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All Solid-State

In a new VHF (Band-IID
TV transmitter series! .

s

NEC introduces a fresh design concept using advanced high-power
transistor amplifiers. This all solid-state VHF (Band-IIT) transmitter
series includes 1, 2 and 3-kW models. Since the high-power transistor
amplifiers use a broad-band matching system, the entire Band-IIL
(170MHz — 230MHz) can be covered without tuning adjustment.
Reliability is higher, stability is maintained longer. Maintenance/
adjustment are greatly reduced. Preheating is eliminated. The switch-
ing regulator lowers power consumption. A floating battery/engine
generator system can be adopted for non-stop operation during
commercial power failures. Six units already in operation.

And new UHF TV transposer!

This 300W, all solid-state UHF TV transposer incorporates 1Cs in the
broad-band linear power amplifier to assure highly reliable perform-
ance. It’s practically maintenance/adjustment-free. Redundancy is
high, including a final power amplifier consisting of 8 IC power
amplifier units. Equipped with a wide-range AGC and squelch control.
Ideal for unattended station operation.

NEC Australia Pty. L.  INIEE'C

649-655 Springvale Road, Mulgrave, Victoria 3170 Nippon Electric Co. Ltd
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Antenna Multicouplers at VHF and UHF

FOREWORD

The following three papers were presented at
a Colloquium held in Melbourne on 23rd of
February 1977. The Colloquium was organized
by Telecom Australia, and dealt with the
increasingly pressing problem of how to couple
many radio services into a small number of
antennae without intolerable interaction.

The papers have been revised somewhat to
make the material more suitable for written
presentation, but the content is much the same
as presented at the Colloquium.

The first paper outlines how some of the
specifications on antenna couplers are ob-

tained. The second paper treats the antenna
coupler design problem from a building block
viewpoint, outlines the available devices and
demonstrates how they are used in practice.
The third paper deals with possibly the most
complex network the manufacturer may need
to design — the filter. This paper serves to
show that there are gains to be made in size,
cost and performance by mastering the art of
filter design.

The attendance and discussion at the
Colloguium showed that there is a high degree
of interest in antenna coupler design.

&

The situation which can arise when a number of VHF transmitters or receivers use separate antennas on the one
tower. Antenna Multicouplers, as described here, enable a single antenna to do the same job.

Antenna Multicouplers at VHF and UHF
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Multicoupler Performance Specifications

L. J. DERRICK, B.E.

This paper reviews the Telecom Australia requirements for antenna multicoupiers in the VHF and
UHF frequenicy range and shows how some of the important performance specifications are set.
Some of the circumstances in which it would be advantageous to use such devices with single
antennas rather than the use of separate antennas for each transmitter or receiver are also discus-

sed.

INTRODUCTION

As greater numbers of radio systems are re-
quired to operate satisfactorily on individual
sites, it often becomes necessary to have
available devices which enable the numbers of
transmitters and/or receivers to share common
antenna systems.

The devices or circuits under discussion can
broadly be defined as systems for combining a
number of radio equipments into the one anten-
na. This paper restricts itself to narrow band
devices and does not consider the broadband
devices such as TV filterplexers and multi-band
microwave transmitter/receiver combiners. The
devices are commonly known under one of the
following titles:

@ Duplexer, (specifically refers to a
transmitter-receiver coupler for duplex
operation)

@® Diplexer, (specifically refers to a coupler
for two radio equipments)

@ Transmitter combiner

® Multicoupler

® Multiplexer

@ Transmitter-receiver combiner

® Receiving antenna splitter

Telecom Applications

The main requirements for the multiple use
of antenna systems exist in the mobile, group
subscribers, and small capacity radio services.
At this stage the main frequency bands of in-
terest are the 160 MHz (VHF) and 450 MHz
(UHF) nominal bands. Some requirements also
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exist in the 80 MHz (VHF) band. In the mobile
service, base transmitter combiners, base
transmitter-receiver combiners and mobile
transmitter-receiver combiners are employed.
Base station receiving antenna splitters are also
sometimes required where a number of
receivers are fed from the one antenna system.
In the group subscribers and small capacity
point to point radio services requirements also
exist for transmitter and transmitter-receiver
combiners.

