Abstract

JIANG, XIN. Two new Ka-band traveling wave power divider/combiner designs.
(Under the direction of Dr. Amir Mortazawi).

The purpose of this thesis is to develop a traveling wave power
dividing/combining technique for a Ka-band 32-device high power amplifier system.
Based on this technique, two main components of the power amplifier system have been
designed. One component is a back-to-back connected 4-way waveguide-to-waveguide
power divider/combiner and the other one is a back-to-back connected 8-way waveguide-
to-microstrip power divider/combiner. Of the two components, the former has exhibited a
4 GHz (~12.5%) 0.5 dB bandwidth with 0.15 dB insertion loss at 32 GHz in simulation.
The later utilizes a novel power coupling structure, which has the advantages of low
profile, ease of fabrication and efficient heat sinking for the solid-state amplifiers. It was
fabricated and experiments on this passive structure have demonstrated a minimum
overall insertion loss of 1.8 dB at 32.5 GHz with a 3 dB bandwidth of 15%. The power
amplifier composed of these two traveling-wave designs offers a potential broadband

solution for solid-state amplifiers applied in high power millimeter-wave systems.
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Chapter 1

Introduction

1.1. Motivation

To realize solid-state microwave and millimeter-wave high power amplifier,
power dividing and combining techniques are indispensable. In the past decades, many
power divider/combiner designs based on various power dividing and combining
techniques have been widely reported [1-11]. Generally speaking, the design goals for an
efficient N-way power divider circuit are: equal power division over a wide bandwidth,
good isolation and small phase deviation between output ports [1], although trade-offs are
often inevitable due to the limits in design space and the cost of manufacturing. Most
power divider/combiner circuit designs fall into two categories: resonant type and non-
resonant type. Resonant designs usually have a low insertion loss (for divider design) or a
high combining efficiency (for combiner design) over narrow bandwidth, while most
non-resonant designs can achieve a wide bandwidth at the cost of a high insertion loss
[1]. Traveling wave power divider/combiner belongs to the non-resonant power
divider/combiner category. In this design approach, the coupling coefficient at each

branch is adjusted for equal division/combination over N output/input ports. Although
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this requirement increases the design complexity, the bandwidth can be greatly enhanced

without much increase in the insertion loss [10].

In this thesis, a 32-way Ka-band traveling wave power divider/combiner system
for the design of high power millimeter-wave amplifiers is proposed. This system
consists of two key components, the 1-to-4 waveguide-to-waveguide power
divider/combiner and a novel 1-to-8 waveguide-to-microstrip power divider/combiner.
This thesis focuses on the discussion of the basic design strategies and their experimental
validations. Since both designs are based on the traveling wave power
dividing/combining technique, the advantages of this technique in terms of bandwidth,
insertion loss are also discussed in this thesis. The 1-to-8 waveguide-to-microstrip power
divider/combiner design allows for a low profile, good heat sinking capability and ease of
fabrication. Hence, the power amplifier system utilizing these two power
divider/combiner designs is expected to be a promising solution to meet the increasing
demands of millimeter-wave communications and radar systems for solid-state power

amplifiers.
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1.2. Thesis Overview

In Chapter 2, a review of various power-dividing techniques is presented with a
brief discussion on the advantages and disadvantages of various power dividing/combing
approaches. In Chapter 3, the general design procedures for a traveling wave divider are
presented. Two traveling wave power dividers are also discussed. In addition, a
discussion of phase errors and their compensation for the design of back-to-back
connected power divider and combiner is given for each design. In Chapter 4, fabrication
details and measurement results for an eight-way back-to-back connected waveguide-to-
microstrip power divider and combiner are presented. Finally, conclusions are drawn in

Chapter 5, along with suggestions for future research in this area.
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Chapter 2

Literature Review

2.1. Introduction

Various power dividing/combining techniques have been developed for many
applications in microwave and millimeter-wave systems. In general, there are four
categories of power dividing/combining techniques: chip-level divider/combiner, circuit-
level divider/combiner, spatial divider/combiner and multiple-level divider/combiner
(which is a combination of the former three types) [1]. In most cases, according to the
reciprocity theory, (assuming that phase uniformity issues can be neglected or properly
compensated for the design), the power combiner design can be mirror symmetrical of
the power divider [2]. Therefore, in the following discussions, most emphasis is placed
on the designs of power dividers. For combiner designs, the problem of phase uniformity
will be discussed when appropriate. A brief summary of the above four
dividing/combining circuits and their relations are shown in Fig 2.1. For each category,

several examples will be briefly discussed.
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Power Dividing Techniques

Chip-level

Circuit-level

Spatial dividing

Other techniques

Resonant

cavity dividers

Multi-level

Non-resonant
cavity dividers

Rectangular Cylindrical
waveguide resonant cavity
dividers dividers
N-way dividers Corporate dividers
Conical Radial line Wilkinson Tree/Hybrid Chain coupled
waveguide type waveguide type dividers dividers dividers

Fig. 2.1: Classification of different power dividing techniques [1].
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2.2. Chip-level Power Dividers

