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ABSTRACT

This dissertation makes a study of frequency discriminators and their
role in instantaneous frequency measuring (IFM) signal acquisition
receivers. Frequency discriminators are the major building blocks
of IFM. They are required to measure frequency accurately oﬁer very

broad bandwidths and to have near unity probabilities of pulse intercept.

The major difficulties of the most commonly reported version are
identified as a lack of component symmetry and a need to cross over
- two transmission 1lines while maintaining isolation. The effect on
accuracy due to lack of symmetry shows up analytically. TOUCHSTONE,
a micro-computer analysis package, is demonstrated as an excellent

analysis tool while alternatives are also suggested.

Variations of the standard discriminator are discussed. These are
intended to improve performance due to lack of symmetry. None completely
solve the cross over problem. A new type of discriminator requiring
fewer components is introduced. It requires no cross over and exhibits
greater symmetry. Analysis indicates that it performs better than
the standard version. Two prototypes show the methods to be reliable

and confirm the promise of the new version.
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CHAPTER ONE
INTRODUCTION

Frequency discriminators (FDs), as their name s8uggests, are devices
with frequency dependent outputs that can be used to measure signal
frequency. Polar frequency discrimifators provide a sine and a cosine
output which can be applied to a polar display to read frequency directly
once calibrated. Essentially they operate by measuring the phase
difference between input and output of a transmission line of known

length when a signal is passed down it.

FDs are not new. Goddardl3 reports that work on the first discriminators
began -at the Mullard Research Laboratories in England in 1954, while
the first polar discriminator was built there in 1957. As for the
principle of measuring frequency in terms of signal phase delay down
a transmission line, Goddard suggests that must be nearly as old as

electromagnetic science.

The main attraction of FDs is that they can operate over very large
bandwidths and be sensitive to signals arriving anywheére within that
band all the time. Rarely are FDs built to cover bandwidths of less
than an octave and one has been reported10 covering 2 to 18 GHz.
Bandwidth is 1limited primarily by the bandwidths of the individual

components.

The prime use of FDs is in intantaneous frequency measuring (IFM)
receivers and these are just one type of signal acquisition receiver.
The practical demands of such receivers can be very challenging which
is why FDs are best studied in the context of IFM. Certainly IFM can

be counted on to highlight any failings of FDs.
1.1 OBJECTIVES
The first objective is to gain an understanding of acquisition

receivers in general and IFM in particular. This will throw light

on the requirements and 1limitations of FDs. At the same time



all current FD realisations reported in the literature should

be studied as each has advantages and disadvantages.

The next objective is to find suitable methods of analysing the
broadband performance of FDs. This should allow different FDs
to be properly compared and improve the design procedure. At
the same time practical difficulties in constructing the different

FDs should be determined.

With knowledge of the theoretical and practical difficulties of
the various FDs, attempts should be made to overcome any problems.

This may require the development of a new form of FD.

The final objective is to demonstrate the validity of the design
and analysis methods by building and testing an FD covering the
reasonably challenging bandwidth of 2 to 6 GHz.

DISSERTATION ORGANISATION

This dissertation is divided into six main chapters. The first,
chapter two, looks briefly at the various different types of signal
acquisition receivers, be they in use today or still in the

experimental stages.

Chapter three takes an in depth look at IFM receivers with
particular emphasis on digital IFM. Digital IFM is a newer field

and has its roots in the early seventies.

Chapter four studies the forms and characteristics of the various
FD types that have beeh reported in the 1literature. The main
practical difficulties are also detailed. A new FD form is
introduced which overcomes many of the difficulties of earlier

versions.

Chapter five looks at the various components which make up FDs.
Particular emphasis is placed on their characteristics which affect

overall performance and 1limit bandwidth. Ways of broadbanding

‘-



the components are discussed and the methods described are used
to design and build components required for the prototypes.
Measured component characteristics are presented. With knowledge
of both ideal and non-ideal component properties, broadband FD

analysis can be tackled with greater confidence.

Chapter six looks briefly at various methods which can be used
to analyse the discriminators, and chooses a ‘yardstick' which
allows the performance of different FDs to be compared. The best
available analysis method is then used to perform several sample
analyses and make comparisons between the standard or most commonly
described FD and the two forms of the new version introduced in

chapter four.

Chapter seven describes the building and comprehensive testing
of two prototypes of the new FD version. Use is made of the

components described in chapter five.

The final chapter is a conclusion and suggests some areas for

future work.



CHAPTER TWO

SIGNAL ACQUISITION RECEIVERS

The subject of this dissertation is frequency discriminators. They
perform a very specific task, namely the measurement of frequency (or
phase, as will be seen later). To fully appreciate the special
characteristics of these units it is useful to consider the systems
within which they are generally used. Similarly, to better understand
these systems one needs to consider the types of signals that they
are designed to intercept. This chapter serves this purpose and briefly
describes alternative systems, for completeness and because the wide

range of techniques used makes their study particularly rewarding.
2.1 TYPICAL SIGNAL CHARACTERISTICS

Firstly it should be noted that it is the microwave frequency
band that is of interest here, more particularly the range 500 MHz
to 18 GHz. This is an extremely large bandwidth and any one
receiver generally covers only a portion of this frequency range.
Various techniques can then be used to extend coverage to the
whole band. Nevertheless it must be realised 'that very 1large

bandwidths are involved, typically an octave or more.

Next it must be realised that the receivers are meant to reveal
the presence of signals at a given location. It is not generally
known in advance even that signals are present, let alone their
frequency or other characteristics. Interception of +the most
complex and fleeting signals should be aimed at, then detection
of simpler signals will follow. It should also be borne in mind
that several signals may be present in any given time interval,

perhaps even active simultaneously.

A large proportion of signals in this frequency band are emitted
by radar units. The simplest radar signal is CW but most are

pulsed and have very short pulse durations. Typically receivers



2.2

areldesigned to intercept pulses as short as 100ns in durationl~
5. Receivers should therefore aim at a very high probability
of pulse intercept. More 'exotic' radars may vary their frequency
within each pulse and/or from pulse to pulse. They may also vary
their pulse repetition frequency or may emit several beams at
different frequencies such as in 'stacked-beam' radar for

measurement of both height and ranges.

Signals may also vary very widely in amplitude so that a wide
dynamic range is desirable. Other obvious considerations are

size, weight and cost.

Receivers may be designed to report on each pulse's carrier
frequency, direction of arrival, pulse amplitude, pulse duration
and time of arrival’?. 1In addition after several pulses have been
collected, more complex receivers endeavour to identify the signal
type, (eg. 'chirped' radar or multi-beam radar) and other parameters
such as pulse repetition frequency. It is the accurate, within
pulse, measurement of carrier frequency that this chapter is

primarily concerned with.
CRYSTAL VIDEO RECEIVER

The crystal video receiver (CVR) is the most widely used wideband
receiver because of its simplicity, small size and low costls8,
In its simplest form it consists of a low noise RF pre-amplifier,
a square law video detector and a log video amplifier. This
provides a 100 percent probability of intercept (POI), a broad
bandwidth and signal amplitude information. Its major drawback
is that it provides no frequency information beyond that the signal
falls within the passband of the receiver. The passband is often
defined by a front-end bandpass filter, typically an octave or
more in Dbandwidth. Other disadvantages are rapid performance
degradation in dense signal environments, and susceptibility to

jamming.
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Fig 2.1 : Typical crystal video receiver

after Hofmann and Brown

The system can be upgraded to a tunable RF (TRF) crystal video
receiver by adding a tunable bandpass filter as shown in fig 2.1.
This can be a varactor-tuned or tunable yttrium iron garnet (YIG)
filter, and allows frequency measurement with a resolution of
between 5 and 70 MHz8. However, switching the filter in and out
significantly reduces the POI and also degrades the false alarm
rate (FAR). Another variation also shown in fig 2.1 uses a tunable
notch filter to eliminate CW or any other interfering narrowband

signal.
SCANNING SUPERHETERODYNE RECEIVERS

A typical scanning superheterodyne receiver8:9 is shown in fig
2.2, The figures given in the diagram are intended purely as
an example. This receiver covers an octave band in 5 MHz steps
but could equally well be swept. The YIG preselector is used
here to obtain a wide dynamic range and image rejection with one
frequency conversion. The 5 MHz IF limits the minimum detectable
pulse width to 200ns. Increasing the IF bandwidth reduces the
signal acquisition time and the minimum detectable pulse width

but also reduces the sensitivity9.

The receiver's dynamic range is its main advantage, typically
50dB or greater. The accuracy of frequency information depends
on oscillator stability and linearity, and the resolution of the

IF bandwidth. A YIG oscillator typically gives 0.2 per cent
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after Rappott and Stone

accuracy, ox 5 to 8 MHz in the 2 to 4 GHz band?®.

The receiver exhibits excellent signal separation capability because
of the frequency selectivity, and a 1low FAR, Its greatest
disadvantage is its very low pulse POI. A given pulse will only
be detected if the VCO frequency is within an IF bandwidth (5 MHz
in this case) of the carrier frequency plus IF frequency while
the pulse is present. If the VCO sweep period is much greatex
than the pulse length then the probability of intercepting a given
pulse is approximately given by:

POI(%) = IF bandwidth x 100
total swept bandwidth

se v (2-3.1)

In this example the IF bandwidth is 5 MHz and the total swept
bandwidth is 2 GHz giving a 0.25 percent POI of a single pulse.
The effect of this is to limit the bandwidth over which the receiver
can effectively be used. However, they make excellent narrow
band receivers and are widely used as such. They may also be
steered by broader band receivers (often IFMR's) as in combination

receivers.



2.4 COMPRESSIVE OR MICROSCAN RECEIVERS

The compressive receiverl/7-9 ig a logical step up from swept
superheterodyne receivers. It attempts to improve the superhet's
POI by using a very fast sweep time, ideally faster than the
shortest pulse duration. An RF input pulse mixed with such an
oscillator produces a ‘'chirped' or frequency modulated pulse.
If this pulse is applied to a pulse compression filter with a
slope opposite to that of the swept L0 (ie. a matched filter),
then the output is a compressed pulse whose position in time
relative to the start of the LO sweep is a function of the frequency

of the original input pulse.

The block diagram of a compressive receiver is shown in fig 2.3.
The receiver provides a near unity POI while retaining the ability
to separate simultaneous signals closely spaced in frequency.
The IF output of the mixer scans in frequency at the same rate
as the LO. The compressive filter delays the beginning of the
IF pulse by the pulse width and the rest of the pulse
proportionately less. In theory all the signal energy should
exit the filter at the same instant but the band limiting nature
of the filter gives the output a finite duration. 1In fact the
shape of the output pulse is the Fourier transform of the IF
bandpass characteristic, and its duration is approximately 1/IF
bandwidthl. Increasing the IF bandwidth reduces the output pulse

duration and increases the receiver's frequency resolution.

' Image rejection in compressive receivers is good since the matched
filter delay characteristics are in the same direction as the
image pulse frequency modulation. As a result the image pulse
will be spread to twice its initial duration and will be reduced

in amplitude.

In theory there is no limit to the bandwidth of these receivers.
Practical limitations on bandwidth are imposed by local oscillator
scan speed and linearity, and compressive filter delay linearity.

Wide bandwidth, fast tuning and very narrow output pulses mean
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after Hofmann and Baron

\
that very high data rates have to be processed and that processor
costs are high, Another limitation is that time-of-arrival

measurements are quantised into intervals equal to the scan time.
2.5 IFM RECEIVERS

Fig 2.4 shows an analog instantaneous frequency measuring receiver
(IFMR) in its simplest form. This section serves only as a very
brief introduction to IFMR's to facilitate comparison with the
other receivers described in this chapter. IFMR's will be covered

in more detail in chapter 3.

The IFMR achieves a near unity pulse POI by having a 'wide-open'
front-end requiring no tuning. Octave bandwidths are typical
and recently a 2 to 18 GHz version was reportedlo. Sensitivity
and dynamic range are good provided a limiting amplifier is used
at the input to the frequency discriminator (FD) as shown in fig
2.4.

The FD block is the focus of this dissertation and will be discussed
in depth in subsequent chapters. 1Its function is to accept an
RF input and produce two video signals with amplitudes p sin 6
and p cos 8. p is a measure of the signal amplitude and §6 is

directly proportional to f£frequency. If these two signals are
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applied to the vertical and horizontal plates of a polar display
then p is the radial component and the angular component 6 can
be scaled to read frequency directly. The FD is often referred
to as a polar frequency discriminator (PFD) because of the sine
and cosine terms. Any amplitude or frequency modulation present
will show up on the display as radial and angular fluctuations

respectively.

Since IFMR's have no frequency dispersive components they cannot
separate two or more simultaneous signals. If two signals are
present the display will shown the vector sum of the two signals
and thus will read neither signal correctly. The presence of
multiple signals can be detected fairly easily11 but IFMR techniques
alone are not sufficient for the separate frequencies to be
measured. A good solution is to use IFMR's to steer other narrow
band receivers, such as the swept superheterodyne receiver, which

can separate simultaneous signals.
CHANNELISED RECEIVERS

Channelised@ receivers consist of banks of contiquous filters
covering the frequency band of interest2:7,8,9,19, Detectors
following each filter show the presence of a signal within its
assoclated filter. Fig 2.5 shows a very simple channelised

receiver. It offers the high POI of CVRs and IFMRs and the signal

§ = SIGNAL AMPLITUDE
@ = SIGNAL FREQUENCY
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Fig 2.5 : Simple channelised receiver

separation ability of the superheterodyne receiver. Channelised
receivers are often referred to as instantaneous Fourier transform
receivers because of the way incoming signals are ‘instantly'
broken up into frequency cells with a resolution of half the filter

bandwidths.

If a 10 GHz bandwidth is to be covered by a receiver of the type
shown in fig 2.5 and each filter is 10 MHz wide (giving a resolution
of + 5 MHz) then one thousand filters are required. However if
a ‘'folding’ tephnique is used then the number of filters required
can be greatly reduced. Fig 2.6 shows such a receiver. The

frequency data given are meant purely as an example.

Every time folding takes place noise is summed into the IF channel
greatly reducing the receiver sensitivity. The switches shown
allow the receiver to be ‘unfolded' and the sensitivity of the
receiver in fig 2.5 to be regained. This also helps resolve certain
ambiguities that can occur in the folded mode when multiple signals
are present7. The price paid for folding and unfolding is an

increase in signal acquisition time.
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Another difficulty with channelised receivers is that the frequency
accuracy and resolution required is often at odds with the filter
bandwidth necessary to allow measurements of the narrowest pulses
expected. One solution is to carefully tailor the frequency
response of the filter skirts2. The tendency of signals to
'overflow' from one cell to another can be used to determine the
position of a signal within one cell if, for example, the signal
amplitude in that cell is compared with those of adjacent cells.

This can improve resolution but again increases throughput time.

The large amounts of hardware required by channelised receivers
has limited their use in the past but interest in them has been
revived with the introduction of surface acoustic wave (SAW)
devices. Several contiguous SAW bandpass filters can now be
integrated on a single piezo-electric crystal, reducing size and

cost.
ACOUSTO-OPTIC RECEIVERS

An alternative form of ‘instantaneous Fourier transform' or
channelised receiver makes use of the interaction between
monochromatic light and sound waves to synthesize the equivalent
of a large bank of filtersls7:8, The acousto-optic interaction
takes place in a Bragg cell shown conceptually ' in fig 2.7. The
Bragg angle shown is the angle for which first order diffraction

lines become intense and other orders significantly decreased.

A block diagram of an acousto-optic receiver (AOR) is shown in
fig 2.8. The RF signal is fed to a transducer bonded to a crystal
of piezo-electric material, causing a sound wave to be propagated
along the crystal surface. A laser generates a monoch:::omatic
light beam which is spread by a lens to cover the crystal aperture.
On passing through the crystal the light beam is deflected due
to the variation in crystal refractive index caused by the sound
wave. The angular deflection and intensity of the 1light beam
is proportional to the frequency and power of the RF signal

respectively. If more than one RF signal is present simultaneously
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after Hofmann and Baron

the 1laser 1light will be deflected into separate beams, each
representing one of the RF input frequencies. A second lens then
focuses the diffracted beam onto a photosensor which may be an
array of closely spaced PIN photodiodes, or a monolithic charge

coupled device (CCD) array.

Although the technology is still fairly young, AORs promise the
bandwidth and accuracy of IFMRs together with the ability to
separate simultaneous signals. Its disadvantages include a
relatively small dynamic range, complex processor interface hardware
requirements for accurate pulse time-of-arrival measurements,
and the bulky packaging required for the optical components. This
last problem could be solved using hybrid and monolithic integrated
optic techniques in which a solid state laser, Bragg cell, lenses

and photosensor array are packaged on a single substrate.
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after Hofmann and Brown

SUMMARY

Several different types of receiver have been discussed in this
chapter. No single receiver completely outshines the rest for
every situation. If, for example, size and weight are of utmost
importance and frequency data is unimportant, then the CVR is
best. Another set of requirements would indicate a different
receiver. In fact the requirements may only be met by a combination
of receivers. Commonly then, a broadband receiver is used for
initial signal detection and the steering of a narrow band receiver

to the correct frequency band for more complete signal analysis.

Table 2.1 summarises the advantages and disadvantages of the various
receivers discussed. Margosian3 attempts to rate each receiver
qualitatively in table 2.2. The figures-of-merit he derives
constitute only a very rough guide but they do indicate the
prominence of IFM receivers. They also strengthen the argument
for further research into these receivers and for their use as

the broad-band steering component of combination receivers.



Table 2.1 : Comparison of signal acquisition receivers

CVR Superhet, Microscan IFM Channelised A0
Sensitivity Low High High Med High High
gz:az’c Low High Med High Med Low
;E:&:.‘:gag Poor Good Good Excellent Good Good
Simultaneous
Signal Poor Excellent Good Poor Good Excellent
Capability
zgﬁnabmtg Excellent Fair Poor Excellent Ecellent Poor
Banduwidth Excellent Good Good Excellent Fair Fair
Pulse P01 ~10072 Low ~ 1002 ~ 1007 ~ 1004 ~ 1007
Processin
Complexity Low Med High Med High Med
Hordware
Complexity Low Med High Med High Med
Cost Low Med High Med High Med
ﬁ;‘sgfop?.‘i,,t Mature Mature Emerging Mature Emerging Early
Table 2.2 : Qualitative comparison of receivers
after Margosian
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CHAPTER THREE
DIFM AND COMBINATION RECEIVERS

Section 2.5 briefly introduced IFM receivers in their simplest form.
Besides being of general interest, a closer look will illustrate how
the rest of the receiver is built around the main RF component, namely
the frequency discriminator. One's understanding of the fundamental
characteristics of frequency discriminators can only be enhanced by
such a 'black box' approach ahead of a detailed look at their internal

workings.

Topics discussed in this chapter include techniques used in digital
instantaneous frequency measuring (DIFM) receivers to resolve the
resolution versus ambiguity problem, methods of extending the
instantaneous bandwidth of IFMRs, simultaneous signal detection and

the need for limiting amplifiers.

Several more complex receivers which utilise more than one of the general
techniques discussed in chapter 2 have been reported in the literature.
Most of them include IFM techniques and some of the more interesting
versions are included at the end of this chapter to lend weight to
the argument for studying further IFMRs and, in particular, frequency

discriminators.
3.1 'THE DRLAY LINE DISCRIMINATOR

The frequency discriminator block shown in fig 2.4 can be broken
up into a power splitter, delay line and phase discriminator as
shown in fig 3.1. 1In this form it is often called a delay line
discriminator (DLD)r3. It makes use of the well established
principle of measuring frequency in terms of phase delay when
a signal is propagated down a transmission line of known length.
Almost all IFM receivers reported in the literature make use of
DLDs and they were pioneered at the Mullard Research Laboratories

in England thirty years agol3.
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Fig 3.1 : Delay line discriminator

If a delay line of length L and phase constant B is used then
the phase delay 6 is given by

6 = BL eesss (3.1.1)
If the signal wavelength is A then

B =2_1I CEC I (3.1.2)
A

If v is the velocity of propagation and f is the signal frequency
then

A =v/f seeses (3.1.3)
substituting in (3.1.2)
B = ﬂ of LRI ] (3.1.4)
v

Substituting this in turn into (3.1.1) we get

e =ﬂ .f. L ® o 0 00 (3.1.5)
v
Alternatively
6 = kf eeeese (3.1.6)
where k is a constant and
k=21m. L eeees (3.1.7)

<|

wj>
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Hence phase delay is directly proportional to signal frequency

and can be used as a direct measure of frequency.

If f7 and f; are the edge frequencies of the DLD's passband, and
£f5 > £3 then from (3.1.6)

01 = kfy
69 = kfsy
so that
8y - 01 = k(fy - £7) eees. (3.1.8)

The requirement for no ambiguity in the reading is
92 - 91 < 27

If fpy is the bandwidth of the DLD, ie. fgy = £, - f;, then from
(3.1.8)

wa = 92 - 91 LI I (3.109)
k

The maximum unambiguous bandwidth is

sos 00 (3-1-10)

o™
EBWpay = 27
k

Substituting for k from (3.1.7) we get

=V
fBWmax — seso0e e (3.1-11)
L

Equation (3.1.11) shows that the shorter the delay line length
the larger the unambiguous bandwidth. The frequency accuracy
of the DLD then depends on the accuracy of the phase discriminator.
If phase inaccuracies could be reduced without limit there would
be no conflict between frequency accuracy and unambiguous bandwidth.
In practise, however, an accuracy of even two degrees would be

very difficult and expensive to realisel.
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From (3.1.5), an indication of - the frequency accuracy is given

by

ae 2m L ceees (3.1.12)

Equation (3.1.12) shows that the longer the delay line the more
accurate the frequency measurement. This is in direct conflict
with unambiguous bandwidth requirements and for a receiver of
the type described in section 2.5 a trade-off would have to be

chosen. ,

For a given phase accuracy da and bandwidth fgy the frequency

accuracy df is given by

df = fBW . da aes s e (3.1.13)

2T

I1f, for example, a 4 GHz bandwidth is to be covered unambiguously
and phase can be measured to + 2° then frequency can at best be

measured to + 22 MHz with a single DLD.