Three basic types of radio systems are used
i.e. single frequency and two frequency simplex
systems employing press to talk arrangements
and full duplex systems. The simplex systems
are mainly employed in mobile radio systems
not connected to the telephone network.

Future operation of mobile systems in the
900 MHz region where the use of large
numbers of radio channels in radio systems is
anticipated will no doubt require the availability
of multi-couplers for this band.

Reasons for using these devices

The situation often occurs where an existing
antenna structure is required to accommodate
additional radio services but there is insufficient
physical space available or the structure cannot
be safely subjected to any additional wind load.
Multiplexing of additional services into existing
or replacement antenna systems is therefore a
useful technique to avoid the cost and disrup-
tion involved in the erection of an additional
structure. Further, there are sometimes

TJA, Vol.28, No.2, 1978



aesthetic reasons for limiting the number of
antennas on a structure. Accommodation for
antennas on buildings is sometimes allowable
only on the basis of a small number of un-
obtrusive antennas being installed.

Another reason for sharing antennas is the
predictability of the isolation between transmit-
ters and/or receivers using this technique, and
therefore, the level of unwanted intermodula-
tion products is known. If single antennas are
installed on a structure, the isolation between
them is not always predictable in the practical
case because of proximity to structural ele-
ments and other objects. The siting of antennas
is often decided on site and the system
designer’s assumed isolation between antennas
may not always be realised.

There are also some situations where there
may be suitable space available for additional
antennas, however, because of a long run of
feeder cable required, expensive large diameter
low loss cable is used. The most economic solu-
tion in these cases may be to use shared anten-
nas rather than multiple runs of feeders to in-
dividual antennas.

Horizontal radiation patterns can also be dis-
turbed by the proximity of antennas mounted at
about the same level on a structure. Sharing of
antennas once again can avoid this problem.

In the mobile situation using a duplex service
{such as the public automatic mobile service)
the use of a transmitter-Receiver combiner
(duplexer) is necessary to avoid the use of more
than one antenna on the mobile and to control
the transmitter receiver isolation.

Tower.

He is bUrrently the Project Engineer for the proposed public automatic

~ mobile telephone service.
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L.J. DERRICK is a Class 4 Engineer in the Customer Section of the
Radiocommunications Construction Branch, Headguarters. in 1861 he
 completed a Bachelor of Engineering (electrical) degree at Melbourne
University and joined the Radio Section of the Australian Post Office as
an Engineer Class 1 in 1962. Since that time he has occupied a number
of positions in the Broadcasting and Radiocommunications areas in the
APO/Telecom Australia and was associated with projects such as the
Darwin HF Broadcasting station and the Black Mountain Canberra

THE SETTING OF PERFORMANCE
SPECIFICATIONS

Transmitter Combiners

When transmitters are combined into the
one antenna system, intermodulation products
are produced in the output stage of each trans-
mitter due to mixing of each transmitter’'s out-
put with signals from all other transmitters in
the relatively non-linear power amplifier stage.
The most significant products are the third
order 2A—B ones. It is of course necessary to
limit the level of these products to reduce in-
terference to other channels. The Postal and
Telecommunications Department specifications
generally require the level of any intermodula-
tion product to be less than 2.5 micro watts at
the antenna terminal (—56 d Bw).

To illustrate this requirement an example of a
two transmitter combiner is shown in Fig 1

n
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Fig. 1 — Example of a Two Transmitter Combiner
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Fig. 2 — Transmitter Noise Spectrum

which consists of isolators and filters. A calcula-
tion of the system loss to intermodulation
product formation is shown below to illustrate
the level of rejection required in the individual
components to meet the above specification.
This system might be used in a mobile base sta-
tion transmitter combiner with typically 50 watt
transmitters.

