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ABSTRACT 

As many current applications require microwave solid state 

sources with output powers greater than that available from a 

single device a need for combining the power from these devices 

is required. N-way combiners/dividers may be used to ac~ieve 

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 

microstrip provide the desired planar structure but due to the 

characteristics of microstrip are lossy. 

As 

combiner/divider was constructed that gave a peak combining 

efficiency of 94 percent which approaches the combining 

efficiency of 98 percent that was obtained with the cylindrical 

resonant cavity combiner. The former offers its broader 

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

1.1 Introduction 

Increa~ing the output power from field effect transistors CFETs> 

by enlarging their size or by wire bonding several of them in 

parallel within a package eventually reach practical and economic 

limitations. Technically, limitations such as extremely low 

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 

sources 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 CGaAs FET> and 

the silicon bipolar transistor. Emphasis will be placed on FETs 

and their power handling capabilities in an endeavour to justify 

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 

1 
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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 transistors 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 of 6GHz with a 

maximum gain of 8dB at 2GHz and an associated noise figure of 

6dB 1
• In 1976 bipolars had noise figures in the region of 

3. 9dB at 8GHz and 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 2
• By 1979 the state of the art bipolars could 

deliver 60-W CW output with an associated gain of 11dB and a 

power added efficiency of 46,3 percent at 2GHz 3
• 

The upper frequency limit of bipolar transistors is determined by 

the ratio of carrier mobility to emitter length. The electron 

mobility is determined by the characteristics of doped silicon, 
I 

so the emitter is the controlling factor. This width is 

dependent on 

photolithography, 

the state of the art of electron beam 

which today allows geometries in the 0, 25 

lnterdigited 
transistor 
structure 

I 
I 

contact /{ · 

Epitaxial 
layers 

Base contact 

Emitter 
'contact 

Base contact 

Silicon dioxide 
protective 
layer 

Fig. 1. 1 Interdigitated planar transistor structure Cfrom ref 4). 
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micron range. Figure 1. 1 shows a typical interdigitated planar 

structure or a bipolar transistor. To increase the output power 

or a single packaged device several cells are connected in 

parallel into a single microwave package. The direct parallel 

connection of a large number or cells Cgreater than 4) requires 

stringent controls on the uniformity or the cells as there is no 

isolation between the cells. Any matching circuits used must be 

identical for each cell if phasing errors are not to occur and if 

each cell is to be driven equally. Another disadvantage is that 

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 or the oldest three terminal devices is the field effect 

transistor CFET> 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 

or these devices could compete with the silicon bipolar 

transistor and it was not until the advent or gallium arsenide 

technology which allowed the development of the MESFET, often 

·called the GaAs FET, 

f(\ \C. rOv.:>O..\l'L 0$.Q.. 

that the FET was considered seriously for 

3 
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A GaAs FET is similar to a JFET, except that instead 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 

majority carriers. Whereas minority carriers limit the frequency 

response of the p-n junction, the Schottky barrier has no such 

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

In the late 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 

TWT 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 

Sourc:e Gate 

p-type l"'IO. terlo.l 

Fig. 1. 2 < a) Junction FET CJFET>. 

Go.te 

eto.llso. t1on 

n-type Mo. terlo.l Mo.terlo.l 

Fig. 1.2<b> Metal oxide semiconductor FET <MOSFET>. 
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Se Ml 
Active 

Schottky 
lnsulo. ting bo.rrler 

Go.As sulostro.te 

eplto.xto.l lo.yer 

Fig. 1. 2 < c) Metal semiconductor FET < GaAs FET or MESFET>. 

started to make their debut with the commercial availability of 

the GaAs FET, and now low noise THTs are being replaced by solid 

state devices which have improved reliability and better 

performance. ' 

In mid 1975 the first 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~. 

20 

18 

16 

14 
p 

(W)12 

10 

8 

6 

4 

POWER AT 3clB GAIN 

AT 4 GHz 

~ 

B W ~ 2 4 6 B W ~ 2 4 6 B W ~ 
1975 1976 1977 1978 

Fig. 1. 3 Progress of power GaAs FETs at Bell Laboratories as a 

function of time. 
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With the advent of GaAs, a 1f"m MESFET was fabricated on GaAs 

which gave an fmax of 50GHz 2
. These devices had a useful gain 

up to 18GHz. In 1972 it became apparent that GaAs- FETs were 

capable of very low noise figures and a noise figure of 3,5dB 

with 6,6dB of gain at 10GHz was reported 2 . 

The first power GaAs FET was reported in 1973 2 . These devices 

were of a planar structure as shown in figure 1. 4. A MESFET with 

20 gates, each 1~m long and 400pm wide operated in parallel 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 2
. 

(o.) 

loco.t1on D 
cros s-sectlons 

- - ,........__ 

---- - -
I I 

G 

s s 

n+lo.yers 

Active n-lo.yers 

Oo) SeMl-lnsulo. ting substro. te (c) 

Fig. 1. 4 Schematic of the metallisation of a planar power MESFET 

produced at Fujitsu laboratories. 
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In 1978 the highest CW power outputs from single GaAs FETs ranged 

from close to 20H at 4GH2 to several watts at 10GH2 6
. The best 

reported efficiencies at the time ranged from 70 percent at 4GHz 

to 30 - 40 percent at X-band. The best commercially available 

devices at that time delivered an output of 5W at 6GH2 and 1W at 

12GH2 6
• 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 percerit, this 

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 1981 7
. Their proposed technique involved the 

application of a polymide dielectric overlay technology to a GaAs 

structure. Results with this structure gave an output of 950mW 

at 8GH2 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 conti~ue to develop more and more devices are internally 

, matched and in 1981 Yasuo Mitsui et al 8 reported the 

development of a 10GH2 10W internally matched flip chip GaAs FET. 

In their configuration the gate and drain electrodes were 

connected directly to the lumped matching capacitors using no 

bond wires. The flip chip technology reduced both parasitics and 

thermal resistance. 

in figure 1. 5. 

Results obtained for their device are shown 

The latest FETs are the matched field effect transistors CMFETs> 

as reported by F. M. Magalhaes et alq It is a new design 

approach for microwave integrated amplifier modules. It uses one 

7 
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10 

9 

dB 
t- 7 
:::> 
~6 
as 
el 4 

~3 
a. 

2 

1 

· l-CHJP DEVICE 

Ptn•0.7 W 

QL--...l.--L.--l~.1..-_i_-1.---1 

9.4 9.6 9.e 10.0 10.e 10.4 

F'REGIUENCY <GHz> 

Fig. 1. 5 Frequency response of 4-chip and 1-chip devices with 

internal matching. 

or more GaAs FET chips for active elements and has input and 

output matching and bias circuits fabricated on two additional 

Ga As chips. It is contained in a hermetically sealed package 

that may be inserted in to a standard 50ohm transmission ·line 

.system without external matching or biasing circuitry. Figure 

1. 6 shows the M-FET layout. 

Fig. 1. 6 M-FET circuit layout C 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 is 

found that the maximum operating frequency of a GaAs FET is the 

ratio of gate length to carrier mobility. Although the same 

photolithography limitations apply to FETs as to bipolars the 

oarrier mobility of GaAs is roughly s~x times that of silicon and 
I 

electrons travel with peak velocities up to twice that in 

silicon10
• This immediately implies GaAs FETs will predominate 

at the higher frequencies. 

It is possible to use GaAs FETs at the lower limits of the 

microwave spectrum with expected improvements in noise figures 

over the best available bipolars. However, at frequencies below 

1 or 2 GH2 the input impedance becomes very high making impedance 

matching· very difficult. At about 4 to 5 GHz a trade off point 

is reached and FETs provide unquestionably better performance and 

are worth the extra cost and design difficulties associated with 

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

output powers comparable to FETs. In 1981 R. Basset and D. 

McCombs 11 reported a seven cell bipolar transistor that 

produced an output of 6W at 4GHz which at that time was 

unattainable with FETs. Tables 1. 1 and 1. 2 give a comparison 

between some commercially available FETs and bipolar transistors. 

The data are from the Fujitsu Microwave Semiconductors Selector 

Guide, June 1'985. 

From the tables it can be seen that high powers are available 

below 1GHz and below this irequency solid state amplifiers are 

'replacing travelling wave tube amplifiers < TWTAs>. 

9 
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Table 1. 1 Comparison between low noise FETs and bipolar 

transistors. 

Go.As FET Bipolo.r 

Type No, freq <GHz Go.In CclB) NF" CclB> Type No. freq CGHzl MAG CclB) NF" CclB) 

F J201 . 2,0 10,0 4,0 

FSClO 4,0 13,0 0,6 F J451 4,0 10,5 4,0 

FSC11 4,0 13,0 1,0 F J401 4,0 10,5 3,5 

FSX51 8,0 9,5 2,5 

Table 1. 2 Comparison between power FETs and bipolar transistors. 

Go.As FET Bipolo.r 

Type No. t-req <GHz) GtdB CclB) P1dsCW) Type No. c-req <GHz> Go.In CclB> Power <W> 

F"JOBB0-28 0,86 5,0 80,0 

fLLlOME 2,3 12,0 0,7 F"J2301B-24 2,3 10,5 1,1 

fLLlOO 2,3 8,0 7,9 F"J2306B-24 2,3 8,0 6,0 

F"LC2S3MHB 8,5 8,0 2,5 

f"LK202MH-14 10,0 6,0 1,8 

1. 5 Techniques Used to Increase the Output Power of FETs 

The maximum output available from power FETs is limited by 

several factors. Firstly, there is a limit to the si2e of the 

device. If the distribution of voltages and currents is to be 

kept uni form, 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 

for wideband applications. Design of power FETs now incorporate 

10 
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matching networks that are placed as close to the transistor cell 

as possible. 

Another limiting factor as regards the output power of FETs is 

the maximum allowable temperature rise of the cell. The mean 

time before failure <MTBF> of a GaAs FET generally decreases 

exponentially with an increase in temperature 6
• 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 used to reduce thermal 

resistance is a flip chip technology. This involves plating 

metal posts on the sources, gates and drains of the FETs and then 

flip chip the device on to berrylia carriers for example. 

In the majority of FETs the three terminals lie on the same plane 

on the surface of the die. This creates 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 design and fabrication of GaAs FETs and various 

goals have been striven for. These are: -

a> to obtain the maximum gate width for the frequency of 

interest 

b> to minimise electrical parasitics 

c) to reduce thermal impedance 

11 



Univ
ers

ity
of

Cap
e Tow

n

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 simply involves paralleling 

a large number of unit cells by wire bonding. This method bonds 

the individual source pads together with gold wire, thus 

.preventing dielectric crossover loss and providing fairly low 

conductor loss. Devices as large as 9,6mm total gate width for 

operation at 9GH2 and 24mm gate width for operation at 4GHz have 

been successfully assembled ·this way. The multiple bond approach 

allows a si~ple processing technology but makes device assembly 

more di fr i cu 1 t, highly labour intensive and can have increased 

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 Si02 as the dielectric. The main advantage of 

this approach is 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 less 

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 

contacts on the FET die and the die 

large, plated up source 

inversion so the plated up 

areas make contact with a copper heat sink. Not many devices 

12 
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have been made this way, mainly because a great deal or care in 

mounting is required and quality control is a difficulty. 

Interconnecting via air bridges is a newer method. In 1978 the 

method was still in the development stage. 
I 

Another approach uses 

holes etched through the substrate, plated up and used to 

interconnect the sources from the 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. 

s D S D S D S D s 

GENERAL TOPOLOGY PROBLEM 

/ 

Fig. 1. 7 Wire bonding of the sources, process is labour 

1 ntensi ve. 
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Soul"'ce OI"' Dl"'o.ln Bl"'lc:lglng ovel"'lo.y 

Dlelec1:1"'1C 

Fig. 1. 8 Fujitsu bonding method includes dielectric insulator 

with metal overlay. 

GnAs 

I J"D"J J"D"J J"D"J 10001 I 
HEAT SINK 

Fig. 1. 9 Flip chip technique - requires precise mounting, low 

source inductance. 

H.o.Hoon~nDo~oDn~ 
Fig. 1. 10 Air bridge to minimise loss and shunt capacitance. 

HOLE 

THINNED Go.As 
METAL 

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 involve 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 available gain CMAG> is unchanged as cells are 

combined. Unless special care is taken the MAG will, however, be 

reduced because of the source lead inductance which is not 

reduced proportionally as cells are added. The c ombi ni ng · 

efficiency is defined as 

1l = Pout Cn cells) 
nPaut C1 cell> 

1. 1 
constant gain 

A method ·or 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. 