AMBIGUITY RESOLUTION

Phase measurements made at the output of a delay line will be
repeated every cycle of 27 radians, giving an unambiguous range
of only 27 radians. However, as demonstrated in appendix A, if
two delay lines L, and L, are used such that their lengths are
in the ratio n:p, n>p and n and p are integers with no common
factors, then the unambiguous range is extendéd to 2T™n radians
for line Lp, and 27p radians for line Lp, and these correspond

to the same frequency range.

It is simpler to consider the case n>1 and p=1l, and in practise

ratios are usually chosen to be of this type. For two lines with

lengths in the ratio n:l, 27 radians of the shorter line defines

the unambiguous bandwidth f£fpgy. Phase discriminator accuracy do

and the length of the long line now define the frequency accuracy
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df as

df = wa da secse (3.201)

2Tn

At first sight it would seem that after the shortest line length
has been chosen to suit the desired bandwidth, the long line can
be increased in length without bound for any given frequency
accuracy. However for very short pulses the length of time taken
to traverse the delay line becomes a significant problem. East4

gives the minimum acceptable pulse width as

tmin= T + l ss 0o (3-2-2)
2.5B,

Where t is the time delay of the delay line, and By the bandwidth
of Ehe video processing circuitry which follows the phase
discriminator. Hence 1 (or length L =vT) must be kept short for

interception of short pulses.

These rules define the longest and shortest delay line lengths
and two lines would appear to be sufficient for any given band
coverage. This would be true if it were not, once again, for
the limited phase discriminator accuracy. Consider phase errors
dep and d6, for the discriminators attached to lines Lp and Ly
respectively. If large enough, these errors may cause a breakdown
in ambiguity ‘ resolution leading to large frequency errors
corresponding to 2T radians of the longest line L,. This is in
addition to the error caused by df,.

The condition for there to be no ambiguity breakdown is derived

in appendix A as

Indep + pdgpl< ™ eeess (3.2.3)

Typically the discriminator phase errors will be of the same order,
ie. dgp ~dép. Phase tolerances calculated from (3.2.3) for commonly
used delay line ratios are given in table 3.1. The delay line

ratio is hence also limited by phase measurement errors.
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Table 3.1 : Phase tolerance for typical delay-line ratios
after East
Delay line ratio np 21 31 41 Si1 8i1 1011
Tolerance (degrees) 60 45 36 30 20 16.4

The solution to this problem is to use more than two delay lines
at the cost of increased hardware requirements. Efficient
processing then requires digital techniques. Good choice of delay
line lengths, ratios and number of bits of guantisation simplifies
the combination into a single frequency code. One such choice
is given as an example in fig 3.2. Frequency accuracy is now

also limited by.quantisation error given by:

dfq = 1 seess (3.2.4)

where T is the time delay of the longest line and m is the number
of bits of quantisation associated with the discriminator attached
to that 1line. ©Expression (3.2.4) leads to the description of

a delay line by its characteristic frequency fp;, such that

fDL =_]; s e e (3-2-5)
T
or
f =v ss 00 (302-6)
DL T

where L is the length of the line. Furthermore, the characteristic
wavelength Ap; of a delay line is such that Apy = L. This can
be seen from expression (3.2.6). Equations (3.2.1) and (3.2.4)

can be re-written as

df = fDLL da L I Y (3-2-7)

2T
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Fig 3.2 : 2-4 GHz four delay line arrangement using a 4:1 ratio

after Hofmann and Baron

and

dfq = fDLL ses 0o (3-2.8)

om+1l

where fpy; is the characteristic frequency of the longest line.

DIGITAL IFM RECEIVERS

Fig 3.3 is a block diagram of a typical digital IFM (DIFM) receiver
showing the main functional elements. IFM modules subsequently

referred to in this chapter will be of this form.

The filter coarsely defines the operating band at the RF input.
The RF amplifier generally has relatively poor gain roll-off
characteristics and the main function of the filter is to prevent
the generation of spurious signals within the RF amplifier by
high-power signals outside the operating band.
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Fig 3.3 : Digital IFM receiver block diagram
after'East

Typically 60dB of RF gain may be required for maximum sensitivity.
The amplifier should exhibit good pulse fidelity, low harmonic
levels and good limiting at high signal 1levels. The need for

limiting will be discussed in a subsequent section.

The broad-band power divider ensures that the signal is evenly
split to the discriminators and the threshold channel. The video
amplifiers may be AC-coupled, DC-restored or DC amplifier types.
AC-coupled amplifiers are the simplest but are insensitive to
CW and high duty-cycle signals. DC types respond to CW but are
affected by RF amplifier noise levels and may be blocked when

CW signals are present.

The threshold channel detects the presence or arrival of signals
and co-ordinates the analog-to-digital conversion and logic
circuitry sampling. The logic network combines the digital codes
from the discriminator quantizers to provide an accurate unambiguous
code representing signal frequency. Some form of error correction
or temperature compensation may be included here but processing
must be fast to allow a high pulse handling rate. Typical
processing time for 10 to 12 bit frequency data is 150ns4.
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3.4 EXTENDED BAND COVERAGR TECBNIQUES

Most frequency discriminators reported in the literature cover
bandwidths of one or two octaves but full coverage of the 2 to
18 GHz band is a common IFM requirement. Several techniques can
be wused to extend coverage to the full band and those most

4
frequently used are included here.

~ ~ 8[~C 12t:£,
~ RF INPUT
o ~ 12l 1815 FILTERS
; ; §7 RF AMPLIFIERS
2-4 GHz 4-8 GHz 8-12 GH - IFM
GHz 12-18 GHz MODULES

! o ! o e

Fig 3.4 : Contiguous baseband cover
after East

Fig 3.4 shows a system which gives contiguous baseband coverage.
The band break-up shown is given as an example and is commonly
used. Another choice becoming popular is 2-6 GHz and 6-18 GHz.
The system still has a 100 per cent pulse POI but requires two

or more RF receiver designs.

Fig 3.5 uses a superheterodyne mixing approach to translate the
sub-bands to a common baseband, here 2-6 GHz. The IFM modules
are identical and 100 per cent pulse POI is still a feature. Mixer
conversion loss reduces vsensitivity unless additional gain is

used before mixing takes place.
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Fig 3.5 : Contiguous superheterodyne cover
after East

Fig 3.6 shows a technique in which the sub-bands are 'folded!
into a common IFM receiver. The IFM fine frequency output is
then combined with coarse frequency information from the directional
couplers to give unambiguous coverage. 100 per cent pulse POI
is retained at the expense of about 6dB poorer sensitivity and

increased receiver operating data rated.

Recently a single frequency discriminator covering the full 2-
18 GHz band was reportedlo. This would appear to be the ideal
solution but the development of amplifiers with the same bandwidth
is s8till in its early stages. Secondly, the 1larger the
instantaneous bandwidth the higher the s8ignal density is likely
to be and processing at the required rates becomes very expensive.
The 2-18 GHz discriminator design does, however, form a module
with the flexibility for use in almost any new IFM design, saving

time and development costs.
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after East

SIMULTANEOUS SIGNAL DETECTION

IFM receivers . offer no way of separating signals of different
frequency present in the frequency discriminators at the same
time. The discussion of simultaneous signals is simplified by
considering the case of just two signals present. Consider a
receiver of the type described in section 2.5. A single signal
produces sine and cosine terms at the inputs of the polar display.
A second signal produces its own sine and cosine terms so that
the display plots the sum of the two sine terms against the sum
of the two cosine terms giving, in general, a result reflective
of neither input. 1In fact the result will be weighted towards
the larger of the two signals and it is this signal which is usually

of most interest.
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The consensus of opinion expressed in the literaturel=4,11,14
is that if two simultaneous signals differ in power level by more
than 6db then the error in the measurement of the largest signal
is negligible (and even the figure 3dB is often mentioned). Thus
to cause a significant error signals have not only to be present
simultaneously but their relative power levels have to fall within

a fairly narrow window.

The probability of this occurring when a CW signal is present
may be quite high. However the CW signal can easily be measured
when it is alone, and a tunable notch filter directed to exclude
it from later measurements on incoming pulses. If both signals
are pulsed then the probability of them being sufficiently close
in amplitude an@ simultaneous is small. Nevertheless it may be
important to know the integrity of every measurement as it is
made so that doubtful results will be discarded and not acted
upon. Many IFMR manufacturers include simultaneous signal detection
(SSD) circuitry which sets a flag whenever readings are determined

to be in doubt.

Before considering some of the SSD methods employed it is wuseful
to look more closely at the case of two signals present at one
time. The first situation involves two signals which have exactly
coincident leading edges (or in practise within 10Ons of each other).
The second is that in which pulses overlap each other for a portion
of their duration. This in turn may be broken up into two sub-
cases. If the leading pulse is the stronger of the two then errors
are infrequentll. If a stronger pulse follows a weaker pulse
then errors are significantly more frequent. The reason for this
is that the first pulse triggers a measurement which then takes
place during a transition period as the stronger pulse makes its
presence felt. Fig 3.7 shows this transition period with its

characteristic dip.
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Fig 3.7 : Characteristic output dip of a strong signal following
a weak signal
after Tsui, Shaw, Cisar and Ratliff

The cause of this dip can be ascribed to the mixing effect of
the limiting amplifier which normally precedes the video detectors.
The non-linear characteristic of the limiting amplifier generates
harmonics which reduce the power level in the original frequencies.
Most harmonics are generated when the signals are roughly equal
in power, ie. at some time during the rising edge of the stronger
pulse. The correct frequencies are then at their weakest giving

the dip in detector output.
3.5.1 ANALOG SSD TECHNIQUES

The most commonly proposed SSD involves using a mixer,
bandpass filter, detector and comparator as shown in fig
3.8. For a single signal entering the mixer all harmonics
are generated and these are excluded by the bandpass filter.
Hence in this form it is suitable only for octave bandwidths.
When two or more signals arrive at the mixer, harmonics
of the difference frequency will be generated and passed
by the filter to the detector. If the original signals
are close in amplitude so that the detected difference

frequency amplitude exceeds the threshold set by the
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Fig 3.8 : Mixer based SSD circuit

after Margosian

comparator, then the SSD flag is set and the IFM reading
disregarded. This circuit is wuseful in the first type
of signal described but not so effective against overlapping

pulses.

For overlapping pulses the following methods have been
tried. Edge detection in the threshold channel of the
IFM module (fig 3.3) allows the arrival of overlapping
pulses to be sensed. The dip shown in fig 3.7 can be
utilised if the IFM detector outputs are sampled and held
for comparison with a later sampling. If the samples are
not the same then the SSD flag is set. Alternatively the
detector output can be split into two paths, one delayed
on the other. The dip in output should then cause the
delayed output to exceed the undelayed output momentarily,

and if this happens the SSD flag is set.

The problem with these pulse overlap detection methods
is that if the circuits are adjusted for good sensitivity
then the false alarm rate is high, false alarm here being
an indication of simultaneous signals when only a single

signal is present.
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3.5.2 DIGITAL SSD TECHNIQUES

A novel technique has been proposedll which makes use of
the identity sin?@ + cos?6= 1. If the sine and cosine
outputs of a frequency discriminator are operated on in
this way and the result is not unity, then two or more
signals must be present. This should work for both truly

simultaneous and overlapping signals.

In practise the discriminator outputs include an amplitude
term which is dependent both on the original signal amplitude
and its frequency, since discriminator losses vary with
frequency. The actual identity used is
(A?(£,8)8in®6+A*(£,8)cos?6)% > Ay (£,8) where £ is the signal
frequency and s its power level. Threshold values Agh(f,s)
are evaluated ahead of time and stored in a ROM. The ROM
is accessed via the frequency data output of the IFM module.
Its value varies relatively slowly with frequency so that
not all the IFM data bits need be used. A ROM is also
used to evaluate the function (a? + b?)¥ where a and b

are the sine and cosine outputs respectively.

Fig 3.9 shows a block diagram of this scheme. Provided
the measured value A(f,s) exceeds the threshold value,
the IFM‘reading is assumed to be correct. A value of A(f,s)
below threshold sets the SSD flag. The system is not
foolproof but dramatically reduces the undetected error

rate.

A different system involves continued resampling of the
discriminator outputs down the 1length of the pulse.
Overlapping pulses will :then be measured before, during
and after overlap so that often the individual pulse
frequencies will be correctly determined. In the case
of simultaneous leading pulse edges, the trailing edges
are unlikely to be simultaneous so that the frequency of

the 1longer pulse will be measured after the end of the
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Fig 3.9 : Digital SSD scheme

after Tsui et al

short pulse. Measurements made during overlap may be
discarded, or possibly back calculation can be used to

determine the frequency of the shorter pulse.

Another advantage of this system is that modulation present
within a pulse can be analysed. However this method requires
fast, expensive processing if the system is still to be

sensitive to pulses of say 100ns.
3.6 DYNAMIC RANGE EXTENSION

Standard frequency discriminators (FDs) employ banks of detector
diodes to provide the sine and cosine outputs, usually four
detectors to each FD. The detectors and their properties will
be discussed in detail in subsequent chapters, but brief mention

of some of their limitations is required here.

FD sensitivity is limited by the tangential sensitivity of the
detector diodes and by FD losses. A very good commercial FD may
have a tangential sensitivity of -40 dBm to -50 dBml4 but when
a bank of FDs is used sensitivity of the IFM module is significantly
lower. Furthermore line losses contribute to overall noise figure.
IFM receivers therefore require pr_e-amplifiers to improve‘
sensitivity and noise figure. Typical sensitivity requirements
are -60 dBm or better.
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The mode of operation of the FDs requires that the detectors be
wéll matched to each other and that their output voltage to input
RF power relationship be 1linear. The detectors must therefore
operate in their unsaturated square-law region. Input signals
of high enough power to drive the detectors beyond their square-
law region will suffer additional phase (and hence £frequency)
measurement errors. Furthermore, should the diodes be driven
into saturation their recovery time will restrict the minimum
pulse width that can be processed. These factors limit IFM dynamic
ranges to 20 dB or 30 dB4, whereas dynamic ranges of 60 dB or

greater are generally required.

The answer to both dynamic range and sensitivity problems is the
use of limiting pre-amplifiers4'12'14. Low power input signals
can then be considerably amplified whereas high power signals
drive the pre-amplifier to 1limiting so that the FDs are not
overdriven. The requirements placed on these limiting amplifiers
(LAs) are harsh, making them the single most expensive module

in an IFM receiver.

The LA must have an instantaneous bandwidth that matches that
of the FDs. In fact it is frequently the attainable LA bandwidth
that currently 1limits overall IFMR bandwidth. The exception is
the case in which high gain antennas of narrow bandwidth are used.
Overall system dynamic range, gain and noise fiqgure are also

controlled by the ILA.

Should the LA overshoot its 1limiting level on the 1leading edge
of a pulse, the detectors may be driven into saturation. Accurate
measurements cannot then be made before detector 1linearity is
recovered. This limits minimum acceptable pulse width as mentioned
before. Pulse envelope distortion caused by amplitude variation,
phase delay, AM to PM conversion or excessive VSWR reflections

may delay frequency measurements or degrade their accuracy.

The non-linear 1limiting characteristic causes harmonics to be

generated. Usually no more than the second harmonic falls within



34

L

frequency g

a1 T?

frequency

>

Fig 3.10 : Limiting amplifier interfering signal suppression
after East
a) Input spectrum
b) Output spectrum

the IFM passband 8o that the second harmonic level must be
sufficiently low not to introduce significant phase errors or

cause the SSD flag to be set.

One consequence of using limiting amplifiers is that IFM amplitude
measurements may not be very meaningful. Usually a broadband
detector is used on a portion of the unlimited signal to provide

amplitude information.

An added bonus of using ILAs is their inherent ability to suppress
interfering signals by up to 6 dB or more4, so increasing receiver
interference tolerance levels. This refers to the case .of
simultaneous signals in which the larger signal is sufficient
to cause limiting and is the wanted signal. The smaller signal
is then an interfering signal. The suppression is due to the

spreading of power into LA generated intermodulation components
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Measured results of 3-section stripline WC

S21 and S33 compared with ideal Sj3
Deviation from linearity of Sy3; and S3; phases

Input matches Sj3j, Sy2 and S33
Measured and theoretical isolations Sjy3
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zero length resistor is equal in magnitude to but 180 degrees
out of phase with the signal passing along the two arms
of the matching section. If, say, the resistor has an
electrical 1length of ten degrees then isolation occurs
at the frequency for which the combined length of the
matching arms is 190 degrees. The higher the frequency
the greater the electrical length of a transmission 1line
so isolation must now be best at a higher frequency. This
is a gross simplification but it does indicate the trend.
This effect is seen most easily in fig 5.15(c¢c) where the
dips of S35 and S33 occur slightly higher in frequency
than those of Sj;3. This effect can be minimised by using
physically small microwave chip resistors which have short

electrical lengths.

Errors are also caused by impedances not being quite correct
due to approximations in the design formulae and errors
arising from photographic reduction and etching. The co~-
axial to stripline transitions wvisible in fig 5.13 cause
the actual measured values to be slightly different from
the true values. Allowances must be made for the fact
that slight instability in the sweep signal generator of
the network analyser meant that amplitudes could only be
measured to about + 0.2dB, and phases to about + 1 degree.
Phase deviations between outputs 2 and 3 are also due to
slight differences in the attached lengths of transmission

line.

The centre frequency was a little low due to the difficulty
of determining exactly what length constituted ninety degrees
at 4 GHz. The use of curved sections complicated this,
and parasitic reactances due to fairly tight curves was
yet another cause of deviation from ideal behaviour.
Straight 1lines would have been easier but curved 1lines

were chosen to reduce the overall component length.
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SECTION JMPEDANCE WIDTH A/Z4 LENGTH R pominat Rused
N Zy (mm) (mm) (ohmg) (ohms)
1 55.79 2,05 1320 482.2 420
2 64.79 1.61 13.80 2916 2’0
3 7718 1.19 13.91 172.6 180
4 89.63 0.89 14,01 103.2 100
S0.00 243 13.63 ‘

Nevertheless the worst case input return loss was 14.9d4B
.and the worst case isolation 15.7dB over 2 to 6 GHz. The
power split was 3.2dB indicating a 0.2dB loss and the maximum
difference in amplitude between the outputs was 0.2dB.
Fig 5.15(b) shows that the phases were fairly linear wup
to about 6 GHz and the maximum phase difference was two
degrees. It was decided that these values were suitable

for demonstrating the operation of prototype FDs.

Fig 5.14 shows a four section microstrip WC that was used
for matching detectors as described in section 5.4. This
WC was built on RT/Duroid 5880 with a dielectric thickness
of 0.031". Once again Cohn's tabulated parameters were
used for a nominal 4:1 bandwidth. The program of appendix
I was used to design the strip widths. Again available
fhick film chip resistors were used. Table 5.4 summarises

the design data.

Fig 5.16 shows the measured data of the microstrip WC.
Again there are marked deviations from the ideal behaviour

shown in fig 5.12. The reasons are essentially the same
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as for the stripline WC. The measured centre frequency
is still below the designed frequency of 4 GHz. This is
particularly well shown by (b), (c) and (e) of fig 5.16.

Over 2 to 6 GHz the worst case return loss is 15.4dB, and
the worst case isolation is 15.5dB. Over 1.2 to 5.8 GHz,
however, the worst case isolation is 19dB. The transfer
characteristics S3; and S3; are centred about 3.2dB
suggesting a 0.2dB loss. The maximum phase difference

between these outputs is one degree.
5.3 QUADRATURE COUPLERS

Ideal quadrature coupler'(QC) behaviour has already been described
in section 4.2. Several different types of couplers have been
reported in the literature and a brief look at some of these,
plus methods of broadbanding, will help to explain the QC choice

that was made for construction of the FD prototypes.
5.3.1 QUADRATURE COUPLER TYPES

Quadrature couplers described in the literature are generélly
variations or combinations of the four basic types of QC
illustrated in fig 5.17. The parallel coupled 1line QC
shown ;n fig 5.17a) is the most commonly used type since
it can easily be applied to almost every transmission medium.
This type has already been covered theoretically in section
5.1.4. It is particularly easy to construct in both
microstrip and stripline, but in microstrip only edge
coupling can be used. Practical difficulties in etching
extremely narrow gaps between lines make 3dB edge coupling

all but impossible.

Lange35 introduced interdigitated couplers in 1969, as
illustrated in fig 5.17(b). This method allows 3dB coupling
to be achieved in microstrip but requires very accurate

etching since finger widths and gaps are of the order of
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Fig 5.17 : Basic quadrature coupler types
a) Parallel coupled lines
b) Lange coupler
c) Branch-arm coupler
d) Slotline coupler

0 = ninety degrees at centre frequency.

0.05 mm36. Bond wires are required to interconnect the
fingers as shown. Neither bonding nor suitable etching

facilities were available which ruled out this choice.

Branch-arm couplers, as shown in fig 5.17(c), are another
well known 3dB coupling structure?2, These are well suited
to both microstrip and stripline but are difficult to
broadband since the phase difference between outputs is
frequency dependent. The quadrature relationship holds

only at the centre frequency f,.

