 | 00.00 | 96.05 | 32.94 | 25.38 29.36 21.08 46,000 | 12.2 | 204
Sample2 | 1.03 | 0.91 | 00.00 | 97.00 4530 | 3921 39.19 31.86 34,000 15.6 | 23.1

Table 6.3 Relative permittivity in case of calibrated reflected waves
Magnitude ' i ' .

V) Phase (degrees) £, £ £, £ Number of % error

Chi | ch2 Chl Ch2 (inv.) | (inv.) | (probe) | (probe) Iterations N <

r r

Samplel | 0.94 | 0.90 | 00.00 | 67.69 | 31.85 | 23.12 | 2936 |{ 21.08 20,000 | 85| 9.7
Sample2 | 0.78 | 0.66 | 00.00 | 68.63 | 4291 | 3511 [ 39.19 } 31.86 18,000 | 9.5 | 102
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The results show that the number of iterations (calculation time) and % error are
reduced when using the proposed calibration process. The main cause of error is due
to finite size of sample in measurement which calculation is accomplished from the

assumption of infinite half space.

6.4 Conclusion

This chapter shows the dielectric property determination of lossy medium by an
inverse technique, which can be implemented in spatial domain by using quasi-optical
antenna mixers. The system was validated by implementation of two antennas to
measure dielectric of unknown object. The proposed calibration process provides
accurate results with error between the proposed system and the dielectric probe is
less than 11%. The system is useful in non-destructive dielectric property

determination.



CHAPTER 7
CONCLUSIONS AND DISCUSSIONS

This thesis presents a study on characteristics of a quasi-optical antenna-
mixer and its applications. To eliminate the transmission line losses of the
conventional receiver, the quasi-optical antenna-mixer is used as a mixer in the
receiver. Therefore, it has no losses because of any used transmission line or high
frequency circuits such as phase shifter circuits are not needed. To provide a beam
scanning antenna, it can be accomplished by using quasi-optical antenna-mixers
fed by LO transmitting antenna. The mainbeam is controlled by moving LO
transmitting direction or adjusting LO frequency.

In chapter 2, the fundamental of quasi-optical antenna-mixer and the
theoretical background for beam scanning system using this antenna are described
and analyzed. The beam scanning scheme is divided into two means. One is
changing the LO transmitting frequency. The other is moving LO transmitting
direction. The calculated results show that the receiving IF signal direction is
sensitive to the LO transmitting antenna direction, and the scanning mainbeam
capabilities are critically limited by the frequency ratio. For accurate mainbeam
prediction, the distance between RF and LO receiving antenna ratio should be the
same. The limit of RF scan directions is 0 to 180 degrees of all directions by using
higher LO frequency than RF frequency. Furthermore, the scanning mainbeam
capabilities are critically limited with the frequency ratio.

The high RF/LO isolation of quasi-optical antenna called a hybrid ring quasi-
optical antenna-mixer, with analysis and design, is presented in chapter 3. The
hybrid ring singly balance mixer, feeding with a back-to-back aperture coupled
inverted square patch, is used for RF to LO isolation improvement. It was
analyzed and found that a hybrid ring radius has a sensitive effect on RF/LO
isolation. A slot length should be longer than a patch width to obtain wide
bandwidth. This antenna provides significant RF/LO isolation compared with the
conventional ones. It provides around 29dB RF/LO isolation and 16dB conversion
loss with 4.37% frequency shift from the desired frequency. The isotropic

conversion loss can be improved by utilizing the load-pull technique.
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In chapter 4, a multibeam antenna using quasi-optical antenna-mixers is
presented. The accurate RF receiving mainbeam direction can be obtained when
the element pattern is taken into account. The three beam demonstration
simultaneously is achieved by using three L.O transmitters. It can be used in
multibeam operation, and this antenna can be designed without using a
complicated feeding system by using quasi-optical antenna-mixers. The effect due
to non uniform of radiation pattern of antenna element multiplication is illustrated.
The effectiveness of a three-beam antenna is demonstrated at K-band showing
accurate beam directions which is very wuseful in modern wireless
communications.

Chapter 5 illustrates the effect of non-uniform plane wave on radiation pattern
of a quasi-optical antenna mixer array. The calculated results show that non-
uniform plane wave effects on beam squint and SLL error. It is predicted in term
of magnitude and phase excitation that are derived in odd and even cases. The

6™ simulator, are used

proposed formulations, verify by compared with CST200
to improve radiation pattern accuracy and to calibrate magnitude and phase for
inverse technique.

Chapter 6 presents a dielectric property determination by an inverse technique
which can be implemented in spatial domain by using quasi-optical antenna
mixers. The system was validated by implementation of two antennas to measure
dielectric of agar phantom. The calibration process including hardware and
software provide accurate results with error compared with the commercial
dielectric probe are less than 11%.

"I'his thesis has presented the full design; development and test results of the
quasi-optical antenna-mixer. Its application has been demonstrated in a number of
practical examples. However, there are many other interesting areas in which this
antenna can be usefully applied. With respect to these new areas, further work
may be required with regard to such issues as miniaturization of the hybrid ring
size [38] for reducing SLL.
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