Drain Pad GaAs Source,. Bond Wires 

Gate Pad Plated Heal Sin~ 

'Fig. 1. 12 A Texas instruments plated heat sink FET C from ref. 5>. 
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Another method that is used to reduce source inductance is 

shown in figure 1. 13. This shows the cross section and cell 

layout or 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 mounting. This is not widely 

used as already mentioned because or the difficulty of 

implementation. Y. Mitsui et al 12 developed a flip chip device 

in 1979. The fabrication procedure used is similar to that used 

for conventional MESFETs. 

ELECTROPLATE 
GOLD 

D 
I 

~ 
I 

c soarcv 

I d I I. D -0 

I 
source I D 

- I 

ELECTROLESS GOLD 

source 
D 

I 

QI ~ ... 
d 
CJ) 

I 
source I 

c 
d 

D I. 
-0 

I source 

I D 

I L-..J 

Fig. 1. 13 Bell Laboratories FET (a) cross-section ( b> top view. 

The source and drain metallisations consisted of multiple layers 

16 
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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 source 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). 

F'REQUENCY POWER <P1dB> POWER <Pso.t> LINEAR POWER t%) TOTAL GATE 
(GHz> Wo.tts Wo.tts GAIN <dB) WIDTH < M) 

10 4,5 6,0 5,0 17 9600 

12 3A 4,1 4,0 16 7200 

12 2,5 2,8 5,8 19 4800 

12 to t3 6,9 27 2400 

13 t2 t5 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 devices will be introduced in 

the next chapter. 
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CHAPTER 2 COMBINING ON THE CIRCUIT LEVEL 

2. 1 Introduction 

As mentioned in the previous chapter increasing the power 

handling capabilities of solid state devices by continuing 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. 

are combined using an n-way combiner, 

The n amplifier outputs 

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 TWTA 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 

component 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 ioss of output power, which is usually the case with 

a TWTA, where har-d. failure is the norm. If m out of n amplifiers 

fail it can be shown that the output of the combined amplifier 

reduces by 
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-20logC 1-.J!!.) dB 
n 

2. 1 

This assumes of course that the isolati~n between each device is 

infinite. 

Fig. 2. 1 

available. 

Combining 

categories, 

Different 

approaches 
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CIDWllATllllS Of' 
CHJr-U:VO.. ClllCUIT-
1.EVEL NUI Sl'ATIAL 

ClllllllEJIS) 

CllMIJHERS 

types of combining techniques 

can be separated into two 

that are 

general 

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 latter type of combiner is simpler and more 

'widely used, although it must be stressed that it does not 
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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 combining will be dealt with here. 

2.2 Chain and Tree Combining Structures 

Figure 2. 2 Shows a method of combining power using two way 

dividers. This is usually called a corporate Cor tree) 

structure. 

+ 

Pout 
+ 

+ 

i' 
3 STAGES or CDHJllNING 

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 loss, which 

means that efficient combining of power is limited, especially as 

the number of two way dividers used increases. Another limiting 

factor, when using this approach is the fact that only 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= Cantilog(-{Nxloss per divider})1X100% 
10 

2. 2 

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

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

(o.) 

35.4 

35.4 

(b) 

JN UT 

JH 

OUT 

Cc> (d) 

Fig. 2. 3 Common forms of 2-way power combiners and couplers that 

can be used in corporate structures. Ca) 2-way Wilkinson Cb> 

branch arm coupler ( c> rat race Cd) coupled line directional 

coupler C 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) di vi des the power to 

# 

give two outputs that are in quadrature. This ·implies that some 

thought has to be used in the design of a corporate structure so 

that all outputs are in phase. The rat race coupler, shown in 

fig 2. 3 Cc), 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 active or more. Once again they are not well 

suited for low loss n-way combiners. The coupled line 

directional coupler, for example, the Lange coupler, also has 

outputs that are in quadrature. This coupler has an active 

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 13
-

19
• 

The chain type of combiner is shown in figure 2. 4. In this type 

of 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 Nth stage is thus 10logN in dB's, assuming that 
f 

there is no loss. The chain combining approach is non binary, 

and in principle, any number could be combined. Losses in the 

couplers reduce the combining efficiency. It is also difficult 

to build couplers in microstrip with the high coupling 

coefficient required as the number of stages increases. The 

combining efficiency of this structure is lower than for the 

corporate structure for the same number of devices combined 20
• 

11 II II II II 

Fig. 2. 4 A chain combining structure. 
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2. 3 N-way Combining Structures 

N-way combiners are those combiners that combine n devices 

directly in one step without having to proceed through several 

combining stages. This immediately indicates that a higher 

combining efficiency should be possible with these type ·of 

combiners th~n 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 general 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 21
-

23
• 

There are basically two types of resonant cavity structures that 

can be used as cqmbiners. These are a rectangular waveguide 

structure and a cylindrical resonant cavity combiner. The 

waveguide version was described by Kurokawa and Magalhaes in 

1971, fig 2. 5 shows the layout 2 0
• 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 

pairs in this case, must be spaced one half wavelength, ~ 
apart 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 TMama mode. The more common 

A 

SECTION THROUGH 99' 

A' 

ABSORBER 

B e' 

SECTION THROUGH AA' 

Fig. 2. 5 Two cross-sections of the Kurokawa waveguide combiner. 

mode used is the TM010 mode. These modes have a maximum of the 

electric field at the central axis of the combiner, and the 

output is obtained from the combiner by placing a probe at this 
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point. This resonant cavity may be used to combine several FETs 

as shown by Y. Tokumitsu et al 21
• 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 limits, 

such as the size of the devices to be combined. 

Fig. 2. 6 

OUTPUT 

t 

0 

0 

H 

"'" I 

~'""o~o 

+ ~/4 
_L_ 

IMPATT 0100€ 

0 

INPUT 
PROBE 

• 

0 

0 

(a) 

INDUCTIVELY COUPLED 

/COAXIAL MODULES 

0 . 

0 

0 

0 

(b) 

Cylindrical resonant cavity combiner. Ca) A single 

coaxial module illustrating magnetic coupling to TM010 cavity. 

( b) Top view of resonant cavity showing module portions around 

pheri phery 2 0
• 

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 20
. 
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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 

of the oldest combiners. This classic combiner will be discussed 

in chapter 4. The Wilkinson may be extended to an n-way 

structure however, it no longer remains planar due to the placing 

or the isolation resistors. 

OUTPUT 

Fig, 2. 7 Wilkinson N-way combiner. 

A majority of the planar combiners are generalisations of the 

Wilkinson combiner. One such combiner is the n-way combiner 

proposed by Z. Ga 1 an i and S. J. Te mp 1 e 2 4 
• Figure 2. 8 shows the 

principle involved. This type of combiner/divider will be 

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. 

20 
l --MATCHED OUTPUT 

20 

zo 

50 zo 

zo 

20 

zo 

20 

ISOLATION RESISTORS 

Fig. 2. 8 Planar n-way combiner/divider. 

MICROSTRIP CIRCUIT 
I DIEL{CTRIC \ 

BACK..._ 

COAXIAL 
LINE 

X/4, 
Zo 

Fig 2. 9 The radial n-way power combiner/divider. 

The radial transmission line is accomplished on microstrip. 

Coaxial transmission lines with abrupt stepped transitions to the 

microstrip radial lines are used for input and output. The 

combiner has demonstrated a combining efficiency of 87, 4 percent 
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and 1dB bandwidt~ of 20 percent at 8,5GH2 operating as an 

ampli fi er 2 0
• 

It must be noted at this stage that there are both planar and non 

planar versions 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 

combiners available are the travelling wave combiner/divider 

which was proposed by A. Bert and D. Kaminsky in 1980 2 
'. This 

is not essentially an n-way combiner/divider but is closer to a 

corporate structure. N. Nagai et al 26 proposed a new n-way 

hybrid 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 

been 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 

of 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 until now has proved to be the most 

efficient and practical. 
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CHAPT'ER 3 RESONANT CAVITY COMBINERS 

3. 1 Introduction 

In general, a cavity resonator is a metallic enclosure that 

confines electromagnetic energy, A given resonator has an 

infinite number of resonant modes, and each mode corresponds to a 

definite resonant frequency. When the frequency of an impressed 

signal is equal to a resonant frequency, a maximum amplitude of 

the standing 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 TMa"' a 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: 

C a> the narrow bandwidth, although there are ways of overcoming 

this problem. 

Cb> the non-planar structure as fa~ 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 broad banding 

. 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 wa·veguide with two ends 
' 

closed by a metal wall; refer to figure 3. 1 

z 

y 

x 

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 vanish. These conditions are met if: 

TEnpq 3. 1 

wheren =0,1,2,3 ... is the number of the periodicity in the 

¢direction 

p = 1, 2, .3 ... is the number of zeros of the field in the 

radial direction 

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

Jn = Bessell' s function of the first kind 

Haz = The amplitude of the magnetic field 

and 

TMnpq 3. 2 

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

p = 1,2,3,4 ... 

q = 0,1,2,3 ... 

Eoz = the amplitude of the electric field. 

The wave number k is given as k=w/jii. The resonant frequencies 

for TE and TM modes are 

I 
Also k = XnP for the TE mode 

k = Xn P for the TM mode 

C TE> 3. 3a 

C TM> 3. 3 b 

3. 4 

For cavities where 2a>d the dominant mode is the TM010 mode and 

for d>2a the TE111 mode is dominant. 

For the design of the combiner the mode of interest is the 

TMn,q mode, and if other undesirable modes are to be supressed 

it is safer to consider the TM010 mode. This means that n = 0, 

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

3. 5a 
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3. 5b 

To find the resonant frequency let r = a, as at this point the 

electric field must be zero, which in turn means that 

JoCX01>=0. For this to be the case Xo 1 =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 4GH2 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 TM010 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-section of the design, the dimensions of which have to now 

be determined. 

CENTRE PORT ELECTRICALLY 
COUPLED 

PROBE 
TM010 MODE 

,.....--~_.,,.,...__+-__,CAVITY 

'-+-r:'Ul.r---~u.u,...-o::t-SMA 

MAGNETICALLY 
COUPLED 

LOOPS 

CONNECTORS 
PERIPHERAL 

PORTS 

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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'. 
3. 6 

Where ") = the intrisic impedance, 377 ohms 

R. = surface resistivity 

a = radius of the cavity 

h = depth of the cavity. 

Equation 3. 6 is quoted as being 40 to 200 percent accurate 27
• 

The reason for this is the surface roughness of the cylindrical 

walls. The surface roughness effects the surface resistivity and 

careful 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 

3. 7 

where ~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 

3. 8 

where Ao is the wavelength at the resonant frequency. 

The self inductance of the coupling <outer· probes> may be 

obtained by considering the cavity as an outer conductor of an 

e cc en tr i c t rans mi s s i on li n e , as de pi c t e d i n f i g u re 3 . 3 . 

L =~*h=~ ta.nr~l • c w lo.j 
3. 9a 
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I 
• 

I 

I 
I 

• 

2o. 
~ 
0 

H 

Fig. 3. 3 Eccentric tran13mission line. 

where L. is the self inductance of the outer probe 

and -1[[ 2 2 2J] z = 60 cash . 1 4o. +cl -4r 
av TE; 2 2o.cl 

This self inductance modifies the coupling to 

f3 - p 
, -1 +[wL-r z.; 

3. 9b 

3. 1 a 

Equations 3. 6 to 3. 10 are standard equations that have been used 

by various authors 20
•

27
•

28
• From 3. 8 it is seen that for a 

high f1, Qo has to be high. However, if Qo is high, it also 

means that Qext becomes high, and ideally a low Qext 

is required for a higher bandwidth. Y. Tokumitsu 

discovered that the lower the depth of the cavity, the lower 

As a result, it was decided to make the depth of the 

cavity, h, 1 Omm. 

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 as 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 TM010 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 seen 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, 12,5mm 

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 20 , however, again 

this is determined by the connectors used, in this case SMA, 

resulting in 3mm diameter probes. 
\ 

the The final dimensions of 

cavity were 

2a = 57,4mm 

h = 10mm 

d = 3mm 

Figure 3. 4 shows a photograph of the 8-way TM010 mode 

combiner/divider. 

The depth of the central probe, the output when used as a 

combiner, 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 loops, 

refer to figure 3. 2. 
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Fig. 3. 4 Photograph of resonant cavity 8-way combiner/divider. 

3. 2. 1 Results and Discussion 

In the following discussion the resonant cavity will be 

considered as a divider unless otherwise stipulated . This means 

that the centre port is the input and is numbered port 1. The 

output ports are numbered 2 to 9 . 

The input match was adjusted by altering the centre probe depth 

with all other ports terminated in 50 ohms . The resulting match 

gave a return loss of better than 40dB . This occurred at a 

centre frequency of 4, 27GHz as shown in figure 3 . 5. 