In broad-band applications slotline couplers shown in fig
5.17(d) are frequently used.20:37:38 fThege are generally
combinations of microstrip and slotline etched on opposite
sides of the board. 3dB coupling can. be achieved but
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(X - X

8.34 dB 8.34 dB

Fig 5.18 : Achieving 3dB coupling through cascaded 8.34dB

couplers

accurate etching and alignment of both sides of the board

is required.

There is a way of constructiné 3dB couplers from cascaded
8.34 dB couplers as shown in fig 5.18. Edge coupled lines
may then be more easily used. Disadvantages are that
circuits increase in size and deviations from ideal behaviour
are compounded in both couplers. Also when couplers are
broadbanded some of the coupling sections require tighter
coupling that the nominal coupling, so that this method

may not overcome the original problem.

With the available facilities and required bandwidths the
parallel coupled line QC was the only suitable choice.
3dB coupling requirements eliminated microstrip and stripline

was the medium chosen.
BROADBANDING THE QUADRATURE COUPLER

There are two main methods of broadbanding the quadrature
coupler. Fig 4.3 shows the transfer curves of a single
parallel coupled line section QC designed to give exactly
3dB coupling at the centre or designed frequency f,. The
first method involves allowing the transfer curves to overlap
each other and defining the bandwidth as indicated by the
dashed lines in fig 5.1.9.
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Fig 5.19 : 2-6 GHz single section coupling characteristic

The coupler whose characteristics are shown in fig 5.19
covers the bandwidths 2 to 6 GHz. The penalty is that
the coupling.is actually 3 ¥ 0.8dB. In some applications
this will be acceptable and in others not. Note that the

nominal centre frequency coupling is now 2.3dB.

The second method of improving bandwidth involves using
multiple cascaded sections as shown in fig 5.20. Note
that each section is a quarter wavelength 1long at the
designed centre frequency, and that the pairs are drawn

closer together to indicate tighter coupling.

Fig 5.20(a) shows a symmetric five section coupler in which
the centre section is most +tightly coupled. Symmetric
couplers of this form retain the fixed ninety degree output
phase difference of single section couplers. In general
the more coupled sections the greater the bandwidth and

the flatter the response.
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o)

i )

Fig 5.20 : Stepped 5-section directional couplers
a) symmetric
b) assymmetric

The coupling factors C; must be carefully chosen to give,
for example, an equal-ripple or maximally flat response.
Cristal and Young39 give very useful design tables for
symmetric couplers. Note that the centre section is always

more tightly coupled than the overall coupling factor.

Fig 5.20(b) shows an assymmetric coupler in which tightest
coupling occurs at one end. Couplers of this sort do not,
however, retain the fixed ninety degree phase difference
between outputs. Instead the phase difference is frequency
dependent and the actual form depends on the number of
sections. Whereas symmetric couplers are limited to odd
numbers of coupled sections assymmetric couplers are not,
but the phase characteristic rules out couplers of this

type for the FD prototypes.
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The QCs described above have step discontinuities at the
junctions between sections of different coupling
co-efficient. At the lower end of the microwave range,
and certainly below 6 GHz, these discontinuities cause
only minor errors. The alternative to using stepped quarter
wave sections is to use continuously tapered coupled lines.
These work better at higher frequencies but are more
difficult to design and are usually slightly larger than
equivalent stepped couplerszz. Most reported 3dB tapered
line couplers are in fact cascaded 8.34dB couplers4°'41

which increases the size further.

Stepped symmetric couplers were chosen for the FD prototypeé
because of their ease of construction in stripline, broad

bandwidths and good phase properties.
CENTRE SECTION SYMMETRY

Accurate phase performance of quadrature couplers depends
very much on symmetrical design.42:43 Fpig 5.21 illustrates
the problem for single section couplers but applies equally
to the centre section of multi-section symmetric couplers.
To ensure that the coupled and direct outputs exit from
the same side of the coupler, the lower and upper conducting

strips of an overlay coupler must cross over each other.

Fig 5.21 : Single section overlay coupler layouts
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If offset parallel coupled lines are used, as is preferable
since both coupling and characteristic impedance can be
controlled for given materials, then the simplest
construction is that shown in fig 5.21(a). Note however
the difference in form at each end of the coupled region.
This is a potential source of phase errors and a coupler
of this type that was built in the early stages of this
project had a very poor phase performance above the designed

frequency of 4 GHz.

Symmetry can be regained by using the form shown in fig
5.21(b). The difficulty with this 1is that the centre
crossing section has to be very carefully tailored to
maintain a constant coupling factor. Even if this is done,
characteristic impedance cannot be properly controlled
through this region unless the separation between the
conductors (s in fig 5.6) can also be varied. An initial
attempt at a five section 8.34dB coupler proved to be

overcoupled to the extent of nearly 2dB on testing.

The best solution is to use diréctly overlaid lines as
shown in fig 5.21(c). Characteristic impedance is then
determined by the materials used and in general will not
equal the terminating impedances. 1In this case the coupler
must be matched to the rest of the circuit as shown in

the next sub-section.
MATCHING THE CENTRE SECTION

The impedance mis-matches at the inputs and outputs of
networks can often be matched for broad-band operation
by using multiple quarter wave sections. The temptation
is to treat any given n-section coupler as a black box
and try to match the input impedances seen at the four
ports. Fig 5.22(a) shows the ideal transfer characteristic
of a symmetrical five section QC (from the tables of Cristal
and Young39). The impedance data for figs 5.22 and 5.23
are tabulated in table 5.5.
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SECTION |Normalised|Z, (ohms) | Zy (ohms) [ 2, Cohms) | Z)y (ohms) | Z) Cohms) | Z (ohns)
N Zoe fig S.22a) |5.22b) & ©)S.22d) & €)|5.23a) & WI[S.23c) & DfS523e) & £
3 3.81243 50.0 331 331 331 331 331
2 132624 50,0 50.0 50,0 40,6 379 35.9
1 105972 50.0 50.0 S0.0 50.0 437 40.7
external - _— —_ 40.6 - —_ 46.1

If materials 1limitations give a characteristic impedance
for a directly overlaid centre coupling section of 33 ohms,

then the unmatched transfer and isolation characteristics

are shown in figs 5.22(b) and (c). The input impedance
at 4 GHz seen at the four ports is also 33 ohms.
The quarter-wave matching relation
Z 2
Zin = 2 ceees (5.3.1)
2y,

where we require the input impedance Zj, to be 50 ohms

and the load impedance is 33 ohms, indicates the

characteristic impedance Z, of the matching section should
be 40.6 ohms. The dip in fig 5.22(e) shows that this does
match the coupler at 4 GHz. Note, however, that fig 5.22(4)
shows the effect is extremely narrow band (note also that
(b)),

characteristic is worsened even only a short way from 4 GHz.

the scale is different from and that the transfer

This is because the original input impedance was frequency

dependent. Other matching techniques, such as the use

of open circuit or short circuit stubs, can be used but
these greatly increase the size and complexity of the

coupler.
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Five section coupler characteristics

all sections 50 ohm

b) Transfer curves for centre section 33 ohm

c) Mismatch (S3;) and isolation (S33) for case (b)

d)

Transfer curves with one external matching section

e) Mismatch (S33) and isolation (S31) for case (d)
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Young18 equated analytically TEM-mode directional couplers
and stepped-impedance filters. This suggests that the
quarter wave coupling sections already present in multi-
section couplers, can be used to match the impedance of
the centre pair. This can be done by varying their
characteristic impedances 1in exactly the same way as is

done with the more familiar quarter-wave matching.

For example, the sections on either side of the centre
section can be designed to have a characteristic impedance
of 40.6 chms as was required for the external matching
sections. Figs 5.23(a) and (b) show the effect of doing
just that. Comparison with figs 5.22(b) and (c) shows

that there is a marked improvement in performance.

When more than one matching section is used, the impedances
should be chosen to give some desired trend (eg. equal-
ripple or maximally flat) and bandwidth. Matthaei et al44
present very useful tables for Tchebyscheff quarter-wave
transformers. These have been used for two and three section
matching to select the data tabulated in the last two columns

of table 5.5.

Figs 5.23(c) and (d) show the effect of double section
matching. The bandwidth has notably improved. To
demonstrate that additional external matching sections
can also be used, figs 5.23(e) and (f) show the result
of using three matching sections. 1In this case the first
two sections are the internal coupling sections and the
last is added externally as an uncoupled section on each
of the four ports. The result is a characteristic very

close to the original form shown in fig 5.22(a).
MEASURED RESULTS OF THREE-SECTION OVERLAY COUPLER

Mathematical analysis (see chapter 6) indicated that single

section overlay couplers would have been sufficient for
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Fig 5.24 : Theoretical response of 3 section, 3dB, %+ 0.15d8B
ripple coupler

the 2 to 6 GHz prototypes. Howéver for directiy overlaid
couplers the characteristic impedance would have been very
different from fifty ohms, the actual value being dependent
on the precise mid-band coupling. This would require quarter
wave matching, thus enlargi@g the coupler so that three
section couplers might just as well be used. The choice
of the fifty ohm base impedance was necessary to suit the
available test equipment. An alternative solution would
be to accept the coupler centre section impedance and use

that as a base impedance for the rest of the circuit.

A look at Cristal and Young's design tables3? for three
section 3dB equal ripple couplers, showed that the centre
section of the + 0.15dB ripple version had a characteristic
impedance of 50.04 ohms for directly overlaid 1lines in
the available materials. This coincidence made this coupler
an obvious choice since the theoretical mis-match was better

than -60dB. Choosing the characteristic impedance of the
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Table 5.6 : Design data for 3-section coupler

..Nornohsed Conductor | Conductor
Sectlon |even mode Z, width offset A4
N impedance (ohms) (mm) (mm) (mm)
1 119039 S50.02 2.540 -0.520 12.63
=4 3.34049 S50.04 0.870 - 12.63
b = 3.277 mm s = 0127 mm g.=2e2

outer sections to be 50.02 ohms to match the centre section
is not really necessary and almost certainly beyond the
available etching resolution, but nothing is 1lost in

including it in the design.

Fig 5.24 shows the theoretical response of this coupler.
The design data is included in table 5.6. Fig 5.25 shows
the coupler design actually uséd magnified by a factor
of two. Cohn's and Shelton's design procedures were used
to generate the conductor widths and gaps given in table
5.6. The data for the attached 50 ohm lines is given in
table 5.1. The coupler was etched on both sides of the
0.005" board.

Fig 5.25 : 3-section coupler layout, twice actual size
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Measured 3-section coupler characteristics

transfer functions S3; and S3j
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109

Fig 5.26 shows the measured results of the three section
coupler. The transfer characteristics Sj3;, 833, S34 and
Sp4 are shown in (a) and (b). The trend is clear although
performance deteriorates above 6 GHz. The coupling is
approximately 3.3 + 0.5dB indicating an overall 1loss of
about 0.3dB. The ripple is much greater than predicted.
The bandwidth also appears larger and the centre frequency
is about 300 MHz above the designed 4 GHz.

Fig 5.26(c) and (d) show the corresponding phase responses
corrected for the length of the coupler but not for the
fixed ninety degree difference. The precise values on
the y-axis do not mean much. The ninety degree difference
is easily apparent although the greatest deviation from

90 degrees is 8 degrees.

Fig 5.26(e) and (f) show the input match trends and the
isolations S4; and S33. The trends are very similar as
expected since the isolation and mis-match curves of fig
5.22(e) and 5.23(f) are so similar. The worst case mis-
match is -17.4dB and the worst case isolation 13.4dB. This
last value is not good (204dB isolation should be aimed
at) but was typical of all the couplers built. Analysis
showed that this coupler was at least sufficient for the

prototypes.

The last point worth noting is that the larger than expected
ripple and the measured mis-matches and isolation compared
with theoretical values, indicates that the Wilkinson
couplers performed more nearly ideally than the quadrature
couplers. This may not be true in other media and even
in stripline if more professional construction techniques

are used.
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5.4 DIODES AND DETECTORS

A wide range of diodes is currently used in microwave electronics.
Each type has its own particular properties which make it suitable
for a particular set of applications. Diode types commonly used
as detectors are point-contact crystal diodes, Schottky barrier
diodes, backward diodes and tunnel diodes45. Factors that should
be considered when choosing diodes include frequency range, voltage
sengitivity, tangential sensitivity, VSWR and temperature
dependence. Once again, however, the main criterion here was

availability. For this reason Schottky barrier diode's were used.

GOLD SONDING PAD (1.2 MIL DIAM, TYP)

r‘ﬁhﬂﬁurj

} METAL 1.1 TVP

S, _{ 77 ™ 1 onmcrnem
x|
2 "’ SUBSTRATE \"“"W::"M LAvER .3 } SUBSTRATE 4 MILS TV,

Fig 5.27 : Schottky barrier diode cross section (referemnce
46)

5.4.1 SCHOTTKY BARRIER DIODES

As in point-contact diodes, the Schottky barrier diode's
rectifying junction is formed by contact between a metal
and n-type or p-type semi-conductor. Fig 5.27 shows a
typical Schottky diode cross-section46,

The physics of the device is complex and covered in the
literature by, for example, references 45 and 46. The
discussion here will be limited to some of the more relevant
simplified theory. Some insight into the device can be
gained from consideration of the simple equivalent circuit

given in fig 5.28.
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_J__ C; = Junction Capacitance

Rp = Reverse Bias Resistance

Ry = Barrier Resistance

Epltaxial Layer Resistance

Fig 5.28 : Diode equivalent circuit

Ignoring Jjunction capacitance the forward I-V curve of

the diode at room temperature is

I = IS exp vj _l R (5.4.1)
0.028
where vy = V-IRg = junction voltage
Ig = saturation current (and is tempera-

ture dependent)
"0.028" = nkT/q at room temperature (n = 1.08)
= forward slope factor
= Boltzmann's constant

absolute temperature

Q 13 =" B
n

= electron charge

Detection occurs because of this non-linear I-v
characteristic. If the DC current is held constant by
a current regulator or large resistor, and a constant low

level RF signal is fed into the divide, then

Vpc = Vo - V5° ceeee (5.4.2)

0.112
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where

Vpe = voltage at DC side of detector

Vo = bias voltage

Vj = junction voltage

"0.112" = 4nkT/q and is temperature dependent

Thus the DC voltage decrease from V, depends only on the

square of the RF junction voltage.

The output voltage of the detector (Vge¢) can then be

specified for a given RF base impedance (eg. 508), as
vdet = VDC - Vo o« PRF senvee (5.4.3)
where Prp = available RF power

It is this last relation that is of importance here. Note
that it applies only to low level inputs which do not drive
the detector into or near saturation. A detector operating

in this mode is said to be in its "square-law region".

Schottky diodes can be obtained commercially in several
different packages or in un-packaged chip form. Chip diodes
are particularly useful for mounting in microstrip integrated
circuits because of their small size. Ultimately it would
be desirable to integrate the detectors with the rest of
the RF circuit but at the prototype stage it is useful
to use packaged detectors which can easily be connected
-to and removed from the circuit. Detectors in SMA co-
axial packages were used since they could easily be screwed
on and off. RF shunts and DC returns are supplied in the
package as shown in fig 5.29. The RF shunt has the effect
of low pass filtering the output and ensures that video
frequencies are the highest frequencies that can be passed

on to the IF circuitry.
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7 w7
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Fig 5.29 : Packaged detector with external bias
The diodes actually used were Aertech Industries SMA packaged

biased Schottky barrier detectors, type A9X652B. They

can be seen attached to the power splitter in fig 5.14.
DETECTOR RETURN LOSS AND RESISTIVE MATCHING

Detectors generally have very poor VSWRs. When biased ]
for best return loss the detectors used for the prototypes
had VSWRs varying between 2.3:1 and 3:1 over the 2 to 6 GHz
bandwidth. Fig 5.30 return loss

shows the results of

measurements performed on one of the detectors. The other
detectors were very similar. Fig 5.30(a) gives the results
of tests performed on the detector when no matching was
Best results

used. Note the dependence on bias current Iq.

were obtained for Ig = 81pA with this detector.

For broadband matching the easiest way to match the detectors
is to pad the inputs with 6dB or 10dB attenuators. These
give maximum return losses of 12dB and 204B respectively.
Fig 5.30(b)

same diode with pads placed between the RF source and the

shows the results of tests performed on the

detector RF inputs. The price paid for this form of matching

is a loss of voltage sensitivity. Resistive matching is
often used with FDsl0:21, the associated loss usually being
acceptable since frequency discriminators are always driven

by limiting amplifiers.
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Fig 5.30 : Measured detector return loss
a) no resistive matching

b) with resistive matching
5.4.3 MATCHING DETECTOR VOLTAGE SENSITIVITIES

The correct operation of ’frequency discriminators relies
on the voltage sensitivities of each detector being as
similar as possible. A flat characteristic is preferable
but of lesser importance. Detectors can be bought in pre-~
matched sets, although as such they are very expensive.
An alternative is to buy detectors from the same batch,
usually with consecutive serial numbers, and to match the
responses as closely as possible over the required band
by varying the bias currents used. The detectors used
for the prototypes fell into this last category. Two sets
of three detectors were available, each set having
consecutive serial numbers. It was decided to pick the

three of the six which were most similar.

Testing each detector separately for different bias currents
is extremely laborious and a very unsatisfactory method
of matching the responses. A more interactive method was
required which allowed detector responses to be viewed

simultaneously, and their bias currents to be varied
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Fig 5.31 : Detector matching circuit

independently. The solution adopted was to use a power
splitter to feed two detectors with equal RF input powers.
The detector outputs were AC coupled to separate input
channels of an oscilloscope. A sweep signal generator
provided a signal sweeping from 2 GHz to 6 GHz in 30 ms.
The sweep rate was sufficient for the detector ouputs to
be passed by the DC blocking capacitor so the signal did
not have to be 'chopped' (ie. switched on and off rapidly).
Fig 5.31 shows the circuit used for matching the detectors.
Each detector was driven by a -20dBm RF signal.

Detector 866520 was chosen as a standard since it had already
been determined that it exhibited minimum VSWR for a bias
current of 8lpA. The other detectors were then screwed
on and off and their bias currents varied to see which
two were closest in performance. Fig 5.32 shows the
appearance of the oscilloscope for badly matched detectors
(a) and for the same detectors matched as closely as possible

(b).
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7520 OSCILLOSCOPE

mMODEL 5520 OSCILLOSCOPE

Fig 5.32 Oscilloscope screen appearance during sensitivity matching

a) Detectors unmatched
b) Same detectors, bias currents varied for best match
x-axis scale : 5 ms/division

y—-axis scale : 20 mvV/division
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Fig 5.33 : Voltage sensitivity measurement

Once three detectors had been selected, their sensitivities
were more accurately measured to confirm the validity of
the method described above. Fig 5.33 shows the circuit
used to perform these measurements. The signal generator
output was 'chopped' at 27.8 kHz to allow AC coupling to
the RMS volt-meter to be used. The power splitter allowed
the incident RF power to the detector to be measured at
the same time as the RMS voltage. Fig 5.34 shows the results
of these measurements and also the numbers and bias currents

of the chosen detectors. The maximum variation achieved

-251 MATCHED DETECTOR CHARACTERISTICS
Incident RF power = -20dBm

~ E
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o 30
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€ -35- : 866520 lq = BluA
866538 I, = 80uA
866539 % = 77)4A

2 v é v 3 v é L >

Frequency (GHz)

Fig 5.34 : Matched detector voltage sensitivities
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was + 0.4dB which falls within the specification of + 0.5dB
commonly used when broad-band pre-matched detector sets

are purchased.

SQUARE-LAW REGION

To complete the tests on the detectors it remains to
determine the range of RF input powers over which the
detectors operate in the square-law region. Detectors

are in their square low region if

vdet o PRF seoes (5.4.4)
where Vget = detected voltage

Ppr = available RF input power
Alternatively

1°g (vdet) « 1°g (PRF) LI ) (5.4.5)

Hence if Vget in 4BV is plotted against Prp in dBm then
the square-law region is the region for which the curve
is a straight 1line. The circuit shown in fig 5.33 was

used to make the measurements.

Fig 5.35 shows the results for one of the detectors and
is representative of the other two. The tests were done
at 2, 4 and 6 GHz as shown. The resulting curves were
very similar in shape but displaced from each other as
expected. Below -20dBm the curves are very linear and
even up to -10dBm they have curved down only slightly.
If it is ensured that -20dBm is the maximum drive to the
détectors, then they will always be operating in their

square-law region.
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Fig 5.35 : Determination of square-law region

SUMMARY

Stripline has been chosen as the construction medium so that overlay
quadrature couplers may be used. Wilkinson couplers have been
determined to be the most suitable in-phase power splitters and
a three section WC covering the 2 to 6 GHz band has been built

and characterised.

Overlay couplers have been selected as easiest to implement for
the prototypes. A three section QC covering 2 to 6 GHz has been
built and tested.

Schottky barrier diodes have been selected for the detectors because
of their ready availability. SMA co-axial packaged detectors

have been obtained, properly matched and fully characterised.
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CHAPTER SIX
FD ANALYSIS METHODS

Chapter 4 describes several different frequency discriminator types
and demonstrates correct narrow band operation theoretically. Now
that the components themselves have been characterised, the broad-
band operation and error performance of FDs.can be studied. Building
and testing the components highlighted their non-ideal properties.

Analysis methods are required which allow these factors to be included.

This chapter considers a few different methods of analyéing FDs and
then makes use of the best method to make some comparisons between
the standard FD and the new types introduced in chapter 4. The number
of factors that can be included is huge, so that only a few can be

presented here as illustrative examples.

