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ABSTRACT

The slotted line has, for a number of years, been one of the
most useful and necessary tools in RF and microwave measurements.
It was therefore felt appropriate to attempt to design an improved
version, capable of broad band operation (1 to 18 GHz) with the ability
of examining modulated and unmodulated wave forms.

Initially, the relevant transmission 1line theory was reviewed
with particular emphasis placed on the concepts that were to influence
the actual design.,

The unique feature of the project, was the use of semi-rigid
cable, which greatly contributed to the realisation of the two main
objectives, namely low cost and accuracy.

The mechanical construction proved as important as the electrical
design and for this reason both topics were analysed and discussed
in some detail in the text of the thesis.

The approach was justified in that on the final examination,
the slotted line performed satisfactorily in comparison to more ex-
pensively purchased units, over the expected frequency range without
exhibiting an anomalous behaviour.

Recommendations that would improve the slotted line even further
were made in the conclusions chapter, with specific attention paid

to the redesigning of the probe and the tuning mechanism.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL PRINCIPLES OF A SLOTTED LINE

One of the most unique and informative measurements that can
be carried out on a transmission line, is the measurement of a standing
wave ratio. What makes it so important in high frequency work is
the fact that from simple measurements on the standing wave the secon-
dary  parameters of a transmission line may be determined. Using
the Voltagé-ngnimum position and VSWR, quantities such as the impedance
of a load terminating the iine, the impedance presented at the input

line terminals, the characteristic impedance, the voltage breakdown

level of the line and many more may be calculated.

There ‘are classical and modern ways of measuring VSWR, some being direct

oﬁhers indirect. An example of an indirect VSWR measurement is the
reflectometer method using the directional coupler. The ratio can
then be obtained from the equations relating the incident and reflected
voltages or power levels. On the other hand, the slotted line allows
direct VSWR measurements since it is designed to couple to the elec-
tric field inside the transmission line and thus record the intensities
at the maxima and minima of the standing wave. It also has the advan-
tage over some methods in that it gives the positions of the voltage

maxima and especially and more importantly the positions of the minima.




Slotted lines have been regarded as one of the most useful and
principal componentsf of microwave equipment for very many years.
Tﬁeir versatility and measurement accuracy hés enabled the microwave
engineer to use them in conjunction with powerful and more sophisti-
cated electronic inStruments (e.g. spectrum analyser) at all levels
of research.

If well designeé, a slotted line allows a wide range of secondary
parameters such as réflecfion coefficient its magnitude and its phase,
attenuation or insertion loss, wavelength, éomplex_terminatiqns to
be accurately determined over a wide range of frequencies. Precision
lines, however, are found to be increaéingly costly, mainly due to
the mechanical close tolerances required to achieve a high degree
of accuracy in electrical performance. For this reason and for the
fact that no microwéve test bench is complete without such a useful
measuring aid, it wés felt that an attempt should be made to design
a low cost, yet precise coaxial slotted line which would cover a range
of frequencies from 1 to 18 GHz.

The design described in this thesis was intended for a broad
band operation, and 'allow fhe output to be fed tsAeither a VSWR meter,
an amplifier, or a:spectrum analyser for harmonic analysis. It was
felt that it would be possible to construct such a slotted line which
would provide an ad?quate output level without appreciably disturbing
the electric field patterns.

A section of transmission line, coaxial or waveguide, where
the standing waves are to be investigated, normally contains a longi-
tudinal slot at le%st one-half wavelength long. The slot is usually
placed parallel to:the lines of energy flow and is narrow enough not

to disturb the field pattern. A probe is then inserted into the slot,




which responds to the fields inside the transmission line, picking
up a small fraction of the flowing energy. By a suitably designed r-f

' line the probe output is then connected to a detector which
converts radio or microwave frequency into direct current. If the
input is AM—modulafed with LF, greater sensitivity is obtained
by feeding the envelope detector outputy into a high gain LF amplifier
with a meter already calibrated to give VSWR readings directly. The
design of the slotted line described in this thesis was based on these
principles.

Measurements on a slotted line at different positions are
made by allowing the probe carriage to travel the length of the slot.
For precision slotted lines rack and pinion or screw drive arrangements
are normally required to provide accurate readings, as well as enabling
the probe to travel while maintaining an almost perfect translational
symmetry. The position of the probe is read by using a millimetre

scale and a vernier set against a reference point.

1.2 MODERN METHODS OF DESIGN

The project described here was undertaken being. aware that a
variety of slotted lines were évaildbie with some of them being capable
of similar broad band operations. Coaxial airline, parallel plate,
and waveguide are the usual types 'of transmission line incorporated
in such designs. Examining their advantages and disadvantages and
manufacturers' claims it Qés justified for having pursued the proposed
type of slotted line.

With the continuous improvement in the quality of connectors



the upper limit of pperation of coaxial systems had risen to about
18 GHz. However, cereful design is still required to ensure that
unwanted coaxial modes, other than the principal, are no} present.
Other than the principal modes of excitation are generated when a deper-
ture from axial symmetry occurs, say due to the presence of tee slot,-

Also, using varieus .types of supports such as beads; rods efc...; to’
rest the inner condhctor, means that some reflections will occur.
Even then it is stili difficult to guarantee absolutely central posi-
tioning of the inner?conductor. Furthermore, care must also be taken
not.to allow the slog dimensions to alter the characteristic impedance
of the coaxial line b& any apreciable amount.

A parallel plate slotted line has eliminated some of the above
problems encounterediin coaxial air lines. For example; the natural
slot between two parellel plates provides an easy access to the elec-
tric field. However,?an abrupt transition between the parallel plates
and the coaxial lineiat the connecting end results in standing waves
being created. due Lo the discontinuity. Furthermore, as reported[6]
their operation is 1imited at about 8 GHz. Waveguide slotted lines,
on the other hand, cén be built to operate anywhere in the range up
to 140 GHz, but onlf over limited frequency bands. Since the wave-
guides are used at wa&elengths much smaller thae those used in coaxial
lines, their dimensiéns become smaller and the problem of tolerances
can become very impo?tant. Probe penetration, slot width, and slot-
end reflections will%cause difficulties which have to be considered
and overcome. |

Realising the limitations and requirements of the different types

'
v '

of slotted line, beceme apparent that if a coaxial cable filled with

t

a dielectric was to be used as the slotted line section, some of the
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length and support proPlemS found i?. air lines may be eliminated. Also
the faéﬁ thaf such;cagle could be purchased at a fairly low price
meant that the main;objectives of creating an inexpensive and rela-
tively accurate slotted line could be realised.
1.3 THE PROJECT

4The main featuée of the design has been the use of a semi-rigid
cable (Radiall RG4017U) as the slotted section. The largest available
size was chosen, having an oupéide 6.4 mm diameter, with inner
and outer.conductorg made of coppered steel and copper, respectively.
The cable was PTFE%filled "~ which not only provided the insulation
and concentricity of%the conductors, but it also reduced the required
overéll length of thé device by a factor of 1/v2.1 where 2.1 is the
permittivity & . Ité has a nominal characteristic impedance of 50 @
and a nominal capacitance of 96 pF/m. It is a fairly low loss cable
rated at less than 1 .dB/m at 10 GHz.

Although the caﬁle apparently offered excellent electrical charac-
teristics the manufaéturer was not able to supply absolutely straight
lengths which may affect the slotted line performance. The resulting
reflections which wéuld be set up can give erroneous readings, and
to eliminate such e%rors it was decided to encapsulate the slotted
section in a clamp,‘in order to keep it straight. As a consequence
a natural platform was created, rigid enough to allow the probe carri-
age to be mounted directly on it. In slotting the cable meant that
not only a strip oﬂ conductor was removed but also some dielectric
had to be taken outgto form a trough for the probe. Because of the

small size of the.line a change in impedance was feared and therefore

I

i
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'
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the slot width was %epf at a minimum. This in turn dictated the size
of the probe which Qas reduced in size accordingly. Radiall SMA con-
nectors were used throughout the design, and even the probe was ob-
tained by slightly altering the outline of an SMA flange receptacle.
Fitting the stub tdners with SMA connectors, direct tuning of the
probe was achieved. ;

Most of the réqpired components, parts and accessories were con-
structed in the wor%shop with the exception of the micrometer head,
thumbwheel, rack andkpinion, and of course the connectors which were
purchased. The variéus components, mechanical details and subsequent
behaviour of the desi%n, are discussed in the appropriate chapters.

In Chapter 2 the basic theoretical background is reviewed. Co-
axial 1line primary ﬁaraﬁeters such as R, L, G and C may be found

| . Ze

from the equivalent %circuit for the transmission line. The manner
in which electromagnétic energy propagates is examined, and secondary
parameters such as a&tenuation and phase of the propagation constant,
are discussed togethér with the interaction of incident and reflected
waves creating standiﬁg waves.,

Chapter 3 is céncerned with the electrical requirements which

must be obeyed if the{performance objectives are to be met. The effect

|
1

of the slot in the cable was examined and the analysis of the trans-
I

mission line involving the probe and the tuning systems was carried

out. &

The mechanical désign of the slotted line, probe carriage, tuners,

and crystal detector|dictated by electrical considerations are dis-

cussed in Chapter 4. gAn attempt is being made to highlight the rele-

vant electrical requirements that influenced the final design.

)
)
)
i
i
!
)

!

i
)



In Chapter 5 the performance of the slotted line and its acces-
sories is examined b§ carrying out a number of tests, results of which
are presented. Detéiled descriptions and procedures of the tests
are fully explained.i

Finally in Chapter 6 an assessment of the slotted line based
on the performance achieved is made. Interpretation of the results
obtained in Chapter 5, together with suggestions for possible improve-

ments are proposed.,



CHAPTER 2

THEORETICAL BACKGROUND

2.1 INTRODUCTION

The purpose of this chapter is to review the theory relevant
to the design and subsequent testing of the slotted line.

The transmission' line theory is a rather broad subject and the
emphasis has been piaced in seeking the equations that were of prac-
tical importance ana used throughout the project. Equations, for
example, that relate the primary constants or the characteristic impe-
dance to the dimensions of the semi-rigid cable are of interest not
only in assessing the cable, but in designing coaxial sections with
impedances compatible to that of the main transmission line.

A basic equation such as the one for the attenuation constant
@ written in terms' of the input and output power, was used exten-
sively during the electrical measurements to establish the power loss
characteristics. Reiationships between the wavelength A and the
phase velocity Up were similarly useful especially in the design of
the tuning stubs. Components such as the plungers being frequency
sensitive depend on being of correct lengths.

Another set of useful relationships are those relating the volt-
age standing wave rafio Sv to the reflection coefficient p and the

load impedance ZL’ These are of particular importance because their

values are a measure of the mismatches and. subsequent power 1losses

in the system, Throdgh every step of the design the equations were

applied to ensure that, the slotted line and its accessories were




perfectly matched, unwanted reflections were kept at a minimum and
that the attenuation through the whole system was kept as low as
possible,

Similarly during test procedures these equations were used to
obtain the residual VSWR,Seresponse of the slotted line as well as
assess the quality éf different types of termination such as a fixed
short circuit, all three of the stub tuners and a number of charact-
eristic impedance terminations.