I, loss = 1dB
F, loss at f, = 1 dB
F, loss at f, = 14 dB
I, isolation = 30 dB
T, conversion attenuation for 2A—B

products = 14 dB
I, loss at 2f, - f, = 1 dB
F, loss at 2f, - f, = 14 dB
Total Cable Loss =1 dB
Therefore, Total system loss L = 76 dB

106

(the loss due to any mismatch at junction J has
been ignored)

For T, and T, power of 50 watts (+17 dBw)

Intermodulation product level IMP

(target—56 dBw)

the minimum system loss to meet the specifica-
tion is 73 dB. This calculation is for one of the
intermodulation products. Similar calculations
would of course apply to the other main
product.

To maintain sufficient effective radiated
power, the loss in these combining systems
should be kept to a minimum. Due to un-
avoidable losses in these systems, particularly

TJA, Vol.28, No.2, 1978
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where close frequencies spacings exist, high
transmitter powers and/or antenna gains are
sometimes required. The higher power solution
however further aggravates the intermodulation
problem.

Transmitter-Receiver Combiners

The main requirement of the transmitter
receiver combiner in a duplex system is to
provide sufficient isolation between the trans-
mitter and the receiver to prevent blocking or
desensitization of the receiver. Transmitters
produce a noise spectrum as well as the wanted
output signal, and noise will exist on the
receiver frequency. The receiver will also have a
response off its tuned frequency and on the
transmitter frequency. Therefore isolation at
both the transmitter frequency and the receiver
frequency is required. To illustrate this require-

DERRICK — Multicoupler Performance Specifications

ment, an example of a transmitter noise
spectrum is shown in Fig. 2 and a receiver
desensitization curve is shown in Fig. 3. The
desensitization curve shown is for a reduction of
the 20 dB Signal/Interference Noise and Distor-
tion (SINAD) ratio of 3 dB (0.5 micro volts, 5
KHz deviation wanted signal). The isolation re-
quirement can be illustrated by superimposing
the two curves at the transmitter-receiver fre-
guency spacing. An example of 5 MHz spacing
is shown in Fig. 4. From this figure it is seen
that a transmitter noise reduction of 47 dB is
required at the receiver frequency and a 35 dB
reduction of the transmitter at the carrier fre-
quency is required.

To allow for tolerance on individual units and

to reduce the desensitization to a negligible
amount an additional margin of about 10 dB on
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the above isolation figures would be required.
The above isolation figures assume that any dis-
crete frequency spurious signal from the trans-
mitter is stable and would not drift into the receiver
pass band.

The loss to the wanted signals in both the
receiver and transmitter paths should be low. In
the transmitter case this is required to maintain
the effective radiated power particularly in the
mobile case where there is a practical limit to
the transmitter power and antenna gain. Loss in
the receiver path effectively increases the noise
figure of the receiver. Where the limitation to
reception is external noise pick up, the loss
figure can be relaxed as the external noise
becomes the limitation. In electrically quiet en-
vironments however the loss is more important.
Typically a loss of 1 dB is tolerable in most
cases. ~
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General

The isolation of these combining systems
sometimes depends on suitable matching to the
antenna. With balance type devices such as
hybrids the isolation produced will vary with the
VSWR of the load. Because of this the VSWR
reference the nominal impedance (often 50
ohms) of the system is specified to be approx-
imately less than 1.2,

Systems for mobile applications must allow
for the environmental situation encountered.
Specifications in this instance are often required
to be met under the vibration conditions ex-
isting in this application and over a temperature
range of —10°C to + B0°C. For fixed installations
in untreated environmental conditions the
temperature range may be 0°C to 50°C. For
mobile use physical size of transmitter-
receiver combiners must be small in view of the

TJA, Vol.28, No.2, 1978



typical physical size of the transmitter-receiver
which may have dimensions such as 365 by
270 by 125 mm. The frequency bandwidth re-
quired will depend on the particular require-
ment and the transmitter receiver frequency
spacing will be set by the standard duplex chan-
nel allocations. For the proposed automatic
mobile service a bandwidth of between 2
and 3 MHz will be required for the transmitter-
receiver combiner to accomodate about 100
channels.