Chip-level power dividing is the most fundamental technique to achieve higher
power level from solid-state devices. In this type of power amplifying system, several
active devices are aligned in series or parallel and directly connected to each other
through bond wires or contacting layers in integrated circuits. The advantages of this type
of power amplifier are its low fabrication cost and compatibility with the IC process.
However, there are fundamental limitations to this technique. It is often difficult to
realize impedance matching between these circuits and outside circuits, furthermore,
there is no isolation between these devices. As frequency increases, the lateral
dimensions of chips become smaller, hence efficient dissipation of the excessive heat
generated from the compactly placed chips is difficult. Therefore, the thermal interactions
among devices can be very serious. Due to these disadvantages, the number of active
devices has to be limited, which also restrict the whole system’s power level [1]. With the
improvements in solid-state amplifiers and chip-scale integration technology, multi-chip
power combiner/divider technology is still very promising for moderate power-level
output. An example of a Ku-band two-FET-chip power combiner/divider with an output
power of 43.2 dBm is given in [3]. Also, Fig. 2.2 gives a photo of one commercial Ka-

band three-stage MMIC power amplifier with 25 dBm output power as another example.
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Fig. 2.2: A three stage MPA MMIC amplifier
(Developed at TriQuint Semiconductor Inc. using a 0.25um Power pHEMT
process.)(TriQuint TGA1073A 25dBm nominal Pout@P1dB)
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2.3. Circuit-level Power Dividers

As shown in Fig. 2.1, there are two sub-categories of circuit level power divider:
based on resonant cavities and non-resonant cavities. Although most of the circuit-level
power dividers may not belong to the cavity type, they still fall into two similar
categories: resonant type and non-resonant type. Resonant power dividers usually have
high dividing/combining efficiency over a narrow bandwidth (3 dB bandwidth is
typically around 4~5 percent), while non-resonant power dividers have wider bandwidth

at cost of higher insertion loss [1].

2.3.1 Non-resonant Power Dividers

One sub-class of the non-resonant circuit-level power dividers is the corporate
power divider class. The corporate power dividers are usually composed of several two-
way power-dividing units. Two commonly used corporate dividers are the “tree” type and

the “chain” type (Fig.2.3 and Fig.2.4).

In the “ tree” type, an N-way power divider is realized by (N-1) units of 3 dB
hybrid power divider (e.g. Wilkinson-type) connected in the shape like a tree. As it can

be seen in Fig. 2.3, when the number of stages/levels reaches k, the number of power

dividing units will be 2° =1 and excess transmission lines are needed for the power
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traveling from the first stage to the k" stage where the active amplifiers are connected.
This will increase the fabrication expense and the insertion loss due to the long
transmission lines used. Furthermore, each stage’s transmission lines are at different
impedance values to get impedance matching between stages. When N increases, the
biasing of the inner active devices in the network is difficult to realize due to the poor
accessibility. However, this type of power dividers is easy to integrate with the active
amplifiers onto one chip and can be suitable for microwave monolithic integrated circuit

(MMIC) fabrication.

Power Power

dividino camhining

—> —>

| |
L nl

Two way Two way
power power b
splitters ombiners

L, L

stage

1 st

stage —L *
2nd
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|

2nd
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st

jyuay ey e ug

Fig. 2.3: Corporate “tree” type divider/combiner frame
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By applying “tree” type power divider and combiner on GaAs FET MMIC, Arai
et al. [4] have presented a design with an output power of 2 W with 3.3 dB gain at 30
GHz. According to reports of Ozgur, Zaghloul and Gaitan [5], such kind of “tree” type
power divider/combiner system can be improved by applying CMOS micro-machining

technology on fabrication of the Wilkinson-type divider unit.

Couplers with
specified
ratios

Power in

- &

& -

Devices Pawer ont

Fig. 2.4: Corporate “chain” divider/combiner frame

The second type of corporate power divider is a “chained” divider/combiner

network, i.e. the traveling wave approach hereinafter (Fig.2.4). Compared with the “tree”
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type, the traveling wave approach doesn’t need the excessively transmission lines to
connect the different stages/levels in Fig. 2.3, so as a result of this, the insertion loss can
be smaller than the “tree” type divider/combiners. For a well-design traveling wave
power divider/combiner, power is divided at each branch with unequal dividing ratios by
the reflection-less couplers as it travels along the power divider’s feeding transmission
line (Fig. 2.4). Thereby, a 1-to-N traveling wave design could be simplified into N
designs of three-port reflection-less power coupling units that have specified power-
coupling ratios. As long as the reflection from each individual coupler is small enough,
each unit design can be processed independently without considering effects from others.
Once each design is optimized in terms of bandwidth and insertion loss, a broadband
traveling wave power divider with low insertion loss can be obtained. Detailed features of

this approach will be presented in Chapter 3.

