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ABSTRACT

Compact Power Amplifiers Using Circuit Level and Spatial Power Combining
Techniques
by

Waleed Alomar

Chair: Amir Mortazawi

High power, high efficiency, and compact size are important performance measures
of power amplifiers used in transmitters for civilian, as well military communications and
radars. It is difficult to achieve all the above performance measures at the same time.
Several new high power, high efficiency, and compact size power amplifier designs are
introduced in this dissertation.

A new circuit-level power combining technique, which is capable of achieving high
power levels while maintaining high efficiency and small size, is introduced. It consists of
cascoded class-E power amplifiers based on a high voltage / high power (HiVP) design
technique. Several power amplifiers are designed and implemented using microstrip
circuits and packaged laterally diffused metal oxide semiconductor (LDMOS) devices at

VHF. An output power of 71 W with 31.5 dB of gain and power added efficiency (PAE)

X1V



of 69 % is achieved using this technique. Design equations for HiVP class-E power
amplifier are also derived. To the best of the author’s knowledge, this is the first
demonstration of a class-E HiVP power amplifier.

Subsequently, a compact millimeter wave spatial power combining technique using
serially fed antenna arrays is introduced in this dissertation. Several power amplifiers are
incorporated with antennas in a serially fed array in order to combine their output power in
free space. Design techniques for broadband serially fed antenna arrays employing new
lossless negative group delay (NGD) circuits are reported. Several lossless NGD circuits
are designed at Ka-band, X-band, and S-band frequencies. NGD is generated by employing
the resonance behavior of microstrip-fed quasi-Yagi antennas, microstrip patch antennas

and amplifiers with matching circuits.
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Chapter 1

Introduction

1.1 Motivation

The rapid growth in wireless systems has increased the demand for high power RF
transmitters that are small in size, light weight, and efficient. The power amplifier is the
most power consuming component in the transmitter; therefore, it significantly impacts the
overall power consumption of the transmitter.

Power amplifiers with low efficiency dissipate a large amount of power as heat
requiring large heatsinks as well as large power supplies. Therefore, the transmitter’s size
is enlarged and battery lifetime in portable devices is reduced. Some systems such as
satellites and implantable medical devices have stringent requirements in regards to their
size and battery lifetime due to limited space and the power sources available to them.
Therefore, high efficiency power amplifiers must be used in these systems. Furthermore,
using a high efficiency design reduces the dissipated heat in the active devices, thereby
increasing their lifetime and accordingly makes the transmitters more reliable. In this
dissertation, a high-efficiency kilowatt level power amplifier is designed for synthetic
aperture radar (SAR) systems that are needed to be flown in an aircraft. Designing an
efficient power amplifier for this system reduces its power consumption by hundreds of

watts, thereby reducing the overall weight of the transmitter. Therefore, a smaller aircraft



can carry such system for a larger periods of time. As a result, the overall operation cost of

the SAR systems is reduced.

1.2 Basic Classes of RF Power Amplifiers

Power amplifier designs may be classified into linear mode and switch mode power
amplifiers [1, 2]. The design of each class of power amplifier has advantages in some
parameters and disadvantages in others. Typically RF and microwave power amplifiers are
causing the active device to achieve the maximum power given a particular active device
[3-5]. Thus, the active device in the power amplifier’s design is modeled as a nonlinear
current source controlled by the input signal. The major parameters controlling power
amplifier designs are output power, bandwidth, gain, efficiency, linearity, stability and DC
supply voltage.

One of the specifications of power amplifiers is the conduction angle which
represents the percentage of time the output current flows through the device. In order to

categorize power amplifiers, one may assume the input signal vin is:

Vi =V Vi, 008(ch), (1.1)

where Vin is the magnitude of the RF input voltage, and Vbias is the DC biasing voltage.
The relation between input voltage, output current, and conduction angle (20) is illustrated

in Figure 1.1.
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Figure 1.1 Conduction angle definition [1]

When the vin equals to the pinch-off voltage Vj, therefore:

V), =V Vi 008(0). (1.2)

Therefore, the conduction angle is given by:

V_ -V,
20 =2cos ' (——22.

in

(1.3)

Another specification of power amplifiers is drain or collector efficiency (1), which

is defined by [1, 3-5]:



n= (1.4)

R
Fe
where P, is the RF output power, and Pqc 1s the DC input power [1].

The efficiency and conduction angle for different classes of power amplifiers are

discussed in the following sections.

1.2.1 Class-A Power Amplifiers

In class-A power amplifiers, the transistor remains in the active region and acts as
a current source. It has a conduction angle of 360° hence the device output current flows
continually. In order to satisfy this condition, Vin must be less than Vbias-Vp. As a result,
drain voltage and drain current waveforms of class-A power amplifiers are sinusoidal [1,
3-5]. The voltage and current waveforms of class-A power amplifiers are shown in Figure
1.2.

Class-A power amplifier is the most linear power amplifier design, therefore it is
used where linear amplification is needed, as in the case of amplifying amplitude
modulated signals. Due to their linearity, class-A power amplifiers have lower harmonic
levels than other classes of power amplifiers, and therefore can operate near the maximum
frequency of the transistor. Furthermore, class-A power amplifiers have the highest gain
among all other power amplifiers types because they have a conduction angle of 360°.
However, they have low efficiencies because the DC voltage is dissipated in the transistor
whether there is an input signal or not. Their maximum efficiency is 50 %, which is lower

than the efficiency of all other power amplifier classes. Therefore, class-A power



amplifiers are suitable for applications requiring linearity, high gain, and broadband

operation.

)| |
" \/ .

Figure 1.2 Voltage and current waveforms of class-A power amplifier [1]

1.2.2 Class-B Power Amplifiers

In some applications that require high efficiency power amplifiers, class-B power
amplifiers are used. They have an ideal efficiency of 78.5 %, which is higher than class-A
power amplifiers. This improvement in the efficiency is caused by changing the gate/base

bias voltage, which is set at the threshold of device conduction therefore the transistor is
5



active half of the time resulting in a conduction angle of 180°. Therefore, the drain current
is a half-sinusoidal waveform that contains the second, third, and higher order components
of the fundamental frequency. These unwanted frequency components can be eliminated
by using a resonance circuit at the amplifier’s output [1, 3, 5]. The circuit diagram and the

waveforms for a class-B power amplifier are shown in Figure 1.3.

Yin VCC f
- = e — —_ 0 - on wl
1 I
I=khax
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Figure 1.3 Voltage and current waveforms of class-B power amplifier [1]

Although class-B power amplifiers are more efficient than class-A amplifiers, they
are nonlinear. In order to improve the linearity of class-B power amplifier, push-pull power

amplifier design is used, as shown in Figure 1.4a. Push-pull class-B power amplifiers
6



consist of two identical transistors driven 180° out of phase. These transistors conduct
current alternately, where one transistor conducts current during the positive half cycle of
the input and the other one conducts current during the negative half cycle of the input.
Therefore, the entire input signal is reproduced and amplified at the output, as shown in
Figure 1.4b. As a result, push-pull power amplifiers have similar efficiencies to the single

ended power amplifiers, but with twice the output power.

(a) (b)

Figure 1.4 Push-Pull class-B power amplifier schematic; (a) Basic circuit (B)
Current waveforms of class-B power amplifier [2].

1.2.3 Class-AB Power Amplifiers

A class-AB power amplifier’s gate/base is biased in the middle between class-A
and class-B power amplifiers biasing conditions, therefore their conduction angle is
between 360° and 180°. Class-AB power amplifiers efficiency is between 50% and 78.5%.
Consequently, their efficiency is higher than class-A power amplifiers’ efficiency, and their
linearity is better than class-B power amplifiers’ linearity. In push-pull class-B power, the

finite transition time from the cutoff region to the active region of transistors causes both



transistors to be in the cutoff region simultaneously. Thus, the input signal cannot be
reproduced due to crossover distortion, and accordingly the amplifier’s linearity is
degraded. In order to eliminate the crossover distortion in class-B push-pull power
amplifiers, the amplifier is biased for a class-AB operation point. Furthermore, class-AB
biasing can be used with single ended amplifier. The drain voltage and current waveforms
of single ended class-AB power amplifiers are similar to the waveforms shown in Figure

1.3 but with conduction angles more than 180°.

1.2.4 Class-C Power Amplifiers

A Class-C power amplifier’s gate/base is biased below the threshold voltage such
that the transistor is active less than half a cycle, thereby the conduction angle is less than
180°. Therefore, it reduces the simultaneous existence of the voltage across the transistor
and the current through it. Accordingly it has a better efficiency than class-A, class-B and
class-AB power amplifiers. However, it has a worse linearity than these amplifiers,
therefore the harmonic content of the drain voltage and current are higher, which might
require adding a resonance circuit to filter out the high-order harmonics at the output. The
efficiency of class-C power amplifiers is inversely proportional to their output power.
Therefore, it is theoretically possible to achieve 100 % efficiency by reducing the output
power to zero, by setting the conduction angle equal to zero [3-5]. Moreover, reducing the
conduction angle reduces the power gain and increases the peak drain current. Therefore,

the choice of the conduction angle is a tradeoff between gain, linearity, efficiency and peak



drain current. The drain voltage and current waveforms of class-C power amplifiers are
similar to the waveforms shown in Figure 1.3 but with conduction angles less than 90°.
One of the major problems with designing class-C power amplifiers using solid
state devices is the large negative voltage swing at the input that coincides with the drain
voltage peak, resulting in voltage breakdown of the transistor. Therefore, class-C power

amplifier designs are not commonly used in solid state amplification at high frequency [3].

1.2.5 Class-D Power Amplifiers

Class-D power amplifiers are switch mode amplifiers that consist of two or more
transistors driven such that they alternatively switch ON and OFF as shown in Figure 1.5.
Such a design results in a square wave at the drain voltage and half sine wave drain current.
This eliminates the overlap between the drain voltage and the drain current and results in
zero power dissipated in the active device. The output circuit contains a low-pass or band-
pass filter to suppress all harmonics, resulting in a sinusoidal output signal [2, 3, 5].

The device in class-D power amplifiers is modeled as a switch, however it is
impossible to have an ideal switch in practice, especially at high frequencies. Finite
switching speed of the device, which causes the non-ideal behavior of the switch, affects
the performance of class-D power amplifiers. It causes the drain voltage and current to
overlap, which results in power dissipation across the active device. The drain-to-source
capacitance is charged and discharged every cycle resulting in power dissipation that is

directly proportional to the drain voltage and frequency of operation.
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Figure 1.5 Class-D power amplifier schematic; (a) Basic circuit (b) Ideal model (c)
Voltage and current waveforms of class-D power amplifier [2]

1.2.6 Class-F Power Amplifiers

Class-F power amplifiers are switch mode power amplifiers that use harmonic
resonators at the output to shape drain voltage and current waveforms. One or more
stopband filters at the odd harmonic frequencies are placed between the drain and the
output, as in Figure 1.6, to obtain square-wave voltage waveforms at the drain and half-

sine wave drain current waveforms.
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Figure 1.6 Class-F power amplifier schematic [1]

Theoretically, an infinite number of odd-harmonic resonators is required to achieve the
ideal class-F waveforms shown in Figure 1.7. However, few resonators are sufficient to
prevent the overlap between the drain voltage and current waveforms that causes power
dissipation in the active device and degrades the efficiency. For example, the maximum
achievable efficiency for class-F power amplifiers with 1, 2, 3, 4, or 5 resonators are 50%,
70.7%, 81.65%, 90.45% or 100% respectively [5]. Typically, an impedance three to ten
times higher than the fundamental frequency impedance is considered an open circuit and
can be used as a stop band resonator. On the other hand, an impedance one third to one
tenth of the fundamental frequency impedance is considered a short circuit and can be used

as a short circuit resonator [1-3].
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Figure 1.7 Class-F power amplifier waveforms [1]

The odd harmonic resonators for class-F power amplifiers can be designed using
either lumped elements or transmission line stubs. However, it is more practical to perform
the design using transmission line stubs especially at microwave frequencies because their
impedances will change as their electrical length changes with frequency. For example,
short circuits designed using quarter-wavelength open-circuit stubs become open circuits
at the second harmonic. When multiple stubs are used, the stub for the highest harmonic

resonator is placed nearest the drain whereas the stub used for the lowest harmonic

resonator is placed further away [5].
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1.2.7 Class-E Power Amplifiers

The Class-E concept is a switch mode high efficiency power amplifier design

introduced by Sokals in 1975 [6], [7]. The active device operates as a switch to minimize

the dissipation at its output by controlling voltage and current waveforms to minimize the

simultaneous non zero voltage across the device and the current through it, thereby

improving the overall efficiency [1-3, 6-10]. The desired waveforms for drain voltage and

drain current are shown in Figure 1.8. These waveforms satisfy the following conditions

that are necessary for class-E mode [6, 10]:

)]

2)

3)

4)

S)

Minimizing the voltage across the device when there is a current flowing
through it.