Finally, quantities such as Y, ZO,WVSWR, p etc., are the vefy
parameters that the .slotted line is used to measure and if full use

of theh is to be made, one shoiild be familiar with the topics discussed

in this chapter.

2.2 PRIMARY CONSTANTS OF THE SLOTTED LINE SECTION

One of the most commonly used means of transmission is via coaxial

line or cable. Aé aill§ﬁéﬁrtransmission 1ines,-it consists of a conductiné
medium, inner solid and outer shell‘concentric‘conductors and a dielec-
tric medium which occupies the'space between them. In a particular
case of the space being air, dielectric spacers are normally used
to support the inner conductor. Electric and magnetic fields will
exist in both air or:dielectric and the principal advantage of a co-
axial line design islthat these fields are entirely confined to the
space between the conductors and do not therefore radiate.

In defining the primary constants it 1is necessary to develop
an equivalent circuit repreéenting the transmission line. Such a

circuit, is shown in Fig. 1 and it contains all four elements,

resistance, conductance, inductance and capacitance, R, G, L and C
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which do not, however, represent lumped components but are the values
per unit length distributed uniformly along the line [2]. Therefore,
a small unit length &x will have a series impedance (R + jwlL) and
a shunt admittance (G + jw C) per unit length. The primary constant
R is the total resistance(a.c.,d.c.) of the line per unit length.

At high frequencies the total a.c. resistance per unit length is given

as [7] .

‘ 1
R = 1 [ﬁ“ﬁJ’ X [1 + .1_] ft (2.1)

where

u is the conductor permeability

p conductor resistivity
and, a,b = radius of inner and outer conductor, respectively.

This formula, hpwever applies only to a coaxial line having a
homogeneous screen of the same material as the inner conductor. In
the case of the semi—figid cable employed in our project as the slotted
section the cbnductors were made of different materials thus yielding

different resistivitylconstants. This can be taken care of by slightly

altering eqn. 2.1 which then becomes

1
b

) 1/2
.1 [ i ]‘ ) [ @12 (U [g] @)
|

2

where p,,p, = inner and outer conductor resistivities.
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From the above'formula, it can be seen that the resistance is
due to the conductor forming material and depends upon its cross-
sectional shape and conductivity.

The inductance iper unit length is the result of the magnetic
field established around the conductors as current flows through them
and is effectively in series with the line resistance. It is substan-
tially dependent upon the total flux in the dielectric space and,
to a lesser extent,. upon the flux linkages within the conductors.

For a coaxial line the inductance is given by [4 ]

- — (2.3)
m

where U, the conductor permeability

ugd the dielectric permeability

the radius to the external surface of the

-
i

outer conductor.

For the semi-rigid cable to be used in our slotted line an induc-
tance of ©-25 H/m was calculatedﬁsihg Zb-= L/C. It is ob?ioqs from
eqn.2.3-tha£ the vélde}af'inductéHEéAaépends on the dimgnéion;,of
'gﬁe liné; aﬁd on the’m;gﬁefié permeability of the dielectric medium.
Capacitance between the two ;onductors will also be present.
They can be thought of as the plates of a capacitor, with a voltage
existing across them. The capacitance per unit length C, will depend
on the line configuraiion and relative permitivity of the dielectric,

and can be expressed as [4 ]
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2ne
C= —— (F/m) 2.4
v (2.4)
a
where € = dielectric constant of the material.

For the semi-rigid cable a capacitance of 96 pF/m was specified
by the manufacturer.‘

Finally, due to the imperfections of the dielectric medium some
leakage current will flow between the conductors. This conduction,
or leakage path, may be represented by a shunt resistance or, more
conveniently by a conductance G between the conductor whose value

can be calculated from the following equation [7]

G = wCtan & (S/m) ' (2.5)

where § = the loss angle
Because the loss angle, 8, also may.vary with frequency [7] it is impor-
tant to use the particular value which corresponds to the frequency

of operation.,

2.3 THE CHARACTERISTIC IMPEDANCE

Secondary parameters of a line, the characteristic impedance

Zo’ attenuation and phase, depend and are expressed in terms of the
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distributed primary constants, . The characteristic impedance Zo’

defined as the voltage to current ratio at any point along the matched

?

line, is given by

R+jwl
L= Q 2.6)
Z, / G a0 (Q) (

In general eqn. 2.6 gives a complex result, however, there are

)

two special cases of 1line where ZO has a purely resistive value.

Firstly, in the case. of a lossless line, where R 2 0 and G = O results

in
; L
Z = - () (2.7)
° C
an expression which is independent of frequency. The second case
C
results from the condition _ = _ or LG = RC. Using this relationship
R G
equation 2.6 reduces again to eqn. 2.7. In practice, this is not

an easy condition toiobtain, however, it may be achieved sometimes
by altering the conductor sizes and/or changing the dielectric material.
At radio and microwave frequencies the lines are virtually lossless
and eqn. 2,7 applies. Actual lines and cables do exhibit some loss
even at high frequencies. Usually, wL>>R and G is so small that it

may be neglected [4] resulting in
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Z  [R+jol L R
Z = |- & s = —
o Y j wC. c *t JuC
. LY
. Z0 /— wL

Using binomial expansion, and since normally oL << 1 leads to

or —
’L ' R R

= - X - — (2.8)
Zo c 1+ [ZwL J%rctan 7ol

Examining eqn. 2.8 it can be seen that Zo can be considered to be
slightly capacitive while maintaining approximately a magnitude of
nearly j% .

Now, since L and C can also be determined from the geometry and
dimensions of the 1line cross-section, Z0 can be expressed in terms
of these quantities. For a coaxial line the corresponding formula

for Z0 can be developéd as follows: [11]
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%=Je = 3r Jg *lgea
1207 ur
= 5= € x 2.303 log,, N
z = 138/ ° ()
o~ €£ loglo'; f (2.9)
€
where €r = E—-relaﬁive permittivity of the dielectric medium
o
Uy =.E relative permeability of the dielectric medium
Ho '

2.4 PROPAGATION CONSTANT AND WAVE TRANSMISSION

The purpose of % coaxial line is to carry energy from the source
to the load. The efficiency with which it performs this function
at RF and microwavel frequencies is dependent on the 1burity Of fhe
mode in which it prop%gates the electromagnetic-wave energy.

The dominant mode is the one in which both electric and magnetic
field components of the wave are entirely transverse to the direction
of propagation (see Fig.2). Such a wave is known as a transverse
electromagnetic wave (TEM). This mode has the advantage of
having no low—frequenc? cut off in comparison to higher—mode 1inés.

Oné of the maini interests in coaxial line performance is tﬁe

manner in which power 'is attenuated during transmission. It has been



"UOISSILISUDI]  |DIXDOD O Ul uIR)IDd Plaid 2poN — ‘W31 "Z 'Ol

uonebedold }jo cozoo.h_o

peo |- Y Téee——3usiins — —— — V<A — — — — — — — _ _ !
Q. [<—weop™ "~ B T J0jeIoUSY)

v>m>> pa1odP _

—_— A 9ABM Juepiou|
p1eld o:ocmm_zl@ {UOJJBABM
p1ai4 o_boo_ws@




16

shown that the line contains impedance Z and admittance Y distributed
along its entire length. The quantity vZY dictates how the voltages
and currents vary along the line; it governs the way in which the
waves are propagated. It is known as the propagation constant Y and

is given by [7]

y = VZ¥ = /(R+5wL)(G+j wC) (2.10)

The real part of the solution of the above equation, known as
the attenuation factor or coefficient, «a, determines the way in which
the waves are attenuated as they travel along the line. The imaginary
part is known as the phase shift constant and indicates the change
in the angle of the propagating waves. It is a complex quantity

expressed as

Y= a+ jB (2.11)

The attenuation constant ¢ in dB can be written as the logarithm

of the ratio of powers [1 ]

Py
o= 10 logio | — (2.12)

P2
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where

o
]

1 inﬂtial value of power
|
P2 = Final value of power

i
|

The value of a depends on the conductor and dielectric losses

in R and G respectively. By solving eqn. 2.10 a relationship can

be obtained forawhich isstated below [2]

. NE Jem . L L/c”}_l {_R;_ £ (2.13)
2 2 2 (2wl 2wC

I

|
When considering the case of the high frequency low loss coaxial
‘ R G
7oL 2"90C

small and can therefore be neglected. This will give the following

line, it becomes apparent that the terms are extremely

1

"high frequency approximation " [1] for a low loss case, i.e.

1 R 1
¥ - |-= ~ ez .14

o

The above equation indicates that in practical lines the attenu-
ation factor increases with frequency since R and G increase with
frequency due to the skin effect and changes in dielectric loss
respectively. Manufacturers data for the semi-rigid cable used quotes
a nominal attenuatio# of less than 1 dB/m at 10 GHz.

The phase factér, B,of eqn. 2.11 can be obtained by expanding

eqn. 2.10 and equating B to its imaginary part. This will yield



B & wil [1 +}-12—(R/A2wL—G/A2mC)2] (2.15)

As for the attenuation factor, ¢,a similar "high frequency approx-
imation" can be obtained for B in the case of low loss coaxial line.

Thus,

B = wiC in radiang/m (2.16)

The phase shift constant,8, can also be expressed in terms of

wavelength A and phase velocity VP as follows:

2n-  2mf (rad/y) (2.17)

\Y)
P

from which we have the phase velocity of a signal propagating through

a coaxial line at a given frequency [2]i.e.

Vo= _' (2.18)
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On substituting for B , one can express the phase velocity in

terms of the line parameters in the case of low loss high frequency

lines, i.e.

\). = @ — (2.19)

The phase velocity of the voltage wave in a line is the velocity
of the electromagnetic wave in the medium between the line conductors.

Therefore, for a nondissipative medium [1]

, v = L (2.20)
. p V{E’
where
u = magnetic permeability of the medium
€ = electric dielectric constant of the medium
For any other medium [1], and this applies in our case,
VvV o= == (2.21)
p /UrEr
or
v = (2.22)



20

where
c = velocity of electromagnetic wave in vacuum or air
since W, = 1 for the most commonly used dielectric materials.

The semi-rigid cable uses PTFE as the dielectric medium, with
v

€r of 2.1, giving a velocity ratio P of 0.7.
‘ c

2.5 REFLECTIONS AND STANDING WAVES

The performance and behaviour of a transmission line can be ex-
plained in terms of’the electromagnetic waves propagating along the
line from the source to the load and back since at the load end some,
or all of it, may be reflected.

A wave is known as the incident or a reflected depending on
whether it is travelling from the source to the load or is reflected
from the load towards the source, respectively. There is also a fixed
amplitude and phase relationship between them. At any point X along

the transmission line, measured from the source to the load the voltage

Vx is given as

V.=V, +V (2.23)

where

<l
]

ix incident voltage at point X

<
]

rx reflected voltage at point x
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Vix and er can in turn be obtained from the following equations:-

‘vs FIZ 0| Ly
Vix = | : e (2.24)
N LA
rx 9 ) (2.25)

<
]

voltage at the source end

[}
]

current at .the source end

The incident and reflected waves interact, and the result is
a composite and stationary wave known as a standing wave.

