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ABSTRACT

DESIGN AND REALIZATION OF HIGH POWER LOW LOSS COMBIERS

Suna, Gonca
M.S., Department of Electrical and Electronics Eegring
Supervisor: Prof. Dr. Nevzat Yildirm

November 2013, 129 pages

In recent high power microwave systems, power ggiogr is commonly achieved
by combining a bunch of transistor amplifier. Retjag the efficiency of power

combining operation, insertion loss of the combiisea critical parameter. In this
thesis, several low loss power combiners, nameigrastrip Wilkinson combiner in

6-18 GHz frequency range, suspended stripline bitare couplers in 16.5-17.5
GHz frequency range and finally, planar probe calaxiaveguide combiners in 8.5-
11.5 GHz and 15.5-17.5 GHz frequency ranges amstigated and implemented. It
is shown that planar probe coaxial waveguide coerbimas much lower loss
compared to the other ones. Therefore, 8 ident&calvV power amplifiers are

combined using planar probe coaxial waveguide coerbi of two different

operating frequency bands to get 15 W outputs ith 812 and 15-18 GHz
frequency ranges successfully.

Keywords: Power Combiner, Planar Probe, Coaxial &gaide, Combining

Efficiency



Oz

YUKSEK GUCLU VE DUSUK KAYIPLI B IRLESTIRICILERIN TASARIMI VE
GERGCEKLENMES

Suna, Gonca
Yuksek Lisans, Elektrik ve Elektronik MihendIBolimu
Tez Yoneticisi: Prof. Dr. Nevzat Yildirim

Kasim 2013, 129 sayfa

Son yillardaki yiksek gucli mikrodalga sistemleandyc Uretimi yaygin olarak
belirli sayida transistor yukseltecin gkigigclerinin birlgtirilmesi ile elde
edilmektedir. Gigc birlgirme isleminin verimliliginde birletirici kaybir énemli bir
desiskendir. Bu tezde, 6-18 GHz frekans agaida mikrgerit Wilkinson birlestirici,
16.5-17.5 GHz frekans arginda askidgerit hatlarla bglac tipi birlestirici ve son
olarak, 8.5-11.5 GHz ve 15.5-17.5 GHz frekans Klalinda §-eksenel ortamda
duzlemsel problu birlgirici olmak Uzere cgtli dusik kayipli guc birlgtiriciler
incelenms ve gerceklenmgtir. Es-eksenel ortamda dizlemsel problu Bitikenenin
digerlerine kiyasla daha az kaybi ofdugosterilmgtir. Bu nedenle, 8 adet 2 W'lik
0zde yukseltecin ¢ilg glcleri g-eksenel ortamda dizlemsel problu Bitikgcilerle
birlestirilmis, 8-12 GHz ve 15-18 GHz frekans araliklarinda 15Mfs gici baar
ile elde edilmgtir.

Anahtar Kelimeler: Gug Birlgirici, Diizlemsel Prob, f&eksenel Dalga Kilavuzu,
Birlesim Verimlili gi
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CHAPTER 1

INTRODUCTION

In microwave systems, the system scenario may nedugh output power.
In this case, high-output power modules must bdt lboi operate in microwave
frequency range. The oldest solutions for this iregoent are microwave tubes. The
most commonly used one is the traveling wave tubglifier, which was introduced
as a concept in 1942 and suggested to be usedamgifier in 1947 by Kompfner
[1]. In his article, Kompfner describes his techr@cand its usage as an amplifying
device. Amplifying occurs by the help of a beametéctrons and a helix shaped

structure.

In following years, solid state monolithic microvwevntegrated circuit
(MMIC) technology has developed. Using this tecliggl power amplifiers for
microwave frequencies were designed and produdeds $f these devices were on
the order of millimeters and the output powersgererally less than 10 Watts per
device. Using only one single device as a solufmmhigh power (hundreds of
Watts in microwave frequencies) requirement wasfeasible. However, this usage
was considered for many applications which do Bquire more than tens of Watts
in microwave frequencies. Modules including MMICvia®s were much smaller
than the ones using traveling wave tube amplifi@@/TAs). Despite the size
advantage, the output power levels of MMICs perickewere not appropriate for
most of the transmitters. Therefore, an assigneohbeu of identical MMIC
amplifiers can be employed by combining the outpdithose units to achieve more
power than a single MMIC die could supply. Differdppes of power combiners



were developed in the literature and have been fmsezbmbining MMIC amplifier
outputs. In this thesis, several examples of pawenbiners are described, designed
and built for various microwave frequency bands.ohign them, the most efficient
combiners are selected and used to build powerifnphodules of 10-20 Watts
output for two frequency bands, 8-12 GHz and 1%5&. Power combiner devices
could be also used for combining a number of TWTApats; only for the case

when more than a few kilowatts are needed, whiduiof the scope of this thesis.

Amplifiers
Fowet
Divider Power
\ / Comkiner
Input || l utput

Figure 1.1: A conceptual power combining system

In Figure 1.1, a conceptual power combining syseshown. In this figure,
there is a power divider at the input stage afteribput port. Power is applied from

input and divided by four, using the power divid®utputs of this power divider are



used for feeding the four amplifiers. There is avpocombiner at the output stage.

Amplifier outputs are combined by the power combied fed to the output.

There are a few main types of couplers which hasenbused widely in
power combining structures since the introductidrsalid state power amplifier
(SSPA concept. These are Wilkinson, branchline, rat-racel coupled line

couplers. The combiners are mainly defined by Poeft].

Wilkinson introduced a divider of hybrid type in2®[3]. He described the
structure of a divider which can divide the inpuibi a randomly selected number of
parts. Each resulting part is identical, i.e. Hestame signal magnitude and phase.
Resistive elements can also be added between l®riohobtain good isolation

between the output parts.

The simplest and most widely used version of timisl ks a 2-way Wilkinson
divider. The schematic of the divider is given igufe 1.2. In this divider, there are
two output and one input ports. The input signditsto to two at a junction. The
resulting two branches of this junction are ideadtiand have a length of quarter
wavelength (QWL) at the center frequency of operatWhile each port has 30
reference impedance, the characteristic impedahtese lines must be 707, i.e.
V2 times the reference characteristic impedance. QN¥L branches are for
impedance matching of two parallel-connected ostuitthe junction. Each QWL
line is connected to one output with referencetbia 50Q lines. There is also a
resistive element in the structure. A 1@ (twice the reference impedance)
resistance is connected between the endpointseofith QWL lines. This resistor
supplies good isolation between two outputs in aafsenperfect 50Q loads. In
reverse, when the structure is used as a comhinexenly fed powers from the
inputs will be dissipated on this resistor. Hertbe, power transfer between the input
ports is obstructed and any damage on the de\sga®vented.



70.70 500 Output 1

Am/v 500
Input 50Q
500 gloog

70.7Q Output 2

M4 50Q 50Q

Figure 1.2: Schematic of a 2-way Wilkinson divider

Another widely used type of combiner is the bramehicoupler. This is a
type of 99 hybrid coupler; since the input is divided intootyarts with equal
magnitude but YOphase difference. An example schematic of a bitamkoupler
is given in Figure 1.3. There are two output pootse isolated port and one input
port. These ports are connected with a network vincludes four QWL lines as
seen in Figure 1.3. When the reference charadtemspedance is 5@, the line
which connects two output ports is &0and the line which connects the input and
the isolated ones is also 8D The other two QWL lines have 35X characteristic
impedance; i.e. the reference characteristic impedance 50 Q divided by V2. The
isolated port is terminated with a load of impedarmequal to the reference
characteristic impedance; $Din the case of Figure 1.3. In this case, when pasve
applied from the input, it splits into two partsdatransferred to the outputs. The
signals at the outputs have the same magnitudéerins of phase, the signal at
Output 2 is lagging the signal at Output 1 by.90



35.4Q

M4
Input Oggp;;t 1
50Q

50Q 50Q
M4 MAa
Output 2
«—»> 50Q

50Q 35.4Q

M4

Figure 1.3: Schematic of a 2-way branchline coupler

Rat-race coupler is also a very common type of ¢oetb. The operation is
similar to the branchline coupler, except the pltdiference between the outputs; it
is 180 instead of 98 There are two output ports, one isolated port @me input
port. The ports are connected to the center ringnéd by four line sections

consisting of three QWL and one ¥ wavelength sestas shown in Figure 1.4.



\2 Z,
34

Output 2

Zo Load

Figure 1.4: Schematic of a 2-way rat-race coupler

In this configuration, the rat-race coupler dividas signal to Output 1 and
Output 2. The signal magnitudes are equal. In terimssertion phase, the signals at
the two outputs are 18@ut of phase. This operation is used in specipliegions

like mixer and phase shifter circuits.

Coupled line couplers are also widely used typéscambiners. The
explanatory circuit is given in Figure 1.5. Theme &awo QWL transmission lines
which are coupled in a selected method. In mosplealline structures, the lines are
closely spaced and they are coupled through theifrg fields in their edges. The
circuit is examined by even and odd mode approadnesach analysis, the two
coupled transmission lines are modeled as an deuaivéransmission line. The
characteristic impedances of the equivalent trassion lines are calculated ag.Z
and %, respectively for even and odd mode. The inequalitynpedances is due to
different boundary conditions used between theslwbere the coupling occurs. In



the circuit in Figure 1.5, Output 1 is the direortp Output 2 is the coupled port and
the isolated port is terminated with load impedadgeFor equal split of the input

signal to the two outputs,0@Zq, must be equal toZ where Z is the reference

characteristic impedance of the all four ports.tlkenmore, the phase difference
between the two ports is 90

Output 2 Input
ZOea Z()o
M4
A
w
2061 ZOO .
Va4 l Output :
Load
:Z0

Figure 1.5: Schematic of a 2-way coupled line coupler

In 1979, Russell reviewed various types of combimbkich can be used in
solid state power amplifier (SSPA) modules in rapgr [4]. In the paper, firstly, the
common combiner types are mentioned. Then, diffesemictures are described in

terms of combining steps: corporate (multi stem HAway (single step).



Corporate combiners are grouped into two: chaie tpd tree type. In chain
combiners, couplers are used in cascade form.dm g&p, power travels from input
to outputs by coupling. In spite of easy constarctiof the chain approach,
additional combining losses could be a disadvantéggertion losses of all the
couplers will be accumulated in stages and thusibaaing efficiency will decrease.

A schematic is of this type is given in Figure 1.6.

Input 1 Inputz Inputs Inputl InputN

Coupling > e X X » Outpu

coefficientt €+ 3 dB 4.78 dE 6 dB 10logN dE

Figure 1.6: Schematic of a chain combiner with N inputs

Tree combiners are more widely used corporate aoendiin microwave
modules. In tree combiners, the circuit is formedaafew steps because 2-way
combiners are used at each step. At the end, fstaties, ®-1 adders are used. In

Figure 1.7, the schematic for a 4-way tree combisegiven. Similar to chain



combiners, these combiners have the disadvantatiee giccumulation of insertion

loss due to combiners at each stage.

Input ]=——>

INPUL 2 et

Input & =——

2 way

adder

INnput £==———>

2 way
adder

2 way
2 way adder
adder
2 way
adder 2 wav
2 way adder
adder

— Qutpu

Figure 1.7: Schematic of a tree combiner with four inputs

In Russell's paper [4], the second main type, N-wagnbiners are defined

as devices which combine the required number aftspt a single step. They are

also grouped by the method of combining as nonna@socombiners and cavity

combiners.

Non-resonant N-way combiners use the technologyonporate combiners,

except the connections are arranged for N inpuké-way symmetry. The inputs are

placed radially and power is combined at a transimmsline junction connected to

all branch transmission lines. One example for tige is Wilkinson’s combiner



with N inputs [3]. In N>2 case, the isolation résits must be placed evenly between
the branches and this brings a difficulty for prodyg the circuit. Another approach
may be the usage of radial transmission lines famliner branches, which is
studied in [5].

Resonant N-way combiners use the electromagneltiy} ((ave modes in the
structure. The powers achieved by the amplifieestaansferred to air medium such
as the combination of their fields generates ther&ddle in the combining structure.
In case of even feeding, combination of powers trélhsform into the desired mode

in the structure and transferred to the output.