Minimizing the current through the device when there is a voltage across
it. This condition along with condition 1 are independent of the load
network however they require the active device to work as a switch with
the minimum “ON” state voltage and the minimum “OFF” state current.
Minimizing the switching time of the switch.

During switch transition from “ON” state to “OFF” state, the voltage across
the switch stays low until the current through the switch reduces to zero at
which point the voltage starts to increase.

During switch transition from “OFF” state to “ON” state, the voltage across
the switch returns to zero before the current flows through the switch.
Therefore, the output shunt capacitor does not discharge during “ON” state

thereby the dissipation of the stored energy 0.5CV?f is eliminated.
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6) During switch transition from “OFF” state to “ON” state, the derivative of
the voltage with respect to time has to be zero when the voltage is zero.
This condition allows for mistuning of the amplifier. Conditions 4, 5 and 6

depend on the load network of the power amplifier.

(a)

© VOLTAGE ACROSS SWITCH

(b)

© CURRENT THROUGH SWITCH

[
|
(
|
|
I
|
|
|
|
|
|
[
I
I
I
|
I
|
l
I
1
I

SWITCH . SWITCH _‘4
“OFF"STATE ON"™ STATE

Figure 1.8 Optimum waveforms for Class-E design. (a) Voltage across the device.
(b) Current though the device [6].

The basic circuit for class-E power amplifier is shown in Figure 1.9. The load
network of a class-E power amplifier consists of a shunt capacitor, a series inductor and a

series filter tuned at the first harmonic to suppress high level harmonics.
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Figure 1.9 Basic circuit of Class-E power amplifier [1].

Transistors used in class-E power amplifiers operate as switches, therefore the simplified
equivalent circuit for a class-E power amplifier can be represented as in Figure 1.10, where
the active device is considered as an ideal switch that is driven to provide device switching

between “ON” and “OFF” states.

<
Il
Il
@
M
Py

Figure 1.10 Equivalent circuit of Class-E power amplifier [1]
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To simplify the analysis of class-E power amplifiers, the following assumptions are made:

1y

2)

3)

4)

5)

6)

The transistor has a zero “ON’ resistance, infinite “OFF” resistance, zero
“ON” voltage and the switching is instantaneous and lossless. However, a
more realistic analysis that violates these assumptions has been done in [ 10-
16].

The shunt capacitance is linear and independent of collector or drain
voltage. However, analysis that violates this assumption has been done in
[17].

The RF choke has a zero DC resistance and allows only DC current to flow.
However, analysis that violates this assumption has been done in [13, 18].
The loaded quality factor QL, which is given by QL=wLo/R=1/(wCoR), for
the series resonator LoCo is high enough to make the output current pure
sinusoidal at the switching frequency. However, analysis that violates this
assumption has been done in [10, 19].

The duty cycle is 50%. However, analysis that violates this assumption has
been done in [19-23].

The only source of loss is the load.

In order to achieve a lossless operation, the following conditions for the voltage across the

switch just before “ON” state, which is at the moment where wt=2n, must be satisfied.

V(at)| 4, =0 (1.5)
dv(wt) 3
o | yiss =0 (1.6)
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where v(mt) is the voltage across the switch.
The series resonant circuit, shown in Figure 1.9, causes the load current to be sinusoidal

therefore it can be represented as

(@)= sin(cd+¢) (1.7)

where ¢ is the phase shift of the load current.
During “ON?” state, all the current flows through the switch and no current flows in the

shunt capacitor. Therefore, the current though the shunt capacitor when O<ot<m is

i (ot) = oc 2V . (1.8)
The current flowing through the switch is
i(ad)=1,+1sin(ci+¢) (1.9)

where Io is the DC supply current.

Once the “ON” state started at ot=0, 1(0)=0 therefore

|, =1z sin(). (1.10)

Furthermore, the switch current can be written as

I(at) =1 [sin(at+¢)—sin(@)], (1.11)

During “OFF” state, 1 <wt<2m, there is no current flowing though the switch. However,

the current flowing through the shunt capacitor C is

l(ah)=1 +1 sin(at+¢). (1.12)
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The voltage across the switch, which is caused by current flowing through C, can be

calculated by
wt
v(ot) = L J. I (ot)dot = —I—R[cos(a)t + @)+ cos(@) + (ot —x)sin(p)].  (1.13)
oC * oC

By solving (1.5) and (1.13), the phase shift ¢ is calculated to be
o, 2 0
@ =tan (——)=-32.482 (1.14)
V4

Therefore, the steady state voltage across the switch can be calculated by solving (1.14),
(1.13) and (1.10) to be

V(at) = al)—g:(a)t —%—%cos(a)t) —sin(at)). (1.15)

The DC component of the waveform can be calculated using Fourier-series expansion to

be

1 ¢ I
V.. = V(ot)d ot = —2—. 1.16
. !(a))w — (1.16)

° o

Therefore, the normalized switch voltage for a period of n<wt<2m and the normalized

switch current for a period of O<ot<m are

v(at) _ z(at —%—%cos(a)t) —sin(wt)) (1.17)
CcC
i(ﬂ:gsin(a)t)—cos(a)t)ﬂ. (1.18)

0
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In order to achieve 100 % collector or drain efficiency, the DC power and the fundamental

frequency output power Pout must be equal. Therefore

|2

Vo =R (1.19)

Then, the DC value of the supply current I, and the output voltage Vr are

Voo 8 V

| =Yec =0.577 << 1.20
° R 7*+4 R (1.20)
2\,
V, == =1.074V.. (1.21)
7 +4

Therefore, the optimum load impedance for class-E operation is

2
:QL\/& =0.5768
7°+4P

out out

2
VCC

(1.22)

The peak value of the collector or drain voltage and current can be calculated by finding

the maximum values of (1.17) and (1.18)

V., =27/ =356 (1.23)

+1)l, =2.86211, . (1.24)

max _(

N7t +4
2

At the fundamental frequency, the equivalent circuit of class-E power amplifier can be

represented as Figure 1.11.
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Figure 1.11. Equivalent circuit of class-E power amplifier at fundamental
frequency.

Therefore, the voltage across the switch has two quadrature components that can be

obtained using Fourier analysis

2z
V, = [ v(@)sin(ot + p)dot = —= (Zsin(2p) + 2cos(20)) (1.25)
Ty 7wC 2
2r
V, === [v(@t)cos(ot + p)dot = ——2(Z + zsin’ (p) + 25in(2p)) . (1.26)
Ty 7owC 2

Therefore, the optimum load impedance for a class-E power amplifier is:

\V/ -1 z 0.1836
R=—_=——(Zsin(2p)+2cos(2p)) = —— . 1.27
) 7ra)C(2 (29p) (29)) o (1.27)

As a result of (1.25), (1.26) and (1.27), the optimum value of the series inductor L can be
calculated as:

_1.1525R
@

L (1.28)

Furthermore, the DC supply current can be calculated as:
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o =iV (1.29)

By solving (1.24) and (1.29), the maximum frequency for class-E power amplifier can be

determined:

1 1 | |
f = max (1.30)

w2 (2442 OV 56.5CV4

Therefore, the maximum frequency of operation is affected by the shunt capacitor C.
Further mathematical formulas for the circuit elements in the design, including the effect
of the finite load quality factor QL and the effect of finite ON resistance Ron, are derived

using numerical methods [10]. The load circuit elements values are:

2
R= 0-576801\@(1.0000086— 0.414395 0.5772501 ) 0.2053967
P Q. Q’ Q

)—2365R,,  (1.31)

0.91424 1.03175

0.99866 + - 0k
C= % @ , O (1.32)
342212 fR 2z f)’L
%(1,0012“&)
Q, —0.104823 Q,_-1.7879 0.2
C, = - - (1.33)
27z fR 2z f)°L
QR
==—. 1.34
b 2rf (1.34)

Class-E power amplifiers have several features compared to other power
amplifiers. These features are [2]:
1) It operates with high efficiency, thereby the dissipated power is minimized.

Therefore, the lifetime of the active devices increases, which reduces the
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failure time and improves the amplifier reliability. Furthermore, the size,
weight and cost of the amplifier are reduced because of the reduced
requirements for the heatsink. This feature is valid for all switch mode
power amplifiers.

2) Ease of design because some of the active device parasitic elements, which
have a negative effect in other classes of operation, can be used in the design
[24].

3) Low sensitivity to component tolerances, therefore high reproduction

quality can be obtained in mass production [2].

1.3 Thesis Overview

In this thesis, new approaches for designing compact and high power RF power
amplifiers using solid state devices are developed. Several new power combining
techniques have been introduced that address challenges in the high-power PA design.

In Chapter 3, a new approach for designing compact, high-power and high-
efficiency power amplifiers has been developed. In this design, a cascoded class-E power
amplifier based on a high voltage / high power (HiVP) technique has been designed using
microstrip circuits and packaged devices at VHF. Furthermore, mathematical derivations
and simulations have been performed in order to validate the design procedure. A prototype
amplifier is fabricated using flanged LDMOS transistors. Moreover, a new modification to

HiVP design, which eliminates the parasitic capacitance at the source, is introduced.

22



A new compact and efficient spatial power combining technique using serially fed
antenna arrays is introduced in chapter 4. Serially fed arrays have a narrow bandwidth due
to the non-zero group delay of the feed network causing variation of the phase shift between
the adjacent antennas with frequency. Therefore, the beam direction varies (beam squint)
as the frequency changes, thereby reducing the array boresight gain and causing array’s
performance degradation. In the proposed spatial power combining technique, a design for
a beam squint free serially fed antenna array employing the use of a negative group delay
(NGD) circuit is reported. Several lossless and lossy NGD circuits are designed using either
series resonance circuits connected in shunt or parallel resonance circuits connected in
series. These circuits are designed at S-band, X-band, and Ka-band frequencies. Several
implementations of lossless NGD circuits employing a microstrip quasi-yagi antenna, a
microstrip patch antenna, and an amplifier are reported. Moreover, a design that can lead
toward building a KW power level millimeter wave power amplifier is proposed.