-5 
,..., Sll 
Ill 5 -0 
"' 

"' 15 "' CJ 
....J 

z: 25 
~ 
::::> 
t-

35 w 
~ 

.OS/DIV 4,5 
fRECUENCY <GHz) 

Fig. 3. 5 Input match versus frequency. 
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Fig. 3. 6 Outputs obtained from the cylindrical resonant cavity 

power combiner/divider. 
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The power at each of the outputs should be an eighth of the total 

input power, assuming that there is 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 port. From the results 

obtained, an insertion loss of 0,1dB with respect to 9dB was 

determined for the combiner/divider. This indicates an 

efficiency of 98 percent at the centre frequency. It. 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 4,25GH2. The construction of this 

type of combiner/divider is therefore very repeatable. The two 

combiners were placed "back to back" and the results obtained are 

shown in figure 3. 7. Ca> and Cb). 

0 S21 -10 ,... 
i:q ,... 
~ .4 ~ 0 

SH 

Cl) 
....,. 

Cl) 

~ 10 Cl .8 
...J Cl 
z: ...J 

SU:! z:20 
t- 0: 
0: :::::> 

t:41.6 tj 30 
z: 0: .... 

.05/DIV 4.5 
40 

4 .05/DIV 4.5 
FREQUENCY CGHz> FREQUENCY CGHz> 

c a> ( b) 

Fig. 3.7.Ca> Insertion loss of two resonant cavities placed 

"back to back". ( 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 is 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 isolation 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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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, which gives them a characteristic 

impedance of 141,42 ohms. 

1 A 

Now consider port 2 as the input 

20 

20 

20 

20 

20 

20 

20 

20 

2 

3 

4 

5 

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 

40 



Univ
ers

ity
of

Cap
e Tow

n

power at port 1 is therefore 0, 1247 watts, and the power output 

at the other seven ports is 0,0156 watts. This gives an 

isolation of -10logCO, 0156>=18, 06dB and an S12 of -9,03dB. The 

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

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

centre frequency. 

Figure 3. 8 shows that the isolations obtained for the 

combiner/divider are slightly higher than the 1BdB expected. The 

results obtained for some of the output matches are shown in 

figure 3. 10. The results shown in figure 3. 10 correlate well 

with those predicted, giving strength to the analogy used. 

,4 ,4 
,.. S22 ,.. S44 P:i .6 P:i 'tS .6 
""' 'tS 

""' 
(I) 

.8 (I) (I) .8 [J (I) 

...J [J 
...J 

z: 1 z: 1 0: 
::J 0: 

w 1.2 
::J 

w 1.2 0: 0: 

1.4 1.4 4 .OS/DIV 4.S 4 .OS/DIV 4.S fREQUENCY <GHz> fREQUENCY CGHz> 

.4 ,4 
,.. S66 ,.. S88 P:i .6 P:i .6 'tS 'tS 
""' ""' 
(I) 

.8 (I) 
(I) (I) .8 
CJ CJ ...J ...J 
z: 1 z: 1 0: 0: ::J ::J w 1.2 w 1.2 
0: 0: 

1.4 1.4 
4 .OSl.OIV 4.S 4 .OS/DIV 4.S 

FREQUENCY <GHz> FREQUENCY CGHz) 

Fig. 3. 10 Output return loss for the resonant cavity 

combiner/divider. 
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Note that the output matches appear to be very poor. 

to the conditions under which they were measured. 

This is due 

That is, in 

order to determine the S-parameters of the device it is necessary 

to fee~ 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 is 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 chapter 4. 

The measured values obtained 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 up with isolation because as more amplifiers blow up the 

all but input and output match gets worse and if, for example, 

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 prevent such failures it is worthwhile to use 

isolators in the amplifier circuits when the price of individual 

FETs are very high. 

3. 2. 2 Conclusions and Possible Improvements to the Resonant 

Cavity Combiner 

In summary, the resonant cavity combiner/divider described is 

both efficient and repeatable. Its major drawbacks are its 

narrow bandwidth and non-planar structure. The non-planar 

42 



Univ
ers

ity
of

Cap
e Tow

n

..... 

I 

I -' 

I 
I 
I 

I -

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 is another way in which the 

bandwidth may be increased. Other methods have been proposed. 

One such method uses double cavities 20 . This provides a double 

tuned circuit composed of TM010 and TMama mode cavities. 

Another method is that proposed by G. W. Swift 2 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 filter. Another point to note is that the 

loaded Q, Q1=Q.1J2' N where N is the number of devices. This 

means that the larger N, the 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 outputs are 

coupled to the electric field maxima, and are therefore placed 

half a wavelength apart. This differs from the more common 

rectangular ~aveguide combiner/divider Cref 22 p174J that couples 

at the 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 TD 
WAVEGUIDE OUTPUTS--------.., 

fRANSFCRMER . ~ . 

\11P I t I ~ I \ I 1-"-1 

~:~:~ 
WAVEGUIDE ---

TRANSFORMER SHORT CIRCUIT 

3. 11 Cross-section of the rectangular waveguide 

combiner/divider. 

The principle of operation of this combiner is as follows: 

Each of the outputs is matched to 50 ohms. This means that the 

impedance seen at point 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 circuit is shown in figure 3. 13. The ·above analogy was 

implemented 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 

~ 21.. ... :t. ~ 

I~ I ~ 

I/P Z1 zo 

------ 7v e 
MATCHED OUTPUTS 

Fig. 3. 13 Equivalent circuit or the rectangular waveguide 

combiner/divider. 

, VAR 
RL=50 

CKT 
TLIN 1 2 Z=17.667 E=90 F=10 
TLIN 2 3 Z=50 E=180 F=10 

RES 3 0 RARL 
TLIN 3 4 Z=50 E=180 F=10 
RES 4 0 R=50 
TLIN 4 5 Z=50 E=180 F=10 
RES 5 0 R=50 
TLIN 5 6 Z=50 E=180 F=10 

RES 6 0 RARL 
TLIN 6 7 Z=50 E=180 F=10 
RES 7 0 RARL 
TLIN 7 8 Z=50 E=180 F=10 
RES 8 0 RARL 
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 RARL 
TLIN 10 11 Z=SO E=270 F=10 
SHOR 11 
DEF4P 1 3 6 10 TEST 

OUT 
TEST DBlS21 J GR1 
TEST DBlS31l GR1 
TEST DBfS41 l GR1 

FREQ 
SWEEP 8 12 .2 

GRID 
GR1 0 -20 2 

O.OE•OO 

-10.00 

-20.00 

B.000 

O OB [S21] 

TEST 
+ OB (SJI] llE OB [S41] 

TEST TEST 

l.OE•OI 
FREQ-GHZ 

Fig. 3. 14 Output expected from the rectangular waveguide 

combiner/divider using the analogy depicted by the TOUCHSTONE 

circuit 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 

results. 

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. 

o.=10,14MM 

b=22,8MM 

Fig. 3. 15 Dimensions of the rectangular waveguide. 

The dominant mode of operation in rectangular waveguides is the 

TEo t mode. The cut off frequency is given by 

3. 11 

where m = 0 

n = 1 

)k = permeability of free space 

£,, = permittivity of free space. 

46 



Univ
ers

ity
of

Cap
e Tow

n

The waveguide wavelength ~ 9 , is given by 

3. 12 

where ~o is the wavelength in free space at frequency r. 

For the dimensions of figure 3. 15 the ·cut off frequency is 

6, 56GHz and ~ is 3, 98cm at 10GHz. This gives ~g/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 or 

rectangular 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 js given by 

z =~1 e >-. 0 j 
3. 13 

where"") is the intrinsic impedance of air, which is approximately 

377 ohms. 

This impedance is effectively the resistance per unit area of the 

waveguide cl:'oss-section and equation 3. 13 can be rewritten as 
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z =~·~ 
D To b 3. 14 C ref28> 

where a and b are the waveguide dimensions. 

It requires Zo/8 to be transformed to Zo. This therefore 

requires a characteristic impedance of Zo 1 for the waveguide 

transformer. 

This is given by [z~r=~ 3. 15 

which is the standard equation transforming impedances with 

quarter qavelength transmission lines, Zo 2 =Z1nZaut. 

Therefore 3. 16 

As both b and ~9 remain the same the following results. 

Which gives an a1 of 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 identical coupling and 

the last probe is a quarter wavelength from the short circuit 

resulting in all the probes being coupled to an electric field 
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maxi ma. The first probe i s placed a half wavelength from the 

waveguide transformer, theref o re all eight probes are in parallel 

and connected to one side of t he quarter wavelength transformer. 

Figure 3. 16 is a photograph o f the combiner/divider . The coaxial 

to waveguide transformer is not present and is placed on the 

right hand side. 

Note that this type of combiner/divider can only be effectively 

used as a pair. This is b e cause each output is different in 

phase. Hence they will have t o be used "back to back" with ports 

2 and 9 connected together a s shown in figure 3 . 17 which ensures 

that all path lengths are the same. 

Fig. 3. 16 Photograph o f th e 

combiner/divider . 

i 9 

I 
2 

INPUT 

rectangular 

OUTPUT 

2 
c OMBINER 

IVIDER D 

9 -!-

waveguide 

Fig. 3.17 The correct connect i on of two such combiners/dividers . 
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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 is at 10, 17GHz. 

-2 
,... Sll 
~ -10 ..... 
V) 

0 V) 
0 
..I 

z: 10 
~ 
:::> 
~ 

20 l.J 
0:: 

30 
8 ,4/DIV 12 

FREQUENCY CGHz> 

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 > , < c > and 

( d) . 

-4 6 • ,... 
S21 

,... 
cq cq 
-0 0 :g 10 ..... 

S51 

V) V) 
V) V) 

0 4 0 14 
..I ..I 

z: z: . 
0 8 !3 18 -~ ~ 
~ ~ 

~ 12 ~22 
z: z: .... .... 

16 26 
B .4/DIV 12 B 

FREQUENCY <GHz> 
,4/DIV 12 

FREQUENCY CGHz> 

< al ( b) 

·Fig 3. 19 (a) S21 and C bl s, 1 of the rectangular combiner/divider. 
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-5 -2 ,... 
S71 ,... 

S91 IXI IXI :g 5 ~ 0 
(I) 

(I) 

l:j 15 l:j 20 .J .J 
z: a 40 9 25 
I- ... 
et: I-

~ 35 
Cl! 

~ 60 z: .... z: -45 .80 e .41DIV 12 8 .4/DIV 12 
f'REQUENCY <GHz> f'REQUENCY <GHz> 

( c) ( d) 

Fig. 3. 19 ( c) S11 and ( d) S91 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 S21 differed the most in shape from that measured, refer to 

figure 3. 14. Due to this it was anticipated that various 

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 carried out on 

TOUCHSTONE. 

Firstly, the effect of varying the probe depth was investigated. 

This variation would be similar to changing the loads -of the 

analogous circuit, provided the changes are not too large. 

Secondly, the effect of spacing between probes was examined, this 

was simply 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 

changing the distance between the first probe and the quarter 

wavelength transformer were examined. The res~lts obtained are 

shown in figures 3.20 (a), Cb), Cc) and Cd). 
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Fig. 3.20 Ca) Effect of changing load. ( b) Effect of changing 

probe spacing. ( c) Effect of changing short circuit positition. 

Cd> Effect of changing quarter wavelength section. 

From these results, it was found that the factor which produced 

the most dramatic change was the distance between the first probe 

and the quarter wavelength transformer. As a result of this 

investigation it was decided that spacers of various thicknesses 

should be placed between the waveguide and the transformer 

section. As a result it was found that the predicted performance 

could be approximated more closely. The best result that could 

be achieved was with a 0,9mm spacer. Results obtained for S21 

are shown in figure 3. 21 for 0,9 and 1. 6mm spacers. 
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Fig. 3.21Ca) S2 t with a 0, 9mm spacer Cb) S21 with a 1,6mm 

spacer. 

The results obtained for the other transmission measurements were 

similar to those obtained previously. This was predicted as can 

be seen from figure 3. 20Cd). The results for S21 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 combiner/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 is to get reasonable 

results, ani then the bandwidth is extremely narrow to make this 

effort worthwhile. 

53 



Univ
ers

ity
of

Cap
e Tow

n

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 narrow bandwidth and its 

non-planar structure which makes effective heat dissipation 

difficult. The bandwidth can however, 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 

4. 1 Introduction 

The Wilkinson divider was first proposed by E. J. Wilkinson in 

Since then many generalisations of the Wilkinson 

divider have been developed. For example L. I. Parad and L. 

Moynihan 31 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 into 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 

combiner/divider. 

4. 2 The 2-Way Wilkinson Combiner/Divider 

Figure 4. 1 shows the standard Wilkinson combiner/divider. 

50 
IM 

Fig. 4.1 2-way Wilkinson combiner/divider. 

4-way 

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

equally to give equiphase outputs. This division is achieved as 
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follows: 

Ca> Ports 2 and 3 terminated with 50 ohm loads <no isolation 

resistor>. In orde.r 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 quarter 

wave transformer must therefore be 70,7 ohms. The division at 

port 1 is thus equal because two equal loads are seen at this 

point. The outputs are in phase because of the equal path 

lengths travelled. 

