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ABSTRACT

As many current applications require microwave solid state
sources wWith output powers greater than that available from a
vsingle 'dévice a need for combining the power from these devices
is required. N-way combiners/dividers.may be used to achieve
this. For high output powers these combiners/dividers must have

a high combining efficiency.

This dissertation describes various power combining techniques
and essentially a power combiner/divider that is both planar and
low loss is required. The planar structure is a requirement if

efficient heat dissipation is to be achieved.

- Cylindrical resonant cavity structures give very high combining
efficiencies, however, they are non planar and have narrow
. bandwidths. N-way planar combiners/dividers fabricated on
' hicrostrip ‘provide the desired planar sfructure but due to the

characteristics of microstrip are lossy.

As  a culminatiéhn e tHi's work a low loss 8-way planar stripline

combiner/divider was constructed that gave a peak combining
éfficiency of gy percent which approaches t he combining
efficieﬁcy of 98 percent that was obtained with the «c¢cylindrical
fesonant cavity combiner. The former offers its Dbroader

‘bandwidth and planar structure as aanntages.
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CHAPTER 1 REVIEW OF MICROWAVE SOLID STATE AMPLIFYING DEVICES

1.1 Introduction

IncreaSiﬁg the outpht power from field effect transistors (FETSs)
by enlarging‘ their size or by wire bonding several of ¢them 1in
'parailel within a package eventually reach practical and economic
limitations. Technically, lihitations such as extremely 1low
input impedance occur when a large number of cells are combined
in parallel which further leads to‘matching problems, As the
size increases phasing problems at high frequencies occur as well

as a higher heat dissipation.

As many current applications require microwave solid state ©power
gsources with output powers greater than that available from a
single device a need for combining these devices is required. N-

way combiners/dividers may be used to achieve this.

This chapter goes onto give a brief overview of the development
of the gallium arsenide field effect transistor (GaAs FET) and
the silicon bipolar transistor. Emphasis will be placed on FEfs
and their power handling capabilities in an endeavour to Jjustify
‘the requirement of power combiners/dividers to increase the

output power available from solid state amplifiers.

1.2 The Bipolar Transistor - a Brief Review

It took seventeen years from the initial introduction of the
_bipolar transistor in 1948 until microwave transistors with
practical gain and noise figure became available. The first

,'transistors to enter the microwave industry were germanium



transistors. These first appeared in 1965 and were available in
the L-band with noise figures of 6dB. Since 1968 rapid progress
has been made in obtaining high power capability and low noise

performance from silicon bipolar trahsistors up to X-band.

An indication of the progress made can be seen from the fact that
in 1968 the state of the art bipolars had an fmax ofleHz with a
maximum gain of 8dB at 2GHz and an associated noise figure of
6dB‘. In ?976 bipolars had noise figures in the region of

3.9dB at BGHz apd an associated gain of 3. 8dB. Power transistors
at this stage could deliver 1W CW with a 6dB power gain at 8GHz.
At 2GHz a single transistor chip delivered up to 30W CW output
power with 7dB power gain and 32 percent power added
efficiency?. By 1979 the state of the art bipolars couid

deliver b60-W CHW output with an associated gain of 11dB and a

power added efficiency of 46,3 percent at 2GHz3.

The upper frequency limit of bipolar transistors is determined by
the ratio of carrier mobility to emitter length. The electron
mobil%ty 18 determined by the characteristics of doped silicon,
so the emitter is the controlling factor. This width is
dependent on the state of the art of electron beam
photolithography, which today allows gebmetries in the 0, 25

Interdigited
transistor
structure

Base contact

Emitter
contact

Emitter Base contact

. contact Siticon dioxide
FD’taXlal protective
er
BY. s Emitter layer
Fig. 1.1 Interdigitated planar transistor structure (from ref 4).



micron range. Figure 1.1 shows a typical interdigitated planar
structure of a bipolar transistor, To increase the output power
-of a single packaged dévice several cells are connected in
parallel into a single microwave package. The direct ©parallel
connection of a large number of cells (greater than #4) requireg
stringent controls on the uniformity of the cells as there is no
isolation between the cells. Any matching circuits used must be
_identical for each cell if phasing érrors are not to occur and if
each cell is to be driven equally. Another disadvantage is thaf
the device becomes electrically wide as cells are combined and
limitations are reached in trying to maintain equal phasing.
Note +that these ©problems also hold when ¢trying ¢to combine

individual cells in FETs.

1.3 The Field Effect Transistor

One of the oldest three terminal devices is the field effect.
transistor (FET) that was proposed in 1952 by William Schokley.
Due to technological and fabrication problems it was not until

the 1960's that the first viable device appeared.

"There are three main types of FET in use. The simplest FET is the
JFET which came into use at about the same time as the bipolar
transistor. Further technological advances in FET fabrication
led to the MOSFET which is also called the insulated-gate FET
(IGFET). These devices are manufactured with silicon. Neither
of these devices could compete with the silicon bipolar
transistor and it was not until the advent of gallium arsenide

technology which allowed the development of the MESFET, often

" "called the GaAs FET, that the FET was considered seriously for
Microwave VsSL, '



A GaAs FET is similar to a JFET, except that 1instead of a
diffusion process at the p-n junction, a Schottky barrier contact
having a very short storage time is used. In a p-n junction the
current is carried by minority carriers, this is not the case for
Schottky barriers where the current is  carried by the the
méjority carriers, Whereas minority carriers limit the frequency
pésponse' of the p-n junction, the Schottky barrier has no such

limit, thus making it ideal for use at microwave frequencies.

In the 1late 1960's the first solid state amplifiers began to
replace travelling wave tube amplifiers in the L and S bands.
These amplifiers utilised bipolar transistors. However, further

THT replacement stopped after 1972 above 5GHz due to the high

cost of bipolar transistors for these frequencies, and because
the TWT was superior. Higher frequency solid state amplifiers
Source Gate Drain
~ t t
/é, n-type material

p—type material

Fig. 1.2 (a) Junction FET (JFET)

Gate
Drain
Source
/f - i etalisation

// oxide

n-type matertal p-type material

o Fig. 1.2 (hb) Metal oxide semiconductor FET ( MOSFET).
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Fig. 1.2 (c) Metal semiconductor FET (GaAs FET or MESFET).

started to make their debut with the cohmercial availability of
the GaAs FET, and now low noise THWHTs are heing replaced by solid
state devices which have improved reliability and better

performance.

In mid 1975 thevfirst commercially available X-band (8-12GHz) was
introduced. Since the introduction of the GaAS FET, the output
power capabilities have increased rapidly as shown in figure 1. 3.
These figures were the state of the art results as reported by
Bell Laboratories?®.
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Fig. 1.3 Progress of power GaAs FETs at Bell Laboratories as a

function of time.



With the advent of GaAs, a 1 pm MESFET was fabricated on GaAs
which gave an fmax of 50GHz2?. These devices had a useful gain

up to 18GHz. In 1972 it became apparent that GalAs. FETs were
capable of very ldw noise figures and a noise figure of 3,5dB

with 6, 6dB of gain at 10GHz was reported?.

The first power GaAs FET was reported in 19732, These devices
were of a planar structure as shown in figure 1.4, A MESFET with
20 gates, each 1#m long and 400xm wide operated in parailel and
interconnected with a second metallisation layer was designed by
Fukuta and other co-workers. This FET exhibited an output power
of 1,6W with a power gain of 5dB at 2GHz and a power added

efficiency of 21 percent?.

(o)

location D
cross~sectlions

Si, n+layers

\T\D—/n]f?/\ =
\Actlve n-lagers/ / |
(c)

(o) Seml~insutating substrate

Fig. 1.4 Schematic of the metallisation of a planar power MESFET

"produced at Fujitsu laboratories.



In 1978 the highest CHW power outputs from single GaAs FETs ranged
from close to 20W at 4GHz to several watts at 10GHz®. The best

reported efficiencies at the time ranged from 70 percent at U4GHz
to 30 - 40 percent at X-band. The best commercially available
devices at that time delivered an output of 5W at 6GHz and 1% at
_12GHz*®. The power outputs and power efficiencies continue to

improve, Fujitsu have commercially available devices capable of
39dBm at 7GHz with a power added efficiency of 29 percent, thig
data comes from their Semiconductor Selector Guide, June 1985. A
new method for increasing the total gate width was proposed by B.
Turner et al in 19817, Their proposed technique involved ¢the

application of 'a ﬁolymide dielectric overlay technology to a GaAs
structure. Results with this structure gave an output of 950mW
dt 8GHz with 4,0dB associated gain. With increased Vos an

output of 1017mW was obtained with 4,3dB gain and a power added

efficiency of 27 percent.

As,FETs continue to develop more and more devices are internally
*matched and in 1981 Yasuo Mitsui et al?® reported @ the

development of a 10GHz 10W internally matched flip chip GaAs FET.
in their configuration the gate and drain electrodes were
gonnected directly to the lumped matching capacitors using no
bond wires. The flip chip technology reduced both parasitic; and
thermél resistance. Results obtained for their device are shown

in figure 1.5.

The latest FETs are the matched field effect transistors (MFETs)
as reported by F.M. Magalhaes et al”’ It is a new design

approach for microwave integrated amplifier modules. It uses one
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'__olr more GaAs FET chips for active elements and has input and
éutput match'in-g and bias circuits fabricated on two additional
GﬁAs chips. It is contained in a hermetically ’sealed package
?:hat may be inserted in to a standard 50ohm ¢transmission line
.éystem without external matching or biasing circuitry. Figure

1.6 shows the M-FET layout.
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""Fig. 1.6 M-FET circuit layout (From ref. 9).
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1.4 The GaAs Field Effect Transistor Versus the Silicon Bipolar

Transistor

Comparing the GaAs FET with the silicon bipolar transistor it 1is
found that the maximum operating frequency of a GaAs FET is the
- ratio of gate length to carrier mobility: Although the same
photolithography 1limitations apply to FETs as to bipolaré the
carrier mobility of GaAs is roughly six(times that of silicon and
electrons travel with peak velocities up ¢to ' twice that in
silicdn‘°. This immediately implies GaAs FETs will predominate

at the higher frequencies,

It is possible to use GaAs FETs at the lower 1limits of the
microwave spectrum with expected improvements in noise figures
ovef the best available bipolars. However, at frequencies below
1 or 2 GHz the input impedance becomes very high making impedance
matching - very difficult. At about 4 to 5 GHz a trade off point
ig reached and FETs provide unquestionably better performance and
are worth the extra cost and design difficulties associated with

them. Bipolars are however, competitive at 4UGHz and can provide

output powers comparable to FETs. In 1981 R. Basset and BD.
Mchmbs” reported a seven <c¢ell bipolar transistor that

produced an output of ©6W at 4UGHz which at that time was
unattainable with FETs. Tables 1.1 and 1.2 give a comparison
between some commercially available FETs and bipolar fransistors.
The data are from the Fujitsu Microwave Semiconductors Selector

Guide, June 1985,

From the tables it can be seen that high powers are available
below 1GHz and below this frequency solid state amplifiers are

replacing travelling wave tube amplifiers (TWTAs).



Table 1.1 Comparison between 1low noise FETs and
transistors,
GoAs FET Bipolar
Type No. |[Freq (GHz) Gain (dB) | NF (dB) | Type No. Freq (GHz) MAG (dB) | NF (dB)
FJeol 2,0 10,0 4,0
FSC10 4,0 13,0 0,6 FJ451 4,0 10,5 4,0
FSCli 4,0 13,0 1,0 FJ401 4,0 10,5 3,5
FSX3t 8,0 9,5 2.3

bipolar

. for wideband applications.

Table 1.2 Comparison between power FETs and bipolar transistors.

GaAs FET Bipolar
Type No. Freq (GHz)| Gigp¢dB) | PigptW) | Type No. Freq (GHz)| Gain (dB) |Power W)
FJO880-28 0,86 3,0 80,0
FLL1GME 8,3 12,0 0,7 FJ2301B-24 2,3 10,5 1,1
FLL10G 2,3 8,0 7,9 FJ2306B-24 2.3 8.0 6,0
FLC253MHB 8,5 8,0 &5
FLK202MH-14 10,0 6,0 1,8

1.5 Techniques Used to Increase the Output Power of FETs

The maximum output available Ffrom power FETs is 1limited by

several factors. Firstly, there is a limit to the size of the

. device. If ¢the distribution of voltages and currents is to Dbe

~kept uniform, the transistor cell dimensions must be kept to a

fraction of the operating wavelength. The gate width cannot be

made too long either, as this must be less than about a tenth of

a wavelength. Further, the longer the gate width the lower the

impedance, and the more difficult it becomes to match the device

Design of power FETs now incorporate

10



1

matching networks that are placed as close to the transistor cell

as possible.

Another 1limiting factor as regards the output power of FETs 1is
the maximum allowable temperature rise of the cell. The mean
time before failure (MTBF) of a GaAs FET. generally decreases
exponentially with an 1increase in temperature®. It is

therefore necessary to minimise the thermal resistance of the
devices since most power devices have to dissipate tens of watts
of DC power. One method that is 4used to reduce thermal
resistance 1is a flip chip technoiogy. This involves plating
metal posts on the sources, gates and drains of the FETs and then

flip chip the device on to berrylia cafriers for example.

In the majority of FETs the three terminals lie on the same plane
on the surface of the die. This c¢reates a problem for

manufacturers because they must be able to make contact with

‘multiple source contacts,. and the sources must be interconnected
while minimising inductance, shunt capacitance and dielectric
loss. The source contacts can dissipate heat and hence the

source connections should also have minimum thermal resistance to

the heat sink.

In order to achieve maximum power, various structures have been

employed in the desig&n and fabrication of GaAs FETs and various

goals have been striven for. These are: -

a) to obtain the maximum gate width for thé frequency of
interest

b) to minimise electrical pérasitics

.9) to reduce thermal impedance

11



d) to achieve a device capable of sustaining high drain source
potential
e) to achieve a materials technology which gives consistent and

reproducible effects.

One method to increase the gate width simpiy involves paralleling
a large number of unit cells by wire bonding. This method bonds
the 1individual source pads togethér with gold wire, 'thus
.ﬁreventing dielectric crossover loss and providing fairly 1low
conductor loss, Devices as large as 9, b6mm total gate width for
operation at 9GHz and 24mm gate width for operation at 4GHz have
been successfully assembled this way. The multiple bond approach
allows a simple processing technology but makes device assembly
more difficult, highly labour intensive and can have 1increased

parasitics, namely inductance due to the wire bonds.

Another approach uses a dielectric insulator deposited on the
chip surface and interconnects the sources with a deposited metal
overlay. A device produced by Fujitsu employs gate over source
cross-overs with Si0O:2 as the dielectric. The main advantage of
this approach 1is that it makes the most efficient use of real
) estate and minimises the number of bonds required to assemble a
large device. The processing is more complex, although 1less
labour intensive than wire bonding, and additional parasitics are

involved in the crossover as well as increased dielectric loss.

Another method providing very low thermal resistance involves a
‘flip chip technique which provides vlarge, plated up source
contacts on the FET die and the die inversion so the plated wup

.greas‘ make contact with a copper heat sink. Not many devices

12



have been made this way, mainly because a great deal of care in

mounting is required and quality control is a difficulty.

Interconnecting via air bridges is a newer method. In 1978 the
methodlwas still in the development stage. Another apprbach uses
v holes etched through the substrate, piated up and used to
inferconnect the sources from thé backside. This can also result
in very low thermal resistances. Refer to figures 1.7, 1.8, 1.9,

1.10 and 1.11.

For given device parameters, the maximum available gain (MAG)
falls off at 6dB per octave increase in frequency.. For this
reason minimisation of electrical parasitic effects is

particularly important in the design of higher frequency FETs to

prevent the gain from becoming unacceptably low,

o o L

GENERAL TOPOLOGY PROBLEM

Fig. 1.7 Hire bonding of @he sources, process 1is labour

intensive.

13



Source or Drain Bridging overlay
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Fig. 1. 8 Fujitsu bonding method includes dielectric insulator

with metal overlay.
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Fig. 1.9 Flip chip technique - requires precise mounting, low

source inductance.
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Fig. 1.10 Air bridge to minimise loss and shunt capacitance.
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Fig. 1. 11 Through hole plating limits thermal resistance and

assembly labour.
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There are a large number of parasitic effects that must be
considered in power FET design, The most significant parasitic
effect is the source lead inductance. Minimisation of this
inductance is much more difficult for power FETs than for small
signal devices. Most power FET designs in;olve the combination
of several cells and each cell has several.parallel gate fingers.
The cells must be combined either during processing in which case
they are integrated on the chip or during the bonding operation.
In principle, cells can be added until the impedance becomes too
low for it to be matched in the microwave circuit, If the source
lead inductance and resistance are neglected it can be shown that
the maximum availaple gain (MAG)\is unchanged as c¢ells are
combined. Unless special care is taken the MAG will, however, be
reduced Dbecause of the source lead inductance which is not
reduced proportionally as cells are added. The combining-
efficiency is defined as

n = Poyt (n cells) 1.1
nPouvt (1 cell) constant gain

A method "of reducing source inductance is shown in figure 1.12
Here the four single-cell chips are mounted side by side with the
'sources independently grounded. This effectively reduces the
source lead inductance which in turn then has a lesser effect on

the cell combination.

Gate Pad Plated Heat Sink

"Fig. 1.12 A Texas instruments plated heat sink FET (from ref. 5).

15



Another method that 1is used to reduce source inductance is
shown in figure 1.13. This shows the cross section and cell
layout of a FET with low inductance via connections through the
substrate. This device has a plated heatsink.