Finally, chapter 5 concludes the thesis and summarizes its main parts. Then, it
suggests some future work that can continue the work done in this thesis. Figure 1.12 shows

the frame work of the thesis.
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Figure 1.12 The frame work of the thesis.
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Chapter 2

RF Power Combining

2.1 Introduction

Several communication and radar systems require high power RF transmitters. Due
to the limitations in the output power of solid state devices, tube-based power amplifiers
such as traveling wave tube (TWT) or Klystron are used for systems that require higher
power levels than solid state device capability. Figure 2.1 shows a comparison between
output power as a function of frequency for different solid state and vacuum tube power
amplifiers. A more recent comparison between power capability of some solid state devices
is shown in Figure 2.2. According to Figure 2.1, the average output power of the vacuum
tubes is much greater than the solid state devices’ output power. However, it should be
mentioned that tube amplifiers are unreliable and bulky, and require high voltage to
operate. By combining power generated from many solid state devices, one can increase
the output power level of solid state amplifiers. Hence, often power combining techniques
are preferred to produce high power levels for radar and communication systems.

Several types of power-combining techniques have been developed in the last
decade in order to replace the tube power amplifiers with solid-state power amplifiers [25-

27]. Several performance measures have been studied in order to select the suitable
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technique for various applications such as bandwidth, maximum number of devices,
efficiency, size, graceful degradation and the phase error. The most common types of

power-combining techniques are described in the following sections.
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Figure 2.1 Output power as a function of frequency for various power amplifier
technologies [28].
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Figure 2.2 Output power as a function of frequency for FET power amplifiers [29].

2.2 Corporate Power Combining

The corporate power combiner shown in Figure 2.3 has a structure that is simple to
design. It consists of many identical 2-way adders such as Wilkinson power combiners that
are connected in a tree shape. Therefore, K devices can be combined in N stages using this

design. Where

K =2" (2.1

The total output power (Pout ) is
NN
Rur=R2'L (2.2)

where L is the loss of each stage and P, is the output power of a single device [28]. The

major drawback of this structure is that it allows only a limited number of devices to be
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power combined due to cumulative losses as the number of stages increases [25-28]. The

combining efficiency (LV) is plotted in Figure 2.4.
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Figure 2.3 Corporate power combiner [26]
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2.3 Chain-Coupled Power Combining

In the chain-coupled combiner, the output power from each device is coupled to the
main transmission line using directional couplers as shown in Figure 2.5. The coupling
coefficient for each coupler is determined by the total number of combined devices N, for
example the required coupling coefficient at the N™ coupler is 10 logN. Therefore, each
coupler has a different coupling factor, which increases the complexity of designing this
type of combiner as the number of devices increases or as the frequency of operation
increases. Other major drawbacks for this technique are the limited bandwidth and the low
combining efficiency when many devices are combined [25-27]. The combining efficiency
of the chain combining structure as a function of the number of devices that are power

combined is plotted in Figure 2.6.

COUPLING —= 3 a8 4 78 4B & dB 10 LOG N 4B
COEFFICIENT

Figure 2.5 Chain-coupled power combiner [26].
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Figure 2.6 Combining efficiency of the chain combining structure [26].

2.4 Radial Power Combining

Unlike the corporate combiner, the radial power combiner combines the power
from many devices in a single stage thereby reducing the transmission line losses.
Therefore, this combining technique can achieve higher efficiencies and bandwidth as
compared to corporate power combining. Furthermore it can be used to combine high
power devices. On the downside, this combiner is bulky as shown in Figure 2.7. Moreover,
when using many power amplifiers in a small space, the thermal design of such combiner

becomes a critical issue [25-27].

30



Figure 2.7 Radial power combiner [30].

2.5 Spatial Power Combining

There is a broad category of the spatial power combining techniques that do not use
guided waves for power combining. In such approaches, the power is combined in free
space as shown in Figure 2.8. The major advantage of spatial power combining is that the
power combining efficiency is independent of the number of the combined devices, which
makes it a suitable candidate for combining a large number of devices [25, 27, 31-33]. In
[32], a spatial power combining is demonstrated using 256 monolithic microwave
integrated circuits (MMIC) at 45 GHz. It has an effective transmitted power of 5.9 W,
system gain of 35 dB, and dc-to-RF efficiency of 7.3 %. In this design, the input signal is
divided using many stages of power dividing, however the output is combined in space.
Another spatial power-combining approach that does not require an input power divider is

shown in Figure 2.9 [33]. In this configuration, the input signal is fed to a horn antenna
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where it is divided spatially across an active antenna array. Each active antenna unit
consists of receiving and transmitting antennas and amplifiers. An estimated radiated

power of 25 W with 800 MHz bandwidth is obtained at Ka band using this design.
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Figure 2.9 Ka-band quasi-optical amplifier array [33].
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2.6 Extended Resonance Power Combining

In the extended resonance circuit, the active devices’ admittances resonate with
each other to subsequently cancel their susceptance and combine their conductance. This
results in the output power from each device to be combined. The circuit schematic of the
extended resonance circuit is shown in Figure 2.10.

The transmission line connecting the active devices is used to transform the input
and output impedances of each device to its conjugate to cancel the imaginary part of the
adjacent device impedances. As a result of this design, the input signal is divided equally
among the devices, and the amplified signals from each device are power-combined. Like
the other combining techniques discussed so far, the gain of the multiple devices extended

resonance circuit is similar to the single device gain [35-38].

Cas Ca2 = |
i B L Wy
o oo L, TCa

Figure 2.10 Extended resonance power combining circuit
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Chapter 3
Circuit Level Power Combining Using High Voltage High

Power (HiVP) Class-E Amplifiers

3.1 Introduction

High power amplifiers at VHF are needed for many applications such as base
stations and synthetic aperture radars (SAR). In designing high power amplifiers, thermal
management is often a critical design issue. Hence, high efficiency power amplifiers are
used to reduce the amount of heat dissipation. Furthermore, high efficiency designs
improve power amplifiers’ reliability.

Switch mode power amplifiers such as class-D, class-E and class-F are often used
to design high efficiency power amplifiers [1, 5, 6, 10, 19, 24, 39]. Class-D power
amplifiers can provide the highest output power for a given drain voltage. However, their
efficiency begins to decrease as the operating frequency increases beyond the HF band.
Class-F power amplifiers require an output circuit that provides short or open circuit at
harmonic frequencies. Such circuits are difficult to implement at VHF or lower frequencies
[1, 5, 24]. On the other hand, class-E power amplifiers provide an attractive solution due

to their high efficiency and ease of implementation.
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In power amplifiers’ design, the output impedance decreases as the power level
increases, resulting in increased matching loss and reduced bandwidth. Furthermore, the
gain and the output power of solid state power amplifiers are limited by the device
technology. In addition, power capability of the active devices decreases as the operation
frequency increases. For applications such as VHF-based SAR systems, high power FM
broadcasting stations, and plasma generation, where output power levels greater than 1 kW
are needed, multiple devices are power-combined to achieve required power levels.

Traditional power combining approaches often result in amplifiers’ increased size
and design complexity [40, 41]. The most popular power combining technique at VHF is
radial power combining, which is commonly used because of its low insertion loss and
wide bandwidth. However, this technique has several drawbacks such as large size and low
optimum output impedance. There are other power combining techniques that have smaller
sizes than radial power combiners. However, these combining techniques have higher
insertion losses or narrower bandwidth than radial power combining technique [25-27].

High Voltage / High Power (HiVP) design approach is an alternative method to
combine the power from several transistors. This approach has been demonstrated using
monolithic circuit techniques in order to address challenges associated with the design of
integrated power amplifiers such as the low operating voltage and low output impedance
of active devices [42-49]. In this chapter, discrete devices are used in designing a class-E
HiVP amplifier since they offer several advantages compared to traditional power
combining approaches. The main advantage of HiVP is that its optimum output impedance
increases as the number of transistors increases which facilitates impedance matching to a

50 ohms load. Such a design allows the power amplifier to have a wider bandwidth and
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lower output matching loss. Furthermore, the size of this design is significantly smaller
than the size of other power combining techniques. Moreover, HiVP has a high gain
associated with it, which is 10 log (number of devices) more than a single device gain,
thereby reducing the need for a driver amplifier.

HiVP can be used to combine the output power from high power devices, which
are packaged and have a flange for heatsinking. However, designing hybrid HiVP power
amplifiers using such devices is challenging because the transistors’ sources have to be
connected to the drains of the adjacent transistors (cascode topology). In discrete high
power transistors, the source terminal is connected to the device flange to be mounted on
a heatsink. This complicates the implementation of HiVP configuration using packaged
devices. In this chapter, multiple BLF571 LDMOS devices have been power-combined
using the HiVP amplifier design. A new hybrid circuit level implementation of the HiVP
technique has been addressed. Furthermore, design formulas for HiVP class-E power

amplifiers have been derived.

3.2 HiVP Class-E Power Amplifier Design

An HiVP class-E power amplifier consisting of N transistors is designed as shown
in Figure 3.1. The input signal for this circuit is injected into the gate of Qi, and the
amplified output signal is taken at the drain of Qn. The circuit elements in Figure 3.1 are
selected in order to have similar operating points for each transistor.

HiVP requires a direct connection between each transistor’s source and the adjacent

transistor’s drain. Since a packaged high power transistor’s source cannot be accessed
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directly (the source is connected to a flange for heatsinking), the source of each transistor
is connected to the drain of the adjacent transistor using a section of copper foil as shown
in Figure 3.2. The copper foil connecting sources to drains is modeled as a microstrip
transmission line. Hence, there is a small phase shift between the drain voltages of the

adjacent devices, which should be taken into account when designing the amplifier.

Vb
Rn g Co Lo
A | Output
Id 'mMatching
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10K QN
]
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<

Input | Qq
Matchin

Figure 3.1 HiVP class-E power amplifier

The entire structure is mounted on a heatsink. In order to insulate the transistors’
sources from each other, a 1.52 mm thick alumina is placed between the heatsink and the
transistor flanges of Qn where n =2, 3, ...,N. The aluminum oxide has been selected here as

an electrical insulator because of its low thermal resistance. Other replacements to the
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Aluminum Oxide insulator with high thermal conductivity are Mica, Beryllium Oxide,
Aluminum Nitride and Diamond, but each has drawbacks that make them unattractive for
this circuit implementation. The parasitic capacitance (Cmsulator), Which is due to source-to-
ground proximity through the insulator, has been modeled using HFSS. The impact of
Cnsulator on the design of inter-stage matching between the transistors has been taken into

account.

Gate [Sourn:e} [Copper Foil]

Figure 3.2 Multiple packaged cascode connection.

Assuming that Zopt is the optimum impedance at the drain of the first transistor (Q1)
that allows for Q1 to operate as a class-E power amplifier, the ideal optimum impedance at
the drain of the n'™ transistors is nZopt. Hence, the value of Cx has to be selected to provide

symmetrical voltage swings across each transistor. The derivation of the exact value of Cn
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can be provided by using the class-E model for the n'" transistor with the parasitic due to
the alumina and the copper foil as shown in Figure 3.3. Zin is the impedance seen by the

drain of transistor (n-1), and Zsn is the source impedance of the n'" transistor.

Vee

=
J_ Iinsn\ T
Cn Ven 1 |I'
|snT ’L Cins
= an
T
Zin

Figure 3.3 Circuit model of the n' transistor and parasitic due to alumina and copper

foil.
The class-E current can be represented as [ 1]
aC,V, i .
|5 (@) =——%-<(Sin(at +p) —sin(p)), 3.1)
N sin(g)
where:

N= total number of transistors.