The maximum amplitude of such wave occurs when both incident
and  reflected waves are in phase. The minimum amplitude occurs when
the two waves are 180° out of phase. As a consequence the successive
maxima and minima along the line are spaced respectively half a wave
length apart. The magnitude and phase of the reflected wave at the
load end, depends on the load impednace (ZL). In the case of the
matched load (i.e.ZL = ZO) the incident wave will be totally absorbed,
without creating any réflections. But, if the load is lossless

3

(i.e. ZL = 0, or ZL =‘jXL) then the incident wave will be completely

reflected with a resulting phase change. The magnitude and phase

of the reflected voltége or current wave (Vr or Ir)’ relative to the
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incident wave (Vi or Ii)’ at the load is known as the reflection co-
efficient p . The. voltage reflection coefficient p,can be evaluated

from [17]

eJ® (2.26)

o, =-| = | & 3° (2.27)

Similarly, both voltage and current reflection coefficients can
be expressed in terms of the characteristic impedance Zo and the term-

inating load Z, as follows [17 ]

-2
0 o (2.28)
v ZL+ZO
Z_
o _ o~ (2.29)
i =

zl+ZO
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One of the most important quantities of a lossless transmission
line is the standing wave ratio of voltage or current along the line.
It is defined as the ratio of the amplitude of a standing wave at
an anti-node to the amplitude at a node. In other words it is the

ratio of maximum to minimum voltage (or current) and is stated as

v
S = max (2.30)
v Vmin
where

Sv = voltage standing wave ratio or VSWR

Vmax = voltage at a maximum or anti-node

V . = voltage at a minimum or node

min

Since the creation of a standing wave depends on reflection,
equations relating VSWR and the reflection coefficient p can be

obtained.

Since at a maximﬁm
= v, 1[1 + |pvl] (2.31)

and at a minimum

Vain = V5 11 Ve = 1y 11 =lny] (2.32)

min
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the ratio results in

1
S = VSWR = Lp\)l (2.33)
v 1 - oyl

VSWR can also be expressed in decibels

v
max

Sy (4B) = 20 log,, |- (2.34)
min

From the above equations it can be observed that the standing

wave ratio or S,, is a real quantity unlike the reflection coefficient

o, which can be complex. The minimum value of S, is 1.0 in the

case of a matched load with p = 0 and the maximum value of Sv is

obtained when- the line is terminated in a pure reactance, short or open

-

circtit, i.e. for these conditions'|p| = 1.C:
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CHAPTER 3

THE ELECTRICAL CIRCUIT OF THE SLOTTED LINE

3.1 GENERAL OBJECTIVES

A diode detector and a probe assembly are used to measure
the standing wave in a slotted transmission line withoutAdis—
turbing significantly the field pattern. Such an arrangement
was briefly outlined in chapter 1. In this chapter, a number
of objectives will be defined which, if fulfilled, will ulti-
mately produce a slotted line having the required electrical
performance.

These objectives can generally be defined as follows:

(i) cross-sectional uniformity. It is critical for a
slotted line to have a uniform cross-section throughout its
entire length. If tﬁis is not so, the measurement of the
electric field intensity will not accurately represent the
characteristics of the waves as they exist outside the slotted
section.

(ii) minimisation of reflections and hence standing waves.
Care should be taken to ensure that such unwanted phenomena
do not appear in the final design. These are usually construc-
tional problems, i.é. a wrongly placed slot, or mismatches
occurring from not having correctly attached connectors etc
etc...

(iii) minimal disturbance of the electric field due to
probe penetration. In a successful design the probe should

protrude into the slotted section as little as possible and
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sensitive detecting arrangement is needed which will respond adequately
to the small amounts of power picked up by the probe. Also a reliable
tuning system is required to increase the sensitivity of the detector.
(v)  finally, the slotted line should operate satisfactorily
over the frequency range it was designed for, i.e. a flat response

over the required band from 1 - 18 GHz.

3.2 SLOT AND ASSOCIATED PROBLEMS

A slot along the length of the outer coaxial conductor is the
only suitable means of gaining access into the transmission line.
Positioning the slot is very important as its presence should not
disturb the flow of the current. In coaxial lines carrying TEM the
current flow is everywhere parallel to the axis of the transmission
line. Therefore, in principle a longitudinal slot should not alter
the field appreciably, since there will be no current crossing it.
It will, however, change the characteristic impedance slightly and
also introduce a finite but usually negligible loss. Such change
can be readily undefstood when considering that the characteristic
impedance is also determined by the line capacitance per unit length
in a lossless line. . This capacitance per unit length will slightly
decrease in the vicinity of the slot. A formula for calculating the

magnitude of the impedance change is given by [6]

AZ 1 w2 (3.1)
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where
AZO = change in characteristic impedance
w = width of the slot
b,a = radii of outer and inner conductors respectively.

The above formula applies to a coaxial cable with an infinitely
thick outer conductor. For a conductor wall of finite thickness the
magnitude of impedance change will be only marginally higher. The
prominent effect of such impedance discontinuity is, that at the begin-
ning and at the end of the slot small reflections will be set up.

The reflection coefficients absolute value is given by [12]

1 AZ

|ap | = — x -9 (3.2)
v 2
Z
o
where
|on| = value of reflection coefficient due to impedance

change

The above mentioned reflectioms caused by impedance and slot dis-
continuities are indistinguishable from usually more moderate reflec-
tions, caused by the load, and hence erroneous results will be ob-
tained. Abruptly-ended slots create slightly different fields in
the slotted and unslotted sections. Such discontinui;ies may be repre-
sented as a small reactance shunting the line. These undesirable
effects can be greatly reduced by gradually decreasing the width of
the slot in steps éomparable to the wavelength. Since these local

waves attenuate eprnentially with distance and become negligible
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very quickl&, it is good practice in measurements not to use the
portions of the slot ¢lose to the ends.

Another property of the slotted line, is the creation of new
modes. The slot waves, as they are known, exist because of the changes
in the boundary conditions of the transmission line. Even though
they are more prominent in slotted waveguides, they sometimes exist
in coaxial lines and have a disturbing effect on the standing wave
measurements. The probe and carriage divides the slot in two sections
and as they move along the line the sections vary allowing at some
point a resonance to be set up, if the slot wave is excited. Radiation
into free space usually dampens the slot resonance and the resultant

Q is very low. For a coaxial line Q can be approximately obtained

from [12 ]
AZ
c
Q = (3.3)
22ab
where
AC = cut off'anelengtht
a = mean circumference of coaxial line
b = distance between inner and outer conductors.

The cut off wave length for the slot wave resonance can be

approximately derived from the relationship deduced in [12 ]i.e.
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cot T8l o 2> g g, |37 A 2, 2wt (3.4 )
A A w _(Zblz W
c c 1-{==
A

where
t = thickness of outer conductor wall

W = glot width

Consideration of distortion due to the slot inside the trans-
mission line, leads. to a conclusion that it should be made as small
as possible. A narrow one, can have an almost negligible effect on
the line properties; allowing the slotted section to behave as a
uniform, low loss transmission line, supporting only one propagating

mode.

3.3 PROBE ASSEMBLY

There is a need for some arrangement to couple to the fields
inside the coaxial line (or waveguide)and deliver the output to the
indicating instrument. Basically, there are two types of coupling
recognised. One is known as the PROBE which responds to the electric
field in the line; the other is the LOOP which responds to the magnetic
field. Fig. 3 shows a schematic representation of the electric field
probe, and it is this kind of probe that was used in the slotted line

assembly.
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Because it can be made very small in size, the field in the co-
axial cable is not disturbed sufficiently to cause erroneous readings.
Since it responds to the electric field alone it is more advantageous
than the loop which due to its self-inductance responds, to some
extent, to both elecfric and magnetic fields.

Difficulties, however, will arise from using a sampling probe.
These arise because the probe extracts‘a very small amount of power,
and to a lesser degree, because of the mechanical, inaccuracies in
the construction of the various parts of the sampling unit. The dis-
tortion of the standing wave due to power absorption by the probe
can be easily analysed if two assumptions are made.

The first is that the line connecting the probe to the indicating
instrument as seen from the probe, presents an impedance independent
of input level. Since the signal to the detector diode is very weak,
at microwave frequencies the detecting system appears as a non-varying
load. This means that in setting-up an equivalent circuit there is
no need for introducing non-linear elements. The second assumption
requires that the probe dimensions are small in comparison with the
wavelength, and it does not move transversely to the slot. This can
become valid if sufficient care is undertaken in mechanical design.
On these basis, the sampling probe can be shown as an admittance
shunting the transmission line. An equivalent circuit representing
the generator, probé and load components is outlined in Fig. 4. The
probe admittance consists of a resistive and reactive part. The re-
sistive component G_ represents the power absorbed by the probe; the
reactive component Bp represents the reflection caused by the probe

and is a function of the probe tuning.



~__Probe

E-Lines
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Conductor Wall

FIG. 3. Schematic Representation of the Probe
Coupling to the Electric Field in a

Coaxial Line.

FIG.4. Equivalent Circuit Representing the Interaction
Between the Generator, Probe and the
Load Admittance.
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If the power absorbed by the probe is expressed in terms of probe
position, generator and load admittances, certain observations can
be made of the effects on the standing wave pattern.

The case of the generator matching to the transmission line will
only be considered in this chapter, (i.e. Yg = Gg =1). Also for ease
of analysis the load will be taken to be real, since the standing
wave pattern is similar for either real or complex loads. The only
difference lies in the fact that it will be shifted along the line
in the latter case. If the load is complex then the distance dL will
not be from the probe to the load, but from the probe to the point
on the line where the load is real and has a magnitude equal to GL'

If the power indicated by the probe is considered to be equal to the

power absorbed, the following approximate equation [12] can be used

to calculate the power absorbed, i.e.

2 2042
Gp(1+GLtan 8)

P ~
P 2] 2 02 2 2
[1+GL+GP+GL( 1+GL+GpGL)tan e] + ‘:Bp+( 1-Gf )tan e+chLt§n e]

where

Pp = power absorbed by the probe

(3.5)
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When the generator and load impedances both equal Zo’ the standing
wave ratio is unity which will not be the case when the load is re-
placed by, say, a short circuit or an open circuit. When carrying
out measurements like for example wavelength, the probe should be
positioned at voltage minima, so as not to disturb the field pattern.
The reason being, that voltage maxima can be affected by the presence
of the probe, since it absorbs power and.places a reactance across
the line. This causes magnitude and positional changes. Arbitrary
loads will cause both maxima and minima to be shifted from their true
locations. Shifts of this nature can be predicted analytically by
considering the circuit of Fig. 4. First, assuming that GL =0, i.e.

the load is an open circuit, will result in reducing eqn. 3.5 to

G
Pp = P (3.6)
14G )® + (B _+tanf)?
( p) ( > )
The nodes of the standing wave will occur when tan & =« , At
these points the power PP will be minimum - almost zero - and their

locations are not affected by.(%, or BP’ Therefore, the nodes will
occur at the same points they would have done if the probe size was
negligibly small. On the other hand the antinodes, which are the
voltage maxima will not appear when the condition is tang§ = O but
when tan § = —BP. As a result the standing wave pattern will become
distorted because of the introduced shift. The shift in the location
of the antinodes is'related to the positions where the maxima should

actually occur, when: using an infinitesimal probe, BP can be evaluated
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by employing the following procedure; readings of PP are obtained
from either side of the minimum at distances of X/8, at which point
tan & = +1 and -1, respectively. The ratio of the two readings will

then be [12 ]

P (146,)% + (B,-1)2
P
21 = - 2 P ) (3.7)
sz (1+GP) + (BP+1)
where
Pp1 = probe power reading at tan 0= +1
Pp2 = probe power reading at tan 6= -1
The above equation can be further reduced to
P
Py
—=- = 1- 2B
P 3.8
Pp, ( )

if GP and BP are considered to be very small.