+

There have been several other approaches to minimise the source

lead inductance in the development of GaAs power FETs. One of
the most promising is flip chip mouhting. This is not widely
vused as already mentioned because of the difficulty of

implementation. Y. Mitsui et al'? developed a flip chip device
in 1979, The fabrication procedure used is similar to that used

for conventional MESFETs.

ELECTROPLATE ELECTROLESS GOLD
GOLD

source

E]’————]C]

PR | I

source source

] ]

SUUINLY
]
— S ——

|| |

gate

drain

drain

Fig. 1.13 Bell Laboratories FET (a) cross-section (b) top view.
. The source and drain metallisations consisted of multiple 1layers

16



of Au, Ni and alloyed Au-Ge films. Gold was electroplated on to
the source. The metal layers were formed between the gold post
and the aluminium gate.pad which prevented Al-Au interaction.
The chip was then turned over and all the metal posts connected
directly ¢to the‘corresponding bonding area in the package by
thermo compression bonding. Since the éource electrodes were
bonded directly to a gold plated copper heatsink, the source lead
inductances were greatly reduced as was the thermal resistance.

The results obtained are shown in table 1. 3.

Table 1.3 Performance of a flip chip mounted FET (from ref. 12).

el e O e
10 4,5 6,0 5,0 17 9600
12 3,4 4,1 4,0 16 7200
12 2,5 2,8 5,8 19 4800
12 1,0 1,3 6,9 27 2400
13 12 | 15 6,0 17 2400
15 1.9 2,5 4,8 12 4800

1,6 Conclusion

.In order to increase the output power capabilities of solid state
amplifiers any further, another approach will have to be
employed. This approach takes the form of power
combiners/dividers which combine the outputs of several devices
at the circuit level. These passive deviées will be infroduced in

the next chapter,

17



CHAPTER 2 COMBINING ON THE CIRCUIT LEVEL

2.1 Introduction

As mentioned 1in the ©previous chapter increasing the power
handling capabilities of solid state devices by c¢ontinuing ¢to
~increase their size eventually runs into various problems such as
concentrated heat dissipation, parasitics and impedance matching.
This then creates the need for power combining at the circuit
level if solid state amplification with performance comparable to

travelling wave tube amplifiers is to be achieved.

In order to combine n amplifiers the input power is divided n

-ways and is then fed to n amplifiers,. The n amplifier outputs
afe combined using an n-way combiner, which is a n-way divider

__used in "reverse", that is the combiner inputs are the divider
outputs.

.

One advantage that the power combining of several solid state

devices has .over a single THTA is graceful degradation of the
combined amplifier, In a power combiner/divider the match and
isolation provided by them are essential For graceful degradation
of the combined amplifier in the event that one or more of its
cémponent amplifiers suffer arbitary modes of failure because, in
that case, such failures would not affect the impedances
presented to the remaining amplifiers. In other words there is
no complete loss of output power, which is usually the case with
a THWTA, where hard failure is the norm.' If m out of n amplifiers
fail it can_be shown that the output of the combined amplifier

'reduces by

18 .



-201o08(1~-m) dB 2.1
n

This assumes of course that the isoclation between each device 1is

infinite.

COMBINING TECHNlﬂUES—I

1
DTHER COMUIMERS
IELECTRIC GUIDE,
CHIP-LEVEL |  FICUIT-LEVEL SPATIAL ' PUSH-PULL, CAP RES-~
COMBIMERS COMBINERS COMBINERS OMATOR, DISTRIBUTIVE
CIRCUIT ANMD HARMONIC “
COMBINERS
. ML TIPLE-LEVEL
COMRINERS
CCOMMINATIONS OF
RESONANT CAVITY CHIPLEVEL, CIRCUIT-
COMBINERS LEVEL AND SPATIAL
COMMIMERS)
RECTANGULAR
WAVEGUIDE CYLINDRICAL
RESOMANT RESONANT
cAVITY CAVITY
COMBINERS COMMIMERS
NOM-RESTNANT
COMBINERS
M-WAY CORPORATE
COMBINERS COMBIMERS
coicaL | | RADIAL | {iim emysony HYBRID CHAI
wavEeuDE | | v | | couapeens COUPLED COUPLED
COMBINERS ‘ COMBINERS COMBINERS

Fig. 2.1 Different types of combining techniques that are

available.

Combining ' approaches can be separated into two genéral
éategories, those which combine the output of n devices in a
single step and those which'do not. The former are called n-way
~combiners. The 1latter type of combiner is simpler and more

- widely wused, although it must be stressed that it does not

19



provide the most efficient technique, which is important for the
combination of high power devices. Fig 2.1 shows the different
‘types of combining techniques. As mentioned earlier, circuit

level combihing will be dealt with here.

2.2 Chain and Tree Combining Structures

Figure 2.2 Shows a method of combining power wusing two way
dividers. This 1is wusually <called a corporate (or tree)

structure.

+
o) ]
Pout
+ r——
ot
+
sl
é’ N 3 STAGES OF COMBINING .

DEVICES

Fig 2.2 A corporate structure for combining power.

In theory, any amount of power could be obtained this way if each
of the two way dividers were lossless. However, in practice each
"of the combiners/dividers used has an associated 1loss, which
means that efficiént combining of power is limited, especially as
the number of two way dividers used increases. - Another limiting
factor, when wusing this approach is the fact that oniy 2n

amplifiers may be combined where N is the number of combining

stage's used.
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The combining efficiency of the corporate structure is given as

Efficiency = {antilog(-{Nxloss per divider})1x100% ‘ 2.2
10

Examples of different two way combiners/dividers that may be used

in a corporate structure are shown in figure 2, 3.

out
70,
N 100
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(a)
m 394 uT
5o £
§ 354 ouT
@
m uT
m
: out
oyt
((o] (D

Fig. 2.3 Common forms of 2-way power combiners and couplers that
can be used in corporate structures. (a) 2-way Wilkinson (D)
branch arm coupler (c¢) rat race (d) coupled 1line directional

V coupler (eg. Lange coupler).

The Wilkinson combiner/divider will be discussed in more detail
in chapter -4, as this type of combiner is a classic and many of

the n-way combiners/dividers are based upon it.

The branch arm coupler of figure 2.3 (b) divides the power ¢to
givé two outputs that are in quadrature. This 'implies that some
thought has to be used in the design of a corporate structure so
thatiall outputs are in phase. The rat race coupler, shown in
fig 2.3 (e¢), also has ouputs that are not in phase. It is the basis

'of the reversed-phase hybrid ring which has a wide bandwidth
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approaching an octive or more,. Once again they are not well
suited for low 1loss n-way combiners. The coupled line
directional coupler, for example, the Lange coupler, also has
outputs that are in quadrature, This coupler has an octive
bandwidth capability. However, construction of these couplers is
difficult and requires a very precise etching process as well as
bonding facilities. As none of these types of power
combiner/divider lend themselves to the design of high efficiency
combiners, which is the topic of this dissertation, they will not
be covered in any further detail; they are covered widely in the

literature!3-17,

The chain type of combiner is shown in figure 2.4, In this type
Qf combiner each successive stage or coupler adds 1/N of the
output power to the output. The coupling for a particular stage
therefore depends on the number of that stage. The necessary
coupling of the N'" stage is thus 1010gN in dB's, assuming that

there is no loss.'. The cha;n combining approach is non binary,
and in principle, any number could be combined. Logses in the
couplers reduce the combining efficiency. It is also difficult
to build couplers in microstrip with the high coupling
coefficient required és the number of stages increases. The

¢ombining efficiency of this structure is lower than for the

corporate structure for the same number of devices combined??.

VARRRY \

VAARY

< g __X

oo M e

' Fig. 2.4 A chain combining structure.
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2.3 N-way Combhining Structures

N-way combiners are those combiners that combine n devices
directly 1in one step without having to proceed through several
combining stages. This immediately indicates that a higher
combining efficiency should. be possiblé with these type ' of
combiners than with either the corporate or chain structures.
‘'The n-way combiners/dividers can be divided into two categories,

resonant cavity and non-resonant structures.

2.3.1 Resonant Cavity Combining Structures

In genefal these type of combiners sum the output powers from a

number of devices by coupling their outputs to a single
resonator. They are generally low loss because they are a
waveguide structure, but have very narrow bandwiths due to the
resonant cavity. Methods of broadening the bandwidth of these

structures have been investigated?®~273,

" There are basically two types of resonant cavity structures that
can be used as combiners. These are a rectangular waveguide
structure and a cylindrical resonant cavity combiner. The

waveguide version was described by Rurokawa and Magalhaes in

1971, fig 2.5 shows the layout?®. - Using this approach the
power from twelve IMPATT diodes were combined. To properly
couple to the waveguide cavity, the devices must be located at

the magnetic field maxima of the cavity ,and therefore the diode

B
pairs 1in this case, must be spaced one half wavelength, ,
abart along the waveguide. This form of combiner may be adapted

. to combine the power of FETs. The structure would essentially be
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planar allowing effective heat dissipation, a problem associated
with cylindrical resonant cavities. An idea involving

rectangular waveguide as a combiner/divider is given in chapter

3.
The more successful resonant combining technique, and hence more
widely used, is the cavity combiner shown in figure 2.6, The

combiner shown in the figure combines the output power of 12

diodes. These are placed around the circular periphery of a
cylindrical cavity resonant in a TMoao mode. The more common
—>a
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Fig. 2.5 Two cross~-sections of the Kurokawa wayeguide combiner.

“mode used is the TMoi1o mode. These modes have a maximum of the
electric field at the central axis of the combiner, and the

f output is obtained from the combiner by placing a probe at this
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pPoint. This resonant cavity may be used to combine several FETs
as shown by Y. Tokumitsu et al??!. A further discussion of this

combiner will will be given in chapter 3.

An important feature of the cylindrical cavity is that the cavity
fields are azimuthally symmetric, and thus there is no minimum
spacing between probes. However, there are practical 1limits,

- such as the size of the devices to bé combined.

OuUTPUT

IMPATT DIODE

(2)

INDUCTIVELY COUPLED
COAXIAL MODULES

®)

Fig. 2.6 Cylindrical resonant cavity combiner. (a) A single
coaxial module illustrating magnetic coupling to TMes1io cavity.
(b) Top view of resonant cavity showing module portions around

pheriphery?°.
The combining efficiency of these structures is very high. The
combining efficiency has been demonstrated to increase with the

. number of devices combined, especially diodes?®.
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2,3.2 Non-resonant Combining Structures

A large number of non-resonant combiner/divider structures have
been proposed and because of their non-resonant structure allow a

fairly wide bandwidth.

The simplest of these_is the two way Wilkinson, which is also one
éfvthe oldest combiners, This classic combiner will be discussed
ih chapter &, The Wilkinson may be extended to an n-way
structure however, it no longer remains planar due to the placing

of the isolation resistors.

ouTPUT

~Fig. 2.7 Wilkinson N-way combiner.

A majority of the planar combiners are generalisations of the
. Wilkinson 'combinér. One such combiner is the n-way combiner
- proposed by Z. Galani and S.J. Temple®*. Figure 2.8 shows the

principle involved. This type of combiner/divider will Dbe

discussed in detail in chapter 5.

_An example of a radial line combiner which has been developed for
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use as a 12-way transistor combiner for X-band is shown in figure
2.9, Although the essential part of the radial hybrid is planar,

a combined amplifier using two such hybrids would be non-planar.

MATCHED OUTPUT

Lo
20 AN
r!:__l_l L

20

ISOLATION RESISTORS

Fig. 2.8 Planar n-way combiner/divider.
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Fig 2.9 The radial n-way power combiner/divider,.

The radial transmission 1line is accomplished on microstrip.
Coaxial transmission lines with abrupt stepped transitions to the
microstrip radial 1lines are used for input and output. The

~combiner has demonstrated a combining efficiency of 87,4 percent
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and 1dB bandwidth of 20 percent at 8,5GHz operating as an

amplifier??.

it must be noted at this stage that there are both planar and non
planar vérsions of n-way combiners/dividers. A planar version is
preferred due to the better heat dissipation that can be obtained
 than from a radial type of combiner. Other types of ©planar
v éombiners available are the travelling wave combiners/divider
which was proposed by A. Bert and D, Kaminsky in 19802%. This

is not essentially an n-way combiner/divider but is closer to a
éorporate structure, N. Nagai et al?® proposed a new n-way
ﬂybrid power divider in 1977 and is in some ways similar to that

proposed by Gallani. These types of combiner are just mentioned

for completeness.

‘2.4 Conclusion

"In this chapter various types of power combining techniques have
Jbeén briefly discussed. As a generality the non-planar versions
are usually of a radial structure and as such are more efficient
than their planar counterparts. However they do have the problem
bf heat dissipation which is significant when high power outputs

are required.

The aim of this dissertation is therefore to investigate various
types of combiner/divider in an effort to design an efficient
Planar combiner that can compete with the <cylindrical resonant
combiner/divider that wuntil now has proved to be the most

efficient and practical.
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CHAPTER 3 RESONANT CAVITY COMBINERS

3,1 Introduction

In general, a cavity resonator is a metalli¢ enclosure that
~confines electromagnetic energy. A given resonator has an
infinite number of resonant modes, and each mode corresponds to a
"definite resonant frequency. Hhen the frequency of an impressed
signal is equal to a resonant frequency, a maximum amplitude of
_the vstanding wave occurs, . and the peak energies stored in the
electric and magnetic fields are equal. The mode with the lowest
resonant frequency is known as the dominant mode.
/

As previously stated, the key to high output powers from solid
- state amplifiers is efficient power combiners. One such combiner
is the resonant cavity combiner. The TMono mode is suitable

" for use as the resonant combiner/divider as it is easy to
separate the associated mode from other undesired modes. It is
also easy ¢to obtain multiports because it has a constant

electromagnetic field in the azimuthal direction,

‘Disadvantages with this type of combiner are:

(a) the narrow bandwidth, although there are ways of overcoming
this problem.

(b) the non-planar structure as far as the cylindrical cavity
combiner is concerned; this causes heat dissipation problems for

the combined amplifier because of the cylindrical structure.

This chapter deals with the design of two types of resonant
combiners. Practical results are given and broadbanding

.techniques are discussed for the cylindrical cavity combiner
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3.1.1 Measurement Equipment

All experimental measurements were taken with the HP 8410C
network analyser. This apparatus is controlled by an HP 85

computer that uses an accuracy enhancement package.

3.2 The Cylindrical Resonant Cavity Combiner/Divider

A circular cavity resonator is a circular waveguide with two ends

closed by a metal wall; refer to figure 3.1

o

Fig. 3.1 Co~ordinates of a circular resonator

The electromagnetic field -inside the cavity should satisfy
Maxwell's equations, subject to the boundary conditions that the

electric field tangential to and the magnetic field normal to the

metal walls must wvanish. These conditions are met if:
\ .
Hz=H°an X,,Er‘ COS(n¢) sin QTI’Z TEns q 3.1
Q d
\where n = 0,1,2,3... is the number of the pebiodicity in the

¢direction
P = 1,2,3... is the number of 2zeros of the field 1in the

radial direction

q = 1,2,3,4. .. is the number of half wavelengths in the
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axial direction

Jda = Bessell's function of the first kind
He: = The amplitude of the magnetic field
and
E,=E,J. X rr|lcosing) cos|qnz TMa,oe - 3.2
Q a

where n = 0,1,2,3...

m

o

~
1]

the amplitude of the electric field

The wave number k is given as k=mbu£. The resonant frequencies

for TE and TM modes are

S

[3 2 :
- X
F""ETF/M. [—Q"—‘-’ + 961' ( TM) 3.3b
: !
Also k = Xao for the TE mode
3.4
k = Xno for the TM mode

For cavities where 2a>d the dominant mode is the TMoio mode and

for d>2a the TEii11 mode is dominant

For the design of the combiner the mode of interest is the
TMnerq mode, and if other undesirable modes are to be supressed

it is safer to consider the TMosio mode. This means that n = 0,

P =1 and q = 0. This then leaves the following

EzonzJo[ﬁgﬁ] 3.5a
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F'zéﬁ']l}'l'?[@] 3.5h

To find the resonant frequency let r = a, as at this point the
electric field must be 2zero, which in turn means that
Jo(Xey) =0, 'For this to be ‘the case' Xo1=2, 405 from

Bessel function tables, given in appendix A. The radius of the
resonant cavity using equation 3.5b can now be determined. For a
centre frequency of 4GHz the radius, a, turns out to be 28, 71mm;

in other words a diameter of 57, 42mm.

The required diameter for the <cavity has therefore been
determined. The depth of the cavity must be less than 57, 42mm
if the TMoio mode is to be dominant. Before deciding on the

other dimensions and the positioning of ¢the ©probes, various_
: points must be considered. Firstly figure 3.2 gives the basic
crbss—séction of the design, the dimensions of which have to now

be determined.

ELECTRICALLY CENTRE PORT

COUPLED \\\\\ TMg1o MODE
PROBE CAVITY
. \\1‘-‘! 7
L4I -IFJ SMA
CONNECTORS
MAGNETICALLY PERIPHERAL
COUPLED PORTS
LOOPS

Fig. 3.2 Cross-section of the circular resonant cavity combiner,

The unloaded Q, Qo for a cylindrical cavity operating in the

dominant mode is given by equation 3.6.
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xﬂl

Qo="‘—ak :
s éﬁgﬂ 3.6

Where n = the intrisic impedance, 377 ohms
Re = surface resistivity
a = radius of the cavity

h = depth of the cavity.

Equation 3.6 is quoted as being 40 to 200 percent accurate?’.

The reason for this is the surface roughness of the «cylindrical
walls. The surface roughness effects the surface resistivity and
gareful measurements of this parameter must be made if accurate

determination of R. is required.