Jec gz s (3.2)



where:

__ Maximum drain voltage

A=

DC drain voltage

The phasor format of Is is:

= 2
| = Jm LV (3.3)
2A(N-1)

Furthermore,

I+, =1V, aC, (3.4)

o msn:J sn

where:

Cc.C
nt = —> +Cins (35)
C,+Cy

I, :—|S+Ig1+|irm, (3.6)
The source impedance of the n'" transistor can be determined to be

V, 2AN-1)

sn

VA =
"1, jo(2AN-1C,+7°C,)

sn

(3.7)
Therefore, by equating |Zg,| to the magnitude of the optimum impedance
(n— 1)|Zopt|) and solving for Cnt in (3.7), Cnt can be calculated as follows:

2
@ Cy

Z opt

2A-

nt —

Zopt
2A(N-Da

(3.8)
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The effect of the copper foil connecting the adjacent transistors can be included by

calculating Zin. Where:

Z_ + JZ, tan(fl)
Z =7 == ° 3.9
" ° Z, +jZ,, tan(fl) (39

iz 2A(N-1)-awZ, tan(S)(2A(N - 1)2+ 7°Cy) (3.10)
2A(n-1)(tan(pl)+ 0Z,C.)+ 7°CZ,

where: Zo and Pl are the characteristic impedance and the electrical length of the
transmission line connecting the n™ transistor’s source with the adjacent transistor’s drain,
respectively. Therefore, the value of Cnt can be calculated by making |Zg,| = (n — 1) |Zopt|

and solving for Cht.

 2AMN=1)(Z, = |Zgy |tan(B1) = @77 C Z, (Zs | +]Z, | tan(B))
- 2A(N-1)WZ,(|Z,,

+|Z,|tan( 1))

(3.11)

nt

From (3.11), value of Cn can be determined to provide identical voltage swings
across the transistors. In standard cascoded amplifiers, the value of Cx is large in order to
provide an RF ground for the gates. However, Cn in HiVP amplifiers has a finite value in
order to control the voltage swing across each transistor. Another difference between the
standard cascode amplifier and HiVP amplifier configurations is the feedback resistor Rn
that allows the gate voltages of each transistor to swing with the drain voltage, thereby
preventing Vgs from reaching its maximum limit [50-57]. In addition, Rx is used together
with Ri, Rz... and Rn-1 to divide the DC supply voltage among the devices to maintain
identical operating points for all transistors. Hence, the DC voltages at the drain of each

device are:
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V=NV, (3.12)

Vo, =V HN-DV, (3.13)

In order for the gate and drain DC voltages to satistfy (12) and (13), Ri, Ro, ...,

R-1y values have to be selected to satisfy the following relation:

(3.14)

Furthermore, Rn should be large enough to prevent RF leakage. In spite of setting
similar DC operating points for all devices, the RF voltages are not divided equally among
the transistors' drains because the gate and the drain voltages of Qi are out of phase. In
order to address this issue, the values of Ri, R2... and Ra are obtained using ADS

optimization to provide non identical operating points for various devices [45].

3.3 Prototype HiVP Class-E Power Amplifiers

Before designing the HiVP Class-E power amplifier, a single transistor Class-E
power amplifier, shown in Figure 1.9, is designed. The first step in this design is to
determine the value of the drain supply voltage (Vpp) for a single transistor. Vop has to be
selected to ensure that the maximum value of the drain-to-source AC voltage (Vds max) 1s
less than the maximum allowed drain-to-source voltage for the transistor, which can be
calculated from (1.23). The transistor chosen for this work has a Vas max of 110 V. Hence,
Vb has been selected to be 25 V in this design. The second step is to select the loaded
quality factor for the series resonator LoCo based on the required bandwidth and the
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maximum tolerable harmonic loss. All other element values can be calculated from (1.31)
, (1.32), (1.33), and (1.34). Once the design for a single transistor class-E power amplifier
has been completed, the results are used in (3.11) for designing the HiVP class-E power

amplifier.

3.3.1 Design of a Two-Device HiVP Class-E Power Amplifier

A two device HiVP class-E power amplifier is designed and fabricated in order to

verify the feasibility of cascoding packaged power amplifiers as shown in Figure 3.4.
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Figure 3.4 Two-device HiVP class-E power amplifier schematic

Advanced Design System (ADS) software is used to simulate the amplifier’s

circuit. Furthermore, performance improvement is obtained using load-pull and source-pull
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optimization with harmonic balance analysis in ADS. In order to verify power amplifier’s
class-E operation, time domain voltage and current waveforms at the drains are simulated

as shown in Figure 3.5.
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Figure 3.5 Drain voltage and current waveforms
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According to Figure 3.5, the drains’ voltages reach their maximum value when
there is no current passing though the transistors, i.e. during the device OFF state. On the
other hand, the drain current reaches its maximum value when there is no voltage across
transistors’ drains, during the device ON state. Therefore, the simulated drain voltage
waveforms satisfy the switching conditions for a class-E power amplifier.

The simulated gates’ voltage waveforms are shown in Figure 3.6. It can be observed
that the gate voltage of Q1 is out of phase with the gate voltage of Q2 as expected for HiVP
amplifiers proper operation. Furthermore, the gate voltage of Q2 is in phase with drain
voltages of both transistors thereby preventing Vgs and Ved of Q2 from reaching their

breakdown limits.
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Figure 3.6 Gats voltage waveforms

The amplifier is fabricated on a 32 mil Roger RO4003C substrate with a dielectric

constant of 3.38. The two active devices used in this design are BLF571 LDMOS
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transistors. Each device is biased with a Vas of 1.25 V, which is the threshold voltage of
the transistor. Vpp is set to 50 V in order to provide each transistor with a Vps of 25 V. The
values of Ri1, Rz, C2, Lo, and Co are 12 kQ, 11 KQ, 5 pF, 82 nH, and 10 pF, respectively.
The output matching circuit consists of a 27 pF shunt capacitor and a 39 nH series inductor.
The input matching circuit consists of a 24 nH shunt inductor and a 15 pF series capacitor.

A photo of the fabricated power amplifier is shown in Figure 3.7. Qi is placed
directly on a grounded heatsink whereas Q2 is isolated from the heat sink using an
aluminum oxide insulator to provide a good thermal contact with the heatsink while

providing DC isolation between the source of Q2 and ground.

Figure 3.7 Fabricated two device HiVP Class-E power amplifier
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The simulated and measured power added efficiency (PAE), and output power of
the power amplifier versus frequency are plotted in Figure 3.8. The power amplifier is
designed to demonstrate HiVP class-E operation at 150 MHz. Its simulated output power
and power added efficiency at 150 MHz are 85 % and 36 W respectively. Due to fabrication
tolerances and large signal device model uncertainties, the measured center frequency is
shifted to 141 MHz. The power amplifier’s measured power-added efficiency, and output
power at 141 MHz are 76 %, and 26.8 W, respectively. The measured 1 dB bandwidth is

38 MHz, corresponding to a 30 % bandwidth.
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Figure 3.8 Measured and Simulated output power and PAE of two devices HiVP

class-E power amplifier
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3.3.2 Design of a Four-Device HiVP Class-E Power Amplifier

The prototype design consists of four BLF571 transistors in HiVP configuration
designed to operate as a class-E power amplifier. A circuit schematic of this design is
shown in Figure 3.9. A potentiometer is used instead of a fixed resistor for Ri, R2, R3 and

R4 in order to allow optimizing the circuit for the best performance.
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Figure 3.9 circuit schematic of four devices HiVP class-E power amplifier using
potentiometer
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The amplifier is fabricated on a 32 mil Roger RO4003C substrate with a dielectric
constant of 3.38. The active devices used in this design are BLF571 LDMOS transistors.
Each device is biased with a Vgs of 1.25 V, the threshold voltage of the transistor. Vpp is
set to be 100 V in order to bias each transistor with a Vps of 25 V. The values of Ri, Rz,
R3, R4, C2, C3, Ca, Co and Lo, are 10 KQ, 10 KQ, 10 KQ, 18 KQ, 5.1 pF, 3.3 pF, 2.2 pF, 10
pF and 111 nH, respectively. The output matching circuit consists of a 39 nH shunt inductor
and a 27 pF series capacitor. The input matching circuit consists of a 10 pF series capacitor

and a 43 nH shunt inductor. A photo of the fabricated power amplifier is shown in Figure

3.10.

Figure 3.10 Fabricated four devices HiVP Class-E power amplifier using
potentiometer.
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ADS software is used to simulate the performance of the power amplifier. The drain
and gate voltage and current waveforms simulations for each transistor are shown in Figure
3.11 and Figure 3.12, respectively in order to verify the operation of the HiVP class-E
power amplifier. The drains’ voltage reaches its maximum value when there is no current
passing though the transistors, i.e. the device is OFF. On the other hand, the drain current
reaches its maximum value when there is no voltage across the transistors’ drain, which
occurs during the device ON state. The drains’ currents waveforms of Q2, Qs3, and Q4 are
similar to the drain current waveform of Qi but with small phase shift. Therefore, the
simulated drain voltage waveforms satisfy the class-E power amplifier requirements. The
simulated gates’ voltage waveforms show that the gate voltage of Q1 is out of phase with
the gate voltages of Q2, Qs3, and Q4 as expected in HiVP amplifier’s waveforms.
Furthermore, the gate voltages of Q2, Qs, and Qa, are in phase with drain voltages of all
transistors, thereby preventing Vgs and Vgd of Q2, Q3, and Q4 from reaching their maximum

limits.

300 3.0
250 2.5
200 2.0
(0]
g 150 15 é
° S
2 100 1.0 5
50 0.5
0 0.0
'50 T T T T T T '0.5
0 2 4 6 8 10 12
Time (ns)

Figure 3.11 Simulated drains’ voltages and current waveforms.
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Figure 3.12 Simulated gates’ voltages waveforms.

The drain voltage and the drain current waveforms for the first transistor have been
simulated and measured as shown in Figure 3.13. The measurement is performed using a
microwave transition analyzer and an active voltage probe. Only the drain voltage of Q1 is
measured because the drain voltages of Q2, Q3, and Q4 are much higher than the probe’s
maximum voltage capability. According to Figure 3.13, the simulated and measured drain
voltage waveforms are in good agreement. The ringing in the drain voltage is due to the

eighth harmonic frequency component.
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Figure 3.13 Simulated and measured drain’s voltage waveforms.
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The comparison between the simulated and measured gain, PAE, and output power
of the PA is shown in Figure 3.14. The power amplifier was designed at the center
frequency of 150 MHz. The power amplifier’s measured gain, power added efficiency, and
output power at 150 MHz are 30.3 dB, 72.5 %, and 54.9 W, respectively. A higher
efficiency has been measured at 153 MHz where the measured gain, power added
efficiency, and output power are 30.1 dB, 73.4%, and 52.1 W, respectively. Essentially, by
cascoding 4 devices, not only the amplifier provides four time the power of a single device
but also the overall PA’s gain is increased by four times as compared to a single device. It
should also be mentioned that the highest measured gain is 30.72 dB at 143 MHz with 60.1
W output power and 66.3% PAE. Plots of the simulated and measured output power verses
input power are provided in Figure 3.15. The highest measured output power level was

62.9 W as can be seen in Figure 3.15 with a PAE of 65.7%.
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Figure 3.14 Measured and simulated HiVP amplifier PAE, output power and power
gain verses frequency.
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As can be seen in Figure 3.14, the simulated results show an expected gain of 31.4
dB, PAE of 82 % and 69 W output power at 150 MHz. The discrepancy between the
measured and the simulated results can be due to several factors including inaccuracy of
the large signal device model, dissimilarity between the devices, and small delays between

the drain current of the adjacent devices that have not been fully accounted for.
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Figure 3.15 Measured and simulated PAE, output power and power gain verses
input power.

3.3.3 Design of a Four-Device HiVP Class-E Power Amplifier with Source-To-

Ground Parasitic Capacitance Compensation

The prototype class-E HiVP design consists of four BLF571 transistors has been
fabricated. A circuit schematic for this design is shown in Figure 3.16. A shunt inductor
(L) is connected to the sources of Q2, Q3 and Q4 in order to eliminate the effect of Cmsulator

to reduce the delay between the adjacent devices. This can be achieved by adjusting the
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value of L such that its susceptance resonate with the susceptance of Cimsulator at the
frequency of operation. Furthermore, capacitors (Cpc) in series with inductor L are used
for DC blocking. Phase delay between each adjacent transistor is reduced and the overall

output power is increased.
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Figure 3.16 circuit schematic of four devices HiVP class-E power amplifier using
shunt inductor.