If the load is other than open circuit then the position of the
maxima and minima, as well as the value of the VSWR will be altered.
Positional shifts can be calculated from eqn. 3.5. For small BP

and GP and for GL§1 differentiating eqn. 3.5 wW.r.t. tanf will yield [6]
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2
Smin _ GLBP (3.9)
A (1+GL)2
S B
max P (3.10)
A (146,)°

where

shift in the position of a minimum

Gmin

Smax = shift in the position of a maximum

if G 2 1 then

G.B
S max = L P 3.11)
A (146))*
. B
“§EEP‘= P (3.12)
2
A (1+GL)

or instead, GL can be replaced by El in eqn. 3.9 and eqn. 3.10
L
Due to the presence of GP the true standing-wave ratio St will
be altered. The ratio of the measured standing-wave ratio Sm to

the true SWR S is given as [6,12]
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Sm‘ ) 1 +G + GGy (3.13)
t 1+GL+GP
(assuming BP = 0)
where
° G = load admittance
GP = probe admittance

EQﬁ.3.13 demonstfateé how large probe depth (increasing Gp) can alter

'gﬁé SWR ratio and hence impedanéé measuremeﬁts; For Best results the location
of the minimum should be used, sincé it results in less error. When

the generator and load impedances are matched, the value of the probe
conductance GP is numerically equal to the amount of power diverted

to the proSe circuit, and for this reason it is sometimes called

the "coupling coefficient". Tuning the probe with a reactive tuner,

for maximum output, will reduce the probe succeptance BP to zero.

3.4 DETECTOR CIRCUIT

The diagram of Fig. 5 shows a schematic representation of the
probe and its equivalent circuit 1ookiﬁg into the detecting system.
The transmission line voltage acts on the probe through C, which
is the capacitance between the probe and the opposite side of the
transmission line. ’The capacitance between the probe and the slot
is indicated by C, and is greater than C. . For maximum output the
tuner is adjusted so that C, and L resonate at the operating

frequency. However, erratic changes will be observed in the defected
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FIG.5. Schematic Representation of the Probe Circuit
and its Equivalent Circuit
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output if C2 does not remain constant as the probe moves along the
slot. This can be eliminated by detuning the probe mechanism by
a large factor.

Tuning for maximum output can create restrictions in the con-
struction of the device, because not only the coupling capacitance
must be constant, but the capacitance of the probe to its surroundings
must remain the same as well. This additional requirement on the
accuracy of construction is difficult to meet in practice since even
the smallest transverse displacement can make an appreciable change
in C, . To counteract such defects a skirt can be made to protrude
into the slot to shield the probe from its environs. A circular
resonant trap ensures that the probe shield is electrically connected
to the transmission line. This is illustrated in Fig. 6.

Finally, the sensitivity of the detecting system should be kept
as high as possible in order to minimise the various possible errors
caused by the probe and slot problems. It is necessary to determine
the response law of:the diode in the expected signal level range,
just prior to use. Specifically, the adjustment of the r-f tuning
mechanism can result‘in the change of the r-f source impedance as

seen by the detector, which can change the output.
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CHAPTER 4

ELECTRO-MECHANICAL DESIGN

4.1 THE SLOTTED LINE

In chapter 1 the method for investigating the nature of the
standing-wave pattern inside the transmission line was briefly dis-
cussed. This section is mainly concerned with the practical aspects
of obtaining the information needed to evaluate the load, and impedance
along the line. It was assumed in particular, that it was possible
to investigate the fields without disturbing their distribution, and
hence record their magnitudes.

In a successful design two main requirements must be observed;
uniformity and concentricity. Therefore, during the construction
every possible care was taken to ensure that the cross—sectioﬁs of
the clamp, semi-rigid cable and the probe assembly were perpendicular
w.r.t. the line, and thus displaying perfect symmetry. Precautions
were also taken to avoid the shape of the cross-sectional area being
altered in any way as the probe travels along the length of the slot.
Departure from symmetry and uniformity can create reflections and
a change of probe penetration will result in variation of the probe
admittance. It became obvious that in order to satisfy the above
requirements a good mechanical design was of the utmost importance.
The method of construction had to be such that close tolerances could
be maintained on all critical dimensions.

The slotted section of transmission line was obtained from a

length of Radiall RG401/U semi-rigid, PTFE-filled cable. 0f the three
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standard diameter sizes available, the one with 6.35 mm dia. was
chosen as it was realised that the effect of the slot on SWR would
be less in thé largest diameter cable. It also became apparent from
the beginning that the purchased cable lengths were not rigid enough
to slot it, and mount the probe carriage directly on it.

These problems were overcome mechanically by clamping the cable
in a vice type arrangement which ensured its uniformity along the
entire length of the slot. It also provided the base on which the
probe carriage would be mounted, ensuring a fixed reference for the
longitudinal movement of the probe at a constant depth.

The clamp was machined from Duralumin chosen because of its
strength, rigidity and the ease with which it can be milled. Its
low weight and resistance to corrosion made it ideal for this appli-
cation. It consisted of two halves with semi-circular grooves along
their lengths, so that when they were brought together, the cable
Qas held firmly in position. A cross-sectional view 6f the clamp
supporting the slotted cable is shown in Fig. 7. All surfaces were
machined precisely to given specifications. Its length was decided
to be 322 mm allowing a carriage movement of approximately 250 mm,
which was found to be adequate for locating two voltage minima at
the lowest frequency of 1 GHz. The guide grooves at the sides of
the clamp were necessary for the firm mounting of the probe carriage.
Sufficient clamp width and height were therefore required to allow
them to be machined into each half of the clamp and also sturdy bolts
to 5e screwed into it for joining the two halves. A semi-circular groove
was placed in each half with diameter slightly smaller than that of
the cable. With thg Eable gripped between the grooves, the top of

its outer conductor was 8 mm from the top surface of the clamp. For
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effective construction a tolerance in dimensions of *0.01 mm was speci-
fied and achieved.

Two end plates were milled to serve as means of standing the
instrument on the bench. Each plate had four holes drilled and tapped
to allow fastening to the main body. (see Fig.8). Once positioned
and held within the clamp the cable was then slotted so as to ensure
complete symmetry of the slot to its surroundings. It was milled
out using a slitting saw to obtain the required depth and width. (Fig.9)
The depth was such that the inner conductor was not completely stripped
of dielectric, but instead a fine layer of PTFE was left around it.
To eliminate any unwanted reflections that may occur due to the slight
impedance change, the slot was not abruptly ended, but instead a re-
duction at its ends to half the depth and width was introduced for
about 5.5 mm ( A/4 of average frequency).

A millimeter scale was also engraved on the top surface of the
clamp to be used in conjunction with a vernier mounted on the probe
carriage. This allowed the position of the probe to be accurately
determined to within 0.05 mm. The zero on the scale corresponded
to the probe being at the start of the slot (load end) and provided
a reference point for measurements.

The side plates were joined together by a metal rod on which
a micrometer was mounted. This was used to allow a greater degree
of accuracy in the probe positioning measurements at the higher fre-
quencies (4 - 18 GHz). Directly beneath one of the guide slots a
rack was placed. A helical type was chosen to provide the smooth
and uniform movement of the carriage, by minimising the back lash.
The slotted line input and output were fitted with Radiall SMA

connectors (R125056, R125226). If properly assembled these connectors
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FIG.9. Cross Section of the Slotted Semi-Rigid Cable.
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should provide satisfactory performance up to 18 GHz.

4.2 THE PROBE CARRIAGE

In the early stages of design it became clear that the probe
and its carriage were to be the most important, and critical, parts
of the slotted line. Indeed, for satisfactory detection performance
a great deal depended on the behaviour of these mechanisms.

In designing the probe carriage the aim was to firstly define
a path as accurately as possible for the probe, and secondly to ensure
that it was shielded from its surroundings until it actually protruded
in the cable slot.

The probe shield seen in Fig. 10 as a rectangular extension of
the under carriage formed an integral part of the probe carriage,
and its lower surface was level with the inner wall of the outer con-
ductor. The probe itself ran through a hole within the shield and
in so doing the possibility of slot waves being excited through lack
of symmetry was reduced. In an attempt to supress any reflections
that might occur at the shield's ends, it was made half a wave-length
long at the average operating frequency of 9.5 GHz.

No part of the carriage actually touched either the top or sides
of the clamp. A clearance was maintained on both sides of the
shielding skirt as well as beneath the carriage. It was found that
‘a clearance of 0.31 mm was easier to maintain with a close tolerance
of one or two hundredths of a millimeter, then assuring consistent
but free-sliding contact everywhere, between the carriage, skirt and
the clamp. Besides, avoiding physical contact meant that the electrical

requirements did not depend on minute irregularities which might have
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upset the electrical symmetry of the whole system. Unavoidably, the
narrow gap on either side of the shield was slightly excited by the
waves 1in the slot. This excitation could be considered to arise from
the current that tends to flow across the gap. Normally, the current
flowing through the probe is predominant and greatly exceeds the shield
current. The impedances corresponding to the two gaps can be‘thought
of as being connected in series with the probe whose amount of absorbed
power will be affected if these impedances were to vary. Design pre-
cautions were taken to eliminate such effects. This was achieved
by extending the gap between the shield and the clamp into the space
underneath the caf;iage. In so doing, a type of transmission line
was created which when terminated in an open circuit about A/4 from
the gap resulted in avery low impedance being created. The open-
circuit condition was obtained by a quarter-wave circular trap machined
in the under carriage. The- groove was filled witﬁ PTFE mainly to
) save space having a depth equal to ( A/é)VFT7E; ' with A being the
wavelength of the average frequency of 9;5 GH;:, The disfance from the groove
to the bottom of the shield should be approximately a quarter of é
wavelength. This was not possible because the length of the skirt
was much greater than A/4, but it was assumed not to be critical and
the impedance of the gap was made very small. It was accepted that
the wavelength concerned was that of free space.

The carriage (Fig.ll) was made from Duralumin and it consisted
of three parts, which, when assembled ensured that it ran in fixed
relationship with respect to the clamp surface so that constant coup-
ling was maintained. Both side plates were held on to the main body
with five screws placed at easy access locations. A thumb wheel was

also placed on the front side plate so that the carriage was able
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to traverse the length of the clamp. It ran on two floating ball
races with a spring leaf arrangement fitted directly behind them.
That exerted a force on the pinion pushing it upwards towards the
rack ensuring good contact during movement. This eliminated backlash
between the rack and pinion which had at first proved to be trouble-
some. The pinion was mounted on two ball races and it meshed directly
with the rack. A teflon sleeve insulated the thumbwheel from the
carriage.