As Qo cannot be determined practically, a more informative Q is

the external Q, Qe, which is given by

Qe = Qo 3.7
B
where 3 is the coupling coefficient. From equation 3.7 it can be

seen that the external Q, Qe, decreases with an increase in the

coupling coefficient. As Qo depends on the cavity only, the
coupling coefficient is an important factor in the resulting
Qe. The coupling coefficient may be determined from
£
g 2001 | HfaT] | 3.8
2o 2o Jy[X e

where Ao is the wavelength at the resonant frequency.

The self inductance of the coupling (outer: probes) may Dbe
bptained by considering the cavity as an outer conductor of an

eccentric transmission line, as depicted in figure 3. 3.

L

~Eeun=Sn o] 598



2a

‘Fig. 3.3 Eccentric transmission line.

where Le is the self inductance of the outer probe

and > =6Qcosh’|ll4d’+d*~4r" 3.9b
2| 2ad

This self inductance modifies the coupling to

B
B,= o o
l Z,‘ | '

Equations 3.6.to 3.10 are standard equations that have been used

by various authors?®+27:+28 From 3.8 it is seen that for a
high 8, Qo has to be high. However, if Qo is high, it also
means that Qe.xt becomes high, and ideally a low Qext

is required for a higher bandwidth. Y. Tokumitsu et al??,

discovered that the lower the depth of the cavity, the lower
Qe. As a result, it was decided to make the depth of the

cavity, h, 10mm.

Another point which effects the coupling coefficient is the

positioning of the probes. For a higher coupling coefficient,

. that is a broader bandwidth, the probes must be placed as close
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to the centre és possible where the maximum coupling will occur.
This is at r = 0, as can be seen from equation 3. 8. In the case
of a TMotso structure the coupling will steadily increase

towards the centre of the cavity, however, -this is not true if
other modes are considered, because there are points where the
electrical field is zero. This may be seeﬁ from equations 3.2 to

3.4,

The positioning of the probes is controlled by the physical size

of the SMA connectors used. The size of the connectors, 12, Smm
square, imply that the probes have to be placed on a radius of
22,5mm or greater for an 8-way combiner. The diameter of the

probes should ideally be as large as possible?®, however, again
this is determined by the connectors used, in this case SMA,
‘resulting in 3mm diameter probeg. The final dimensions of the

cavity were

2a = 57, 4mm
h = 10mm
d = 3mm

Figure 3.4 shows a photograph of the 8-way TMotio mode

combiner/divider,

The depth of the central probe, the output when used as a
cbmbiner, was determined experimentally. That is, its depth was
adjusted by small amounts until the match was optimum. Note that

the periphery probes are placed so as to form magnetic 1loops,

refer to figure 3. 2.
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The power at each of the outputs should be an eighth of the total
input power, assuming that there 1is no insertion loss.

Therefore, the expected insertion loss from ports 1 to any of the

output ports should be 9, 03dB. The actual results obtained are
shown in figure 3.6. These results show that the outputs track
well, with no more than 0,5dB between any ﬁort. From the results
obtained, ani insertion 1loss of 0,1dB with respect to 9dB was
determined for the combiner/divider, This inqicates an
efficiency of 98 ©percent at the centre freguency. 1t was

-however, decided that the best way to determine both the
bandwidth and efficiency of the combiner was to build another and
place the two "back to back". Another combiner was fabricated,
its response being 'very similar to the first. The centre
frequency of the second was at 4, 25GHz. The construction of this
fype of combiner/divider is therefore very repeatable. The two
combiners were placed "back to back" and the results obtained are

s8hown in figure 3.7.(a) and (b).

o 21 | -10
& ’ ~ Sii
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- 4 80
“2 ~
o .8 b
= 8 10
ra |
g1e z 20
r—
Y S
bite o
2 1&130
2 40 - T B B S e
.05/D1V 4.5 4 .0S5/DIV 4.5
FREQUENCY <(GH2z) FREQUENCY (GHz>
(a) - (b)
'Fig. 3.7.(a) Insertion 1loss of two resonant cavities ©placed
"back to Dback". (b) The input return loss of the combined

cavities.

- The minimum insertion loss measured was 0, 2dB at'a'frequency of
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4, 26GHz. This insertion loss corresponds to an overall combining
efficiency of 95,5 percent, or the efficiency of each combiner is
97,7-percent. From the results obtained it can be seen that the
bandwidth 1is very narrow, The 0,2dB bandwidth is 110MHz and the

1dB bandwidth is 300MHz.

Figure 3.7 (b) shows the input match, From this figure it can be
seen that there are two points corresponding to a good match.
The reason for these two "notches" was put down to the slightly

different centre frequencies of the two combiners used.

The 1isolation obtained between various ports is shown in figure
3.8. Note that the isolation between any other two ports will be
~the same as one of the graphs shown in figure 3.8 due to the

symmetry of the device.
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_wFig. 3.8 The isolation between various ports.
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The theoretical isolation at the centre frequency is 18dB. This
may be calculated by considering the combiner as an 8-way
combiner consisting of quarter wavelength transformers as shown

in figure 3.9,

At point A the impedance seen by port 1 must be 50 ohms at the

centre frequency. This means that each of the transformers must
transform 50 ohms to 400 ohms, whigh gives them a characteristic
impedance of 141,42 ohms. Now <c¢consider port 2 as the input

i

1 ——
6
7
8
9
Fig. 3.9 A possible analogous circuit used to determine the

theoretical isolation.

with all other ports terminated in 50 ohms. The impedance at
point A would be 50 ohms in parallel with 400/7 ohms which is
26,67 ohms., This gives an impedance of 750 ohms at port 2, A
reflection coefficient of 0,875 would result. Therefore for an
input of 1 watt at port 2; 0,234 watts is transmitted. At point

. A this power is divided in the ratio 0, 4667:0,533. The output
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power at port 1 is therefore 0,1247 watts, and the power output
at the other seven ports is 00,0156 watts. This gives an
.isolation of -10lo0g(0,0156)=18,06dB and an Si2 of -9,03dB,. The

match at port 2 gives a return loss of -1, 16dB. Note that the

analogy used to calculate the above valuds is only true at the

centre frequency.

Figure 3.8 shows that the isolations obtained for the
.combiner)divider are slightly higher than the 18dB expected. The
reéults obtained for some of the outbut matches are shown in
figure 3.10. The resﬁlts shown in figure 3. 10 correlate well

with those predicted, giving strength to the analogy used.
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Fig, 3.10 Output return loss for the resonant cavity

‘combiner/divider.

41



_Note that the output matches appear to be very poor. This ig due
to the conditions under which they were measured. That is, in
order to determine the S-parameters of the device it is necessary
to feed power into one port only and terminate the others with 50
ohm loads. However, in practice all the outputs will be driven:
' simultaneously when the combiner/divider ié used as a combiner,
In this situation the output (now input) ports will appear
matched to the driving sources. This is because the device is a
passive one, and as such must be reciprocal. Appendix C shows

this for the 2-way Wilkinson, which is discussed in chaptér 4,

The measured values ohtained for the output matches are important

when considering the effect an amplifier which has blown up would

have on the other non failed amplifiers. This in turn is also
tied wup with isolation because as more amplifiers blow up the
input and output match gets worse and if, for example, all but
one of the amplifiers fail, the remaining amplifier will be left
with a very poor match at its input and output. Depending on the
device used, this could in turn cause the last amplifier to also
fail. ~However, most devices are now short circuit protected.

In order to pfevent such failures it is worthwhile ¢to wuse
isolators in the amplifier circuits when the price of individual

FETs are very high.

3.2.2 Conclusions and Possible Improvements to fthe Resonant

Cavity Combiner

- In summary, the resonant cavity combiner/divider described 1is
both efficient and repeatable. Its major drawbacks are its
‘harrow bandwidth and non-planar structure. The non-planar
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structure, as mentioned before makes heat dissipation difficult.
However, the structure is physically small and offers that as an

‘advantage.

The bandwidth may be improved by altering certain dimensions.
The main adjustment that can be carried out is the depth of the

cavity, but this has practical limitations as does increasing the

diameter of the ©probes, which isAanother way 1in which the
bandwidth may be increased. Other methods have been proposed.
One such method uses double cavities??. This provides a double

'jtuned circuit composed of TMosio and TMoao, mode <cavities.
Another method is that proposed by G.H. Swift??2, The design is
_based upon traditional matching filter synthesis techniques
employed to realise octave bandwidth performance in the form of a
radial wave matching filtef. Another point to note is that the

loaded Q, QI=Q./J5'N where N is the number of devices. This

'meénsvthat the larger N, fhe broader the bandwidth.

3.3 Rectangular Waveguide Combiner/Divider

3.3.1 Introduction

The combiner/divider to be described consists of a rectangular

waveguide, one end of which is short circuited. The outpﬁts are
coupled to the electric field maxima, and are therefore placed
half a wavelength épart. This differs from the more common

rectangular waveguide combiner/divider (ref 22 pi74) that couples
at lthe magnetic Field maxima found in the cavity walls. also a

half wavelengh apart
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3.3.2 The design procedure

Figure 3. 11 shows a cross-section of the waveguide
combiner/divider, The design procedure will be outlined in this
section; expected performance from the combiner/divider will

" also be given,

COAXIAL TO .
WAVEGUIDE I—— guTPUTS I
TRANSFORMER

w LS S S &y
L JL L T
EI_IUI L_‘l ]IUII l“l lu || L_____#

VEGUIDE ' =
TRANSFORMER SHORT CIRCUIT
Fig. 3.11 Cross-section of the rectangular waveguide

- combiner/divider.

The principle of operation of this combinér is as follows:

Each of the outputs is matched to 50 ohms. This means that the
impedance seen at p;int A is the parallel combination of all the
impedances at the outputs. This impedance is then transformed
via a quarter wavelength transformer in waveguide to allow a
match at the input. The idea is analogous to a transmission line
that is short circuited at one end, and has 50 ohm loads placed at
half wavelength intervals  upon it. A quarter wave section then
transforms the ©parallel combination back to 50 ohms. The
equivalent c;rcuit is shown in figure 3.13. The above analogy was
 imp1emented on TOUCHSTONE, a microwave CAD program designed by
EEsof, refer to appendix B for further information. Zo was
taken to be 50 ohms, which means that Z1 must be 17,67 ohms. The

"circuit file and results obtained are shown in figure 3.14, The
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graph shows that the transmission measurements give the expected

N

2 A
& | 2 | 2 2
| I l | a | Y |
1P 21 20 )1
) 7\/ 8
MATCHED OUTPUTS
Fig. 3.13 Equivalent c¢ircuit of the rectangular waveguide
-combiner/divider.
- VAR
RL=50
CKT :
TLIN 1 2 2=17.667 E=90 F=10 o 0BI(s21] + DBIs31] % DB(Sat)
TLIN 2 3 "{3:50 E=180 F=10 TEST TEST TEST
' RES 3 0 RRL 0.0E+00 e .

TLIN 3 4 Z=50 E=180 F=10
‘RES 4 0 R=50

. TLIN 4 5 2=50 E=180 F=10 . o
RES 5 0 R=50
TLIN 5 6 Z=50 E=180 F=10

"t RES 6 0 R'RL :

¢ TLIN 6 7 Z=50 E=180 F=10 -10.00
RES 7 0 R'RL '
TLIN 7 8 Z=50 E=180 F=10

. RES 8 0 R'RL
TLIN 8 9 Z=50 E=180 F=10
RES 9 0 R=50
TLIN 9 10 Z=50 E=180 F=10

' RES 10 0 R"RL f »
' TLIN 10 11 2=50 E=270 F=10 _ [ . . .
SHOR 11 8.000 1.0E+01 12.00
"DEF4P 1 3 6 10 TEST o , FREQ-GHZ
OUT

TEST DBIS21] GR1
TEST DBIS31] GR1
TEST DB(S#1] GR1

~ FREQ
© SWEEP 8 12 .2

GRID ' ' i
"GR1 0 -20 2

Fig. 3.14 OQutput expected from the rectangular waveguide
combiner/divider using the analogy depicted by the TOUCHSTONE

eircuit file.
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9,03dB insertion loss. The bandwidth was however, narrower than
expected. Another feature that was not expected was the

narrowing of the bandwidth as the last output port was approached.

Even though these results indicated very narrow bandwidths it was
decided to go ahead and build the combiner/divider to see what
correlation there would be with .the measured and expected

iresults.

'Firstly various values have ¢to be determined such as the
waveguide wavelength. The dimensions of the rectangular

waveguide are as shown in figure 3.15.

a=10,14mm

b=22,8mm

Fig. 3.15 Dimensions of the rectangular waveguide.

The dominant mode of operation in rectangular waveguides is the

TEo:1 mode. The cut off frequency is given by
2 2
£ =1 ,ﬂ+u_ 3.11
< 2Méia® p° -

 where m 0

n =1
Mo = DPermeability of free space

o= permittivity of free space.
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The waveguide wavelength A,, is given by

g

)\g= .12

|
—
-5
'ERLLLE
)

where Mo is the wavelength in free space at frequency f.
For the dimensions of figure 3.15 the -cut off frequency is
6,56GHz and XA is 3,98cm at 10GH=z. This gives Ag/2 = 1,99cm

and Ag¢/4% = 0,995cm,.

.The first requirement in the design of this combiner/divider was
to determine the depth of the coupling probe to obtain a
perfect match into the waveguide. This is in priciple a coaxial
to waveguide transformer. A connector was placed a quarter of a
‘wavelength, at 10GHz, from the short circuited end of a piece of
.rectanéular waveguide. The depth of the probe was adjusted ¢to
give a good match when looking in from the coaxial side. Once a
return loss of better than 25dB was obtained a template was made

that enabled all probes to be cut to exactly the same length.

The next stage in the design was the quarter wave transformer.
This involves impedance considerations in waveguide, so that the
new waveguide dimensions can be determined. The characteristic
impedance of a waveguide is given by
> ='_fl)>:s\ 3.13
8 0
where ¢)is the intrinsic impedance of air, which is approximately

377 ohms.

This impedance is effecﬁively the resistance per unit area of the

W,

waveguide cross-section and equation 3.13 can be rewritten as
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A .
Zﬁ“‘r:'% 3.14 (ref28)

where a and b are the waveguide dimensions.

It requires 2¢/8 to be transformed to Z,. This therefore

requires a characteristic impedance'of 20° for the waveguide

transformer.

18 2¢
This is given by [Zo] =—g°- _ 3.15

which 1is the standard equation transforming impedances with

duarter gavelength transmission lines, Zo02=ZinZout.

Therefore 7' ._"]>‘9°‘ % 1 3.16

"~ b B

As both b and )¢ remain the same the following results.

Hhich gives an al or 3, 58mm.

The dimensions of the waveguide transformer are therefore:

a = 3,58mm
b = 22, 14mm
1 = 9,95mm

where 1 is the waveguide length.
This leaves the placing of the probes. Each probe is spaced half
a wavelength apart so that all probes have jidentical coupling and

the 1last probe is a quarter wavelength from the short circuit

"resulting in all the probes being coupled to an electric field
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3.3.3 Results and Discussion

The input match obtained is shown in figure 3.18. As can be seen
the bandwidth is very narrow. The measured value approached a
return loss of 35dB. This cannot be seen in the figure because

the frequency steps were too large to pick up the centre point.

The centre frequency 1is at 10, 17GHz.

-20

si1

~-10
0
10.

c0

RETURN LOSS (dB>

0
8 4/D1V ie
FREQUENCY (GHz)

Fig. 3.18 Return loss of the input, port 1.

The results obtained at the outputs were different to those

expected. This can be seen from figures 3.19 (a), (b)y, (c¢) and
cd).
- 6 [
o o $51
> Sel &
So AT
v v
v v
S 4 3 14
z .
E 8 ais
= =
o o
(WET.) Ll 22
2 2
WSS S RN TR SR S S 26 bt
16 8 4/D1V ie 8 4/DIV 12
FREQUENCY (GHz) FREQUENCY <(GHz>
(a (b)

.’Fig 3.19 (a) Sz21 and (b) Ssi1 of the rectangular combiner/divider.
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(e) ’ (d)

Fig. 3.19 (c) S7¢ and (d) S¢91 of the rectangular combiner/divider.

From these figures it can be seen that the bandwidth of this type
of combiner would obviously be very narrow. The expected result

for Sz231 differed the most in shape from that measured, refer to

figure 3.14. Due ¢to this it was anticipated ¢that wvarious
factors, such as the spacing of the probes, their depth etc must
be critical in the construction of the combiner, An
investigation of the various . effects was cafried out on
TOUCHSTONE, |

Firstly, the effect of varying the probe depth was investigated.
This variation would be similar to changing the 1loads of the
analogous circulit, provided the changes are not too large.
Secondly, the effect of spacing between probes was examined, this
was rsimply done by changing the transmission length between the
loads on the model. Thirdly, the effect of changing the short
circuit position from the last probe and fourthly the effect of
changingl the distance between the first probe and the quarter
wavelength @ransformer were examined. The results obtained are

shown in figures 3.20 (a), (b}, (e¢) and (dy.
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Fig. 3.20 (a)

probe spacing. (¢c)

(d)

From these results, it was

the most dramatic change was

and the quarter wavelength

investigation it was décided

should be ©placed between

section. As a result it was

could be apprbximated more closely.

be achieved was with a 0, 9mm spacer.

Effect of changing load.

—
12.00 8.000

1.0E+01

(d)

(b)

Effect of changing quarter wavelength section.