CONCLUSION

As indicated above, to make maximum use
of existing radio sites it is often of advantage to

employ combining devices to enable single
antennas to be shared by a number of transmit-
ters and/or receivers. These combining devices
must enable transmitters to operate into single
antennas while attenuating intermodulation
products, formed in the output of the transmit-
ters, to a tolerable level. The devices must also
provide sufficient isolation between transmit-
ters and receivers to prevent receiver blocking
and desensitization. Other parameters of the
devices such as temperature stability and im-
pedance are shown to be important in maintain-
ing the required performance under all expected
environmental and antenna matching condi-
tions.

A DIFFERENT TYPE

Readers will notice a change of type-face in
some of the articles in this issue of the Journal.

When the type, with which you have become
familiar in the main body of the text of most arti-
cles, was introduced in Volume 23, No. 2, a
note inside the front cover invited readers’ views
on the large type-face as compared with the
smalier one used in the last artiicle in that issue.

There has been little or no comment from
readers on the subject but a viewpoint from the
editorial ranks favoured the neat style of the
small type with the qualification that possibly a
little larger size would make for easier reading.

While the Editor in Chief was considering
means of securing the best features of both
types it transpired that our printer also had
reasons to consider changes.

In line with modern trends in the printing in-
dustry, Standard Newspapers Ltd. is transfer-
ring as much typesetting work as possible from
linotype to phototype setting; in general terms,

DERRICK — Multicoupler Performance Specifications

FACE

from hot setting to cold setting.

Advantages are better, uniform quality work
since the type itself is not subject to wear,
faster setting, simpler correction procedure; the
equipment is more compact, quieter and cleaner
in operation.

Photon is the trade name of the system used
in this instance. The articles with the different
look about them in this issue use type from the
Photon series of fonts.

Although the lino type has been an effective
type-setting medium for some 80 years and is
not yet obsolete, it seems inevitable that more
and more of the printed matter which comes
before us in the future will have been put
together by one of the more modern cold setting
processes.

Your Journal will adapt to and take advan-
tage of these technological changes as ap-
propriate.

Editor in Chief
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A Building Block Approach to Multicoupler Fundamentals

N.A. McDONALD, Ph. D.

This paper is an introduction to the techniques used in the design and construction of aerial
couplers. It introduces first the components commonly used in multicouplers and then describes
how these components may be assembled to make a variety of configurations to suit given require-
ments. The configurations described are encountered in VHF and UHF mobile radio systams.

INTRODUCTION

The preceding paper by L.J. Derrick has out-
lined the applications of multicouplers in VHF
and UHF radio communications systems, and
has shown how the necessary performance
specifications are determined. This paper will
provide an introduction to the techniques used
in the design and construction of such multi-
couplers. The first section will deal with compo-
nents used in multicouplers, and the second
section will deal with assemblies of these com-
ponents to make various multicoupler con-
figurations.

The building block viewpoint in this paper
provides a good introduction to multicoupler
techniques. It is also a common approach to
multicoupler construction, especially where
only a small quantity of a particular multi-
coupler type is required. For larger quantity
production, the combining of more than one
building block function in one physical element
Is sometimes possible.