The amplifier is fabricated on a 32 mil Roger RO4003C substrate that has a

dielectric constant of 3.38. The active devices used in this design are BLF571 LDMOS
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transistors. Each device is biased with a Vas of 1.25 V, which is the threshold voltage of
the transistor. Vo is set to be 100 V in order to bias each transistor with a Vps of 25 V.
The values of Ri, R2, R3, R4, Ca, C3, Ca, Co, Lo, and L are 10 KQ, 10 KQ, 12 KQ, 6.5 KQ,
15 pF, 8.2 pF, 5.1 pF, 10 pF, 111 nH, and 120 nH, respectively. The output matching circuit
consists of a 82 nH shunt inductor. The input matching circuit consists of an 18 pF series
capacitor and a 43 nH shunt inductor. A photo of the fabricated power amplifier is shown

in Figure 3.17.

Figure 3.17 Fabricated four devices HiVP Class-E power amplifier using shunt
inductor.
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ADS software is used to simulate the performance of the power amplifier. In order

to verify class-E operation, the time domain waveforms of drains’ voltages and currents

are simulated and measured as shown in Figure 3.18.
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Figure 3.18 Simulated and measured drains’ voltages and currents waveforms for
the four-device HiVP.
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A capacitive voltage divider is implemented at the drain of each device in order to
allow measuring the drain voltage waveforms of each device using an oscilloscope active
probe. The measurement is done using Agilent MSO9404A oscilloscope and Agilent
85024 A active voltage probe with a 100 dB of attenuation. A comparison between the
measured and simulated drains’ voltages are shown in Figure 3.18. A good agreement
between the measured and simulated results is obtained.

The power amplifier is designed at the center frequency of 150 MHz. The simulated
and measured gain, PAE, and output power of the HiVP amplifier versus frequency are

plotted in Figure 3.19.
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Figure 3.19 Measured and simulated HiVP amplifier PAE, output power and power
gain verses frequency.
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The power amplifier’s measured gain, power added efficiency, and output power
at 150 MHz are 31.7 dB, 67.75 %, and 74 W, respectively. According to Figure 3.19, the
measured gain, power added efficiency, and output power at 154 MHz are 31.4 dB, 69.3
%, and 69.7 W, respectively. The highest power at 145 MHz is 77 W with 31.9 dB of gain
and 63.8 % PAE. This power amplifier has a higher output power compared to the power
amplifier designed in the previous section because the phase delay between devices is

reduced, which is achieved by eliminating the effect of Cinsulator using a shunt inductor L.

3.4 Kilowatt-Level HiVP Class-E Power Amplifier Design

The design of a HiVP class-E power amplifier to generate 1.5 KW output power at
150 MHz by combining five BLF369 LDMOS devices as shown in Figure 3.20 is discussed
here. The amplifier is designed using a 31 mil Roger Rt/duroid 5880 substrate that has a
dielectric constant of 2.2. The active devices used in this design are BLF369 LDMOS
transistors. Each device is biased with Vgs 0f 3.95 V, equal to the device threshold voltage.
Vb is set to be 160 V therefore each transistor’s Vps is 32 V. The values of Ri, Rz, R3, Ry,
Rs, Cz, Cs3, C4, Cs , Co and Lo, are 60 KQ, 60 KQ, 60 KQ, 60 KQ, 52.5 KQ, 280 pF, 91 pF,
66 pF, 52 pF, 12 pF and 94 nH, respectively. The output matching circuit consists of a 159
pF series capacitor and an 11.2 nH shunt inductor. The input matching circuit consists of a

134 pF series capacitor and an 8.6 nH shunt inductor.

58



Output

Voo Matching
oo T T T I
Rs % Co LO :Cout i
v e o outpu
| |
Vas ' Lout:
10K ?E_Qs i |
— L !
C5 %Insulator :— _________ |
7 1
_ .c-"é&
K 4
o |‘ —

TC4 CInsulator

R
10K Vﬁé_Qs
lo —H—
RZ/? I 3 Cinsulator
= Vg2
(S
Input J—cz 1
_I\fléif;t"_n_g_ B R’g I Insulator
! I = Vg

Input O

e e —

Figure 3.20 Circuit schematic of 1.5 KW HiVP class-E power amplifier

Figure 3.21 shows Agilent ADS simulations of the output power, power added
efficiency and the power amplifier gain verses frequency. Based on the simulation results,
the power amplifier is expected to achieve an output power of 1.65 KW at 150 MHz with
79 % power added efficiency and 25.2 dB of gain. The 3 dB bandwidth of the power

amplifier is 26 MHz, which is a 17.3 % bandwidth.
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Figure 3.21 simulated HiVP amplifier PAE, output power and power gain verses

frequency for a 1.5 KW power amplifier.

At high power levels, the thermal management is a critical design issue. Therefore,

a thermal analysis of this amplifier is needed in order to prevent the amplifier from being

overheated. The average power dissipation of the amplifier over the entire bandwidth is

655 W. Since 5 cascoded transistors have been used, by assuming equal power dissipation

within each transistor, the average dissipated power for each transistor is 131 W.

Datasheet of BLF369 transistor provides the followings information:

¢ Tj max (maximum junction temperature) =200 C°.

® Ring-c) (thermal resistance from junction to case) =0.26 K/W.

e Run-h (thermal resistance from junction to heatsink) =0.35 K/W.

e Runn-a) (thermal resistance from heatsink to ambient) will be calculated.
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The thermal conductivity of the electrical insulator (Aluminum Oxide), which is placed
between the heatsink and the transistor’s flange, is 15.06 W/(m.K). Therefore, for 1.52 mm

thickness of Aluminum Oxide used here, the thermal resistance of the insulator is

thickness 1.52mm

Rth(insulator) = = =0.1529 K/W.

thermal conductivity+surface area 15.06%0.044%0.015

Assuming that the maximum ambient temperature Ta is 50 C°, the maximum operation
temperature for the SAR systems, the maximum total thermal resistance can be calculated

to be Rth(totalimax) .

T o~ T 200-50
R, i -

= =1.14 K/W.
htotal_max) dissipated power 131

The total thermal resistance can be calculated by analyzing the thermal resistances as four

series resistances as shown in Figure 3.22.

Rth(j-c)

Rth(j-h)
R_insulator
Rth(h-a)

Figure 3.22 Equivalent model of the thermal resistances for a single device.

From Figure 3.22, the total thermal resistance can be calculated as follows

R[h(tota]) - Rﬂ"(J_c) + Rth(j—h)+ Rth(h_a) +Rth(insulat0r)5 Rth(total_max)

R R

(i)~ Roan(ion) - = Rifisutaton)

th(hia) = Rth(totalimax) -
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Ry SLI4K/W -0.26K/W -0.35K /W -0.1529K/W

Ry o 03771k /w

Since the amplifier employs 5 transistors, then:

Ry o 037715 K /W

R o <0075 K /W

Therefore, the heatsink that should be used must have a thermal resistance less than
0.075 K/W. A potential heatsink is 890SP-03000-A-100 from HS Marston Aerospace
Company, with 0.04 K/W thermal resistance. This heatsink, which contribute to most of
the power amplifier mass, weighs less than 2.6 Kg. Therefore, this design allows generating

high output power using small and lightweight power amplifiers.

3.5 Conclusion

This chapter reports on the first demonstration of an HiVP class-E power amplifier.
The main advantage of this design is its ability to provide high gain at high power levels
while achieving a high efficiency. For the first time, an approach based on connecting
flanged transistors in cascode configuration has been presented. Furthermore, design
formulas for HiVP class-E power amplifiers have been derived. Three HiVP class-E power
amplifiers have been designed and fabricated using BLF571 LDMOS devices. These
designs have been implemented to demonstrate power combining from packaged devices
using HiVP at VHF frequency range. The first power amplifier uses two devices and it
provide 26.8 W output power with a PAE of 76 %. The second power amplifier uses four
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devices and provides 50 W output power level with a PAE of 73 % and gain of 30 dB. The
first and second power amplifiers are designed for best PAE, whereas the third power
amplifier is designed for the highest output power. The third power amplifier achieves
more than 31 dB of gain with 70 W output power and a PAE of 69 %. Furthermore, a
kilowatt power level power amplifier has been designed for high power synthetic aperture
radars. Based on ADS simulation results an output power of 1.65 KW at 150 MHz with 79
% power added efficiency, and 25.2 dB of gain is achieved. The 3 dB bandwidth of the
power amplifier is 26 MHz, corresponding to 17.3 % bandwidth. HiVP presents an
attractive approach for achieving high power using high efficiency and compact power

amplifiers.
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Chapter 4
Spatial Power Combining Using Squint Free Serially Fed

Antenna Arrays

4.1 Introduction

Generating power levels of several watts or more at at millimeter frequencies using
solid state power amplifiers requires a large number of devices to be power combined.
Spatial power combining techniques offer an approach to combine many solid state devices
to achieve high power levels [25-28, 33, 58]. In this chapter, a spatial power combining
technique based on serially fed active antenna arrays is introduced.

Antenna arrays are widely used in communication and radar systems because of
their high directivity and ability to control beam direction. Some examples of these systems
are military radars, vehicle collision avoidance systems, cellular base stations, satellite
communication systems, broadcasting, naval communication, weather research, radio-
frequency identification (RFID) and synthetic aperture radars. Antenna arrays are classified
into either serial fed or corporate fed. Serially fed antenna arrays are more compact than
the corporate fed antenna arrays. Furthermore, the ohmic and feed line radiation losses are
smaller in serially fed arrays. Hence, serially fed arrays’ efficiency is higher than the

corporate fed array efficiency [59, 60]. On the other hand, there are disadvantages
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associated with serially fed arrays. Serially fed arrays have a narrow bandwidth due to the
non-zero group delay of the feed network causing variation of the phase shift between the
adjacent antennas with frequency. Therefore, the beam direction varies (beam squint) as
the frequency changes, thereby reducing the array boresight gain and causing performance
degradation especially in narrow beamwidth systems [61].

A theoretical study provided by Brillouin and Summerfeld indicates that some
materials exhibit an anomalous dispersion and can exhibit a negative group delay (NGD)
[62]. The physical meaning of NGD is that in such materials the output pulse peak will
appear prior to the input pulse peak. Although this is an abnormal behavior, it does not
violate the causality because it can be described as pulse reshaping [63]. This phenomenon
has been demonstrated in microwave frequencies using negative group delay circuits
however there is a significant loss associated with such circuits, due to the way that they
have been realized [64-67]. Employing NGD circuits in serially fed antenna arrays can
theoretically eliminate the beam squinting problem. Various circuits that address the beam
squint in serially fed using NGD circuits have been reported [63, 67]. In these publications,
the group delay between the adjacent antennas has been adjusted to be zero by creating a
NGD that is equal to the positive group delay provided by the rest of the circuit. However,
all NGD circuits presented to date must be lossy in order to generate the required NGD,
thereby limiting their applications.

In this chapter, an approach method for providing high power levels at millimeter
wave frequencies based on spatial power combining using serially fed arrays has been
presented. Furthermore, new designs of a negative group delay circuit, which do not suffer

from either reflection or insertion losses that are common to conventional designs, have

65



been reported to eliminate the beam squint in the serially fed antenna arrays. By addressing
the beam squint issue in serially fed arrays, one can pave the way for the implementation

of low cost and compact phased arrays for both commercial and defense applications.

