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radiation signal, impedance matching, a phase of the radiation signal and a signal phase of each oscillator were
taken into account. As a variation of the active antenna, an active antenna integrated with reactive FET's was
made and optical control of the active integrated antenna was investigated. In the former, a wide-band slot antenna
was realized. In the latter, the maximum tuning range of 70 MHz around 8.8 GHz was obtained from a 2-element
CPW active integrated antenna with floating gates. Future research directions were suggested for applications and

analysis.
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ABSTRACT

This report presents design concepts and experimental data of planar
active antenna and quasi-optical power combining arrays with strong
coupling to realize a compact and low-cost radar and communication
system. The prototype circuits for this purpose were made in a layered
configuration using microstrip lines and in a uniplanar structure using
CPW's. As an active source, an FET was selected. As a unit cell of the
power combining array, a single layered active antenna using microstrip
lines and slots was fabricated. In the design, small signal S-paramaters
were used to determine the circuit configuration while a large signal
analysis to the entire circuit involving the slot antenna input impedance
was carried out. The circuit designed for 10 GHz was found to operate at
9.3 GHz and the other designed for 25 GHz at 24 GHz. In addition, the
circuit with CPW's and slot designed for 10 GHz was found to operate at
8.6 GHz. Based on these successful results, linear power combining arrays
were made. For the strong coupling, each oscillator output is connected by
a single transmission line. Several 6-element microstrip arrays and a 4-
element CPW array were fabricated. In the former, sharp main beams
were obtained. To obtain a millimeter-wave operating frequency, the
second harmonic spatial power combining array made with FET's were
demonstrated around 40 GHz. To show a topology of a 2-dimensional

array, a 16-element dual polarized array at 7.8 GHz was made. To obtain




the maximum in-phase radiation signal, impedance matching, a phase of
the radiation signal and a signal phase of each oscillator were taken into
account. As a variation of the active antenna, an active antenna
integrated with reactive FET's was made and optical control of the active
integrated antenna was investigated. In the former, a wide-band slot
antenna was realized. In the latter, the maximum tuning range of 70 MHz
around 8.8 GHz was obtained from a 2-element CPW active integrated
antenna with floating gates. Future research directions were suggested for

applications and analysis.
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ChapterI
Introduction

Over the past several years, radio engineers have discovered a need to
create a new form of active circuits which consist of passive planar antenna
elements and active semiconductor devices at higher frequencies. More
compact and light-weight radars are required for military purposes, while
simple and low-cost transceivers are essential for space and personal
communication. In addition, a small and conformal radar is expected to be
realized for mobile communication systems. Due to these requirements, the
development of new components and a new way of implementing the
comporants are necessary. The active antenna and quasi-optical technologies
have been created to satisfy these requirements(1].

Since the active antenna is composed of direct connections of antenna
elements and active devices, it is obvious that the loss is reduced in the
transmission line between them. However, the significant feature of the
active antenna or quasi-optical circuit is not to simply combine antennas with
solid state devices, but to provide circuit characteristics resulting from
antenna characteristics to form an integrated circuit antenna as a singlé
entity[2]. Therefore, the circuit is integrated with appropriate radiation
elements and solid state devices in a planar fashion so that their interactions

are taken into account from the outset of the design.



In the early stage of the quasi-optical technology, the quasi-optical
mixers were demonstrated[3]. This concept has been extended to quasi-
optical active elements as described in this study. Combination of the quasi-
optical technology and Monolithic Microwave Integrated Circuit (MMIC)
technology results in a variety of active antenna and quasi-optical oscillators

and power combining arrays[4].

As the active device of this single entity, the FET is frequently selected
for application of MMIC technology. Several active antennas and quasi-
optical oscillators have already been reported which demonstrate topology
useful for the MMIC technology[5]. On the other hand, though the FET has
high DC-RF conversion efficiency, an individual FET has limited capability
for power generation at higher operating frequencies. Therefore, a power
combining array made of a number of FET's is essential for a high power and
high frequency system. Applying MMIC technology, a wafer-scale quasi-
optical power combining array is promising to overcome the FET power

limitation and to realize a low-cost communication system[2].

Among planar antennas coupled with an active source, a slot antenna
as a radiator is extensively used in this study to demonstrate topology for the
MMIC. Since a 1A center-fed slot provides a load impedance of 50 Q to the
drcuit, the slot is incorporated into a circuit made of microstrip lines[6]. If the
slot is embedded in the circuit ground plane, design flexibility increases since

both sides of the substrate can be effectively used[7]. As a result, the




structures for the antenna part and the circuit part are stratified. In addition,
the effect on an antenna pattern measurement due to undesired radiation
from the circuit discontinuity can be eliminated when the measurement is
carried out in the ground plane side. The slot is electromagnetically coupled
through a microstrip-to-slot line transition. Therefore, no soldering
connection between the slot and the feed microstrip line is necessary. As an
alternative technique, the slot can be composed of a coplanar waveguide
(CPW) to create a uniplanar active integrated antenna(8). This technique is
necessary for a monolithic uniplanar active antenna array.

Therefore, the planar structure can be categorized into two forms; the
uni-planar type which utilizes only one side of a substrate for simple
interconnection, and the layered type which utilizes both sides of a substrate

for reduction of the circuit dimension.

To date, several power combining arrays for the quasi-optical
structures have been reported. A category of the quasi-optical power
combining array is indicated in Fig. 1.1. There seems to be a division into two
types due to their locking methods: the wave-beam type and the array type.
The concept of the wave-beam type combiner(9] has been realized by a
distributed grid oscillater using the Fabry-Perot resonator(10]. Meanwhile,
the feature of the array type combiner is a planar or layered structure. In this
type of spatial power combiner, the spacing between two adjacent radiators
plays an important role for high power generation. The array type combiner
is divided into two categories: the external injection locking type(11] and the




internal coupling type. The external injection locking combiner has features
of wide tuning range and a possibility of beam steering. The internal
coupling combiners can be further subdivided into two types; a combiner
which utilizes the mutual coupling between antennas through free space or a
reflection from a dielectric back plate (weak coupling)[12] and a combiner due
to positively making use of RF signal generated from active sources through
the direct connection with a transmission line (strong coupling)[13].