In Fig. 2.1, there is another sub-class of non-resonant power divider/combiner, the
N-way category. The class of power divider/combiner refers to the N-way power
divider/combiners whose input power is divided equally into the N branches at the same
time, such as Wilkinson-type, radial-line type, and conical waveguide type. For these
three types, branches are symmetric with each other and additional chip resistors are used
to offer good isolation between the branches. Although these N-way power dividers are
usually more compact and have lower insertion loss, their configurations are complicated
for analysis and design. For these designs, impedance matching analysis usually is not

enough and more advanced field analysis tools based on mode matching or finite element
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method are needed to simulate the field distributions and understand structure’s
performance in terms of S parameters. When the number of power division ports
increases, the high order modes can be generated and hence the design difficulty is
increased. A 4-way power divider/comibiner design using a radial-waveguide was
presented by Chang, Li and Hummer [6]. The divider achieved an insertion loss of less

than 0.5 dB and a 20% relative bandwidth at X-band.

2.3.2 Resonant Power Dividers

Kurokawa and Magalhaes presented the first resonant-cavity combiner that was
composed of 12 diodes at X-band in 1971 [7]. The 12 diodes were mounted in coaxial
lines, coupled to a rectangular waveguide cavity. This circuit was later modified by Harp
and Stover [8] into a cylindrical cavity combiner to increase the packaging density of the

active devices.

The resonant power divider/combiner can be used for the design of oscillators and
injection-locked amplifiers. The advantages of this type of power divider/combiner
designs (compared with the non-resonant case) are [1]:

a) Less insertion loss, therefore dividing/combining efficiency is generally higher
than non-resonant designs;

b) Compact size;
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The disadvantages of this type of power divider/combiner are [1]:

a) Limited bandwidth (a few percent), which is inherent to the resonant nature of this
design.

b) Difficult electrical or mechanical tuning.

Most resonant power dividers are composed of coupling periodically connected

along a transmission line. Since the couplers are identical, the whole structure can be

simplified to an equivalent circuit model shown in Fig. 2.5.

N(G+jB) (N-1)(G+jB) 2(G+jB) G+jB
1 A 1

T Lt m WEI" 13 W = Tw T

o Ed 2 2 o 2

Powerinput 6 []B ¢ 1P $° |I® s [l
:: 4 4 4:

11 1 F {1 13 {1

Fd Fd @ @ Fd o

Short
end
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* [1

(NG

{1 1t
QD

(b)

Fig. 2.5: An N-way resonant power divider
(a) Equivalent circuit model; (b) Simplified unit stage circuit model.

If each unit’s equivalent admittance is G+ /B and they are separated by A,/2,
then the node voltages (Fig. 2.5 (b)) are the same and the power delivered into each unit

is %GVM2 with input power being equal to %GV *, where the V;,, is the voltage at node 1.

ith 9

Assuming that the couplers are resonant at the design frequency, the reflection coefficient
r, is given by:

_Y-NG
in Y(7 +NG

3.1)

where Y is the characteristic admittance of the transmission line (i.e. 1/Z,).

For a perfect match the reflection coefficient must be zero:

G=Y /N (3.2)
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As long as only the dominant mode is excited along the transmission line, the
model in Fig. 2.5 is valid and the design of an N-way power divider could be as simple as
designing the single power coupler unit shown in Fig 2.5 (b) satisfy equation (3.2) [9].
An X-band eight-way power divider/combiner was presented by Bashirullah and
Mortazawi [9] following the above design procedure. Their passive power
divider/combiner design demonstrated a low insertion loss of 1.15 dB at 9.85 GHz with a

relative 3 dB bandwidth of 5%.

2.3.3 A Resonant Type Power Divider/Combiner With Quasi-traveling
Wave Features

There are some circuit-level power divider/combiner designs that belong to
resonant group, while, in their design process, techniques to suppress the reflection at
each unit have been utilized. Thereby, these designs also have some quasi-traveling wave
features and demonstrate a wider bandwidth and a lower insertion loss. Such a design has
been reported by Sanada et al. [2]. They have presented an eight-way resonant type
power divider/combiner at X-band, which is composed of power couplers from
rectangular waveguide to coax. That design’s insertion loss is less than 0.1 dB at 10 GHz
with a relatively +0.5 dB bandwidth of 13%. Most parts of their design procedure are
similar to those of the conventional resonant dividers as described in section 2.3.2, except

that the value of each unit’s admittance ( jB ) is optimized to obtain minimum reflections
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and wider bandwidth. In a later publication [10], a traveling wave 1 to 8 power divider
based on the same structure was presented and the + 0.5 dB bandwidth of 27% with a low
insertion loss was achieved. Two designs demonstrate low insertion losses over a wide
bandwidth, which are the features of power divider/combiner designs based on the

traveling wave approach.

2.4. Spatial Power Dividers/Combiners

Spatial or quasi-optical power divider/combiner systems have shown the potential
to efficiently combine power by using hundreds of solid-state devices at microwave and
millimeter wave frequencies. By achieving uniform power distribution in free space or a
low loss dielectric medium, spatial power divider/combiner demonstrates low loss and

good combining efficiency over a wide bandwidth.