S W S S T Y

12.00
FRED-GHZ

» 0B(S41]
T™>01S

i2.00
FREQ-GH2

Effect of changing

Effect of changfng short circuit positition.

found that the factor which produced

the distance between the
transformer,
that spacers of wvarious
the waveguide and the

found that the predicted

The best result

are shown in figure 3.21 for 0,9 and 1. 6mm spacers.
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(a) . (b)
Fig. 3.21 (a) S2¢ with a 0,9mm spacer (b) S22y with a 1, 6mm

spacer.

The results obtained for the other transmission measurements wére
similar to those obtained previously. This was predicted as can
be seen from figure 3.20(d). The results for S2: are shown

because the effect is more pronounced.
From the experience gained, it was concluded that there were too

many variables that could cause variations from the ideal, and as

such the idea is not a practical solution fo a combiners/divider.

3,3.4 Conclusions

From the results obtained it can be seen that this type of
combiner is not very practical. The major disadvantage being the

critical construction required if one 1is to_ get reasonable
results, and then the bandwidth is extremely narrow to make this

effort worthwhile.
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3.4 Summary

It was found that the cylindrical resonant cavity provides an
efficient way of power combining several devices together. Other
factors in its favour are the physical size and repeatability of
the results. Its disadvantages are its ﬁarrow bandwidth and its
non-planar structure whigh makes effective heat dissipation
difficult. The bandwidth can howeﬁer, be improved by various

techniques, as previously mentioned.

‘The rectangular waveguide combiner/divider discussed was not very

successful; the construction being far too critical.
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CHAPTER 4 WILKINSON AND CORPORATE WILKINSON

COMBINERS/DIVIDERS

8.1 Introduction

The Wilkinson divider was first proposed by E. J. Wilkinson in
19603%°, Since then many generalisations of the Hilkinson
divider have been developed. For example L.I. Parad and L.

Moynihan®! published a more complex version of the Wilkinson

combiner/divider. Their combiner/divider provided two in phase
isolated outputs with a constant arbitary power division. These
types of combiners/dividers are three port devices, the

characteristics of which will be discussed in a later section.
These three port devices were then arranged 1into corporate
structures to provide isolated in phase outputs for binary power
splits. This chapter deals with »both a Wilkinson 2-way
combiner/divider and extends this ¢to a corporate 4-way

combiner/divider,

4,2 The 2-Way Wilkinson Combiner/Divider

Figure 4.1 shows the standard Wilkinson combiner/divider

70.2

Fig. 4.1 Z-Qay Wilkinson combiner/divider,

The device is a three port network that divides the input power

,'equally to give equiphase ouftputs. This division is achieved as
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follows:
. (a) Ports 2 and 3 terminated with 50 ohm loads (no isolation
resistor)}, In order to achieve a match at port 1 each of the

quarter wavelength transformers must transform 50 ohms to 100

ohms. The parallel combination of the 100 ohms giving the
required 50 ohms. The characteristic impedance of the Qquarter
'wave transformer must therefore be 70,7 ohms, The division at

port 1 is thus equal because two edual loads are seen at this
point. The outputs are in phase because of the equal path

lengths travelled.

(b)  Ports 1 and 3 are terminated with 50 ohm loads (no isolation
resiétor) and port 2 is now the input,. The impedance at bort 1
will be 50 ohms in parallel with 100 ohms giving a resultant
impedance of 33,33 ohms. This impedance is transformed by the
 70,7 ohm gquarter wave transformer to 150 ohms. Thus the
vimpedance seen at port 2 is 150 ohms and the reflection
coefficient,f, is 0,5. This allows three quarters of the incident
power to be transmitted. At point A this power is split such
that the output at port 1 is two thirds of the incident power
arriviné at point A and the other one third goes to port 3. This
gives a transmission of -3dB between ports 2 and 1 which 1is
expected because the device is passive and therefore reciprocal.
The transmission from port 2 to 3_is ~-6dB which is the isolation
between ¢the ¢two output ports without an isolation resistor.
Obviously ¢this 1is not good enough if the one qutput ;s not to

effect the other when used as a power combiner/divider,.

Before elaborating on the subject of 1isolation it is worth

,'mentioning that if the device were aperating as a combiner, both
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ports 2 and 3 would be driven simultaneously and under these
conditions ©ports 2 and 3 are in fact matched. The reason again
is the reciprocal action of the passive device. To prove this
point, it was decided to analyse the device on TOUCHSTONE with
ports 2 and 3 driven simultaneously and port 1 terminated in 50
ohms. The transmission lines are assumed to be loss free and the
results obtained are shown in figure 4, 2, The technique used to

obtain these results on TOUCHSTONE is discussed in appendix C.

From figure 4,2 it is seen that S22 is in fact matched. Note
that S21 1is -3dB which is expected as the system 1is now a
divider. S12, however, is 3dB which proves that the power

driven into port/3 is the same magnitude as that driven into port
2 and that the device is operating as a combiner, The output
power at port 1 would therefofe be twice the input power at port
2.

G oalsiy  * 4 osls22l g 0elsa1] + Da(sial
WILK RILK HILK NILK

0.0E+00 . . . . . . . . . - . . i0.00

-20.00 | 0.0E+00
L

—_— M " " —

-40.00 " " N
1.000 4,000 7.000

-10.00 " a 2 "
1.000 ~ 4.000
. . FREQ-GHZ FREG-GHZ

(a) : ( b)

- e N e

Fig. b, 2 Input/output matches when port 2 and 3 are driven
8imultaneously, no isolation resistor (b) S21 and Si2 under

the same conditions.

The isolation obviously heeds improving if such a
combiner/divider is to used for combining the power of ¢two
'amplifiers and the effect of input and output matching is to have

iittle or no effect on the other two devices. The method used to
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achieve this is to place a resistor between the two output ports.

Its value may be determined as follows. Let port 3 be short
circuited. For perfect isolation port 2 should remain perfectly
" matched. Also the transmission from port 2 to 1 must be -3dB,

which means that half the power must be dissipated in the

resistor. Figure 4.3 shows the circuit layout.

‘Fig. 4,3 Circuit layout with port 3 short circuited.

Under these conditions the impedance at port 2 will be 100 ohms,
The short cirEuit at port 3 is transformed to an open circuit at
port 1, This then means that 50 ohms is transformed to 100 ohms
at port 2. If port 2 is to be matched, the parallel combination
of 100 ohms and R must be 50 ohms, which gives a value of 100
- ohms for R. This also satisfies the requirement that half the
inpﬁt power will be dissipated 1in R, and half will be

transmitted.

Isolation 1is also provided between the output ports under normal

operating conditions. If either port 2 or 3 are mismatched 1in
any way the reflected power from port 2, say, will travel one
half wavelength before arriving at port 3. The.resistor has no
physical length in the ideal case, therefore cancelation will
occur due to the 180 degree phase shift, It must also be noted
then, that when the combiner/divider is operating as a combiner,
.the two inputs, ports 2 énd 3 now, must be driven with both the
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same amplitude and phase if the combiner 1is to operate

efficiently. Any variations in phase and amplitude will cause
some power loss across the isolation resistor. Figures 4.4 (a)
and (b) give the theoretical results for a Wilkinson

combiner/divider.

The bandwidth of the Wilkinson combiner/divider depends very much
on definition, If the input match is an important factor the
bandwidth would be from 3,25 to 4. 75GHz for a match of Dbetter
than 20dB. In other words a bandwidth of 37,5 percent. The same
bandwidth 18 obtained if isolation is the important factor in .a
vpafticular design. The limit is also 20dB. If Sz2: is8s the only

important factor, a bandwidth of 2,25 to 5, 75GHz (87,5%) results

for a 0,22dB ripple.

p 08510 4 0Bs23 » 0B(s22)
) YILK ¥ILK YiLK
B.OESDO. . . . . ..o 0.08+00

p oBts21)
viLx

~20. 00 ~8. 000

-40.00

s — e e ~12.00 . M
2. 000 - 6. 000 2.000 4. 000
FREQ-GHZ

. FREO-CHZ

(a) (b)

N
8. ooo

Fig. 4.4 (a) Si11, S22 and S:zs3 for the Hilkinson

combiner/divider, (b) Sz1 for the same device.

4.2.1 Construction of the Combiner/Divider and Results
" Obtained

The circuit of figure 4.1 was implemented on softboard microstrip

‘ (RTDUROID 5880). A discussion on microstrip will be given in the
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next chapter. = The layout is shown in figure 4.5. Note that the
outputs were not placed on the same edge of the microstrip board
for ease of construction and testing. The isolation resistor used

was a 100 ohm chip resistor.

Dimensions

70,7 ohms: width = 1, 39mm

» . )n( at 4GH=z) = 55, 3mm

50 ohms width = 2, 46mm

M at 4GHz) = S53.8mm

Fig. 4.5 Microstrip layout of the 2-way Wilkinson

combiner/divider.

Results obtained for this device are given in figures 4.6 (a),

(b}, (c)y; (d) and (e), S214 and Siy+ are shown in figures 4.6

(a) and (b). From these figures it is seen that the split 1is
fairly even, with. a measured maximum variation of 0,6dB which
occurred at only one frequency. The mean variation was 0, 3dB and

'the insertion loss at the centre frequency of 3,8GHz was 0, 3dB

for the one path and 0, 25dB for the other,

Figure 4,6(d) shows the input return loss for the Wilkinson
'combiner/divider (port 1). The best match was at a frequency of
3,8GHz which is close to the design frequency of U4GHz. The match
was not very good, with a return loss of only 14, 3dB at 3, 8GHz,
This corresponds to a VSWR of 1,48, One possible explanation for
this poor match is the effect of the discontinuity found at ports
2 and 3 where there is a 90 degree bend. Bends introduce Qarious
parasitic effects such as increased capacitance, and therefore

"change the impedance at that point. As this point occurs at one
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Fig. 4.6 (a) S21, (h) Sa3i, (c) Sa213, (d) St11,

(e) S22 and (f) S3zz for the 2-way Wilkinson combiner/divider.

end of the quarter wave transformer, it will be transformed, and
as such magﬁified. For example if the impedances at the bhends
were changed to say 60 ohms, the impedance seen at port 1 would
be 41,7 ohms, which alread& produces a VSWR of 1, 2. The effect

of the Dbend could be further enhanced if the characteristic
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impedance of the 70;7 ohm transmission lines was out. If for
example the impedance was 65 ohms instead, the input match would
now be 35,2 ohms (still assumes a match of 60 ohms at ports 2 and
3). This corresponds to a "VSHWHR of 1,41 and it shows that
variations of this type can easily'cause the poor match at the
input. To show the tolerances required,’ it is interesting to

note that the 1line width required for the 65 ohms is 1, 6mm

compared to 1,4mm required for the 70,7 ohm line. This 1is a
difference of only 0, 2mm, which indicates that the etching
process must be carried out with great care. The matches for
S22 and Sa3as were, however, very good with a return loss of
24dB and 26dB respectively. - Figure 4.6 (d) shows S22 is very
similar to Sis. The isolation was measured as 22dB at 5, 8GHz

and is shown in figure 4.6 (e). The reason for this shift in
centre frequency compared to the centre frequency for best match
 of 3.8GHz is definitely the resistor size, which in practice does

have a physical length and subsequently causes a phase shift.

4;2.2 Conclusions

The Wilkinson 2-way combiner/divider was . fabricated in
microstrip. &he results obtained were not ideal, however, the
principles were demonstrated and valuable experience was gained
in the design of circuits on miérostrip. The tolerances wére
slightly more critical than at first thought, and a good deal of
care 1is reqﬁired in the layout of the circuit, . Effects such as
discontinuities must be considered more carefully, the most
‘probable reason for the poor match at the input, as already

mentioned. The divider on the whole, however, provides a method

.of power division that is simple to implement and that can
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provide very good results with more care taken in the
construction stage. The bandwidth depends very much on

.definition and depends on the application of the combiner/divider

as previously discussed. The insertion loss was in the region of
0, 3dB. which corresponds to a combining efficiency of 93,3

percent.

4.3 The Corporate Hilkinson Combiner/Divider

A Yy-way combiner was constructed using three Wilkinson
combiners/dividers in a corporate structure. The corporate type

of combiner was discussed in chapter 2.

Initially, the first version fabricated, used the layout of the
2~way Wilkinson combiner/divider discussed in the previéus
gsection for each of the 2-way dividers. The layout is shown in
figure 4.7.

Bimensions for 1line
widths are as for the
2~way Wilkinson as
thefe are no other

impedance lines other

than 50 and 70,7 ohm

lines.

Fig. 4.7 Layout of the Yy-way corporate Wilkinson

combiner/divider,

From the layout, it is seen that a length of 50 ohm line connects

_the first Wilkinson to the next one. The size of the connectors
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at the output control this length, as well as the 50 ohm 1lines
found at the output. The path lengths from the input to each of
the outputsrmust be the same. it ;ill be noticed that a ninety
degree bhend ig accompanied by a mitred corner, This is necessary
to reduce any parasitic reactances that are introduced by a bend.

The ideal dimensions for such a bend are given in figure 4, 832

b

i

0,57w

§
p
Fig. 4.8 The ideal amount of mitre required for a 980 degree

bend,

The layout was once again etched on to microstrip (RTDUROID

' 5880) .

4. 3.1 Results and Discussion

" The input match obtained for this power combiner divider is shown

in figure 4 9, From this figure it can be seen that there are
two frequencies at which the device was well matched. These
frequencies are at 2,0GHz and 5, 0GHz. The match at 2,0GHz 1is
 28dB and at 5,0GHz 21dB. Both are g£ood matches, however, they_

are not at the design frequency of U4GHz. At first it was thought

that some error must have been made in the layout, such as the
quarter wavelength sections being too long. This proved not to
be the case. What was more striking, was that the layout of each

~Rilkinson divider was the same as that used previously, which did

‘work at the centre frequency. One possible explanation lay 1in
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the connection between the dividers, This was investigated on
TOUCHSTONE. From the results obtained it was found that the
interconnection between the dividers was important as well as the
‘the transmission lines at the output. These results will be
discussed in more detail once other results for this

combiner/divider have been presented.

0
Sl

—
n

RETURN LOSS (dB)
@

30 —+—t——
1 6/DIV 7
FREQUENCY (GHz>

Fig. 4.9 Input match for the corporate combiner/divider,.

The through transmissions tracked well, and are shown in figures

4,10 (a), (b), (e¢) and (d).
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'Fig. 4.10 (a) Sz21¢, (b) Szs, (c) Sas, and (d) Ss:.
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From these figures it is seen that the outputs . approach the

required 6dB insertion loss at the two "centre" frequencies
_ indiéated by the input match; namely at 2,0GHz and 5, 0GHz. The

insertion loés between Sz, Sas, Ss1 and Ssy varied by

less than 0, 4dB. The loss, with respect to 6,0dB, was 0, 3dB at

2GHz and 0,35dB at 5GHz. The loss is 1lower than expected,

especially when the 1loss measured for the Wilkison 2-way 1is
0, 25dB. A loss of at least 0, 5dB wéuld be expected. The reason
for this 1is two fold. Firstly the network analyser used to

determine these results cannot measure insertion 1losses more

accurately than to 0, 1dB, and hence the lower the loss the more
unreliable the result. Secondly, in the case of the Wilkinson 2-
" way combiner/divider the input match was not very good, which

means some power will be lost due to reflection at the input, and
for the corporate structure the input match is good and
'Consequently the power lost due to reflection at the input was

lower.

4, 3.2 Analysis of the Corporate Combiner/Divider on TOUCHSTONE

The objective of this analysis is to determine the reason for the
response obtained for the combiner/divider shown in figure 4.0,
Ideally the response is easily predicted and is shown in figure
8,11, If the 2-way combiners are connected with 50 ohm lines the
response should not be effected in any way, except for a possible
increase in bandwidth if quarter wavelengths are used. This
section describes the process used to detérmine what factoré
influence the response of the combiner/divider in an attempft to

give an explanation for the response depicted by figure 4.9.
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From figures 4.11 (a) and (b) it is seen that there is a centre
frequency where the response is optimum, and the response is very
similar to the 2-way Wilkinson, except that the split gives an
Sz:l of -6dB as opposed to -3dB. It was then decided to

investigate the effect a length of 50 ohm transmission line has
on the response when placed between the first divider and the

other two dividers.

g 08(s11 4+ DB{S22) » 08{s23} x 08(524) o 0Bt
HILKK WILKK NILKK HILKK

WRILKK

o.os‘ool, o . . . . . . . . . . . 0.0£400
.

=-20.00 -8.000

-40,00 . Y S . . ) -50.00 . " R . . . " " L A

i.000 . 4.000 7.000 1.000 4.000 7.000

FAEQ-GHZ FREO-GHZ

(a) (b)
Fig. 4.11 (a) Ideal Si{¢, S22, Sz23 and Sz24 for the 4-way

‘corporate combiner/divider (b) S23 for the same device.

firstly the 1length between the dividers was measured on the
layout used. This turned out to be slightly more than a quarter
of a wavelengﬁh. This length was totally accidéntal, as it was
chosen so that the connectors could be placed next to each other

on the board. This length of transmission line was then placéd
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a) - (b)
Fig. 4,12 Response of the corporate structure with a 50 ohm

quarter wavelength of transmission 1line interconnecting the

///ﬂividers (a) Syt1, S22, S23 and S24 (b) 531.