Resonant N-way combiners have the advantage afmzied dielectric and
conductor loss due to combining in air medium. Beeaof this advantage, this
technique has become popular in recent years and llas been many studies using
different combining structures. In some studiesiygrois combined in rectangular
waveguide (RWG) ([6]-[10]). This medium has the adigantage of limited
bandwidth, due to the cutoff frequency of RWG. Asoéution, combining in coaxial
waveguide (CWG) was investigated, which has TEM enoperation with no cutoff
frequency. In this case, assuming matching ciranéswideband, bandwidth is only
limited by the input amplifiers. In [21], [22], p@~is transferred to CWG through a
finline array. In these combiners, amplifiers anside the combining medium,
which brings difficulty in production and heat rewah In [13]-[22], this power
transfer is made by using probe arrays. Amplifi@ns connected at inputs of the
array inside the combiner. There is one probe &mhanput in the array which is
inserted into combining medium. Power from ampigfiare radiated through these

probes and combined in air CWG medium.

In power combining systems, combining efficiencyeleds on differences
between combined signals and the loss introducedthiey combiner. Ideally,

maximum efficiency is obtained when all combineghsis are equal in magnitude
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and phase and the combiner has no insertion |dss.characteristics (magnitude
and phase) of input signals depend on MMIC charaties and they are often not
controllable. In addition to matching each arm ascimas possible in terms of

magnitude and phase, combiners are selected tddwavesertion loss.

Depending on the requirements and limitations opliagtions, certain
techniques of power combiner design are more daitidan others to obtain lower
insertion loss and preferred in critical applicaso In this thesis, combiners are
designed and built for comparison of this propéntynicrowave bands using three
different techniques as summarized below. In otdezompare their performances,
response at 17 GHz is taken as reference, simgénitluded in all design frequency

bands.

1) Microstrip Wilkinson combiner:

The first combiner is designed to investigate tHfeceé of microstrip line
usage in a combiner. For this purpose, a widebawdyBmicrostrip divider, seen in
Figure 1.8, was designed and built at 6-18 GHz bdim circuit is formed as a
Wilkinson divider without the isolation resistoteputs are placed at the edges of an
octagon. The material cladding used for transmms$ioes is Rolled copper. The
input return loss of the produced combiner camdambe better than 10 dB over the
6-18 GHz band while the best match is about 20 dBraGHz. The ideal insertion
loss is 9.03 dB per branch and the measured insddss in the operating frequency
band came out to be around 10 dB. In order to as&@ eomparison criterion with
other power combiner techniques, the insertion ladded by the combiner is
measured at the best match frequency (17 GHz) lamaverage insertion loss of
branches came out to be 10.5 dB; thus the losddalglthe combiner is found to be
about 1.5 dB. Both conductor loss and dielectrigslare effective in microstrip

lines.
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Figure 1.8:View of the prototype microstrip Wilkinson combiner

2) SSS branchline coupler:

Another technique to be investigated is the suspeérglibstrate stripline
(SSS) technique. For this investigation, a 4-wayder using SSS structure, seen in
Figure 1.9 was designed and built at 16.5-17.5 @&kiguency band. The circuit is
formed using 2-way branchline couplers in two stépige input return loss of the
produced combiner came out to be better than 19t8.ideal insertion loss is 6 dB

and the insertion loss in operating band camembéetaround 7 dB.

At 17 GHz, the return loss came out to be 22 dB,aherage insertion loss
of branches came out to be 6.9 dB; thus the lodedcally the branches is measured
as 0.9 dB, better than microstrip, as expectedS$&%, mainly conductor loss is

effective due to thin suspended substrate dietectri
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Figure 1.9: View of one prototype planar probe CWG combiner

3) Planar probe coaxial waveguide combiner:

The main focus of this thesis is to examine thérepe of using coaxial
waveguide (CWG) structures with planar probes iwgrocombining in expectation
of less combiner loss ([16], [18]). For this purpps8-way planar probe CWG
combiners are designed and built in 8.5-11.5 an8-13.5 GHz bands. Picture of
one of the prototypes is shown in Figure 1.10. Tipgut return losses of the
produced combiners came out to be better than 12TB ideal insertion loss is

9.03 dB and the insertion loss in operating bardbiath bands came out to be
around 9.5 dB.

For the combiners operating at 15.5-17.5 GHz, aGHZ, the return loss
came out to be 16 dB, the average insertion lossarfches came out to be 9.5 dB,;
thus the loss added by the combiner came out ©0%dB.

Among these combiners, the lowest insertion losaclgeved by the planar
probe CWG combiner. This is expected because bethatric loss and conductor

loss are minimized in the media where EM propagatiocurs. After observing this
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result, this type of combiner is selected to belisean amplifier module where 2 W
output MMIC elements are combined. Two modules werét and tested for 8-12
GHz and 15-18 GHz bands successfully with outpwgre of approximately 15

watts.

Figure 1.10:View of one of the prototypes for planar probe C\&tBnbiner
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CHAPTER 2

DESIGN AND REALIZATION OF A 6-18 GHZ 8-WAY MICROSTR IP
WILKINSON COMBINER WITH CIRCULARLY PLACED INPUTS

In this thesis, the first combining technique whwitl be investigated is the
usage of microstrip lines. Microstrip is the mostely used type of transmission
line in commercial and military applications, due its ease of fabrication and
assembly. In order to investigate this technique, 8&way Wilkinson power
combiner is designed using microstrip lines asbitanches. In this design, the
cladding is selected and input positions are omghisuch that the best possible
performance is achieved using microstrip technigle. other words, the
performance degradation will be due to microstrgmsmission technique; not due
to unnecessary line connections caused by desigrebil, the combiner will be a

good reference for investigating the limitationsyatrostrip technique.
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Figure 2.1: Layout of the 8-way microstrip Wilkinson combiner

For this combiner, with the layout in Figure 2.4puts 1 to 8 are placed at
the edges of a planar octagon-like shape. A simtladly was presented by Rector in
[23]. Input lines are combined in binary logic;.it&o branches are combined at
each step. Combined branches travel to the cerit¢heooctagon in an 8-way
symmetry. Thus each input path has the same eaickength from input port to the
center. From the center, combination of inputsdird 5-8 are carried to output port
as two parallel branches. At output port they amalgined and this is the last binary

step of the combination.
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Qutput

Figure 2.2: An 8-way binary combinewhere the inputs are on a straight line

The configuration of branches allows much smalléecteical lengths
compared to the case more often used, where tlusiape placed on a straight line,
as seen in Figure 2.2. In the straight line cagéigure 2.2, the inputs at the edges
(1 and 8) are the farthest, and usually more thecessary far from the output.
Because of this distance, the branches betweend18aio output must be long
transmission lines. However, it is necessary tcaiobimatching of input path
electrical lengths, thus the insertion phases. Tthes path lengths of other nearer
inputs (from inputs 2-7 to output) must be the sam¢he length of the longest path
(from inputs 1 and 8 to output). For instance, pla¢gh from input 4 to the output
turns out to be much longer than the actual digtdoetween input 4 and the output.
As microstrip loss increases with line length, ttxsessive length brings excessive

loss. The branch loss, equal for all branchesgisrchined by the farthest input path.

In the design of this combiner, different from centional configuration
(Figure 2.2), these unnecessarily long paths apedast. The inputs are placed in a
circular symmetry (Figure 2.1). Actual distancenfréhe output to input port is the
same for all 8 inputs. Path lines are short andletgueach other. Thus the insertion
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loss is determined by the short common path andrbes much smaller compared
to conventional configuration (Figure 2.2). Thisllwninimize the insertion loss
which can be achieved by microstrip, to be usedcmmparison. If the output
connector was placed at the center, even shones livould be achieved, however
this is not considered and output is carried teobbundary where the inputs are

placed, in order to have more practical connection.
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Figure 2.3: Schematic of the 8-way microstrip Wilkinson comline
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The schematic of the combiner with the layout iguFe 2.1 is given in
Figure 2.3. This schematic can be divided into &ises numbered in the figure.
Each section is composed of a number of transmmdsies with equal impedance.
The sections are separated by node group lineshvare also numbered in Figure
2.3. For targeted operation, voltages generateabde points are examined in order
to help simplifying the design procedure. The cambiis assumed to be evenly fed
from its 8 inputs. The schematic is electricallynsgetric; thus when one of the node
groups is selected, nodes forming that group aeetrgtally the same. In other
words, all nodes in a selected node group willycéine same voltage. Using this
property, a node group can be treated as a siogle. This means the lines between
two node groups (a section) become lines betweemtwies, i.e. parallel connected
lines. Thus, each section can be represented iagla gansmission line equivalent
to the lines of that section. This approach remoakgarallel connections and

transforms the circuit into pure series form, aggiin Figure 2.4.

In Figure 2.4, which is obtained by simplifying big 2.3, the combiner
turns out to be a multistage QWL matching struchetveen 6.25 and H0. In the
design, the available theory for multistage QWL chatg was used. Using this
theory and AWR Microwave Offi¢eas a linear simulation tool, the impedance

values are optimized for the targeted bandwidth.

20



Output Load

4 port equivalent to
impedance of
Node Node Node Node Node g parallel
) #O | #4 | #3 | #2 #1 input ports
: TLIN : TLIN : TLIN : TLIN E TLIN
! ID=TL3 ! ID=TL1 ! ID=TL4 ! ID=TL2 ' ID=TL6
PORT : Z0=40.8 Ohm : Z0=31.5 Ohm : Z0=20 Ohm : Z0=12 Ohm | Z0=7.8 Ohm L
P40 | EL=90 Deg , EL=90 Deg , EL=90 Deg h EL=90 Deg | EL=90 Deg D=
Z=50 Ohjn FO=12 GHz | FO=12 GHz I F0=12 GHz I FO=12 GHz : FO=12 GHz 7=6.25 Ohm
DI S B S N S I S I S B
N J A A J B
- Y. - Y. Y.
Section Section Section Section Section
5 4 3 2 1

Figure 2.4: Schematic of the 8-way microstrip Wilkinson comlrimeseries form

In this design, a 5-section circuit was found suéint to obtain the frequency
band. Initial values are selected using the aprosc [2]. Afterwards, the
impedance values are optimized in AWR Microwaveid@ff in order to obtain a
smoother frequency response. From sections 5 thelcharacteristic impedances
are selected as 40.8, 31.5, 20, 12 and){ /&spectively.

The linear simulation result of the schematic snsim Figure 2.5. The output
return loss (§) is simulated as better than 20 dB. The idealrtiseloss ($)) is
9.03 dB and the insertion loss in operating bamdecaut to be around 9.05 dB, thus
the loss added by the combiner came out to be @32n linear simulation, the
conductor and dielectric losses are not consideregrtion loss arises only from

mismatch loss; thus the observed value is very low.
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Figure 2.5: Linear simulation result of the impedance transfation circuit

At the next step, the actual schematic (Figure &.8ptained by calculating
the equivalent characteristic impedances. Whenstiematic is determined, the
layout seen in Figure 2.6, is drawn and simulated3D EM software of CST
Microwave Studi. RO3003 is picked as the substrate with relatiiaedtric
constant 3. The height of the substrate is 0.254 v substrate is cladded by 17
micron thick rolled copper and no other claddingajsplied afterwards. Some
impedance and length values needed to be optiniizadproach the ideal response.
The deviations from calculated impedances were tuelosely spaced walls
between the lines. The need of placing these wedis to improve isolation and
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avoid cavity resonance in the overall structurewkeheer, to keep the combiner
compact enough, some of the walls needed to beeglamry close to the
transmission lines (Figure 2.6). This affects thiéeative dielectric constant
throughout the lines; because at side wall bourddhe fields are not negligible but
forced to obey the wall boundary conditions. Trhath calculated impedances and

electrical lengths are changed, and this bringsiéesl of optimization.