The best analysis tool, the micro-computer package TOUCHSTONE, is
expensive and may not be available to a designer. In that case he
or she can still make use of one of the other methods presented here,

which is why they are included.
6.1 DIRECT FORMULAE APPROACH

Direct mathematical analysis is always attractive as formulae
can usﬁally be re-written to allow synthesis questions to be
answered, such as what is the minimum QC isolation'required for
a given error performance? There are so many factors to be taken
into account, however, that formulae attempting to include even
a few factors at one time can become tbo complex to work with.
Factors can be taken into account separately, but that requires
new formulae to be developed each time and obscures the interaction
between different factors. Certain interesting features do emerge
from simple analyses and it is useful to adopt the method followed
by East.4
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Fig 6.1 : Standard frequency discriminator

To represent more real components than considered in chapter 4,

let

WC voltage transfer factor

QC direct output voltage transfer factor

QC coupled output voltage transfer factor

[ 2 TR o B « S
i

delay line attenuation factor

Consider first the standard frequency discriminator. For simplicity
an input signal with unity amplitude is present at 'RF in' in
fig 6.1. The signals at the points marked by lower case letters

are then given by:

at a) and b) : a /0°
at c) ad[@_

at d) and e) : a’lﬁg:
at £) : abd /6

at g) : acd /6 _+ 90°
at h) : alc /90° + ab?d ZO

at k) : a’» /0° + abcd/0 + 90°
at m) ¢ a?c /90° + abcdze + 9Q°
at n) : a’b /0° + ac?d /b _+ 180°
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Then, taking detector sensitivities to be unity

Vp = la’c /90° + ab’a /e _|?
= a?ac cos90° + jac sin 90° + b2d cos8® + jb?d sin9|?
= a?|b%d cos® + j(ac + b2d sin9)|?
= a’ (b%3? cos?0 + a’c? + 2ab’cd sin 6+ b%d? sin?0)
therefore
Va = a%c? + a’b%a? + 2a’b’cd sin 0 cevee (6.1.1)
Similarly
vg = ab? + a’b?c?d@® - 2a’b’cd sinb ceee. (6.1.2)
Ve = a%c? + a’b?c?d@® + 2a’bc?d cos 0 ceees (6.1.3)
Vp = a%b? + a’c%d? - 2a’bc?d cos 6 ceees (6.1.4)

Outputs (Vp-Vp) and (Ve-Vp) can be evaluated from equations (6.1.1)
to (6.1.4):

bd a

Vap - Vg = 4a’b’cd [ (%) fa _ bd)( b _ c)+ sin®
( c b

see s o e (6-1-5)
Ve - Vp = 4a’b’cd | (%) sa _ cd) c _ b) + cos 8
(cd a/\b c
e s 000 (6.1.6)

From equations (6.1.5) and (6.1.6)

(x)fa -~ bd -c .
(Va - vg) b (ﬁ a—)('g ;) + sin @

(Vo - Vvp) € (k)(a - cd\fc - b) + cos 6

Cd a b [o] cob oo (6.1.7)
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Note that East appears to have left out the factor b/c in his
equations labelled 13, but otherwise the above agrees with his
work. Note also that if b=c then delay line loss and WC voltage

split factor do not cause errors.
An error function can now be defined:

® error = © - tan~l | Va = Vs (6.1.8)

Ve - Vp

Formulae can often be written for b and ¢ as a function of
frequency. For example, for single section couplers b and c are
defined by the magnitudes of equations (4.2.2) and (4.2.3).

Equation (6.1.8) can then be used to predict errors.

Consider now the simpler single QC FD introduced in chapter 4
and shown in fig 6.2. This will be referred to as 'type 1' from
here on. Again take the detectors to have unity sensitivities
and consider an input signal of unity amplitude. The signals
at the points marked by lower case letters are then given by:

at a) and b) a /0°

at c) : ad/6_
at d) : ac /90° + abd/6
at e) : ab /0° + acd /6 + 90°

at f) and g) : a’c /90° + a*bd /8
at h) : a’b /0° + a*ca/B + 90°
at m) : a’c /90° + a’ba/e + a’b f0°+acald + 90°

Theh, using the same techniques as for the standard FD
vy = a%c? + a%b?a? + 2a%bcd sin @ cees. (6.1.9)
V, = abb? + abc? + abb2a® + abc?a? + 2a%a(b? + c?) cos 6

LR 2R I AN ] (6.1.10)
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Fig 6.2 : Single QC frequency discriminator (type 1)
v3 = adb? + a%c?a? - 2abcd sin @ ceees (6.1.11)

To bring V,; into line with the others it should be multiplied
by a factor a~2. In chapter 4 this was approximated as a=2=2
for the type 1 version. The more complex single QC version (shown
in fig 4.16 and referred to from here on as 'type 2') performs
the equivalent by multiplying V; and V3 by a?. Considering this

case first, V, becomes:

Vy' = Vza"2 = adb?+adc?+adb?d?+adc?d?+2a4da(b?+c?)cos 6
LI Y (6.1.12)

Output (Vi-V3), from equations (6.1.9) and (6.1.11), is given
by

(V1-v3) = 4albcd (k)(l - d) ¢ - b\+ sin @ ceees (6.1.13)
a (b c

and

Vz' - (Vl + V3) = 2&4d(bz + Cz)COSe seseoe (6-1.14)
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Then

2(&-)5-6)(5_13 + sin ©
Vi - V3 d b Cc

V'~ (V1+V3) (2_ g) cos 6

+

c b ceess (6.1.15)

Note that the WC voltage transfer factor a does not appear in
the above, and once again b=c implies that delay line loss has

no error causing effect. The error function is then

8 error = © —tan"l Vi - V3
ceees (6.1.16)

Vza.—2 = (v + V3)

If we instead multiply V5 by 2, as is the case with the type 1
FD, then

2V - (V3 + V3) = 4abd(b? + c?) [(k)(_}_ + d) (2-a=2) + 0059]
a
* e 000 (6'1.17)

Then

(a=2) | o) (1 d) c 2) + sino
Vi - V3 . a” b~ ¢

2V, - (V34V3) (b . c) (%) (1 N d) (2-a~2) + cos (ﬂ
c b d eee.. (6.1.18)

The error function is

0 error = ® -tan”l{ V1 - V3 ceees (6.1.19)
2Vy - (Vvy + V3)

Assuming perfect components except for the imbalance in the QC
outputs denoted by b and c, ie. setting d=1 and a=1//3 in equations
(6.1.7) and (6.1.18), gives the following.
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For the standard FD:

' ""(_1_ - lr"/-2-)-’3-£+ sin 6 ceee. (6.1.20)
Va - Vs (b b/2" c b
- e
Ve Vb 1 - cv2Yc b\ + cos 6
(%) | — c_2
c/f b c
For FD types 1 and 2 :
V]_ - V3 = 2 tane es e e (6-1.21)
2vy = (V1 + V3) (b+c)
c b

The lesser dependence of the type 1 and 2 FDs on b and c is expected
since they use only one QC as compared to the standard version's

three.

In all the above, factors such as deviation in phase from 90 degrees
in the QCs, and even theoretically predicted factors such as WC
VSWR have not been considered. These are very difficult to include
while keeping the equations manageable. A computer based approach

is really required.

Before looking at some computer based approaches, some additional
useful information can be obtained. From equations (6.1.19) and

(6.1.21):

6 error =8 - tan™l (xtan®) ceee. (6.1.22)
where x = 2
E+S) (6.1.23)
c b ;

The greater the absolute value of (1-x) the greater the error.
Alternatively the greater the absolute value of (b-c) the greater
the error, and for symmetric equal-ripple couplers this occurs

at the centre-frequency, band limits and at a number of other
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points depending on the number of coupled sections.

From (6.1.22)

2
90 eryor =1 - __X8€¢ 0 evees (6.1.24)
96 1+ x*tan’g
Maximum error for a given value of x occurs for 90 gyyo,/98 = 0,
or
e = sin_l x-1 ;! ’
x*-1 eees (6.1.25)

For most cases studied x will be very close to unity. For example
for a single stage 2 to 6 GHz coupler, which is the worst case,
the centre-band coupling factor is c = 0.7655 and
b = YI-c? = 0.6434. Then x = 0.985 and from (6.1.25)

9=m‘ﬂ' y M = l' 3' 5 ces oo s e (6.1.26)
4

Thus to ensure worst case errors are considered for discriminator
types 1 and 2, the electrical length of the delay line 6 should
be mn/4 radians at the centre frequency. A good choice is probably
315 degrees, ie. the delay line length should be such that 6 = 315
degrees at f,: This is close to the maximum unambiguous length
of 360 degrees for a bandwidth equal to f,, as is the case with
fo = 4 GHz and a band of 2 to 6 GHz.

CASCADED S-PARAMETER APPROACH

The most convenient way of describing networks at microwave
frequencies is in terms of their scattering or s-parameters. For
a general two port network shown in fig 6.3, if aj represents
a wave incident at port i and bj the wave reflected from port
i, then the fpllowing relationship defines the s-parameters of
that network:
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b, b2
Fig 6.3 : General two port network
b1 S11 S12f21 ceeee (6.2.1)

by S21 822/ a2

There is no simple operation, such as addition or multiplication,
that can be performed on S-matrices to write the result of cascading
two separate networks, represented by their S-parameters, as a
single set of S-parameters. Transfer or T-matrices, on the other
hand, can mer'ely be multiplied together if they are defined as

follows:

by T11 Ti2|fa2
a1 T21 Ta2f| b2

seeee (6.2.2)

For two-port networks conversion between S- and T-parameters appears

fairly straight forward:

Ty = (-S17 Sz + S12 S1)/521 ceee. (6.2.3)

T12 = 811/521 ceees (6.2.4)

Toy = -S522/521 ceee. (6.2.5)

Typ = 1/55; . ceees (6.2.6)
and

S11 = T12/T2 | ciees (6.2.7)
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S12 = T11 - (T12 T21/T22) ceeee (6.2.8)
831 = l/T22 eseee (6.2.9)
S99 = - T21/T22 esese (6.2.10)

There is a pitfall in the method, however. If S5; is zero then
the T-parameters are undefined. This may appear to be a trivial
case where two port networks are concerned, but if the method
is g'enerélised and some ports are 'dummy' or un-connected ports,

then divisions by zero can be a serious problem.

It is useful at this point to illustrate the method by dividing
the standard FD into cascaded networks. Note that if several
methods are to be cascaded then each must have as many input ports
as output ports, so that 8 port networks consisting of 4 input
ports and 4 output ports are required for the standard FD. This
is clearly demonstrated in fig 6.4. Several un-connected 'dummy'
ports must be defined, but these can easily be removed from the

final S-parameter matrix to yield a five port result .

Using the port numbers shown in fig 6.4, V, Vg, Vo and Vp can

be determined directly from the S—-parameters according to:

Va = ISs2l? ceees (6.2.11)
Vg = ISgal? seees (6.2.12)
Ve = 189317 ceees (6.2.13)
Vp = Isgal? ceees (6.2.14)

We now require a method of cascading the 8-port networks by
mani'pulating the s-parameters directly. The following method

works well and is particularly easy to program.

Consider two n-port networks A and B, n even, cascaded together.

Each network has n/2 input ports numbered 1 to n/2, and n/2 ouput
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}
NETWORK A | NETWORK B | METWORK C 'NETWORK D!NETWORK E,

Fig 6.4 : Standard FD as cascaded 8-ports

ports numbered n/2+l1 to n as shown in fig 6.5. Let A;4; be the
S-parameter of network A, and Bj be those of network B. Let
aj and bj respectively be the waves entering and leaving port
i of network A. Let cj and dj respectively be the waves entering

and leaving port i of network B. Then

7T 7.
by A1l A2 cereseeaByp aj
b2 - Azl A22 ,.,,.,..,Azn a.z sesaee (6.2'15)
an Ani Ap2 .¢evv...BApp an
and
hy 7 -
rdl FBll Blz s o0 00 b 0y Bln r(:l
d2 _ le 322 """"an 02 sssee (6-2.16)
an| [Bo1 Baz ... Bon | | cn

Waves leaving ports n/2+1 to n of network A must enter ports 1

to n/2 of network B, ie.:
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Fig 6.5 : Cascaded n—-port networks
bi+n/2 = Ci, i = 1' 2, s e e n/2 XEEK] (6.2.17)
Similarly
dj = ajin/2, =1, 2, ... n/2 ceee. (6.2.18)
Equation (6.2.17) can be substituted into (6.2.15) to eliminate

bn/241 to bp, leaving:

by

bn/2
S
c2

L

(b, |

Cn/2

2

Ay

1
1l

1

Alz:.......Aln
Ago .,...... Agp
Atnz R Ann-‘

(6.2.19)

Equations (6.2.18) and (6.2.16) can be used similarly to eliminate

dl to dn/2



c; to cp/p can now be eliminated by substituting

Byjy Biz2.....
B2y B22 .
Bn1

c1
c2

.

rows of equation (6.2.19) into (6.2.20), giving :

n/2
where Cij =

I
&~

L=

n/2

=]

t=1

Bit At+n/2,j

Bi¢ Ae4n/2,j

-1,

=1, 2,

= i+n/2

0 Ci1 €2 ........C1n B1,n/2+41 Bi1,n/2+2...B1,n
0 C21 C22 .-.C2n B2,n/241 By, n/242+++B2,n
0 =1 : : :
dn/2+1 . E : E S
%n/2+2 : ; i E

dn Cnl an .....--.Cnn Bn’n/2+1 Bn’n/2+2"'Bn,n
b - hase. _j

l, 2, ... n

ess N

i+n/2

l, 2, ... n

132

(6.2.20)

the lower n/2

a)

az

Sn/2+1

Cn/2+2

e s 000

(6.2.21)

(6.2.22)
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The top n/2 rows of equation (6.2.19) and all the rows of (6.2.20)
can be written into the single set of equations (6.2.23) shown
in fig 6.6. Note that the order has been chosen to simplify the

remaining steps.

Let D be the n+n/2 by n+n/2 matrix in equation (6.2.23) (fig 6.6),
such that Djy is the Jjth element of the i'th row. Gauss reducing
this matrix in the normal fashion to remove the top n/2 rows leaves
an n x n matrix which is the S-parameter matrix of the cascaded
network. Since the original networks are properly described by
S-parameter matrices, the cascaded network must be describable
by a unique set of S-parameters. ‘Thus the equations cannot be

inconsistent and nor can any parameters be undefined.

To remove the first row, find the largest element in the left
most column (excluding the bottom n rows) and make this row the
top one by swopping it with the row actually at the top. Swopping
rows does not affect the final result, however the bottom n rows
should not be swopped to retain the original node numbering format.

Set up a new matrix B such that

Eij = Di+1,j+l - Di+lll Dl,j+l v i=1, 2, ... ntn/2-1
Dll l' 2' se0 n+n/2-l

[ %
0

® e moe (6.2.24)

Repeat this process by eliminating the top row of matrix E to
set up a new matrix. After n/2 such reductions a single n x n

matrix E will remain and :

- _ — -
-
r-bl Ejy EBi2 ...l Eln aj

by Ezy Egg «ociiiiian Eon aj

b2 || o ||ans2 ceve. (6.2.25)
dn/2+1 : Cn/2+1

dn/2+2 : Cn/2+2

dn Enl Bpp +-vvvveennn Enn Cn

L 4 L JL .
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Equation (6.2.25) is identical to equation (6.2.2) which defines
S-parameters, except that it is generalised to n-ports. Hence
B is the required n x n set of S-parameters describing the overall

cascaded network.

For the example shown in fig 6.4, five 8x8 matrices must be cascaded
together and the final result should really be a 5x5 matrix. Nodes
1, 3 and 4 are dummy nodes in this case and matrix elements relating
to these nodes can simply be eliminated. The remaining five nodes
can be re-numbered if required. The resulting 5x5 matrix is the

S-parameter matrix of the overall five port network.

Appendix J gives a FORTRAN program which implements the above
method by printing the result of cascading two n x n S-parameter
matrices. The advantage of the method is that the original 8-
parameter matrices can easi}y be amended to take account of any
non-ideal property, or to be actual measured values. The
disadvantage is that the program has to be re-run for each different
frequency of interest with the applicable S-parameters. It woulé
however be a fairly simple matter to adapt the program to calculate
and organise its own S-parameters. The program may be relatively
slow on a micro-computer, but it is far cheaper than acquiring

a more versatile commercial analysis package.
USING COMMON CIRCUIT ANALYSIS PACKAGES

Many engineers undertaking FD design will already have access
to common circuit analysis programs. SPICE is one such package
and is available on UCT's main-frame computer. Programs of this
type are generally not meant to calculate S-parameters and SPICE
is no exception. The question is, can these programs be used

to model FDs and print out S-parameters?

Whether a package can be used to model FDs or not depends firstly
on the component models available in the package. The components
required are transmission lines and coupled lines (and of course

resistors). If either of these models is not available then some
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means of including user defined components is required. The
available version of SPICE had transmission line but not coupled
line models. Nor did it have the facility for including user
defined components (unless those components could be modelled
entirely in terms of existing components). SPICE, therefore,

is not really suitable for modelling FDs.

Should the required component models be available the question
of 'persuading' the package to calculate S-parameters directly
needs to be answered. Most packages allow voltages to be measured
at any point in a circuit, and currents to be measured in any

line. SPICE allows this and can therefore be used as an example.

If certain rather neat tricks are employed SPICE can be used to
generate circuit S-parameters. The technique is demonstrated
here for a two port network and can easily be generalised. Fig
6.3 shows a general two port network with the usual S-parameter
incident (aj) and reflected (bj) wave conventions. From equation

{6.2.1) the S-parameters are defined by:

by

Sllal + Slzaz ses s (603.1)

by

Spja; + Spjajs eseas (6.3.2)

More directly they are given by :

511 = b1
a ceees (6.3.3)
11 apeg
521 = b2
- es o0 (6.3.4)
a1 az=Q
S12 = by
- ceese (6.3.5)
aZ

a1=0
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Fig 6.7 : General 2-port network showing voltage and current

conventions

S22 = by
a2 e e s e e (603-6)
aj=g

If 2, is the base characteristic impedance to which the ports
of the network are connected, then aj; can be set to zero by
connecting a load equal to 2, to port i, and having no source

attached to that node.

If the voltage (V;) and current (I;) conventions for a general
two port network are adopted as shown in fig 6.7, then the following

hold :

n
[

a1 (V1 + 2o11) ceee. (6.3.7)

a2 = 1l (V2 + 2012) XK (603-8)

by = 1 (V3 - 25I31) esees (6.3.9)

by = 1 (vy - ZOIZ)
22,

o000 (6‘3.10)

Using a normalised base impedance of Z,=1 simplifies matters:



a)

a2

Substituting equations (6.3.11) to (6.3.14) into (6.3.7) to

gives :

511

521

512

522

If an AC voltage source

k (V) +I3) ceess
k (Vo + Ijp)
¥ (V] - I) cenns
¥ (Vv - Ip) ceees

Vi

Vi

I

I

Iz

I

I

Iz

Iz

I

a2=

a2=0

a1=0

a1=0
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(6.3.11)

(6.3.12)

(6.3.13)

(6.3.14)

(6.3.10)

(6.3.15)

(6.3.16)

(6.3.17)

(6.3.18)

with an RMS voltage equal to Vg and a

source impedance Rg equal to one ohm (the normalised base impedance)

is connected to port 1,

zero as shown in fig 6.8(a), then

and port 2 is matched to ensure aj is

V1=Vs-Ile=Vs-Il se s e

and

V1+11=Vs-11+11=vs s ev e

(6.3.19)

(6.3.20)
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Fig 6.8 : Circuits required for 2-port S-parameter measurements
on SPICE
a) main circuit
b) 833 auxiliary circuit

c) S auxiliary circuit

From equation (6.3.20) it can be seen that if Vg = 1 volt then

Vi + I1 = 1 and S33 and Sy; simplify to :

S13 (Vl - 11)32_

0 LI I (603021)

S21 = V2 - I2)a, .

. o000 (6.3‘22)

Auxiliary circuits can now be used to perform the subtractions.
SPICE has an element called a linear voltage-controlled current-
source (G) which, with a unity transconductance, gives a current
equal to a voltage at a specified point. Similarly a linear
current-controlled current source can be used to generate a current
equal to the current in a specified branch of the circuit. Fig
6.8(b) shows such a circuit set up so that the current sources

are paralleled and loaded with a one ohm resistor. The voltage
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across the resistor Vpj is then given by :
VRy = V1 - I7 = S131 ceess (6.3.23)
A second auxiliary circuit connected as shown in fig 6.8(c) gives :
VR2 = V3 - Iy = So31 , esees (6.3.24)

Thus asking SPICE to point out Vgp; and VR in both magnitude and
phase over the range of frequencies of interest, gives S3;; and
5517 for the network directly. Exactly the same procedure can
be used to generate Sj; and S35 by simply swopping the port

connections.

Since S-parameters cannot be entered or modified directly, the
inclusion of non-ideal properties requires adding components to
cause, for example, poor VSWRs or additional phase shifts. The
difficulty is that models of this sort rarely approximate the

actual broad-band performance.

SPICE was used to model a single section Wilkinson power divider
in this way and the S-parameters were correctly predicted. The
conclusion then is that general circuit analysis programs can
be used to calculate S-parameters of an FD provided the basic

component models are available.
TOUCHSTONE

TOUCHSTONE is a circuit analysis package designed specifically
for RF and microwave circuit analysis. It runs on an IBM PC micro-
computer and compatibles. It is designed to work directly on
S-parameters which is what makes it so suited to high frequency
vork. A few different versions are available and TOUCHSTONE/RF

was used for this project.