Planar Active Antenna and
Quasi-Optical Power Combining Array

N

Wave-Beam Type Array Type
(many sources within 1) (lor 2 sources within 11)

l N

Internal Coupling Injection Locking

Distributed Grid Oscillator (External)
(Fabry-Perot) / \
Weak Coupling Strong Coupling
(Reflection Plate) (Direct Connection)

Fig. 1.1 Category of Quasi-Optical Power Combining Array




Perhaps due to possibilities of multimoding problems, the power
combiner with strong coupling has not made great progress to date. Here,
the strong coupling can be defined as the coupling using a direct connection
by a transmission line and, further, RF energy generated from the active
source is shared at the branching point. Therefore, strong RF energy is
expected to transmit to adjacent active sources. From the analytical point of
view, we can assume that the dominant coupling of the quasi-optical power
combining array occurs through the transmission line and mutual coupling of
the antennas can be negrected. Using the strong coupling technique, an
external cavity for mode-locking as well as an external source for injection-
locking can be eliminated since a single transmission line is used for the
coupling[14].

It is well recognized that the capability of most solid state devices
deteriorates as the frequency is increased. One way to alleviate this problem
is to use harmonics generated by the nonlinearity of the device[15]. Since
harmonics are typically much weaker than the fundamental, efficient power
combining becomes even more important. For a millimeter-wave high
frequency system with a monolithic quasi-optical power combining array, the
array making use of the harmonic frequency generations due to the

nordlinearity of the FET is promising.

However, when the packing density increases, the drcuit should be as
small as possible. Therefore, interconnections for controlling the devices

should be minimized. To overcome these problems, optical control of




microwave circuits has been developed[16). The FET is found as a useful
device for an optical control of microwave circuits[17] such as tuning of the
active filter[18] and the HEMT oscillator tuning[19] by illuminating with a
laser. If the optical control method is applied to the active integrated
antennas and quasi-optical structures, design flexibility and simplification of
the entire circuit may be enhanced. In addition, using this technique optical
injection-locking[20] as well as optical phase shifting is feasible.

From the system point of view, it is essential that passive components
are involved in the monolithic circuit. The FET can be used as a passive
component in the quasi-optical power combining array. If the FET does not
exhibit negative resistance, but has only a reactance component of the input
impedance, this can work as a variable reactance component{21j. This is
called a reactive FET in this study. Unlike a varactor diode, the advantage of
this reactive FET is the separation of the output port from the control
terminal. In addition, it is possible to insert the reactive FET into the
microwave circuit. When the reactive FET is designed, it is important to
minimize the current flow at the input port so as to operate in the stable
condition to avoid oscillation. For this purpose, stability considerations are
important (as in an FET amplifier[22]). Due to the optical property of the
FET, the reactive FET can also be controlled by illumination[23).

The significant point to design the planar active antenna is to

incorporate the antenna input impedance into the model of the entire drcuit.




In the case of the active antenna using a microstrip line, the input impedance
is denoted as a series impedance which depends on the frequency{24].
Meanwhile, the quasi-optical power combining array generally consists of
multi-oscillators and multi-radiators which belong to a single oscillator. In
order for the powr.rs radiated from each radiator to be effectively combined,
impedance matching at a branching point of multi-feed network system and
the in-phase radiation signal on the radiators should be satisfied, when the
array is designed({14].

In addition, consideration for a signal phase from multi-sources in the
power combining array should be carried out. In the case of the array with
strong coupling, the coupling line becomes an open or short stub, depending
on the in-phase mode or the anti-phase mode between the adjacent
oscillators. This means that the mode problem can be replaced into the stub
condition problem. As a result, using the transmission line model, the

moding is involved in the circuit design[25].

In order to determine the configuration of the FET oscillator, a
negative resistance value is set using small signal S-parameters. However, to
evaluate the steady state oscillation frequency or other parameters under the
entire circuit configuration including the slot antenna input impedance, a
large signal analysis should be carried out. For this purpose, there are two
methods; the harmonic balance analysis[26] and the time domain analysis.

Both methods are available in the commercial-use microwave CAD. To

obtain the information of the steady state oscillation, one of them is necessary.




In this study, several planar active antennas and quasi-optical planar
arrays are demonstrated which use a method of strong coupling in the
uniplanar and layered fashion. As a transmission line, the microstrip line and
the CPW are chosen. A slot antenna as the radiating element and an FET as
the active device are selected, respectively. In addition, quasi-optical arrays
making use of harmonic generations from the FET oscillator are discussed.
Also, the electronically and optically controlled reactive FETs and optically
controlled active integrated antennas are studied. When the circuit is
simulated, the input impedance of the slot radiator is included in a circuit
model to investigate the characteristics of the linear and 2-dimensional planar
quasi-optical power combining arrays. This emphasizes the fact that the slot
antenna and circuit behave as a single entity. Although the small signal S-
parameters were used to build up initial oscillation, the harmonic balance for
the large signal analysis was used to investigate the steady state oscillation
frequency. Finally, the feasibility of the monolithic version of the quasi-
optical array is discussed.

This dissertation consists of two parts. Part 1 describes the single
active antennas and the linear and 2-dimensional quasi-opitcal power
combining arrays. Part 2 deals with the topic of variation of the quasi-optical
technique. In the last chapter, conclusions and suggestions for future

research are discussed.




Part 1: Active Antennas and
Power Combining Arrays

Chapter 11
Planar Active Antenna

2.1 Oscillator Design
2.1.1 1-port Oscillator

Generally, there are two categaries of solid state oscillators; a feedback
type and a negative resistance type. In the former, when the loop gain of the
feedback equals one, the net gain of the feedback oscillator becomes infinite.
Hence, the circuit operates in steady state oscillation. The negative resistance
approach, however, is generally applied to a one-port negative resistance
oscillator as shown in Fig. 2.1. For the steady state oscillation, the voltage

around the loop must be zero[22]. Using the parameters shown in Fig. 2.1,

-Ra(,0) + X4(Lw) + R} (w)+ jXi(w) =0 2.1)
Ra(I,w)=Rj(w) 22
X4(Lw)=-X(w) (2.3)

In this case, R4 and X4 have amplitude and frequency dependence. By using
the reflection coefficient, the steady state oscillation condition is also

expressed

Ri+jXi-Zo -Ri+jXi-Z

Iely=
o R +jXi+ Zo -Ri +j% + Zo




B R +jX|-Z0.-(R| +jXi +Z|):=

= : - 1 (2.4)