The idea of using a Radiall flange receptacle as a probe was
considered to be very convenient, because not only did its shape
allow to be easily formed into the required outline, it also provided
direct access to the output monitoring equipment. The receptacle
was the R125449 one, complete with a male SMA connector and a captive
contact. It covered the required frequency range and produced a
VSWR of 1.05 + 0.003f (GHz). The probe was inserted from the carriage
top and was made long enough to allow its tip to protrude sufficiently
into the cable slot. The probe end was turned down to 0.35 mm diameter
which was adequately small so not to introduce unwanted reflections.
It was turned on a lathe, machined in 1 mm stages so that the tool
forces did not deflect the probe and cut into the metal.

The probe and carriage mechanism were at first designed in a
slightly different manner. The probe was shaped as shown in Fig.
12 with some of the dielectric sleeve completely removed. A horizon-
tal hole drilled through the maiﬁ carriage body and rear sideplate
housed a Radiall R125415 SMA female flange receptacle, with an attach-
ment soldered on making contact with the exposed section of the probe.
The detector module was then simply attached to the output connector

of the receptacle. This of course allows power, or direct spectral
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measurements, to be carried out by simply removing the module, while
maintaining access to the probe pick-up. At a later stage however,
during the course of modifications, the horizontal path was closed
and the diode holder was connected to the probe output via a standard
tee-junction. (R125780 F-F/m).

Another facility that was incorporated in the design was that
of adjustable probe penetration and it was achieved by constructing
a mechanism upon which the probe was mounted prior to being inserted
in the carriage. It consisted basically of a hollow screw (Fig.13)
located on the carriage top. The adjuster was made from stainless
steel, as was the screw cut insert set in the top surface of the
carriage. The strength and resilience of stainless steel ensured
that the thread did not stretch when the locking nut was tightened.
The thread pitch was 0.5 mm yielding a 0.5 mm vertical movement per
one revolution of the adjuster. The top of the screw head was grad-
vated into 10 divisions and there was also a corresponding datum
line engraved on the carriage top. This arrangement ensured an effec-
tive 1.65 mm vertical probe travel accurately adjusted to within
0.05 mm.

The isolation between the clamp and the carriage was achieved
with the aid of eight pads placed at the undercarriage and sideplates.
Apart from maintaining electrical isolation they also contributed
to eliminating mechanical'play" which could have been a major cause
of erratic readings. Two pads were placed on each of the inner sur-
faces of the carriage sides and two more on each of the upper surfaces
of the carriage side runners. Small adjusting screws made of nylon

were also placed behind each pad which could be tightened depending

on the degree of pad wear.
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Finally, a perspex vernier was mounted on the carriage in such
a way, that it aligned with the scale engraved on the clamp. Twenty
graduations were marked in the space of nineteen millimetres giving

a read-out accuracy of 0.05mm.

4,3 THE STUB TUNER

4,3.1 General Principles of-Non—Contacting Plungers

One important provision which must be made for proper slotted
line operation, is that the probe susceptance BP must be kept to
a minimum value for various coupling coefficients énd for different
frequencies.

A tuning device is therefore needed to ensure that maximum power
transfer, from the probe to the detector module input, is obtained
for all operating conditions. Such devices, consist simply of a
section of transmission line, within which a sliding short circuit
is placed, whose correct positioning will optimise the detector output.

The main advantage in employing a coaxial stub is that large
tuning ratios of up to 3:1 or more, can be achieved, as opposed to
a tuning range of less than 2:1 for say, a waveguide section. The
reason for this being, that a coaxial line has a principal TEM mode
which allows operation at frequencies much lower than those required
for propagation of the higher order TE or TM modes. Such a wide
tuning ratio can be achieved by introducing a short circuit at the
end of the coaxial section which will "tune" a specific frequency
within the range of the stub.

Before discussing the design of stub tuners a brief mention

will be given of the different types of plungers that exist. [3]
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There are basically, two distinct categories, depending on whether
they are contacting or non-contacting. The simplest form of a con-
tactking short circuit is a metal ring with spring fingers that make
contact between the inner and outer conductors [15] . While a plunger
of this type can prove satisfactory for applications requiring few
tuning operations, it can cause serious problems in the slotted line
assembly. Because the tuning device will be subjected to thousands
of tuning operations, mechanical wear will almost certainly be un-
avoidable. This will cause uneven electrical contact, which is
certain to produce erratic performance, change of frequency calibration
and tuning "noise".

Non-contacting plungers on the other hand, offer none of the
disadvantages, but, they are fairly difficult to construct. The
plungers designed for tuning the slotted line probe are non-contacting
in as much that their front sections do not make physical contact
with the walls of the coaxial line. By eliminating this type of
contact, the resonant properties of the plunger were maintained and
with no irregular changes in impedance,‘frequency deviation and péwer
loss were avoided. A small section at the back of the plunger did
however make contact with the line conductors so that the plunger
was kept concentric within close tolerance limits.

Two different variations of non-contacting plungers were at
first considered; one was the high-low impedance type, [13] the other
was the capacity-coupled design. The former is fairly simple to

construct and it consists of three, one quarter wavelength long metal

rings, whose dimensions comply with. the high-low impedance requirements.

Two of these plungers were designed to cover the entire frequency

band from 1-18 GHz. The first one operated from 1-10 GHz and the
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second from 9-18 GHz. Although.these two plungers and their respective
stubs did tune the probe over the entire frequency range, it was

felt that better performance could be achieved by the use of the

capacity-coupled type. For best results it was decided to have three

different sized plungers with their respective stubs, so that the

frequency range could be covered in three wide band steps of 3:1,

3:1 and 2:1 tuning ratios respectively.

Designing such plungers [9 ] , calls for a number of factors
to be considered. The electrical length should be kept as short
as 1is practically possible, so that the internal power loss at the
high frequency end of the tuning range is reduced. Also, the rear
cavity leakage loss should be less than the internal loss by some
reasonable factor of about 10:1. It is therefore good practice to
choose the value of the gap-impedance ratio m so that the rear cavity
leakage reduced to 1/10 the value of the internal leakage resi§tance
at the low frequency end of the tuning range.

4.3.2 Design of Capacity-Coupled Plungers

A cross-section of a capacity-coupled plunger is shown in Fig.l4a
and Fig. 14b. For the first two, operating on 3:1 ratio the design
length & is such that thg electrical length 6 varies from 40 to
120 degrees. For the other, being of a 2:1 tuning ratio, the length
2 of the sections is such that 6 varies from 45 to 90 degrees. These
may be considered as optimum design ranges.

Eqn. 4.1 gives an approximation of the plunger resistance of

the wavelength Ag at the lowest frequency of the tuning range [9 J

: -6
. 231 x 10 |:1 + 0.72d9:l 4.1)

e
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where
r = plunger resistance of lowest frequency

P2

d2 is a dimensional parameter defined as

L

) _— (4.2)
en(b/a) a

a.
[}
]
+
=

~The value of the gap-impedance ratio m necessary to make the:

leakage resistance equal or less than 1/10 of the internal resistance
can be obtained from the following equations éerived'in [9].

For a 2:1 tuning ratio

1+0.72d .1"@
m = 0.5+ 14.5 |——2& (4.3)
[

N,

and for a 3:1 tuning ratio

-Y
1+0.72d 4
m 0,71 + 17.32 ———————J?] (4.4)

L2
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The three plungers were designed to operate from 1 - 3 GHz,
3 - 9 GHz and 9 - 18 GHz respectively. Consequentlx,the wavelengths
varied from 30 - 10 cm, 10 - 3.333 c¢cm and 3.333 - 1.667 cm.

For the 3:1 tuning ratio with 8 = 40° o A/9, where A is the longest

wavelength, the length of the plungers are

b, = §§_= 3.333 ecm . for the first range
10 '
L, = -T; = 1.111 cm for the second range

and for the 2:1 tuning ratio with 8 = 45° or A/8, where X is the longest

wavelength, the length of the plunger is’

-

2, 3.333 - 0.417 cm for the third range

Solving eqn. 4.2 yields values for d, , d, , and d, , which are
2, 22 L3
the geometrical parameters for the first, second and third plunger

respectively. Similarly values for m,, m,, and m; can be obtained

by solving eqn. 4.3 and eqn. 4.4.

The coaxial 1line stubs have a characteristic impedance of 50 @
Therefore, the impedance of the gaps (Fig. 14) between the plungers and the inner

and outerAéonductors should not be greéter than“Zg = ZO/(2m)-
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The gap spacing t, which is considered to be much smaller than

the mean circumference r is related to Zg and r as follows: ref.[9]

7 = nt ) (4.5 )
r

where N = intrinsic impedance. [VUQ//EO ]

The gap spacings denoted as ta and ty refer to the spacings be-
tween the plunger and the inner and outer conductor respectively.
For the three different short-circuiting plungers the spacings

were found to be from eqn. 4.5

Plunger 1 t = 0.06 mm, Ly = 0.145 mm

Plunger 2 ta2 = 0.559 mm, tb2 = 0.13 mm

Plunger 3 t = 0.06 mm, t = 0.147 mm
a3 - - b3

Although™ the above derived values may be considered as the opti-
mum design dimensions, it was decided that ta3 and tb3 respectively
should be reduced even further. Even though that would make the para-
meter my larger, it was felt that this was acceptable since the plunger
in question operated on a relatively narrow tuning range of 2:1.
The gap dimensions rested finally on what was mechanically achievable,
bearing in mind the close tolerance requirements previously discussed.

There were found to be

= 0.053 mm, t ., = 0.123 mm

a3 b3
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The gap q between the folded sections and the rear part of the
plungers was made approximately equal to five times the largest gap
spacing for each stub. The folded sections were made as thin as was
mechanically possible, with the actual dimensions given in Fig. léa
and Fig. 14b. The stub tuners were made of brass, chosen not only
for its fairly high conductivity coefficient but mainly because

machining can produce a very smooth, mirror like, surface.

4,3.,3 Tapered Tuning Stubs

The stubs were designed to behave as 50§ coaxial line lengths
with inner and outer éonductor diameters of 3.91 mm and 9.0 mm
respectively. For resonant free operation the stub mean circumferance
m(a+b) should be less, or at least equal to one wavelength of the
maximum frequency of 18 GHz. This however, would require a much
smaller plunger design which mechanically would be an almost impossible
task. Furthermore, since the chosen dimensions did allow successful
operation up to 18 GHz the above condition was not obeyed.
The use of SMA connectors neccessitated the introduction of tapers
to gradually reduce the stub dimensions to the required diameters
while avoiding reflections and impedance changes. The formula given
below applies to the general case of joining two lines of different
impedance values, and the reflection coefficient introduced by the

taper is obtained from [8,15]

' sin2ml /A
sin2mk /A 'SLn _Zo> (4.6)

48 /x Z

01
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where

=
1}

taper length

N
N
]

characteristic impedances of the two lines to be joined

oL 02

The plot of Fig. 15 may be used to obtain a ratio of £/ A such
that the lowest possible reflection can be achieved; this was made
use of in deriving the taper lengths for the three stubs.

However, eqn. 4.6 suggests that if 202 and Z01 were to be equal,
and provided the lines were filled with the same dielectric medium
say air, then p+0 irrespective of the taper length. This condition
was taken advantage of when designing the taper for the 1 -~ 3 GHz stub.
The coaxial lengths on either side of the very short taper (5 mm)
were both designed to give a characteristic impedance of 50 (aif
dielectric). Taper dimensions for all three tuners are given in

Fig. 16a, Fig. 16b and Fig. 1l6c.