Cb> Ports 1 and 3 are terminated with 50 ohm loads <no isolation 

resistor> and port 2 is now the input. The impedance at port 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 quarter wave transformer to 150 ohms. Thus the 

impedance 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 

arriving at point A and the other one third goes to port 3. This 

gives a transmission of -3dB between ports 2 and 1 which is 

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 is not good enough if the one output is not to 

effect the ofher when used as a power combiner/divider. 

Before elaborating on the subject of isolation it is worth 

mentioning that if the device were operating 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 S2t is -3dB which is expected as the system is 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 therefore be twice the input power at port 

2. 

O.OE+oO 

-20.00 

-•o.oo 
1.000 

(j OB (Siil 
WILK 

+ DB [522) 

WILK 

4.000 

< a) 

10.00 

O.OE•OO~ 
I 

t 
I 
I 

-i0.00 t 
7 .000 

t .000 
Fi=IEQ-GHZ 

8 

Q OB (S21l 
MILi< 

8 8 

+ OB(S12l 
WILK 

8 8 8 8 8 8 8 8 

41.000 

FREQ-GHZ 

( b) 

7.000 

Fig. 4. 2 Input/output matches when port 2 and 3 are driven 

simultaneously, no isolation resistor ( b> S2 1 and St 2 under 

the same conditions. 

The isolatior'l obviously needs 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. 

lts value may be determined as follows. Let port 3 be short 

circuited. 

matched. 

For perfect isolation port 2 should remain perfectly 

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. 

lrt 

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

Under these conditions the impedance at port 2 will be 100 ohms. 

The short circuit 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 

input power will be dissipated in R, 

transmitted. 

and half will be 

Isolation is also provided between the output ports under normal 

operating conditions. If either port 2 or 3 are mismatched in 

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 and 3 now, must be driven with both the 
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same amplitude and phase if the combiner is to operate 

efficiently. Any variations in phase and amplitude will cause 

some power loss across the isolation resistor. Figures 4.4 Ca> 

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 better 

than 20dB. In other words a bandwidth of 37,5 percent. The same 

bandwidth is obtained if isolation is the important factor in a 

particular design. The limit is also 20dB. If S21 is the only 

important factor, a bandwidth of 2,25 to 5, 75GHz <87,5%> results 

for a 0,22dB ripple. 

-.40.00 
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for the Wilkinson 

( b) S21 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 

CRTDUROID 5880>. A discussion on rnicrostrip 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 

T 
70,7 ohms: width = 1,39mm 

/1111C at 4GHz) = 55,3mm 

50 ohms width = 2,46mm 

~cat 4GHz) = 53. 8mm 

Fig. 4. 5 Micros trip layout of the 2-way Wilkinson 

combiner/divider. 

Results obtained for this device are given in figures 4. 6 Cal, 

( b) ' 

< a) 

Cc>; Cd> and Ce>. S21 and S31 are shown in figures 4. 6 

and C b) • 

fairly even, 

From these figures it is seen that the split is 

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, BGHz was 0,3dB 

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

Figure 4.6Cd> shows the input return loss for the Wilkinson 

combiner/divider Cport 1). The best match was at a frequency of 

3,8GHz which is close to the design frequency of 4GHz. 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 possibl·e 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 various 

parasitic effects such as increased capacitance, and therefore 

'change the impedance at that point. As this point occurs at one 
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1 .6/DIV 7 .6/DIV 7 
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C a) ( b) 
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4 9.5 ,... 
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~ 8 
V) 
V) 

~11.5 Cl 12 
..J Cl 
z: ..J 

816 z:12. 
I- a:: 
a:: ::J 

~20 t:i13.5 
z: a:: .... 

24 14.S 
l .6/DIV 7 1 .6/DIV 7 

FREQUENCY <GHz> FREQUENCY <GHz> 
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8 
,... S33 
~ 12 ...,. 

~ 16 
Cl 
..J 

z: 20 a:: 
::J 

t:i 24 
a:: 

28 
1 .6/DIV 7 

FREQUENCY <GHz> 

C e) 

Fig. 4. 6 C a> ( b) ( c) ( d) 

C e) S2 2 and C f) SJJ for the 2-way Wilkinson combiner/divider. 

end of the quarter wave transformer, it wi 11 be. transformed, and 

as such magnified. For example if the impedances at the bends 

were changed to say 60 ohms, the impedance seen at port 1 would 

be 41, 7 ohms, which already produces a VSWR of 1,2. The effect 

of the bend 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 VSWR 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 line width required for the 65 ohms is 1,6mm 

compared to 1,4mm required for the 70,7 ohm line. This is a 

difference of only 0,2mm, which indicates that the etching 

process must be carried out with great care. The matches for 

and $33 were, however, 

24dB and 26dB respectively. 

very good with a return loss of 

Figure 4. 6 Cd) shows S2 2 is very 

similar to $33. The isolation was measured as 22dB at 5,8GHz 

and is shown in figure 4. 6 Ce). 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 

microstri p. The results obtained were not ideal, however, the 

principles were demonstrated and valuable experience was gained 

in the design of circuits on microstrip. The tolerances were 

slightly more critical than at first thought, and a good deal of 

care is required 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 Wilkinson Combiner/Divider 

A 4-way combiner was constructed using three Wilkinson 

combiners/dividers in a corporate structure. 

of combiner was discussed in chapter 2. 

The corporate type 

Initially, the first version fabricated, used the layout of the 

2-way Wilkinson combiner/divider discussed in the previous 

section for each of the 2-way dividers. 

figure 4. 7. 

Fig. 4. 7 Layout of the 4-way 

combiner/divider. 

The layout is shown in 

Dimensions for line 

widths are as for the 

2-way Wilkinson as 

there are no other 

impedance lines other 

than 50 and 70,7 ohm 

lines. 

corporate Wilkinson 

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 lines 

found at the output. The path lengths from the input to each of 

the outputs ~ust be the same. It will be noticed that a ninety 

degree bend is 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. 8 32 

w 

I 
I 

p 

/< 
b = 0,57w 

-p• 

Fig. 4. 8 The ideal amount of mitre required for a 90 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 see~ 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 is 

28dB and at 5,0GHz 21dB. Both are good matches, however, they 

are not at the design frequency of 4GHz. 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 

Wilkinson divider was the same as that used previously, which did 

work at the centre frequency. One possible explanation lay in 
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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 
,... Sll 
~ 6 1' ..... 

~ 12 
CJ 
_J 

z: 18 
a::: 
:::> 
t;j 24 
a::: 

,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 C a> ' ( b) ' ( c) and ( d) . 

0 0 ,... 
S21 

,... 
S31 ~ ~ 

"D 2 1' 2 "' "' 
Vl Vl 
Vl Vl 
CJ 4 CJ 4 
_J _J 

z: z: 
CJ 6 CJ 6 - -t- t-a::: a::: 
~ 8 i..J 8 VI z: z: .... .... 

10 10 
1 .6/DIV 7 l .6/DIV 7 

FREQUENCY <GHz) FREQUENCY CGHz) 
( a> ( b) 

0 0 ,.. 
~ S41 ,... 

S51 "D ~ 

"' 2 1' 2 "' Vl VI VI 
CJ 4 VI 
_J CJ 4 

_J 

z: z: CJ 6 - CJ 6 
t- .... 
a::: t-
i..J 8 a::: 
VI i..J e z: VI .... z: 

10 
.... 

1 .6/DIV 7 10 
1 .6/DIV 7 FREQUENCY <GHz) FREQUENCY <GHz) 

( c) ( d) 

Fig. 4. 10 < a> S2 t I ( b) SJ l I ( c) S4t, and ( d) s, l. 

'--
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From these figures it is seen that the outputs approach the 

required 6dB insertion loss at the two "centre" frequencies 

indicated by the input match, 

insertion loss between S21, 

less than 0, 4dB. The loss, 

2GHz and 0,35dB at 5GHz. 

namely at 2,0GH2 and 5,0GH2. The 

$4 t and Ss t varied by 

with respect to r6, OdB, was O, 3dB at 

The loss is lower than expected, 

especially when the loss measured for the Wilkison 2-way is 

0,25dB. A loss of at least 0,5dB would be expected. The reason 

for this is two fold. Firstly the network analyser used to 

determine these results cannot measure insertion losses more 

accurately than to 0, 1d8, 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. 9. 

Ideally the response is easily predicted and is shown in figure 

4.11. 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 determine what factors 

influence the response of the combiner/divider in an attempt to 

give an explanation for the response depicted by figure 4. 9. 
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From figures 4. 11 Ca> and Cb) 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 

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. 

O.OE+OO 

-20 .OD 

-.so.co 
t.000 

0 DB [Sill 

NILKi< 
+ DB {S22J 

WILKK 

4.000 

C a> 

)IE DB [523) 

MILKK 

FREQ-GHZ 

X DB[S24) 

WILkK 

7 .000 

-5.000 

0 DB[S21) 

WILl<K 

-10.00 re:::==: 
1.000 .s.ooo 7 .ODO 

FRED-GHZ 

( b) 

Fig, 4.11Ca> Ideal S11, S22, S2J and S24 for the 4-way 

corporate combiner/divider Cb> S21 for the same device. 

Firstly the length between the dividers was measured on the 

layout used. This turned out to be slightly more than a quarter 

of a wavelength. This length was totally accidental, 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 placed 
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I 

--

• • 

' 

I 

------

' -20.00 

/•4o.oo 
,./ t.000 

Fig. 

0 OB (Sii) 
NIUO( 

4. 12 

+ OB (S22) 

HILt<I< 

JI( OB (S23) 

HILKI< 

X DB (524) 

HILl<I< 

.t.000 7 .ODO 

FREQ-GHZ 

C a) 

O.OE•OO 

-5.000 

-10.00 

1.000 

0 OB )S2tl 

WILKK 

41,000 

FRED-GHZ 

( b) 

Response of the corporate structure with a 50 

quarter wavelength of transmission line interconnecting 

/ividers C a) s 1 1 ' S22, S2J and S24 ( b) S2 1. 

7 .ooo 

ohm 

the 

between the dividers on the TOUCHSTONE mode 1. The results 

obtained are shown in figures 4.12 Ca> and Cb>. From figure 4. 12 

it is seen that good matches occur at three frequencies, namely 

2GHz, 6GHz and at the centre frequency of 4GHz. 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 S11 at 4GHz it was decided to 

change the impedance of the lines connecting the dividers to 40 

ohms. The results obtained are shown in figure 4. 13 Ca>. From 

these results it is seen that there is now a worse match at the 

input at 4GHz. For interest it was then decided to change the 

impedance of the output transmission lines to 40 ohms as well. 

The results obtained are shown in figure 4. 13 Cb). 

68 



Univ
ers

ity
of

Cap
e Tow

n

O.OE+OO 

-20.00 

-•o.oo 
1.000 

Fig. 

0 OB !S!!I 
WILKI< 

+ 08 {522] 

HlLKK 

4.000 

< a> 

)ti OB [5231 

WILKK 

FFIEO-GHZ 

4. 13 < a> S1 1 , 

X OB (524) 

WILKK 

7 .000 

O.OE+OO 

-20'.00 

-40.00 

1.000 

0 OB IS 11) + OB (S22) 

MILKK MILKK 

•f.000 

( b) 

J1E DB [S23) 

WILKK 

FREQ-GHZ 

S24, obtained with 0,251>\ 

X DB [S2<) 

WILKK 

1.000 

40 ohm transmission lines connecting the 2-way dividers and with 

0, 25 ~ 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 or S11 approached the measured results, 

good input matches at 2 and 6GHz and a poor 

Figure 4.13 Cc> gives S21 for this situation. 

Fig. 4.13 Cc) 

O.OE+OO 

-~.000 

-to.oo 
t.000 

0 OB [S21) 
NILKK 

. ·~·. 

B 8 9 8 e:"..--W- . ~ 

4.000 7 ,000 

FJ:IEO-GHZ 

S21 for the set up as in Cb). 

match at 

with 

4GHz. 

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. 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 4GHz. 

-20.00 

0 DB (Siii 

HILKK 

+ 08 (S22) 

WIU<K 

;I( OB (5231 

WlLKK 

X OB (S2•1 

WILKK 

--t0.00 

1,000 4,000 7 .ooo 
FREQ-GHZ 

Fig, 4.14 St t, S22, S2J and S24 where the interconnecting 

lines are 50 ohms 0,25~ long and the output lines are 40 ohms 

O, 25 (\ long. 

Continuing with this investigation, results obtained with 40 ohm 

connecting lines 0, 5 )\ long and 50 ohm 0, 25)\ lines at the output 

are shown in 4. 15 Ca). Here the response is almost ideal. The 

response is 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 in 

fig'ure 4.15 Cb>. 