BUILDING BLOCKS IN MULTICOUPLERS
Bandpass Filters

The first building block element to be con-
sidered will be the bandpass filter as
represented in Fig. 1. On the transmission
response diagram there is a peak at the pass
frequency f1 and reduced transmission at all
other frequencies. Bandpass filters are com-
monly made from one or more coaxial line

110

resonators, although other forms such as comb-
line and interdigital filters are sometimes used.
Refer to the coaxial line resonator in Fig. 2(a).
The centre conductor is one quarter wavelength
electrical, and slightly shorter than one quarter
wavelength physical because of the end effect.
Coupling into and out of the resonator is com-
monly achieved with magnetic field loops
placed up towards the short circuit end of the
resonator, although electric field probes placed

A

PASS fq

Fig. 1-Bandpass Filters

TJA, Vol.28, No.2, 1978
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Fig. 2-Resonator Construction, Symbols and
Equivalent Circuits

towards the open circuit end are sometimes
used. With very short lead lengths the
equivalent circuit is that of a parallel resonant
circuit as shown in Fig. 2{b). If, however, the
loops are extended out with quarter wavelength
transmission lines on each side of the resonator,
these transmission lines act as impedance in-
verters and the equivalent circuit is that of a
series resonant circuit as in Fig. 2(c). The un-
loaded Q of such a resonator is typically in the
range of 3000 to 8000.

NOEL A. McDONALD received the B.E. degree from the University of
Auckland, New Zealand, in 1961 and the M.A.Sc. and Ph.D. degrees
from the University of Toronto, Canada, in 1963 and 1971, respectively.

In 1961 and from 1963 to 1968, he was a Radio Systems Engineer
with the New Zealand Post Office. From 1961 to 1963 and from 1968
to 1971 he was with the Department of Electrical Engineering, Univer-
sity of Toronto. From 1971 to 1975 he designed antennas and antenna
coupling devices with Antenna Engineering Australia Pty. Ltd.,
Melbourne. He is now with the Department of Communication and
Electronic Engineering at the Royal Melbourne Institute of Technology.
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(a)

(b)

(c)

{d)

Fig. 3-Cascade Connection and Passband Shapes

A number ot resonators can be connected in
cascade as in Fig. 3(a). In this way the off-
frequency rejections are additive, but if arbitrary
interconnections are used between the cavities,
then an arbitrary passband shape will be ob-
tained. However, with proper design of the in-
terconnections between the resonators, the
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passband shape can be wide and flat topped as
in Fig. 3 (b) or rounded and narrow as in Fig. 3
(c). The passband shape shown in Fig. 3 (d) is
that of a typical arbitrary interconnection
between the resonators.

Many bandpass filters use quarter wave
coaxial line resonators as they are tunable over
a wide range and various passband shapes are
available. For narrowband multicouplers a par-
ticular response shape, namely the “minimum
loss characteristic”’, is most desirable. Many
bandpass filters are made from assemblies of
individual resonators because of the economics
of manufacture, by comparison with the costs
of making interdigital and combline filters.

Bandstop Filters

The second building block element to be
considered is the bandstop filter as shown in
Fig. 4 (a). The transmission is almost zero at
frequency f1. It is very simple in practice to con-
vert the symmetric bandstop response of Fig. 4
{a) into an asymmetric shape such as in Fig. 4
(b), which shows a stop 1 pass f2 response. A
single resonator can be used as a bandstop ele-
ment by using only one coupling loop and a
quarter wavelength line which bridges across

the main transmission line as in Fig. 5 (a). At

resonance, the input impedance of the
resonator is very high and resistive, so that at
the other end of the transmission line the im-

pedance is very low and resistive, and therefore

the equivalent circuit is that of a series resonant
circuit bridging across the main transmission
line as in Fig. 5 (a). If the transmission line
length is slightly different from one quarter
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wavelength, then this introduces the asym-
metric response of Fig. 4 (b) and the peak can
be made on either side of the rejection notch
according to whether the transmission line
tength is longer or shorter than one quarter
wavelength. A simple analysis of such elements
can be carried out by use of the Smith Chart.