Metal walls
between
combiner
branches

Figure 2.6: Metal walls in 8-way microstrip Wilkinson combiner

The 3D simulation result for the optimized valuggjiven in Figure 2.7. The
output return loss is seen as better than 19 dB. id&al insertion loss for 8-way
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comibners is 9.03 dB and the insertion loss in ey band came out to be around
9.25 dB, thus the loss added by the combiner & @R per branch.
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Figure 2.7:3D simulation result of the 8-way microstrip Wilkion combiner

The measurement result of the manufactured comksrggven in Figure 2.8.
On the return loss trace, there are repeating metclue to non-ideal transition

junctions. This characteristic caused increasehenréturn loss at periodic points;
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overall return loss is seen as better than 10 alBnitrostrips, losses are due to both
conductor loss and dielectric loss. As expecteskriion loss between input of one
branch and the output is about 10 dB, getting clts8.5 dB near the lower edge of
the band and about 10.5 dB near the upper eddeedireéquency band. Therefore,
extra introduced loss of the combiner is less th&B in the frequency band. This
value is better when compared to the other miagp&iway binary combiners of
which inputs are placed on a straight line. Thessults could be taken as the
attainable best ones that can be obtained by aostigy combiner, since path
lengths for conductors are minimized. The resuitslve used while comparing by
the other combining techniques, SSS combiner aadaplprobe CWG combiner.
After comparison, it was seen that microstrip camng has the lowest loss among

the three techniques.
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Figure 2.8: Measurement result of the 8-way microstrip Wilkinsgmmbiner
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CHAPTER 3

DESIGN AND REALIZATION OF A 4-WAY SUSPENDED SUBSTRATE
STRIPLINE BRANCHLINE COUPLER

After the conventional microstrip line techniqueother low-loss one, the
SSS technique will be investigated. In this techeigtransmission lines are
constructed such that a copper sheet is placed dialectric substrate, where the
dielectric substrate is suspended in air and thésanclosed by metal walls. The
usage of air medium decreases the dielectric {@B&h is the reason of expecting
lower loss than microstrip line technique. In orteinvestigate this technique, a 4-
way branchline coupler is designed by suspendestisib striplines.
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Figure 3.1: Top view of the 4-way SSS branchline coupler

The board layout of this combiner is shown in Fegg@r1l. There are four
input ports and three isolated ports which are irgated by a well-matched load. In
order to minimize dielectric losses, transmissiomed are made up by SSS
structures. In this structure, seen in Figure &ffective dielectric constant is
reduced by placing the substrate between top atidrbair layers which have 0.5
mm thickness each. This brings both longer wavélermgnd the need for longer
lines, but also brings wider lines. Change in widtmore significant than change in
line lengths. Thus, decrease in loss due to widthement will be more significant;
rather than the increase in loss due to lengtheas®. This results in less copper

loss. In addition, the fields tend to propagatd BEM mode, where the line on the
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substrate acts equivalent to the center coax ceaduthis similarity is due to the
surface currents on the inner metal walls, anddile&ctric used by EM waves is
mostly air. The average dielectric loss is reducedhpared to a fully-loaded
dielectric case. Furthermore, when the inner piatihthe walls is chosen from good
conductors like gold and silver, the conductor M#kalso be reduced.

TLIN
ID=TL2
PORT Z0=Z1 Ohm
EL=L1 Deg
P=1 _ PORT
Z=50 Ohm FO=17 GHz P=4
71-35.35 Z=50 Ohm
22750 TLIN TLIN
L1=90 ID=TL3 TLIN ID=TL4
Z0=Z2 Ohm ID=TL1 Z0=2Z2 Ohm
L2=90 EL=L2 Deg Z0=Z1 Ohm EL=L2 Deg
FO=17 GHz EL=L1 Deg F0=17 GHz
FO=17 GHz
P=2
Z=50 Ohm PORT
P=3
Z=50 Ohm

Figure 3.2:2-way branchline coupler circuit

The technique is applied in a branchline couplesudi. A 4-way coupler is
designed by using 2-way couplers in cascade, wingrdoranches are combined at a
time. First, the 2-way branchline coupler schemaisen in Figure 3.2, is created to
use as a starting block. A branchline coupler inegal is a 4-port network. In

addition to the input port there are two outputtp@nd an isolated port. The ports
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are connected via four transmission lines andalispare assumed to be terminated
by known reference characteristic impedance Z@hénschematic shown in Figure
3.2, the line between ports 1 and 2 and the linevden ports 3 and 4 has
characteristic impedance equal to the known retereharacteristic impedance. The
line between ports 1 and 4 and the line betweetsiand 3 have characteristic
impedance equal to 12 of the known reference characteristic impedarite
length of each four transmission line is equal WIQat the center frequency. For
this configuration, when Port 1 is the input pétgrt 3 and Port 4 are the output
ports and Port 2 is the isolated port. The powegmtade of signals reaching ports
3 and 4 are the same and equal to the half ofdlaepat Port 1. However, in terms
of phase, the signal at Port 3 is lagging the sighd@ort 4 by 92 In theory, no

signal is transferred to the isolated port, Port 2.

The linear simulation result of the circuit is show Figure 3.3. The input
return loss is better than 25 dB. The ideal insartoss is 3.01 dB and the insertion
loss in operating band is seen around 3.03 dB,ttieitoss added by the combiner is
seen as 0.02 dB. The 4-way coupler circuit willfoemed by placing two 2-way
couplers at the input of another one. This finainfois not designed and only

simulated in linear simulation software.
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Figure 3.3: Linear simulation result of the 2-way branchlineipler

The 3D model of the final form is constructed inTOBicrowave Studi by
using the impedances of the schematic (Figure JBg substrate is picked as
RO3003 with relative dielectric constant 3. Thegheiof the substrate is 0.254 mm.
0.508 mm of air is left on both top and bottom sidé¢ 0.254 mm-thick substrate.
The substrate cladding is copper of 17 micron thesls and no other cladding is
applied afterwards. The transmission lines areetyoglaced near narrow sidewalls
to avoid possible undesired mode excitations. Ththwof these narrow channels
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where the lines are placed is 2.5 mm, that is QW80aGHz which is sufficiently

far from the upper edge of the band.

The close sidewalls will change the effective ditrie constant, because at
side wall boundaries the fields are not negligiidet forced to obey the wall
boundary conditions. Instead of theoretical caltoig the line widths and lengths
are found by sweeping related parameters in 3D laiion in order to obtain
required values. The final layout of 4-way combiman be seen in Figure 3.4,
where 6 is the output port, 2, 3, 4, 5 are thetipgmrts and 1, 7, 8 are the isolated

ones.

50 Q connection line

&
25 mm/ 6
S

First stage
couplers

Second stage

SO coupler
: 8. 1
4
35Q 50Q
\Aa connection
line
o

Figure 3.4: Final layout of the 4-way SSS branchline coupler
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In the simulation, all isolated ports are termidaby 50Q loads. The 3D
simulation result of this layout is given in Figueb. The input return loss is better
than 22 dB. The ideal insertion loss is 6 dB whitambining 4 inputs and the
insertion loss in operating band is around 6.25 tiBis the loss added by the

combiner is seen as 0.25 dB.

In 3D simulation using CST Microwave Stufliche walls surrounding the
transmission lines are made up by perfect eleatoaductor (PEC). In the
production of the structure, walls cannot be placext to the substrate edge, which
requires cutting away some parts of the substegter| This is not desirable because
it damages the integrity of the substrate boardcmdplicates correct alignment of
transmission lines with respect to air. In productithe substrate board is kept as a
single layer and squeezed between top and bottotalsn@he ground effect near
transmission lines is achieved by placing closelgced metal plated via holes near
all transmission line edges. There are also 3 gpide added to the metal body and
pin holes added to the substrate, in order to peowdorrect positioning of the

combiner substrate board. The pins and via hokestaown in Figure 3.6.
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Figure 3.5:3D simulation result of the 4-way SSS branchlinepter
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Figure 3.6: Via and pin positioning of the SSS combiner sulbstomard

The isolated ports are terminated by 10 dB attemsatvhich brings 20 dB
return loss, so well matching at isolation porter Bure, other terminals of the
attenuators should be left open. This method isehadnstead of using a 50 ohm
resistor, because ethe return loss of 10 dB attenismameasured to be higher than

the available 50 ohm resistor.
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Figure 3.7: Combining circuit by 4-way SSS branchline coupler

There is an asymmetry in the layout, which needebée given in a fixed
order while combining in order to maintain inputrfgoevenly spaced. The power is
first divided by this coupler and the coupler feedaplifiers connected to four
branches; then amplifier outputs are combined bydantical coupler. The total
paths followed by each branch, as seen in FiguteaBe physically and electrically
equal. Thus, the total phase shift introduced leystinucture for each branch will be
the same. The length difference between couplgrutsitmay still cause amplitude
imbalance at the input and power loss at the outdatvever, the insertion loss
caused by length difference is negligibly smallugh amplitude imbalance is

neglected in this design.
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The measurement result of the produced combirgives in Figure 3.8. The
curves are observed to be consistent with the oh&sned by 3D simulation. The
input return loss came out to be better than 19IKWIB.SS loss, losses are due to both
conductor loss and dielectric loss, mostly duedndeictor loss because dielectric
loss is minimized. As expected, insertion loss leetwone input branch and the
output came out to be about 6.8 dB, getting toectos5.7 dB near the lower edge of
the band and about 6.9 dB near the upper edge eotbéimd. Therefore, extra
introduced loss of the combiner came out to be tleas 0.9 dB in the frequency
band. With respect to microstrip loss at the saar&bthese values are lower. This
Is expected because in SSS, dielectric loss ias@ffective as in microstrip case.
However, at the same frequency band, better inserbss characteristics are
achieved by the combiners designed by planar pooaxial waveguide (CWG)
technigue described next.
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Figure 3.8: Measurement result of the 4-way SSS branchlineleoup
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CHAPTER 4

QUALITATIVE DESCRIPTION AND DESIGN METHODS OF PLANA R
PROBE COAXIAL WAVEGUIDE COMBINERS

The introductory papers on planar probe CWG combane listed in [16]
and [18]. The operation principles presented amansarized below. The design
steps used in this thesis are also defined queaétst

Microstrip
inputs

Short circuit CWG outer
backing V\ conductor
CWG

Oversized inner conductor

CWG .

;: ‘ \\

:.": \\\L

,f”jﬁ = SMA
/” output

Probe
board

Figure 4.1: Conceptual picture of a planar probe CWG combiner
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Figure 4.1 shows a conceptual picture of an 8-wkngr probe CWG
combiner. The combiner structure can be coarsdipatbas a cylindrical oversized
waveguide with the inputs placed on the side serfiacaxial symmetry and the
output placed on the top. Power combining takeseplaithin the oversized
waveguide which is then tapered to match a stan8&td connector.

In Figure 4.2, a top view of the input plane isagivand the ports are
numbered for an 8-way combiner. The output is sh@asnnumber 0, and it is

oriented orthogonal to the viewpoint of the illagion.

Figure 4.2: Ports of an 8-way planar probe coaxial waveguatakiner
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Figure 4.3: Longitudinal cross section of a planar probe CW@&limer

Longitudinal cross section of the structure is shaw Figure 4.3. In this
cross section, only two inputs standing on oppasdes are seen. The output of the
combiner is seen at the top. After mounting, arfikérd CWG cylinder is obtained,

with a dielectric substrate board near the bottonfase. Power transferred by the
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inputs radiated from the substrate and flew towardhe output, in the direction

illustrated in Figure 4.3.

In planar probe CWG power combiner, oversized adalkme dimensions
should be reduced to standard SMA dimensions alCW& matching block by
tapering. For the ease of assembly, the outer adadof the taper is mounted as a
lid (Figure 4.3). In [18], an analytic approachdisscribed how the taper is designed.
The approach does not take evanescent modes imsadegation. On the other hand,
highly accurate 3D EM simulation tools (CETHFSS) are available, so the

analytic approach is not preferred in the desigrc@dure.

The overall design is divided into three main bkdk ease the design

procedure. In Figure 4.4 and Figure 4.5, the delsigoks are shown.
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Figure 4.4: Design blocks in longitudinal cross-section view
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CWG matching block PC blocl Backside
block

Figure 4.5: Design blocks in 3D slice view

The simplest block is the backside block, the emgiart of the combiner. It
is the CWG section positioned between short cirggt) backing and the substrate
board. The backside block prevents power travdlinthe opposite direction of the

output.
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Another block is the power combining (PC) block. BIGck includes the
inputs, the dielectric substrate board and paitt@CWG on top of the board. In this
block, power is fed to the substrate board andatadiinto the CWG where the

combination occurs. Selection of L depends on #hected design method.

PC block is divided into 3 sub-blocks as showniguFe 4.5. Sub-block 1 is
formed by the input feed lines which are steppednipedance matching. They are
placed on a dielectric substrate, thus forming erosirip structure. Sub-block 2 is
formed by the radiating probes which are the exteissof input feed lines and
placed on the same plane of the substrate boagiir@~i4.6). Axially symmetric
inputs stand on the edges of the circular planbstsate board. Sub-block 3 is the
oversized CWG section of length L. The length Lidtidoe high enough to allow

the decaying of evanescent fields arising in th@ggacombining structure.