From the results obtained, the most important factor appears to 

be the impedance of the output lines. If this impedance is poor, 

the effect is more enhanced by the presence of quarter wave 

transmission lines. The choice of lengths for the output and 

connecting lines was thus poor, although it was accidental. 

These resulis also show that the impedance of the lines is 

important, and great care must be taken in the fabrication of the 

circuit board layout. 
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+ OB 1522) 
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WILKK 

0--, ~./: 
. ~- -~ 

·?~~ 
.·'//·.·. 
/,r./ . 
/ 

. -40.00 l___._~~__.___,~_._....__.__,u...._.__..L-~_.____.___. 

t.000 •.DOD 7.000 
rnEO-GHZ 

C a> 

t ,000 

, 0 OB ISll) 

tf(LKK 

+ OB IS22) 

WILKK 

A.COO 

( b) 

;oi DA IS23) 

WIU<K 

FREQ-GHZ 

X OB (S2'1l 

WIU<K 

Fig. 4.15Ca) 0,5~ 40 ohm connecting lines; 0,25~ 50 ohm output 

lines ( b) 0,5~ 50 ohm connecting lines; 0,25A 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 

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 1 3, 5 mm. 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 lines was changed to 106 degrees. The output lines 

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

ohms. The results obtained are shown if figures 4. 16 C 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,~""', does 

not change linearly with frequency, and can therefore cause 

shifts in frequency. This effect is discussed in chapter 5. 
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.. za.oo 

-•o.oo 
1.000 
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+ 09(S22) 

Wrt.KK 

... ooo 

< a> 

ll! OB 16231 
WILKK 

FRED-GHZ 

1.000 

O.OE•OO 

-5.000 

•10.00 
S.000 

0 OB!S2!) 
WILKK 

41.000 7.000 

FAEO-G~Z 

( b) 

Fig. 4.16 <a> Results for the 106 degrees 40 ohm interconnecting 

lines; 0, 25 )\ 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 Wilkinson 

Combiner/Divider 

The layout of the second version of the 4-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 li~es is equal in 

physical length. Their positioning is controlled by the physical 

si2e 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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.1 

L 
Dimensions as before. 

_J 
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 qentre 

frequency is slightly out because of the effect of the 

discontinuities found at the changes in line widths. Such a 

discontinuity changes the effective length of the transmission 

lines 32 . Figures 4.19 Ca> and Cb) show S21 and S2t with $31 

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 3,65GH2 between 521 and $31, which was the same as the 

difference between S4 t and s, 1. Note that the responses of 
I 

S2 t and Ss t are the same, as are the responses for S31 and 

$41. The phase discrepancy is most likely due to the sharp 

bend found in the paths for $31 and $41. 
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Fig, 4.18 Input match for the 4-way corporate combiner/divider. 
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5 

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 improved by making 

another device and reducing the bend curvature and increasing the 

distance between the lines. However, as the prime aim of this 

dissertation is the design of an 8-way combiner it was felt that 

the experience gained for this device will be put to better use 

in the design of the other combiners/dividers which will also 

have phasing problems to sort out. Figures 4. 20 Ca) and C bl 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. The 

isolation, however, is good being around 30dB. Figure 4. 21 shows 

the output match, S2 2. The return loss was 54dB at 3,BGHz. 

4. 3. 4 Conclusions 

The corporat~ 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 

between 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 is 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 a complete 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 24 and later analysed by A. A. M. 

Saleh33
• However, these combiners/dividers are constructed on 

microstrip which is lossy and as a result low 

efficiencies are obtained. 

combining 

This chapter discusses the fork-combiner/divider and deals with 

the 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 planar combiner/divider with a combining efficiency of 94 

percent will be presented. 

5. 2 Microstrip 

5. 2. 1 Intro~uction 

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 manufacturing 

techniques they. have undoubted economic and technical merits. 

The general geometry of microstrip is shown in figure 5. 1. Prior 

to 1965 nearly all microwave equipment utilised coaxial, 

Fig. 5. 1 General geometry of microstrip. 

·waveguide or stripline circuits. In recent years, with the 

advent or 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, Cequal to the thickness of the substrate). Also of 

importance is the relative dielectric constant of the substrate 

The thickness, t, of the conducting strip is much less 

important and can often be neglected. Some properties and 

advantages of microstrip ar.e as follows: 
. 

a) D. C. as well 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 small. 

d) 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 on either side. The dielectics used are alumina, 

which 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 

polyguide which had a dielectric constant of 2,33. The substrate 

was a PTFE Cpolyteraflouroethylene). At this stage or 
I 

development, the copper was inclined to lift off the substrate on 

soldering and etching. This meant that the soft board did not 

catch on commecially and microstrip with alumina as the substrate 

continued to be used 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 rRferred 

to as RTDUROID 5880, those with a dielectric constant nf 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 specific 

impedance and transmission line·length. The formulae used are 

quoted from T. C. Edwards 32 • The wavelength At\'\ may be 

calculated using the formula 

5. 1 

where )o is the wavelength in free space 

and is the effective relative dielectric constant of the . 

substrate. 

The effective relative dielectric constant is defined as the 

ratio or C/C1 where C is the capacitance of the standard 

microstrip and C1 is the capacitance or microstrip with the 

same dimensions but with a substrate consisting of air. 

For known values of the characteristic impedance, z 0. and 

relative dielectric constant, the following formulae may be used 

to determine the width of the line. 

For narrow strips Cie. when Zo > {44 - 2er} ohms> 

~= fexpH - 1 _r1 

h L 8 4expHJ 5. 2 
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where 

H-ZoJ2<c,.+1) 1[£,.-l][lnTT 1 ln4J 
- 119,9 +2 E,.+1 2+ e,. ff 5. 3 

and £.ff is given by 

E =Er +1 [1- _Lf l,.-llflnII +-1Jn1l]-e 
. eU 2 2H'[£,. +l]l 2 E,. rrj 5.4 

. For wider strips C ie. when Zo < <44 - 2£r} ohms 

5. 5 

where 

2 
d _59.95JI 

e - Za]E; 5. 6 

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

percent. For narrow· lines Cw/h < 1,3> Ee ff has the error range 

+0,5 - 0,0 percent. Equation 5. 6 is accurate to 0,2 percent for 

8 < Zo < 45 ohms. Note that for microstrip having t/h < ·o,005, 

2 < ~r < 10 and w/h > 0,1 the effects of the strip thickness 

are negligible within approximately 1 percent on Zo or 

~. f f ) • 

When the frequency of a signal exciting a microstrip line is 

doubled Csay>, the phase constant, ~= ~ is not exactly 

doubled. This effect is 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 dielectric substrate to an increasing extent 
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as the frequency rises and as such a frequency dependent 

effective microstrip permittivity ~.rf(f) may be defined. The 

limits of •fdf> are summarised below. 

\ 

~. f f ( f)-~). ( £, f f 

c.~r 
as f--4-0 

as f--400 

Between the limits E.fdf> changes continuously. This 

therefore means that in order to calculate the microstrip 

wavelength C ~.) equation 5. 7 must be used. 

5.7 

where E. f d f) is given by 

5. 8 

where h is in millimetres and f 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 calculator, the HP41C. 

5.2. 3 Losses in Microstrip 

Power losses in microstrip can be split into three separate 

mechanisms: -

a> Conductor loss. 

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

the substrate. 

c) Radiation losses. 
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The first two items are dissipative whereas the last 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 

Q( - 0,072.lf'>, ... 
c- wZ 

0 

dB/microstrip wavelength 

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

In order to get equation 5. 9 c a) in to a form that gives, 

in dB/m 5. 9 ( a> must be divided by ~ ... This then gives 

o< - 0.072.IF' 
c- wZo dB/m 

5. 9C al 

a loss 

5. 9C b) 

In practice equation 5. 9 Cb) gives somewhat low results and some 

account of surface roughness must be taken into account. In 

general the loss is increased by 60 percent when surface 

roughnes~ is taken into account and equation 5. 9 Cb) modifies to 

I 
r;J.c = 1, 6 oC 5. 10 

b) Dielectric loss 

The following expression gives the dielectric loss associated 

with microstrip. 

dB/m 5. 11 
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where )..o must be in metres and tanb is the loss tangent for the 

substrate material. The value used for tan& was 10- 3 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 4GHz. The 

dielectric loss is some ten times smaller than the conductor 

loss. 

c> Radiation loss 

Microstrip is an asymmetric transmission line structure and is 

often used in unshielded situations and as such is free to 

radiate. This means that there is further power loss. 

In particular, discontinuities such as bends, steps and open 

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 

loss 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 

C RTDUROID 5880> useli here. 

The equatio~s given for the various losses in microstrip were 

implemented on a programmable calculator and the results obtained 

are shown in figures 5. 2, 5. 3, 5.4and5.5. 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 £r; figure 5. 3. 

c> 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, o(d, 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, o<c does not tend to zero unless w or Zo tend 

to infinity. 

15 

14 

13 

12 

" 11 
E 

10 "\.. 
i::ci 

; 

<:5 
9 

......,, 8 
(/) 7 
(/) 

6 D 
_J 5 

4 

·3 

2 

1 

1 

Z0 = 50 OHMS 

3 4 5 6 

FREQUENCY 
7 8 

CGHz) 

Fig. 5. 2 Loss versus frequency. 
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0 

Frequency = 4GHz 
Zo = 50 OHMS 

h = 0,787MM 

2 3 . 4 5 6 7 8 9 10 

RELATIVE DIELECTRIC CONSTANT 

Fig. 5. 3 Loss versus relative dielectric constant. 
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1 
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Fig. 5. 4 Loss versus height, h. 
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s 
Frequency = 4GHz 

h = Q,787MM 
C:r= 2,2 

c,.., 2L----~ 
V1 
0 
_J 1 

o<:c:l 

10 20 30 40 so 60 70 80 90 100 

CHARACTERISTIC IMPEDANCE, Zo 

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 line under 

consideration. If it is just a constant impedance line 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 dielectrics are to be 

used. 

5. 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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.T 
b 
I 

. J_ 'tzzzz:ro:rn.'ZIZX1.XZZZ:.r::IIZ1.XZZZ:.r:z:=.-=Y 

Fig. 5. 6 Stripline structure. 

5. 3. 1 Design Equations for Stripline 

The design equations below are from K. C. Gupta et al 34
• 

For t, non zero 

with 

and 

where 

A- ZoJE:;. 
- 30TT 

~ = ~ [1-llnlr~]2 
+ r 0,0?96x r]~ ' 

b IT 2 ll2 x l~o -0,26xj Jj 

M=2[1+~1~x] 
-l 

5. 3. 2 Stripline Losses 

5. 12 

5. 13 

5. 14 

5. 15 

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. 

where o(,. is the total loss, ~ the conductor loss and CX.cl the 

dielectric loss. 

The dielectric loss for stripline Cor any other TEM line> is 

given by 

D(d = 27,3}£;. t~ncf 
0 

dB/m 5. 16 

where tan&" is the loss tangent of the dielectric. From this 

equation it is seen that the dielectric loss is directly 

proportional to the frequency and the loss tangent. 

The conductor loss may be evaluated using the following relation, 

dB/m 5. 17 

where R, is the sheet resistivity for the conductor and is 

with f being the resistivity of the conductor. 

In order to evaluate the above, an equation relating Zo with 

the par a meters b, w and t i s re qui red. This is given by 

5. 18 
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where 

and 

,;,JL = _.\L_ + AW 
b-t b-t b-t 

AW _ X _ 1 . + 0 0796~ 
[ [ 2 r J"J~ b-t -TT(l-x) 1 2 ln fa~x] ~ + 1,lx 

where m and x have been previously defined. 

Equation 5. 17 shows that the conductor loss is 

5. 19 

5. 20 

directly 

proportional to the square root of frequency for a particular 

stripline structure. In general, the dielectric loss is small 

compared to the conductor loss at microwave frequencies. But at 

millimeter waves it becomes comparable to the . conductor loss 

because dielectric loss increases linearly with frequency, 

whereas conductor loss is proportional to the square root of 

frequency. The loss in stripline will vary much the same as 

microstrip with variations in the various parameters. 

differentiation would be required to solve for 

~1'> . f 
~l a large amount of arithmetical work is to be 

Discrete 

and 

avoided. 

Gupta et al do have an equation which gives the conductor loss 

directly, however, there seems to be a printing error as the 

results obtained using it were nonsensical. 

Figure 5. 7 gives the variation of loss in stripline with 

frequency. Tan~ was chosen to be 10- 3 as before and the 

differentiation was carried out in discrete steps on a 

programmable calculator. 
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,..... b = l,57MM, W = l,28MM 
~3 t = 17,5pM i:x:i 
c:s 
.....,, 2 

o<c. 
(/) 

~1 o<tl 
..J _) 

0 
1 2 3 4 5 6 7 8 9 10 

FREQUENCY <GHz) 

· Fig. 5. 7 Loss in stripline versus frequency. 