. between the dividers on the TOUCHSTONE model. The results
‘\

obtained are shown in figures 4.12 (a) and (b). From figure 4,612
it is seen that good matches occur at three'frequencies, namely
2GHz, 6GHz and at the centre frequency of U4GHz. Already this
starts >to approach the results obtained with the actual device.
From the layout given in figure 4.7 the length of 50 ohm lines at
the four outputs is almost a quarter of a wavelength. It was
decided to add these lengths of transmission lines to the model
on TOUCHSTONE as well. The response remained the same as that
.predicted in figure 4.12, which was expected. As the measured
results indicated a mismatch for S;1 at U4GHz it was decided to
change the impedance of the lines connecting the dividers to 40
ohms. The results obtained are shown in figurg 4.13 (a). From
these - results it is seen that there is now a worse match at the
input at U4GHz. For interest it was then decided to chang&e the
impedance of the output transmission lines té 40 ohms as well.

The results obtained are shown in figure 4,13 (Db),.
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Fig. 4.13 (a) Si1, S22, Sza, Saza, obtained with 0,252
ﬁd. opm transmission lines connecting the 2-way dividers and with
v0,25 N 50 ohm lines at the output (b) results with both output

and connecting transmission lines set to 40 ohms and 0,25) long.

' Here the response of Si1 approached the measured results, with
good 1input matches at 2 and 6GHz and a poor match at U4GHz.
Figure 4.13 (c¢) gives S21 for this situation.

o o8ls21) .

WILKK
0.0E+00

-9.000

~-10.00 N n " " 2
1.000 4,000 7.000
FREQ-GHZ

Fig. 4.13 () S21 for the set up as in (h).

It was now decided to keep the interconnecting transmission lines
at 50 ohms and see what the effect is with 40 ohm lines at the
outputs. The results obtained are shown in figure 4,6 14, Here it

is evident that the input match is poor over most of the bandwidth
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and is slightly improved at U4GHz.

o bBst1) + 0B[s22} * 08(s2al x 0B(524)
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)
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Fig. 4,14 Sy¢, S22, S23 and S24 where the interconnecting
"lines are 50 ohms 0,25A long and the output lines are 40 ohms

| 0,25 A long.

Continuing with.this investigation, results obtained with 40 ohm
connecting lines 0,5 A long and 50 ohm 0,25XA lines at the output
are shown in 4,15 (a). Here the response is almost ideal. The
response 1i8 more affected if the output lines are changed to 40
ohms and the interconnecting lines to 50 ohms. The lengths being
the same as for the previous case. These results are shown 1in
fighre 4,15 (b), |
From the results ;btained, the most important factor appears to
be the impedance of the output lines. If this impedance is poor,
the effect 1is more enhanced by the presence of quarter wave
transmission 1lines. The choice of lengths for the output and
connecting 1lines was thus poor, although it was accidental.
These results also show that the impedance of the 1lines is
important, and great care must be taken in the fabrication of the

circuit board layout.
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(a) (b)
Fig. 4.15 (a) 0,5 40 ohm connecting lines; 0,25A 50 ohm output
lines (b) 0,5X\ 50 ohm connecting lines; 0,252 40 ohm output

lines.

;:Note that the results obtained show a match at 5GHz as opposed to
6GHz. The reason for this is the fact that the model on

TOUCHSTONE used connecting transmission lines that were exactly

"
7.000

a quarter of a wavelength long. However, on the actual device .

‘this length was 16mm, this is slightly longer than a quarter of a
wavelength, which is 13, Smm, This would mean that the frequency
_at which the next multiple of a quarter wavelength occurs will be
lower than the true frequency. To show this, the length of the
"connecting 1lines was changed to 106 degrees. The output 1lines

were kept at 0,25A and both output and connecting lines at 40

-ohms. The results obtained are shown if figures 4.16 (a) and
(b). From +this figure it is noted that the upper frequency has
shifted to 5, 5GHz. Any further shift in frequency could be due

to the fact that the effective dielectric constant changes with

frequency. This means that the microstrip wavelength, Ay, does
not change 1linearly with frequency, and can therefore cause
‘'shifts in frequency. This effect is discussed in chapter 5.
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Fig. 4.16 (a) Results for the 106 degrees 40 ohm interconnecting

lines; ©0,25A 40 ohm output lines (b) S21 for the same model.

As a result of the predictions obtained from TOUCHSTONE, it was
decided that a second corporate divider be constructed which had
no interconnecting transmission lines. The results obtained are

discussed in the next section.

4,3.3 Results of the Second Version of the Corporate HWilkinson

Combiner/Divider

The layout of the second veréion of the U-way corporate
combiner/divider is shown in figure 4.17, Here it will be noted
that the 2~-way Wilkinsons are connected directly to one another,
Also note that meandering lines are required at the outputs to
obtain equiphased outputs. Each of these lines is equal in
ﬁhysical length. Their positioning is controlled by the physical
éize of the SMA connectors and the fact that these connectors
have to be placed in the same plane if the device is to operate

‘as a combiner as well as a divider.
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N |

Dimensions as before.

L |

Fig. 4.17 Layout of the second version of the 4-way

combiner/divider.

- The results obtained are best summarised by examining figures
4,18 through 4.21. Figure 4.18 shows the input match which
occurs at 3,65GHz and has a return loss of 40dB. The centre
freﬁuency is s8lightly out because of the effect of the
discontinuities found at the changes in line widths. Such a
discontinuity c¢changes the éffectiQe length of the transmission
lines??, Fiéures 4.19 (a) and (b) show S2: and S2: with Sai
respectively. The outputs tracked to within 0,2dB of one
another,. The insertion loss was found to be 0;3dB. The phase
response, however, was not good with a difference of 10 degrees
at 3,65GHz between S»: and Ssi, which was the same as the
difference between Sii1 and Ssi. Note that the responses of
Sleand Ss1 are the same, as are the responses for Siz:i and

Sat. The phase <discrepancy is most likely due to the sharp

bend found in the paths for Si:i and Ss1%.
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Fig. 4.21 S22 for the 4-way corporate combiner/divider.

This sharp bend probably causes some phase shifting, and also
coupling probably takes place between the lines running parallel
to one another. The phase error could be improyed by making
another device and reducing the bend curvature and increasing the
distance between the linés. However, as the prime aim of this
dissertétion is the design of an 8-way combiner it was felt that
the experience gained for this device will be put to better use
vin the design of the other combineré/divide;s which will also
have phasing problems to sort out. Figures 4.20 (a) and (b) show
the isolation between ports 2 and 3 and ports 2 and 5. The.
centre frequency is shifted to around 4, 5GHz. Once again this is
‘ascribed to the physical lengths of the isolation resistor, Thé

isolation, however, is good Heing around 30dB. Figure 4.21 shows

the output match, Sz22. The return loss was 54dB at 3, 8GHz.

4, 3. 4 Conclusions

The corporate structure ©provides a method of increasing the
number of devices that may be combined. This number, however,
must be binary, a disadvantage in certain cases. The isolation'

.Abetween outputs is high, and as will be seen in the next chapter,
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an' advantage over the n-way versions to be discussed. The
efficiency, however, is reduced as the number of devices to be

combined increases.
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CHAPTER 5 PLANAR N-WAY COMBINERS/DIVIDERS

5.1 Introduction

The most efficient power combiner reported to date is 1is the
cylindrical resonant cavity combiner that has been shown to have
a combining efficiency of 98 percent. This device is radial and

therefore non-planar when used in aAcomplete amplifier system,

As it is non-planar, there are difficulties associated with heat
dissipation. One way of overcoming this heat dissipation problem
is to design a planar combiner/divider. Such devices are

available, for example, the fork combiner/divider first‘described
by Z. Gallani and S. Temple?* and later analysed by A.A.M.
Saleh?®3, However, these combingrs/dividers are constructed on
microstrip which is 1lossy and as a result 1low combining

efficiencies are obtained.

This chapter discusses the fork-combiner/divider and deals with
£he various losses associated in the design. Loss in microstrip
will be discussed. Various techniques for reducing this loss such
' as. as a new stripline structure will be presented. Finally, an
8-way 4p1anar combiner/divider with a combining efficiency of 8%

percent will be presented.

5.2 Microstrip

5.2,1 Introduction

Microstrip transmission lines consisting of a conductive ribbon

. attached to a dielectric sheet with conductive backing are widely
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used in both microwave and computer technology. Because such
lines are easily fabricated by printed-circuit Hanufacturing
techniques they have undoubted economic aﬁd technical merits,
" The general geometry of microstrip is shown in figure 5.1. Prior

to 1965 nearly all microwave equipment wutilised coaxial,

? Y2 T2 3777227 X I L LT T LY

Fig. 5.1 General geometry of microstrip.

‘'waveguide or stripline circuits. In recent yearé, with the
- advent of microwave integrated circuits, microstrip lines have
been extensively used, for they provide one free and accessible
surface on which solid state devices may be placed. The most

important dimensional parameters are the microstrip width, w, and
height, h, ({equal to the thickness of the substrate). Also of
imﬁortance is the relative dielectric constant of the substrate
E;. The thickness, t, of the conducting strip is much less
_important and can often be neglected. Some properties and
'édvantages of microstrip are as follows:

a) D.C. as wéll as A.C. signals may be transmitted.

'b) The structure is rugged and can withstand moderately high
power levels.

c) The line.wavelength is much reduced because of the effect of
the substrate dielectric. Hence distributed component dimensions
are relatively sméll.

di Active components such as FETs, can easily be incorporated.
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There are two types of microstrip board available; these are
hard and soft boards. Hard boards consist of a hard dielectric,
gold plated oﬁ either side. The dielectics used are valumina,
thch has a dielectric constant of 10 and quartz which has a

dielectric constant of 3, 5.

The major disadvantage with these type of boards is that they are
exceptionally hard and require special drilling and cutting

tools, such as diamond tipped drills.

Approximately 20 years ago soft board was introduced. This was
'.'ﬁolyguide which had a dielectric constant of 2, 33. The éubstrate
Qas a PTFE (polyteraflouroethyiene). At this stage of
devélopment, the copper was inclined to lift/§ff the substrate on
: goldering and etching. This meant that the soft board did not
'cétch on commecially and microstrip with alumina as the substrate
continued to be uéed extensively. After 10 years 3M produced a

better softboard, with dielectrics varying from 1,7 to 10. The
board with the dielectric constant of 10 is often referred to as

epsilam 10, and was primarily introduced as a substitute for the

alumina hardboard.

Another firm, Rogers Engineering, also manufacture softboards -
: RTDUROID. Boards with a dielectric constant of 2,2 are referred
‘to 'as RTDUROQID 5880, those with a dielectric constant of 10,
RTDUROID 6010. RTDUROID 5870 was developed to replace the

polyguide board, and has a dielectric constant of 2,33.
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5.2.2 Design Formulae for Microstrip

Various formulae are available to calculate the widths and
lengths of line required on microstrip to give a spgcific
impedance and transmission line-length. - The formulae used are
unoted from T.C. Edwards3?, The wavelength A may be

calculated using the formula

Ay
= 5.1
A, f?::

where Mo is the wavelength in free space
and eﬂ{ is the effective relative dielectric constant of the

substrate,.

The effective relative dielectric constant is defined as the
ratio of C/Cy where C is the capacitance of the standard
microstrip and Cy is the capacitance of microstrip with “the

same dimensions but with a substrate consisting of air.

For known values of the characteristic impedance, Zo, and
relative dielectric constant, the following formulae may be used

to determine the width of the 1line.

For narrow strips (ie. when Zo > {44 - 2E&:} ohms)

-1

>

g=[€’><pH- 1
8 4eprJ
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where

_ 226 D 1[e.~11[tnT . 1 na

=7 119,9 g *1|| et >3
.and E.cc is given by
-2
~EU- 1 [E-1nT, 1(ng

e "La*[ R 2t T 5.

.For wider strips (ie. when Zo ¢ {44 - 2¢.} ohms
ﬁ=—3ﬁ[[d,—1]—tn[ad,—1]]+§ﬁ-;—1-[ln[ol.—1]+o,293—Q%,lz] 5.5

where
4 =59.951"

< Z,e. 5.6

In all cases the shape ratio will be accurate to approximately 1

percent. For narrow‘lineé (w/h ¢ 1,3) Ee¢¢ has the error range

+0,5 - 0,0 percent, Equation 5.6 is accurate to 0,2 percent for
ﬂ8 < Zo ¢ 45 ohms. Note that for microstrip having t/h ¢ 0, 005,

2 ¢ &+ ¢ 10 and w/h >» 0,1 the effects of the strip thickness

are negligible ( within approximately 1 percent on Zo or

Eofc).

Hhen the frequency of a signal exciting a microstrip line is
doubled (say), the phase constant, 3= g;[ is not exactly
doubled. This effect 1is called dispersion. All microstrip
lines are dispersive and it follows that the exact relationship
between wavelength and frequency is very complicated. The fields

are forced into the dielectiric substrate to an increasing extent
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as the frequency rises and as suéh a frequency dependent
effective microstrip permittivity Lere¢(f) may be defined. The

limits of <¢¢(f) are summarised below.

€es¢ as £—>30
Eur e £)—>
5 £r as f—00
Between the 1limits Eere(£) changes continuously. This

therefore means that in order to calculate the microstrip

wavelength (A.) equation 5.7 must be used.

C

N\ =
" FJEws(F) 5.7

where §.¢¢(f) is given by

o 8"£¢r
&ﬂ'—(})= E,.‘ ht.aa = ea 3 5.8
1+ /8] [p.43¢" - 0.009¢
0
where h is in millimetres and £ is in gigahertz, The estimated
accuracy of equation 5.8 is approximately 0,8 percent. The above
formulae were used for all microstrip designs and were

» implemented on a programmable calchlator, the HP41C.

5.2.3 Losses in Microstrip

Power 1losses 1in microstrip can be split 1into three separate

mechanisms: -

. a) Conductor loss.

b) Dielectric loss, or dissipation of power in the dielectric of
: the_substrate.

é) Radiation losses.
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The first ¢two items are dissipative whereas the 1last is
parasitic. Both conductor and dielectric losses can be lumped
together for the purposes of calculation and considered as an

attenuation constant for a microstrip line.
a) Conductor loss

One expression for the conductor loss. is

_ 0,072/,

dB/microstrip wavelength 5.9(a)
c wl,

«

where the frequency f is in gigahertz and Zo in ohms.

In order to get equation 5.9 (a) in to a form that gives, a 1loss

in dB/m 5.9 (a) must be divided by Ae. This then gives

« '—"Q"Q‘LEF dB/m

= W2, 5.9(b)

In practide equation 5.9 (b) gives somewhat low results and some
account of surface roughness must be taken 1into accounﬁ. In
general the 1loss 1is increased by 60 percent when surface

roughness is taken into account and equation 5.9 (b) modifies to
: .
A = 1,6 L 5.10
.b) Dielectric loss

The following expression gives the dielectric 1loss associated

with microstrip.

«, = 27,3 £.CE,..,~Dtan§

dB .11
e Ce.-Dx, a >
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where Ao must be in metres and tanS is the loss tangent for the

substrate material. The wvalue used for tanS was 10°% as this
+is the most general value. It varies with humidity and from
substrate to substrate. However, the main objective is to see

the effect various parameters have on the loss in microstrip, and
for the frequencies of interest in the region of UGHz. The
dielectric 1loss 1is some ten times .smaller than the conductor

loss.
c) Radiation loss

Microstrip is an asymmetric transmission line structure and is
often used in wunshielded situations and as such is free to

radiate. This means that there is further power loss.

In particular, discontinuities such as bends, steps and openb
ends, such as an open circuit will radiate to a certain extent. -
This radiation is however, small compared to the conductor and
dielectric losses, at the frequencies of interest. The radiation
lJoss also depends very much on the line widths, and for the most
part they are quite narrow. In a later section, when the 8-way
combiner/divider is discussed, radiation is considered in more
detail, where it is shown that it is negligible for the board

( RTDUROID 5880) used here.

Thé eqhations given for the various losses in microstrip were
vimplemented on a programmable calculator and the results obtained
are shown in figures 5.2, 5.3, 5.4 and 5.5. From these figures
‘the main points to note are:

'a) Loss increases with an increase in frequency; figure 5. 2.
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b) Loss increases with an increase in the relative dielectric

_constant €.; figure 5, 3.
¢) Loss decreases with an increase in h; figure 5.4,

d) Loss increases with an increase in impedance; figure 5.5,

Note that for a relative dielectric constant of 1, the dielectric
loss, &4, tends to zero. In general, however, a dielectric of
1 would be associated with air, in which case tan§ would be zero.

The copper loss, . does not tend to zero unless w or Zo tend

to infinity.

14t 2,=50 OHMS

££9,8, h=0,635mm

£-9,8, h=0,635mm
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Fig. 5.2 Loss versus frequency
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Fig. 5.5 Loss versus characteristic impedance.

The graphs do not take into account any radiation losses, because

this loss depends very much on ¢the ¢type of 1line under
consideration. If it 1is just a constant impedance 1line the
radiation will be negligible in most cases. It is only at

corners and step changes that radiation may become significant.
. A structure which prevents radiation is stripline and as a low
loss planar combiner/divider is required this type of structure
may be advantageous, especially if low dielectriecs are ¢to be.

used.
15.3' Stripline

Stripline shown in figure 5.6 used to be one of the most commonly
used transmission lines at microwave frequencies. The mode of
transmission is transverse electromagnetic (TEM), and the design

data can be obtained completely by electrostatic analysis.
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Fig. 5.6 Stripline structure.

5.3.1 Design Equations for Stripline

The design equations below are from K.C. Gupta et ald®*.

For t, non zero

-4y =
with
Wy _ 8= [e™ 10,568 _Zo[Er 5. 1
oo s A==30T 3
" and ;
. 2
W_ . 0,0796x%
%—ﬁ 1‘2l”[2—x] o, o 5.4
'E-U,26X
where
-1
x=% m=2[1+%f§;<] 5.15

5.3.2 Stripline Losses

These formulae are quoted for completeness and to show the

"relationship between the various parameters and the associated
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loss. There are no radiation losses because of the shielding
provided by the two ground planes. Therefore the total loss in
stripline can be divided into two parts; the conductor loss and

the dielectric loss.