Details of Sub-block 1 and Sub-block 2 are showFigure 4.6 and Figure
4.7. In microstrip input matching section, inputwaos is transferred to probes. In

radiation section, this power is exposed to CWGioraed

The last block before the output of the combinghesCWG matching block
(Figure 4.4, Figure 4.5). The function of this IMas to transfer the combined power
to the output while supplying impedance match ® ahtput connector. The shape
of this block is generally conical; because theatisions of the PC block X+4) are
much greater than the output connector dimensiodstlee CWG matching block

must be a tapered transition.
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Figure 4.6: Layout of the dielectric substrate board
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Figure 4.7: Input feed structure
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In order to apply and investigate this techniquis)[ [18]), which is the
main focus of this thesis; designs are carriedasnviio frequency bands: 8.5-11.5
GHz and 15.5-17.5 GHz. Two different methods axenébfor design and they are

both realized.

4.1 Design of Backside Block

For both methods selected for planar probe CWG aoenbdesign, the
backside block (Figure 4.5), which is the firstdldo be determined, the approach
is the same. The backside section is in an ovetStAG structure which is ended
in a short circuit metal wall placed & (QW) distance from the plane of probe, in
the opposite direction to the output. Thus, an apesuit appears at probe location
leading to maximum electric field which allows maficient power transfer from
the probe to the coaxial medium. In Figure 4.8nditag wave E-field lines in the
structure are shown with arrows. The sizes of asr@se proportional to field
strength. The maximum E-field planes are shown ith Wiue dashed lines, one of

which is coinciding with the substrate plane, asirdel.

The probe length should be about QW length forcigffit radiation (Figure
4.7). Therefore, the oversized coaxial inner anderouadii are selected to
accommodate the probes.
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Figure 4.8: Example longitudinal e-field distribution in planarobe CWG

combiner

The distance between inner and outer conductolismited by in order to

prevent unexpected and undesired mode propagattaasmportant to guarantee a

single mode operation for efficient power transierthis aspect, the combiner is

thought as a union of eight identical evenly fedrutels. The channels can be

thought as the 1/8 slices of a cylinder (Figuré.4rbeach channel, fields propagate

from one input to the output independently. The ncieh lateral cross-section

dimensions are chosen small compared to waveleigh.largest cross-section is

the one in the oversized coaxial; thus its radhilept small.
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4.2 Design of PC Block and CWG Matching Block

Design of the remaining parts use different apghnea in the two methods:

4.2.1Sub-block Method

In this method, PC block and CWG matching blocigFe 4.4, Figure 4.5)
are designed separately. CWG matching block isparégal CWG (Klopfenstein
taper) which can be treated in exact analytic mari?€ block is designed by three
separate sub-blocks. Sub-block 1, the microstuitrfeed section has capacitive
and inductive line segments. Sub-block 2, being alpart of the input circuit which
extends into the CWG is in 2-step planar form. Tilisck acts like an antenna
converting input power into EM propagation in CW&ub-block 3 is a uniform
CWG piece whose length is L (Figure 4.9). The lanigtis selected such that all
evanescent modes decay sufficiently.

The PC block is modeled as seen in Figure 4.¢hisnmodel, only 1/8 slice
of the whole structure is simulated. The sideshid tmodel are terminated with
PMC boundary, due to electrical symmetry. The top &ottom surfaces are
terminated with PEC boundary which correspond$i¢donhetal in the structure. The
oversized coaxial port is terminated by a load edqoa8*Z.,, where %, is the
characteristic impedance of the oversized coasiath that the parallel of 8 slices

result in Zy, thus no reflection is seen from that port.
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Port 1

Microstrip
matching lines

Probe

PEC
PMC
\ L
Load < AN ]
N\
'7 \ Wgc backing

= 8*Zch
Figure 4.9: Simulation model of PC block for sub-block method

The boundary plane that separates PC block and @Vs@&hing block is
clarified in Figure 4.4 and Figure 4.5. The chagdstic impedance at that plane is
fixed at the beginning as.{ since it is only determined by the radii and rthaii are
fixed when designing the backside block. In desifjeach sub-block, a load.ds
placed at that boundary. This means, after backdmtzk dimensions are fixed, PC

block and CWG matching block are isolated from eattier in design.

In this method, blocks and sub-blocks of the s$tme&c go through the

following design flow:
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» Step 1:Sub-block 2 of PC block is optimized independeatrf other blocks
in HFSS’ (3D simulation).

 Step 2: Sub-block 1 of PC block is optimized with respecBSub-block 2 of
PC block, in AWR Microwave Offic®(linear simulation).

» Step 3:Sub-block 3 of PC block (only length) is optimizetth respect to
Sub-block 1 and Sub-block 2 of PC block in HES®D simulation).

» Step 4: CWG matching block is designed independent froneiothlocks
(theoretically).

Step 1:

Port 1 Port 1
reflected powevr/ /‘ ror
input power

Terminated S0Q
with a load M2
= 8*Zch
A
< > Planar probe

x section

) ik

Figure 4.10: Simulation block for planar probe section design
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Since it is the most critical part in the combin®ub-block 2 of PC block is
the first one to be designed. A SDmicrostrip line of half wavelength is used to
feed the radiating probe (Sub-block 2). Then, thebe dimensions (lengths and
widths of steps) are swept by observing reflectioefficient (Q1). In this sweep, 50
Q line is used as Sub-block 1 (Figure 4.10). In bldzk 3, L is selected equal to
one wavelength. After sweeps, thg 8aces are plotted with respect to frequency
and observed on Smith chart. The probe dimensionmsggthe trace closest to the

center are selected; thus, the probe design is ledeap

Step 2:
Poﬂrtl . / Port 1
reflected power / input power
Tom
W|
/)

, Microstrip
matching
section

Terminated A v
with a lo — i
= 8*Zch

Planar probe
(completed)

Figure 4.11:Simulation model of PC block in sub-block method

After fixing Sub-block 2 of PC block, the 30 line is replaced by a better

matching circuit to minimize ;3 seen at Port 1 (Figure 4.11). The selected probe i
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placed in the structure. L is selectediaand the oversized coaxial is terminated
with 8*Z.,. The microstrip matching lines supply reactive chatg on Smith chart
of the probe impedance to 30 input. The matching lines can be thought as
capacitors and inductors using short length apprakon. Reflected power is
observed at the input port on Smith chart. The Mmafc section is designed as
consecutively placed inductors and capacitors whary the probe impedance to

the center of Smith chart in a few steps.

Step 3:
rF:e(lzIr(taclted owe Port 1
P [? input power
Terminated Microstrip
with a load L matching lines
= 8"Zen (varied (completed)

v

<

Planar probe
(completed)

Figure 4.12:Simulation model of PC block in sub-block method
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At Step 3, oversized waveguide length L lengtémigpt and § is monitored
(Figure 4.12). The shortest possible length thaintags the same ;$ trace is
selected. If oversized coaxial waveguide (OCW) wsezkected shorter, the fields
from probes would not be settled in TEM mode. Tfeeee a load &, cannot be
used in the designs and this spoils the independehthe two sub-blocks, so does

the main logic of this method.

Step 4:

As the last step, the CWG matching block is thicaly designed as a
Klopfenstein taper which transformss,4o 50 Q impedance of the SMA output
(Figure 4.13). The taper is selected for strictlgevband and well matching. The PC
block impedance may not give the sufficiently lestirn loss at all frequencies;
CWG matching block must be a smooth transformatibthat impedance to the
output to avoid further mismatch loss.

When the PC and CWG parts are cascaded (Figuretdesgombiner structure

becomes complete.

The advantage of this method is to be able to desagh block separately and
more quickly due to systematic approach.
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PC block
(completed,
connected as a load =8§¢

CWG matching block
(Klopfenstein taper,
8*Zch Q to 400Q)

Output port
(connected as a
load

=8*50=400Q)

Figure 4.13:Design view of CWG matching block for sub-block

4.2.2Optimization Method

In the previous approach, the tapered section WGCis designed as a
Klopfenstein taper, which sets the tapering lengthget the desired bandwidth.
Moreover, this taper is placed at a distance L ftbmsubstrate. The length of the
taper and L are the largest dimensions of the tstrecthus they determine the total
length. The total length can be reduced by optingizhe whole structure at a time.
In this approach, this optimization is applied. &sesult, 2 cm decrease in total
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length and 0.15 dB decrease in average insertem(itue to decrease in length) was

achieved.

Boundary plane

Input
CWG matching
block

Output

Backside
section

CWG inner conductd

CWG outer conductor

Figure 4.14:Design view of the whole structure for optimizatimethod

In this method, blocks and sub-blocks of the stmec{Figure 4.14) go through
the following design flow:

» Step 1: Sub-block 1 and Sub-block 2 are selected to bglesistage lines
with equal width.

o Step 2: Sub-block 1 and Sub-block 2 are optimized togetimerCST
Microwave Studi8 (3D simulation). The length of Sub-block 3 of P®dk is

selected to be 0.5 mm.
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(In this step, in order to speed up the designepwdor Sub-block 1 can be
carried out in AWR Microwave Offie using extracted Sub-block 2 sweep results
obtained from CST Microwave Studi9

» Step 3: CWG matching block is optimized with respect to BlGck in CST

Microwave Studi8 (3D simulation, whole structure).

» Step 4: If necessary, Sub-block 1 and Sub-block 2 are aptichto be

stepped lines in CST Microwave Stulli@8D simulation, whole structure).

Step 1.

Planar probe and microstrip matching were seleatedimple as possible in
the beginning. The probe was selected as a sitagge grobe with width, wand
length, Ip. The microstrip matching section wasstd as a single stage line with
width, wp and length, It (Figure 4.15).

The input (Port 1) is directly connected to the nostrip line with width, wp;
thus, the port impedance,4Zlepends on wp. In 3D simulations, this input s by
the impedance £ This impedance is automatically calculated duriegch
simulation in CST Microwave Studicand the port reference is set to the calculated

value.
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Microstrip impedance

Input port with®——~1wu_____ matching section

impedance £

Planar probe
section

Figure 4.15:PC probe and microstrip matching sections

Step 2:
=leD < Port 1 Port 1
input reflected
power N power
0.1 mmg---""-
PMC wall —
(duetoaxial /  Y_______ 1y PC and CWG
symmetry) vy matching blocks

!
\ L=0.5mm boundary plane
(terminated with

—— %> load = 8*Zy)

Figure 4.16:PC block view for optimization method
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The simulation block, given in Figure 4.16 is semito the one in the previous
method. In this method, after the backside sectiba,first designed block is PC
block. In this model, only 1/8 slice of the whotleusture is simulated. The sides of
this model are terminated with PMC boundary, dueléztrical symmetry. The top
and bottom surfaces are terminated with PEC boyna@ich corresponds to the
metal in the structure. The oversized coaxial terminated by a load equal to
8*Zn, Where Zy is the characteristic impedance of the oversizskial, such that

the parallel of 8 slices result in496.5Q).

In order to speed up the design process, sweepalpblock 2 and Sub-block
1 are executed in different simulation tools; thayt are still investigated together

when selecting the dimensions.

Sub-block 2 is simulated in CST Microwave Stfdi¢3D simulation).
Oversized waveguide length L is selected as 0.5amdnthe input port length is 0.1
mm in 3D simulations. Instead of 1/8 slice, ¥4 slidehe structure is simulated in
this method. The reason is the 3D simulation progf@ST®) allows only Cartesian
boundary condition assignment. This slice incluBesput ports, 2 probes and ¥4 of
the output port. A load equal to 434 where %y is the characteristic impedance of
oversized coaxial) connected to oversized wavegiidendary port instead of

8*Z.n By these configurations, wp and Ip are swept.

The sweep results of 3D software are extracted-par&neter blocks and
imported to AWR Microwave Office (linear simulation). The schematic in this
software is shown in Figure 4.17. This extractias kwo functions: sweep for Sub-
block 1 is done here more quickly, and sub-blodkB® block are integrated in this

tool.
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S-parameter

Output port  block _ _ _ 50Q input port
(Port 1) extracted Microstrip matching impedance
with from 3D line (width=wp, _ _ AA
impedance  simulation length varied) 50Q input line

:4*Zch

SUBCKT MLIN
PO ID=S52 ID=TL1 LOAL
P=4 NET="5000_j200" W=200/umj MSTEP$ ID=Z

Z=3$6 Ohm Ohfn

1

ID=TL19

MSTEP$
ID=TL20

W=610 um
L=500 um

Figure 4.17:Linear simulation schematic for PC block in optiation method

In linear simulation, the microstrip matching lilemgth except 0.1 mm length
portion is swept. The ;3 traces with respect to frequency are observed raithS
chart with reference to 4% The probe width (with respective probe and mitips
lengths) which makes the frequency impedance cpougts closest to each other is
selected. Ip and It are determined according to T¥ps will lead to a wideband
response. The place of this curve on Smith Chagt dmt need to be exactly in the

center (Figure 4.18).
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In this step, the parameters wp, Ip and It are s\aspcombinations and the
best combination is selected. The two types of Etans do not belong to different
steps. CST Microwave Studids used because probe part must be simulated in 3D
tools. AWR Microwave Offic8 is only used to speed up the sweeps of microstrip
part, which can be modeled linearly. When the lgeshbination is found, the PC

block design is completed.