From this graph it is seen that the variation of loss with 

frequency in stripline i~ similar to that found in microstrip 

structures. The values are slightly lower for the stripline 

structure, however, as the equations come from different sources, 

and in the case of microstrip are empirical, the two cannot be 

numerically compared. The trends are more 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 

most promising was the fork combiner/divider 'proposed by Z. 

Gall ani and S. J. Temple 24
• Figure 5. 8 gives a schematic of 

the device. The input is split into n identical transmission 

lines of characteristic impedance Zo, each a quarter of a 

wavelength 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. Saleh 3 3 • 

----MATCHED OUTPUT 
zo 

zo 

zo 

50 zo 

zo 

zo 

zo 

zo 

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 a 

divider unless otherwise stipulated> an input impedance of 50 

ohms is required. Therefore the characteristic impedance Zo 

must be chosen so that 

50 = ~ 5. 21 
n z 1 n 

where Ztn is the output load, 50 ohms, and n is the number of 

ways the input is to be split. Therefore 5. 21 reduces to 

Zo = 5ofri 5. 22 
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The isolation resistors are chosen to give the best isolation 

between the output ports. According to the analysis carried out 

by Saleh33 this would give a value of 70,7 ohms for a 4-way 

combiner/divider. 

quoted as 14, 5dB. 

The optimum isolation that would result is 

For a four way version of figure 5. 8, a 

characteristic impedance of 100 ohms would be needed for the 

quarterwave transformers. Although a transmission line of this 

impedance is relatively narrow it js still possible to etch. 

However, 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 line. 

would cause discontinuity problems. To overcome this, 

Which 

it is 

necessary to choose a lower impedance for the quarterwave 

trans for me rs. A value of 70 ohms is a fairly good one to start 

with because the discontinuity effects with its previous use were 

acceptable. 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 combiner/divider is 

shown in figure 5. 9. 

Dimensions 

50 ohm as before 

70 ohm w = 1,41mm 

~(at 4GHz> = 55,3mm 

35 ohm w = 4,00mm 

'>.M = 53mm 

L _J 

Fig. 5. 9 Layout of the 4-way fork combiner/divider. 
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With 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 Cb) 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 

of a quarter wavelength at the input has the effect of increasing 

the bandwidth, with S11 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. Saleh33 gives an analysis on the 

two stage combiner. Note that these extra stages, although 

having the effect of increasing the bandwidth also increase the 

loss and hence decrease the efficiency of the combiner. 

Returning to figure 5. 10 <a>, it is also seen that the output 

match of S22 and SJJ 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 

as the isolation, so a compromise must be taken. In general, the 

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

( b> gives the expected through transmission, and as shown is 

flat over the band 2,0 to 6, OGH2. 

and oc~urs between ports 2 and 5. 
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Fig. 5. 10 C a) Predicted S11, S22 and S33 for the 

rork combiner/divider ( b) 

combiner/divider. 

O. OE•OO 

-15. 00 

rrJ 08tS12l 

FORK 
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+ 08CS13l 
FORK 

l!( 08CS1'l 

FORK 

for 

-30.00 L_.__ _ _.__~-~--~-- ..... ·-·-~-~ 
2. 000 ... 000 e. ODO 

FRED-CH! 

Fig, • 5. 11 Predicted and for 

4-way 

the 

the 

combiner/divider. <Because of TOUCHSTONE circuit layout 

S24 and S2s correspond to S12, StJ and S14 shown on the 

di a gram. > 

fork 

With the predicted results looking promising the combiner/divider 

was constructed on microstrip CRTDUROID 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. 1GH2. And the 

response is similar to that predicted by TOUCHSTONE, with best 

matches occuring at 2, 8 and 5,8GH2. Over the frequency range 2,3 

to 6,0GH2 the return loss is better than 14,0dB CVSWR of 1,5>. 

0 

~ 14 
CJ 
..J 

z: 21 
~ 
:::J 

~ 28 
~ 

Sll 

35--+--+--+-----+--t~l---f-+-~ 
2 .4/DIV 

f'REQUENCY CGHz> 
6 

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

Figures 5. 13 Ca> and Cb) show a return loss of 12dB at 4,0GH2 for 

S22 and 20,6dB for $44. The return loss for S44 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 Ca), Cb> and Cc> 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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5.14 Ca> ( b) S24 and Cc) S4J for the 4-way 

combiner/divider. 
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Figures 5.15 <aJ, ( b) ' ( c) and <d> show the insertion losses 

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 is 

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 lengths must be 

different. 
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Fig. 5.15 (a) S21, (b) SJ1, Cc) Su and Cd) S:st. 
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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 is 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 4-way fork combiner on the same lines as this one, but 

change the layout of the meandering 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 line 

width to reduce any coupling that might be present. This was 

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

figure 5. 16. 

L 

j 
/ 

Dimensions as before. 

_J 

Fig. 5. 16 Layout of the second version of the 4-way fork 

combiner/div1der. 

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 loss of 

24, 2dB. This is 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 match for port 3 is given in 

figure 5. 18 Ca) and the isolation between ports 2 and 4 is shown 

in figure 5.18 Cb). The through transmission measurements are 

shown in figure 5. 19. 

-10 

~ 10 
CJ 
...J 

z: 20 
ct: 
:::> 
t:i 30 
Q! 

Sll 

401----1---1---1--+~~I--~+--+-~ 

1 ,6/DIV 7 
F'REQUENCV CGHz> 

Fig, 5. 17 Input match of the second version of 

combiner/divider. 

-10 0 
S33 ,.... 

S24 ,.... rll 
~ 0 "D 

5 'V 
'V 

~ 10 "" :g 10 
CJ ...J 
...J 

z: 20 z: 
ct: 9 15 
:::> t-

ti 30 
Q! 

~ 20 ti! z: .... 
40 25 1 ,6/DIV 7 1 .6/DIV 

f'REQUENCV <GHz) F'REQUENCV CGHz> 

C a) ( b) 

Fig. 5. 18 (a) SJJ and ( b) S2 4 for the second version 

the combiner/divider. 
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0 ,.. 
S21 + S31 i:i::i ,, 

2 v 

"" (I) 
Cl 
...J 

4 

z: 
CJ 6 -t-et: 
Li.I 8 "" z: .... 

10 
1 ,6/DIV 7 

fREQUENCV CGHz> 

Fig. 5, 19 S2 t and SJ t for the second combiner/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 

to 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 

combiners is the meandering lines. These 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 

maximum phase error is 41 degrees at 7GH~. It is 8 degrees at 

1GHz. 

Fig. 5. 20 Phase variation between ports 2 and 3. 
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As 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 been suggested by Edwards 32 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 combiner/divider that had mitred 90 degree bends 

for the meandering lines. One advantage with this is the ease of 

calculating the physical lengths and thus enabling all the 

lengths to be the same in a prescribed space. 

that the phase error may be reduced. The 

combiner/divider is shown in figure 5. 21. 

It was also hoped 

layout of this 

1 
Dimensions as before. 

L _J 

Fig. 5. 21 The layout 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 Ca) and Cb). Figure 5. 22 Ca> shows S2 1 and 5. 22 

Cb> shows S21 and $31 superimposed on one another. From this 

figure it is seen that the outputs are fairly equal as regards 

amplitude. 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 

variation is the same as for ports 4 and 5. The other results 

obtained 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. 

0 0 ,... S21 
,... 

CiQ CiQ ,, ,, 
2 ..... 2 ..... 

V) "' V) V) 

c 4 c 4 
.J .J 

z: z: 
0 6 c 6 .... .... ..... ..... 
~ ~ 
LtJ 8 LtJ 8 
V) V) 

z: z: - .... 
10 7 

10 
1 ,6/DIV 1 

FREQUENCY CGHz> 

< a> 

Fig. 5. 22 C a> S21 ( b) S21 and $3 1 for 

of the 4-way combiner/divider. 

LtJ 15 
u 
z: 
LtJ 

el 10 
i.. 
i.. -c:I 
La.I 5 
V) 
<[ 
::J: 
a. 0 1 ,6/DIV 

FREQUENCY CGHz> 

S21 + S31 

,6/DlV 
FREQUENCY CGHz> 

( b) 

the third version 

7 

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 output lines are added. The layout of the circuit is shown 

in figure 5. 24. Note that the only major difference is the 

absence of meandering lines at the output and as a result the 

connectors are not in the same plane. 

L _J 
Fig. 5. 24 Layout of the 4-way combiner to determine if any phase 

variation exists before meandering. 

The results obtained for this layout are shown in figure 5. 25. 

0 ,... 
IXI S21 + S31 
'ti 2 ..,. 

"' "' 4 c 
_J 

z: c 6 -t-
O! 
LJ 8 
"' z: ... 

10 
1 ,6/DIV 7 

FREQUENCY <GHz> 

Fig. 5. 25 S21 and S31 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. 

Lo.I 15 
u 
z: 
Lo.I 

f5 10 
Li. 
Li. .... 
Cl 
Lo.I s 
VI 
<( 
J: 
0.. 0 1 .6/DIV 

F'REQUENCY CGHz> 
7 

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 should ideally be in phase at 4GHz, it was decided to 

incorporate the difference of 1,5mm in the output lines. The 

outer lines were made 1,Smm shorter. The final layout of the 

fork combiner divider is shown in figure 5. 27Ca>. Figure 5. 27< b) 

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

L _J 

Fig. 5. 27 Ca> Layout of the 4-way fork combiner/divider. 
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combiners/dividers that were constructed . 

The results obtained for t h is combiner/divider were once again 

very similar to those obtai n ed previously. Figure 5 . 28 shows 

SJ1. The average insertion loss with respect to 6dB is 0, 4dB . 

Figure 5 . 29 gives the pha s e variation between ports 2 and 3 . 

0 
,,.... 

S31 11:1 
'ts 

2 ..., 

"" Cl) 
CJ 4 
_J 

z: 
CJ 6 ... 
t-
~ 
Lo.I 8 Cl) 
z: ... 

10 
2 .4/DIV 6 

FREQUENCY <GHz> 

Fig, 5. 28 SJ 1 of the combin e r/divider . 

From this figure it is seen that the worst phase variation is 3 

degrees. The isolation obtained is shown in figures 5 . 30 Ca> and 

( b) , is shown in figure 5. 31 <a) and SJJ is shown in 

figure 5.31 Cb>. Note that S11 is not as good as that obtained 
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previously, however, the return loss is better than 14dB over the 

frequency range 2, 5 to 6, OGHz. The poorer match is ascribed to 

,... 4 L!J 
i.J 
'=I 
'V 

i.J 3 
u 
z: 
i.J 
et: 2 i.J 
i... 
i... -'=I 

i.J 
1 

II) 
ct 
:c 

0 2 a. 
.4/DIV 6 

FREQUENCY <GHz) 

Fig. 5. 29 Phase variation between ports 2 and 3 

the slightly different impedances that might be presented at the 

outputs due to the bends. These impedances would then be 

transformed 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 combiner/divider. 

S22 is very much the same as for the other combiners/dividers. 

0 0 
" S23 ,... 

S52 cq cq 
"D 4 "D 
'V 'V 4 
II) II) 
II) 

8 
II) a a 8 _, _, 

z: z: e 12 e 12 
t- t-
et: et: 
~ 16 ~ 16 
z: z: .... .... 

20 20 
2 .4/DIV 6 2 .4/DIV 6 

FREQUENCY <GHz> FREQUENCY CGHz> 

< a> ( b) 

Fig. 5. 30 < a) ·S23 ( b) S:12 for the 4-way combiner/divider. 
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0 0 
Sll " 

S33 ,.. 
i:q 6 i:q 6 "ti "ti ..., ..., 

~ 12 ~ 12 
CJ CJ _. _. 
z: 18 z: 18 
II!. II!. 
:::> :::> 

w 24 w 24 
II!. II!. 

30 30 
.4/DIV 6 2 .4/DIV 6 2 

FREQUENCY <GHz> FREQUENCY <GHz> 

C a> ( b) 

. Fig. 5. 31 C a> St t ( b) $33 for the 4-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/divider~ seem to be a problem, and it is difficult to 

estimate the change in lengths required to compensate. The 

sxperience 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 is very similar to the 4-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. 
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the above type should be attempted. Once this has been 

fabricated in microstrip, attempts at increasing the combining 

efficiency will be looked into if the results obtained look 

promising. 

5. 5 An 8-Hay Planar Combiner/Divider 

5. 5. 1 Design of the Combiner/Divider 

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 is too narrow for the etching process and would 

introduce large discontinuities at the 50 ohm to 141,4 ohm 

junction found at the outputs. For this reason a quarter wave 

section is added at the input so that the impedance of Zo may 

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

wavelength 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 layout of the combiner/divider is shown in 

figure 5.32 Ca). Figure 5. 32 Cb) shows a photograph of the 

combiner/divider. 