~ o = Xe+ Xd

where ©Aris the total loss, A¢ the conductor loss and Xd the

dielectric loss.

The dielectric 1loss for stripline (or any other TEM 1line) is

given by
.—_27,3@1?\—”-{ dB/m 5.16
0
where tans' is the loss tangent of the dielectric. From this

equation it is seen that the dielectric loss 1is directly

proportional to the frequency and the loss tangent.

The conductor loss may be evaluated using the following relation,

of = _0,0231R, [£. (32, 32, BZ dB/m 5.17
c Z, db bu

where R is the sheet resistivity for the conductor and is
given by (TMePt with P being the resistivity of the conductor.
In order to evaluate the above, an equation relating Zo .with

the parameters b, w and t is required. This is given by

‘ 2, €, =30ln Pﬁ bt [8 b=% ja[&a—f]zs,egﬂ 5.18
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where

and

Aw - % o1 x 15 [0.0796x]
o=t =50 173! [E%]“L[ﬁ‘_x] > 20

5+1Ax

where m and x have been previously defined.

Equation 5.17 shows that the conductor 1loss is directly
proportional to the square root of frequency for a particular
stripline structure. In general, the dielectricvloss is‘ small
. compared to the conductor loss at microwave frequencies. But at
millimeter waves 1t becomes comparable to the . conductor 1loss
because dielectric 1loss increases linearly with frequency,

whereas conductor 1loss 1is proportional to the square root of

frequency. The 1loss in stripline will vary much the same as
microstrip with variations in the various parameters. Discrete
differentiation would be required to solve for '%%f s %%f and

%%gif a large amount of arithmetical work is to be avoided.
Gupta et al do have an equation which gives the conductor 1loss
directly, however, there seems to be a printing error as the

‘results obtained using it were nonsensical.

Figure 5.7 ©gives the variation of 1loss in stripline with
frequency. ' TanS' was chosen to be 10°% as before and the
differentiation was carried out in discrete steps on . a

__programmable calculator.
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Fig. 5.7 Loss in stripline versus frequency.

.From this graph it 1is seen that the variation of 1loss with
frequency in stripline is similar to that found in microstrip
'sfructures. The values are slightly lower for the stripline
‘structure, however, as the equations come from different sources,
and in the éase of microstrip are empirical, the two cannot be
numerically compared. The trends are mofe important at this

stage.

Practical results obtained for the loss in both stripline and
microstrip will be given in a later section, where methods of

reducing loss in these structures are discussed.

5.4 Planar N-way Combiner/Divider

The n-way planar combiner/divider that was considered to be the
_moét promisiqg was the fork combiner/divider ‘proposed by 2.
Gallani and S. J. Temple?*, Figure 5.8 gives a schematic of
the device. The input is split into n identical transmission
lines of characteristic impedance Zo, eacﬁ a quarter of a

hWavelength long at the centre frequency. Adjacent output ports
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are interconnected with equal resistors Ro. Analysis‘of this

type of combiner was carried out by A. A.M. Saleh3®3.

) __-MATCHED OUTPUT

4 ~AWVV

2

30

iRLEL:

III—JIIIIII}—

ISOLATION RESISTORS

‘Fig. 5.8 Planar n-way combiner/divider.

5.4.1 Design of a Planar 4-way Combiner/Divider

In order to obtain a perfect match (consider the device as

divider unless otherwise stipulated) an input impedance of 50

ohms is required. Therefore the characteristic impedance Zo

must be chosen so that

50 = Zo? 5.21
nZin
where Zi1n is the output 1load, 50 ohms, and n is the number of
ways the input is to be split, Therefore 5. 21 reduces to
Zo = 50yn 5.22
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The 1isolation resistors are chosen to give the best isolation
between the output ports. According to the analysis carried out
by Saleh3?? this would give a value of 70,7 ohms for a U4-way
combiner/divider. The optimum isolation that would result is
quoted 'as 14, 5dB. For a four way version of figure 5.8, a
characteristir impedance of 100 ohms would be‘ needed for the
quarterwave transformers. Although a transmission line of this
impedance is relatively narrow it is still pdssible to etch.
H§Wever, practically it is not ideal ©because of the step

transition that would result at the 100/50 ohm transmission lines
found at the output ports. This transition is from a width of
0,70mm for the 100 ohm line to 2,46mm for the 50 ohm 1line. Which
wéuld cause discontinuity problems. To overcome- - this, it 1is
necessary to choose a lower impedance for the quarterwave
transformers. A value of 70 ohms is a fairly good one to start
with because the discontinuity effects with its previous use were
acceptabie. With 70 ohm transmission lines a further quarterwave
transformer is required to transform the parallel combination to .

- 50 ohms. The layout therefore used for this cémbiner/divider is
,shown in figure 5.9,

Dimensions

50 ohm as before

70 ohm w = 1, 41mm

M at LGHz) = 55, 3mm

35 ohm w = 4, 00mm
A= 53mm

t'Fig. 5.9 Layout of the 4-way fork combiner/divider,
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Hith the layout in figure 5.9, it was assumed that the isolation
resistors may no longer be optimum, It was decided to model the
combiner/divider on TOUCHSTONE, and optimise the circuit to give
the best isolation possible by only varying the value of Ro.

The value indicated by TOUCHSTONE was 80 ohms. Figures 5.10 (a)
and (b) give the expected response for the combiner/divider shown
in figure 5.9, Figure 5.11 shows the isolation between the
output ports. From figure 5.10 (a) it is seen that the addition
off a quarter wavelength at the input has the effect of increasing
the bandwidth, with S¢{y being better than 15dB over the band

2,0 to 6,0GHz. The addition of this quarter wavelength section

is in some ways similar to adding another section to broaden the

bandwidth, a technique commonly used on Wilkinson combiners to
obtain octave bandwidths. A. Saleh®® gives an analysis on the
" two stage combiner. Note that these extra stages, although

ihaQing the effect of increasing the bandwidth also increase the
'ioss and hence decrease the efficiency of the combiner.
ﬁeturning to figure 5.10 (a), it is also seen that the output
match of S22 and Sizz is 17dB at 4GHz (the centre frequency).

Only two output matches are given due to the symmetry of the
device. The isolation resistors control this parameter as well
_ag the isolation, so a compromise must be taken. In general, the

better the output matches, the hetter the isolation. Figure 5. 10

(h) gives the expected through transmission, and as shown 1is
flat over the band 2,0 to 6, 0GHz. The poorest isolation is 15dB
and occurs between ports 2 and 5. This is shown in figure 5. 11
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Fig. 5.10 (a) Predicted Si4, S22 and Szz for the U4-way
fork combiner/divider (b) Predicted S21 for the fork

combiner/divider.
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Fig. , 5.11 Predicted S23, S24 and S2s for  the
'~ combiner/divider. (Because of TOUCHSTONE circuit layout S21,

S24 and Sz2s correspond to Si2, Si13 and Si4 shown on the

diagram,)

Hith the predicted results looking promising the combiner/divider
was constructed on microstrip (RTDUROID 5880) and analysed. The
. results are shown in figures 5.12 to 5.15. Figure 5.12 gives the

-
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input match. The input return loss is 32, 7dB at 4. 1GHz. And the
response is similar to that predicted by TOUCHSTONE, with best
matches occuring at 2,8 and 5, 8GHz. Over the frequency range 2,3

to 6,0GHz the return loss is better than 14,0dB (VSHR of 1,5).

0
P sS1
3 7
4 14
a
|
i
EEI
=
w28
(4
35 Aty 4
2 4/D1V 6
FREQUENCY (GH2)

Fig. 5.12 1Input match of the 4-way combiner/divider..

.Figures 5.13 (a) and (b) show a return loss of 12dB at 4,0GHz for

. S22 and 20,6dB for Sss. The return loss for Sss is better

than predicted and for S22 is worse. The reason for this

" departure from the predicted results is the use of chip resistors

that were not 80 ohms. This particular value was not readily.
available, and as a result 100 ohm resistors were used. The

variations in the match and isolation were shown by TOUCHSTONE

not to be too dramatic and this is born out by the results

obtained. It must be emphasised at this stage, that the prime

objective is an eight way combiner/divider and these devices are

a build up to this design, experience being one of the prime

objectives.

Figures 5.14 (a), (b) and (c¢) show the isolations obtained between

various ports. The worst isolation occurs between ports 2 and 5,
and is 15, 1dB at 4GHz. The other isolations are better as can be
seen from the figures. These results could be improved by using

_'the correct isolation resistor as already mentioned.
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Figures

98

5.15 (a), (b), (c) and (d) show the insertion 1losses
obtained. From these figures it can be seen that the split is
fairly even, with a maximum variation between ports of 0, 4dB.
The insertion loss with respect to 6dB measured at 4. 1GHz 1is
0,3dB which results in a combining efficiency of 93,3 percent.
This efficiency assumes of. course that the ©phase variation
between ports is not too large, ideally less than &5 degrees,
Unfortunately, the phase response for this device was not very
good at all. The phase error at 4GHz was 8 degrees. Note that
this error occurs between ports 2 and 3 and between ports 4 and
5. The phase response between 2 and 5 being within 2 degrees
over the whole band. This is also true between ports 3 and 4
which immediately indicates that the path 1lengths must be
different.
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" Fig. 5.15 (a) Sz1, (b) S3zt, (c) S«1 and (d) Ssi.



On examining the layout shown if figure 5.9 it is.seen that the
physical length is exactly the same. The only difference between
the paths 1is the difference in meandering. As with the case
mentioned for the corporate Wilkinson, the bends produce some
phase variations. It is also possible that coupling occurs at
the sharp bend where the line turns to run parallel with itself.
At this stage it is important to try and find out where these

phase discrepancies occur, especially if an eight way

combiner/divider is to be constructed. It was decided to make
another U-way fork combiner on the same lines as this one, but

change the 1layout of the meaﬁdering transmission lines at the
~output. The bends will be made shallower in an attempt to reduce
“any phase variations that could occur in a bend, and secondly
‘make sure that the lines are separated by more than one 1line
‘width to reduce any coupling that might be present, This was

done, and the layout of the second 4-way combiner is shown in

B

. figure 5.16.

Dimensions as before.

Fig. 5.16 Layoutv of the second version of. the U4-~way fork

combiner/divider.

From the layout it is seen that each of the bends have a much

. larger radius and!that the lines are more separated. The results
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obtained for this device are shown if figures 5.17, 5.18 and
5 19. Figure 5.17 shows the input return loss obtained with the
best input match occurring at 5,2 GHz with a return 1loss of
24, 2dB. This 1is probably the upper frequency match as predicted
by TOUCHSTONE. The match is better than 15dB over the frequency
range 2.5GHz to 6, 4GHz. The output matcﬁ for port 3 is given in
figure 5.18 (a) and the isolation between ports 2 and 4 is shown
»in» figure 5.18 (b). The through tfansmission measurements are

shown in figure 5.19.
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Fig. 5.17 Input match of the second version of the

combiners/divider.
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Fig,. 5.18 (a) Siz and (b) Szs for the second version of

the combiner/divider.
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Fig. 5,19 S2: and Sai: for the second combiners/divider.

These do not track as well as for the other combiner, The only
reason for this can be the effect of the bends being transferred
lfo the input and creating different loads, and as such changing
the split. These effects. probably also cause the other
differences noted, as the only difference between the two
cémbiners is the meandering lines. lThese lines were changed in
an attempt to get the phase correct. The phase, however, does
not track well, This can be seen from figure 5. 20, where the
haximum phase error is 41 degrees at 7GHz. It is 8 degrees at

1GHz.
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. Fig. 5.20 Phase Qariation between ports 2 and 3.
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Ag the physical lengths are the same, there must be phase errors
introduced at some point. Coupling is obviously not a factor as
the lines are too widely spaced. This leaves two possibilities.
Either the phase errors are introduced by the curved bends, or
they are introduced at the split, i,e, "at the input port, By
this, it is meant that the wave travelling to the outside
branches might travel a further distance than the one travelling

to the inside branches.

It has beeﬁ suggested by Edwards?? that for at least up to a
frequency of about 10GHz, a mitred bend produces as good as, or
better, performance than curved bends. It was decided therefore,
to fabricate a combinér/divider that had mitred 90 degree bends
for the meandering lines. One advantage with this is the ease of
calculating the physical 1lengths and ¢thus enabling all the
.lengths'to be the same in a prescribed space. It was also hoped
that the ©phase error may be reduced. The 1layout of vfhis

combiner/divider is shown in figure 5.21,

Dimensions as before.

-

_

Fig. 5.21% The 1layout of the third version of the #4-way fork

., combiner/divider.
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The results obtained for the through measurements are shown in
figures 5.22 (a) and (b).  Figure 5.22 (a) shows Sz and 5,22
" (b) shows S21 and Sii superimposed on one another. From this
figure it is seen that the outputs are fairly equal as regards
vamplitude. The maximum variation is 0, 4dB which occurs at 6,7
GHz. Once again the phase response was poor. The difference in
phase between ports 2 and 3 is shown in figure 5.23. This
vériation is the same as for ports 4 and 5. The other results
obfained were similar to those obtained for the previous
combiner/divider. The phase variation was, however, a factor of
two better than for the previous combiner/divider, which tends to
indicate that mitred corners are better than curves in this
frequency range.
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(a) (b}
Fig. 5.22 (a) S214 (b) S21 and Szi1 for the third version

of the 4-way combiner/divider.
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u'Fig. 5.23 Variation in phase between ports 2 and 3.
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At this stage it was decided to make a four way divider without
any 50 ohm lines at the output and no isolation resistors so that
it could be determined whether a phase difference occurs before
the 6utput lines are added. The layout of the circuit is shown
in figure 5,24, Note that the only major difference 1is the
absence of meandering lines at the output and as a result the

connectors are not in the same plane.

Fig. 5.24 Layouf of the b-way combiner to determine if any phase

variation exists before meandering.

The results obtained for this layout are shown in figure 5. 25,
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1 6/D1V

FREQUENCY (GHz)

Fig. 5.2% S231 and Sa: for the device.

The outputs track very well as can be seen from figure 5.25, The
phase variation, as shown in figure 5. 26, was however, poor.
This immediately implies that this error must be introduced at

. the point where all the quarter wave transmission lines meet. In
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other words, the width at this point is large, and as such must
cause the variations in phase. It is also likely that the bends

also introduce some phase variation.
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Fig. 5.26 Phase variation between ©ports 2 and 3 of this

*combiner/divider".

From figure 5.26 it is seen that at 4GHz the phase variation is
10 degrees. This corresponds to a physical length of 1, 5mm. As

the outputs shoﬁld ideally be in phase at 4GHz, it was decided to

incorporate the difference of 1,5mm in the output 1lines. The
outer 1lines were made 1,5mm shorter. The final layout of the
fork combiner divider is shown in figure 5.27(a). Figure 5.27(b)

is a photograph of the same device, as well as version two.

~ Fig. 5.27 (a) Layout of the U4-way fork combiner/divider,.
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previously, however, the return loss is better than 14dB over the

frequency range 2,5 to 6, 0GHz. The poorer match is ascribed to
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. Fig, 5.29 Phase variation between ports 2 and 3

the slightly different impedances that migh£ be presented at the
.outputs due to the bends. These impedances would then be
trdnsformed to the input and therefore cause a slight mismatch.
The match however, is good enough. The good match at 6GHz is
expected, refer to the ideal response of the combiners/divider.

S22 ié very much the same as for the other combiners/dividers.
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Fig. 5.30 (a) -S2z3 (b) Ss2 for the U-way combiner/divider.

107



’ ' ' ] $33
a Sit a .
=) 3
a1e gla |
3 0 \/\
518 .518
2 2 .
§24 &2
R L E v I S S sy 30 b — ettt
30 ) 4/D1V 6 2 4/D1V 6
FREQUENCY (GHz) - FREQUENCY (GHz)

(a) {b)

Fig. 5.37 (a) Sis (b)) Si3z for the Y-way combiner/divider.

5.4, 2 Conclusions

The final results obtained for the planar 4-way combiner/divider
were satisfactory. Equiphased outputs on these
combiners/dividers seem to be a problem, and it is difficult to
estimate the change in lengths required to compensate. The
éxperience gained however, &should prove useful in the design of
an 8-way combiner/divider along the same lines. Apart from this

"problem, the combiner/divider provides an easy method for power

combination/division and is planar, The measured combining
efficiency for the latter combiner is 90 percent. It is felt
that this could be improved upon with improved construction. The

combining efficiency 18 very similar to the U4-way corporate
Wilkinson combiner which is expected because the path lengths are
very much equal for the two combiners. However, a 5-way could be
easily built with very much the same efficiency in the case of
the fork combiner, but not in a corporate structure, as 5 is a

non binary number.

108



the above type should be attempted. Once this has been
fabricated in microstrip, attempts at increasing the combining
efficiency will Dbe looked into if the results obtained 1look

promising.

5.5 An 8-Way Planar Combiner/Divider

5;5.1 Design of the Combiner/Dividér

For an 8-way combiner/divider the characteristic impedance of the
quarter wave transformers would have to be 141, 4 ohms. Once
again this impedance is too high, as the line widths would be
0, 29mm, which 1is too narrow for the etching process and would
introduce lérge discontinuities at the 50 ohm to 141,4 ohm
junction found at the outputs. For this réason a quarter wave
section 1is added at the input so that the imbedance of Zo may

be altered. A value of 100 ohms was chosen for the 8 quérter

ﬁavelength transmission lines, This value still gives a fairly
large discontinuity at the output, but allows a reasonable value

for the characteristic impedance for the input transformer of
35,35 ohms. The 1layout of the combiner/divider is shown 1in
figure 5.32 (a). Figure 5.32 (b) shows a photograph of the
combiner/divider.