TOUCHSTONE is extremely easy to use and can display results in

several different formats. The ease of use is indicated by the
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simplicity of the circuit files in appendix B. A great many circuit
files were used during the course of this project and only a

" representative sample can be included.

S-parameters can be entered directly into TOUCHSTONE and S-parameter
files created by TOUCHSTONE can be modified. This allows any
non-ideal property or the measured component characteristics to
be taken into account. Some versions also have physical models
of microstrip and stripline transmission 1lines, and also
discontinuity models of, for example, bends in transmission lines,
step changes in line widths and T-junctions. TOUCHSTONE/RF does

not.

All the above points to TOUCHSTONE being an ideal tool for FD
analysis and it certainly was the best available for this project.
Nevertheless there are some features of TOUCHSTONE which could
be improved, and its biggest drawback is its cost and the cost

of the computer equipment.

TOUCHSTONE does allow multi-port neéworks to be defined as sub-
components of other circuits, but measurements cannot be made
on networks with more than four ports. The standard FD is a five
port network so that to model it it has to be divided into two
three port networks with the additional ports matched with fifty
ohm loads. This is clearly demonstrated in sample circuit file

B-5.

Using the above method the five port FD can be analysed in a single
run. However if it is required that TOUCHSTONE create S-parameter
files for later analysis, then two separate runs are required
since in any one run TOUCHSTONE can create only one S-parameter
file. Happily the single QC FD types 1 and 2 are four port networks

and can be properly handled in a single run.

Circuit file B-5 also illustrates a fault in TOUCHSTONE which
is worth mentioning. Occasionally when TOUCHSTONE is asked to

'‘sweep' a circuit, ie. make measurements on a circuit described
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in a circuit file, it appears to get stuck in an infinite loop.
The only way out when this happens is to abort the run by re-
setting the computer. These infinite loops occur at one or more
isolated frequencies with some circuit files. Identifying these
frequencies 'is  an extremely frustrating and time consuming
procedure. The 'FREQ' paragraph of circuit file B-5 is divided
into two sweep commands to ensure that 4 GHz is left out. This
problem did not affect the single QC FDs and the reason for it
happening at all is not clear.

A feature missing from TOUCHSTONE that would be very useful, is
a processing block which allows the calculated S-parameters to
be manipulated to provide more meaningful information. In this
case it would be very convenient to have TOUCHSTONE calculate
phase or frequency errors directly. The processing block that
is available in TOUCHSTONE/RF allows manipulation of corresponding
parameters of two defined networks but not, for example, S3; to

be subtracted from S;; of the same or a different network.

S-parameters calculated by TOUCHSTONE (TS) and stored away in
digsk files can be read as sequential files by BASIC programs.
This provides suitable means of calculating peak and RMS errors
before and after performance of 1linear regression. Linear
regression is required for the standard version because of the
phase characteristic differences between WCs and QOCs, as discussed
in section 4.2. Appendix K lists the program that was written
for this purpose. Data required by the program, ie. the type ,
of discriminator, centre frequency, band limits and delay 1line

length, is passed from TS by means of a dummy S-parameter file.

S-parameter files created by TS can be very large so that disks
quickly become f£full, particularly if several circuit files are
already stored away. It is also convenient to always use the
same circuit file names so that the error calculation program
really has to be run after each TS circuit sweep. A batch run
which automatically loads and runs the various programs is the

fastest way of performing a series of analyses. User participation
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is required only while TS is running to amend and 'sweep' the
circuits, but it is required each time TS is loaded. The batch

method is fully described in appendix K.

Even with batch runs the process can be very time consuming. If
a great deal of FD design is to be undertaken and access to a
main-frame computer is available, attention should probably be
given to using the method described in section 6.2 to write a
specialised but efficient analysis program. Not only would analyses
take less time but user participation would only be required to

enter data at the beginning of the run.

The following discussions use TS in the manner described above
to focus on various aspects of the standard FD as compared to
the single QC version types 1 and 2. Only a subset of the total
number of factors can be considered, and those included were chosen
because they highlighted certain particularly interesting features

and/or demonstrated useful techniques.
BROAD-BAND DISCRIMINATOR ANALYSIS

wWhat follows is a series of analyses made using theoretical
components to compare the broadband perforpances of the standard
FD and single QC and FDs. Some common unit of measure is required
in any such comparison, and it was decided to use peak and RMS
errors over a 2 to 6 GHz bandwidth as the yardstick. Phase errors
are directly proportional to frequency so frequency errors could
be used instead. However, frequency errors, through the
proportionality constant, depend very much on the delay line length
whereas phase errors depend less so. Phase errors give a more

easily comparable indication of performance.

Most of the analyses were made by asking TOUCHSTONE to calculate
S-parameters at frequencies spaced 100 MHz apart. This does mean
that actual error peqks may be missed and peak errors may be under-
estimated. RMS errors are less affected as evidenced by the

comparative smoothness of the RMS error curves in the graphs in
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this and subsequent sections. Some analyses were made using 200 MHz
frequency intervals, and comparison with predictions made with
100 MHz intervals were favourable. This suggests that the
measurements made were sufficiently accurate for comparison

purposes.

It has already been mentioned that error correction through linear
regression is necessary for the standard FD but not for the single
OC types 1 and 2. Table 6.1 demonstrates this for FDs made of
single section WCs, single section QCs and delay lines of 315

degrees at 4 GHz.

Table 6.1 : Effect of linear regression

Single section WCs Standard FD Type 1 FD Type 2 FD
Single section GCs errors errors errors
Deloy at 4 GHz = 315° (degrees) (degrees) (degrees)
Before linear Peak e 6 59
regression

RMS 7.56 0.78 1.54

After linear Peak 39 es 3.0

egression

regress RMS 172 0.81 1.40

In the case of the standard FD improvement is dramatic. In the
case of the type 1 FD the peak error dropped slightly while the
RMS error rose. Sometimes the opposite is true and almost always
one improves slightly while the other worsens. There is certainly
no Jjustification for wusing linear regression. In the case of
the type 2 discriminator there is a small improvement in this
isolated case. Usually the type 2 discriminator shows the same

trends as the type 1 version.

Of particular interest is the performance of the three discriminator

types with different size components. Table 6.2 answers this
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Table 6.2 : PFD error performance with different components

Single section | Three-section
Components quad. coupler | quad. coupler

PFD |Peaktdeg) | RMS(deg) | Peak(degd | RMS(deg)

Type 1| 26 0.78 7.2 1.30
Single
section |Type 2| 5.9 1.54 3.8 1.03
Wilkinson
Std. FD| 3.9 1.72 0.8 0.16

Type 1 1.9 0.30 1.0 0.18

Two~
section |[Type 2/ 16 0.27 0.6 0.11
Wilkinson )
Std. FD| 3.6 1.42 2.0 0.84

Type 1| 05 0.15 0.4 0.09
Three—
section |[Type 2| 05 0.15 0.2 0.08
Wilkinson
Std. FD] 3.7 1.52 1.9 0.70

¢

question. The Wilkinson couplers were all centred on 4 GHz, as
were the QCs. For the latter the coupled and direct output curves
were overlapped just sufficiently to cover a band of 2 to 6 GHz.
The length of the delay line was chosen to be 315 degrees in each
case, since the analyses done in section 6.1 indicated that this

would give worst case errors for FD types 1 and 2.

Table 6.2 shows that for the standard FD the size of the WCs makes
very 1little difference to error performance. The corresponding
is true for the size of the QCs used in FD types 1 and 2. 1In
each case the size of the other component has a substantial effect,
the larger the component the better the performance as expected.
Thus for this bandwidth a single section QC should be used for

discriminators 1 and 2, and a single section WC is suited to the
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Fig 6.9 : RMS and peak errors plotted against delay line length
for a standard FD comsisting of 3-section QCs and single

section WCs

standard version. Choice of the remaining component depends on
required accuracy and size, and should be tempered by a knowledge

of how ideal the components can be made.

The trends for FD' types 1 and 2 with a single section QC and varying
WC sizes are interesting. When a very narrow band WC is used
type 2 does not perform as well as type l. This is because the
poor VSWRs at the band limits is more significant as a cause of
error than the roll off of the power split characteristic. When
a two-section .WC is used the VSWR improves to the point that type
2 gives slightly better results than type 1. However when a 3-
section WC is used both VSWR and flatness of the power split
characteristic are improved to the point that the FDs perform
equally well. The conclusion is that use of the larger type 2

FD is not warranted.

The entries in table 6.2 for the standard FD with three-section
QCs and single section WCs are surprisingly good. Note however
that they should really be compared with the entries for type
1 and 2 FDs with single section QCs and 3-section WCs. The analyses

in section 6.1 suggest that discriminators 1 and 2 give worst



Fig 7.1 : Disassembled type 1 (left) and type 2 FD prototypes

Fig 7.2 : Assembled type 1 prototype

16l
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overall size and weight can be greatly reduced by using materials
with hiéher dielectric constants, thinner ground planes and by
using microstrip rather than stripline. Ultimately the detectors
would be integrated with the rest of the RF circuit, but this
was not desirable for the prototypes since it would reduce

flexibility during testing.

Connections between the QCs and the rest of the circuit were made
by soldering small Brass foil strips onto the 0.062" board
conductors. Contact with the QC was maintained by pressure alone,
as was contact between the tabs of.the SMA co-axial to stfipline
launchers and .the copper tracks. Thick film chip resistors were
used for the WCs and these were soldered in place on the copper
tracks. Small slots had to be cut into the top dielectric to
accommodate the resistors. Their exact location was found by
screwing the top and bottom plates together before the slots were
cut. The chip resistors caused very slight indentations in the
upper dielectric surface and these were used as guides to chisel

away the minimum amount of dielectric.

Given more professional facilities it would have been far better
to etch the entire circuit on the 0.005" board. Connections through
the board, as required by the overlay couplers, would then be
achieved by through-hole plating. This would eliminate the need
for foil strips to make connections and ensure that the QCs are
properly aligned. Mis-alignment causes differences in the lengths
of transmission 1lines connecting to the other components. On
the delay line side these differences can be absorbed into the
effective length of the delay but on the phase discriminator side
these differences cause errors in the summing process of the power

combiner giving the centre output.
S-PARAMETER MEASUREMENTS OF TYPE 1 PROTOTYPE
After construction of the type 1 prototype shown on the left in

fig 7.1 and before the addition of the detectors, its s-parameters

were measured on the HP 8410C network analyser. Port numbering
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for all the s-parameters given below is as follows. The input
port is port one and outputs Vj, Vy and V3 of fig 4.15 are numbered
2, 3 and 4 respectively.

The important parameters from which phase accﬁracy can be calculated
are S31, S31 and S43. These are shown graphically in fig 7.3(a).
From these results it was possible, as will be seen, to infer
an effective delay line length of 308.5 degrees at 4 GHz. Fig
7.3(b) shows predicted curves using ideal three section WCs and
QCs and a 308.5 degree delay. The frequencies at which the dips
in the curves occur agree to within the 0.1 GHz frequency steps

that were used.

Fig 7.3(c) shows the predictions made using the measured values
of the individual components as given in chapter 5. Again a delay
line of 308.5 degrees at 4 GHz was used. The rather disappointing
shallowness of the Sj; dip in fig 7.3(a) is predicted by these
measurements and indicates that accuracy may be poorest between
5 and 6 GHz. This time the frequencies at which the dips occur
differ by 0.1 GHz at the top end of the frequency range. The
reason for this is that when the components were built it was
practically impossible to make the attached fifty ohm transmission
lines equal in length to within about + 0.2 degrees at 4 GHz or
+ 0.3 mm. These transmission lines could not be excluded from
the s-parameter measurements and affect the effective delay 1line
length for fig 7.3(c), thus lowering slightly the frequencies
at which the dips occur. Accuracy calculations are also affected
and linear regression can be used to improve things somewhat,

as was done for table 6.3.

Although not required to assess error performance, the measured
return losses due to 833, S22, S33 and S44 are plotted in fig
7.4 for completeness. Similarly the isolations S33, S34 and Sy3

are given in fig 7.5.

Error predictions from the Sj33, S3; and S41 measurements can be

made exactly as is done when TOUCHSTONE is used. The first step
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Fig 7.3 : Type 1 S33, S33 and 547 curves
a) measured prototype results
b) predicted results using ideal components

c) predicted results using measured components

is to determine the effective length of the delay line. Direct
calculations indicate that the phase is 308.5 degrees at 4 GHz.
The best fit straight line through all the data in the band 2

to 6 GHz calculated by least squares linear regression is:

8 = 4.07 + 76.12f veees (7.2.1)
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where © is the phase in degrees and f the frequency in GHz. This

suggests a delay line length of 304.5 degrees at 4 GHz and a

constant offset of 4 degrees. The offset is due to errors caused

by mis-alignment of the quadrature coupler as mentioned in the

previous section

Using the measured data and taking the delay line length to be
304.5 degrees at 4 GHz gives peak and RMS errors of 6.9 and 4.0
degrees respectively. The corresponding errors assuming a delay
line of 308.5 degrees are 4.2 degrees peak and 1.6 degrees RMS.
After linear regression the result is precisely the same in each

case as expected. Peak and RMS errors then become 3.3 degrees

and 1.4 degrees respectively.
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The above plus the frequency agreement at which the dips occur
in figs 7.3(a) and 7.3(b) suggest that the effective delay line
length is 308.5 degrees at 4 GHz. Furthermore the use of linear
regression is justified with the prototypes to reduce errors due

to QC mis-alignment.

Fig 7.6 shows the error performance of the type 1l prototype after
linear regression. In contrast fig 7.7 shows the predicted curve
using measured parameters of the individual components after linear
regression. There is very little agreement between the two cases.

There are several reasons for the disagreement. The problem of
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the different transmission line lengths has already been mentioned..
The co-axial to stripline launchers which were used to make the
original component measurements also affected the accuracy of
the original measurements. Since the QC was inserted as a separate
componeht it could be measured separately. In the case of the
WCs this was not possible and they are unlikely to have been
identical to the test version or each other. All the above reasons
suggest that the prototype should be better behaved than the

component measurements suggest. This is indeed the case.
S-PARAMETER MEASUREMENTS OF TYPE 2 PROTOTYPR

Before adding the detectors to the type 2 prototype shown on the
right in fig 7.1, its s-parameters were measured on the HP 8410C
network analyser. Port numbering is exactly the same as for the

type 1 discriminator for all the s-parameter references below.

Fig 7.8(a) gives the measured S33, S31 and S41 curves. These
are all that is required for an accuracy analysis. Once again
these results suggest a delay line length of 308.5 degrees at
4 GHz. This is not surprising since the delay line is identical
in design to that used in the type 1 prototype, and the rest of
the circuits of both prototypes are so similar. Fig 7.8(b) gives
the corresponding results predicted by TOUCHSTONE when ideal three
section WCs and QCs are used with a delay of 308.5 degrees at
4 GHz. Once again the frequencies at which the dips occur are

in agreement.

Fig 7.8(c) shows the predictions made using the measured values
of the individual components as given in chapter 5. The rather
shallow dips of S;3 are correctly predicted. For the same reasons
as described in section 7.2, the predicted dips are lower in

frequency then were actually measured.

The S31, S31 and S4) parameters were used to assess the error
performance of the type 2 prototype as was done for type l. Once

again linear regression may be used to reduce the effect of QC
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Fig 7.8 : Type 2 S51, S3)1 and S43 curves
a) measured prototype results
b) predicted results using ideal components

c) predicted results using measured components

mis-alignment. Before linear regression the peak and RMS errors
assuming a 308.5 degree delay line were‘ calculated as 6.5 and
1.6 degrees respectively. After linear regression they become
6.0 and 1.4 degrees respectively. Using the individual measured
components the prediction is 6.5 degrees 'peak and 1.9 degrees

RMS after linear regression. These values were expected to be
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Fig 7.9 : S—-parameter measurement error predictions for type 2

prototype after linear regression

worse than the prototype s-parameter measurements predict for
the same reasons as discussed in section 7.2. Fig 7.9 shows the
errors predicted by the prototype measurements plotted against

frequency.
PROTOTYPE PERFPORMANCE WITH DETECTORS ATTACHED

The next step in evaluating the performance of the prototypes
is to add the detectors and measure their outputs over the 2 to
6 GHz frequency range. This gives quantities V3, V, and V3 which

must be manipulated to calculate phase and hence accuracy. All

-the accuracy results quoted here were obtained assuming a delay

line of 308.5 degrees:at 4 GHz.

Fig 7.10 shows the circuit used for the analyses discussed in
this section. The signal generator output was 'chopped' by a
27.8 kHz square wave to allow AC coupling to the voltmeter and
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Fig 7.10 : Circuit for performance analysis of FDs with detectors

LW

attached

hence exclude the relatively large DC bias voltages. An RMS
voltmeter was used to measure the outputs in dBV. An amplifier
with voltage gain ten was used to improve sensitivity. A multi-
way switch was used to allow the amplifier and RMS voltmeter to

be quickly switched from one output to another.

Unless otherwise stated, detectors 866538, 866520 and 866539 were
connected to FD ports 2, 3 and 4 respectively. To provide broad-
band input matching to the detectors, 10dB or 6dB pads were added
to give minimum return losses of 20dB and 12dB respectively. The
pads at the front of the FD were required because the minimum

drive level of the signal generator was -5dBm.

The first test performed on the type 1 prototype used exactly
that circuit shown in fig 7.10. To provide a maximum detector
drive level o.f -20 dBm, and hence ensure that they operate in
their square-law region, a drive level of 9.5 dBm at the signal
generator was required to overcome the effects of the pads, and
losses in the transmission cables and in the discriminator itself.

Measurements were performed at steps of 200 MHz.

Fig 7.11 shows the results measured without the use of linear
regression. A peak error of 6.6 degrees at 5.4 GHz is indicated.
A peak around this frequency is not surprising considering the
shallowness of the dip at this frequency in fig 7.3(a). The RMS
error was found to be 2.5 degrees. After linear regression the

peak and RMS errors became 6.6 degrees and 2.2 degrees, but the
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Fig 7.11 : Error performance of type 1 discriminator with detectors
attached

peak occurs at a different frequency (6 GHz). The improvement
was nominal and it was decided not to use linear regression in

subsequent tests.

The detectors are of course not precisely identical and switching
the detectors- around must affect the results. If, for example,
the detectors attached to ports 2 and 3 are swopped then the peak
and RMS errors become 8.3 and 3.4 degrees respectively if the
rest of the circuit remains unchanged. The detector arrangement
described initially gave best results and was used in all subsequent

tests.

The effects of detector drive levels exceeding slightly the square-
law region can be seen by increasing the drive at the signal
generator to 12dBm. The peak drive to the detectors is then
-17.5 dBm. Errors worsen slightly to 7.9 degrees peak at 6 GHz
and 3.1 degrees RMS.
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The 10dB pads used to match the detector inputﬁ may cause an
excessive amount of 1loss and could worsen error performance by
reducing sensitivity. Of interest then is the effect of using
say 64dB pads. For this test the 10dB matching pads were replaced
with 6dB pads. The two front end 6dB pads shown in fig 7.10 were
replaced with a single 10dB pad. The signal generator drive level
was reduced to 3.5dBm to ensure a maximum detector drive of ~20 dBm.
Peak and RMS errors worsened to 8.8 and 4.0 degrees respectively.

The peak again occurred at 5.4 GHz.

Similar tests were performed on the type 2 prototype and the same
general trends described above were seen. Overall performance
was worse than for type 1. With a maximum detector drive of -20 dBm
and 6dB detector matching pads, the peak error was 11.9 degrees
at 5 GHz and the RMS error was 5.1 degrees. 104dB matching pads
improved performance to 8.1 degrees peak at 3.8 GHz and 4.2 degrees
RMS.

PROTOTYPE PERFORMANCE WITH SIMPLE PROCESSING CIRCUITRY

To complete the tests on the prototypes some processing circuitry
is required. Ideally, to allow the processing of RF pulses 100ns
wide, the processing circuitry should be able to operate at least
up to 10 MHz. It is not quite so important that the gain responses
be flat up to this frequency but that the individual channel gains
be equal. The HP 8350B sweep oscillator that is part of the
HP 8410C network analyser has an inbuilt facility allowing the
RF output to be 'chopped' or switched on and off rapidly at
27.8 kHz. This gives a pulse length of 18us and it was decided
to test the concept with simple circuitry capable of handling
at least 60 kHz.

Fig 7.12 shows simple circuits that can be used to perform the
required operations. Factor 'a' in fig 7.12(b) can be varied
to suit either discriminator type. Fig 7.13 shows the actual
circuit that was used. ~Operational amplifier balancing and power

supply details have been omitted. The basic circuits of fig 7.12
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Fig 7.12 : Operation of processing circuit

are clearly evident but front-end buffer amplifiers have been
used. These allow equal input impedances to be presented to each
detector. Thé voltage gain of the front-end amplifiers is five
and that of the summing circuits two, giving an overall voltage

gain of ten.

To accommodate the extra factor two appearing in the type 1
discriminator relationships, the centre input amplifier of f£fig
7.13 has a switch allowing the gain to be stepped up to ten.
Presets were used to allow the channel gains to be individually
adjusted. AC coupling with a cutoff of 10 Hz was used to provide
immunity from the DC biasing.
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Fig 7.15 : Brror plot for type 1 prototype with processing circuitry

Fig 7.14 shows the complete circuit used to analyse the performance
of the prototypes with the processing circuit. 10dB pads were
used to match the detectors as these gave best results in the
previous section. The drive level at the signal generator was
set as in section 7.4 to ensure that the maximum detector drive
was =-20dBm. Detectors 866538, 866520 and 866539 were connected
to pbrts 2, 3 and 4 respectively.