Dimensions 

50 ohms as before 

100 ohms w = 0,7mm 

)\.,Cat 4GHz) = 56,4mm 

35,35 ohms w = 3,94mm 

~II\< at 4GHz) = 53,0mm 

Fig. 5. 32 (a) The layout of the 8-way combiner/divider. 
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Fig. 5.32Cb) A photograph o f the 8-way combiner/divider. 

The circuit as shown in figu r e 5. 32 <a) · was modeled on TOUCHSTONE 

using ideal transmission lin e s. Firstly, TOUCHSTONE was used to 

optimise the value of the r esistors. A value of 65 ohms was 

found to be optimum. The va lue that A. Saleh33 recommends is 

85 ohms. The difference i n value is due to the fa ct 

analysis is for a combiner/ divi der that does not ha v e a 

wave transformer at the input. The predicted results 

f r om TOUCHSTONE are shown in figures 5 . 33 (a) and Cb). 

- 20 . 00 

- <10 . 00 

l . 000 

0 oe rs11 1 
FOAA 

+ 00 (S2 2) 

FORK 

0 . 000 

)I( OB (S33) 

"'"" 

FnEO - GH Z 

x 00 (52 3 ) 

FORK 

7 .000 

-5 . 000 

- 10 00 

- t !LOO 

1 . 0 0 0 

0 OB (5 21} 

FORK 

4 . 000 

C a) < b> 
Fig. 5 . 33 (a) The predicted values of S11 1 S22, SJJ and 

S2J < b) predicted S21 for the 8-way combiner/divider. 
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The best return loss that could be obtained for S22 was just 

under 15dB. The optimum minimum isolation was 10dB for S2J. 

A. Saleh predicted an optimun minimum isolation/match of 10,SdB 

for the 8-way combiner/divider. Note that without isolation 

resistors the isolation would be 18dB, as discussed in chapter 3. 

The output matches would, however, be very poor. Figure 5. 34 

shows the isolation predicted by TOUCHSTONE. 

With these results, the combiner/divider was fabricated in 

microstrip CRTDUROID 5880>. Before going ori to analyse the 

results obtained, a brief account on the meandering lines is 

given. 

O.OE-1-00 

-20. 00 

0 OD (512) 

FORK 

+ 00 (523) 

FonK 

)f. 00 (534] 

FonK 

-l!fl!flBINfMfB!ff 

-40 .00 ~-~~-~.-.,...J....____J.___L-.-....1-__._____.._ _ _.__~~ 

1.000 .d,000 7 ,000 

FnEO-GHZ 

Fig. 5. 34 Predicted isolation for the 8-way combiner without 

isolation resistors. 

From figures 5. 32 Ca) and Cb) the meandering lines provide a 

striking feature. As mentioned previously, this is necessary to 

obtain equiphased outputs. It must b~ emphasised that the 

positioning of the connectors is controlled by ~he size of the 

devices to be combined. They must also be in the same plane so 

that two combiners/dividers may be used back to back to allow the 

combination of several FETs in an amplifier. 
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In order to get all the lines the same length, a particular 

layout which has various limits associated with it is chosen. 

Such a limit might be the distance allowed between two lines. 

This information then allows a set of simultaneous equations to 

be written. These are solved, and if ·the solution is not 

practical a new layout must be tried. One variation in the 

layout may include a change in the number of meanders. 

process is iterative and as such time consuming. 

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

However, 

5.5.2 Results Obtained for the 8-Way Combiner/Divider 

This 

this 

To st.art with figures 5. 35 Ca), Cb), Cc) and Cd) show some results 

obtained without isolation resistors. Figure 5. 35 Ca) shows the 

isolation 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 Cb> shows the isolation between ports 9 and 4. The 

response should be the same as the device is now symmetrical. 

The results obtained show that this is almost the case. Figures 

5. 35 C cl and Cd> show S2 2 and S4 4 respectively. From these 

figures it can immediately be seen that the output match is poor 

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 

other 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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Fig. 5. 35 C a> Sq 2, ( b) Sq 4, ( c) S22, and ( d) S44 

for the combiner/divider without isolation resistors. 

All the other isolation values should be fairly similar, and this 

is born out by the remaining graphs. The isolation is almost 

20dB at the centre frequency. Figure 5. 37 shows the match 

obtained for S22, where it is seen that there has been a 

definite improvement compared to the case without isolation 

resistors. The shape of the graph is not easily ·explained because 

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

matches occur at any particular point. 
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Fig. 5. 36 Isolation obtained from port 2 to all other output for 

'ports for the 8-way combiner/divider. 
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Fig. 5. 37 S22 for the 8-way combiner/divider. 

These variables include the parasitics caused by all the bends in 

the meandering lines, the distances between these bends, 

discontinuities at the impedanc~ transistions, as well as 

discontinuity effects at the connection of all the quarter wave 

transformers. 

St t is shown in figure 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 line, 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. 

0 

~ 16 
0 
....J 

z:: 24 
a:: 
:::J 

~ 32 
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6 

Fig. 5. 38 The input match, St 1, of the 8-way combiner/divider. 
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Figure 5. 39 shows all the transmission measurements obtaine4 for 

the combiner/divider. These results show that the split is 

a~cepatable with a variation between ports or 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 

outputs. 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 possible 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 Hood 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 fourid that S21 ~nd S91 are almost the 

same, as should be S3 t and Sat etc, because of the symmetry. 

On examining the graphs shown in figure 5. 39, it is seen that 

this is in fact true, 

order of 0, 3dB. 

with variations between pairs being in the 

The phase variations between ports 2, 3, 4 and 5 are once again 

very poor. The reasons for these phase variations are the same 

as for the 4-way combiner/divider but on a larger 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 carried 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 

of the line is large and as such can easily cause a path 
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Fig. 5. 3 9 S2 1 , Sa 1, s,., Sa1 

and s,. for the 8-way combiner/divider. 
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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 

phase correct, it was decided not to build another just 

purpose as the size of board used is quite large 

expensive. It was decided to rather look more closely 

combining effeciency obtained with this device. 

,4/DlV 
FREQUENCY <GHz) 

6 

Fig. 5. 40 Phase variation between ports 2 and 5. 

5. 5. 3 Combining Efficiency of the 8-Way Combiner/Divider 

get the 

for this 

and is 

at the 

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 CSJ1) and converting 

them to output powers with reference to 1 watt CdBW>. For 

example, if S21 were -9, 1dBW, the output power would be 0, 123W. 

All the outputs in watts were then added to give the expected 

output and hence efficiency. 

Efficiency = output/input x 100% 5. 23 

.The results obtained for each frequency were plotted on a graph 

which 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, OGHz. Note that over the narrow band of 3,8 to 4,7GHz 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 loss, conductor loss and possibly radiation losses 

from the discontinuities and bends. Before discussing methods of 

increasing the efficiency of this type of combiner, the loss 

associated with radiation from the antennae is investigated. 

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 radiation adds to give a particular 

type of polarization. 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 polari2ation. If no radiation is required the 

dimensions given in brackets must be used. 

(l) 0,5 

<ANY VALUE> 
0,25 

...._ ____ 1\ 

Fig. 5. 42 Rampart antenna. 

0,5 (1) 

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 

microstrip of the same dimensions was also fabricated and the 

insertion loss of each measured. 

5.6.1 Results Obtained 

One wavelength of 50 ohm line gives a physical length of 53,8mm 

at 4GH2 on RTDUROID 5880. The layout of each antenna is shown 

in figures 5. 43 Ca) and ( b). 

Fig. 

-

c a) 

5.43 Ca) 

radiating antenna". 

( b) 
Circularly polarised antenna Cb) 
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The results obtained for these two antennae are shown in figures 

5. 44 Ca), ( b) ' Cc>, and C d). Figures 5. 44 Ca> and Cb) give the 

return loss, which in both cases is better than 18dB over the 

range 2 to 6GHz. This indicates that the bends do not have too 

significant an effect on the match in this particular case. The 

through measurements are given in figures 5. 44 Cc> and Cd). Here 

it is seen that the insertion loss for each is almost the same. 

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

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

indicates that the radiation losses are either very low or both 

antennae are radiating. To confirm which, all that had to be 

0 0 

" 
Sll ,... Sll 

CQ 9 CQ 9 l:I 1:1 ....,. 

~ 18 t:l ia 
CJ CJ 
...I ...J 

z: 27 z: 27 
~ ()! 
:::> :::> 

tJ 36 tJ 36 
~ ~ 

452 .4/DIV 6 452 .4/DIV 6 
FREQUENCY <GHz) FREQUENCY CGHz> 

C a> ( b) 

0 0 
,... 

S21 
,... 

CQ CQ 

.~ .2 ~ .2 
S21 

Vl Vl 
Vl Vl 
CJ .4 D .4 
...J ...J 

z: z: 
!3 .6 !3 .6 
t- t-
()! ()! 

bJ .B t;l .B 
z: z: .... ..... 

1 
.4/DIV 6 2 .4/DIV 6 

FREQUENCY CGHz> FREQUENCY <GHz> 

( c) ( d) 

Fig. 5. 44 C a) St t for the antenna ( b) Stt for the non 

radiating antenna Cc> S2 t for the antenna < d> S2 t 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 on microstrip. The results 

obtained are shown in figures 5. 45 Ca) and Cb). 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 
'\ 

4GHz is also 0, 4dB, the same as for the two antennae. The graphs 

for insertion loss are very much the same. The insertion losses 

are all within 0,2dB 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 CRTDUROID 

5880) can be concluded as been negligible per section. 

0 0 
SU .,... 

S21 .,... tXl 
~ 9 ~ .2 13 
""' 
~ 18 

(;? 
II) 
D .4 

Cl ..J 
..J 

z: 27 z: 
et:: 9 .6 
::> t-

ti 36 
et:: 
tl .8 et:: z: ..... 

45 
.6/DIV 7 l .6/DIV 7 

FREQUENCY <GHz) FREQUENCY <GHz) 

c al ' ( b) 

Fig. 5.45 Cal S11, Cb) S21 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 4GH2, 

Rampart antennae were made on 1/16" C1,59mm> thick board with a 

dielectric constant of 2,2 3 ~ which is twice the thickness of 

the board used. With this board a line width of almost Smm for 50 

ohms would result. 

From these results it was evident that for the case on microstrip 

CRTDUROID 5880>, h = O, 787mm, the effect or radiation is not as 

significant as first thought, so other methods to reduce the loss 

must be considered. This is the subject or the next section. 

5. 7 The Reduction of Loss in Microstrip and Stripline 

Structures 

To reduce the loss in stripline and microstrip structures either 

the physical dimensions of the substrate or the substrate 

material 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 changes the conductor loss 

because 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 is increased 

radiation losses, 

become too wide. 

which increase rapidly if the line widths 

In stripline, the line widths also become 

large, and the effects of discontinuities would 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, 

reduced. 

both the conductor and dielectric losses would be 

This is not easily achieved, as most material~ have a 
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dielectric constant in the vicinity of 2 to 5, and if the 

dielectric constant is less than 2, it does not necessarily have 

a low tanb where the dielectric loss is directly proportional to 

tanS. The {deal solution would be to have air as the substrate. 

This has a dielectric constant of 1 and a tan6 of zero. The only 

and major disadvantage is that it is difficult to incorporate 

into a physical structure that is reasonably robust and 

practical. 

There are two possible structures 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. Figure 5. 46 shows a sketch of 

t ti'i s configuration. Fabrication problems include accurate 

milling out of the circuit and keeping the PCB taught over the 

whole plane, especially if there are large areas. 

THIN PCB BACKIN\ STRIP CONDUCTOR 

I ~ I 
GROUND--;:AN::ILLED 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 tanO would be- very 

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 is shown in figure 5. 47. 

CONDUCTOR 

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 implemented. 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 lines 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 out section was 0,89mm C0,035"). The 

results obtained are shown in figures 5.48 Ca) and Cb). The 

length of line was 70rnm. Figure 5. 48 Ca> shows the return loss 

obtained which was better than 16,5dB over the bandwidth. The 

insertion loss, shown in figure 5. 48 Cb) 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 CRTDUROID 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 indica~e that the loss 

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

have been higher if the loss per unit length were to remain the 

0 0 S21 
,.... Sll 

,.... 
1%1 

1%1 8 '"O 
'"O 

.2 ..... ..... 
II) 

~ 16 
D 

II) 

g .4 
.J 

i z: 24 
~ 
:::> 
tJ 32 
~ 

z: 
D .6 -t-
~ 
LJ .8 II) 
z: -40 

l .6/DIV 7 
FREQUENCY <GHz) 

.6/DIV 7 
FREQUENCY <GHz) 

C a> ( b) 

Fig. 5.48 Ca) S11 for microstrip with air as dielectric 

1 = 70mm < b> S22 for same. 

same. As this was not the case, it was decided that longer line 

lengths would give more reliable readin~s and comparisons as 

errors due to mismatch and calibrations would have less effect. 