A number of bandstop elements can be con-
nected in cascade as in Fig. 5 (b) to give any
predetermined bandstop filter response. The
resonators used in such bandstop filters are
either the coaxial line resonators referred to

TJA, Vol 28, No.2, 1978



earlier, or helical resonators. The reason for us-
ing helical resonators can be seen by inspection
of Fig. 6 which shows a requirement where two
different frequencies f1 and 2 are to be isolated
or separated by a particular attenuation. The
solid curve gives a typical bandpass response to
fulfill the isolation requirement and the dotted
curve shows a typical asymmetric bandstop
response to meet the same requirement. For a
given number of resonator elements and a
given allowable insertion loss at the pass fre-
quency f1, the required unloaded Q of the band-
pass filter elements is higher than the required
unloaded Q of the bandstop filter elements. Ac-
cordingly, more helical resonators, which have a
lower Q than coaxial line resonators, are used in
bandstop filters than are used in bandpass
filters.

Bridge Filters

The filters considered above all have in their
physical realisations a finite attenuation at the
stop frequency. The question arises whether it
is possible to construct a filtering device in
practice which has in principle an infinite at-
tenuation at the stop frequency. It will be
recognised that various bridge configurations
such as the bridged T network are capable of in-
finite attenuation in their physical realisations.
Accordingly it should prove possible to make a
stop filter based on a bridge configuration and
one such form is shown in Fig. 7. To consider
the operation of this bridge filter, first eliminate
the network shown dotted on the left side and
the resonator and quarter wave transmission
line shown on the right side. The upper and
lower transmission lines represent the input and
output. The two can be interchanged as the
network is completely reciprocal. A signal
entering the bridge configuration from the top
travels one half wavelength through the two’left
transmission lines to the bottom and one full
wavelength through the two right hand trans-
mission lines, and therefore the total signal at the
bottom transmission line is zero.

Such a network will give a very deep rejec-
tion but this rejection will occur over quite a
wide bandwidth. The next problem is to obtain
at the same time a pass response and this is
achieved by connecting to the right hand corner
of the bridge what we would normally regard as
a bandstop element, but in this case it is used
as a switch to switch the bridge. The resonator
is tuned to the pass frequency and the input im-
pedance at the bridge end of the quarter wave

McDonald — Muiticoupler Fundamentals

CAVITY IS TUNED
TO PASS
FREQUENCY

Fig. 7-Bridge Filter

—_— - — -

Fig. 8-Hybrid Power Divider

line is therefore very low and resistive at this fre-
guency. Consider an ideal case in which this
resistance is zero. This short circuit will
transform to an open circuit at the upper and
lower transmission lines and the signal path is
therefore from the upper to the lower transmis-
sion line via the left hand pair of quarter wave
lines. At the stop frequency there may well be
some residual effect due to connecting the
bandstop element to the bridge, but such a
residual effect can be balanced out by con-
necting a compensating network on the op-
posite side of the bridge.

Hybrid Power Dividers

The next building block element to consider
is the Hybrid Power Divider as represented in
Fig. 8. This is a 4 port network of which 1 port
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is often terminated. The emphasis in the title
Hybrid Power Divider is on the Hybrid term
which has an analogy with the hybrid
transformer of telephony practice. An input into
one port appears with equal signal levels at the
two adjacent ports and zero signal appears at
the opposite port. It should be noted that there
are many other power dividers such as the
power dividers used in transmitting antenna ar-
rays which are not hybrid power dividers in the
sense of having isolated outputs. A property
therefore of a hybrid power divider is that there
is equal power division, and in principle. com-
plete isolation between the input and the op-
posite ports. In practice with matched termina-
tions an isolation of approximately 30 dB is
achieved. The hybrid power dividers used in
multicouplers are commonly constructed either
in the form of hybrid rings or as 3 dB directional
couplers, or as the class of transmission line
networks known specifically as hybrid power
dividers.