Ri+jXi+Zo -(Ri+jX1-21)

Xd(V,») X w)

\

-Rd(V,0) "‘| [" Rl(w)

Active Device | I - I Load
I'd Il
I'dri=1

Fig. 2.1 1-port Negative Resistance Oscillator

Generally, Rq(I,w) decreases when the amplitude I increases. Therefore, in
order for the circuit tc oscillate, Ry is required to be less than the initial
Ra(lo,w) (as shown in Fig. 2.2). This means that the circuit is unstable, since
the total resistance of the drcuit is negative (-R4(I,») + Ri(®) < 0). On the
other hand, in the case of the circuit denoted by parallel elements as shown in
Fig. 2.3, G4(V,0) decreases as V increases. |
Although we can obtain the steady state oscillation through the
technique described above, this may not be necessary for a stable operation
condition. For this stable operation, a device and load-line locus curve as

shown in Fig. 2.4 is generally used([27]). According to Kurokawa[28], there are

10




A Ro

I

Fig. 2.2 Negative Resistance Variation of
Active Device in Series Circuit Model

two stable points out of three steady state oscillation points in this case. This
is because the angle @, measured clockwise from Z4(A,w) to Zj(w) is required
to be greater than 0° and less than 180° for a stable operating point at the
intersection point. For low noise, the best angle is 90°. This stable oscillation
condition is analytically denoted by Kurokawa

dRg,dX; . dXg,dR|
dA do T dA do 0 (a9)

where partial derivatives are evaluated at A, and .
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Fig. 2.3 Parallel Circuit Model of Active Device and
Negative Conductance Variation
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P1 : Stable
P2 ; Stable
Z(w) P3 : Unstable

Reactance

Resistance

Fig. 2.4 Device and Load Line Locus

Using the series circuit model shown in Fig. 2.1, a frequency tuning
range can be understood as the following. The change of the reactance is

obtained by deviating X with respect to w.

jX=j oL + )_01>C— 26)
dX - +-1_
da L+ 2 2.7

where X4=1/wC and Xj=wL. Using wo=1/VLC and Q=w,L/R,

13




g3

where R=Rq + Ry

From (2.8), the frequency deviation around resonance is directly .elated to the

reactance deviation as

Af=—2-l-§-%iAx 2.9)

For the solid-state device, AX can be tuned by applied DC voltages.
Therefore, from (2.9), the circuit must have a large AX or a low Qj to have the
wide tuning range. Generally speaking, Q is low for planar circuit using a
low dielectric constant substrate. Hence, we can expect a wide tuning range

when such a substrate is used.

2.1.2 2-port Negative Resistance Oscillator

A two-port network oscillator is shown in Fig. 2.5. It is possible to
obtain the negative resistance oscillator using a two-port device such as an
FET. If the terminating port is connected by an appropriate impedance and
the two-port circuit is potentially unstable, the steady state oscillation

condition, INI'4=1, described in the previous section can be applied. When the

14




input port is oscillating, the terminating port is also oscillating. Namely, at

the input port, we have

Finx N=1 (2.10)
Terminating Input
Port Port
O —O—
Terminating Transistor Load
Network ‘:‘OF 30|: Network
I't Tout Iin TN

Nlin=1, TNlout=1

Fig. 2.5 Two-port Oscillator

for the steady state oscillation. For the two-port network with the termination

Zis

Tin =511 + 312500 (2.11)
1- Szzl‘t

where Ty= Z%‘-_ZZ%,
+
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From (2.10),

r=-1=1-52 (2.12)
Iin S11- Al

where A =57152 - 512521

From (2.12),

Fp= 1-Syhy (2.13)

Meanwhile,

oy =241 2.14)
1-Suh

Therefore, from (2.13) and (2.14),
It X Cout=1 (2.15)
As described in the previous section, since Rq degrades from the initial value,

the initial value should be designed to be larger than the steady state value
which equals to the load resistance R). Using the small signal S-parameters

16




and the linear amplitude dependence of the negative conductance, the

approximate relationship of

is usually used under the assumption of a large unloaded Q
(=0oC/G(Vo,m0)). (2.16) is successfully used when R| is constant. However,
when Rj is not constant Ry can be given with a smaller value than 3R; [29]. Of
course, how small Rq is depends on the frequency characteristic of the
negative resistance FET oscillator as well as the variation of the load. In the

case of the active antenna with a 1A slot, the empirical relation

Rg=axR] (a=1~1.2) (2.17)

is used in this study to convey the maximum power to the slot as a load.

2.1.3 FET Oscillator

There are three types of negative resistance FET osdillators as shown in
Fig. 2.6; a common-gate type, a common-drain type and a common-source
type. The common-gate type and the common-source type generally require
a reactance element at the common terminal to enhance instability. The
common-drain type is used in a reverse channel configuration with the

positive voltage applied to the source terminal. The most convenient
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(a) Commomn-gate Type
Xg
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Xs Xd
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Termination ) jXd

() Commomn-source Type

Fig. 2.6 Negative Resistance FET Oscillator
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( configuration is the common-source type because a commercially available
r data catalog that lists S-parameters can be used.

So far, when we design the oscillator, the small signal parameters was
used to determine the circuit configuration. However, we can check the
4 steady state stable oscillation frequency by using the large signal parameters.
If this large signal frequency does not meet the desired frequency, we may
design the oscillator again, using the small signal parameters. For the large

4 signal analysis, there are mainly two methods[26]; the harmonic balance
analysis such as Libra and the time domain analysis such as Microwave
t SPICE. In this study, the former was used. Fig. 2.7 shows a circuit model for
Vds
Vgs Ideal 1
Directional
‘ Coupler
| 4
| FY
Vfb
S []w
Vin Stub
»
R=Vfb / Vin Mag(R)=1, Ang(R)=0
»

Fig. 2.7 Circuit Model with Rl for Large Signal Analysis

use with the large signal analysis(30]. The steady state oscillation was

verified by confirming the equation of (2.15). This relationship can be
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obtained from the input-to-output ratio of an ideal directional coupler which
has no insertion loss. Namely, the ratio R=Vy,/ Vin at the gate terminal point
is equal to rtrout

Vin Vit Vin

This R is usually a complex value. Therefore, R=1 ( magnitude of R =1 and
argument of R = 0) was used to investigate the steady state oscillation. By
observing the frequency characteristic of R, the steady state oscillation

frequency can be evaluated.