Usually, a spatial power amplifying system consists of five major parts: the
radiating horn/feeding structure, receiving antenna array, solid-state amplifier array,
radiating antenna array and the receiving horn/collecting structure. Through a radiating
horn, the input power of a spatial power divider/combiner system is spatially distributed
to each receiving antenna units (such as patch antennas or tapered-slot antennas). The
amplifier array amplifies the signal received and feed it to the radiating antenna array,

where the amplified output power is combined into space quasi-optical field and
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transformed into output waveguide through the receiving horn. Fig. 2.6 presents a multi-
layer spatial power amplifier system. In this system, input power is incident on the front
side of the first amplifier layer through the radiating horn, then, the amplified signal is
coupled to the second layer for further amplification, and so on for N layers. In the end,
the output power from radiating antenna array is collected by the receiving horn. Cheng
et al. [11] have presented an eight-element spatial power combiner that yielded a
maximum output power of 41 W, and the design’s average combining efficiency from 8
to 11 GHz was estimated around 73%. That design demonstrates the advantages of spatial

power dividing/combining technique: high-power level, broad band and good efficiency.

Fig 2.6: Spatial multi-layer amplifier array system configurations.
(Power is distributed and combined by the hard wall horns).
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2.5. Multiple-level Power Dividers/Combiners

The multi-level power divider/combiner system is actually a combination of chip-
level, circuit-level and spatial, three different power dividing/combining techniques. A
typical organization order of different level of power combiners is shown in Fig 2.7 [1].
As shown, the basis level is the chip-level power divider/combiner and that usually is
realized as a part of device processing (e.g. [3]). For a large scale of power combining,

multiple-level approach could be a possible solution.



CHAPTER 2. LITERATURE REVIEW

Chip-level
combiner

Chip-level
combiner

Resonant
combiner

Nonresonant
combiner

Resonant
combiner

Nonresonant
combiner

Resonant
combiner

Chip-level
combiner

Spatial
Combiner

Nonresonant
combiner

Chip-level
combiner

Resonant
combiner

Fig. 2.7: Multi-level power combiners.
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Chapter 3

Design and Simulation Results

For Two Traveling Wave Power Dividers/Combiners

3.1. Introduction

In this chapter, the detailed design procedures and simulation results for two Ka-
band traveling-wave power dividers are presented. We will first present the design of a 1-
to-4 waveguide-to-waveguide power divider/combiner based on T-junction power
splitters. These power splitters utilize shorting posts along the E plane of the waveguide
to adjust the power coupling ratios. The second design presented is a 1-to-8 slotted-
waveguide-to-microstrip power divider/combiner. Similar to the first design, this design

utilizes shorting posts in the waveguide. The splitters in two designs were designed

separately with the aid of commercial simulation software HFSS™ (High Frequency
Structure Simulator from Hewlett-Packard). The structure dimensions and simulation
results for each splitter are reported here. The two power dividers/combiners were then
designed by cascading the power-splitting units. In the final section, the overall

performances for our designs are presented.
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Fig. 3.1: N three-port network blocks for each stage of traveling wave approach

(N-way back-to-back series connected power divider and combiner system.)

3.2. General Traveling Wave Design Approach

21

Power

Outpui

An N-way traveling wave power divider design belongs to non-resonant power

dividers. Since each power splitting can be treated as a three-port network and only the

dominant mode propagates along the waveguide,

the whole N-way power

divider/combiner structure can be simplified into a network as shown in Fig. 3.1. For an

N-way equal power divider, power output at each port is P, /N . At the i stage (Fig.
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3.1), the input power to the i stage is given by (N =i +1)P, /N . Therefore, at the input
port of the i" stage:
la, | =|b |’=(N =i +1)P,/N. (3.2.1)

where @, and b, are the incident and reflected waves at the input port of the i stage

(Fig. 3.1). Hence, for the I ! stage of a well-designed traveling wave power divider with

an equal power division, the following relations should be satisfied [2]:
|b, [F=0 (3.2.2)
|a ['=(N=i+1)P,/N. (3.2.3)

Thereby, the design of an N-way power divider can be simplified into N individual

designs of three-port power dividers with the following S-parameters: (i =L,.., N)

15,7 =0 (3.2.4)
18, P=1/(N +1-1i) (3.2.5)
|8, P=(N =i) (N +1-i) (3.2.6)

(Note: Fig. 3.3 in the following section gives an example with more details.)

As can be seen from the equation (3.2.6), the transmission coefficient |S,, | of

the last stage (i=N) is 1 and |S,, |'is zero, which means the last stage is in fact a two-

port transformer with a power transmission from the input port to the output port (Fig.