One property of hybrid power dividers which
will be made use of later is shown
diagrammatically in Fig. 9 (a). If there is an input
to the left port then two equal level signals will
appear at the adjacent ports and zero level at
the opposite port. It will be assumed that the
two outputs are in phase. Some hybrid power
dividers do not instrinsically have in phase out-
puts but with narrow band devices it is possible
to bring the two outputs in phase by adding a
length of transmission line to one of the out-
puts. By reciprocity if two in phase signals are
applied to the two outputs they will combine at
the port which was previously the input but if
instead two out of phase signals are applied as
in Fig. 9 (b) then the output appears at the 4th
port and there is no signal appearing at the
original input port. Hybrid power dividers are
physically small devices by comparison with
coaxial line resonators.

Circulators and lsolators

The next items to consider as building biocks
in multicouplers are circulators and isolators as
depicted in Fig. 10. A circulator is a 3 port
device having a particular direction of signal
rotation as shown in Fig. 10 (a). This is the first
non-reciprocal device encountered in this sum-
mary of multicoupler elements. A signal enter-
ing the left port of Fig. 10 (a) rotates clockwise
to the right port, a signai entering at the right
port rotates clockwise to the lower port, and a
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Fig. 9-Phase Relations in Hybrid Power Dividers
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Fig.10-Circulator and Isolator Symbols

signal entering the lower port rotates clockwise
to the left port. If the lower port is terminated
with a matched load as in Fig. 10 (b), then the
circulator becomes an isolator and a signal will
travel from the left port to the right port with
very small attenuation but a signal entering at
the right port does not appear at the left port as
it is dissipated in the load. Typical electrical
characteristics of an isolator are 25-30 dB
reverse isolation for a forward insertion loss of
0.5 to 1 dB. They also are physically smalil
devices by comparison with coaxial line
resonators.
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Other Components

For completeness, the following devices
should also be included in any summary of
building blocks for VHF and UHF muiticouplers.
These devices are:

(i) Transmission line sections, which are often
more than simply devices to interconnect
equipment items, insofar as they are fre-
guently used as impedance matching or im-
pedance inverting devices.

(it) Amplifiers, for the reason that there are
some multicouplers known as active receiv-
ing multicouplers, in which amplifiers are
used.

(i) Low pass filters and high pass filters which
are sometimes incorporated in mul-
ticouplers.

MULTICOUPLER CONFIGURATIONS

The next part of this review is an outline of
some of the various common multicoupler con-
figurations. Because of the considerable
number of building blocks that have been con-
sidered above, it will be recognised that there
will be a very large number of ways in which
these building blocks can be interconnected and
only the more common resultant multicoupler
configurations will be dealt with here. The first
multicoupler configurations to be considered
will be those which use as their basis frequency
selective filters, as these are by far the most
common multicouplers encountered in practice.

Parallel Coupled Bandpass Filters

Fig. 11 (a) shows an interconnection of two
bandpass filters fulfilling a multicoupling or
diplexing function for frequencies f1 and f2. It is
apparent that isolation will be provided
between the equipments on frequencies f1 and
f2 as a consequence of the selectivities of the
two bandpass filters. However there is an ad-
ditional requirement to be met, and that is im-
pedance matching at the junction between the
two bandpass filters and the main transmission
line. Consider, for example, a signal travelling
from the main transmission line to the equip-
ment item operating on the frequency f1. To
provide satisfactory impedance matching at the
junction, it is apparent that the pass f2 filter
must present a very high impedance at the
junction at frequency 1, and likewise the pass
f1 filter must present a high impedance at the
junction at the frequency f2.