0 S21 ,... 
1%1 
'"O 

.2 ..... 
II) 
II) 
D .4 
.J 

z: 
D .6 .... 
t-
~ 
LJ .8 II) 
z: .... 

.6/DIV 7 
FREQUENCY <GHz) 

Fig. 5. 49 S21 for microstrip, RTDUROID 5880, 1 = 70mm. 

126 



Univ
ers

ity
 of

Cap
e T

ow
n

A stripline structure of the milled out version was fabricated. 

This gave promising results, and these are shown in figures 5. 50 

< a) and C b) . The length of this structure was still 70mm and b, 

the width of substrate, was 1, 78mm C 0, 07">. The results show a 

loss of 0,3dB at 6GH2 and 0,2dB at 2GH2. The match is given in 

figure 5.50 Cb>. The return loss is better than 15dB over the 

bandwidth. 

0 0 S21 
Sll 

,... 
,... P:i 

""Cl 
~7 ....,, .2 ....,, 

V) 

~ 14 
V) 
0 .4 

0 _J 

_J z: 
z: 21 0 .6 ..... 
~ t-
:J ~ 

1:j 28 i.J .8 V) 
~ z: ..... 

35 
1 .6/DIV 7 .6/DIV 7 

FREQUENCY <GHz) FREQUENCY <GHz) 

< a) ( b) 

Fig. 5. 50 c a> s l l • ( b) S21 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 st~ipline made on RTDUROID 5880, b = 0, 062" is 

shown in figure 5. 51. From this diagram it is seen that the loss 

obtained is higher than that obtained for the antennae and 

microstrip given in the previous section. The results obtained 

for a stripline structure with a milled out section are shown in 

figures 5.52 Ca) and (b). The results are poor. The main reason 

for this wa~ 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 

not a 50 ohm line. This explains the poor match as shown in 
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figure 5.52 < a) . Because the match is poor, a standing wave is 

0 S21 ,... 
l:Q 

::g .4 

"" V) 

5 .8 

z: 
81.2 
t-
O! 

ti 1.6 
z: .... 

2 
.6/DIV 7 

fRE!JUENCY CGHz) 

Fig. 5. 51 Loss in stripline C RTDUROI D 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 or 

the loss due to mismatch from S21 is not reliable. 

A second attempt at this structure was made. The results were 

much better and are shown in figures 5. 53 Ca> and < b) . The 

return loss was now better than 15dB over the bandwidth 1 to 7GH2 

and the insertion loss varied from 0,1dB at 1GH2 to 0, 6dB at 

0 0 S21 
Sll 

,... 
,... IXl 

~ 5 ::g .6 
...... 

V) 

V) V) 

V) 10 5 t.2 
D 
_J z: 
~ 15 E! 1.8 

t-
::J O! t-

bl2.4 l.&J 20 
O! z: .... 

25 3 
1 .6/DIV 7 1 .6/DIV 7 

fRE!JUENCY CGHz) FREQUENCY CGHz) 

C a> ( b) 

Fig. 5.52 Ca> S11 of the first attempt at stripline structure 

with air as a dielectric Cb> S2 t of the same <substrate 

thickness, b = O, 07"). 
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6GHz. This is an improvement of nearly a factor of 2 compared to 

the stripline structure with RTDUROID 5880. 

0 0 
Sll 

,.... 
,.... CQ 

?d 6 
"'C 

.2 ...; 

...; 
VJ 

~ 12 
VJ 

a g .4 
_J 

z:: 
z:: 18 s .6 
[)!'. t-:::> IX 
t:i 24 ·w 

VJ .8 
IX z:: ..... 

.6/DIV 7 .6/DIV 7 
FREQUENCY <GHz> FREQUENCY <GHz> 

C a> ( b) 

5. 53 S11 for second version of stripline with air as a 

substrate Cb> S21. 

Microstrip structures were thought not to be robust enough, and 

were not' built. ·Structures using foam were now fabricated. The 

results obtained are shown in figure 5. 54 Ca) and Cb) which were 

very promising. Figure 5. 54 Ca) shows the match obtained with a 

return loss of better than 18, 4dB. over the bandwidth 1' to 7GH2. 

The advantage with this structure was that the height between 

ground planes and hence the match could be adjusted. The 

insertion loss was 0, 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 whi°ch were sturdy or brittle. However, most materials 

with this property had a high tan(, for example thin cardboard 

gave the poor results shown in figure 5. 55. 
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Fig. 5. 55 Ca> S11, Cb) S2t 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 was 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.Sc. 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 c 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 Cal. The dimensions 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. 

GROUND PLANE 
NOT TD SCALE 

GROUND 
PLANE 

fDAM 

BACKING 
STRIP 

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 

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

better than 15dB. This match was impro~ed by adjusting the 

0 

.4/DIV 6 
FREQUENCY <GHz) 

Fig. 5. 57 In"itial S11 for the 8-way combiner/divider. 

distance between the ground planes. The best match obtained is 

shown in figure 5. 58. The best return loss obtained is now 25dB 
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at 4, 9GH2~ 

0 

~ 12 
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::> 
t:i 24 
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6 

Fig, 5. 58 Final Stt 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 th~s have already been given. Figure 5. 60 gives the phase 

error between ports 2 and 5. Note that the shift in 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 isolation obtained is very similar .to that measured for the 

combiner/divider fabricated on microstrip. 
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Fig. 5. 59 SJ1 for the low loss 8-way combiner/divider. 
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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 a~e shown in 

figure 5. 61. From this figure it is seen that a peak combining 

efficiency of 94 percent at 4,2GH2 is obtained. The efficiency 

ij 80 
z: 
i..J u 70 ..... 
i.... 
i.... 
LJ 60 

.4/DIV 
FREQUENCY <GHz> 

6 

Fig. 5. 61 Combining efficiency for this 8-way combiner/divider. 

is better th~n 90 percent over the bandwidth 3,8GH2 to 4,7GHz 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 

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 previously, 

consuming. 

although the process may be rather time 

5.9 Conclusion 

This phapter dealt with planar n-way combiners/dividers. Firstly 

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 

affect the loss obtained. 

fabricated and analysed. 

A 4-way fork combiner/divider was 

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 4-

way combineridivider was extended to an 8-way version which gave 

r•asonable results and a peak combining efficiency of 86 percent . 

Methods at reducing the loss in stripline and microstrip were 

1ooked into with the aim of increasing the combining efficiency 

of such a combiner. This lead to a structure using foam which 

has a dielectric constant of 1,03 and a low tanC 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 is planar, and as such allows heat 

dissipation. The isolation between ports is in the worst case 

1 OdB, but can be 18dB if no isolation resistors are used. 
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Isolators can be used and are probably advisable as this would 

protect expensive power FETs if any were to fail. 

136 



Univ
ers

ity
 of

Cap
e T

ow
n

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 is evident from the fact that the maximim 

power available from a power FET is at the present stage of 

development 

unfavourably 

only 

with 

10 watts at 4GHz. This compares very 

100 watts output power available from 

commercial travelling wave tube amplifiers. For higher powers 

levels to be achieved using power FETs, 

are required. 

power combiner/dividers 

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 4,2GHzl. Its major disadvantage is however, that it 

is non planar and therefore causes heat dissipation 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 

only combine 2N devices, where N is a positive integer. These 

combiners/dividers were investigated. 

are planar but are not very efficient. 

They provide good results, 

Planar n-way combiners were investigated. These were more 

efficient and an 8-way version manufactured on micros trip 

CRTDUROID 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 investigated. This meant that varidus methods of reducing 

the 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 betweeri two layers of foam. 

to make an 8-way combiner/divider. 

This structure was used 

The results obtained were 

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

obtained at 4,2GH2. 

A low loss planar 8-way combiner/divider was therefore developed 

which has an efficiency approaching that of a circular resonant 

cavity combiner. The bandwidth of the former was much broader 

and its planar structure allows better heat dessipation for the 

combin•d amplifier. The isolation resistors allow graceful 

degredation, not found in the resonant cavity structure. 

The planar combiner/divider developed has much to offer and is 

worthy of further investigation. Techniques for improving its 

construction should be considered as well as possible low loss 

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 Jo<x>. 

:i: 0 1 

0. 1.0000 .9975 

1. .7652 .7196 

2. .2239 .1666 

3. -.2601 -.2921 

4. -.3971 -.3887 

5. . -.1776 -.1443 
6. .1506 .1773 
7. .3001 .2991 

8. .1717 .1475 

9. -.0903 -.1142 

2 3 

.9900 .9776 

.6711 .6201 

.1104 .0555 
-.3202 -.3443 

-:-.3766 -.3610 
-.1103 -.0758 

.2017 .2238 

.2951 .2882 

.1222 .0960 
-.1367 -.1577 

·.:::~>o 
1.0 

0.8 

0.6 

0.4 

\ 1, I 
V\ ~::.__ 

/ 

4 

.9604 

.5669 
... 0025 

-.3643 

-.3423 
-.0412 

.2433 

.2786 

.0692 
-.1768 

/3 -
Value of Jn<x> 0.2 I I\ "\. / / \ / 

// ~ ~ \ \ 
0 

-0.2 

-0.4 

-0.6 
0 

\ 
~ 

2 

I\. 

i\ " )< 
x ',...../ ~ 

4 6 

5 6 7 8 

.9385 .9120 .8812 .8463 

.5118 .4554 .3980 .3400 

-.0484 --.0968 -.1424 -.1850 
-.3801 -.3918 -.3992 -.4026 

-.3205 -.2961 -.2693 -.2404 

-.0068 .0270 .0599 .0917 

.2601 .2740 .2851 .2931 

.2663 .2516 . 2346 .2154 

.0419 .0146 -.0125 -.0392 
. -.1939 -.2090 -.2218 -.2323 

r--.... ~ -- -
/ 1\...1 ~ /' ' >< / ~ ;x 

/' -,{ " v i'V r--... / x ~ 

~ .,./ ...... - - -

8 10 12 14 16 

Argument of JnCx> 

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

Table A. 2 pt h Zeros of Jn ( 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 1 l.065 12.339 
3 8.645 10.173 1 l.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 is a product of EEsof and is a software programme 

written by Bill Childs and Chuck Holmes for RF computer aided 

engineering. 

computers. 

The program runs on IBM and IBM compatible personal 

It uses a nodal description for circuits; random 

optimisation 

catalogue. 

and has a complete el~ment and measurement 

TOUCHSTONE is 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, 

page on the screen. 

this is displayed as an entire 

iii) A tuner is incorporated that allows data to be changed in a 

particular circuit. By pressing enter, a new sweep is initiated 

which is 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 optimiser is available that allows optimisation of a 

particular response for the circuit· under consideration by 

changing parameters specified by the user. The optimiser is 

interactive and uses random exploration. That is, 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 based 

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. 

open circuited transmission line physical models. 

d) Ideal coupled line 

and short and 

e> s-parameters The element library allows up to 4-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 frequ~ncies in the file. 

f) Defining networks TOUCHSTONE allows the naming of any 

network in the circuit up to a maximum of 4-ports. This network 

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

Other features include the possibility of storing S-parameters 

that 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 

the circuit layout. The output block is where the outputs are 

specified as well as format of the output. Either magnitude, 

The outputs are magnitude and phase, real and imaginary etc. 

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 is a dimension block that allows the overiding of default 

dimension. There is 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 give an optimum gain. An example of a circuit file 

is given in chapter 3 where the rectangular waveguide 

combiner/divider was analysed. 
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APPENDIX C METHOD EMPLOYED TO SHOW OUTPUT 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. 

2 

50 
3 

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

combiner. 

When s-parameters are determined, o~ly 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 ideal voltage controlled 

voltage source that has a gain of 1. In other words, for an 

input of 1 volt, 

1 volt. 

the output from the voltage source is also 

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 n4 M=x1 A=x2 R1=x3 F=x4 T=x~ 

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

M = magnitude of voltage gain at de. 

A = angle of voltage gain at de. 

R1 = input resistance. 

R2 = output resistance. 

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

T = ti me delay associated with voltage gain. 

For an ideal voltage source 

F = 0 => F -> infinity 

T = 0 => T =O 

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 = 0 and T = 0. 

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

70,7 2 

Rl=O 
50 

3 4 2 3 

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

The circuit 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=O R1=0 R2=0 F=O T=O 
DEF2P 1 2 WILK 

OUT 
WILK DBC S11l GR1 
WILK DBC S221 GR1 
WILK DBC S211 GR2 
WILK DBC S121 GR2 

FREQ 
SWEEP 2 6 . 25 

GRID 
GR1 0 -40 5 
GR2 6 -6 1 

Fig. C. 4 Circuit file. 
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