3.1).
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3.3. 1-to-4 Waveguide-to-Waveguide Power

Divider/Combiner

3.4.1. Single T-junction

The H-plane T-junction power dividers are used in the design of a 1-to-4
waveguide-to-waveguide power divider/combiner. To meet the requirements specified in
the equations (3.2.4), (3.2.5), and (3.2.6), these T-junctions power splitters need to have a
wide range of power splitting ratios and need to be matched at the input ports. A single T-
junction structure satisfying above requirements was designed based on [12,13] as shown
in Fig. 3.2. Based on the port nomination of this T-junction in Fig. 3.2, the whole power

divider was simplified to the network model shown in Fig. 3.3.
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Fig. 3.2: Single T-junction power splitter.
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Pin 3/4 Pin 172 Pin 1/4 Pin

Fig. 3.3: Three-port network blocks of traveling wave 4-way power divider and combiner.

According to our previous discussions, the followings should be satisfied for the
i"™ stage in Fig. 3.3: (1 = 1., N) (N =4)

b(i) :O; (331)

a” =J(N=i)/(N+1-i)P,; (3.3.2)
The S parameters for the it T-junction are determined by using (3.2.4), (3.2.5) and
(3.2.6). Hirokawa et al. [13] and Sakakibara et al. [12] previously reported that the
shorting post placed along the E plane of rectangular waveguide can suppress the
reflections at the T junctions. Furthermore, the window opening on the side wall of
feeding waveguide (Fig. 3.2) has the principle influence on the coupling ratio. To obtain
a wide range of coupling coefficients, the structure parameters (Fig. 3.4) are adjusted in
design process. Here we used a reduced height waveguide for our design to connect this
design with the latter design for future applications, i.e. waveguide width a =280 mil,

height » =70 mil and the narrow wall thickness ¢ =40 mil.
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Fig. 3.4: Dimension parameters of single T-junction

Each T-junction’s was designed by using the Agilent HFSS™ software. In this
routine, at first, the value of w was adjusted till the desired coupling coefficient was
obtained. Then the position of the shorting post(post_x, post _y)was adjusted to
minimize the reflection at the input. In Table 3.1, the first three T-junction’s dimensions
and S parameter values at 32 GHz are listed. The last stage was realized using a 90-
degree waveguide. As shown in Fig. 3.5, it is a 90° smooth bent with center radius of 200

mils.
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Table 3.1: Each T-juction’s dimensions, simulated and desired S parameter values

Stage W‘ ¢ X y S S5, (dB) (desired) | S5, (dB) (desired)
(mil) | (mil) | 7 ’ (B)

number (mil) (mil rpost

(mil)
1 170 | 85 15 197.5 |10 -28 | -5.96 | -6.02 | -1.28 -1.25
2 180 |90 20 192.5 |10 -27 | 480 | -4.77 | -1.76 -1.76
3 190 | 95 32 172.5 10 -26 -2.97 -3.01 -3.07 -3.01
4% 280 | 140 | Radius of bent: 200 -53 0.0 0

* The last stage is a 90-degree bent with inner circle radius of 200 mil.

Fig. 3.5: Structure of 1-to-4 power divider
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Fig. 3.6: Each stage’s simulation results



CHAPTER 3. DESIGN AND SIMULATION RESULTS 29
FOR TWO TRAVELING WAVE POWER DIVIDERS/COMBINERS

Figs. 3.6 (a)-(d) respectively show the simulated S parameters of each stage. The
return losses of each stage are higher than 12 dB over the 8 GHz around the center

frequency, which meet our bandwidth.

3.3.2 I-to-4 Waveguide-to-Waveguide Power Divider

According to the traveling wave design approach, cascading the four individual
designs in last section forms the entire 1-to-4 traveling wave power divider. The distance
between stages is one wavelength, which is long enough to neglect the couplings of the
evanescent modes generated at the discontinuities. As shown in Fig. 3.7, a uniform power

division over a wide bandwidth is obtained.

(dB)

28 29 30 31 32 33 34 35 36
Freq (GHz)

Fig. 3.7 : Insertion losses and return loss of the 1-to-4 Power Divider
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The phase of the transmission coefficients for the power divider is shown in Fig.
3.8. According to Sakakibara et al. [12], the phase compensations can be realized by
adjusting the position of the window opened in the side wall of the input waveguide and
the parameter ¢ in Fig. 3.4 corresponds to this design variable. In our design, to simplify
the design procedure, the window was kept at the center of the output waveguide. These
phase deviations of this design might be neglected for power divider design, but for the
power combiner applications these phase deviations will greatly degenerate the
combining efficiency. The reason is usually the input signals from each port of power
combiner are excited at the same phase, and with such phase deviations the input signals
will be out of phase at the combiner’s output port. Therefore, for a combiner design, the
window’s position should be included in the design variables to get a uniform phase

response.

—+_Phases21
77777777777 —=—PhaseS31 77'7
PhaseS41

PhaseS51 /

Phase Variations
(degree)

.
|
|
//
|
|
|
= ——7 - -~
|
|
|
|
I
|
|
|
T+
|

32 33 34 35 36
freq (GHz)

Fig. 3.8 : Phase variations of each output port of the 1-to-4 power divider
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In our case, the power divider and combiner are connected in tandem, therefore
the phase error compensation is applied to the overall structure which will be discussed in
the next section. Output ports isolation for the 1-to-4 waveguide power divider were also
studied. The plot of isolations between the port 2 and other ports is shown in Fig. 3.9 and

other ports isolation show a similar behavior.