2.2 Slot Radiator
2.2.1 Modified Booker's Formula

Since we chose a slot antenna as a radiator, let us consider the input
impedance of the slot suitable for the design of the active antenna. In the
case of a slot antenna, we may find the ratio of a voltage resulting from the
field on the slot to a current source. On the other hand, the input impedance
of a complementary dipole antenna is determined as the ratio of an input
source voltage to a current at the feed point. In a homogeneous space, since
these two input impedances are complementary, we can use Booker's formula
to relate the input impedance of the slot antenna to that of the complementary

dipole antenna. However, in the case of the printed antenna on a dielectric
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substrate, we must use Booker's formula with a mean dielectric constant,

which is approximately valid since the space is not homogeneous(31}.

2

0Z4g =AM (2.19)
Z del 4
where 'ﬂm=\’(11/ €m)
em=(€air + €diel) / 2 (2.20)

Using this formula, we can convert the problem of the input impedance of the

slot antenna into that of the dipole antenna.

2.2.2 Dipole Antenna

For the analysis of the dipole antenna, we can use the two types of
integral equations; the Pocklington type and the Hallen type[32]. As an
equation for a thin wire antenna, the Pocklington integral equation can be

derived from Maxwell's equations. From the definition of the vector

potential, A,
H=Vx A (2.21)
Using this potential,
Vx E=-jopH=-jou (Vx A) (2.22)
Vx (E+joptA)=0 (2.23)
21




Therefore,

E+jopA=-V¢ (2.24)
where ¢ is a scalar potential
From (2.21) and (2.24),
Vx H=J+jweE
Vx (Vx A)=J+joe(-jopA-Vé)
(V2+k)A=-J+V(VA)+V(jwed) (2.25)
Using the Lorentz Gauge
Ve A +jwep=0 (2.26)
(2.25) becomes

(V2+k?)A=-] (227)

From the Stratton-Chu solution,




jkr sy
A=IJ§,’;dv (2.28)

Combining (2.26) and (2.28) with (2.24), the scattered field is

- B V(V'e A)

Escat = -jopA + e

jmeEscat=(k2+VV')j ] f%dv' (2.29)
On the metal surface,

Etot X 0 = [Escat+EinJxn =0 (2.30)
Therefore,

jweEin=(k2+VV') j € gy 2.31
-joeEin=(k*+ 41r (2.31)

Due to the thin wire approximation, J has the z-component only. Hence,

(2.31) becomes

2 " e ;
-ijEzin=(k2+§z—2 )f J«2") 9521:- dz (2.32)
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This equation is called the Pocklington type integral equation.
Further, this equation can be solved as follows. From (2.32) and

Ezin=V*6(2) (a voltage source at origin),

-ja>evo°8(z)=(k2-lad:3 ) f J2(2) %E;i dz' (2.33)
A solution of (2.33) is
f J(2) %%:-dz = Kjcos kz + jKasin k |4 (2.34)

Let us integrate (2.34) between the gap for the voltage source, then make it
infinitesimally small. Finally, we obtain

K2=-Vo/2n,
where n=V(jt/¢eq)

Eventually,

asikr 4, iVo . '
flz(z)%#dz = K1coskz-’—2;ism kid (2.35)

This is called the Hallen type integral equation. Here, K is determined by the
boundary condition.
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These integral equations are solved numerically by the Method of
Moment (MoM)[33]. This MoM is a technique to translate the integral
equation into the matrix equation for the computational calculatioﬁ. To solve
the original equation, a weight function to minimize the residual error and a
expansion function to expand the unknown function using known functions
should be introduced. Due to use of special functions for the expansion
function, there are two techniques for MoM; the entire domain method and
the subdomain method. In this study, the point matching method was used
in which the subdomain expansion function is the pulse function and the
weight function is the d-function. A detailed explanation appears in
Reference [32] and [34]. In the calculation, 0.25 of the slot width is used as the
equivalent radius of the dipole. From these two types of integral equation,
the Pocklington type integral equation is generally used[32]. However, when
the slot width increases, the agreement between the experimental resonant
slot length and the theoretical one deteriorates. For instance, the theoretical
second resonant slot length, Lsr, becomes 0.68ApMoM from the Pocklington
type integral equation, while the experimental resonant slot length, Ley, is
almost 1A5, when the slot width is 0.081As. Therefore, we used the modified
input impedance from the Pocklington type integral equation.

2.2.3 Slot Radiator in Planar Active Antenna
Through the calculation of the input impedance of the dipole described
above and in (2.19), the slot input impedance can be found. This input

impedance has a real part and an imaginary part which depend on the
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frequency. The antenna is designed under the resonant condition so that its
react:.2 part is equal to zero. In this case, the design frequency of the active
antenna should be identical with the resonant frequency of the antenna. As
describ+d in the previous section, the agreement between the experimental
resonant ».ot length and the theoretical one is not good due to experimental
conditiors This means that the antenna input impedance should be modified
for our sisnulation. Here, let us assume for the circuit analysis that the two
resonant s.)t lengths (Lsr from the Pocklington type integral equation and
Lex) are iclentical and the theoretical calculation can explain the experimental
status around the second resonant slot length[25]. Under this assumption, the
theoretical resonant frequency can be identified with the design frequency of
the circuit. In this case, the wavelength at the second resonant frequency was
used as the wavelength at the design frequency. As a result, since the
antenna input impedance of the active antenna is incorporated into the entire
circuit as a single entity, circuit parameters of the passive part of the active
antenna can be simulated, including the antenna characteristics. The
dependence of the input resistance and reactance of the slot antenna on the
normalized wavelength are shown in Fig. 2.8. Applying curve fitting in a
range of 0.7 to 1.3 of the normalized slot length, we obtained the following

relationship,
Zs=R+jX (2.36)

R = 10%+(0.226L4 - 1.027L3 + 1.75712 - 1.351Ly, + 0.401) (2.37)
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X = 102¢(-0.9821.2 + 3.679Ly, - 2.706) (2.38)

where Ly (=Asr/A) is the normalized slot length with respect to the second
resonant slot length. In both expressions, the correlation coefficients are 1.0
within this range.