Fig 7.15 shows the error plot for the type 1 prototype. Except
for a large spike of 10.5 degrees at 5.8 GHz performance is good
as indicated by the RMS error of 2.6 degrees. Before the addition
of the processing circuit the RMS error was calculated to be 2.5
degrees. Fig 7.16 shows the equivalent plot for the type 2
prototype. Tl}e peak error is 7.6 degrees at 4.2 GHz and the RMS

error is 4.0 degrees. These compare well with the 8.1 degrees
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Fig 7.16 : Error plot for type 2 prototype with processing circuitry

peak and 3.8 degrees RMS measured prior to the addition of the
processing circuit. The RMS values give a more consistent
indication of performance than peak values because of the need

to use frequency steps.
REPORTED STANDARD DISCRIMINATOR ACCURACIES

It is difficult to make direct performance comparisons with FDs
reported in the literature because of different bandwidths used.
Furthermore it is wusually not made clear whether, for example,
quoted errors include processing circuitry or whether performance
is based on s-parameter measurements or actual detector outputs.

Often errors are quoted in MHz which is very dependent on delay

line  length.
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Table 7.1 : Standard FD phase errors

BANDWIDTH ERROR (degrees)
REFERENCE

(GH2) PEAK RMS
24 1-2 S -
24 2-4 5 -
a 2-4 9 35
24 4-8 7 -
al 4-8 9 35
24 8 - 12 7 -
a1 8 - 12 10.5 4.5
24 85 ~ 96 7 -
24 11 - 18 1 -
al 12 - 18 125 5.5
20 223 ~ 375 15 -

Table 7.1 summarises some of the results that have been reported
for standard discriminators or variations of the standard form.
Both prototypes and particularly type 1 compare very favourably,
especially considering their fairly crude construction. Their
3:1 bandwidth is larger than any of those listed although they

cover the lower end of the band.

SUMMARY

Prototype type 1 and type 2 FDs have been built in stripline to
cover the band 2 to 6 GHz. Simple processing circuitry has been

built to handle fairly 1long RF input pulses to demonstrate the
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overall operation. The prototypes have been broadly analysed
and compare favourably with reported standard FD pex_’formances.

L
More professional construction techniques have also been suggested.
This should improve overall performance and remove any large error
spikes that occur, such as that for the type 1 discriminator shown

in fig 7.15.
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CHAPTER EIGHT
CONCLUSIONS

This dissertation began by briefly looking at various acquisition
receiver types, including the instantaneous frequency measuring (IFM)
receiver. With current technology levels IFM is at least as good as
any other type. The main advantages of IFM are their large instantaneous
bandwidths and near unity probabilities of intercept. Its main
disadvantage is its inability to deal properly with simultaneous signals.
Often IFM is used in conjunction with one of the more narrow band

receiver types to provide more comprehensive band coverage. .

IFM receivers place certain requirements on FDs since FDs form their
major RF circuitry. FDs must be small, light and cheap. Size and
weight are best reduced by using microstrip integration techniques.
FDs must be broad band and accurate, hence their components must have

equally large bandwidths and be well behaved.

The various FD forms covered in the 1literature have been studied.
Essentially these consist of a front end power splitter, delay 1line
and phase discriminator (PD). One particular version is very frequently
described and can be considered the standard version. Its main-
theoretical source of errors is a lack of component symmetry. The
other FDs reported are generally variations of the standard one and
are meant to reduce errors due to lack of symmetry. All result in
a larger discriminator. The main practical difficulty of the standard
version and its variations is t\he need to cross over two transmission
lines while maintaining isolation between them. In the past the usual
solution has been to integrate the phase discriminator section and

attach the front-end dela’y line assembly externally.

A new version has been introduced which eliminates the need for the
cross-over and exhibits greater component symmetry. It does so without
increasing the number of components required and in fact reduces the
number of matched detectors required from four to three. Its

disadvantage is that it requires slightly more complex video processing.
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A few different broadband analysis methods have been considered. The
best available for this project was the IBM PC micro-computer based
‘package "TOUCHSTONE". Several sample analyses have been carried out
to compare the standard version with the new one. In all cases the

new version performed as well as or better than the standard version.

Two prototype versions of the new FD form have been built to cover
the band 2 to 6 GHz. Compared with reported results for the standard
version and its variations, the new version performed very favourably
despite rather crude construction. Better construction techniques

have been suggested.

The overall conclusion is that both types of the new FD, and particularly
the smaller one, are a definite improvement on the standard version
and its variations. TOUCHSTONE is a good analysis tool. Peak and
RMS phase discriminator‘ errors over the operating band are a good
indication of performance and allow comparisons between different FDs

to be made.
8.1 SUGGESTIONS FOR FUTURE WORK

For any institution intending to do a lot of FD design time spent
writing a more specialised analysis program independent of
TOUCHSTONE should be well worth it. Such a program should be
faster in the_long run and should require less user interaction
while running. Automatic computer controlled test equipment would

also be a distinct advantage.

The size of the FDs should be reduced by using materials with
higher dielectric constants and by building in microstrip rather
than stripline. The detectors should of course be integrated

with the rest of the circuit.

Further work should probably go into finding better methods of
handling simultaneous signals. Currently simultaneous signals
are detected by additional circuitry and the corresponding IFM

data is discarded. In some simultaneous signal situations it
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Fig 8.1 : Possible FD giving both coarse and fine frequency data

should be possible to determine the frequency ofA the largest
amplitude signal or that with the iongest duration. Perhaps,
when two signals are present, the frequency of both signals could

be inferred using prior and subsequent readings.

Another area where research work should continue is into the
possibility of wusing a single discriminator with a 1long delay
line that has a frequency dependent loss. The difference in
amplitude between the signals entering and leaving the delay 1line
could be used as a coarse frequency indication, rather than using
an additional discriminator with a shorter delay 1line. The
difference in_amplitude between the two signals entering the phase
discriminator (PD) may possibly be catered for in processing.
Alternatively some amplitude matching technique may be used to
ensure the amplitudes are equal at the PD inputs. Perhaps similar
techniques to those used in 1limiting amplifiers, which are in
any case always used to feed FDs, can be used. Fig 8.1 shows
a possible realisation. The ratio A/B gives a coarse frequency
indication whereas fine frequency information is obtained from

the phase discriminator in the usual manner.
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B-6 Sample S-parameter file for perfect Wilkinson coupler

The following TOUCHSTONE S-parameter file models a perfect power splitter
except that the entries which are 0.100 describe an isolation of only
20dB between the two output ports. The entries would be 0.000 if

isolation was also perfect.

t IDEAL POWER SPLITTER DESCRIPTION

1. 0 0. 000 0 0.707 0 0. 707 ]
0.707 0 0. 000 0 0. 100 0
0.707 0 0.100 0 0. 000 0
7.0 0. 000 0 0. 707 0 0,707 0
0.707 0 0. 000 0 0. 100 Q

0.707 0 a. 100 0 (. 000 )

The two left most entries are frequency data. The other entries are
pairs of magnitude and phase (in degrees) data. The S-parameters are

grouped as they would be in matrix form, and the node numbering is

the same as that given in fig 42(b).
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B-7 Sample S-parameter file for perfect quadrature coupler
The following TOUCHSTONE S-parameter file models a perfect gquadrature
coupler except that the entries which are 0.100 describe imperfect
isolations of 20 dB. If perfect, the isolations would be 0.000.
To ensure that the device remains free of loss or gain the power splits

are kept equal but modified to 0.704. If isolation is ideal these
values should be 0.707.

! IDEAL QUADRATURE COUPLER DESCRIPTION

1.0 0. 000 00 0.704 90 0. 704 00 " 0. 10n 00
0.704 90 0.000 00 0.100 00 0.704 00
0.704 00 0.100 00 0.000 00 0. 704 90
0.100 0O 0.704 00 0.704% 90 0. 000 00
7.0 0.000 00 0.704 90 0.704% 00 0.100 00
0.704 90 0.000 0O 0.100 00 0.704% 00
0.704 00O 0.100 00 0.000 00 0.704 90
0.100 00 0.704 0O 0. 704 9y 0.000 00

The two left most entries are frequency data. The other entries are
pairs of magnitude and phase (in degrees) data. The S-parameters are
grouped as is usual in matrix form, and the node numbering is the same

as that given in fig 4.2(a).
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B-8 Sample circuit file modelling imperfect detector VSWRs

The following TOUCHSTONE circuit file models the type 1 frequency
discriminator with imperfect load VSWHWRs. Gyrators or impedance
converters are used to give the wanted VSWR as described in section

6.8.

! MODEL POOR LOAD VSWRs ATTACHED Tiv TYPE 1 FD

VAR
R1=100. 000

CKT
S3PA 12 16 H3 GYRATORS
TLIN 16 5 Z=50 E=315 F=4 C(IMPEDANCE CONVERTERS)
SUPA 2 3 4 5 3ISECCPLA
S3PA 3 6 7 6 13
S3PA 4 9 10
S3PA 8 7 9 14

GYR 6 13 P R1
GYR 8 14 R7RY
GYR 10 15 R™R1
DEF4P 1 13 14 1% PHADIS TYPE 1 FD

OUT
PHADIS MAGI[ S21]
PHADIS MAGL 3311
PHADIS MAGI 541]

FREQ
SWEEP 1 7 .1
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APPENDIX C

MATHEMATICAL OPERATION OF COMMON FREQUENCY DISCRIMINATOR

FREQUENCY DISCRIMINATOR

l PHASE DISCRIMINATOR

In-phase '
pover
splitter l

RF iIn

, Matched

Detectors Video out
lood .

I 3dB quadrature
couplers

Fig C.1 : Common frequency discriminator

Fig C.l shows the RF circuit configuration of a commonly used frequency
discriminator4'1°'1_6'20'21'22. Consider a signal incident at the RF
input port and described by Acos(2rft + 0°) or Afo°. The delay 1line
has an electrical length © at frequency £, and for simplicity the

detector sensitivities are 2K.

The operation of the circuit is best shown by considering the signals

present at the points marked by lower case letters.

Signal at RF in : A/0°
\
at (a) and (b) = A [Ql

72z
7;;_&_

at (c)
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The signals at a) and c) are thus equal in amplitude and differ only
in phase by an angle 6 equal to the electrical length of the delay
line at this frequency. 6 1is directly proportional to frequency and
the task of the phase discriminator section is to measure 6, so allowing

the original frequency to be determined.

Signal at (d) : A /0° at (e) : A [0°
2 2

at (£) : A /o at (g) : Af+ 90°
2

Note that (d) and (f) constitute the two signals applied to the mixer
labelled Ml in fig 4.1, and that (e) and (g) are the same two signals
except that they are separated by an additional 90 degrees in phase

as required by mixer M2.

Signal at (h) : _A /90° + _a /6
2/2

22

at (k) : _A Zb:_ + A [§o° + 6
Y7 272

at (m) : A /90° + _a /90° + 8
272 272

at (n) : A /0° + _a /fiso° + 6
2v2 2v2

The operation of the detectors (encompassing their low pass filtering
section) is to square the modulus of their input signals and multiply

by the sensitivity 2K.

2
v = 2k|-A_{50° +7A,:/1|
’272: 272

- AK | 1 /90° + 1/8 |2
4

2R | cos 90° + jsin90° + cos @ + jsineg |?

I
Y
-
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Vap = A’K | cosg+ (1 + sing)|?
4
= A?K (cos?6 + 1 + 2sin 6+ sin?8)
4
= A2K (2 + 2sinf}
4
= A’K (1 + sin®) ceeas (C.1)
2
Similarly
o -] 2
Vg = 2K A fo° + A /[90° +86
2v2 22
- A2K (1 - sin®) ceese (C.2)
2
A /90° + A [90° + 6]
Vo = 2K
c 2v2 2v2
= A’K (1 + cosb) ceees (C.3)
2
A fo°o+ A f[180° + 0]?
2v2 /2
= A?K (1 - cos8) crees (C.4)
2

From C.1 and C.2,

Va - vy = A'K [(1 + sin®) - (1 - sing) ]
2

= KA? sin 6 eeses (C.5)

and

Vc - Vp = KA? cos @ ‘ ceees (C.6)
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Mathematically 6 can be determined from

o = tan~1 | Va - Vg :
D s 00 00 (Co7)
Ve = Vp

and

A? = 1 EVA ~vp)? + (V¢ - VD)"T’ ceee. (C.8)

K
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APPENDIX D

MATHEMATICAL OPERATION OF SINGLE QUADRATURE COUPLER FREQUENCY DISCRIMINATOR

l
Polar Frequency Discriminator |
Polar Phase Discriminator |

I

[

RF in b
| l\é Video out
Del
I ;;:U < = e Detectorsl
(]
I Iquadra'ture In-phase D"_o\é
| coupler power |
I splitters I

Fig D.1 : Single quadrature coupler frequency discriminator

Fig D.1l shows the RF circuit configuration of a frequency discriminator
that requires only one quadrature coupler16. Consider a signal incident
at the RF input port and described by Acos(27ft + 0°) or A & The
delay line has an electrical length 6 at frequency £, and for simplicity
the detector sensitivities are 2K.

|
The operation of the circuit is best shown by considering the signals

present at the points marked by lower case letters.

Signal at RF in : A /O°

at (a) and (b) : A /0°

/2

at (c) :

A b
V2
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The signals at (a) and(c) are thus equal in amplitude and differ only
in phase by an angle © equal to the electrical length of the delay
line at this frequency. © is directly proportional to frequency and
the task of the phase discriminator section is to measure 9, so allowing

the original frequency to be determined.

Signal at (d)

a [o0° +a /6
2 2

at (e):é& + A [90° + 6
2 2

Signal at (f) and (g) : _A /90" + /A 0

/2 /2
at (h) and (k) : /& [o0° + A /90° + @
/2 /2
at (m) : & /90° +a /e + A fo°+ A /90° + ¢
4 4 4 4

The operation of the detectors (encompassing their low pass filtering
section) is to square the modulus of their input signals and multiply

by the sensitivity 2K.

vy =2k|_a /f90° + _a [el?
27 72

=A’K | 1 /90° "+ 1/0 I?
4

= A*K | cos 90° + jsin90° + cos 6+ jsinél?

= A’K | cos@ + j(1 + sin@)|?

]

Y
~

=

(cos*@ + 1 + 2sin@ + sin®9)

-8
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Vi = A’K (2 + 2sin®)

= A?K (1 + sin®) ceses (D.1)

similarly,

vy =2k{_a fo° + _a [o90° + 6 |

Y2 2
= A’K (1 - 8in®) « ceses (D.2)
2
V2 = 2K

A/90° +Aa /e +Af0° +A [90° + e"

4 4 4 4

_AK |1 /900 +1f +1fo° +1 fo° +61®

8
= A%*K | co0s90° + jsin90° + cos O + jsin0 + cos0°® "
8

+ jsin0° + cos (90° + 6) + jsin (90° + 0)

= A’K | (1 + cos8 - sinB) + j (1 + cos@ + sinB)i|?

= A?K 1 + 2cos 6 - 28in 0 - 2sin® cos® + sin?® + cos?®
+ 1+ 2cos 6 + 2sin 6 + 2sin® cos® + sin?’6 + cos?@]-

- A%K (4 + 4cos9)

= A?K (1 + cos?®) eeses (D.3)

From (D.l), (D.2) and (D.3)

V] - V3 = A’K [(l + sinf) - (1 - sine)]
2 .

KA? sin © ceees (D.4)
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2Vy - (V] + V3)

A’K[Z(l + cos@) - (1 + sinf+ 1 - sinej
2

KAz cos 9 es s e (D.S)

Mathematically © can be determined from

<D
[]

tan~1 [- Vi - V3

2V2 - (Vl +V3) cas e (DQG)

and

L

A? = [(V]_-V3)z + (2V2-V]_—V3)i|ﬂL ceess (D.7)

1
-

The factor 2 that appears on the left of equation (D.5) may be realised
by a video amplifier with gain 2. Alternatively the circuit shown

in fig D.2 can be used.

Consider, as before, a signal incident at the point marked RF in in
fig D.2, and described by Acos(2mft + 0°) or A [g:. The circuit for
the points marked (a) to (m) is identical to that of fig D.l, so that
the signals 1listed above still apply. and V5 is still as given in

equation (D.3).

Signal at (n) : A [90° + A [8
4 4

at (p)

» P
B

-]

+

>

0

o

-]

+

[«

- Detection yields the signals
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Fig D.2 : Alternative single QC frequency discriminator

vi=2k | A /90° +a [8]?
4 4
= A%2K (1 + sin6) eesss (D.8)
4
v3=2k| A fo0° +a [foo° + 6]*
4 4
- A’K (1 - sin ) eseee (D.9)
4

from (p.3),(p.8) and (D.9)

vy - V3 = A%K sin 6 ceees (D.10)
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Vz_ (V1+V3) =A1K COSe R (D.ll)
2
® = tan~1 (Vi - v3) ceves (D.12)
Vg = (Vl + V3')
a* = 2 [(Vl - V3)? + (Vo -V - V3)z]
K

s s oo (Dol3)

The factor % that appears ‘on the right hand side of equations (D.1l0)
and (D.11) indicates that the circuit of fig D.2 has more RF loss than
that of fig D.1l. '
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PROPERTY TEST METHOD, CONDITION UNITS[1] DIRECTION TYPICAL VALUE[2]
Diélectric constant, g, ASTM D1531 1 MHz —_ ) 4 2.20
ASTM D3380 10 GHz —_— z 220+ .02spec.
Dissipation factor, tan & ASTM D1531 1 MHz _— Z .0004
ASTM D3380 10 GHz —-— Z .0009
Volume resislivity - ASTM D257 (C96/23/95 M ohm cm Z 2 x 107
Surface resistivity ASTM D257 C96/23/95 M ohm XY 3 x 108
N - Test at 23°C Test at 100°C
- Tensile modulus ‘ ASTM D638 A MPa (kpsi) X 1070 (156 450 (65)
" Y 860 (125 380 (55)
ultimate stress MPa (kpsi) X . 29 4.2& 20(2.9)
. Y ' 27(39) - 18 {2.6)
ultimale strain % X 6.0 7.2
Y 49 58
Compressive modulus ASTM D695 A MPa (kpsi) X 710 (103 500 73“
: . . Y 710 toa 500 i?S
4 840 (136) 670 (97)
ultimate stress MPa (kpsi) X 27 (3.9 22(3.9)
Y 28 (4.0 21 (3.1
Z 52 (7.5)° 43 (6.3
uitimate strain % X 8.5 8.4
Y 7.7 7.8
: Y4 12.5 17.6
' Deformation under load ASTM D621
' o . . - Test at 150°C
- 24 hr/14MPa(2 kpsi) % Z 1.0
Water absorption - ASTM D570 D 24/23
Thickness = 0.8mm(.031in) Mg (%; 0.9 (.02)
Thickness = 1.6mm(.062in.) Mg (% 1.3 (.015)
Specific gravity ASTM D792 —_ 2.2
Heat distortion temperature ASTM D648  1.82MPa(264 psi) °C(°? . XY >260 (>500)
Specific heat Calculated J/g/ (BTU/Ib/°F) 0.96 tza)
¢ Thermal conducti:y Rogers TR2721 W/m/K(BTY in/ft2/hr/°F) Y4 0.26 {1.8)
- Thermal expansion ASTM D3386 : mm/m - X z
. {10 K/min.) -100°C -6.1 -8.7 -18.7
. i5 -0.9 -1.8 - 6.9
(Values given are total change from a 25 -0.5 8 -45
_base temperature of 35°C) 75 1.1 1.5 8.7
: 150. 2.3 3.2 283
250 38 55 69.5

(1] 8l units given first with other frequently used unlts in parentheses.
(2) From internal TR's 1430, 2224, 2854, Tests wers at 23°C unless otherwise noted.
RT/durcid® microwave laminate Is o registerad trademark of Rogers Corporation,

Revised 3/81
Supersedes 1/78

SNOILYOIJIDAJS 0885 AIONNA/Id
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APPENDIX F
BASIC PROGRAM FOR CALCULATING WIDTHS OF OFFSET STRIP CONDUCTORS

Howe?22 presents formulae developed by Rosenzweig in a manner best suited
to the analysis of strip transmission lines. The formulae allow
calculation of the characteristic impedance of a strip line offset
from mid-way between the two ground planes as shown in fig F.l. These
formulae are presented here in a manner better suited to the design
of a line of given characteristic impedance, ie. calculation of 1line

width w.

GROUND PLANE

DIELECTRIC

GROUND PLANE

Fig F.1 : Stripline with offset centre conductoxr

The parameters used in the formulae are shown in fig F.l. 's' is
actually the thickness of the centre layer of dielectric in a three
layer structure. b, t, s and relative dielectric constant €, are defined
by the available materials so that w is the only unknown quantity.