4.2  Spatial Power Combining Using Serially Fed Active Antenna Arrays

The proposed spatial power combining technique using a serially fed antenna array
is shown in Figure 4.1 where many amplifiers are integrated with antennas to form a series
fed spatial power combiner. This array consists of many cascaded unit cells, where each
unit cell consists of a power amplifier (PA), an antenna and a power divider, such as
Wilkinson, T-junction, or a coupled line coupler. Most of the input signal is radiated by the
antenna, whereas a small portion of it is fed to the input of the PA. The PA amplifies the
signal to provide the same power level as the input signal. The same process is repeated in

the remaining active antenna units.

Antenna Antenna Antenna

vV Vv

-

PA PA PA

Figure 4.1 Spatial power combining using serially fed active antenna array.

66



An example of a one active antenna unit cell, which uses a coupled line coupler as
a power divider, is shown in Figure 4.2. In this unit cell, the input signal is connected to a
coupled line coupler with coupling factor of C. The through port of the coupler is connected
to an antenna in order to radiate most of the input power. The coupled port of the coupler
is connected to an amplifier with a gain of G where the amplifier gain is equal to the
coupler’s coupling factor in order to make the overall gain of the unit cell zero dB. In this
way, all the antennas are excited uniformly. By cascading several unit cells, one can build

a spatial power combiner as shown in Figure 4.1.

Antenna

Input °
Coupler

Figure 4.2 One active antenna unit consists of a coupler, an amplifier and a patch
antenna.

In order to eliminate the insertion loss caused by the coupler in active antenna unit
cells, another design approach where the input signal can be directly connected to a patch
antenna is proposed as shown in Figure 4.3a. The patch antenna is also performed as a
power divider, where part of the signal injected into the patch is used to feed the power
amplifier. The gain of the power amplifier is selected to make the overall gain of the unit

cell zero dB. The simulation results for the active antenna unit are shown in Figure 4.3b,
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Figure 4.3c, and Figure 4.3d. The coupled signal level is -10.55 dB less than the input
signal as shown in Figure 4.3b. Therefore the PA’s gain must be 10.55 dB in order to

achieve zero dB gain for the entire unit cell.

Patch
Antenna

Inpute————

Figure 4.3 (a) One active antenna unit using patch antenna with coupled port.
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Fig. 4.3 (b) Patch antenna with coupled port Sai.
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To ensure that this design of a unit cell does not degrade the antenna performance,

S11 and the antenna gain of the unit cell, shown in Figure 4.3a, are simulated using ADS as

shown in Figure 4.3c and Figure 4.3d, respectively.

S11

3485 3490 3495 3500 3505 3510 3515

Frequency

Fig. 4.3(c) Input return loss of the unit cell.
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Fig. 4.3(d). Radiation pattern of the mm-wave patch antenna including the coupling

port.
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This unit cell will be used to develop a millimeter wave antenna array for a SAR system
operating at 35 GHz with a bandwidth of 300 MHz. According to Figure 4.3c and Figure
4.3d, S11 is less than -14 dB within the system bandwidth, and the antenna gain is 6.1 dB,
which indicates that there is no significant performance degradation. Many active antenna
units, like the circuit shown in Figure 4.3, can be cascaded in order to design serially fed
antenna arrays. However, it is difficult to use the active antenna unit shown in Figure 4.3
in a serially fed array that combines high-power millimeter wave MMICs output power.
This is due to the fact that millimeter wave power MMICs have a comparable size to
antennas. Furthermore, the distance between the adjacent antennas must be in the order of
the half wavelength to prevent grating lobes, thereby limiting the available space for
integrating power MMICs. This approach however can be useful in other designs that
require lower power levels or operate at lower frequencies. Therefore, the approach
described in Figure 4.2 should be used for combining high output power using serially fed
active antenna arrays.

As mentioned previously, a major drawback of the conventional series fed antenna
array is the beam squinting given by [68]:

0. -0
=sin” (—=2

(7
beam K d

0

o)y (4.1)

Where: Obeam is the antenna array main beam angle, 65 and 0r are the phase of S21 for the
circuit connecting two adjacent antennas at the center frequency and the squint frequency,
respectively, while d is the inter-element spacing. According to (4.1), the beam squint

occurs because the phase shift between the antennas varies with frequency. In order to
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solve this problem, the phase shift between the antennas must be frequency independent.
In other words, the group delay (GD), which is calculated from (4.2), between adjacent

antennas must be eliminated.

1 do,
GD=-——" (4.2)
27 df

The phase response of S21 for the one active antenna unit, which consists of a
coupler, an amplifier and a patch antenna as shown in Figure 4.2, is plotted in Figure 4.4.
As mentioned previously, this active antenna unit will be used within the SAR system
operating at 35 GHz with a bandwidth of 300 MHz. Therefore, the active antenna unit cell
must operate in the frequency range between 34.85 GHz and 35.15 GHz. Due to the
nonzero group delay of the active antenna unit, the phase at 35.15 GHz is less than the
phase at 34.85 GHz by 28°, resulting in about 5° beam squinting, as shown in Figure 4.5.

This cannot be tolerated especially for narrow beamwidth arrays.

—
T

—
[}

[y}

il

L
[

521 _phase
(]
IIII|IIII|IIII|IIII|IIII|IIII

Y
T

34.85 3490 3495 35.00 35.05 3510 3515
freq, GHz

Figure 4.4 S21 phase of the active antenna unit.
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Figure 4.5 Radiation pattern of the serially fed antenna array at 35.15 GHz and
34.85 GHz frequencies.

4.3 Beam Squint Elimination Using a Center-Fed Series Antenna Array

One method of addressing the beam squint issue in serially fed antenna arrays is to
split the array into two halves, feed each half from opposite directions and add 180° phase

shift for one half as shown in Figure 4.6.

< — > >

Degrees
Phase

Input Shifter

Figure 4.6 Serially fed active antenna array from the center.
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In this configuration, the antenna beam is a combination of two beams from each
half of the array. The two halves of the array cancel each other’s beam squint therefore the
sum beam does not squint with frequencies. However, beyond a certain frequency limit,
each half of the beam will be tilted by half of the first-null beamwidth; therefore, the main

beam will split into two beams, and accordingly each beam will squint.

4.4 Elimination of Beam Squint in Series Fed Active Antenna Arrays Using a Lossy

NGD Circuit

NGD circuits have a positive derivative with respect to frequency; therefore, their
phase response increases with frequency. One method for designing NGD circuits is by
using a lossy series resonator connected in shunt as shown in Figure 4.7. The NGD circuit
shown in Figure 4.7 can be designed to cancel the phase delay of the active antenna unit
cell by providing an opposite phase response as shown in Figure 4.8[63]. It is sometime
difficult to find the exact required values of L and C at some frequencies therefore an
alternate NGD circuit consisting of a transmission line and resistor has been designed and

simulated as shown in Figure 4.9 and Figure 4.10.
Input © Output
| 4%
C
R %

Figure 4.7 Lossy series resonance based negative group delay circuit [63].
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Figure 4.8 Phase of S21 for the lossy series resonance based negative group delay
circuit.
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Figure 4.9 Negative group delay circuit designed by using a transmission line.
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Figure 4.10 Phase of S21 for the negative group delay circuit designed by using a
transmission line.
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The NGD circuits’ phase response shown in Figure 4.8 and Figure 4.10 have a
positive derivative with respect to frequency, which implies that the circuits shown in
Figure 4.7 and Figure 4.9 provide negative group delay. In order to derive a formula that
calculates NGD caused by a series resonator connected in shunt, a 2-port network, as
shown in Figure 4.7, is considered. S21 for this 2-port circuit can be calculated using its
ABCD matrix and by subsequently converting the ABCD matrix to an S-parameter matrix

using the following equation [69].

2
S, = (4.3)

A+ZB+CZO+D

]

Where:
A=1
B=0
C=Y=;=rx
D=1

Where X is the imaginary part of the lossy resonators’ input impedance. For

example, X in Figure 4.7 is

X =owl-—
wC

Therefore

2 27

S p—vl —
2420/ 22+ Z,

2(R+jX)
Sp1 = :
Zo+2(R+jX)
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2X

Zy+ 2R

X
LSy = tan‘l(ﬁ) — tan™1(

dsSy 3 R 27, + 4R
do  ~RZ+X? (Z,+2R)?+ zxz)

Greoup Delay (GD) = —

where X is the first derivative of X with respect to w.

Near resonance, X~0, therefore,

D= i (4.4)
R(Z,+2R)

According to (4.4), X must be positive in order for the group delay to have a negative value,
which implies that the resonant circuit must have a series resonance. Furthermore, the NGD
value is inversely proportional to the resistor value. Therefore, the NGD value is directly
proportional to the circuit loss.

Another method for designing NGD circuits is by using a lossy parallel resonator
connected in series. In order to derive the equations for calculating the NGD due to a series
connected shunt resonant circuit, the 2-port network representing this design, shown in

Figure 4.11, is considered.

— )

Input © © Qutput

Lo

Figure 4.11 Lossy parallel resonance based negative group delay circuit.
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Sa1 for this 2-port circuit can be calculated using its ABCD matrix. The ABCD

matrix can then be converted into S-parameter matrix as shown in the following equation

[69].

Where:
A=1
B=Z
C=0
D=1
Therefore
Where:

2 27,

S = =
2T242/7, 22,4+ 7

o 27,
1727, + R + X,

RX?

ks =Ry x2

XR?

X = Reyxe

¥ = wlL
T 11— w2LC

851 = —tan” G
0] S
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GD = —ﬁ = )?S(
dw

27, +R,
(2Z,+R.)’ + X/

) (4.5)

Where X; is the first derivative of Xs with respect to w.

Therefore, in order to have a negative group delay value, X must have a negative value,
which indicates that the resonant circuit must have a parallel resonance.

NGD circuits can be used to enhance serially fed antenna arrays performance. In
order to eliminate the beam squint in serially fed antenna arrays, the circuit connecting the
adjacent antennas must provide a zero group delay. Obtaining a zero group delay between
the adjacent antennas can be achieved by integrating a negative group delay circuit into the
feed line. The NGD magnitude must be equal to the magnitude of the positive group delay
of the interconnecting transmission lines in order to provide an overall zero group delay.
For example, by connecting the NGD circuit, shown in Figure 4.7, with the active antenna
unit cell shown in Figure 4.2, the phase response variation with frequency of the active

antenna unit cell is reduced, as shown Figure 4.12.

phase(S210
T
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Figure 4.12 Phase of the active antenna unit S21 after adding a negative group delay
circuit.
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Therefore, a beam squint-free serially fed antenna array can be designed by adding
a NGD circuit between the adjacent antennas to have an overall zero group delay as in

Figure 4.13.
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(b)
Figure 4.13 Elimination of the beam squints in the serially fed arrays using lossy
NGD circuits.
The serially fed arrays shown in Figure 4.13 consist of several active antenna unit
cells each of which consists of a T-junction power divider, an amplifier with its input and
output matching circuits, a NGD circuit, and an antenna. Most of the input signal power is

fed to the antenna to be radiated, whereas a small portion of the input signal is fed to the
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amplifier through the T-junction power divider. The amplifier and T-junction power
divider are designed to make the gain of one active antenna unit cell equal to zero dB,
causing the antennas to be equally excited. In order to have a broadside array, the phase
delay of the one unit cell must be a multiple of 2n. A NGD circuit is used in the unit cell
to eliminate the group delay, thereby making the phase response constant with frequency.
In order to do this, the magnitude of the group delay due to the NGD circuit must be equal
to the magnitude of the group delay caused by the rest of the circuit elements. The major
drawback of the conventional NGD circuits is their loss[63]. Furthermore, typically a delay
line is needed to obtain an electrical length of 27 in between the antennas

Conventional NGD circuits shown in Figure 4.13 contain a lossy resonator at the
design frequency, which causes a considerable amount of loss and limits their application
[63-67]. Novel designs of a lossless NGD circuit have been implemented in the following

section.