Figure 4.18:Impedance of optimized PC block for X-band seemfioput

Step 3:

The tapered CWG matching block is designed in 3Dukation software as
seen in Figure 4.19. The model is ¥ slice of theleltombiner. Previous blocks
cannot be changed by terminations to be used in QW&&hing block design.
Whole structure must be simulated in order to atersall field distributions. The
two inputs are terminated by H0. Structure is fed by the output (Port 1) with
impedance being 4%
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PC block (completed)

Backside section \

CWG matching block
(completed)

(varied)

Portl1

reflected
power

Figure 4.19:CWG matching block design view

Figure 4.20: A sample structure of CWG matching block



In order to design the CWG matching block, a sléaructure is picked at
first (Figure 4.20). For example, two linear tapeme placed with two step
discontinuities between them. As initial values)gis of the tapers are set to 0.5
mm. Then, the lengths are increased and the r&diiep discontinuities are swept
while monitoring $. The process is guided by observing the effecteath
increment. The aim of the process is to bringt&ce to the center on Smith chart.
The shortest possible lengths reaching this gaalsatected, which completes the

CWG matching block design.

The combiner design has also been completed aate time with the CWG

matching part design, unless a further optimizatibprobes are needed.

Step 4:

Figure 4.21:1-stage and 2-stage designed board versionsdatime case
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As stated at the beginning of the optimization rodththe planar part is
selected as single-stage lines in order not toeas® the number of optimization
parameters. However, this may be the cause ofptubes which have the risk of
spark occurrence in high power case. This situateom be prevented by designing
the probe in two steps: a narrow step at the ipputand a wide step at the tip part.
If needed, after mechanical dimensions are fixdus second optimization is
considered to have 2-stage probe. Microstrip matckection (Sub-block 1 of PC
block) is also optimized. 1-stage and 2-stage warprobe boards of one combiner
are shown in Figure 4.21 (a) and (b), respectively.

In this thesis, the best combiner performance whaggaed by the optimization
method. This method has the possibility of selgcshorter dimensions; thus, the
insertion loss of the combiner is decreased dubkisdfact. With respect to sub-block
method, 2 cm decrease in longitudinal size andiy@€at5 dB decrease in insertion
loss per branch are achieved. Optimization methiod/a stretching the limits of the

dimensions presented by the sub-block (systematthod.

Power amplifier modules are built using the comisndesigned by this
method. In these combiners, a further optimizatsoapplied to probe as explained

above to obtain a higher power device.
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CHAPTER 5

DESIGN AND REALIZATION OF PLANAR PROBE COAXIAL
WAVEGUIDE COMBINER BY THE SUB-BLOCK METHOD

An 8 way planar probe CWG power combiner is degigbhg a systematic
method which divides the whole structure in sevsuéll blocks to have flexibility by
certain design rules. In this chapter, detailshefdesign procedure will be given for

all sub-blocks.

5.1 Backside Block Design

The first step is to determine the inner and therotadii of oversized CWG.
Difference between the two radii and the 1/8 portad outer perimeter are both
equal to ¥ of the wavelength at center frequencyu¢e 5.1). The distance from the

back metal and the probe board is also fixed td Wawelength at center frequency.

Approximate width \/4

A

Approximate
height =\/4

Figure 5.1: One probe portion of the oversized CWG for sulzblmethod
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5.2 Power Combining Block Design

As the first step, substrate material is selectedRagers RO5880 for the
probe board. One of the reasons for selectingniaiterial was the low,=2.2. Ang,
value close to 1 will be compatible to the airedl CWG. Thus the probe board will
not introduce much disturbance to field flow in CWKoreover, the lowe, will
provide wide microstrip lines; reducing copper lamsd heating caused by it.
Another reason was the good copper peel strendtlchwwill increase stability of

the copper pattern on RO5880.

Before beginning probe impedance simulations, thedew dimensions at
the point where each probe is hung into the ovedscoaxial, which can be seen in
Figure 5.2, should also be determined. This wingomnot normally a part of coaxial
medium and has a risk of coupling undesired modéseping the window

dimensions small compared to wavelength will préweupling.

Window

Oversized
CWG

Figure 5.2: Rectangular window through which one probe is iteskr
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In Figure 5.3, the dimensions of this window arened as h is the height
and WO is the width. h is selected as 5 times tibstsate height and WO is selected
as 5 times the line width; in order to include rogtrip mode fields in the port. The
substrate is 0.254 mm thick RO5880 with2.2, resulting a 5@ line width of 0.77
mm. Thus, for all designs, h is selected as 1.27 anthWO is selected more than
3.85 mm.

The window should be wide enough so microstrip matg section can fit.
For Ku-band, W0=3.85 mm is found appropriate. Fobatd, WO is scaled
considering possible stub lengths will be more tHarband case. The scale factor
is the 1.65, which is the ratio of center frequenwayelengths for the two bands.

] - W
qf I
—- v
Figure 5.3: Backside section dimension parameters for sub-bioethod
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After these initial selections, 3D model for PCdWlacan be constructed. In

PC block, Sub-block 2 is designed first since this most critical section.

5.2.1Sub-block 2 design

Sub-block 2 is the section which includes the rtaaggprobes. The enclosure
of the probes requires numerical techniques fdd talculation. Instead of complex

calculations, accurate 3D simulation tools of HE@®& used.

In 3D simulations, probe dimension parameters ameps and probes with
the best performance are selected. In Figure 3adhepparameters are shown and
named. The probes are designed in two stages fittresht widths for more

flexible design.

.I-..__- _|'
Distance between
probe:

Figure 5.4: Dimension parameters of probes
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Before the trials, limits are determined for thpagameters. These limits are

selected in order to minimize spark risk at theofiprobes or between probes.

Tips of the probes are open circuited; thus thédsgvoltages on probes are
expected at the tips. This may cause high elefotid between tips and CWG center
conductor; thus sparks. The exact estimation ofkspak using simulation is not
possible. Instead, in order to minimize this rigp2 was maximized and It was
minimized. Maximized wp2 will minimize voltage p&rngth at probe tips. Using
this aspect, the wide stage of the 2-stage prolptaced at the tip and the narrow
stage is connected to microstrip input. Minimizédwill increase the distance
between probe tip and CWG center conductor; thugedse the electric field

between them.

Sparks can also occur between two adjacent praddgsugh the desired
operation is even mode, there will be differencesveen input signals in reality.
Thus difference voltages will appear at adjacemtberedges, which will create
nonzero E-field and sparks. In order to minimize tiisk, distance between probes
(Figure 5.4) should be maximized. However, exatimagion of this risk is not
possible. Instead, several values are selected tséd in simulation sweeps, which
are listed in Table 5.1.

Table 5-1: Selected values for distance between probes

Frequency band (GHz) | 8.5-11.5 8.5-11.5 15.5-17.85.5-17.5

Distance between probes
1 1,4 0,8 1
(mm)
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After these selections, It is swept in HESEor each It, wp2 is calculated
from the distance between probes. In order to lsaldhe low impedance due to
wp2, wpl is selected very narrow. Two options atemined for wpl as 0.3 mm
and 0.6 mm. Thus, for each band; for each It-wp2-wpmbination, a separate 3D
model is prepared. For each model, a parameterpsioedpl is made; since it is the

only parameter left for the probe.

Before starting simulations in HF$Smeshing reliability is important, since
fields in the structure cannot be well-defined. Efficient meshing, each sub area is
meshed with a different local mesh size. Moreoaglaptive meshing cycles are
applied to the whole structure. A denser meshirigpsovide more accurate results,
however the needed computer memory will increases thhe simulation will be
slower. Instead of a very dense meshing, acceptaleleh sizes are selected for
faster simulation (Figure 5.5). Only sub-block 2densely meshed (especially the
narrow probe stage) because it is the most crittoed undefined part of the

structure.

Figure 5.5: Meshing view for the PC block
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In order to check the reliability of meshing, tsadre made for each mesh
size. For each sub area, mesh size is comparedawitbverly meshed case (very
dense meshing). The two cases gave exactly the issukk according to impedance

curves on Smith Chart; thus simulation proceedel thie selected meshing.

After mesh determination, boundary conditions (B¢ determined for
simulation model. For simulation, 1/16 slice of tA€ block is used (Figure 5.6).
This slice is one probe portion (1/8 slice) dividedtwo from the symmetry axis of
the probe. This is the smallest possible portiofPGf block; thus with appropriate
BCs, this will give the smallest solution matrixdaresult in fastest simulation.

The selected BCs are shown in Figure 5.6 (a) aphdAtthe surface that
separates the probe from the adjacent probe (Fif6e(a)), perfect magnetic
conductor (PMC) BC is used; since tangential Hifisl0 due to axial symmetry. At
the symmetry plane of probe (Figure 5.6 (b)), méigr®ymmetry BC is selected,
since the probe is electrically symmetric arousdangitudinal axis.

There are 2 ports in the model in Figure 5.6; nstip input side is Port 1
(c) and oversized CWG side is Port 2 (d). Portt2risiinated with the automatically
calculated impedance; which is the oversized CW@&rattteristic impedance {J
multiplied by 16. This means CWG side is assumeatepty matched. Reflection
coefficients at Port 1 are observed on Smith Chikjng the automatically
calculated port line impedance (impedance of haltrostrip) as reference

impedance. The line from probe to Port 1 i<bicrostrip.
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Figure 5.6: Boundary conditions for 3D PC block simulation
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Figure 5.7: Sweep results for It values
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The parameters are investigated one at a time. akh estep, all the
parameters other than the one being investigatedixad. For each value of the
parameter which is investigated, all possible corations of other parameters are
simulated. Using these cumulative graphs, besteviduthe investigated parameter
is selected. For each parameter, two possible sa@teselected.

The first sweeping is made for It. In Figure 5.7pb&nd sweep results for
different It values are given; graphs (a) to (ffrespond to 1t=3.5 to 6 mm with 0.5
mm steps. For each It, all other parameters ar@tswesulting in a cumulative of
possible impedances which can be reached withlthatlue. As It increases, the
curves become less frequency dependent (more widgbad closer to chart center.
Thus, high It is better for matching, while lowidtbetter for reducing spark risk. For
It in X-band, 4.5 mm and 6 mm are selected to le&l @&s alternatives in parameter

combinations.

Table 5-2: Selected It values and It-wpl combinations

@] (0| (© | @

lt(mm) | 45| 45| 6 6

wpl
03| 06| 03| 0,6
(mm)
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After selecting It values, wpl is swept. The swpepameter combinations
are given in Table 5-2 and respective sweep resuésgiven in Figure 5.8. For
lower wpl, better and more wideband matching iseagid. However, low wpl will
increase heating for copper probes. In this casea high It value (high spark risk
but better matching) a low wpl value can be sefe¢teorse matching but less
heating) for balancing the advantages. From Taiile(4) and (d) are selected to be

used in further sweeps.

By
IR -

(@) (b) () (d)

Figure 5.8: Results for wpl sweep for combinations in Table 5-2

At the next step, wp2 values are selected. Thesealculated from the It
values in Table 5-2 and distance between probdslnte 5-1. For each frequency

band, 4 combinations of wpl-wp2 and It are obtaimsdisted in Table 5-3.
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Table 5-3: Selected wp2 values for It-wp1l combinations

8.5-11.5GHz 155-17.5GHz

@ | ® @ A e O @ O

wpl(mm) | 06| 03| 06/ 03 068 03 06 03

wp2 (mm) | 1,86| 3,1 | 0,99 2,23|0,94|1,69| 0,73 | 1,47

It (mm) 6 | 45| 6| 45/ 36 27 38 27

After the combinations in Table 5-3 are determinled, is swept for each
combination. For low and high limits of Ip1, prolmepedance is far from center and
more dependent on frequency. At a certain valuevdmt upper and lower Ipl
limits, the impedance is least dependent on frecguand the probe impedance gets
closest to the center. This means the probe waVige better and more wideband

matching.