Dimensions

50 ohms as before

100‘ohms w = 0,7mm

Mm(at 4GHz) = 56, 4mm

35,35 ohms w = 3, 94mm

% Mm(at 4GHz) = 53, 0mm

"Fig. 5.32 (a) The layout of the 8-way combiner/divider.
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The best return loss that could be obfained for S22 was just
under 15dB. The optimum minimum isolation was 10dB for 'S23.
A. Saleh predicted an optimun minimum isolation/match of 10, 8dB
for the 8-way combinersdivider. Note that without. isolation
resistors the isolation would be 18dB, as discussed in chapter 3.
The output matches would, however, be véry poor. Figure 5. 34

- 8hows the isolation predicted by TOUCHSTONE.

With these results, the combiners/divider was fabricated in
“microstrip (RTDUROID 5880). Before going on to analyse the

results obtained, a brief account on the meandering 1lines is

/

-~

given,

o oB(s12) 4 DBiS23) » DDIS34)
FORK FORK FORK
0.0E400 .

-20.00

o

-40.00 L " .
1.000 4,000

7.000
FREG-GHZ

- Fig, 5.34 Predicted isolation for the 8-way combiner without

isolation resistors.

From figures 5.32 (a) and (b) the meéndering lines provide a
striking feature. As mentioned previously, this is necessary to
obtain equiphased outputs. It must be emphasised that the
positioning of the connectors is controlled by the size of the
devices to be combined. They must also be in the same plane so
that two combinerss/dividers may be used back to back to allow the

combination of several FETs in an amplifier.

111



In order to gét all the lines the same 1length, a partichlar
layout which has various limits associated with it is chosen.

Such a 1limit might be the distance allowed bhetween two lines.

This information then allows a set of simultaneous equations to
be written. These are solved, and if 'the solution 1is not
practical a new layout must be tried. Oﬁe variation 1in the
layout may include a change in the number of meanders. This
process is iterative and as such time consuming. However, this.

- seemed to be the only way to lay the circuit out,.

5.5.2 Results Obtained for the 8-Hay Combiner/Divider

To étgrt with figures 5.35 (a), (b), (ec) and (d) show some results
obtained without isolation resistors. Figure 5.35 (a) shows the
 1301ation obtained between ports 9 and 2. From the graph it is
seen that the isolation is greater than 16dB over the range 3,5
to 5, 5GHz. The centre frequency was at 4,4GHz and at this
frequency the isolation is in the vicinity of the expected 18dB.
Figure 5.35 (b) shows the isolation between ports 9 and 4. _ The
response should be the same as fhe device is now symmetrical.
ihe results obtained show that this is almost the case. Figures
5.35 (c¢) and (d) show S22 and Sss respectively. From these
figures it can immediately be seen that the output match is poér

as was predicted, being in the vicinity of 3dB at 4, 5GHz.

The results are now presented with isolation resistors inserted.
Figure 5.36 gives the isolation obtained between port 2 and all
oﬁher output ports. The graphs show that the worst isolation
occurs between ports 2 and 3, which was predicted by TOUCHSTONE,

and is approximately 10dB at the centre frequency.
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for the combiner/divider without isolation resistors.

" All the other isolation values should be fairly similar, and t

is born out by the remaining graphs. The isolation is alm
20dB at the centre frequency. Figure 5.37 shows the ma
obtained for S22, where it is seen that there has been

definite improvement compared to the <case without isolat

resistors. The shape of the graph is not easily explained beca

his

ost

tch

a

ion

use

there are too many variables to be able to say exactly why good

matches occur at any particular point.
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These variables include the parasitics caused by all the bends in
the meandering 1lines, the distances between these  bends,
discontinuities at the 1impedance transistions, =~ as well as
discontinuity effects at the connection of all the guarter wave

transformers.

Si11 1is shown invfiguré 5. 38, where the best match occurs at

4,5GHz with a return of 32dB. The frequency is slightly on the
high side because of the discontinuity at the transition between'
the 100 and 50 ohm lines, A step transistion has the effect of
lengthening. the wider 1line, which in effect causes the quarter
wavelength ¢to become shorter, and thus shift the frequency
_slightly. The other good match at about 5,5GHz is not easily

explained and could be due to a number of factors.

S

RETURN LOSS (dB)

40—t
2 4/D1V
FREQUENCY (GHz)

3 ;
+ -+

6

VfFig. 5.38 The input match, Sii1, of the 8-way combiner/divider.
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Figure 5.39 shows all the transmission measurements obtained for

the combiner/divider. These results show that the split is
accepatable with a variation between ports of up to 1, 2dB. This
variation, is due to the effects caused by the bends in the

meandering lines which change the impedances seen at each of the
lbutputs. This means that the loads that are placed in parallel
at the input will be different and hence the split will be
different at this point. Another bossible explanation for the
difference in the split could be the loss of power due ¢to
radiation. Note that the meandering lines are in fact the same
as a Rampart line antennae described by HWood et al®3, and as

- such must radiate to some extent. This was further investigated
and will be discussed in section 5. 6. If the above explanations

are true it should be found that S21 and Se¢1 are almost the

same, as should be Sis and Sss etc, because of the symmetry.
On  examining the graphs shown in figure 5. 39, it is seen that
this is in fact true, with variations between pairs being in the

order of 0, 3dB.

The phase variations between ports 2, 3, 4 and 5 dre once again
A véry poor. The reasons for these phase variations are the same
as for the 4-way combiner/divider but on a 1larger =scale. The
worst phase variation occurs between ports 2 and 5, and is shown
.in figure 5. 40. The worst variation occurs between these ports
‘because the path from ports 1 to 2 is the most outer and port 1
to 5 the most inner. From the investigation cgrried out for the
4-way fork, it was found that the phase discrepancy is mainly
introduced at the point where the power is split. At this point,
'as can be seen from the layout given in figure 5. 32a, the width

, 0£ the 1line 1is 1large and as such can easily cause a ©path
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difference between the inner and outer paths. As it has already
been shown that this is a straight forward proceedure to get the
phase correct, it was decided not to build another just for this
purpose as the .size of board used 1is quite large and is
éxpensive. It was decided to rather look more closely at the

combining effeciency obtained with this device.

—
o

PHASE DIFFERENCE (DEG)
n
o

o
3

a/bIv T 6
FREQUENCY (GHz>

n

Fig. 5.40 Phase variation between ports 2 and 5.

5.5.3 Combining Efficiency of the B-Hay Combiner/Divider

In this discussion it is assumed that the outputs are in phase.
The combining efficiency of the combiner/divider was determined
by taking each of the through measurements (S;:) and converting
them ¢to output powers with reference to 1 watt (dBW). For
example, if Szlvwere -9, 1dBW, the_output power would be 0,123W.
All the outputs in watts were then added to g£ive the expected

output and hence efficiency.
Efficiency = output/input x 100% 5.23

"The results obtaiﬁed for each frequency were plotted on a graph

‘fwhich is shown in figure 5. 41, From this figure it is seen that

{
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Fig. 5.41 Combining efficiency versus frequency for the 8-way

‘combiner/divider.

the combiner is more than 80 percent efficient over the band 3,7
to 4,8GHz and better than 79 percent efficient over the band 2,6
to 4, 8GHz. The peak efficiency is 86 percent ‘and occurs at
| 3, 0GHz. Note that over the narrow band of 3,8 to.'u,7GHz the

" combiner is better than 82 percent efficient.

These results indicate a good efficiency for an 8-way planar
combiner made on microstrip. The various losses consist of: the
dielectric 1loss, conductor loss and possibly radiation losses
from the discontinuities and bends. Before discussing methods of
increasing the efficiency of this type of combiner, the 1loss

agssociated with radiation from the antennae is investigated.

o

5.6 Loss from Rampart Antennae Structure on RTDUROID 5880

Rampart antennae usually consist of a microstrip transmission
line that is made to meander. The lengths of line between each
bend are chosen so that the radiatioh adds to give a particular

type of polarizatioh. The lengths may also be chosen so that the

~ radiation at each of the corners cancel as shown in figure 5.4, 2.
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The dimensions are in wavelengths and are such as to give
circular polarization, If no radiation 1is required the
dimensions given in brackets must be used.

(ANY VALUD
0,25

10,5 0,5 (O

- Fig. 5.42 Rampart antenna.

To find out if any radiation of significance occurs with RTDUROID
5880, it was decided to construct a radiating and non radiating
' meander line. The overall length was to be 3). A length of
Amicrostrip of the same dimensions was also faﬁriéated and the

insertion loss of each measured.

'5.6.17 Results Obtained

One wavelength of 50 ohm line gives.a physical length of 53, 8mm
"at 4GHz on RTDUROID 5880. The layout of each antenna is shown

in figures 5.43 (a) and (b).

(a) : (b)
Fig. 5.43 (a) Circularly polarised antenna (@ +)) a "non

" "pradiating antenna".

{
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The results obtained for these two antennae are shown in figures
5.44 (a), (p), (c), and (d). Figures 5. 44 (a) and (b)) give the
return 1loss, which in both cases is better than 18dB over the
range 2 to b6GHz. VThis indicates that the bends do not have too
significant an effect on the métch in this partiqular case. The
through measurements are given in rigures.S.uu (e¢) and (d). .Here
it 1is seen that the insertion loss for each is almost the same.

At 4GHz, the design frequency, there is no difference between the

tho

indicates

and both have an insertion loss of 0, 4dB.

that the radiation losses are either very low or

This immediately

both

antennae are radiating. To confirm which, all that had to be
] - 1]
~ 1 Si ~ - Stt
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z e’ z 2’
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Fig. 5. 44 (a) Si1y+ for the antenna (b) Si1 for the non
radiating antenna (¢) S21 for the antenna (d) S2¢+ for the

. non radiating antenna.
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done was to examine the insertion loss obtained with a 50 ohm
transmission line of the same length oﬁ microstrip. The results
obtained are shown in figures 5.45 (a) and (b), From these
results it is seen that the return loss is once again greater
than 18dB over the bandwidth 1 to 7 GHz. The insertion loss at
: A
4GHz is also 0, 4dB, the same as for the two antennae. The Qbéphs
for insertion loss are very huch the same. The insertion losses
ére all withinVO.ZdB of one another and as the network analyser
can only be calibrated ¢to an accuracy of about 0, 1dB, the

radiation from the meandering lines of microstrip (RTDUROID

5880) can be concluded as been negligible per section.

0 0
] St & sa1
z 3,
4 9
18
g g
= =
W 36 é.e
) Z
45 b—t+— A 4 e
1 6/D1V 7 TV
FREQUENCY (GHz) 6./DI

FREQUENCY (GHz)

(a) " (b)

Fig. 5.45 (a) Si4, (b) S2¢ for a 50 ohm line on microstrip

RTDUROID 5880.

‘'In general these antennae are made on board which have a thick
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substrate with a low dielectric constant. This increases the
width of the line and hence the radiating properties, At 4GHz,
. Rampart antennae were made on 1/16" (1,59mm) thick board.ﬁith a
dielectric constant of 2,2%% which is twice the thickness of

fhe board used. With this board a line width of almost 5mm for 50

ohms would result.

"From these results it was evident that for the case on microstrip
- (RTDUROID 5880), h = 0, 787mm, the effect of radiation is not as
significant as first thdught; so other methods to reduce the loss

'must be considered. This is the subject of the next section.

5.7 ‘ The Reduction of Loss in Microstrip and Stripline

~Structures

' To reduce the loss in stripline and microstrip structures either
Ehe physical dimensions of the substrate or the substrate
méterial have to be changed. In order to reduce the loss by
-changing some physical dimension; the height h of the substrate
would have to be increased. This only chanées the conductor ioss
bécause now the line widths become wider. The dielectric loss,
however, remains the same. A difficulty associated with this
change is that in the case of microstrip there 1is increased
radiation losses, which increase rapidly if the 1line widths
become too wide. In stripline, the line widths also becomé
'large, and the effects of discontinuities woulq probably be more
detrimental than the gain obtained in the reduction of loss. If
the material could be changed, such as to reduce the dielectric

constant, both the conductor and dielectric 1losses would |Dbe

. reduced. "This is not easily achieved, as most materials have a
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dielectrie constant in the wvicinity of 2 to 5, and 1if the
dielectric constant is less than 2, it does not necessarily have
a low tang where the dielectric loss is directly proportional to
tan§. The ideal solution would be to have air as the substrate.
This has a dielectric constant of 1 and a tand§ of zero. The only
and major disadvantage is that it is difficult ¢to 1incorporate
into a physical structure that is reasonably robust and

practical.

Thereb are two possible structurés that might be feasible.  The
first structure involves paper thin printed circuit board (PCB)
that is placed over a ground plane that has been milled out to
correspond to the circuit layout. Figuré 5.46 shows a sketch of
this configuration. Fabrication problems include accurate
ﬁilling out of the circuit and keeping the PCB taught over the

whole plane, especially if there are large areas.

THIN PCB BACKING STRIP

\ r_/CDHDUCTDR
_

GROUND PLANE MILLED OUT

SECTION

Fig. 5.46 Cross-section of milled out ground plane with thin PCB

placed on top.

The second idea involves the same paper thin PCB that is glued
onto an expanded closed cell polyethelene foam. This foam has a
dielectric constant of 1,03 and the average tan& would be very

u.low as the structure consists mainly of air. The closed cell
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structure prevents the absorption of moisture, which reduces the
effect it has on loss. The higher the moisture content the higher

the loss. The structure 1is shown in figure 5. 47.

CONDUCTOR

THIN PCB BACKING STEEi(//
\ .
r
. FOAM~ \

GROUND PLANE

Fig. 5.47 Cross-section of second type of structure involving an

air substrate.

These ideas are feasible, but the loss would be further reduced if a
stripline structure were used as this would prevent any loss due

to radiation.

These ideas were implementéd. The first idea was implemented
both in stripline and microstrip. The latter only in stripline,
as the thinnest foam‘available was 3mm thick, which meant that
the 1lines would be far too wide on microstrip. The stripline

structure allowed the foam to be compressed to the desired

-thickness.

5.7.1 Results Obtained with the Air Substrates

The first structure fabricated was that shown in figure 5. 46.

The depth of the milled ouf section was 0,89mm (0,035"). The
results obtained are shown in figures 5. 48 (a) and (b}, The
length of line was 70mm, Figure 5. 48 (a) shows the return loss
obtained which was better than 16,5dB over the bandwidth. The
‘vinsertion loss, shown in figure 5.48 (b) was 0,1dB at 1GHz and
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0,3dB at 6GHz, this corresponds to a loss which is only slightly

better than that obtained with microstrip (RTDUROID 5880) of the

same length. Figure 5.49 shows the results obtained with
RTDUROID 5880. From these results it appears that the structure
used is not very good. The results indicate that the loss

obtained for the lengths of line tested with the antennae should -

have been higher if the 1oss per unit length were to remain the

0 o1 0 sat
~ m
g 8 Z 2
[%]
'gls 8 4
. -
§24 5.6
W 32 g.a
* z
B Y YT S Lo~
FREQUENCY GHz) : FREQUENDY. (GHz>
(a) ( b)
Fig. 5.48 (a) Syy for microstrip with air as dielectric
l = 70mm (D) S22 for same.
same, As this was not the case, it was decided that longer line

lengths would give more reliable readings and comparisons as

errors due to mismatch and calibrations would have less effect.

. 0 ‘S22l
2
- 2
v
A
= 4
z
=S
'——
[1'4
u 8
Z
i R e e e | 4
.6/D1V 7’
FREQUENCY (GHz)

" Fig. 5.49 Sz21 for microstrip, RTDUROID 5880, 1 = 70mm.
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A stripline structure of the milled out version was fabricated.

This gave promising results, and these are shown in figures 5.50

(a) and (b). The length of this structure was still 70mm and b,
the width of substrate, was 1, 78mm (0,07"). The results show a
loss of 0,3dB at 6GHz and 0,2dB at 2GHz. The match is given in
figure 5.50 (b). The return loss is better than 15dB over the
bandwidth.
Q . 0 set
A Si L]
37 v 2
o A
[%]
G 14 d .4
- z
zel [=
14 —
= ]
35 ———A—t—t 1 e}
GL/701V : 7 1 6781V
FREQUENCY (GHz) FREQUENCY (GHz)
(a) {b)

Fig. 5.50 <(a) 'Si1¢, (b)) ~S2¢ for stripline with air as a

dielectric.

For the following results, the length of the line was taken to be

160mm unless otherwise stipulated. Firstly, the loss obtained

. for a length of stripline made on RTDUROID 5880, b = 0,062 1is

shown in figure 5.51. From this diagram it is seen that the loss
obtained 1is higher than that obtained for the antennae and
microstrip g£iven in the previous section.. The results obtained
for a stripline structure with a milled out section are shown in
figures 5.52 (a) and (bh). The results are pobrz The main reason
for this was that the construction was poor and the PCB was not
taught enough. This meant that at some points along the line the

copper conductor was close to the ground plane and was therefore

ﬂ_not a 50 ohm line. This explains the poor match as shown 1in
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figure 5.52 (a). Because the match is poor, a standing wave is
0 szl

4

o]

INSERTION LOSS (dB)
N

: 3 3
RSV -

2 —
6/D1V
FREQUENCY (GH2z)

Fig. 5.51 Loss in stripline (RTDUROID 5880), b = 0,062".

set up and points of high electric field occur. This has the -
effect of distorting the actual loss obtained, so subtraction of

the loss due to mismatch from S2: is not reliable.