The next consideration is how this impedance is incorporated into the
active antenna circuit. Generally speaking, an aperture in a transmission line
creates scattered waves due to the discontinuity. In a waveguide, a
longitudinal slot in a broad wall is equivalent to a shunt impedance on a
transmission line, while a transverse slot is described as a series
impedance[35]. Similarly, in the case of a microstrip line, a crossing slot in the

ground plane is represented as a series impedance as shown in Fig. 2.9[24].

4007
LS 300-
g ]
=

S 200-
9]

8 -
& 100-
Q

% -
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8 o
M 100 ————— ,

0.4 0.6 0.8 1.0 1.2 1.4
Normaiized Slot Length Ln

Fig. 2.8 Input Impedance of Slot Antenna
with Normarized Wavelength
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Therefore, this series impedance is replaced by the input impedance of the
slot antenna as calculated above in our circuit case. Using this argument, the

slot is expressed as one of the lumped circuit elements in the circuit model.

Microstrip Line

Dielectric ubstrate

Ground Plane
with Slot

Slot Antenna ) /4 Transition

[ } NN T—
Open
[ ] — 1

Fig. 2.9 Crossing Slot in Ground Plane
of Microstrip Line Circuit
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2.3 Measured Characteristics
2.3.1 Isotropic Conversion Gain and ERP

In order to appreciate the quasi-optical circuit performance,
conventional measures of performance for oscillators cannot be applied, since
there is no well-defined RF output port. Since the isotropic gain for the
antenna is defined, an alternative definition of isotropic DC-RF conversion
gain, GisoT, is used for a quasi-optical oscillator as a figure of merit[36]. This
setup is shown in Fig. 2.10. This quantity is determined by measuring the
received power from quasi-optical oscillator at a given bias condition and
then comparing the result with the received power due to a standard gain
horn driven with an RF power equal to the DC bias power. Namely, the
isotropic conversion gain is a measure of how well the dircuit converts the
input DC power and delivers it to a receiver. From Gisol, we can define the

Effective Radiated Power (ERP) as the product of Giso! and the DC power.
ERP=Gi5,T xPpc

2.3.2 Antenna Pattern and Tuning Range

Due to the ERP, the radiated power distribution of the circuit can be
appreciated. In addition, by measuring an antenna pattern, information
concerning the field distribution on the slot, the amplitude and the phase of
the array can be obtained. Therefore, the antenna pattern is a very important

measurement factor.
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From the view-point of applications, such as wide-band
communication and a radar hopping technique, it is also important to know
how wide the oscillation frequency can be changed. This is commonly
referred to as the tuning range. By changing bias voltages or illuminating

with optical sources, the tuning range was measured.

r=- - - = I
I |
| |
Ppc —P—’®—4 w)—» Pr
| |
| Quasi-Optical !
I_ Qsdillator _ _| B
G s
Prr= i
PpcC \,—-->—> Pr
Isotropic
Antenna

Fig. 2.10 Definition of Isotropic Conversion Gain

2.4 Layered and Uniplanar Active Antenna
2.4.1 Design of Layered Active Antenna
The simplest way to realize the single active antenna is to design the

oscillator circuit with one or more radiation elements. A single oscillator with
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a single radiator is considered as the unit cell of a quasi-optical power
combining array. Fig. 2.11 shows a configuration of the single active antenna

with a slot radiator in the ground plane.

le- 1As J
| |

Slot
. . e

(Backside)

Negative
Resistance
FET @ [  Osdillator
(Topside)

Fig. 2.11 Configuration of
Single Active Antenna

The design was carried out as follows. After the target (expected)
frequency is decided, we can design the negative resistance oscillator with the
input impedance of -50 Q at the buildup frequency (the initial oscillation
frequency) using the small signal S-parameters. When the small signal S-
parameters are used, we must take a "margin” due to the change of the
negative resistance in the steady state cscillation as described in Fig. 2.2. The
buildup frequency is usually 5 to 10 % higher than the target frequency. At
this time, the geometrical length and width of the 1A slot antenna are also
decided.
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Once the circuit configuration is determined, the steady state
oscillation frequency of the entire circuit configuration including the slot
antenna input impedance is checked using large signal analysis. In this
study, the commerdially available CAD (Libra by EEsof) was used, which is
based on the harmonic balance analysis. Fig. 2.12 shows a circuit model used
for the large signal analysis of the active antenna shown in Fig. 2.11. Since the
input impedance of the slot depends on frequency, the 50 Q load shown in
Fig. 2.7 is replaced by the frequency-dependent load. To obtain the steady
state oscillation frequency, we may investigate the ratio R=Vfb/Vin at the
gate terminal point as described in 2.1.3. The simulation result is indicated in
Fig. 2.13. According to this result, the steady state oscillation frequency is
24.3 GHz for the active antenna circuit designed at 25 GHz.

Vds
Vgs Ideal .L
Directional Slot
Coupler
| . Y
j ( Vfb A/4 Transition
Vin Stub

R=Vfb / Vin Mag(R)=1, Ang(R)=0

Fig.2.12 Large Signal Model for Single Active Antenna
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The slot length is 1A5 and the slot width is 0.081As. This slot dimension
will be used in all circuits using microstrip lines in this study. In order to
construct the layered structure, a A/4 microstrip open-end circuit with a
characteristic impedance, Z,, of 50 Q is adopted as a microstrip-to-slot line
transition. Through this transition, the slot antenna, which is
electromagnetically coupled with the microstrip line provides an appropriate
load to the active device. By altering the length of this open-end circuit, the
oscillation frequency can be tuned. In this case, the open-end circuit works as
a tuning stub which cancels the reactance of both the antenna input

impedance and the drain output impedance of the FET.

2.4.2 CPW Active Antenna Configuration

As a unit cell of the uni-planar quasi-optical power combining array,
an active antenna using a negative resistance FET oscillator and a CPW-fed
slot was also designed[8],[37]. A circuit configuration of a single uniplanar
active antenna is shown in Fig. 2.14. The oscillator was simulated at 10 GHz
using CPW and small signal S-parameters, as described in the previous
section for the layered active antenna. A CPW cross junction was used for a
matching stub. The matching stub, the gate termination and the feed line to
the slot are short-circuited CPW lines with a DC cut. Air bridges are
provided to suppress unwanted modes in a CPW circuit.