Isolations (dB)

Frequency (GHz)

Fig. 3.9: Coupling from output port 2 to the other three output ports

3.3.3 Back-to-back Connected Power Divider and Combiner

To evaluate the performance of this design, a back-to-back connected power
divider and combiner system was designed. There are two possibilities to arrange such a
structure. One is a straight connection in which the corresponding ports of the divider and

combiner are directly connected, i.e. divider’s i port to combiner’s i port (Fig. 3.10(a)).



CHAPTER 3. DESIGN AND SIMULATION RESULTS 32
FOR TWO TRAVELING WAVE POWER DIVIDERS/COMBINERS

The other way is a cross connection in which the divider’s i port is connected to

combiner’s (N +1-i)" port (Fig. 3.10 (b)).

Fig. 3.10: Two types of back-to-back connected power divider-combiner
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Due to the phase deviations of the power divider design shown in Fig. 3.8, the
straight connection can not compensate these phase errors when the traveling waves are
combined at the output port of the back-to-back connected power divider-combiner.
However, in the cross connection type, these phase errors can be compensated and the
phases of the traveling waves are quite uniform over a wide bandwidth, as shown in Fig.
3.11. The overall performances of the power divider and combiner system connected in
both types were simulated in HFSS™ and the results are shown in Fig. 3.12. The cross
connection type showed lower insertion loss and wider bandwidth than the straight type
as expected. Also, the wide bandwidth of the cross connection type in terms of insertion
loss and return loss demonstrates that the phase deviations have been effectively

compensated, just as previously discussed.

——Phase_1and4
—m—Phase_2and3

Phase Variations
(degree)

28 29 30 31 32 33 34 35 36
frequency (GHz)

Fig. 3.11: Phase variations of stages couple connected in cross type;
“phase land4” is phase variations from divider’s stage 1 to combiner’s stage 4;
“phase_2and3” is phase variations from divider’s stage 2 to combiner’s stage 3;
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Fig. 3.12 : Insertion losses and return losses of back-to-back cross connected type;
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In Fig. 3.12, the insertion loss and return loss of cross connected back-to-back
power divider and combiner are shown. The minimum insertion loss at the center
frequecy (32 GHz) is approximately 0.01 dB. In reality, insertion loss will be higher due

to waveguide conductor loss, which is not considered in the simulation.

3.4 1-to-8 Slotted-Waveguide-to-Microstrip Power

Divider/Combiner

3.4.1. Single Waveguide-to-Microstrip Coupling Unit

This section presents a novel slotted-waveguide-to-microstrip traveling wave
power divider/combiner design. When this design is integrated with solid-state amplifiers
to form a high power amplifier system, it can provide wide bandwidth, low insertion loss
and an efficient heat-sinking for the solid-state amplifiers. Part of the overall 1-to-8

slotted waveguide to microstrip power divider and combiner is shown in Fig. 3.13.
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%

Fig. 3.13 : The first two stages of the power divider and the last two stages of the power combiner.
(i.e. divider stage 1 connected to combiner stage 8, divider stage 2. connected to combiner stage 7.)

The power dividing is achieved through a longitudinal slot in the broad wall of a
Ka-band reduced height waveguide. The Ka-band waveguide’s height was reduced to the
half of a standard one to decrease the waveguide’s wave impedance value and, thereby,
make it more easier to match with the microstrip line in terms of impedance matching.
Here the slot position and dimensions and a shoring post as well dictate the coupling
factor. Simulations of this complicated structure were performed using a commercially

available software HFSS™ .
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Fig. 3.14 : Single waveguide-to-microstrip power divider

To be consistent with our previous model for a generalized travelling wave power
divider (Fig. 3.1), ports definitions shown in Fig. 3.14 are used. Port 1 and port 3 were
placed far enough from the discontinuities to avoid high order modes effects in the
waveguide. Concerning the possible loss in the form of radiation from the waveguide
slots and the requirements of the traveling wave approach, for each waveguide-microstrip

coupler, an optimal design should simultaneously satisfy the following conditions [16]:

(i=1,.,N. N=8)
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1) Minimize reflections back to the input of waveguide (port 1. in Fig. 3.13),
ie. ]S, P=0;
11.) Minimize radiation from the coupling slot into the free space (The

radiation boundaries were applied in our simulations);

iii.)  Power division at a specified ratio (S,") from the waveguide to the

microstrip line, where | S, P=1/AN+1-1);

To meet the above design goals, the slot offset (offset y), slot width (sw),
microstrip line impedance, post position (x,y) and radius of the post (radius) in Fig
3.14 were adjusted by following the procedure described here. At first, to determine
each variable’s influence on the design parameters, simulations were carried out and
each variable’s sensitivities roughly concluded from the simulation results. As
expected the post’s position has the most sensitive effects on coupling ratios and
reflection. The other variables’ influences are relatively small or less sensitive, which

were adjusted first in the design procedure.