In Figure 5.9 (a) and (b), Ipl sweep results areergifor parameter
combinations (e) and (h) from Table 5-3, respebtivEor each graph, Ip1=2.1 is
selected since it gives the best matching (the boide nearest to the center).
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Figure 5.9: Results for Ip1 sweep for combinations (e) and (h)

For both bands and parameter combinations; an #deus selected using
this approach. The final parameter combination®@th bands are given in Table 5-
4, where the values are in millimeters. The probpddance curves with respect to
frequency for each selected parameter combinatiengeven in Figure 5.10. As
observed, better matching is obtained in 15.5-1GHe band ((e), (f), (9), (h))
because the operating bandwidth (%12) is narrohan the other band, 8.5-11.5
GHz (%30).
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Table 5-4: Determined probe dimensions for the sub-block nektho

8.5-11.5 GHz 15.5 — 17.5 GHz
@ || © | @] ] O @ (h
wpl(mm)| 06 | 03| 06| 03| 06 03 06 0
pl(mm) | 35| 35| 35| 35 21 21 21 21
wp2 (mm) | 1,86 | 3,1| 0,99 223 094 1,69 0,73 147
tmm) | 6 | 45| 6 | 45| 36| 27 38 27
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(€) (f) (9) (h)

Figure 5.10:Selected probe impedance graphs for the sub-bl@thod
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5.2.2Sub-block 1 design

Probe o= Deembedded
starting / NEA port

point

Probe

CWG port ) et T T N

Figure 5.11:3D simulation view for 1/16 slice of sub-block 2

For each parameter combination in Table 5-4 fob-Block 2, there is a
simulated 3D model in HFSYFigure 5.11). The simulation blocks are extracted

S-parameter blocks to AWR Microwave Officewhere Sub-block 1 will be

designed. However, since 3D model includes halthef transmission lines, the

extracted blocks are connected in parallel in AWRrbvave Offic&, in order to

obtain full transmission line at the microstrip fpor

In 3D simulations, microstrip port is deembeddedma&igure 5.11. Thus,

impedance seen at the deembedded port is the impedseen from the probe

starting point.
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Blocks

Substrate extracted
definition e f
ez rom HFSS
Microstrip ) Load for
input T I CWG port

MUN MUN MUN MUN
ID=TL7 ID=TL5 ID=TL3 ID=TLL
Wewdum MSTEPS WEuBUm MSTERS Wav2um MSTEPS Wewdum
LH4um

Stage Stage Stage Stage v
\4 3 2 1/

SUBCKT
D=5
NET="sec1"

Microstrip matching section

Figure 5.12:Schematic of microstrip matching for sub-block noeth

In Figure 5.12, one of the schematics in AWR Mizawe Offic€ is given.
There are four stages in the microstrip matchirngice. The layout of these sections
is given in Figure 5.13 and their effects to inpapedance on Smith chart are given
in Figure 5.14. The design is for the probe comimmaa) from Table 4-4; however

the others are done in the same logic.

The places of stages in the layout are from 1 $taBis from the probe to the
50 Q input. In Figure 5.14, impedances seen from ttemspoints are given. (a) is
the impedance seen from the start of stage 1o(f®)tare impedances seen from the
end of stages 1 to 4, respectively. The matchirgest act similar to lumped

elements, from short length approximation apprd&tiA).

The probe impedance is shown in Figure 5.14 (ajplsrobe combinations,
the impedance is in the capacitive half of SmithrthThe first matching line, stage
1 is a narrow line, which acts like an inductornfrcSLA. This stage brings the
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impedances towards the upper (inductive) half ofitsnshart (b). The center
frequency is on real axis, high frequency points an inductive side and low
frequency points are in capacitive side. The redspffior high frequency points

stage 1 is electrically longer and inductance wettpect to SLA is more.

—
_ 50Q
I ~— microstrip
input
—~<
< Stage 4
Microstrip
[ Stage 3 > matching
e Stage 2 section
e Stage 1
.n*""‘.- ---.-"*\. -<
+# / »
~— Probe

I L ‘ll.'
\./ -
P N,

Figure 5.13: Microstrip matching stage layout for sub-block noeth
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Stage 2 is a line segment wider than(blines; thus acts as a capacitance
form SLA. This stage brings impedance in (b) bazlcapacitive side. Similar to
stage 1, the capacitance effect will be strongehigh frequency points. This will

bring a curvature to impedance line, bringing tlegfiency points closer, as in (c).

Stage 3 is a narrow line with inductive effect.isTtsection brings the
impedance curve center to real axis (d). The impees of different frequencies are
close to each other, which means wideband respdihgepoints are all close to the
center of the curve on real axis. The center cpoieds to a real impedance value; it
can be assumed that all frequencies are broughattampedance. In stage 4, there
iIs a QWL transformer to bring this real impedanz&® Q. The final shape of the

impedance curve is seen in (e).

(@) (b) () (d) (€)

Figure 5.14:Microstrip matching stage impedance graphs forldobk method
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Design with this sub-block method has input conmsctvhich can be easily
connected to the board by squeezing the substeti®ebn connector pin and
ground. The inputs are required to be in coplame type to use these types of
connectors. Thus, a coplanar to microstrip tramsiton RO5880 substrate is
designed. The layout and simulated input returs lgeetter than -20 dB) of this
transition is given in Figure 5.15 and Figure 5r88pectively.

Coplanar side of
< input (connector
side)

Microstrip side of
< input (Probe side)

Figure 5.15:Layout of coplanar line transition for sub-blocletimod
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Su, dB

Figure 5.16: Simulation result of coplanar line transition fabsblock method

Figure 5.17:Final board layouts for sub-block method
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The substrate boards that carry the probes andmibeostrip matching
circuits are integrated with the coplanar-micrgstriansition and a single board is
produced for each probe configuration. The fingblas of these boards are seen in
Figure 5.17, where the top four boards are for-813..5 GHz band and the bottom
four boards with smaller radii are for 15.5 — 1GHz.

5.2.3Sub-block 3 design

Sub-block 3 is a uniform oversized CWG segment uatigth L (Figure
5.18). This length is adjusted to have pure TEM enatithe end of the distance L
from the probe board. Thus, a load equal §o(Zharacteristic impedance of CWG)
can be placed with no difference in;reflection from Port 1 in Figure 4.39).
Ideally, for L=\ this can be obtained. However, a shorter L mayigeothe same

effect and this value is set by trials.

_|\ Microstrip port
(Port 1)
CWG port/

Figure 5.18:Distance of oversized coaxial part
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In the simulations for finding L, the parameter wasgept. For 8.5 — 11.5
GHz band, L is swept from 0.5 mm to 15 mm with @u® steps and;$values for 8
GHz, 10 GHz and 12 GHz are plotted in Figure 5d)9For 15.5 — 17.5 GHz band,
L is swept from 1.8 mm to 18 mm with 0.3 mm stepd &3 values for 15 GHz,
16.5 GHz and 18 GHz are plotted in Figure 5.19 (b).

For both bands, the L value at which the &irve is converged to the final
shape (for the highest value of L) is selected. mi@mum L is found as 9 mm for
X-band and 11 mm for Ku-band.

Slll dB S_l, dB

-14

e Final curve

-18

gy e

-22 -40
8 9 10 11 12 15 16 17 18
Frequency (GHz) Frequency (GHz)

() (b)

Figure 5.19:Results for sweep of oversized coaxial length édr-block method

Minimum L turned out to be higher for high frequgnzand. This can be
explained from the similar behavior of the probathwnonopole antennas. Thus,
the distance that modes are settled for the prbpes(expected to behave similar
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with frequency to the distance that modes are esettbr monopole antenna
(Rayleigh distance).

5.3 Coaxial Waveguide Matching Block Design

After parameter L is determined, the Klopfensteipers are designed in both
frequency bands. The Klopfenstein taper is a cdakiacture with curved inner and
outer conductors. As the curvature changes, from rditio of the radii, the
characteristic impedance changes according to @ap®nlinear function [24]. In
the design in this thesis, the outer cylinder radifi the taper is determined to be
linearly tapered. This will be the inner surfacelwé lid to be placed on top of probe
array; the linear taper choice is due to the diffic of processing an inner surface

with a nonlinear function.

Then, according to the function of impedance thioube taper, the
respective inner radius values were calculatedguiie design approach in [25].
These formula based calculations are made withhéip of MATLAB®. In this
calculation, the function determines matching valdie the length determines the
lower cutoff frequency. In this design, -25 dB auttpeturn loss of taper section
matching was obtained from @2 (oversized CWG) to 5@ (output). The length of
taper for 8.5 — 11.5 GHz band is calculated as &0and the length for 15.5 - 17.5
GHz band as 12 mm. In order to prevent sudden iampes transitions, 2 mm
straight CWG line segments are placed at both aiddhe Klopfenstein taper
(Figure 5.19 and Figure 5.20).

At the output end of the taper, before reachingdbmnector seal, a Teflon
disk is placed. This disk supplies accurate aligmnbetween the lid and the center
conductor. The final shapes of the tapers in batidb are shown in Figure 5.19 and
Figure 5.20.
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mm line segments

—
Klopfenstein taper

Figure 5.19:Final shape of taper for sub-block method in X-band

2 mm line segments

Outer conductyr
(linear)

Teflon
ring

_ J

Y
Klopfenstein taper

Figure 5.20:Final shape of taper for sub-block method in Kueban
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5.4 Completion

After all parameters of structures are determiradldparts of the path are
simulated together once more in a 3D simulatiorgram for all combinations in
both frequency bands. The;3esults for 8.5 — 11.5 GHz band are shown in Egur
5.21 and results for 15.5 — 17.5 GHz band are showimgure 5.22.

Selected curve
(Combination (d))
S,;;, dB (Least spark risk)

10
(a)

-15
©)
-20
s SANC)

-30

-35

-40
85 9 9.5 10 10.5 11 115
Frequency (GHz)

Figure 5.21:Simulation results at X-band for sub-block method
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Selected curve
(Combination (h))

Si;, dB (Least spark risl
-10
15 / )
20 L (h)
25 L (e)
L ()
30
35
-40
155 16 16.5 17 175
Frequency (GHz)

Figure 5.22: Simulation results at Ku-band for sub-block method

The graphs are for the 8 probe alternatives listéichble 5-4. In Figure 5.21,
curves are for combinations (a) to (d). In Figur225 curves are for combinations
(e) to (h). For both frequency bands, it can begkat from (a) to (d) and (e) to (h),
the achieved minimum output return loss value gaisse. On the other hand, risk
of sparking decreases (between tip of the probe caacial center conductor or

between two adjacent probes).

After production of all possibilities, design witthe least spark risk is
measured and sufficiently low return loss (bettemt 12 dB) was observed. Thus;
for usage in modules, combination (d) is selected<tband and combination (h) is

selected for Ku-band.
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5.5 Realizations of Combiners Designed by Sub-block Miebd

For the sub-block method, the combiners are pratiwaéh coaxial input
and SMA output connectors. Probe array boards evduped for four different
types of probes. The prototype views of versioredighs for X-band and Ku-band
are given in Figure 5.25 (a) and (b), respectiv€he measurement results for these
designs are given in Figure 5.23 for X-band andiféid>.24 for Ku-band. For both
bands, the responses are observed as close txpketed values and the ripple
magnitudes are also within an acceptable ranged®. IThe output reflection loss is
better than -12 dB and the average insertion k#sss than 0.8 dB per branch. This
loss includes the total connector loss at input @mgut which can be up to 0.4 dB

which is not included in 3D simulation.

821- dB Sl]_, dB

-10
11
-12
-13
-14
-15
-16
-17
-18

7 7.5 8 8.5 9 9.5 10 105 11 115 12 125
Frequency (GHz)

Figure 5.23:Measurement for X-band version 4 design in subibtoethod
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7 0
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-10 -6
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-15 -16
-16 -18
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-18 22

135 14 145 15 155 16 165 17 175 18 185

Frequency (GHz)

Figure 5.24:Measurement for Ku-band version 4 design in sulsibloethod

(a) (b)

Figure 5.25:Prototype combiner views for sub-block method \@rgl designs
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In the design, the most high-power handling, batwlorst output return loss
was expected for version 4 designs. However; #fiese designs are manufactured
and measured, return loss was seen to be sufficiemt in the operation bands. In
this case, the other versions do not have muchnéalga compared to the version 4.
Assembly of other versions was not made. Versioegign is used as the reference
when comparing sub-block method with other methodthe 15 W power amplifier

module, optimization method designs which havehsljgbetter performance were

used.
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CHAPTER 6

DESIGN AND REALIZATION OF PLANAR PROBE COAXIAL
WAVEGUIDE COMBINER BY THE OPTIMIZATION METHOD

In sub-block method, each block was designed igstematic and mostly
theoretical way. In that method size of the comitsinsas not taken as a critical
parameter. Each sub-block was selected sufficidatlye to be on the safe side in
satisfying the design goals. After finishing thissayn, ways of reducing combiner

dimensions were investigated.