4.3.4 Movement Mechanisms of Plungers

Two distinctly different mechanisms were used for the movement
of the plungers. For the Jowest fréquency tuner the short circuit
was attached to a hollow, threaded bra;s rod as shown in Fig. 17.
This rod did not come into contact with neither the inner nor the
outer conductor, and was sufficiently long to permit full vertical
movement of the plunger. The inner conductor was secured by fitting
a metal plug at the top of the stub and was held in place by a metal
pin running horizontally through it and the conductors. To overcome

the problem of the pin preventing the free run of the threaded rod
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the latter was slotted lengthwise on either side enabling it to clear
the pin. The short circuit movement was achieved by simply turning
a thumb-wheel firmly secured by a collar which was part of the metal
plug.

For the other two tuners a different arrangement was used, shown
in Fig. 18. As before, the inner conductor was held rigid by fitting
a tapped metal plug at the top of the stub. It was then hollowed
out providing sufficient clearing for a threaded rod to be allowed
to move within it. The top end of the rod was attached to a knurled
thumbwheel which, when turned, raised and lowered the rod accordingly.
The plunger was in turn attached, via two thin rods to a metal plug.
This plug was made to move with the thumbwheel as follows. A long
thin cap was machined so that its top end formed a collar. This was
then placed over the thumbwheel and was fastened to the plunger plug
with two screws. So, when the knob was turned the cap and subsequently
the short circuit were forced to stay with it as the threaded rod

moved in and out of the inner conductor.

4.4 THE DETECTOR MODULE

The power absorbed by the probe will ultimately cause a deflection
of a meter or a scope trace. One way of achieving this is by con-
verting the microwave signal to d-c, or low frequency, which can then
be measured by conventional methods. Non-linear elements such as
diodes can be used as rectifiers or frequency convertors, and the
whole detecting arrangement need only consists of a crystal detector,

followed by a narrow-band amplifier tuned to the modulating frequency.
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The modern crystal detector is the most sensitive and the simplest
of all rectifying devices. It consists of a fine wire carefully
pointed and brought to contact with the semi-conductor which is usually
silicon or germanium. By controlling the pressure against the semi-
conductor, the area of contact is adjusted to the desired value.
This determines the resistance of the barrier contact, its capacity,
as well as the power handling ability of the device. When a high
frequency signal is applied to the diode a d-c current will appear
in the load circuit. The magnitude of the current depends upon the
device characteristics such as r-f source impedance and the d.c. load
impedance. The diode can be simply considered as a current generator
with a certain dynamic impedance.

For the slotted line application, a J-band detector diode
(DC 1535) was purchased from M.E.D.L. A silicon Schottky barrier
type wés chosen mainly for its mechanical and electrical ruggedness,
highest output voltage, and best tangential sensitivity. It provides
a high burn out level (200 mW CW, 400 mW peak) and has the additional
advantage of producing a low video resistance (2008 at 150 HA). Con-
sidering low level detector performance, this type of device realises

an operationél’sensitivity of about -48 dbm under unbiased conditions.
The diode outline and approximate dimensions are shown in the diagram
of Fig. 19.

The diode was incorporated to the slotted line as a self-contained
unit able to be removed when unmodulated waveforms had to be examined.
For this purpose a crystal holder was designed to accommodate the
detector. Its main function was to introduce the terminals of the
Tectifying diode  into the microwave circuit, ensuring that all

r-f power is absorbed by the crystal without escaping through the
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output terminals.

The design of the holder was influenced mostly by the diode out-
line and the dimensions of the input connector. Theoretically for
the module to operate properly a return path has to exist for the
microwave frequencies (1 -18 GHz), while modulating frequency - usually
1 KHz - is allowed. to pass through the diode. (Fig. 20). This was
achieved by placing a capacitor in shunt between the diode and the
holder's wall and the return path was completed by the stub tuner
being connected in parallel with the module. The capacitance per

unit length was obtained from

24.2 X & [F/mJ 4.7)

lle)

log

o o {x

where the symbols have their previously defined meanings.

The capacitance was obtained mechanically as follows: a tight-
fitting, 7.0 mm wide metal ring was placed over the diode body, effec-
tively inqreasing its diameter to 9.0 mm. A narrow gap of approxi-
mately 0.0254 mm was created between the module wall and the outer
surface of the metal ring. A thin film of mica was then inserted
in the circular gap and the.by—pass capacitance was obtained according
to eqn. (4.7).

The impedance at high frequencies (GHz) as well as at low fre-

quencies (KHz) can be calculated from the following relationship

]

(Q) (4.8 )
2TEC
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It can be seen that at microwaves, the gap is presenting an almost
negligible impedance - i.e. a near short-circuit condition - while
at low frequencies the impedance is extremely high, resembling an
open circuit.

A cross-section of the detector module including relevant di-
mensions is presented in Fig. 21. It was machined out of brass and
it consisted of two cylindrical parts with the adjoined ends threaded.
When the two halves were brought together, the metal ring and the
mica film were held firmly into position w.r.t. the rectifying crystal.
A Radiall SMA connector (R125056) was fitted at the holder input,
while its output was turned down to dimensions similar to those of

an SMA-Jack connector carrying the detected signal to the measuring

instrument,
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CHAPTER 5

ELECTRICAL MEASUREMENTS AND PERFORMANCE

5.1 WAVELENGTH CORRECTION FACTOR

On completion of the slotted line design and construction, various
tests were carried out to establish the quality of its performance.

Wavelength, was the first quality to be measured. Since the
cable was slotted and a trough cut out for the probe measured meant
that it was no longer completely dielectric filled. On investigation
it was confirmed that as a consequence the relationship
f = c/(A/E: ) no longer applied unless a correction factor was intro-
duced. This factor was determined approximately using the precision
of high quality instrumentation. The frequency of the generator was
accurately set to the desired value by calibrating it against the
spectrum analyser. The slotted line was then connected to the source
output via a 6dB attenuator so that any possible mismatches were elim-
inated. With the line terminated in a short circuit a number of stand-
ing wave minima were located along it and their positions recorded.
Having measured the wavelength at the set frequency, simple substi-
tution yielded the value for the correction factor, X from the fol-

lowing relationship

where A =
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OR
x = — Ve (5.1)

where

A’ slotted line wavelength

o relative permittivity of cable dielectric (PTFE)

For better accuracy it was decided to carry out the above measure-
ments initially at low frequency since the corresponding wavelength
would then be large enough to minimise errors in establishing precisely
the minima positions along the line. The frequency of 2GHz was chosen,
and the procedure was repeated at least three times so that the average
reading could be obtained. Measurements were then made at selected

frequencies up to 18 GHz. It was found that the value of X, = 1.050

approximately applied over, the range. By combining xc,/E;, and c,
eqn. 5.1 can be given as
2.174 x 10°
f = —}\l-—- (Hz) (5.2)

/7 .
for A7 in metres.
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5.2 RESIDUAL VSWR (SR) OF THE SLOTTED LINE

Another important parameter measured was the residual VSWR of
the line. This is the standing wave ratio when the slotted line is
terminated in a matched impedance. Although it is impossible to com-
pletely eliminate residual VSWR, it can be, with some care, reduced
to acceptable values. It is mainly caused by changes in the charac-
teristic impedance. These in turn may be due to the slot position
and dimensional variations which, unless compensated, can create
standing waves along its length.

Connector reflections is another source of residual VSWR. These
can, however, be drastically reduced by carefully selecting the type
of connectors to be used by ensuring that they are of low loss and
of high quality. It is generally accepted that the above-mentioned
imperfections could introduce a residual VSWR which may be considered
as a single lumped discontinuity, since the reflections that are pre-
dominant in causing it are of fixed phase.

Ideally it should be determined by terminating the line in a
pe;fect, reflectionless, matching load. Such perfect termination
does not, however, exist §ince even the best quality low loss load
will produce some reflections. This can be overcome by employing
a measurement technique which requires the slotted line to be term-
inated in a sliding load instead. In doing so the reflections caused
by the load may be distinguished from those caused by the line. It
is important to bear in mind that any discontinuities in the load
connector will be combined with the residual VSWR, since only the
VSWR of the load is isolated from the rest of the system. Although

a variable load was not available the use of a three-stub tuner
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produced similar effects.

With the three-stub tuner terminating the 1line, (Fig.22) the
probe was tuned and its position adjusted to obtain a maximum output
on the VSWR meter. This indicated that both reflections caused by
the load and the line were added and in-phase creating the highest
obtainable VSWR, Smax' Having measured this, the probe was placed
at the maximum of the standing wave pattern and the stubs were adjusted
to obtain this time a minimum reading on the meter. This now indicated
that the load and line discontinuities were now out of phase resulting
in a low VSWR value, Smin' The maximum and minimum reflection coeffi-

cients, p and ., were calculated from the following relationships
max Phin

[10]

0 - Spax ~ 1
max

Smin + 1

p . = Smin - l

min Smax + 1

(5.3)

(5.4)

Where p and p . reflection coefficients are defined in terms
max min

of the load reflection coefficients, oy and Pps [10] i.e.

(5.5)

(5.6)
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resulting in

+ .
Pmax " Pmin

LT 2 (5.7)

o _ Pmax _ Pmin

D~ - (5.8)
2

on the assumption that pL >> ep

The above method was used at frequencies of up to 12 GHz. Beyond
this frequency, because of the inability of the three-stub tuner to
operate consistently a slightly different approach had to be employed.
The slotted line was terminated in a 50 £ load via a tee-junction
(see Fig.22). A single stub tuner was connected to the third part
of the tee, and was adjusted to produce the smallest possible VSWR,
Smin' Having done this a line stretcher was inserted between the
line and the junction and was varied until a previously defined maximum

was made a minimum. The value of the VSWR was then recorded and the

residual VSWR, SR,of the line, was obtained from [5]

Smin ~ ] (5.9)
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The residual VSWR, SR’ of the line was plotted against frequency
and the graph is shown in Fig. 23. The values varied from 1.02 to
1.25 depending on the frequency. It should be noted, of course, that
since two variables‘had to be adjusted during the course of the measure-
ments, i.e. probe position and stub tuning, it was at times very dif-
ficult to accurately obtain the maximum standing wave value. This
could partially explain the discrepancies observed in the graph where
the residual VSWR does not seem to increase with frequency. Another
explanation could be that at some frequencies the fixed discontinuities
interact in such a manner that they either add or subtract and in
so doing enhance or diminish the effect. The connectors used, also
have a residual VSWR which varies with frequency according to the
graph of Fig. 24.

Similarly, the fixed, matched, terminations not been reflection-

less, produced a maximum residual VSWR of almost 1.2.

5.3 LINE ATTENUATION AND POWER LOSS CHARACTERISTICS

The semi-rigid cable had a specified attenuation of 30 db/100 ft
at 10 GHz. Consequently, the amoung of power lost in the slotted
line was investigated, and the attenuation A calculated from the

relationship

A(dB) = 10 log,, o+ (5.10)
P2
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where

jae]
I

input power to the slotted line

o
]

output power from the slotted line

The decrease in the level between the input and the output, ex-
pressed as a relative value in decibels was plotted against frequency
shown in the graph of Fig. 25. The readings obtained were a combin-
ation of the cable loss and the loss of the two Radiall connectors.
Slot radiation was another contributing factor becoming more prominent
at the higher frequencies.