4.5 Elimination of Beam Squint in Series Fed Active Antenna Arrays Using a Shunt

Lossless NGD Circuit

The lossy resonator in the NGD circuit shown in Figure 4.7 can be replaced by any
lossless circuit such as an antenna or an amplifier as shown in Figure 4.14. Therefore,
instead of dissipating the signal within a lossy resonator, the signal is injected into a circuit
that resembles a lossy resonator. For example, an antenna can be designed to provide an
input impedance and quality factor equal to the input impedance and quality factor of the

NGD circuit in Figure 4.7. Hence, the antenna can function both as a NGD circuit and as a
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radiating element simultaneously. Instead of dissipating the signal inside a lossy resonator,
it is radiated by the antenna. Therefore, the designed NGD circuit can be considered to be
lossless [70]. The bandwidth and the NGD value of this circuit depend mainly on the input
impedance and the quality factor of the antenna. The bandwidth is inversely proportional
to the quality factor of the antenna. On the other hand, the NGD value is inversely
proportional to the input impedance of the antenna and directly proportional to the quality
factor of the antenna. The magnitude of the NGD must equal to the positive group delay

caused by the other circuit elements in the active antenna unit cell.

% NGD Circuit + Antenna

Input E Output

S N : Matching Matching
Circuit Amplifier Circuit

T-Junctlon

Figure 4.14 One active antenna unit cell block diagram.

The active antenna unit consists of an amplifier, a T-junction, and an antenna as
shown in Figure 4.14. Most of the input power is delivered to the antenna, while a small
portion of it is delivered to the amplifier in order to boost the signal level to that of the
input signal. The amplified signal can then be input to the next stage as shown in Figure
4.15, where many unit cells are cascaded to form a beam squint free serially fed antenna

array.
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Figure 4.15 Series fed active antenna array using antenna based NGD circuit.

Designing a beam squint free series fed active antenna array using an antenna based
NGD circuit is an iterative procedure. First, the beam squint free serially fed antenna array
shown in Figure 4.13b has to be designed as described in section 4.4. Then, a single antenna
must be designed to provide an input impedance and quality factor similar to the lossy
NGD circuit used in Figure 4.13b. The magnitude of the NGD caused by the antenna, which
is calculated from (4.4), must be equal to the positive group delay of the rest of circuit
elements in order to achieve an overall zero group delay. Then, the procedure mentioned
in section 4.4 for designing a series fed array must be used in order to adjust the gain and
the phase of the active antenna unit cell as required. After that, the mutual coupling between
antenna elements must be considered by including the active impedance of the antennas in
the design. Finally, all the steps must be repeated to account for the antennas coupling
effect.

A lossless NGD circuit is designed using the resonance behavior of an antenna. The
phase response of the lossless NGD, shown in Figure 4.16, is increasing with frequency.
Moreover, a lossless active antenna unit cell is designed by replacing the lossy NGD circuit
with an antenna as shown in Figure 4.17. As a result, the circuit provide near flat phase

response with frequency. A comparison between the phase response of the circuits
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connecting two adjacent antennas with and without the NGD circuit is shown in Figure

4.18.
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Figure 4.16 Phase response of the NGD circuit incorporating an antenna.

According to Figure 4.18, the phase variation using the designed unit cell is 4 times less
than the phase variation caused by a one wavelength transmission line. Furthermore, a
phase delay is added to adjust the entire phase response to zero at the center frequency of

operation using transmission line TL4.
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Figure 4.17 One active antenna unit cell using microstrip quasi-yagi antenna
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Figure 4.18 Phase response of one active antenna unit cell using microstrip quasi-
yagi antenna.

A quarter wavelength impedance transformer TL3, with a length of 800 mils and a width
of 3.7 mils, is placed between the amplifiers and the T-junction power divider in order to
achieve the required power dividing ratio that results in zero dB of loss between input and
output ports as shown in Figure 4.19. Furthermore, the unit cells have to be well matched
as shown in Figure 4.20 in order to be cascadable.
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Figure 4.19 S21 of one active antenna unit cell using antenna based NGD circuit.
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Figure 4.20 Si1 and S22 of one active antenna unit cell using antenna based NGD
circuit.

The input matching circuit is designed using a single-stub tuning circuit consisting
of TL1 with a length of 397 mils and TL2 with a length of 163 mils. A 32 mil Roger
RO4003C substrate with a dielectric constant of 3.38 is used for this design. The output
matching circuit is designed using a L-type lumped element network consisting of a 1.2 pF
capacitor and a 1.7 nH inductor as shown in Figure 4.17. More details about the ADS
design of this circuit is in Appendix A. By cascading several unit cells, one can design a
beam squint free serially fed antenna array. A 30 element serially fed antenna array is
designed using the proposed active unit cell shown in Figure 4.17 in order to demonstrate
the idea of beam squint elimination. A comparison of the array factor for a beam squint
compensated and conventional array employing two different frequencies are shown in
Figure 4.21 a and b.

The center frequency of the antenna array is 2.39 GHz, and the main beam of both
antenna arrays at this frequency is at 90°. In Figure 4.21a, the main beam at 2.42 GHz using

the proposed design is fixed at 90°, whereas the main beam using the conventional method
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Figure 4.21 Comparison between the array factors of serially fed antenna arrays
using the designed unit cell and using the conventional method (a) Array factor at 2.42

GHz (b) Array factor at 2.36 GHz

is tilted by 1.5° to the left at 88.5°. In Figure 4.21b, the main beam at 2.36 GHz using the
proposed design is fixed at 90°, whereas the main beam using the conventional method is
tilted by 1.5° to the right at 91.5°. Therefore, by integrating lossless NGD circuits into the
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serially fed antenna arrays, one can design a beam squint fee antenna array without using
lossy elements. Several prototype designs are implemented in order to validate the lossless
NGD circuit design method.

A NGD circuit consisting of a T-junction and a patch antenna has been fabricated
on a 15 mil Roger TMM3 substrate with a dielectric constant of 3.27 in order to
demonstrate the idea. A photo of the fabricated NGD circuit is shown in Figure 4.22. A
coupled line, which consists of two quarter-wavelength lines spaced by 10 mils, is added

to the T-junction power divider in order to achieve the required power dividing ratio.

Figure 4.22 Fabricated lossless NGD circuit using patch antenna.

In the fabricated NGD circuit, the S21 phase increases as the frequency increases as
shown in Figure 4.23. The NGD is provided in the frequency range from 10.03 GHz to
10.19 GHz, which is the same as the operating bandwidth of the patch antenna. The

measured magnitude of S21is -15 dB, with an Si1 of -40 dB, as shown in Figure 4.24
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indicating that most of the power is delivered to the antenna element. The simulation and
measurement results have a similar response; however, the measurement results are shifted

by 0.1 GHz due to circuit fabrication tolerances.
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Figure 4.23 Measured and simulated phase response of the lossless NGD circuit
using patch antenna.

Bandwidth of the demonstrated lossless NGD circuit is limited to the narrow
bandwidth of the patch antenna. Therefore, a broadband antenna can be designed in order
to improve the bandwidth of the NGD circuit. The antenna used in this design is a
microstrip-fed quasi-Yagi antenna that is fed using a broadband microstrip-to-coplanar
strip transition and uses a truncated ground plane [71, 72]. A single microstrip-fed quasi-
Yagi antenna is fabricated on a 30 mil Roger TMM10 substrate with a dielectric constant
of 9.2, as shown in Figure 4.25, and its simulation and measurement result are plotted in

Figure 4.26. In the fabricated antenna shown in Figure 4.25, L1, L2, L3, L4, L5, L6, L7,
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W1, and W2 are 112 mils, 113 mils, 55 mils, 130 mils, 58 mils, 165 mils, 311 mils, 86

mils, and 40 mils, respectively.
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Figure 4.24 Measured and Simulated S21 and S11 Magnitudes of the lossless NGD
circuit using patch antenna.

Figure 4.25 Microstrip quasi-yagi antenna fed by a microstrip to coplanar strip
transition.
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Figure 4.26 Simulated and Measured Si11 of a single microstrip-fed quasi-Yagi
antenna.

The simulated input return loss is better than 10 dB in the frequency range from 9.3
GHz to 10.4 GHz. The measured input return loss is better than 10 dB in frequency range
from 8.85 GHz to 11.77 GHz. The differences between the measured and simulated results
is due to fabrication inaccuracies.

The designed NGD circuit consisting of a microstrip quasi-yagi antenna and T-
junction shows an increasing S21 phase versus frequency as seen in Figure 4.27. The
simulated S21 phase of the NGD circuit has a positive slope in the frequency range from
9.3 GHz to 10.4 GHz, whereas the measured NGD circuit has a NGD in the frequency
range from 9.4 GHz to 10.25 GHz. The measured and simulated results have a similar
behavior, the deviation between the simulated and measured results are due to the

dimensional tolerances.
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Figure 4.27 Simulated and measured insertion phase of the lossless NGD using
microstrip-fed quasi-Yagi antenna circuit.

Furthermore, a unit cell consisting of an active antenna that has a flat Sz1 phase
variation with frequency has been designed as shown in Figure 4.28. The amplifier used in
this design is NBB300 from RFMD, which has a gain of 10 dB at 10 GHz. A series 0.1 pF
capacitor is connected to the T-junction power divider in order to achieve the required
power dividing ratio.

The simulation results for the phase of S21 for active antenna unit cell using
microstrip-fed quasi-Yagi antenna based NGD circuit is shown in Figure 4.29. The phase
of S21 has a flat response in the frequency range from 9.3 GHz to 10.3 GHz with a
bandwidth of 1 GHz. Si1 and S2:1 of the active antenna unit cell are simulated in Figure
4.30, which shows that the unit cell is well match and it has a gain that is close to zero in

frequency of operation.
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Figure 4.28 An active antenna unit cell consisting of a single microstrip-fed quasi-
Yagi antenna and an amplifier.
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Figure 4.29 Simulated phase of S21 for active antenna unit cell using microstrip-fed
quasi-Yagi antenna based NGD circuit.
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Figure 4.30 Simulated insertion and return losses for active antenna unit cell using
microstrip-fed quasi-Yagi antenna based NGD circuit.

The antenna based NGD circuits shown previously require using a resonance
antenna in order to generate NGD. A modified NGD circuit is presented in order to allow

using any type of antenna to generate NGD. The basic idea is shown in Figure 4.31.

d d=05A\ d

Antenna
Matching Circuit
Amplifier

Matching Circuit

Figure 4.31 Series fed active antenna array using amplifier based NGD circuit.

Each active antenna unit consists of an amplifier, matching circuits, a T-junction,

and an antenna as shown in Figure 4.32. The amplifier and the matching circuits have been
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designed to provide input impedances and quality factors that are equal to the input
impedance and quality of the NGD circuit in Figure 4.7. Hence, the NGD circuit is lossless

[73].
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Figure 4.32 One active antenna unit cell using amplifier based NGD circuit.

The first step in the design is to specify the required bandwidth and then to generate
the required NGD by adjusting the input impedance of the amplifier. Then, the power
dividing ratio, which is controlled by a T-junction power divider and the input impedance
of the amplifier, is adjusted in order to provide equal power excitation to the antennas.
Furthermore, a one wavelength meandered transmission line is connected to the NGD
circuit in order to provide a 2m phase shift between the adjacent antenna while 0.5 A
physical distance between adjacent antennas is maintained. The length of the meandered
transmission line may deviate from one wavelength in order to compensate for the phase
shift caused by the NGD circuit.