In order to investigate the effect of the tuning stub to operating

frequencies, a CPW active antenna with a CPW-slot cross junction at the top
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appropriate reactance with the active antenna, an oscillation frequency is
tuned by adjusting the length of the tuning stub. Other parts of the circuit are

the same as those of Fig. 2.14.

Air Bridge

DC Cut

Fig. 2.14 Configuration of Single
Uniplanar Active Antenna
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Air Bridge

— DCCut

Fig. 2.15 CPW Active Antenna
with Tuning Stub

2.4.3 Experimental Results

In each circuit, package type FET's were used as active sources. In the
case of the circuits using microstrip lines, the DC bias voltage is supplied to
the FET through a thin wire. High impedance microstrip lines with a quarter
wavelength radial stub and a bonding pad were used as bias lines for the FET
drain and gate. A 0.79 mm (31 mil) thick PTFE dieleciric substrate (Rogers
Duroid 5870 ; €;=2.33, 1 oz Cu sheet) was used. Two active antennas using
microstrip lines were fabricated which were designed to operate at
frequencies of 10 GHz and 25 GHz[7],[38]. The FET's used were ATF 26884
by Avantek for the 10 GHz circuit and NE 32484A by NEC for the 25 GHz
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circuit. Oscillation frequencies of 9.3 GHz with Vds=3.5 V and Vgs=-0.7 V,
and 24.0 GHz with Vds=3.3 V and Vgs=-0.5 V, and the ERPs of 13.2 dBm and
13.7 dBm were obtained, respectively. Also, the tuning ranges due to the
change of DC voltages were 170 MHz and 100 MHz, respectively. Antenna
patterns measured for these circuits are shown in Fig. 2.16. In addition, a
theoretical antenna pattern which was calculated using MoM and the
Pocklington type integral equation is shown in Fig. 2.16. Agreement with

these three antenna patterns is very good.
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Fig. 2.16 Antenna Pattern Comparison of
Microstrip Active Antenna
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For the CPW active antenna, the FET used here is the package-type
Avantek ATF13284. Although the circuit was made by hybrid MIC
technology, to demonstrate a topology useful for uniplanar monolithic
integrated circuits, a high dielectric constant substrate was used (Rogers
Duroid 6010 ; £,=10.5, thickness=25 mil, 1 oz Cu sheet). The DC bias was
supplied for only Vds through a bonding pad connected to a high impedance
CPW which is then connected with the CPW feed line through an air bridge.
In this case, there is no bias line at the gate, i.e., the floating gate. The slot
length of 0.75A5 and the slot width of 0.05As were determined for the CPW-fed
slot through a preliminary experiment. The single uni-planar active antenna
oscillated at 8.6 GHz with Vds=4.1 V and Vgs=-0.5 V. The tuning range of
this circuit was 25 MHz. The oscillation was very stable due to the high
dielectric substrate. A difference between the oscillation frequency and the
design frequency has resulted from the discontinuity created at the CPW
crossing of the matching stub and the long inductive bias gold wire.

Next example is the CPW active antenna with the CPW-slot cross
junction. Fig. 2.17 shows the variation of the oscillation frequencies with
Vds=4.0 V (constant) with respect to a normalized length. This normalized
length is defined the ratio of physical length to wavelength at the design
frequency of 8 GHz. The adjustment of the length of the tuning stub was
carried out by cutting the stub with a knife. As expected, the oscillation
frequency increased as the length of the tuning stub decreased. Further, the

tuning range at each stub length was measured. An increase of the tuning
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( range due to the reduction of the stub length means a lower Q status as

b described in 2.1.1.
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Chapter III
Linear Quasi-Optical Power Corbining Array

3.1 Power Combining Array Design
3.1.1 Array

Based on the method described in Chapter II, a quasi-optical pc wer
combining array is designed. Since we selected a slot radiator, the alignment
of the slot radiators is determined by the desired radiation pattern. If the
receiving power is desired to radiate in a particular direction, usually the
broadside direction using one source, we can use the multi-slot structure fed
by the source[14]. This is based on the following reason. In the case of an M-
element slot array with one oscillator, the RF power divided by M is delivered
to each slot and radiated. Ideally, a radiated field is proportional to 1/VM.
Wlen the radiation power from each radiator is combined in the broadside
direction, the total field at the front of the receiving antenna is proportional to
VM [=(the number of radiators, M)x (each field intensity, 1/VM)]. Then, the
receiving power in the broadside direction has a factor of M compared with
that in a single radiator case. Meanwhile, in the case of an N-unit-cell spatial
power combiner in which one unit-cell consists of one oscillator and one
radiator, the receiving power increases with the factor of N2, since the
number of sources as well as the number of slots increases simultaneously.
Generally speaking, in an N-unit-cell quasi-optical power combining array
with M-feed network system such as one oscillator with M slots, the

multiplication factor of the receiving power intensity at the broadside




direction is MN2. This is one of special features of the multi-feed spatial
power combining array.

When the unit cell has M slots, i.e., an M-feed network, the generated
power from one oscillator is divided into M channels at a branching point. To
convey the maximum power to each slot as a load, an impedance matching
network is necessary. To make the circuit configuration as simple as possible,
one-stage quarter wavelength impedance transformers are used. In
adddition, we have to take into accou:tt the phase of the radiation signal on
the slot radiators. To understand this, let us consider a feed network for two
slots as shown in Fig. 3.1. Since two divided signals at the branching point
have the same phase under this situation, a difference antenna pattern is
measured. In order to obtain a sum pattern, an additional A/2 microstrip line
should be inserted in only one feed line to invert the signal phase. This
technique enables us to obtain in-phase signals from a pair of slots in the
array with such a configuration. Therefore, the impedance matching and the
signal phase adjustment on the slots are important for the multi-feed quasi-

optical power combining array.