The rate at which a signal was attenuated, travelling through
the slotted line was next examined. The attenuation constant of the
slotted line under test was obtained for the frequencies between 1
and 12 GHz only, a limit dictated by the slotted line that was
available for the measurement. The following method, based on trans-
mission line theory, was used.

The attenuation constant ¢ as mentioned in chapter 2 is a func-
tion of R, L, G and C and is usually quoted per unit length., It can
be either related to the power loss of the line, or the reflection

coefficients at its terminals i.e.[ 17]

1 on P! .
o = — n-— nepers /unit length 5.11
50 5 P g ( )
or
a = 1 Ln p2z()| nepers/unit length (5.12)
28 P, (0)
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where

2 = length of the line.

It can also be expressed as a function of the VSWR i.e.

s, -11[s, +1

2% Sz+1J Si -1

where

51

82 = output VSWR at length?f

input VSWR at =0

(5.13)

the above can be further simplified by terminating the line with

a short circuit.(See Fig.26). This will theoretically make

Sz’f'w yielding

(5.14)

The variation of attenuation constabdt, a, with frequency is shown

in Fig.27. The length % of the slotted line was 36.7 cm and o was

expressed in dB/m.
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Tests were also carried out to determine if any irregularities
in conductor concentricity, or in slot machining were present. In
particular there was concern that when the slot was cut out some very
small particles of the outer conductor copper shielding might have
been embedded in the remaining dielectric, thus causing erroneous
probe pick-up.

For the tests the type of termination was not important, and
neither was tﬁe drive level nor the actual values of the electric
field intensity along the line. What was important however, was that
these arbitrary values, when plotted against slotted line position
produced a uniform pattern. The graphs in Fig. 28, Fig. 29 and Fig.30
show the variation of maxima and minima along the line for the chosen
frequencies of 4, 6 and 12 GHz respectively, while the line was term-
inated in 50 §

It should be noted that at 4 GHz the results were obtained before
some minor modifications were carried out on the carriage and clamp.
These involved altering the outline of the undercarriage which in
consequence narrowed the clamp slot, to avoid radiation of the input
signal. These modifications did not have a direct effect on the cable,
and the previous results were therefore still valid. At 4 GHz inter-
mediate readings were taken in addition to the readings at maxima
and minima. This also applied to the results obtained at 12 GHz but
since a lot more maxima and minima were present, purely for clarity
only three sections of the slotted line were used for the measurements.
At 6 GHz only the maxima and minima readings were noted. A gradual
decrease in level was observed, becoming more apparent at the higher

frequencies. It was not assumed to be the result of conductor non-
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A uniformity, but rather caused by the cable losses. This was confirmed
by feeding the input signal to the output connector, and repeating
the test which produced similar level variations.

The above procedure was repeated with the line terminated in
a short-circuit. The reason being that the minima would now be more
sensitive to any existing irregularities. The results obtained at
2 GHz and 4 GHz are shown in Fig. 31 and Fig. 32 respectively.

For comparison purposes a graph with the line open-circuited

is also included. (Fig. 33).

5.4 PROBE COUPLING COEFFICIENT

The probe coupling was examined by determining the amount of
power absorbed from the line. It was an important test, because it
gave a direct assessment of the carriage and probe assembly designs.

For the measurement, the detector module was removed and the
slotted line operated on unmodulated CW. The power at the output
of the slotted line was recorded and then compared with that obtained
at the probe. During the measurements (Fig.34) the slotted line was
terminated in its characteristic impedance thus eliminating reflections
that might have upset the true power levels. The degree of coupling

(dB) was obtained from the relationship

p
k =101 —_ 5.16
p 0810 P ( )
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.where

.
]

P probe coupling coefficient

javl
1]

power ‘absorbed by the probe

J
il

power measured of the slotted line output

The power was measured with the aid of the spectrum analyser.
The use of the power meter was avoided since it would not only measure
the power at the desired frequency but also that contributed by the
generators harmonics content. The procedure was cérried out twice,
before and after the modifications were made to the carriage and probe
designs. Initially, the undercarriage dimensions and the probe
assembly did not provide a 50 impedance path. bFurthermore, the
probe line with some of the dielectric removed, presented a different
impedance at the junction point where the output was taken from the
carriage.

The variation of the probe coupling coefficient kp with frequency
is shown in Fig. 35. Three plots were drawn for maximum, medium and
minimum probe depths with the O dB regarded as the reference. Although
the coupling of the lower frequencies seems to be low, there is a
great deal of similarity between the shapes of the three plots sug-
gesting that ne unwanted effects due to the probe depth seriously
degraded the line performance.

As part of the modifications the probe dimensions were altered,
by increasing its diameter from 0.25 mm to 0.35 mm, and by keeping
the dielectric sleeve undisturbed. On examination it was found that
the coupling had changed by as much as 7 - 8 dB for the low frequencies
shown in Fig. 36, giving a more level response over the total frequency

band up to 18 GHz.
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5.5 PROBE TUNING ASSEMBLY MEASUREMENTS

The "peaks" and "dips" on the graphs were accepted as being a
direct consequence of the stub tuner. This was confirmed by investi-
gating the response of a standard GR slotted line (see dotted liﬁe
on graph) where similar variations although more prominent, were also
encountered. The reason for this may be understood if the impedance
of the probe end is considered as the load, and the length of the
probe to its connector as the transmission line (ZO =50 € ). By design
the tuner was placed in shunt a distance from the fixed load. Theoret-
ically,(the load is matched to the line not only when the adjustable
short is correctly tuned but also when the stub is placed at the
correct distance from the load.

In assessing -the required stub location, three quantities had
to be evaluated. One was the standing wave ratio, the second the
distance between the first voltage minimum and the termination, and
the third was the wave length. Basic standing wave measurements and
knowledge of the operating frequency were sufficient to calculate
the desired values. Standard Smith chart techniques were employed
to establish the required stub position w.r.t. the created standing

wave pattern. EA ]

where

L5 = distance of stub from first voltage minimum (towards
' the load)
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g. = distance of stub from first voltage minimum (towards
’ the generator)

d(min) = distance of first voltage minimum from the load

The test set-up shown in Fig. 37, consisted of a 2 - 12 GHz
slotted line terminated with the probe of the designed line. The latter
was in turn terminated at both ends by its characteristic impedance.
The resulting VSWR was plotted against frequency and is shown in Fig.38
Unfortunately, it was not possible to cover the entire frequency range
which would have allowed a complete evaluation of the stub tuner loca-
tion to be made. (see table of Fig.39). An attempt was however made
to estimate approximately the required position, bearing in mind that
the stub does not necessarily have to be placed near the first minimum
from the load but any number of half wavelengths away from the cal-
culated distance. Similarly if the tuner was to be situated correctly
at the lowest frequency then it is possible that it would be effective
for the higher frequencies since the minima will repeat at much shorter
intervals. Projecting the obtained results, yielded approximate
maximum distances of R} =37 mm and 2? = 50 mm, assuming that the
tuner will be effective within 57 of the desired distance.

It was felt that an estimate of optimum tuner location could
not be obtained unless all the frequencies of interest were
investigated.

The performance of the plungers was assessed by measuring their
reflection coefficients. Each tuner was in turn used as an adjustable
short circuit terminating either a GR or a Flann slotted line and
the VSWR was measured, which was then converted to a reflection

coefficient. It must be noted that the results did not truly represent
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the quality of the reflecting short circuit. This was because the
use of GR - SMA and N type - SMA adaptors respectively, as well as
the use of SMA connectors in the stubs introduced some resistance
which reduced the amount of reflected power. This was made obvious
by testing a fixed SMA short circuit using the same type of adaptors
over the same frequency range (Fig.40). Even though a better quality
of tuners might have been required if they had to be used as adjustable
shorts, it was accepted that their performance was adequately satis-

factory for the purpose of the intended matching and tuning.

5.6 DETECTOR CHARACTERISTICS

The detector module was finally examined for its modulation band
width capability and power-current characteristics. Its response
to varying modulating frequencies was assessed for the range of 0.1
- 100 KHz, monitering the level of the output voltage while the input
was maintained at' a constant 1.32 V p-p. Level variations were plotted
against frequency as shown in Fig. 41,

When a diode is used as an r-f detector an important relationship
is between the input signa} and rectified current. If a detector
is to behave as a square-law device, under small signal conditions,
the detected current should be proportional to the r-f power, since
higher than the second order terms in the power series expansion may
be neglected. The detector module was connected via a 10 dB attenuator
to a single frequency generator and the diode output current was
measured for varying power levels at three different frequencies.
(Fig. 42).

From the shape of the calibration curves, it can be deduced that

= e
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the module behaves as a square law device for input power levels of
up to about O dBm. This would suggest that for an average probe to
line coupling of 20 dB, a slotted line input signal of more than 100

mW would be required to upset the square law relationship.




CHAPTER 6

COMMENTS AND CONCLUSIONS

6.1 PROJECT OBJECTIVES

This project was undertaken with two main objectives in mind.
The first was to design and construct a low cost slotted line, the
second to ensure that it was of sufficient accuracy to be used as
an important and a necessary measuring aid in subsequent research
applications. There are already coaxial slotted lines available on
the market operating of frequencies up to 18 GHz.

What made this particular design interesting, if not unique,
was that for the first time a coaxial cable with a dielectric medium
other than air was used in its construction.

The benefits from such a substitution \quickly became obvious.
The cable may be obtained at low cost from manufacturers such as
Radiall, Omni-Spectra, etc. and some of them for a small extra charge
will sell straight lengths made to very close tolerances. Using a
dielectric-filled cable, apart from reducing the overall length of
the slotted line by a factorlof 1//5: also eliminates the difficulties
that may be encountered in precision machining of air lines, reflected
in the high cost of the product.

It became apparent from the beginning that a good, error free
performance of such a slotted line will mainly depend on sound mechan-
ical design and precise construction. Every available technique,

based on microwave frequency principles, was adopted and incorporated
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achieve the required electrical operation and still maintain low cost.
Accordingly, a thorough understanding of transmission line theory
and wave propagation is an essential study as a background for the
successful design of the slotted line and its accessories. However,
the aim and the emphasis was to translate the theory and resulting

relationships into practical realisations.

6.2 RELEVANCE OF THE THEORY

In chapter 2 initially, wave transmission theory was briefly
reviewed with attention paid to the manner how the power 1is attenuated
in a transmission line. The attenuation constant g was expressed
in terms of power as well as line parameters in high frequency appli-
cations. Similarly, equations for the evaluation of the signal phase
velocity for various media were restated.

A section of coaxial line was represented by an equivalent circuit
containing lumped elements of resistance, inductance, conductance
and capacitance per unit length. R, L, G and C were used in the deri-
vation of secondary parameters, propagation constant Yy and character-
istic impedance Zo' The complex expressions one obtains for the atten-
uation a , phase shift B , ;nd characteristic impedance Zo, simplify
for lossless and low loss cases.

An important equation of practical use is the one for the charac-
teristic impedance of the line derived from E and H field distributions
within the coaxial line, in terms of the inner end outer conductor
dimensions. This formula was applied continually in the design of

the slotted line and its accessories, to maintain a characteristic

impedance of 50 §,
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Finally, the behaviour of an electromagnetic wave propagating
along a line was examined for different loads under mis-matched cond-
itions. The subsequent formation of standing waves was discussed
and formulae developed interelating the load ZL’ to reflection coef-
ficient pv and Sv . These proved to be extremely useful relationships
and were extensively used in the calculations and testing of the
slotted line.