An optimization method is introduced for this puspo In this method,
design will be carried out as a flow starting frahe inputs and leading to the
output. At each step, one more block is added &wedsimulation includes all
previous blocks. Due to use of optimization, matghine and CWG lengths can be
minimized. This provides advantage both in termsipé and loss. In this chapter,
design details of this method will be given.

6.1 Backside Block Design

Radii of oversized CWG are calculated from dimensi@f one probe
portion (Figure 6.1). In optimization method, theseensions are selected equal to
standard rectangular waveguide (RWG) dimensionshvare used at the related
frequency band. This is due to avoid the risk afalidown or undesired modes.
Since these designs will be the improved versidrthe sub-block method designs,

standard values are selected in order to be osateeside. The selected waveguides
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are WR-90 for 8.5 — 11.5 GHz and WR-62 for 15.57-61GHz and the radii are

calculated accordingly.

Approximate width (Standard RWG)

/\

Approximate height
(Standard RWG)

Figure 6.1: One probe portion of the oversized CWG for optatian method

However, according to port simulations in AWR Mismve Offic€, the
approximate widths are likely to generate higheteormodes. In order to prevent
this, inner radius is reduced to 2 mm for both Isar@uter radius is calculated from
adding the standard RWG height to 2 mm.

6.2 Power Combining Block Design

At the beginning, window dimensions through whicbhes are inserted into
CWG (Figure 6.2) should be selected. The dimensanesselected through 3D
simulations in CST Microwave Studidy observing higher order mode excitations.
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The width of this window is selected as 4 mm arelhhbight is selected as 2.25 mm
for both bands.

Port 1 Port 1
Input input reflected
window power N power

PC and CWG

! — matching blocks

L=0.5mm boundary plane
(terminated with

> load = 8*Z)

Figure 6.2: PC block simulation view for optimization method

The substrate is selected as 0.254 mm thick RO&@d3rolled copper (RD)
cladding. Copper-dielectric interface is much srheot compared to more
commonly used electrodeposited (ED) cladding. Tnsperty decreases the path
length where the current flows; thus conductor Issseduced. RO3003 has a
dielectric constant of 3.3, which will not distuttiee field flow in CWG much. It also
has an advantage compared to the sub-block metesigrg due to its relatively
high dielectric constant will provide shorter lingsthe microstrip matching and

coplanar transition sections; leading to smallenlcmer dimensions.
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With these materials and terminations, the lengthaidth combinations of
probes are simulated. The parameters for probaraaebstrip matching are shown

in Figure 6.3. In CST Microwave Studfiowp and Ip are swept while 1t=0.5 mm.

Input port with

impedance ¢~ It — Microstrip impedance
—_ matching section
Ip
Planar probe
section
NS

Figure 6.3: PC probe and microstrip matching section paramébersptimization
method

After these simulations, the results are extradtedn CST Microwave
Studid® transferred to AWR Microwave Offi€e In Figure 6.4, the schematic is seen
for ¥4 slice of the combiner. The oversized coaxyalt is named Port 1 and
connected to a port with impedance equal to.g{i@here Z, is the characteristic
impedance of oversized CWG). Microstrip ports ofrasted blocks are connected

to microstrip matching lines with width wp and astpble length.
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Oversized . 3p  Microstrip matching Microstrp Input ports
CWG port . . ; ; input lines
simulation lines (width equal to as 50Q

esult probe width wp) (500) loadk
SUBCKT MLIN
PORT ID=S2 ID=TL17
P: NET="6000_200" W=200 MSTEP$
= ID=TL19

=386 Ohm I
1

ID=TL18
W=200 um

MSTEP$ W=610u
ID=TL20

Figure 6.4: Example schematic for microstrip matching simulatior optimization

method

In AWR Microwave Offic€, for each wp-lp combination, the extracted S-
parameter block is placed, width of the matchimg lis set to wp and length of the
matching line is tuned. The goal is to obtain thestrwideband impedance response,

i.e. to bring impedance curve points closest tdexdber.

For 15.5 — 17.5 GHz band, several probe combinatiand obtained
impedance curves with optimized microstrip matcHings are shown in Figure 6.5
(@) to (l). (a) to (c) are for wp=0.2 mm and Ip=5-6nm; (d) to (f) are for wp=0.4
mm and Ip=5-6-7 mm; (g) to (i) are for wp=0.61 mnddp=5-6-7 mm and (j) to (I)

are for wp=1 mm and Ip=5-6-7 mm, respectively.
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(@) (b) (©)

(d)

(9)

() (k) U

Figure 6.5: PC block simulation results for optimization method
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In the simulations, as seen in Figure 6.5, decreasg and increase of Ip
resulted in more wideband response. wp is seleatd®l2 mm for both bands while
Ip is selected as 9.34 mm for 8.5 — 11.5 GHz aBdwm for 15.5 — 17.5 GHz.

6.3 Coaxial Waveguide Matching Block Design

For selected PC blocks of each band, a CWG matdtimgture is modeled.
This structure is composed of linear tapers ana digcontinuities, as seen in Figure
6.6. The matching taper is connected to the cressom starting 0.5 mm away from
the input window, which is the boundary plane bemvdC block and CWG
matching block (Figure 6.2). Thus, the coaxial tapecuitry has a function to
match the impedance of PC block the(b@utput.

Inputs

SC
backing

L L1 L2 L3 0.5mn

Figure 6.6: CWG matching block parameters for optimization reth
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At the end of the taper, before connecting thearecttnductor to SMA pin, a
Teflon ring is placed. After the outer lid is cooted to the main body, this ring is
placed tightly between the end of the lid and tkater conductor. This helps to
correctly align inner and outer conductors withpexs to each other, which is highly
critical for appropriate CWG operation. The locatf this ring is shown in Figure
6.7.

Alicrostrip inputs

i
J{.’ f

o

.

Teflon Output
fifis EnIA

onnscior

Figure 6.7: Location of the Teflon ring for optimization methsunulation

The CWG matching part is initially modeled as L=ILP=L3=0.5 mm.
After the initialization, a separate simulation femach parameter is made by
incrementing its value. For each frequency barel ptovement (impedance change)

caused by each parameter increment is observedeTdre used while parameter
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tuning for impedance matching. The overall dimensparameters and selected

values are given in Table 6-1.

Table 6-1: Selected parameter values for optimization methesigth

BW Lr-Lp
a (mm) b(mm) | WO(mm) | h(mm) | Wh (mm)
(GHz) (mm)
8.5 -
2 12,16 4 2,25 0,2 4,61
115
155 -
2 9,9 4 2,25 0,2 3,71
175
Wp (mm) | Lp(mm) | L4(mm) | L3 (mm) | L2 (mm)
8.5-
0,2 9,34 7,5 14 4,5
115
155 -
0,2 4,8 4,54 2,53 4,8
17.5

6.4 Completion

With the above parameters of the structure, theativeiew and simulation
results of final designs for X-band and Ku-band sttewn in Figure 6.8 and Figure
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6.9, respectively. The;Sis seen better than 20 dB and the insertion luseduced

by the combiner is seen less than 0.2 dB per branch

Sll! &lv d B

-5

| I
8.5 GHz 11.5GHz
a2, | w127 |

SRR 3 i i ——l—

10 GHz
-9.108 dB

-10

-15

-20

-25 som Tison
5.5 7.5 35 9.5 105 1.5 125
Frekans {GHz)

Figure 6.8: 3D simulation view and results at X-band for optiation method
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Figure 6.9: 3D simulation view and results at Ku-band for optiation method

6.5 Second Optimization for Probes

After completing the design, an alternative protvecture is considered. The
aim of this alternative is to obtain a suitablaisture for more output power. The
most critical change that should be made is togedhe risk of sparks at the tip of
the probes. This can occur under high power betwhentip of the probe and
oversized CWG center conductor. In order to redbtee¢ risk, the tip of the probe

should be designed as wider and further away fitoenGWG center conductor as

possible.

For this purpose, a two-stage probe is modeled thighstage connected to
microstrip is thinner than the stage at the tipg@iFé 6.10). Microstrip matching

section is selected as a multistage microstripb®and microstrip matching section
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dimensions are swept. The widest and shortest pubiieh can be matched using a
multistage microstrip circuit is selected for bdthnds. The layouts for these new
probe types are given for X-band and Ku-band in gajl (b) of Figure 6.10,
respectively. These layouts include the coplanamtorostrip matching lines for
coplanar input connectors, similar to sub-blockhodt

Figure 6.10:Probe layouts after second probe structures fomigation method

6.6 Realizations of Combiners Designed by OptimizatioMethod

For the optimization method, firstly the singlegaasersions were produced

using SMA input and output connectors. The integrasteps of the sub mechanical
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parts are shown in Figure 6.11 (a) to (e). As sktem the figure, the center
conductor of coaxial path, the base part carryiiggprobe board and the back short
are produced as a single mechanical piece (a). reason to include inner
cylindrical conductor to the backside part is tduee aligning problems that can
occur while integrating two separate pieces oftttie cylinder. The probe board is
then attached on this part using conductive epoxyicrostrip ground surfaces (b).
After the board is placed, the top lid is placediohincludes outer cylinders of
tapered and stepped coaxial parts (c). Then, thi®nTeing at the end is placed
tightly; this also ensures aligning of the lid witspect to the center conductor (d).

Lastly, the SMA connector of the output port isakted (e).

® D &

(@) (b) (©) (d) (€)

Figure 6.11: Assembly of combiners designed by optimization ro€

The mechanical bodies was produced both with gold silver plated
samples. The aim of this plating selection is ttuse insertion loss of the combiners
as much as possible. Since the waves, after congpinifront of the probe board,
travel in the air-filled coaxial line path and tkarrents flow on inner and outer
cylindrical surfaces of the coaxial line path, tbes will be mostly occur on this

path. The dielectric loss will be very low becao$air medium. The conductor loss
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can be minimized by using good conductors on irmefaces of coaxial path. In
order to be able to compare the performance of,bsikier and gold plated
mechanical paths are produced and integrated wathepboard and the input/output

connectors. The outer view of these parts is gimdfigure 6.12.

Figure 6.12:Outer view of mechanical parts for optimization huet designs

In this optimization method design, one of the awes to observe the
effects of different connector, plating and proyees. In order to compare the input
connector type, two combiners designed for 8.5-1G&Hz band are used. The
combiners are both designed by single stage prahdssilver plating. Insertion
losses of these combiners are shown in Figure &6dph (a) has SMA connectors
connected through seals mounted on input wallsgragh (b) has coplanar input

connectors with the probe board squeezed betweéerihinals.

When Figure 6.13 is observed, the average inseltiss (between different
inputs and different frequencies) is the same fothb The more significant
difference is the frequency and magnitude of tipples on insertion loss traces.
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These ripples are formed because of non-ideal itgyatinations and poor isolation

characteristics of the combiner. For the case oASiMnnectors, the mounting of

the seal is more complex and difficult to repatisTcan be due to mounting process
of the seal to input walls with epoxy of the sdsélf. Any reflection caused by this

non-ideality is transferred to other input portcdaese of poor isolation and the
reflected power travels similarly inside the cor@sinFor all inputs these multiple

reflected waves cancel each other at certain frezjee while they are added at
other frequencies. This effect causes ripples @ertion loss characteristics. For
SMA, risk of reflection was more, which will caubggher magnitude ripples, as

observed in Figure 6.13 (a).

95 |

-10

-10.5

-11 -10.5
8.5 95 105 115 85 95 105 115
Frequency (GHz) Frequency (GH2)

(@) (b)

Figure 6.13:Branch insertion loss graphs for connector typepammson

Difference between silver and gold plating are give Figure 6.14 and
Figure 6.15, all for 8.5-11.5 GHz frequency band.Figure 6.14, the combiners
belong to the design with the single stage probes SMA input connectors. In

Figure 6.15, the two-stage probe structure desggrused with coplanar input
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connectors. In both figures, the graphs on thediel¢ are for gold plating and the

graphs on the right side are for silver plating.