The NGD magnitude must be equal to the magnitude of the positive group delay

due to the interconnecting transmission lines in order for the overall group delay to be zero.
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The phase variation of the NGD circuit shown in Figure 4.32 is simulated using ADS

software as shown in Figure 4.33. The amplifier used in this design is VMMK1225 from

Avago Technologies.
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Figure 4.33 Simulated phase response of the NGD circuit incorporating amplifier

Integrating the NGD circuit with a one wave length interconnection line reduces
the phase shift variation with frequency and minimizes the beam squint. The phase
variation of the designed active antenna unit cell circuit, shown in Figure 4.32, is compared
with a one-wavelength transmission line, as shown in Figure 4.34. A phase variation of
1.17° has been achieved in the feed line over 200 MHz compared to 7.2° phase variation
using the conventional series fed array. As can be calculated from (4.1), this phase variation
corresponds to less than 0.25° of beam squint which is comparable to the results from

previous publications using conventional NGD circuits [63, 66].
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Figure 4.34 Simulated phase variation between the adjacent antennas with and
without the NGD circuit.

4.6 Elimination of Beam Squint in Series Fed Active Antenna Arrays Using a Series

Connected Lossless NGD Circuit

The lossy resonator in the NGD circuit shown in Figure 4.11 can be replaced by a
circuit that does not have loss but provides the same frequency response as discussed
previously. An example of a series connected lossless NGD circuit is shown in Figure 4.35.
A transformer is used to convert a differential signal into a single ended signal. The
amplifier’s input impedance resembles the lossy part in the NGD circuit shown in Figure
4.11. The phase of Sz1 for the lossless NGD circuit has a positive slope as shown in Figure
4.36, indicating that the circuit has NGD. In order to ensure that there is no significant
reflection loss, the magnitude of Si1 is simulated, showing that the circuit is well matched

at input as illustrated in Figure 4.37. Several of the unit cells shown in Figure 4.35 can be
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cascaded to design a beam squint free series fed active antenna array as shown in Figure
4.38. NGD circuits are connected with each other using a meandered transmission line in

order to provide a 27 phase shift and a 0.5 A physical distance between adjacent antennas.

Y Antenna

Amplifier

Input o o Qutput

Figure 4.35 An active antenna unit cell using lossless parallel resonator connected
in series.
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Figure 4.36 Simulated phase of S21 for the lossless NGD circuit using parallel
resonator connected in series.
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4.7 A Solid State Millimeter Wave High Power Amplifier

The active array described in this section is intended for use in high-power SAR
system. This system is needed for mapping the height profile of the sand layers in deserts,
which could reduce the cost of oil and gas exploration. In order to do that, a high power Ka
band radar is required to characterize the scattering from the sand-air interface. The link
budget for the SAR system requires 1 KW transmitted power at 35 GHz with a 300 MHz
bandwidth. Designing such a high power amplifier at millimeter wave frequencies using
solid state devices has many challenges because of the limited power capability of the solid
state devices at millimeter-wave frequencies. For example, the maximum power from
commercially available MMICs at 35 GHz is approximately 3 watts. Therefore, more than
320 MMIC:s are required to generate the required power level. To overcome the combining
loss, output power from many transistors can be spatially combined by using a serially fed
active antenna array. To achieve the required power level, an antenna array consisting of
five rows with each row containing 80 active antenna elements is needed. Such an antenna
will provide a beamwidth of 0.7° in the azimuth direction and a beamwidth of 20° in the
elevation direction. Each active antenna unit consists of a MMIC PA mounted on a
pedestal, a T-junction power divider and a patch antenna, as shown in Figure 4.39. The
MMIC PA used in this design is TGA4517 from TriQuint, which has an output power of
3.16 W at 35 GHz. There is one PCB that has the dividers and the biasing circuit and one
PCB that has patch antennas only located above the other PCB. The antenna and the power
divider will provide negative group delay as well. In order to eliminate the beam squint

and thereby alleviate the bandwidth limitation that it may cause, the antenna array consists
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of unit cells that have a zero group delay, and zero dB gain as described in section 4.5.

Moreover, every row in the array will to be fed from the middle as shown in Figure 4.40.

toa patch antenna

Ouipute. Mf— Input
1\ Pcm er 1\

divider
MMIC2 MMIC1

Figure 4.39 Active antenna unit connections.

—
180 -
Antenna
Degrees +
Phase NGD
Input Shifter Circuit

Figure 4.40 Spatial power combining using serially fed active antenna array.
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The input signal of the antenna array is divided into three different paths as shown
in Figure 4.40. The first signal path is injected into 40 active antennas (to the left of Figure
4.40). The second part is injected into another 40 active antennas through a transmission
line providing 180° phase delay (on the right side of Figure 4.40). The third part is used to
excite the next row where it is amplified and divided into three parts, as described for the

first row. The same procedure is repeated for the rest of the rows.

4.8 Conclusion

The major drawback of conventional NGD circuits is the loss associated with them.
In this chapter, new approaches for designing lossless NGD circuits are introduced. Several
prototype circuits are designed and fabricated. Furthermore, the proposed NGD circuit is
used to design a beam squint free serially fed antenna array. By addressing the beam squint
issue in serially fed arrays, one can pave the way for the implementation of low cost and
compact phased arrays for defense and commercial applications.

A novel circuit that uses the resonance behavior and the input impedance of the
antenna in order to generate NGD without using lossy elements is introduced. The
performance of this circuit has been tested by fabricating NGD circuits that use a patch
antenna and a microstrip quasi-yagi antenna resonance behaviors to provide a negative
group delay. Furthermore, a circuit that uses an amplifier including its matching network’s
resonance behavior to generate NGD has been designed. Such circuits can be integrated
into a serially fed antenna array in order to reduce the beam squint without any additional

losses.
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A new spatial power combining technique at millimeter wave frequency has been
proposed in this chapter. More than 1 KW output power can be spatially combined with a

beamwidth of 0.7° in one direction and 20° in the other direction.
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Chapter 5

Conclusion

5.1 Summary

In this thesis, new methods for designing high-power, high-efficiency, and compact
power amplifiers using solid state devices are introduced to overcome the output power
limitations of solid state devices. Both circuit level and spatial power combining techniques
were developed to achieve this. These techniques can be used to design transmitters for
many applications such as radars, communication systems, RF heating, magnetic
resonance imaging, and plasmas, etc.

Several power combining techniques are summarized in chapter 2. Most of the
power combining designs in the literature don’t have a compact size when they are used to
generate kilowatt power levels. Chapter 3 and chapter 4 introduced new methods for
designing kilowatt-level compact power combining circuits.

For kilowatt power level transmitters, the power amplifier’s efficiency is one of the
critical factors predominant in determining the amplifier’s overall size, weight, and cost.
In chapter 3, a new high efficiency circuit-level power combiner design is introduced. This
design is based on a class-E power amplifier using a HiVP configuration in order to
combine the output power from several high-power flanged devices. HiVP amplifiers allow

the design of compact and high gain power amplifiers. Furthermore, it increases the
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optimum output impedance, thereby reducing the matching loss and improving the
bandwidth. Moreover, using a class-E power amplifier design improves the efficiency of
the power amplifier thereby reducing thermal design requirements and accordingly
reducing the overall size and weight.

An approach based on connecting flanged transistors in a cascode configuration is
presented. Furthermore, design formulas for HiVP class-E power amplifiers are derived.
Three HiVP class-E power amplifiers are designed and fabricated using BLF571 LDMOS
devices in order to demonstrate power combining from packaged devices using HiVP at
the VHF frequency range. High-efficiency and high-gain are achieved using compact
power amplifier. Finally, a kilowatt power lever power amplifier, which will be used for
high-power SAR systems, is designed and simulated using ADS.

The overall efficiency of the amplifier designed using HiVP decreases as the
number of devices increases. Therefore, a new method for designing a spatial power
combiner using serially fed antenna arrays is introduced in chapter 4 in order to power
combine a large number of devices. However, the bandwidth of serially fed arrays is
limited due to beam squint, which is caused by variation of excitation phase of adjacent
antennas with frequency. Therefore, several new methods for eliminating beam squint in
the serially fed antenna arrays using lossless NGD circuits are introduced. These methods
can be used to design antenna arrays for many application including military radars, vehicle
collision avoidance systems, cellular base stations, satellite communication systems, etc.

Several lossless NGD circuits are designed and tested at S-band, X-band, and Ka-
band frequencies. These circuits are designed using the antenna’s resonance behavior to

generate NGD. A microstrip quasi-yagi antenna and a microstrip patch antenna are
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fabricated to demonstrate lossless NGD circuits. Furthermore, these circuits are integrated
with an amplifier to obtain a zero group delay line. This delay line has been integrated with
a serially fed antenna array and was capable of reducing the beam squint without any
additional losses.

Another NGD circuit is designed using the amplifier with its matching network
resonance behavior to generate NGD. This design reduces the beam squint without any
additional losses. Furthermore, a new spatial power combining technique at millimeter
wave frequency has been designed and simulated in this chapter. More than 1 KW of output
power can be spatially combined with a beamwidth of 0.7° in one direction and 20° in the

other direction.

5.2 Future Work

A prototype HiVP class-E power amplifier has been demonstrated with a measured
output power of 70 W. A kilowatt power level power amplifier has also been designed for
a VHF SAR application. This amplifier can be fabricated using the provided design in
chapter 3 to be used in SAR applications.

Several high power radar systems require designing kilowatt power level power
amplifiers at Ka-band. These amplifiers can be designed using the design methodology for
spatial power combining proposed in chapter 4. In this design, the power amplifiers and
antennas are closely integrated, therefore the overall size of the radar system is minimized.

The lossless NGD circuits described in chapter 4 can be used to design efficient

and compact size passed array systems using serially fed antenna arrays. In order to do that,
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a tunable phase shifter can be integrated within the one active antenna unit cell discussed
in chapter 4 as shown in Figure 5.1. By cascading many active antenna unit cells shown in

Figure 5.1 one can build a compact and low cost phase array systems.
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NGD Circuit
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]

Input o ID | i_ _.i: D > @ D o Output
nput : i Matchin . Output
Matching “ ' Circuit ° Amplifier Mat'ghing
Circuit Circuit

3 Way
Power
Divider

Figure 5.1 One unit cell for phased array system.

In Chapter 4, a method of designing a NGD circuit using lossless parallel resonance
circuit connected in series is introduced. In this method, a transformer is used to convert a
differential signal into a single ended signal. Rather than using a transformer, a differential
amplifier can be connected directly to a lossless parallel resonance circuit in order to utilize
this design for millimeter wave applications.

The lossless NGD circuits described in this dissertation are not limited to the
antenna arrays applications. For example, they may also be utilized in broadband
transversal equalizers’ design. A transversal equalization is used to eliminate the effect of
multi-path propagation in wireless communication or the spectral distortion in wire-based

communication. Conventional transversal equalizers suffer from a frequency dependent
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phase shifter. However, the NGD circuits discussed in this dissertation may allow for the
design of a frequency independent phase shifter which will improve the overall system

bandwidth.
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Appendix A

Beam Squint Free Antenna Array Design

The antenna used in the active antenna unit cell shown in Figure 4.14 is a
microstrip-fed quasi-Yagi antenna. The design and dimensions of this antenna is shown in
Figure A.1. In the designed antenna, L1, L2, L3, L4, L5, L6, L7, W1, and W2 are 548 mils,

658 mils, 1097 mils, 669 mils, 760 mils, 1842 mils, 1400 mils, 141 mils, and 40 mils,

respectively.
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L6 | L5
|
w2 [ - X
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.
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-
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_

Figure A.1 Microstrip quasi-yagi antenna fed by a microstrip to coplanar strip

transition.
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