Chapter 3 dealt with the requirements for the electrical perfor-
mance of each individual part of the design. The importance of con-
ductor concentricity and uniformity was highlighted, needed for
accurate measurements of the electric field intensity. The effect
of the slot size on the cable was discussed in terms of the reduced
capacitance resulting in .characteristic impedance changes and possible
formation eof additional standing waves. These factors were of primary
consideration in deciding the slot width.

Like the slot width the electric probe needed to be of small
dimensions, even at 18 GHz its diameter should be a fraction of the
wavelength. If the. dimensions are large it would cause reflections
and introduce errors in VSWR readings. The analysis of the effect
due to power absorption by the probe was considered by assuming it
to be an admittance shunting the transmission line. The equations
for the conductive and susceptive components were given, and used
for calibration purposés. In addition shifts of the standing wave
maxima, and to a lesser extent minima, caused by the probe, were dis-
cussed, and equations found relating the true and the measured VSWRs.

The schematic representation of the probe and its equivalent
circuit which included the inductance introduced by the short-

circuiting plunger was of particular importance. It indicated that
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for maximum output, the tuned circuit of C2, L, and R should be reson-
ant, and this can only be satisfactorily achieved if the capacitance
C2 between the probe and the slot is kept constant, otherwise tuning
would be made redundant. Requirements of this nature were continually

taken into consideration, and influencing the mechanical aspects of

the design.

6.3 ELECTRICAL REQUIREMENTS AND MECHANICAL CONSTRUCTION

The construction of the slotted line components was described
in chapter 4.. Whenever appropriate attempts were made to justify
construction procedures by referring to relevant microwave design
principles. When planning the clamp, the main objective was to provide
a means for mounting the probe carriage assembly and enabling it to
travel the slotted cable length, while maintaining perfect symmetry
with its surroundings. This required precision machining, and special
gauges were used to achieve milling tolerances of less than 0.0l mm.
Both halves of the clamp were simultaneously machined to the specified
dimensions, so that they were identical; they were also dowelled to
allow complete realignment in the event of being dismantled.

The semi-rigid cable was slotted after it was placed in the clamp
for two reasons. Firstly, this ensured that the slot ran symmetrically
between the clamp walls, placing the probe centrally within the slot.

Secondly, suspecting that the two conductors may not be absolutely
concentric, it was decided that a reference plane was needed, of known
distance from the inner conductor was: needed. Having made the assumption
that this was by far the straightest of the two conductors, it was

decided that it was more important to maintain a uniform distance
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between the probe and the inner conductor, than to maintain constant
penetration.

Therefore the slot depth was determined more in terms of clearance
between the slot bed and the inner conductor, rather than distance
from the cable surface to the dielectric forming the slot bed.

The cable was slotted by inserting a circular cutter through
the clamp slot until the predetermined depth was achieved. It is
worth noting at this point that a number of small copper particles
could be embedded in the soft PTFE sleeving of the cable, and if so
they should be carefully removed.

Initially, the clamp slot was decided to be 6.35 mm wide. The
choice of this particular dimension was simply based on the fact that
the probe PTFE sleeve was 4.1 mm in diameter and therefore a large
enough slot had to be provided to allow the probe skirt to reach the
slotted semi-rigid cable. During the course of testing however, this
was found to create excessive radiation leakages to the extent that
above 13 - 14 GHz there were detectable effects caused by a mere move-
ment of one's hand over the clamp slot.

Radiation of this type can only be eliminated theoretically if
the outer conductor wall is infinitely thick. Practically this can
be simulated by making the clamp slot as wide as the cable slot itself,
so that its slot walls would seem to be a natural extension of the
cable slot walls, providing the outer conductor with sufficient
thickness. This was not however mechanically possible since the cable
slot was only 1.27 mm wide, making it difficult to create a clamp
extension of similar dimension within which the probe and skirt had
to be accommodated. The smallest obtainable width was that of

2.3 mm which resulted in the leakages being minimised to an acceptable
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level inherent fo all slotted lines.

Apart from the changes in the undercarriage skirt design, a number
of modifications were carried out, concerning the opening in which
the probe was placed, as well as the junction leading to the connector
for the detector module. As it was previously discussed a sméll ring
of the dielectric sleeving was initially removed from the probe; a
Jjunction was made and the absorbed power was delivered to a connection
at the back of the carriage. Initial calculations did not account
for uniform, matched transmission from the probe tip to the junction,
or to the connector leading to the tuner. This led to varying amounts
of power being delivered to the output depending on the operating
frequency, while maximum tuning could only be achieved for specific
distances.

After ensuring that a 50 € path was created for the probe, by
altering its dimensions, it was decided to remove the junction and
simply take the output from the carriage top through a standard SMA
tee. The alterations proved successful in that more constant coupling
was achieved and satisfactory tuning was provided even though fhe
tuner was not located at the optimum position.

The use of adjustable pads proved quite useful, in that "play"
caused by material wear as well as small misalignments could be cor-
rected by simply adjusting the tensions on the screws behind the pads.
Another minor problem that was encountered concerned the probe depth
mechanism and in particular the locking nut. Having been made from
duralumin, it proved too soft, causing the thread to '"stretch" after
only a few locking operations This was overcome by making the mechan-
ism from stainless steel which is much tougher and resilient. A cyl-

indrical, threaded insert was also fitted in the top surface of the
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carriage assuring lasting, trouble-free operation.

6.4 ELECTRICAL PERFORMANCE

The performance of the slotted line with its accessories was
examined in chapter 5. Quantities such as wave length, power loss
and coupling between the line and the probe were measured so that
an overall assessment of the line's quality could be made.

It was interesting to note that the wavelength was neither that
of free space, nor was it reduced to that of a PTFE filled transmission
line. In fact with the line being partially filled with dielectric,
a correction factor had to be introduced if the relationship
f = c/( A/E—;) was to remain valid. Having taken this into consider-
ation the measurement of frequency could be accurately obtained using
the slotted line.

Although the residual VSWR was not very easy to determine, the
indicating variations from 1.02 to 1.25 were deemed acceptable when
considering that the VSWR's of the lines connectors as well as those
of the tuners and terminations were also included.

Similarly slotting a small diameter cable, such as the one used,
was bound to create more acéute impedance changes which were enhanced
when part of the dielectric was removed.

Another contributing factor was of course the effect of the slot-
ting process. There was no way of ensuring that the slot bed and
sides would be smooth, and that no copper fillings from the outer
conductor would have been embedded in the dielectric.

Examining the variations of power loss of the line with frequency,

it was found that it exhibited very little loss even at very high
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frequencies. The results compared well with the manufacturer's speci-
fications, taking into account that the connectors and the slot contri-
buted small amounts of extra loss.

Similarly, the attenuation constant ® behaved in much the same
way, indicating an increase with frequency.

From observing the maxima and minima of the standing waves pro-
duced by either a short circuit, an open circuit or a characteristic
impedance termination, the conclusion is that no apparent irregular-
ities are present in the line. In the case of the matched termination
(Fig. 28 - Fig 30) one must allow for the fluctuations as being the
result of the effect of the probe when measuring very low VSWRs.
As mentioned previously in the case of a low VSWR the location of
the maxima as well as that of the minima is affected by the probe.
This is not however the case in the short/open circuit condition.
Here, the minima are not affected by the presence of the probe (Fig.31
Fig.33) resulting in more uniform patterns. As it is seen from the
graphs, the levels of the maxima and minima are consistent and varying
very little for the entire length of the line of different frequencies.
These variations could be explained partly as being the result of
instrument drifting e.g. the VSWR indicator, of inconsistency of power

’

output from the .generator.

The amount of power absorbed by the probe was considerably im-
proved as a result of the modifications outlined in chapter 5. As
seen from Fig. 36:the coupling is not constant but instead it varies
with frequency. One explanation for this, could be that at some fre-
quencies the tuning is more efficient than at some others. This might
be the result of the short circuits being more effective at certain

positions in the tuners, thus reflecting more of the input signal
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power, Another explanation is that the stub being at a fixed distance
from the probe is more effective for frequencies whose wavelengths
happen. to be the correct fraction of that distance. An attempt was
made to calculate the required stub location unsuccessfully since
not all the frequencies of interest could be considered.

Similarly the detector module was found to have an input VSWR
of approximately 3:1, which would suggest that depending on frequency
a varying amount of power would reach the diode thus creating an incon-
sistant coupling. However, these variations seem acceptable in view
of the fact that slotted lines like the GR-874LBB produced similar
results., A coupling from -35 dB to -14 dB, of maximum probe depth,
can still provide sufficient power for measurements using sensitive

apparatus, like the spectrum analyser and the VSWR indicator.

6.5 FUTURE WORK AND RECOMMENDATIONS

Overall, the design may be considered successful in that it may
be used as a general purpose slotted line. However, with some improve-
ments it can be used in specific applications where a high degree
of accuracy is essential.’

Precision connectors such as the APC-7 type would greatly improve
the performance of the slotted line in terms of power loss and residual
VSWR reduction. The SMA type connector used, although adequate, proved
troublesome, inconsistent, and not mechanically robust enough, for
the numerous matingsithatslotted line connectors have to undergo.

As mentioned - before the innovation in this particular design
was the use of 'semi—rigid dielectric filled cable. Therefore, one

is advised to choose one of high quality and approach manufacturers
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that supply lengths produced specifically within very close tolerances
for conductor concentricity and straightness. Although they do charge
extra for it, the advantages more than balance the cost.

Discussing the carriage in section 4.2 it was mentioned that
it was made from duralumin, a choice based purely on machinability,
durability and the fact that being a light metal would not contribute
added weight to the slotted line. Theoretically, however, duralumin
is not a very good conductor and this affected the amount of power
transferred from the probe tip to the detector. A brass, or steel
carriage with the probe path silver plated would be more acceptable
and in additien it would provide the added strength to withstand the
tension from the tightening of the locking nut on the probe depth
ad justor.

The coupling could be further improved by incorporating some
kind of double tuning system. This would require not only the plunger
in the tuner te be movable but the detector module as well. This
means that for any frequency the didde should be "tuned" in terms
of distance from the probe so that maximum power transfer is achieved.

This could be done by replacing the probe unit with a length
of semi-rigid cable similar to that used in the slotted section of
the line. This would then‘be shaped at one end, so that the inner
conductor was exposed, and protruded through the undercarriage to
act as the probe.  The other end would be extended through the adjustor
mechanism and fitted with an appropriate connector, to which the tuner
would be attached. The section of cable between the carriage top
and the tuner would then be slotted exposing the inner conductor onto
which a connector of the extended receptacle type could be attached,

to provide the output to the defector. The whole arrangement could
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be encased in an appropriate metal sleeving to eliminate possible
radiation leakages; this offersvthe added advantage of replacing the
SMA probe unit with cable capable of operating at high frequencies
with minimal exhibition of loss.

Following these modifications a slotted line of excellent perfor-
mance could be produced, for all types of research applications, being
fairly easy to construct and inexpensive enough to satisfy the aims

of the project,
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