3.1.2 Power Combiner

As introduced in Chapter I, transmission lines are used to connect not
only the oscillators with the antennas but also the adjacent oscillators together
for strong coupling(13]). Therefore, the dominant coupling of the quasi-
optical power combining array is through the transmission line. In addition

to the two factors described above, there is another important factor for the

41




(@) Configuration

_—
Pl ~

(b) Field Distribution (Anti-phase Radiation)

Additional A/2 Line

(¢) Field Distribution (In-phase Radiation)

Fig. 3.1 Feed Network for Two Slots
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design of the quasi-optical power combining array with strong coupling.
Since the array dealt with here is made by a combination of many active
sources, it is possible that the array has many modes[39]. Of these modes, the
in-phase mode and the anti-phase mode are very important for the antenna
pattern as well as combining efficiency. In particular, the in-phase mode is
chosen for high combining efficiency in the broadside direction. Therefore, it
is essential to investigate the prnase of the signal generated from each
oscillator. For this purpose, a consideration of signal flow is useful to
understand how the argument of the reflection coefficient, T'jn, of each FET
oscillator is relevant to the in-phase mode and how the length of the coupling
line is determined.

Fig. 3.2 shows the signal flow in an array with two unit-cells. In this
case, the unit cell consists of one oscillator and one slot. The signal flow due
to Oscillator #1 is shown by solid arrows and that due to Oscillator #2 is
indicated by dashed arrows. The length of these arrows indicates the
magnitude of signal. When the electrical length of the coupling line between
A and A'is (2n-1)A/2 (n: integer), the phase progress of the signal from A is
at A'. Further, if the argument of the reflection coefficient of each oscillator is
n at the designed frequency, the phase progress of the injected (II-III) and
reflected (III-IV) signal to Oscillator #2 becomes xn. As a result, the total pahsé
progress of the signal starting from A toward the load is 2r at A'. This
implies that the signal at A and the signal at A’ toward each load are in-phase.
A part of the injection energy at A’ (indicated by a solid small arrow) can flow

toward the load with the anti-phase to the amplified signal from Oscillator #2




B N —

(indicated by a long dashed arrow). Due to the relationship of the ratio of the
three characteristic impedances at A or A', two thirds of the energy coming
from Oscillator #1 along the coupling line AA' can enter Oscillator #2.
However, since the injected energy is amplified with a large gain, the anti-
phase signal indicated by the smaller solid arrow toward the load is
negligible in comparison to the larger dashed arrow on the same transmission
line. As a consequence, if the argument of the reflection coefficient of each
oscillator is & and the electrical length for connection between two oscillators
is (2n-1)A/2, the output signals from the two oscillators are in-phase.
Similarly, if the argument of the reflection coefficient of each oscillator is 0,
the length of the coupling line between the two oscillators should be nA for
the in-phase signals from each oscillator. From this consideration, it is
obvious that the argument of the reflection coefficient of the oscillator is
important for confirmation of the appropriate length of the coupling line.

In a summary, these three factors (impedance matching at a branching
point, the phase of the radiation signal on the slot and the signal phase from
the oscillator) are important to obtain in-phase radiation signals from all
slots[14]. On the other hand, the anti-phase mode is still useful for a second
harmonic spatial power combining array which will be discussed in detail
later. Therefore, it is essential to control these two modes when the quasi-

optical power combining array is designed.
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Fig. 3.2 Signal Flow for Two Unit Cells
- 3.2 Circuit Modeling
3.2.1 Periodic Boundary
When we simulate the quasi-optical power combining array with strong
s coupling, by replacing the coupling line with an appropriate stub, the mode

analysis of the periodic array such as the in-phase mode and the anti-phase
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mode can be simplified(25]. A configuration of an infinite array with the
periodic structure is shown in Fig. 3.3. In this structure, a maximum field
point (open status) is at the middle point of the coupling line connecting the
two adjacent oscillators in the in-phase mode case, while a zero field point
(short status) is at the same point in the anti-phase mode case. This means
that the coupling line is regarded as an open stub in the former and as a short
stub in the latter. Therefore, the FET sees a different impedance for each
mode from the passive part of the array. Due to this consideration, the
infinite array is represented by one unit-cell with the appropriate stub as
shown in Fig. 3.4. Here, the middle point of the coupling line is called the
plane of the periodic boundary. Which mode can survive depends on the
input impedance of the FET oscillator in the steady state oscillation.

3.2.2 Passive Part

So far, we have learned how to incorporate the antenna input
impedance and the two operation modes (the in-phase mode and the anti-
phase mode) into the circuit model. Of course, the loading seen by the active
devices depends on these modes. Using the concept explained in 2.1.1, let us
investigate the input impedance of the passive part of the array. As described
above, in the periodic structure, a field maximum point (open status) is at the
periodic boundary for the in-phase mode, while a zero field point (short
status) is there for the anti-phase mode. Once again, let us use the example of
the infinite periodic array shown in Fig. 3.4. Characteristic impedances and

transmission line lengths required for analysis are given in Fig. 3.4. Using the
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ABCD matrix, the input impedance of this circuit at the branching point seen

the passive part of the unit cell of the array is

Zir = Zol +jyptan flLed

. 3.1
yL+jtan BL¢g ey
where
y = Zo = Zo|ZanTjtan BlLu+Zy | Ziut)Zptan Pl 3.2)
2L Zy ZANT+jZirtan Ly yL+jZirtan ﬁLU’ .
= _E."P'_ (In-phase) W
jtan BLcpl
Zp (3.3)
=jZcpltan BLir (Ant-phase)

Here, an antenna network consists of an open-circuit microstrip line and a
slot. As described before, the slot works as a series impedance as shown in
Fig. 2.4. Using this model, the input impedance of this antenna network is
calculated as

ZANT =—22— + Z,

jtan PLqt B4
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Here, Z, is the characteristic impedance of the A/4 microstrip-to-slot line
transition and Lqt is a physical length of the transition. Zs is the input
impedance of the slot antenna.

For instance, iet us consider the following conditions; f4=16 GHz,
Zo=Zp1=50 Q, Zy;=86.6 Q, L¢q (the length of the feed line from the active
source) =0.1 Aom. Frequency characteristics of the input impedance of the
passive part, Zin, are shown in Fig. 3.5. Each parameter is indicated in Table
L. If an equivalent circuit of the FET oscillator is denoted by a series resistance
and a reactance, the resistance degrades in steady state oscillation as
explained in 2.1.1. Since the active source is designed at -50 Q, the circuit
resistance must be less than 50 Q for steady state oscillation. Therefore, the
circuit can have the in-phase mode at 17.2 GHz because it satisfies the
resonant condition. On the other hand, the anti-phase mode is suppressed

since it sees a high resistance which is shown in Table 1.