Other symbols used are:

free space impedance = 376.7 ohms

= gtatic capacitance per unit length between conductors

™
I

permittivity of dielectric

relative dielectric constant

permittivity of free space



Recall that

then

where

Similarly

where

Now

where

and

where

then

But

Cfl

€

sz =

€

=1
m

1
™

r eo esvee

[2A1 tn(a; + 1) - (A - 1)en(a;? - 11']

1 cseoc e

Ay = —————
1 t/(b-8)

[ 285tn(Ay + 1) - (Ay - 1)tn(Ay? - 1)]

1 '
Ay = ———
1 - t/(b+s)
Cpl = Klw ses e
€
Kl = 2/(b_s_t) ev oo
Cp = sz K ceeo e
€
Kz = 2/(b+8-t) cess e
€1/ total Y e

- cees e
e ————————
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(F.1)

(F.2)

(F.3)

(F.4)

(P.5)

(F.6)

(F.7)

(F.8)

(F.9)

(F.10)

(F.11)
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Hence

n

- - Cfy + C¢
oy 2| fa+ "2 veees (F.12)
w = r “o > €

(Kl + K2)

These approximate formulae give good results provided the following

condition holds

Is’

2 0.35 eeees (F.13)

T
t

The following BASIC program has been written for an IBM PC micro-computer

to implement this design routine.



100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
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REM ARAAKAAKKAKRRANXARNKAAKAKRAANAXNLAKRKXAXNKAXRKAXNAARRNARNRAKANARANA XX
REM * A
REM * STRIPLINE DESIGN PROGRAM X
REM # *
REM * Method developed by Rosenzweig and given in *
REM * "Stripline Design" by H. Howe, pp 37-39. *
REM * X
REM AAXAAKAKXAKXAKRARKRARNNAAXKKAANARAKRAARAAKRXAKRKAANKRNANALAAAAAAA XA AXA K
REM

REM

REM PROMPT FOR REQUIRED DATA

REM :

PRINT "INPUT GROUND PLANE SPACING (mm)"

INPUT B

PRINT "INPUT CENTRE LAYER THICKNESS (mm)"

INPUT S

PRINT "INPUT COPPER THICKNESS (mm)"

INPUT T

PRINT "“INPUT RELATIVE DIELECTRIC CONSTANT"

INPUT ER

PRINT "INPUT CHARACTERISTIC IMPEDANCE"

INPUT Z0

REM '

REM CALCULATE TOTAL FRINGE CAPACITANCE

REM

PI=3.1415027#

A1=1/(1-T/(B-3))
CF1=(2%A1*LOG( AT+1) ~( A1-1) *LOG( A1 2-1)) /PI
A2=1/01-T/(B+35))
CF2=(2%A2*LOG( A2+1) -(A2-1) ALOG( A2 2-1)) /PI
CF=2*CF1+2*CF2

REM
REM
REM

CALCULATE CP COEFFICIENTS OF W

CP1C0O=2/(B-S-T)
CP2C0=2/(B+5-T)
CPCO=CP1CO+CP2CO

REM
REM
REM

CALCULATE LINE WIDTH W

G=376. 7/(Z0*SQR(ER))

W=(G-CF) /CPCO
REM

REM CHECK CONDITION

REM

C=W/(B-T)

IF C<.35 GOTO 590

PRINT "CALCULATED LINE WIDTH = ";W;" mm"

GOTO 600

PRINT "CONDITION NOT MET, RESULT NOT RELIABLE"
PRINT

PRINT "ANOTHER IMPEDANCE ? (Y/N)"

INPUT A$

IF A$="Y" GOTO 300

END
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APPENDIX G

BASIC PROGRAM FOR CALCULATING WIDTHS OF DIRECTLY
OVERLAID COUPLED STRIPLINES

cohn3l has analysed the case of two coupled strip conductors laid
directly abo&e one another, and suspended in a dielectric between two
ground planes as shown in fig G.l. Note that the strips are displaced
an equal distance from mid-way between the ground planes so that the

structure is symmetrical.

GROUND PLANE

wmp—————

DIELECTRIC
T
>l &

Wy

GROUND PLANE

Fig G.1 : Directly overlaid coupled strip lines

In his design procedure Cohn intended that the substrate relative
dielectric constant e, and ground plane spacing b be determined by
the materials in use, and that the strip widths w and separation s
be calculated for a given value of characteristic impedance Z,, and

coupling factor described by the even and odd mode impedances Z.,, and

z°°o

In practice when soft boards are used, the separation of the conducting
strips is determined by the manufacturers' standard substrate
thicknesses. Thus dimension s is also specified by the available
materials. For a given coupling factor, 2, cannot now be specified

as well but must be calculated along with width w.



211

Cohn gives a fairly precise method and a simpler more approximate method,
plus condifions which must be met for the calculated results to be
reliable. For tight céupling the éonditions of the more approximate
method are rarely met. The more precise méthbd is presented here in

a form which allows 2, and w to be calculated.

Factors b, s and €, are specified by the materials in use. The coupling
factor required must be specified in terms of the normalised even mode

impedance Zgepn- The normalised odd mode impedance is then given by

Zoon = 1/%0enr Zcen > Zoon ceees (G.1)

The actual even and odd mode impedances Z,, and 2,, are then given

by
Z0e = ZO Zoen
%00 = 20 Zoon ceees (G.2)
Cohn gives
2o = 188.3 K(k') ceees (G.3)
&,  K(k)
Zoo = 296.1
Y€, b tanh™1 k ceee. (G.4)
s .
where k = a parameter

Yl - k?

K(k) and K(k') are complete elliptic integrals of the first kind

kl

Setting Ay = 188.3 ceses (G.5)
Yer Zoen
and Ay = 296.1s ceee. (G.6)

Yer-b.Z00n



and making use of (G.2) we

Zo

get

= A1 K(k')
K(k)

Equating (G.8) and (G.7) we get

Ay/tanh™1k

tanh™lk K(k') - A, =0

Which must be solved for k.

Gupta et al30 give approximate formulae for X(k')/K(k),

1 zn(z
(2

accurate to 8ppm

Making use of (G.10) and

tanh~1(k) = %tn [l_i_E

i tn

|

(-

1 -k

K(k)

+ k!

+'%

_l ‘
—_— y 0.7<k<1

k

A

) r 05ks0.7

] r ~1l<k<1l
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cenee (G.7)

(G.8)

(G.9)

reportedly

(G.10)

(G.11)

equation (G.9) can be solved by trial and error or by a root finding

method such as that désqribed below.

Solving (G.9) by the mid-point method we write

tanh~1lx.

K(k') _ A
K(k) Ay

(G.12)



213

We then choose an interval such that G(k) has different signs at the
interval limits. This ensurés that a root lies within the interval.
The sign of G(k) at the mid-point of the ihterval is then checked and
the previous limiting point with the saﬁe sign of G(k) is set equal
to this mid-point, so halving thé interval size and ensuring a root
falls in the new interval. The interval is continuously halved in
. size until it is as small as some specified allowable vaiue. The limit

giving the lowest absolute value of G(k) is then taken to be the root.

Once k has been determined Z, can be calculated from (G.7) or (G.8),

and w can be obtained from

w=2b tanh‘lBl - g_tanh‘1 By esees (G.13)
" b k

where By = /kb/s - 1 ceee. (G.14)
b/ks - 1 . |

The method gives good results providing the following condition is

met

w > 0.35
LR I (G.ls)

Generally w>s so this condition is usually met.

The following BASIC program has been written for an IBM PC micro-computer

to implement the above procedure.



1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
- 1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
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REM AKAKAAAAAKAAKAAKANANAKRAKKAAKRARAAKRAAAARXAKAKAXAKAARANKRAKAKRKRKNAANKANKRNANANXNNANR
REM X A
REM = DIRECTLY OVERLAID COUPLED STRIPLINES *
REM =% *
REM * Cohn's method, IRE T-MTT, vol 8, no. b, Nov 1860 *
REM =x pp 633-637. Complete elliptic integrals from x
REM =% approximations presented by Gupta et. al. in *
REM % "Computer Aided Design ol Microwave Circuits", *
REM * Artech House, Inc., 1981, p 57. x
REM * *
REM AKAKAKAKRANAKAXAKRAKAAAKARXAXAXAKKAAAAXNKAKAKRKKAAARNKXKRALAAAXNKKANAAARNKRAARA
REM

REM .

REM DEFINE FUNCTIONS

REM

REM, INVERSE HYPERBOLIC TANGENT

DEF FNATANH(X)=LOG((1+X)/(1-X)) /2

REM

REM K' FUNCTION

DEF FNKP(K)=SQR(1-K"2)

REM

REM COMPLETE ELLIPTIC INTEGRALS OF FIRST KIND

REM

REM 0<K<=0.7

DEF FNKKO7(K)=LOG(2*(1+SQR(FNKP(K)))/(1~-SQR(FNKP(K)))) /PI
REM

REM 0. 7<K<1

DEF FNKK71(K)=PI/LOG(2*(1+SQR{(K))/(1-SQR(K)))

REM

REM ROOT EQUATIONS

REM

REM 0<K<=0.7

DEF FNRI1(K, X) =FNATANH( K) *FNKKO7(K) -X

REM

REM 0. 7<K<1

DEF FNR2(K, XY =FNATANH(K) *FNRKK71(K) -X

REM

REM ROUND TO S5th DECIMAL PLACE

REM

DEF FNRN5(X) =ABS(X*10°5)/10"5

REM

REM

REM PROMPT FOR REQUIRED DATA

REM

PRINT "INPUT GROUND PLANE SPACING (mm)"

INPUT B

PRINT "INPUT CENTRE LAYER THICKNESS (mm)"

INPUT S

PRINT "INPUT RELATIVE DIELECTRIC CONSTANT"

INPUT ER

PRINT "INPUT NORMALISED EVEN MODE IMPEDANCE Zoen"

INPUT ZOEN
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1520 REM

1530 REM CALCULATE ROOT EQUATION CONSTANT
1540 REM

1550 PI=3.1415927#

1560 A1=188. 3/(SQR(ER) A#Z0EN)

1570 ZO0ON=1/70EN

1580 A2=296. 1*S/(SQR{ER) *B*Z00MN)

1590 A3=A2/A1 '

1600 REM

1610 REM CALCULATE K BY FINDING ROOT

1620 REM

1630 REM

1640 REM - CHECK RANGE OF K BY LOOKING FOR CHANGE OF SIGN
1650 REM

1660 KL=.00001

1670 GL=FNR1(KL, A3)

1680 IF SGN(GL)=0 THEN ROOT=KL: GOTO 2130 ' ROOT FOUND

1690 KR=.7

1700 GR=FNR1( KR, A3)

1710 IF SGN(GR) =0 THEN ROOT=KR: GOTO 2130 ' ROOT FOUND

1720 IF SGN(GL) =SGN(GR) GOTO 1860 ' TRY OTHER RANGE
1730 REM

1740 REM ROOT IS IN RANGE O<K<=0.7

1750 REM

1760 IF (KR-KL)<=. 00002 GOTO 1840 ' CLOSE ENOUGH

1770 KMID=FNRN5((KL+KR)/2)

1780 GMID=FNR1(KMID, A3)

1790 IF SGN(GMID) =0 THEN ROOT=KMID: GOTO 2130 * ROOT FOUND
1800 IF SGN(GMID)=SGMN(GL) THEN KL=KMID: GL=GMID: GOTO 1760
1810 IF SGN(GMID) =SGN(GR) THEN KR=KMID: GR=GMID: GOTO 1760
1820 ROOT=KMID

1830 GOTO 2130 ' ROOT FOUND
1840 IF ABS(GL) ¢ABS(GR) THEN ROOT=KL ELSE ROOT=KR
1850 GOTO 2130 ' ROOT FOUND

1860 KL=.70001

1870 GL=FNR2(KL, A3)

1880 IF SGN(GL)=0 THEN ROOT=KL: GOTO 2130 * ROOT FOUND
1890 KR=.99999

1900 GR=FNR2(KR, A3)

1910 IF SGN(GR) =0 THEN ROOT=KR: GOTO 2130 ' ROOT FOUND
1920 IF SGN(GL) <>SGN(GR) GOTO 2010

1930 REM

1940 REM NO SOLUTION CAN BE FOUND

1950 REM

1960 PRINT "NO ROOT TO EQUATION CAN BE FOUND"

1970 GOTO 2220



1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
21790
2180
2190
2200
2210
2220
2230
2240
2250
2260
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REM

REM ROOT IS IN RANGE 0. 7<K<1

REM

IF (KR-KL)<=.00002 GOTO 2090 ' CLOSE ENOUGH

KMID=FNRN5( ( KL+KR} /2)

GMID=FNR2( KMID, A3)

IF SGN(GMID)=0 THEN ROOT=KMID: GOTO 2130 ' ROOT FOUND
IF SGN(GMID)=SGN(GL) THEN KL=KMID: GL=GMID: GOTO 2010
IF SGN(GMID) =SGN( GR) THEN KR=KMID: GR=GMID: GOTO 2010
ROOT=KMID

GOTO 2130 ' ROOT FOUND
IF ABS(GL) <ABS(GR) THEN ROOT=KL ELSE ROOT=KR

REM

REM ROOT HAS BEEN FOUND - CALCULATE W

REM

K=ROOT

B1=SQR({(K*B/S3-1) /{B/K/S-1))

B2=81/K

W=2*B/PI*( FNATANH( B1) -S/B*FNATANH(B2))

20=A2/FNATANH(K)

PRINT
PRINT "CALCULATED LINE WIDTH = ";W;" mm"

PRINT

PRINT "CALCULATED CHARACTERISTIC IMPEDANCE = ";Z0;" ohms"
PRINT

PRINT "ANOTHER Zoen ? (Y/N)"

INPUT A$

IF A$="Y" GOTO 1500

END
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APPENDIX H

_ BASIC PROGRAM FOR CALCULATING WIDTHS AND OVERLAPS OF OFFSET PARALLEL
COUPLED STRIP TRANSMISSION LINES

Shelton33 has analysed the case of overlaid coupled lines placed not
directly above one another but offset. In tight coupling cases the
lines overlap each other while in loosely coupled cases the lines are
separated by a gap w., as shown in fig H.l. The introduction of the
offset dimension w, allows b, s and dielectric constant €, to be
specified by the materials, and both coupling factor and characteristic
impedance to be independently chosen. The lines are always equal in

width and distance from mid-way between the ground planes to maintain

symmetry.

GROUND PLANE

f—w—sf o
—— e e o= o= SRS
b (| SI |
R — = X e = - — e — ——
—sluh— —slugh—
(+ve) (~ve)
m
TIGHT LOOSE

COUPLING COUPLING

Fig H.1l : Offset parallel coupled strip transniss;i.on lines

Shelton recognised that his method was_best implemented on a computer
and presented his equations accordingly, thus they are not repeated
here. The following BASIC program implements Shelton's method. It
is an adaptation of a program provided by NIAST32 and is suited to

an IBM PC micro-computer.

The program prompts for wanted data. Coupling is specified in decibels.
Shelton's equations are subject to certain conditions to ensure their
accuracy. If a particular set of parameters suits neither the loose

nor tightly coupled case the program reports this.



1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
17110
1120
1130
1140
1150
1160
1170
1180
1190
~1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
. 1520
1530
1540
1550
1560
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REM AXAXARKAXKAKRAEARAAAXAAKAAAALXAAARAKRRAARRNXAAAKRKAKRRARAAAKRARA KA AANKX

REM b3 X
REM * OFFSET COUPLED STRIP LINES x
REM * Program to implement Shelton's design method for A
REM x of fset parallel coupled strip transmission lines. A
REM * IEEE T~-MTT, vol MTT-14, no.1, Jdan. 1966, pp 7-15. *
REM * *
REM AKKAKKAKKAKKKAKKKAKKAR ARKRARKRKRXNAAKRXNKNANAARNRNAKXNARARNKRAANARA KA KA N AKX
REM

REM

REM PREPARE DISPLAY AND PROMPT FOR DATA

REM

PI=3.141593

CLS

LOCATE 2,25
PRINT * STRIPLINE OVERLAY COUPLERS "
LOCATE 3, 25

PRINT "~--==mmmm=m—=mmmm—meomomomoo "
LOCATE 5,1

PRINT " GROUND PLANE SPACING B (mm) "
INPUT R8

LOCATE 7,1

PRINT " STRIP THICKNESS S (mm)
INPUT RS

LOCATE 9,1

PRINT ™ RELATIVE DIELECTRIC CONSTANT E ";
INPUT SO

LOCATE 11,1
PRINT "CHARACTERISTIC IMPEDANCE 20 (ohms) ";

INPUT RS

R9=RQ/R8

REM

LOCATE 16, 3

PRINT "

LOCATE 16, 3

PRINT "ENTER COUPLING COEFFICIENT (dB) *;

INPUT S2 '

REM

REM TRY TIGHT COUPLING CASE

REM

$3=10"(~52/20)

S1=((1+S3)/(1-8S3))".5

C5=((S0".5)*R5XLOG(Y4)) /(HOXPIXPI)

IF (1-S1*%S1%R9) /S1<C5 THEN 2060
S3=EXP(60*(PI " 2) A(1-( RY*( S172))) /(R5%S14( S0 . 5)))
SB=(S3-2+((S372)~-(4%xS3))".5)/2

S5=((((1+RO)A( SK=-1)/2) "2+4*RGASK) ", 5/2) +((SU-1)*(1+R9) / ¥)
Sb=RQASY,/S5
S7T=(LOG((S5*S6) /((RI+S5) A(1+S5) *( S6-R9) *(1-56)))) /( PI*RY)
S7=S7-((2*(LOG(RY))) /(PI*(1-RY)))
S8=120*PI*S1/( R5*( S0 . 5))

S9=RQ*( 1-RQ) *( S8-S7) /2

TO=(1-RQ) *(LOG(((1+S5) *( S6-R9) ) /( ( R9+S5) *(1-S6)))) /(2*PI)
TO=TO+( (1+R9) *( LOG( S5/86))) /( 2%PI)

T1=89-TO
IF S9/(1-R9) <=, 35 THEN 1760 ' TRY LOOSE COUPLING
IF T1/R9<=.7 THEN 1760 ‘ ' TRY LOOSE COUPLING

CASE
CASE



1570
. 1580
1590
1600
" 1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990

2000

2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2740
2150

REM

REM . COUPLING IS TIGHT
REM

LOCATE 18, 10

PRINT "

LOCATE 18, 10
PRINT "COUPLING COEFFICIENT C="; S2;" dB TIGHT
LOCATE 20, 30

PRINT "

LOCATE 20, 30

PRINT " W="; R8BAS9; " mm"

LOCATE 22, 30

PRINT "

LOCATE 22, 30

PRINT "WC="; T1*R8;" mm"

GOTO 1310

REM

REM TRY LOOSE COUPLING CASE

REM

T2=(120*PI*(S172-1))/( STARSA(S0".5))
T3=1/(EXP(PIXT2/2)~1)
T4=(((RY-T3)/(RY+1)) "2+T3) . 5-(RG-T3) /(RO+1)
TS5=T3/T4
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To=(1/(1T+RG) *{ LOG((1+T4) /(T4*(1-T5)))) -(LOG(T5)) /(1-RG))*(2/PI)
T7=-(2/PI1)*(LOG((1-R9) /2)/(1+RY) +LOG((1+R9I)/2) /(1-RG))

T8=( RG*LOG( T5/T4) +(1-RG) *LOG( ( 1-T%) /(1+TH#))) /PI
T9=(1-R9 2) *( S8-T6-T7) /4

U0=T9-T8

IF T9/(1-R9)<=.3% THEN 2060 ' NEITHER CASE FITS
IF 2*U0/(1+RG) ¢=.85 THEN 2060 ' NEITHER CASE FITS
REM

REM LOOSE CASE FITS

REM

LOCATE 18, 10

PRINT "

LOCATE 18,10

PRINT "COUPLING, COEFFICIENT C="; S2;" dB LOOSE
LOCATE 20, 30

PRINT " "
LOCATE 20, 30

PRINT " H="; RB*T9; " mm"

LOCATE 22, 30

PRINT " "
LOCATE 22, 30

PRINT "HWC="; T8*R8;" mm"

GOTO 1310

REM

REM NEITHER CASE FITS

REM

LOCATE 18, 10

PRINT "

LOCATE 18, 10

PRINT "COUPLING COEFFICIENT C="; S2;" dB NEITHER
LOCATE 20, 20

PRINT "

LOCATE 22, 20

PRINT "

GOTO 1310

END
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APPENDIX I
BASIC PROGRAM FOR CALCULATING WIDTHS OF MICROSTRIP TRANSMISSION LINES

The method used is that presented by Gupta et al30 and derived from
the work of Wheeler and Schneider. Negligible copper conductor thickness

t is assumed and errors are said to be less than two per cent for

ﬁ S 0.005 ceees (I.1)
where h is the thickness of the dielectric.

The program prompts for required data and copper strip widths for given
characteristic impedances are calculated, as are effective dielectric

constants €,e. This allows wavelengths A to be calculated according

to:

x = C cesesn (I.Z)

where ¢ is the velocity of 1light in free space and £ is the signal

frequency;'(



100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
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REM AXAAALAAANAARXNKAXKAAARAAAAXAAARLAANAANAAARAKLARNKALNNRAARNANAA

REM #
REM *
REM *
REM *
REM #
REM *
REM *
REM *
REM #
REM *
REM
REM
REM
REM
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
REM
REM
REM

X AR

"I
H
"1
E
"1
z

MICROSTRIP DESIGN PROGRAM

Microstrip design For negligible copper thick-

ness. Adapted from methods of Wheeler and
Schneider by Gupta et. al. in " Computer Aided
Design of Microwave Circuits ", Artech House,

1981, pp 61-62.