The open-circuited microstrip lines are extended a quarter of the microstrip’s
wavelength beyond each slot to achieve a virtual short at the slot plane. In addition, at
the slots, the microstip-line impedance values are transformed to 50 Ohms by using

tapered transmission lines to match with the amplifiers in active applications.
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Similar to the previous design of the 1-to-4 waveguide power divider, here the last

stage should have a coupling coefficient as large as 1. This feature requires different

design for the last stage. For this stage, a resonant design using a shorting waveguide

wall at the end is used (Fig. 3.14). Due to its resonant nature, the overall bandwidth

for the dividing circuit is slightly reduced. Each stage’s design is simulated

individually on HFSS™ .

Table 3.2 presents each stage’s dimensions and the

simulated S-parameters at the center frequency (32 GHz). In Fig. 3.15, each stage’s

frequency response is plotted. Except for the last stage’s resonant design, all the other

stages’ designs provide a wide bandwidth as evident as the insertion loss and return

loss demonstrated in Fig. 3.15.

(sl =220 for all stages, and distance between stages is 4904 )

Table 3.2: Each waveguide-to-microstrip coupling stage’s dimensions, simulated and
desired S parameters.

Stage

ml

*: The last stage is a resonant design with shoring wall at the end of waveguide.

W | mw Yy B (actual) §,, (desire) | (actual) S5, (desire)

No. H H H X U , (dB) (dB) (dB)
P post
H H

1 25 40 |42 |260 | 60 10 -31 -9.14 -9 -0.59 -0.58
2 25 34 |45 255 |1 60 10 -33 -8.50 -8.45 -0.71 -0.67
3 25 28 50 245 |60 10 -31 -8.02 -7.80 -0.81 -0.79
4 25 35 50 245 |50 10 -39 -7.24 -7.00 -0.96 -0.97
5 25 40 55 240 | 40 15 -34 -6.07 -6.02 -1.31 -1.25
6 25 40 |63 233 | 48 15 -47 -4.97 -4.77 -1.82 -1.76
7 20 |46 |63 210 | 55 15 -21 -3.24 -3.01 -3.15 -3.01
8* 24 | 52 59 190 | -80 15 -30 -0.199 0
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Fig. 3.15: Insertion losses and return loss of each stage
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3.4.2 1-to-8 Slotted-Waveguide-to-Microstrip Power Divider

Once all eight slotted-waveguide-to-microstrip couplers are designed, the entire
slotted-waveguide-to-microstrip power divider can be constructed by cascading the eight
couplers. Spacing between adjacent stages is one guide. The entire power divider was
simulated on HFSS™ with its insertion loss and return loss shown in Fig. 3.16. Isolations
between output ports of this 1-to-8 power divider were also simulated. Fig. 3.17 shows

the isolation between port 2 to other seven ports to be approximately 18 dB.

—e—S11
—m—S21
S31
S41
—¥—S51
—e—S61

(dB)

—+—S71
s81
S91

-40 + "
30.0 30.5 31.0 31.5 32.0 32.5 33.0 33.5 34.0

Frequency (GHz)

Fig. 3.16: Insertion losses and return loss of the 1-to-8 power divider
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Fig. 3.17: Coupling coefficients between port 2 and the other seven output ports

3.4.3 Back-to-Back Connected Power Divider and Combiner System

To evaluate the performance of this power divider design, a back-to-back
connected power divider and combiner system was designed and the combiner
utilized the same design as the divider according to reciprocity theory [2]. Here again
there are possible two ways to connect the divider’s output ports with the combiner’s
input ports. According to the previously mentioned arrangements (section 3.3.3),
since the phase errors for this power divider design follows the same pattern to that of
the 1-to-4 waveguide power divider, the crossing connection type is preferred. The

transmission coefficients phases are shown in Fig. 3.18.
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Fig. 3.18: Phase variations of each output port of the 1-to-8 power divider

Due to the resonant nature of the last stage, additional phase delay had to be
introduced for phase error correction. This was achieved by adding an extra
microstrip length between port 1 and 8. Fig. 3.19 shows the phase variation from the
input of the divider to the output of the combiner output along each cross connected
power dividing and combining branch. The phase values are close to each other over

a wide bandwidth.
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Fig. 3.19: Phase variations of ports couple connected in cross type.

For the cross connection type, the simulation considering the finite waveguide
conductivity and loss in dielectric substrate was performed and Fig. 3.20 presents the
insertion loss and return loss of the entire back-to-back structure. The minimum
insertion loss at the center frequecy (32 GHz) is 0.9 dB. The 3 dB bandwidth is

approximately 5 GHz.
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Fig. 3.20: Insertion losses and return losses of passive power divider and combiner system cross

connected.
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Chapter 4

Fabrication and Experiment Results

4.1. Introduction

Based on the 8-way slotted-waveguide-to-microstrip power divider/combiner
design discussed in Chapter 3, a Ka-band back-to-back connected power divider and
combiner component was fabricated and measured. In this chapter, the fabrication
process and measurement results will be discussed in details. Experiment results will be

presented and compared with simulation results.