Table I : Input Impedance of Passive Part
at Resonant Frequency for Two Modes

In-Phase Anti-Phase
(open) (short)
fo
(resonant 172 GHz 16.7 GHz
frequency)
Re {Zin}) 124 Q 251 Q
Im (Zin} 1.0Q -39Q
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Fig. 3.5 Input Impedance of Passive Part
of Reduced Infinite Periodic Array
3.2.3 Large Signa! Analysis

In order to check the steady state oscillation frequency, a large signal
analysis should be carried out on the entire circuit configurauon, including
the slot antenna input impedance. For this purpose, the commerdially
available harmonic balance analysis Libra, by EEsof, was used. The circuit
model of the infinite periodic array for large signal analysis is shown in Fig.
3.6. To obtain the steady state oscillation frequency, the ideal directional
coupler was used. A simulation result is shown in Fig. 3.7. From this result,
the operation frequency 16.3 GHz was obtained for the in-phase mode, while
there is no point that satisfies the requirement for the steady state oscillation
condition with the anti-phase mode. A comparison of this result with the

result of the analysis of the passive part described above shows that the
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Fig. 3.6 Circuit Model of
Reduced Infinite Periodic Array

agreement is good. However, the convergence problem sometimes occurred,
when the harmonic balance analysis was used. To obtain convergence,
accuracy of the analysis was sometime sacrificed.

Thus far, two methods to analize the quasi-optical power combining
array have been demonstrated. One is the analysis of the passive part of the
quasi-optical circuit including the input impedance of the slot. The other is
the analysis of the entire array using the large signal analysis. Of course, it is
better to analyze the circuit using large signal parameters. However, since
the good agreement was obtained between the two methods described above,
an operating frequency close to the design frequency can be expected by
means of the passive part analysis explained above without knowing large

signal parameters.
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3.3 2-element Array
3.3.1 Configuration

In order to invoke the array concept, a 2-element quasi-optical power
combining array using microstrip lines was designed. The circuit
configuration is shown in Fig. 3.8. Two unit cells are connected with a single
microstrip line of length Aom/2 for strong coupling. The oscillator was
designed at 20 GHz using small signal S-parameters to determine the
oscillator configuration. Two slots were aligned in the E-plane and separated

1
2o B ) A/2
E E D_IC
Zo
270
e ——
| M/202,

Fundamental <T- -T>

Second - o
AA'=A1/2, Zlosc=nx

BCD=A1/2

Fig. 3.8 2-element E-plane Microstrip Array
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by 0.36Aof. One of the feed lines has an additional Aqm/2 length in order to
invert the phase on the slot. This technique is useful for the second harmonic
spatial power combiner, which is detailed later.

The next example is a 2-element array using a CPW-fed slot. The
oscillator was designed at 10 GHz, and included the open or short stub
obtained from the mode analysis described in 3.2.1. The dircuit configuration
is shown in Fig. 3.9. In this circuit, CPW cross junctions were used for strong
coupling. The length of the coupling line is 1A and the position of the
branching point for the coupling is almost A¢/2 far from the input of the slot

Air Bridge
—DCCix

Fig. 3.9 2-element H-plane CPW Array
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using the characteristic impedance of 50 Q and the length of 1A.. The two

slots were aligned in the H-plane.

3.3.2 Experimental Results

The package-tpye FET used in the circuit is NE32484A by NEC and the
substrate used is Duroid 5870 by Rogers. The microstrip power combining
array operated at 18.7 GHz with Vds=4.0 V and Vgs=-0.9 V under stable
operation. Since we can make use of the coupling line, only one bias network
was necessary for Vds. The tuning range was 61 MHz. The radiation pattern
of the 2-element array using microstrip lines is shown in Fig. 3.10 which
indicates a difference pattern. From this, we can conclude that the argument
of Tin of each oscillator is 0 since the coupling line length is A/2. According to
the experimental date from the slot antenna operating at 10 GHz, its average
gain is 3 dBi. From these data, the ERP of this 2-element microstrip array is
estimated as 35.7 dBm .

In the 2-element uniplanar quasi-optical power combining array using
CPW's, the package-type FET used is Avantek ATF13284. The circuit
substrate is Rogers Duroid 6010. This circuit operated at 7.51 GHz with
Vds=4.0 V. Since the gate was floating, only one DC power supply was
needed. The lower operation frequency is believed to be due to the
interaction between the two oscillators such as load pulling. A difference-
pattern was obtained as shown in Fig. 3.11. Since the electrical length of the

coupling line is 1A, the argument of I'j, of each oscillator in this case is .
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Therefore, it is possible to fabricate a second harmonic power combining
array utilizing this configuration. More detail is discussed in 3.5.

In these two cases, the difference antenna patterns were obtained. To
control the antenna patterns, the argument of I'ip at a certain reference plane
must be checked, and then the coupling line length be regulated. Otherwise,
the appropriate stub should be used to invoke the desired mode in the design.
In fact, we sometimes failed to obtain the in-phase mode due to unknown
parasitic reactances such as a soldering connection and a bonding wire.
However, in a monolithic circuit, it is believed that the modes can be
controlled by using the design method described here, because most

parameters are predictable.

10 9
—%— Experiment

Theory

Experiment
fo=18.72 GHz
Vds=40V
Ids=85mA
Vgs=09V

Theory
Pocklington LE.
Equiamp.
Phase Diff. 180

-10

Relative Power (dB)

-100 0 100
Angle (degree)

Fig. 3.10 Radiation Pattern of 2-element Microstrip Array
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Fig. 3.11 Radiation Pattern of 2-element CPW Array

3.4 6-element Linear Array
3.4.1 Configuration

Using the single FET-single slot oscillator described in Chapter I as a
unit cell, a periodic linear quasi-optical power combining array with six unit
cells was designed[40]. The circuit made by connecting all oscillator outputs
with a single microstrip line is shown in Fig. 3.12. The oscillator was
designed at 17 GHz. Six slot radiators are periodically aligned in the H-plane.
In order to increase the packing density, the distance between the centers of
the two adjacent slots is 0.77Ao¢. As described before, t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>