A 8sSecond attempt at this structure was made. The results were
much better and are shown in figures 5.53 (a) and (b). The
return loss was now better than 15dB over the bandwidth 1 to 7GHz

and the insertion loss varied from 0, 1dB at 1GHz to 0,6dB at

0 ' 0 A=
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)
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o
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FREQUENCY (GH=z) FREQUENCY (GHz)
(a) (b)

Fig. 5.52 (a) S11 of the first attempt at stripline structure
with air as a dielectric (b) S2¢ of the same (substrate

thickness, b = 0,07").



6GHz. This is an improvement of nearly a factor of 2 compared to

the stripline structure with RTDUROID 5880.

0 ]
~ Si % Sel
36 2
o a
g1 g
Zi8 Z
N =
24 U g
L f
(Z» g
30 + i 1 R B e S|
6/D1V 7 1 6/D1V
FREQUENCY (GH2) 2 FREQUENCY <(GHz»
(a) (b)
Fig. 5.53 Si11 for second version of stripline with air as a
substrate (b) S21.
Microstrip structures were thought not to be robust enough, and
were not built. “Structures using foam were now fabricated. The

_rgsults obtained are showﬁ in figure 5.54 (a) and (b) which were
very promising.r Figure 5.54 (a) shows the match obtained with a
return 1loss of better than 18,4dB over the bandwidth 1 to T7GHz,
The advantage with this structure was that the height between
ground planes and hence the match could be adjusted. The
‘insertion 1loss was O0,4dB at 7GHz and 0,1dB at 1GHz. These

results give an improvment approaching a factor of 3 to that

obtained with standard stripline, and a factor of 2 with respect
to microstrip. The main problem with these structures is the
‘weak structure of the PCB which is very much like paper. It was

thought that it could be stiffened up using various thin
materials which were sturdy or brittle. However, most materials
with this property had a high tanG, for example thin cardboard

gave the poor results shown in figure 5.55.
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‘Fig. 5.54 (a) S11, (Db) S21 with foam as the substrate.
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Eig. 5.55% (a) Si1, (b) S21 for structure using cardboard to

enhance the strength of the PCB,

From the results obtained with the various stripline structures
it was decided to build an 8;way combiner/divider using the
stripline structure that incorporated the foam. Before going on
to the disign, it must be mentioned that the backing strip of the
PCB wasv found to have a very small effect on the impedance of
lines. This was investigated using a finite element program that

is in the process of being developed at UCT by a L. Watkins as an

M. Sec. project. The loss associated with this backing strip is
not easily measured. Note also that the conductor loss can never
be zero and tends to a limit. Refer to the section on microstrip

losses (section 5.2.3).
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5.8 A Low Loss 8-Way Combiner/Divider

The layout of the circuit on the PCB is of the same form as that
shown in figure 5.32 (a). The diménsions were obviously changed
to take into account the new parameters of the substrate. The

cross-section of the overall structure is shown in figure 5.56.

CDNDQFTDR GROUND

' / PLANE
\

ﬁ FOAM

\\ BACKING -
\ STRIP

GROUND PLANE
NOT TO SCALE

Fig. 5.56 Cross-section of the low loss 8-way combiner/divider.
Results obtained for this combiner/divider are as follows:

" Figure 5.57 gives the input match of the combiner/divider. From

tﬁis figure it is seen that the best return loss is only slightly

- better than 15dB. This match was improved by adjusting the
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Fig. 5.57 1Initial Sy3s for the 8-way combinersdivider.

distance between the ground planes. The best match obtained 1is

'.shown in figure 5.58. The best return loss obtained is now 25dB -

131



at 4, 9GHz.

RETURN LOSS (dB)

' 4/D1IV
FREQUENCY (GHz)

Fig, 5.58 Final Si1 obtained for the 8-way combiner/divider.

The through transmission measurements are given in figure 5.59

and from this figure it is seen that the outputs track reasonably

well. The phase response is once again poor, the explanations
for thi's have already been given. Figure 5. 60 gives the phase
error between ©ports 2 and 5. Note that the shift 1in centre

frequency to 4,9GHz is also due to the reason given before,
namely . discontinuities at the characteristic impedance changes.
The difference in splits has also been accounted for previously.
The 1isolation obtained is very similar to that measured for the

combiner/divider fabricated on microstrip.
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Fig. 5.60 Phase variation between ports 2 and 5 for this 8-way

combiner/divider.

The combining efficiency for this combiner was calculated in the

same way as for ¢the 8-way combiner/divider constructed on

microstrip RTDUROID 5880. The results obtained are shown in
figure 5. 61. From this figure it is seen that a peak combining
efficiency of 94 percent at 4,2GHz is obtained. The efficiency
100
890
5 80
z
bl
370
| .
|,
Ll 60
S0 — g
4/D1V
FREQUENCY (GHz)

Fig. 5.61 Combining efficiency for this 8-way combiner/divider.

is better than 80 percent over the bandwidth 3, 8GHz to 4, 7TGHz and
better than 80 percent over 2,6 to 5, 8GHz. This is a marked

improvement over the microstrip version where the peak efficiency

. _was only 86 percent, These results are very promising and ¢the
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major difficulty associated with this combiner/divider is in its

construction. The difficulty in construction is associated with

e placing the thin PCB taughtly and smoothly onto the foam and

simultaneously compressing the foam to the desired width evenly
below and above'the PCB. The phase errors may be removed as
mentioned proviously, although the process may be rather time

consuming.

5;9 Conclusion

This ghapter dealt with plahar n-way combiners/dividers. Firstly
i

microstrip was introduced and design equations presented. Losses

in stripline and microstrip were also discussed - where factors

such as dielectric constant and substrate thickness were found to

’_dffect the 1loss obtained. A 4-wvay fork combiner/divider was

. fabricated and analysed. The results obtained were good,

although for this number of divisions there is not much to choose

between a corporate Wilkilson or a fork combiner/divider. The U4-

way combiner/divider was extended to an 8-way version which gave

:‘reasonable fesultS'and a peak combining efficiency of 86 percent.

Methods at reducing the loss in stripline and microstrip were
iooked into with the aim of increasing the combining efficiency
of s8uch a combiner. This lead to a strﬁcture using foam which
has a dielectric constant of 1,03 and a low tang . An 8-way
combiner/divider was constructed and a peak combining efficiency
of 94 percent was achieved. This gives a new n-way planar
combiner/divider that is practically possible, provides a high

combining efficiency and 1is planar, and as such allows heat

dissipation. The isolation between ports is in the worst case

V10dB, but 'can be 18dB if no isolation resistors are used.
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Isolators c¢an be used and are probably advisable as this would

protect expensive power FETs if any were to fail.
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CHAPTER 6 CONCLUSION

A low loss 8-way combiner/divider has been developed as the
culmination in to the investigation of various types of
combiners/dividers and their associated loss. The need‘for power
combiners/dividers 1is evident from the fact that the maximim
power available from a power FET ié at the preseht stage of
development only 10 watts at #GHz. This compares very
unfavourably with 100 watts output power available from
commercial travelling wave tube amplifiers. For higher ©powers
levels to be achieved using power FETs, power combiner/diviaers

are required.

The first type of combiners investigated were resonant cavity
types. The .most successful of these is the radial combiner.
This type of combiner/divider was found to be very efficient (98
percent at 4, 2GHz). Its major disadvantage is however, that it
is non planar and therefore causes heat dissipatioh problems for
.the combined amplifier. There are various types of planar
combiner/divider available, but in general they are

generalisations of the Wilkinson combiner/divider and are used in

a corporate structure. They are therefore less efficient and can
dnly combine 2" devices, where N is a positive integer. These
combiners/dividers were investigated. They provide good results,

are planar but are not very efficient.

Planar n-way combiners were investigated. These were more
" efficient and an 8-way version manufactured on microstrip

( RTDUROID 5880) gave a peak efficiency of 86 ©percent. This

~“however, was still- not as good as the radial resonant cavity
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combiner/divider, Methods of increasing the combining efficiency
were 1investigated. This meant that various methods of reducing
‘Ehe loss in stripline and microstrip structures had to be
‘investigated. The most efficient structure that was investigated

was stripline that used a closed cell expanded polyethelene foam

as the substrate. The circuit was etched on paper thin PCB that
was placed between two layers of foam. This structure was used
to make an 8-way combiner/divider  The results obtained = were

very promising, and a peak combining efficiency of 94 percent was

obtained at 4, 2GHz.

A low loss planar 8-way combiner/divider was therefore developed
which < has an efficiency approaching that of a circular resonant
’Véavity combiner. The bandwidth of the former was much broader
and 1its planar structure allows better heat dessipation for the
v combined amplifier. The isolation resistors allow graceful

degredation, not found in the resonant cavity structure.

_The Planar combiner/divider developed has much to offer and 1is
worthy of\further investigation. Techniques for improving its
construction should be considered as well as possible low 1loss
materials which could replace the foam. The initial steps have
_ however, been taken and with further work the planar
combiner/divider with comparable combining efficiency to a radial
resonant cavity combiner could become a viable commercial device

allowing solid state power amplifiers to compete with TWTAs.
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APPENDIX A BESSEL FUNCTION TABLES

Table A.1 Bessel functions of the first kind Jdo(x).

.7 0 1 2 3 4 5 6 ‘ T 8 9
0. | 1.0000 9975 9900 9776 9604 9385 9120 .8812 8463 .8075
1. 7652 7196 6711 6201 5669 5118 .4554 .3980 .3400 .2818
2. .2239 1666 1104 R 0555 0025 —.0484 —,0968 —.1424 -—.1850 —.2243
3. | —.2601 —.2921 3202 = -—.3443 —.3643 —.3801 —.3918  —.3992  -—-.4026 - —.4018
4. | —.3971 —.3887 —.3766 —.3610 —.3423 —.3205 —.2961 —.2693 —.2404 —.2097
6. } —1776 —1443 1103 —.0758 —.0412 -—.0068 0270 .0599 0917 1220
6. .1506 1773 2017 . .2238 2433 .2601 2740 " .2851 2931 2981
1. .3001 2991 2951 .2882 2786 2663 .2516 2346 2154 1944
8. A717 1475 1222 .0960 0692 L0419 0146 —.0125 —.0392 —.0653
9. —.0903 —.1142 —1367  —.1577 -.1768 ~—.1939  —.2090 —.2218 —.2323 —.2403
1.0 ]
0.8 Q
0.6 h—Jz Y
3
0.4 X
Val f Ja.(x) )\ /( \ \ o O
alue o n X 0.2 / " \ \ )Q yxﬁ\‘ ~
’ \ yd
AR /S 7
INEAR AP YA %Y.
~0.4 NEPA S
~0.6 :
0 2 4 6 8 10 12 14 16

Argument of J.(x)

Fig. A.1 Graph of Bessel functions of the first kind.

Table A.2 p'" Zeros of Ja(x).

n 0 1 2 3 4 5
p
1 2.405 3.832 5.136 6.380 7.588 8.771
2 5.520 7.106 8.417 9.761 11.065 12.339
3 8.645 10.173 11.620 13.015 14.372
4 11.792 13.324 14.796
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APPENDIX B TOUCHSTONE/RF-VERSION 1.3 1985

TOUCHSTONE 1is a ©product of EEsof and is a software programme
written by Bill Childs and Chuck Holmes for RF computer aided
engineering. The program runs on IBM and IBM compatible personal

computers, It uses a nodal description for circuits; random

optimisation and has a complete element and measurement
catalogue.

TOUCHSTONE 1is commanded via function and cursor pad keys on the
keyboard.‘ Various features that are offered by TOUCHSTONE are:

i) The program can be operated with both a monochrome and colour
graphics display. This enables viewing of both files and
graphics simultaneously.

ii) There is a full-screen editor which allows the creation of"
new text and edition of the old, this is displayed as an entire
pag%e on the screen.

iii) A tuner is incorporated that allows data to be changed in a
particular circuit, By pressing enter, a new sweep is initiated
"which 1is plotted on to the same graph as the previous sweep.

This allows the effect a particular change has on a circuit to be
seen,

iv) An obtimiser is available that allows optimisation of a
particuiar response for the —circuit® under consideration by

changing parameters specified by the user. The optimiser 1is

interactive and uses random exploration, That 1is, it searches
for a global minimum of the error function. The program displays
updated. responses for as many trials as are specified. The

optimisation may be stopped as soon as the response seems

satisfactory to the user.
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v) TOUCHSTONE is programmed to utilise the Intel 8088-8086, and
has been optimised for the Intel 8087 numerical coprocessor.
This makes the program up to 10 times faster than Basic baéed
programs,

vi) TOUCHSTONE has an element catalogue, these elements are

listed below.

a) Lumped elements These include resistors, inductors and

capacitors in standard condigurations as well as ideal
transformers and mutually coupled coils.

b) Electronic models These include voltage controlled current
and voltage sources, FET, PIN diode and op-amp.

c) Transmission lines These include ideal transmission lines,

ideal short and open circuited transmission lines, and short and
open circuited transmission line physical models.

d) Ideal coupled line

e) S-parameters The element library allows up ¢to U4-port
networks. The S-paramerers are interpolated for simulation.
frequencies  between those in the S-parameter file and

extrapolated for those simulation frequencies outside the range
of frequencies in the file.

f) Defining networks TOUCHSTONE allows the naming of any

network in the circuit up to a maximum of H4-ports. This network

can be used as if it were an element as many times as required.

‘Other features include thé possibility of storing S-parameters
fﬁat have been computed from a particular circuit model.
_Variables in a circuit file may also be defined at the beginning
This means that a particular impedance, for example, does not

have to be continually typed in, but just the variable name.
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The structure of a circuit file is divided into 9 different
blocks. The variable block, here variables that may be used
throughout a circuit are defined. The circuit block describes
t he circuitllayout. The output block is where the outputs are
specified as well as format of the output,. Either magnitude,
magnitude and phase, real and imaginery etc. The outputs are
also directed to one of the output grids, or in tabular form or
in polar form on a Smith chart. The frequency block sets up the
simulation frequencies. The grid block defines the rectangular
Plotting grids, The optimisation block, sets up the optimiser.
There 1is a dimension block that allows the overiding of default
dimension. There 1is also a terminations block that allows
different terminations to be used other than 50 ohms, The
processor block is used to perform calculations on the S-
parameters for a new network, Uses networks defined in the
circuit block. These blocks are usually specified in a

particular order in the circuit file and is shown below.

VAR Variables
CKT Circuit
PROC Processor
ouT Output

FREQ Frequency
TERM Termination

GRID Grid

OPT Optimisation
DIM Dimension
The above gives a brief description of TOUCHSTONE. The program

provides an easy method of analysing various circuits and helps

in -the design of amplifiers where matching circuits need to be
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optimised to Bive an optimum gain. An example of a circuit file
is given in c¢hapter 3 where the rectangular waveguide

combiner/divider was analysed.
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APPENDIX C METHOD EMPLOYED TO SHOW OQUTPUT MATCHES WHEN A

DIVIDER IS USED AS_A COMBINER

This appendix presents the model used on TOUCHSTONE to show that
the output ports of a 2-way Wilkinson combiner without isolation

resistors are matched when driven simultaneously.

-In order to show that the outputs are in fact matched at the
centre frequency when the output' ports are being driven

simultaneously consider the below circuit.

"Fig. C.1 Circuit of Wilkinson combiner/divider being used as a

combiner.

Hhen s-parameters are determined, only one input is fed at a
time. This means that when using TOUCHSTONE, a method must be
implemented such that when port 2 is driven so is port 3. One

way of achieving this is to use an 1ideal voltage ~controlled

~voltage source that has a gain of 1. In other words, for an
input of 1 volt, the output from the voltagg source is also
1 volt.

The model of the controlled voltage source on TOUCHSTONE is given

in figure C. 2.
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Fig, C.2 Schematic of the voltage controlled voltage source used

by TOUCHSTONE.
The format of entering this into the circuit file on TOUCHSTONE
is VCVS n1 n2 n3 ni4 M=x1 A=x2 R1=x3 F=x4 T=x5

‘where n1, n2, n3 and n4 are the connecting nodes.

M = magnitude of voltage gain at dec.

A = angle of voltage gain at dec.

R1 = input resistance. .
R2 = output resistance.

F = frequency at which voltage gain is down by 3dB.

|
I

time delay associated with voltage gain.

For an ideal voltage source

F =0 => F- -> infinity

R1 = 0 => R1 -> infinity

R2 = 0 => 0

For this particular use R1 was chosen as 0, implies that there is
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no input impedance for the driving source. R2 was also chosen to
be 0. A 50 ohm load is'placed in parallel to the voltage source
so that port 3 will see a 50 ohm load. M was chosen to be 1,

A =0, F=20and T = 0.

~The final circuit entered into TOUCHSTONE is shown in figure C. 3.

Fig. C.3 Layout of model used on TOUCHSTONE.

The c¢ircuit file is given in figure C. 4, the results with their

explanations are given in chapter 4.

CKT

TLIN 1 2 Z=70.7 E=90 F=4
TLIN 1 3 Z=70.7 E=90 F=4
! RES 1 0 R=50
RES 3 0 R=50
' RES 2 3 R=100
VCVS 2 0 0 3 M=1 A=0 R1=0 R2=0 F=0 T=0
DEF2P 1 2 HILK

out
WILK DBI S111 GR1
WILK DBI S221 GR1
WILK DBl S21] GR2
WILK DBl S12]) GR2

FREQ
SWEEP 2 6 .25
GRID
GR1 0 -40 5
GR2 6 -6 1

" 'Fig. C.4 Circuit file.
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