SZlv dB Sl, dB

11 -11
8.5 9.5 105 115 8.5 9.5 105 115
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Figure 6.14:Branch insertion loss graphs for plating type cangon (SMA

connectors)
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Figure 6.15:Branch insertion loss graphs for plating type consoa (CPL

connectors)
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The main idea of comparing silver and gold platiyjges was to observe the
effect on insertion loss. Since the path followsdthre combined power is mostly
the inner walls of the coaxial lids the loss is mhaidetermined by the plating on
these walls. The average loss is very low and apmeatgely the same for both
plating types. The difference is, similar to inmannector comparison, the ripples
on insertion loss traces. The ripples for silvetiplg are more significant compared
to gold plating. It is known that these ripples geily originate from non-idealities
in the structure. Since silver plating is more @roto be damaged with
environmental conditions, one of the reasons magdoription of plating material.
Another reason may be tiny mistakes in locatingphabe board on silver surface.
There is no certain control mechanism in the stmecand the colors of the substrate
and the plating are very close which makes thectete of errors more difficult

than other cases.

The last comparison is between single-stage andstage probes for the
design at 8.5-11.5 GHz with silver plating and em@lr input connectors, shown in
Figure 6.16. The graph on the left belongs to thsigh with a single-stage thin
probe with the appropriate matching lid above. Graph on the right belongs to the
design with a two-stage wide-tip probe and its anatching lid. It can be observed
that there is no significant difference in averageertion loss with respect to
frequency or ripple characteristics on the traGes.an advantage of designing the
probe with a single stage could not be observeds Ttormation is used when
selecting the type of combiner to use at outpugestan power combining
experiments. In this case it is more convenienuge a two-stage probe which
provides both good matching and wide edge for ifhdéor the probe. The selected
combiners and their responses for power combiniadutes will be presented in the
next section of this chapter.
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Figure 6.16:Branch insertion loss graphs for probe stage nurmt@parison
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CHAPTER 7

POWER AMPLIFIER MODULES USING PLANAR PROBE COAXIAL
WAVEGUIDE COMBINERS

7.1 Description of the Building Blocks for the Power Anplifier Modules

For the first experiment on power combining perfante of the combiner
designs, a basic power amplifier driver block isigeed and produced with ~2 W
output power. The amplifier block is designed takvm 6-18 GHz frequency band.
Thus, this block could be used to examine the pexdnce of both 8.5 — 11.5 GHz
and 15.5 — 17.5 GHz combiner designs. In each béeck, there are two separate
paths with the same layout. In the module, theeetwo combiner structures. 4 feed
blocks are used to feed the 8 parallel branchesowibiners. Feed blocks and the
combiners are connected on a single metal carady,bwhich also has the function
of cooling the module. On this mechanical bodythesfirst step a combiner is used
as a divider. The module input is divided into 8&garts and carried to feed block
inputs via bendable amplitude and phase matcbasial cables. These signals are
amplified separately in the 8 channels of 4 feextkd. Power at the output of each
channel is then carried to the second combinethétoutput of this combiner, the

power value is measured to be evaluated.

In Figure 7.1, the layout of a feeding amplifieod is shown. At the output
of each channel, shown with number 3 on the figli@A2510 amplifiers with 6-18
GHz operating frequency band and 2.8 W output p@areused.
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In order to prevent power combining loss which ocaour due to phase and
amplitude imbalance, elements shown with numbendL2aare used. In Figure 7.1,
the element shown with number 1 has the functiophafse shift up to 180 degrees
with 6 steps each shifting 30 degrees. The elense/n with number 2 are used
for amplitude adjustment. This gives 0-4 dB ampléwadjusting range with 1 dB
steps to each of the channels. The sufficiencyhf much tuning option is also
verified in a linear simulation program, similar tlee adjustment of the insertion

phases.

Figure 7.1: Layout of the feeding amplifier blocks
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Figure 7.2: Small-signal gain differences of feed amplifier chels

Before the integration of the feed blocks to thepkfner module, S
parameters of all 8 channels in small-signal opmmaare measured. The total 8
amplifying channels for 8 combiner inputs packagedeparate modules are all
measured in the linear region. In order to obt#ficiency in power combining, the
differences in gain and phase values are impornaier than the actual values.
Thus, for each channel, the gain and phase difteeare plotted with respect to
one of the channels selected as a reference. Thaliff@rence plot (in dB) and the
phase difference plot (in degrees) are given inufeig7.2 and Figure 7.3,

respectively.
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Figure 7.3: Small-signal insertion phase differences of feegldi@r channels

At center frequency, the gain imbalance betweendtras is within ~ 1 dB
and the phase imbalance is within ~ 10 degrees@diocpto the measurements. For
that frequency, these limits are both acceptabiédifor efficient combining of the
channel output powers. According to the gain plths, gain difference could be
decreased at the upper side of the frequency bamgd) the wideband attenuator.
However, in this case the difference in the resthef band will be increased. In
order to obtain acceptable response in the largdrop of the frequency band, no
adjustments are made using the selectable attendattoording to the phase plots,

the limits are acceptable for all frequencies ieragion band. The adjustment steps
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are 30 degrees, moreover the phase shift valuat isomstant in the frequency band;

thus no phase adjustments are made between ampliéanels as well.

In the power amplifier modules, the combiners anvdmy blocks are placed
on a metal block which carries the elements andshkeat removal. The building
elements are integrated on this metal blocks ewllle SMA cables with 3.5 inches

length.

7.28-12 GHz Power Amplifier Module Structure and Measuement Results

For constructing the 8-12 GHz power amplifier, tmmbiners that will be
used in dividing the input power and combining afigl channel outputs are
selected at first. The combiner used at input isihger plated two-stage probe
combiner with coplanar input connectors. The passdsponse of this combiner is

given in Figure 7.4.

For the output, the gold plated version of the tnpombiner is used. The
usage of two-stage probe combiner at output istdiutbe wide probe edge in this
probe structure. This property decreases the &iiisk due to spark creation at the
output probe tips under high power. The passivparese of the output stage

combiner is given in Figure 7.5.

The view of 8-12 GHz power amplifier module canseen in Figure 7.6.

117



-7 0

-8 -2
-9 -4
-10 -6
-11 -8
-12 -10
-13 -12
-14 -14
-15 -16
-16 -18
17 -20
-18 -22

8 9 10 11 12

Frequency (GHz)

Figure 7.4:Input combiner passive response for X-band module

S, dB S, dB
-7 0
-8 -2
9 -4

-10 -6
-11 -8
-12 -10
-13 -12
-14 -14
-15 —7 -16
-16 -18
17 -20
-18 -22
8 9 10 11 12

Frequency (GHz)

Figure 7.5: Output combiner passive response for X-band module
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Figure 7.6: View of 8-12 GHz power amplifier module

The output power values of the module are measumedhe 4 dB
compression point for 0,5 GHz frequency steps. measurements are made at 10%
duty cycle with 10 pus pulse width. The results@odted in Figure 7.7. In the figure,
a curve for expected output power is also addeds power is calculated from the
average of output powers for 8 amplifier channeid ¢he insertion loss of the

output combiner.

The measured and expected values are close acgdodine plots. Expected

value is calculated as below:
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Feed channel _ Loss introduced
output power at + 9 dB (ideal8-way — by compiner per — ((:j?lgé%s)s
P4dB (~34 dBn combining) branch (~0.5 dB) '

The calculated combining efficiency is around 90%here is ~1.5dB
difference at some frequencies. This differengeaidly due to assumption of equal
channel outputs as the average of 8 channels. Thareamplitude difference which

will cause the combined power to defect from thpeeted value.

Moreover, the compression effects are not incluidethe expected power
calculations. According to the individual amplifiehannel measurements, although
the linear region gains are similar, the channehm@ssion points are not all equal
to the compression point of the module at thosquieacies. As the compression
level increases, the insertion phase starts toea&s&r rapidly and cause phase
difference between channels. This phase differeresult in less effective

combination of channel output powers.

Lastly, some of the decrease in power might beaethbgcause the isolation
values of the output combiner are not ideal andethe no isolator at channel
outputs. At high compression points, the outputadance of amplifiers are not
ideal. Thus, the load impedances of each ampldier affected by the output
impedance of adjacent amplifiers. This will chaagaplifier load impedance at high
power and deviate amplifier characteristics frore #xpected values which are
measured under ideal load conditions.

120



Output Power (dBm)

45

44

43

42

41

40

39

38

AN A
I\

8 8,5 9 95 10 105 11 115 12

=¢==Measured

Expected

Figure 7.7: Expected and measured output powers at P4dB fandmodule in
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7.315-18 GHz Power Amplifier Structure and MeasuremeniResults

as single-stage thin probe silver plated desigh wiiplanar input connectors, while
the output combiner is selected as the two-stagleepversion of the same combiner
mechanics, however in this case gold plated mechanised for output because of
availability drawbacks. However, the gold platedistures are generally preferred
due to better symmetry of input insertion lossd®e fesponse of the input combiner

Is given in Figure 7.8 and the response of outpuatldner is given in Figure 7.9.

In this amplifier, similar to the 8-12 GHz cadee input combiner is selected
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Figure 7.8: Input combiner passive response for Ku-band module
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Figure 7.9: Output combiner passive response for Ku-band module
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Figure 7.10:View of 15-18 GHz power amplifier module

The view of the module and measured output powaide(in dBm) for this

module are given in Figure 7.10 and Figure 7.18peetively. The measurements

are made at 10% duty cycle with 10 pus pulse widthe calculated combining

efficiency is around 80%.

The expected values are calculated and deviatioome £xpected values

could be explained from the same ideas presentefi-1?2 GHz module. At some

points, expected power is below the measured vadloe.reason might be that most

of the channel outputs are more than the averageresl output value. Moreover

123



the values may have increased in the output impedaonditions set by the
combiner, which could not be estimated.
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Figure 7.11: Expected and measured output powers at P4dB okl module in
dBm
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CHAPTER 8

CONCLUSION

In this thesis, several low loss power combininthieques are investigated
for comparison. For the 8-way microstrip Wilkinsoombiner, insertion loss is low
compared to cascaded combiners with the same nataber of arms. However,
because of dielectric and conductor losses, imseltiss remains high compared to
SSS branchline and planar probe CWG combiners. ther SSS branchline
combiner, dielectric loss is minimized due to usafjair medium. Moreover, low;
means wide copper lines which decrease conducsst lcengths of lines are also
increased with lowg; but this increase is less effective on inserfmss than the
widening of lines. The lowest insertion losses abserved for the planar probe
coaxial waveguide (PPCWG) combiners. This is padthg to transmission in air
medium, which minimizes the dielectric loss. Pdrthee improvement in insertion
loss is due to currents flowing in CWG inner suecThese surfaces are both very
wide and plated with good conductor metals. Thesepgities decrease the

resistivity of transmission lines and thus the agtdr loss.

For all combining techniques, insertion loss calted by the simulation
software is very low. The difference between meagwalue and simulated value
can be explained differently for different techregu For the planar probe CWG
combiner, the loss value is close to the simulatesult except the ripples which
cause differences in branches. The difference iserh by non ideal connector
impedances and imbalance among branches due tagbiad tolerances which
could not be modeled in the software. For SSS coenbthe extra loss is partly due

125



to the non ideal boundary conditions in the actwahbiner. Via holes may not give
exactly the same response with the perfect elettwalls. Part of the loss is due to
more resistive lines in actual combiner becausiefskin effect. The skin depth is
very low at the design frequency which needs clospaced mesh on the metal
which the software could not support. A similareeff exists for the microstrip

combiner. In this case the skin depth is also Vewy at the end of the frequency
band and metal loss is more dominant in this airectthus the weakness of

modeling causes more difference between simulatddreeasured results.

Since the best performance is obtained with planabe CWG combiners,
power amplifier modules are built with these congloenin order to test power
combining operation. Two modules are built in 8GRz and 15-18 GHz bands.
Output powers of the modules are about 15 W. Comdpiefficiency came out to be

approximately 85%.

Finally, power handling test is applied using TWaA10 GHz. It is seen
that all probes in PPCWG designs can operate @akiy/ without spark occurrence.
Thus, each probe turned out to be handling 250 WepoThis experiment leads to
the conclusion that, if necessary power inputsl@masupplied from input terminals
and cooling is maintained, powers up to 2 kW caratigieved by using PPCWG

combiners.
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