AXNAAXAAAANRAKANAARANARNNAALANAXNAAAAA N NACANALNX A ANK

PROMPT FOR REQUIRED DATA
NPUT DIELECTRIC THICKNESS (mm}"
NPUT RELATIVE DIELECTRIC CONSTANT"

NPUT CHARACTERISTIC IMPEDANCE"

CHECK RANGE BY CALCULATING A

PI=3. 14159274 .
A=Z2/60*((E+1)/2) .S5+(E-1)/(E+1)4(.23+.11/E)
IF A>1.52 THEN 460

REM
REM
REM

USE EQUATION FOR A<=1.52

B=60*PI"2/2/SQR(E)
W=2AH/PI*A(B-1-LOG(2%B-1) +(E-1) /2/E*(LOG(B-1)+.39-.61,/E))

GOTO
REM
REM
REM

500

USE EQUATION FOR A>1.52

W=H*8*EXP(A) /L EXP(2%*A) -2)

REM
REM
REM

CALCULATE EFFECTIVE DIELECTRIC CONSTANT

ERE=(E+1) /2+(E-1)/2/SQR(1+10%H/W)

REM

REM

REM

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
INPUT
PRINT

"C

HE

DISPLAY RESULTS

ALCULATED LINE WIDTH = "; H;" mm"

FFECTIVE DIELECTRIC CONSTANT = "; ERE

*"ANOGTHER IMPEDANCE ? (1I/N)"

AS

IF A$="Y" GOTO 290

END

A

AANAARX
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APPENDIX J
FORTRAN PROGRAM FOR CASCADING n-~PORT NETWORKS DESCRIBED BY S-PARAMETERS

The following program was written in ASCII FORTRAN for UCT's main frame
computer. The program cascades two n-port (n even) networks A and
B as shown in fig 6.5. The maximum value of n allowed is 10 but this
can easily be increased. The method used is that described in section

6.2.

The first input data required is n, the number of ports. The
S-parameters of network A are then required in complex (x,y) form.
The order in which they must be entered is S31, S13 ... S1pnr S21r S22s
«e«e Spne The S-parameters of matrix B are required next and must be
entered in the same form and order.

The program calculates the S-parameters of the overall cascaded network

and prints them out in the same order that they are read in.
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AAAANXNAAAAAXAAALAAAAANAALAAAAAAAAAANKALERAAKRXARXAANKNAAAANKRA LA AR

X

A S-PARAMETER CASCADE PROGRAM

A

» Program for cascading two n-port (n even)
A A and B described by their s-paramefervrs.
A

AXARAAARAANAALAAAIRAARAAAXRAAAXRNKEALAANAXRAKAKXAANLRAAXNALNKNACNAN AL XA

DEFINE COMPLEX ARRAYS

networks

COMPLEX A¢10, 70), BC10, 10>, CC10, 103, D15, 15, EC15, 15}

DISPLAY HEADINGS AND INPUT NUMBER OF PORTS N
N MUST BE EVEN, POSITIVE AND LESS THAU 11

CALL PRTHED

READ *, N
PRINT *,' NUMBER OF PORTS = ', N
PRINT *,' !

READ IN MATRICES A AND B

CALL REED(A, N)
CALL PRTCA, N)
CALL REED(B,N)
CALL PRT(3B, N)

CASCADE THE NETWORKS

CALL SETC(A,B,C, N
CALL SETD(A, B, C, D, NJ
CALL SETA(D,E, A, 1)

PRINT OUT RESULT MATRIX

PRINT »*,'

PRINT #,' RESULT MATRIX'
PRINT *,' '

CALL PRTCA, N)

END

=
[er]
n

SUBROUTINE FOR PRINTING HEADI

SUBROUTINE PRTHED

OPRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT #

-

' N~-PORT S-PARAMETER CASCADE PROGRAM'

-

-

-

' [NPUT PORTS ARE PORTS 1 TO N-s2°

-

¥ X o> % N ¥ >

. v e -

) OQUTPUT PORTS ARE PORTS N/2+1 TO

*

RETURN
END

Nl

S R

AANKLARN
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c
C
C SUBROUTINE TO READ 1IN AN N BY N MATRIZ
C
SUBROUTINE REEDCA, )
COMPLEX AC10,10)
C

bo 100 I=1, N
DO 100 J=1, N
READ *, ACT, d)
100 CONTINUE

RETURN
END

SUBROUTINE TO PRINT AY N BY ¥ MATRIX

aaoann

SUBROUTINE PRTC(A, N)
COMPLEX AC10, 103

PRINT »#," 7
PRINT »,' '
PRINT *,' MATRIX ORDER = ', N
PRINT *,' '

DO 100 J=1,N
DO 100 K=1, N
PRINT *,dJ,K, Al d, K}
100 CONTINUE

PRINT *,' °
c

RETURN

END
c
c .
c SUBROUTINE TO SET UP MATRIX C
c

SUBROUTINE SETCC(A,B,C,N)

COMPLEX A(C10,10),BC(10,170),C{10,10)
c

DO 100 I=1, N

Do 100 J=1, N
C
C(I,Jdy=(0.0,0.0)
DO 200 K=1, h/2
Cel,d)=C(L,d)+30T,K)*ACK+N/2, )

200 CONTINUE
C
100 CONTINUE

RETURN
END
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SUBROUTINE TO SET UP MATRIX D

acaaa

SUBROUTINE SETD(A,B,C,D, M}
COMPLEX AC10, 10, BC10,10),CC10, 10), D015, 15

DO 100 I=1,N/2
DO 100 J=1, N/2

DL, J)=CCT, JeN/2)
IF (I.EQ.J) DCL,N=D(I,J)~-(1.0,0.0)
DOT+N/2, d) =ACL, JEN/2)
DET+N, J) =C1+N/2, J+N/ 27

DOT, J+N/2) =Ci L, )

DCL+N/2, J+M/2) =ACL, J)

DOI+N, J+N/2)=C{1+N/2, 3)
DCI,J+N)=B(I,d+N/2)
DEI+N/2,J+N)=(0.0,0.0)
DCI+N,J+N)=B(I+N/2, J+N/2)

100 CONTINUE
RETURN
END

SUBROUTINE TO GAUSS REDUCE MATRIX D AND
STORE RESULT BACK IN MATRIYA A

aQaaoaaan

SUBROUTINE SETA(D, E, A, N:
COMPLEX D(15,15%), €015, 1%), AC10,10)

DO 100 NM=N+N/2,N+1, -1
CALL SETE(D, E, NM, V)
CALL RESETD(D, E. NN
100 CONTINUE
¢
DO 200 I=1,N
DO 200 J=1, N
ACI, J)=D(TI,d)
200 CONTINUE

RETURN
END
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SUBROUTINE TO SET UP MATRIX E

SUBROUTINE SETE(D, E, NN, N)
COMPLEX D(15,15), EC15,15), TEMP

LOCATE LARGEST ELEMENT

TEMP2=0.0
DO 100 I=1, NN-N
IF (TEMP. LT. CABS(D(I,1))) THEN
TEMP2=CABS(DCI, 1))
I1=1
END IF
CONTINUE

SWOP TOP ROW WITH ROW WITH LARGEST 1st ELEMENT

DO 200 I=1, NN
TEMP=D(1, I)
DC1, D) =D(II, I)
D(II, I)=TEMP

CONTINUE

GAUSS REDUCE TO REMOVE TOP ROW
DO 300 =1, NN-1

DO 300 J=1, NN-1

ECI,Jy=DCI+1,d+7y -DCI+T,1)4DCT,drT)/DCT, )

CONTINUE
RETURN
END
SUBROUTINE TO RESET MATRIX D

SUBROUTINE RESETD(D, E, NN)

‘COMPLEX D( 15, 15), EC15, 15)

DO 100 I=1, NN-1

DO 100 J=1, NN-1

D(I,d)=ECL, D
CONTINUE

RETURN -
END
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APPENDIX K
BASIC ERROR CALCULATION PROGRAM

The following BASIC program reads S-parameter files created by TOUCHSTONE
to compute peak and RMS errors of the various frequency discriminators.
Data for the BASIC program should be entered into a dummy S-parameter
file called 'DAATA.S2P' through TOUCHSTONE. Fig K.l shows a sample
data file. The standard frequency discriminator is type 0 and types
1 and 2 refer to the simpler single QC FD and the larger single QC

FD respectively.

0 L} 315 2 H
! TYPE CENTRE DELAY F-LOYER F-UPPER
! (0,1, 2} FREQUENCY (Degrces) (CHz) (GH=z)
! ( GHz)

Fig K.1 : Sample dummy data file DAATA.S2P

For the standard version, S-parameters should be stored in two three
port files named 'STD-FD-1.S3P' and 'STD-FD-2.S3P'. S-parameters for
the other two types should be stored in a single four port file named
'MY-FD.S4P'. The disk with these files should be in disk drive A and
the TOUCHSTONE program disk should be in drive B, which is usual when
using TOUCHSTONE/RF..

The best way to use this program in conjunction with TOUCHSTONE is
to use a batch run. Fig K.2 shows the runstream of a suggested batch
run started from ‘'switch-on' or a re-set. 'KEYBUK' merely informs
the computer that a UK style key-board is in wuse, and 'GETCLOCK!'
retrieves time and calendar information from the real-time clock. The
disk should of course be a 'system' disk and the KEYBUK and GETCLOCK
programs should be resident on it. 'ERR-CAL' is the name of the BASIC
file in which the program is stored. To allow the batch run to be
started automatically the runstream should be stored in file’

'AUTOEXEC.BAT'.
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KEYBUK

GETCLOCK

: LOOP

B:

TOUCHSTN

A:

- BASICA ERR-CAL
GOTO LoOOP

Fig K.2 : Batch runstream

The results printed by the program go directly to a printer and are
very easy to follow. 'Uncorrected data' referg to errors calculated
directly from the S-parameter files with no attempt to improve
performance by using 1linear regression. 'Corrected data' refers to
the errors calculated after 1linear regression is performed on the
uncorrected data, to find the best straight line through the data by
the 1least-squares method. For. the standard discriminator (type 0)
the corrected data is applicable, whereas the uncorrected data should

be used for FD types 1 and 2. All errors are printed out in degrees.

Let x be the frequency data and y be the uncorrected error data. Then
linear regression to provide corrected data § is performed directly

by the following set of equations if n is the total number of data :

n
_ z x ceses (K.1)
X =
n
n
7 = Yy ceses (K.2)
n
n — —
b = Z(x - x)(y - y)

n
Z (x-;‘)z seo e (Ko3)
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c=§_b}—{ sovee (Ko4)
9=bx+c . EEREE] (K.5)

. The program also finds the maximum error in the frequency range specified

in DAATA.S2P, and the RMS error according to :

n
RMS error =)(y?)% eeees (K.6)
n

Note that the linear regression is also performed only over the specified
frequency band so that n is the number of frequencies for which s-
parameters have been calculated within this band. The S-parameter
files may have data outside this band (eg. data over a 1 to 7 GHz band
may be calculated whereas the bandwidth of interest is 2 to 6 GHz)

to show how the errors worsen.



1000
1010

1020

1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
127
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500

REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
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AAAAAAAALASAAZAASAALAAALEAAALAALAEAAAARAAAALAAAAAAAANNALAAALNANAAAAARAAXARNAAN
A : } _ A
A FD ERROUR CALCULATION PROGRAM A
A N
. Program reads s-parameter files describing different A
A frequency discriminators and generated by TOUCHSTONE .
A to calculate peak and RMS phase errors. A
~N A
AAAKAAARAAAAARIAZAAAAAAAALANAAAAAAALAAANAALNAANAXNANAALNKAAAXRNALIAANANNAARNKA

READ 1IN FD TYPE, CENTRE FREQUENCY, DELAY LINE
LENGTH AXD UPPER AND LOWER FREQUENCY LIMITS

DIM A0, W)

PI ::3
OPEN

181592654

“A: DAATA. 32P" FOR I HKPUT AS i1

INPUT #1,D1S,F0, DO, FL, FU

CLOS
REM
REM
REM

E {1

READ IN DATA FOP STANDARD FD (TYPE O)

IF DIS<>u THEN 1380

OPEN
OPEN
1=0

“A4: STD-FD~-1. 83F" FOR INPUT AS 1
"A: STD-FD-~2. S3P" FOR INPUT AS &2

TF EGFC1) THEN 15249

I
I
I

. IL* 4l
NPUT #1,F, A1, B1,C1, b1, £, b1

NPUt #1, a1, 81,C1,D1, E1, F1

INPUT #1,81,C1,D1, E1, F1, Gl

I
I

RPUT #2,FF, A2,B2,C2, D2, E2, F2

NPUT 2, A2, B2, C2, D2, B2, IF2

INPUT 2, 82,02, D2, E2, F2, G2
ACI, 1) =F
ACL,2)=180/PINATNCC A1 2-381 2y /¢a2"2-82"2))

GOTO
REM
REM
REM™
OPEN
=0
IF E

I

1
L
1
A
A
GOTO

1260
PEAD 1% DATA FOR SINGLE QC FD*S (TYPES 1 & 2)
A MY -FD.oSuP FOR INPUT A4S #1

OF(1) THEN 1520

=1+

NPUT 1, F, 41,817, C1, D1, E1, F1, G1, H1

NPUT $1, 81, €1, D1, E1, F1, G1, H1, I

MPUT 1, €1, D1, E1, £1, 61, H1, 11, J1

NPUT #1, D1, E1, F1, G171, H1, [1, 31, K1

(L, 1 =F

¢I1,2)=180/PIAATN((B1 2-D172)/i(3-DIS)»C1 2~-B1"2-D1"2):
1420



1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
77

1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
188U
1890
1900
1910
1920
1930
1940
1950
1960
1970

231

REM A

REM MAKE INITIAL ERROR CALCULATIONS
REM

N=1I

FOR I=17 TO N

ACI,3)=ACI,2) +DOAACI, 1) /FO
WHILE ACI, 3)>90
AL, 3)=A0I,3)-180
WEND
NEXT 1
REM
REM PERFORM LINEAR REGRESSION
REM
FOR I=1 TO N
IF A(I1,1)=fL THEN LET NL=I
IF A(I,1)=FU THEN LET NU=I
NEXT 1
7=0: Y=0
FOR I=NL TO NU
X=X+ACL, ")
Y=Y+A(T, 3)
NEXT I
ABAR=X/( NU-NL+1)
YBAR=Y/(NU-NL+1;
B=0:C=0
FOR I=NL TG NU
B=B+(A(T, 1) -XBAR) ~{ACI,3) ~YBAR)
C=C+{LACL, 1) ~4BAR) "2
NEXT I
M=8/C
C=YBAR-MAXBAR
FOR 1=1 TO N
ACI, ) =ACT, 3) ~MXACD, 1) -C
NEXT 1
REM
REM FIND MAX1MUM AND CALCULATE RMS ERRORS
REM
E1MAX=0: E2MAX=0
E1TOT=0: E2TOT=0
FOR [=NL TOD NU
LF ABSCAUI, 35)>E1MAX THEN LET E1MAX=ABSCA(TL, 3))
IF ABSCACL, 89y E2MAX THEN LET E2MAX=ABSCACT, 4))
E1TOT=E1TOT+ABSCACT, 3))
E2TOT=E2TUT+ABSC AL [, &) )
MEXT I
E1RMS=ETTOT/( NU-NL+1)
E2RMS=E2TOT/{ NU~NL+1)



1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2000
2100
2110
2120
2130
2140
2150
2160
2170
2180
21940

2200

2210
2220
2230
2240
2250
2260
2270
2280
22490
23040
2310
2320
2330
2340
2350
2360
2370

REM
REM
REM

PRINT

PGLEN=50

LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LERINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LERINT
LPRINT
LPRINT
LCNT=5

: LPRINT
: LPRINT
: LPRINT
+ LPRINT
P LEPRINT
: LPRINT

"

+ LPRINT

OUT DATA

w

" UNCORRECTED CASE"

DISCRIMINATOR TYPE =
CENTRE FREQUEXNCY =
DELAY LENGTH =

LOWER FREQUENCY LIMIT =
UPPER FREQUERCY LIMIT =

PEAK LERROR = "; ETMAK "

: LPRINT ™ RMS ERROR = "; EMTRMS; "
: LPRINT
" CORRECTED CASE"

: LPRINT
: LPRINT
CHRE(12)

" FREEQUENCY
" { GHz)

"

FGrR I=1 TO N
LPRINT "

LPRINT

LPRINT »

LPRINT

LPRINT

LPRINT

LCNT=LCNT+

IF LCNT=%0

NEXT 1
LPRINT
CLUSE

SYSTEM

END

CHRC 12

USING

USTNG

USTNG

THEN

PEAK ERROR =
EMS ERROR =

"L E2MAX;
", E2RMS;

"
1

TEE T ACL
ChE T ACT, 35

"o,
13

"R At AUL, W)

LPRINT CHR$C12): LPRINT

"; DIS

l'; FO; "
"; DO; 1
ll; FL; (1]
I'.’ FU; "

232

GHz"
Degrees™
GHz"
GHz"

Dekrees"
Degrees"”

Degrees™
Degrees"

UNCORRECTED CORRECTED"
ERROR ERRGR"

: LCNT =1
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APPENDIX L

PUBLICATION

The following brief article was published in the 7th November 1985
edition of ELECTRONICS LETTERS.



NOVEL POLAR FREQUENCY
DISCRIMINATOR

Indexing term: Signal processing

An alternative form of polar frequency discriminator is
described. It reduces the complexity of previous circuits and
makes microstrip integration much simpler by eliminating
the need to cross over transmission lines. As a result phase
errors are significantly reduced.

Polar frequency discriminators (PFDs) form the basis of
instantaneous frequency measuring receivers (IFMRs) and
have been extensively covered in the literature.!™* Fig. 1
shows a common PFD configuration. In essence it consists of
a polar phase discriminator (PPD) which measures the phase
delay in a transmission line, the phase being linearly depen-
dent on frequency.

polar frequency discriminator :
polar phase discriminator
1

splitter Vg -V, oisin 0

RF ino

I
@ ddecto?s video out

Vc-Vp acos ©

| 3dB quadrature |
couplers ]

[2m]
Fig. 1 Usual PFD circuit

The major problem with the PFD is the crossover required
at point (5) in Fig. 1. Air bridges work well in monolithic
circuits and at low frequencies in microstrip* but are structur-
ally weak. Cascaded quadrature couplers have been
considered* but they unnecessarily increase the circuit com-
plexity. The usual solution is to integrate the PPD separately
and attach the delay line externally.># Alternatively the detec-
tor video outputs may be taken from the interior of the board
via coaxial cables.

The lack of symmetry between the in-phase power splitter
and quadrature coupler labelled (1) and (2) also gives rise to
phase errors. One solution is to use a hybrid coupler in place
of (1) and to add a 90° phase shifter at (3). Sometimes a phase
shift network is added at (4) to compensate for the difference
in the physical length of components (1) and (2), and the slight
nonlinearities in phase against frequency between input and
output ports of quadrature couplers. All these refinements
increase the complexity of the PPD. It is also worth noting
that in the authors’ experience in-phase power splitters exhibit
more nearly ideal behaviour over wide bandwidths than quad-
rature couplers.

Figs. 2 and 3 show alternative layouts which this letter
serves to introduce. That shown in Fig 2 is the simpler con-
figuration. Note that no crossover at all is required, so the
PFD is easily integrated in its entirety. Since only one quadra-

polar frequency discriminator

l I
I '
: 'polar phase discriminator | video out
| : |
{ : V3=V, osin®

2V2'(v3 QV‘)QCOS 2]

power
splitters

Fig. 2 Simpler PFD configuration

ture coupler is required the circuit is less sensitive to 3 dB
coupling and 90° phase deviations which occur within these
components in wideband applications. Only three detectors
are required, which reduces cost and errors that arise if detec-
tors do not track each other exactly. The disadvantages are
the slightly more complex video processing and the additional
power loss, 3 dB in the case of the layout shown in Fig. 3.
Since PFDs are usually fed by limiting amplifiers the addi-
tional loss can be tolerated. It is common practice anyway to
place resistive matching networks before the detectors.’*
Referring to Fig. 2 the video processing required is given by

sinfoc ¥V — ¥,
cos §oc 2V, — (V3 + V)

The factor 2 which occurs in the second equation is required if
the voltage split factor of the power splitters is (,/2)"*. In fact,
if the voltage split is a, ¥, needs to be multiplied by a factor
a2 This is achieved with a video amplifier with a voltage
gain of @~ 2. This multiplicative factor can be avoided by using
the configuration shown in Fig, 3. Slightly greater RF com-
plexity is then required. Whether this leads to a better or
worse error performance depends on the input match of the
two added power combiners. Once the various components
have been developed computer analysis should be used to
determine which circuit gives better results, but in most cases
the simpler version performs as well or better.

polar frequency discriminator

|
| |
polar phase discriminator |
|
1

|
|
|
| .
| matched video out
! load
| Y,
| | |
1 ) V3-V) asin®
|
L e T4 deteclors V(s V) ) oxcos@
I 6 |quadrature V3
| I coupler -
! in-phase
| power !
| splitters |

Fig. 3 Slightly more complex PFD

Fig. 4 shows photographs of 2-6 GHz stripline prototypes
of these two circuits manufactured on RT Duroid 5880 (¢, =
2-2). The size of these circuits can be greatly reduced by using
RT Duroid 6010 (¢, = 10) or alumina, and by working in
microstrip. The available materials made construction of the
three-section 3 dB overlay couplers with a characteristic
impedance of 50 Q much easier than single-section couplers,
but the minimal improvement in theoretical performance
would not otherwise have justified their use. Based on s-
parameter measurements the 2-6 GHz PFD on the left in
Fig 4 exhibited a peak error of 3-:3° and an RMS error of
1-5°, while the other had a peak error of 6° and an RMS error
of 1-4°,

Fig. 4 Prototype 2-6 GHz PFDs

Reprinted from ELECTRONICS LETTERS 7th November 1985 Vol. 21 No. 23 pp. 1108-1109
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