4.2. Fabrication

To reduce the fabrication complexity, the slotted waveguide circuit of the entire
power divider and combiner system was divided into three sections, as shown in Fig. 4.1.
Each section was fabricated separately and the entire waveguide circuit was obtained by
joining the three sections with the frames at ends of waveguide. The contacting faces of
the three sections located in the broadwall of the waveguide and they were longitudinally

along the waveguide centerlines. Since magnetic current strength is smallest at the center
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of the broadwall of the rectangular waveguide, the electromagnetic effects of any defects
in metal contacts can be neglected. The two frames at the ends of the waveguide also
offered proper pressure on the contacts. Thereby, brazing or welding of the waveguide
contacts can be avoided. Material for this slotted waveguide structure is aluminum, and,
for the small posts inside of the waveguide, round copper wires are cut and thread

through the waveguide.

As it has been mentioned in previous sections, the waveguide used here is of a
reduced height Ka-band rectangular waveguide. Its height is half of the standard Ka-band
waveguide therefore two stepped waveguide-height transformers are needed to match the
waveguide circuit of the power divider/combiner to the full height waveguide at the input
and output. The transformers by themselves have around 0.2 dB insertion loss over a

wide bandwidth.

Fig. 4.2 shows the photograph of the Ka-band divider and combiner passive
system. The microstrip circuit is fabricated on Roger’s 6006 RT/Duroid™ (& =6.15)
with a thickness of 0.381 mm. As previously discussed in section 3.4.3, in Fig. 4.2, the
microstrip bents are used to offer the required phase delay for phase compensation and

tapered microstrip lines are used to transform microstrip impedance to 50 Ohms.
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Fig. 4.1: Assembly of the slotted waveguide to provide good electrical contact.

Fig. 4.2: Passive 1-to-8 waveguide-to-microstrip power divider and combiner
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4.3. Experiment Results

In Fig 4.3 (a) and (b), the measured insertion loss and return loss for the passive
power divider and combiner system are shown with the simulation results in HFSS™ . A
close agreement between simulation and measured results is observed. The simulated
return loss of the whole divider and combiner is approximately 20 dB and its insertion
loss is less than 2 dB over a 4 GHz bandwidth. And in measured results, the minimum
insertion loss of the entire passive system, including the loss in waveguide transformer, is
1.8 dB at 32.5 GHz with an input return loss of 35 dB. The 3 dB relative bandwidth at
center frequency 32 GHz is 15%(~5 GHz). The increased insertion loss compared with
the simulation results is most likely due to the fabrication errors and the slight

mismatches in each branch’s phase.
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Chapter 5

Conclusions and Future Research

5.1. Conclusions

In this thesis, two novel traveling wave power divider/combiner designs are
presented. The first design, a waveguide 1-to-4 power divider/combiner, consists of T-
junction power splitters that are designed based on traveling wave approach. Simulations
of this design on HFss ™ shows 4 GHz 0.5 dB bandwidth (Fig 3.11) at center frequency
of 32 GHz, and the minimum insertion loss in simulation on the lossless waveguide
structure is as low as 0.01 dB. In practical applications, insertion loss will increase a little
due to the finite conductivities of various materials, but, still it is a promising design for

waveguide power dividing applications.

The second design utilizes a novel waveguide-to-microstrip coupling structure
and demonstrates the advantages of the traveling wave approach. This novel structure is
based on the shorting posts’ features that have been demonstrated in the first design, i.e.
the suppressing of the reflections and a wide range of power coupling control. As a

waveguide-to-microstrip power divider/combiner, this novel 1-to-8 design at Ka-band not
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only demonstrates a wide bandwidth with low insertion loss but also offers an efficient
heat sinking structure for the design of solid-state power amplifiers. A 3 dB bandwidth of
15% (~5GHz at 32.5 GHz) has been obtained with an overall insertion loss of

approximately 1.8 dB and a return loss better than 30 dB.

Both designs demonstrate the advantages of the traveling wave power dividing

technique: wide bandwidth, low insertion loss and flexibility in the design process.
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Fig. 5.1: A Ka-band 1-to-32 power amplifying system scheme.

5.2. Future Research

The power amplifying system based on the power divider and combiner of the

second design has being built by the time of finishing this thesis. A larger power
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amplifying system of 32 or more active amplifier elements will be built by combining the
two designs presented here (Fig. 5.1). Using the first design’s 1-to-4 power divider’s
output waveguide as the feeding waveguide of the second design, a 1-to-32 waveguide-

to-microstrip power divider will be valid.

For the first design, a uniform phase response over a wider bandwidth can be
obtained by adjusting ¢, which represents the offset of the window center from the
waveguide center according to the paper of Sakakibara et al. [12]. In the design process
presented here, ¢ has been kept equal to the half of the window width, which means no

offset has been aligned to reduce the design complexity.

A better understanding of coupling mechanism in these two designs will be

achieved for a more efficient design procedure.
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