It is not difficult in practice to achieve this
impedance requirement particularly over the
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small bandwidths of VHF and UHF mul-
ticouplers used for mobile radio systems.
However, there are other multicouplers such as
military multicouplers which are required to
tune over typically one octave and the im-
pedance matching requirement in such situa-
tions is more difficult to achieve. In Fig. 11 (b)
there is an extension of the parallel coupled
bandpass filter configuration to a case where
there are four channels operating on separate
frequencies, and it is seen that by appropriate
connection of four bandpass filters the mul-
ticoupling requirement of physical combining
and electrical isolation can be achieved.
Parallel Coupled Bandstop Filters

The question arises whether a combining
function can be achieved by use of bandstop
elements only, and a bandstop diplexer is
shown in Fig. 12. The isolation between the 1
and f2 equipment items is provided by stop
filters in this case, and where there are only 2
channels as shown in Fig. 12 it would be com-
mon to make the stop filters asymmetric so that

fﬂ PASS f, PASS f1 |—f
(a)
fa—| PASSfy PASS f1 f1
;){‘:
q{? (b)
fa fa

Fig.11-Parallei Coupled Bandpass Fiiters

f-]_.—J

STOPf, STOP £, b—1,

Fig.12-Parallel Coupled Bandstop Filter
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they have a combined pass and stop response.
The outline of Fig. 12 is the very common
bandstop diplexer configuration which is fre-
quently constructed using helical resonators. If
it is desired to extend a bandstop diplexer
beyond two channels, to make a bandstop mul-
ticoupler, then the number of elements required
increases considerably, as illustrated by the ex-
ample in Fig. 13 which shows a three channel
multicoupler comprised only of bandstop filters.
Each frequency has to be protected against the
other two frequencies so that in principle there
are six elements involved. However it is possi-
ble to combine two of the stop f3 filters shown
in Fig. 13 (a) into the form of Fig. 13 (b) which
gives a minimum element configuration for a
three channel multicoupler using only bandstop
filters. The transition from the bandstop diplexer
of Fig. 12 to the bandstop multicoupier of Fig.
13 (b) is a transition from devices which are en-
countered very commonly in practice, to
devices which are hardly ever encountered.
There are two reasons for this. One is the added
complexity of the bandstop multicoupler by
comparison with its bandpass counterpart, as
seen above for three channels, and the other
factor is one of multicoupling philosophy.

If there is a number of allocated frequencies
it is in principle best to make a multicoupler
which passes only the frequencies that are
regarded as desirable, and this multicoupler will
then provide some attenuation at other frequen-
cies such as those of intermodulation products
and harmonics. On the other hand, if only band-
stop devices are used, then attenuation is
usually only large at the operating frequencies,
and spurious frequencies such as those of inter-
modulation products are not reduced to a large
or significant extent. It is therefore very com-
mon for multicouplers with more than two
channels to incorporate bandpass filters where
frequency separations and physical space per-
mit.

Sequentially Connected Bandpass Filters

It would be extremely convenient if a number
of bandpass filters could be sequentially con-
nected to a transmission line as shown in Fig.
14. While such an arrangement does indeed
provide isolation between the various radio fre-
guency equipment items operating on the dif-
ferent frequencies, the configuration is not
satisfactory as shown because of the lack of im-
pedance matching at the junctions between the
bandpass filters and the main transmission line.
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Fig.13-Three-way Multicoupler from Bandstop Filters
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Fig.14-Sequentially Connected Bandpass Filters

There are two common ways of obtaining cor-
rect impedance matching at these junctions.
The first, which is quite common in broadband
microwave bearer systems, is to terminate the
lower end of the main transmission line with a
reactive load (normally a short circuit) and then
to place a phase shifter below each junction of a
bandpass filter with the main transmission line.
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The phase shifters are then adjusted from the
bottom in turn so that the correct impedance is
presented at the transmission line junctions.

An alternative technique which is more com-
mon in VHF and UHF multicouplers is to place a
bandstop filter below each junction as shown in
Fig. 15. A bandpass filter and bandstop filter
can be manufactured as a combined package,
and a system can be extended in the number of
channels that it operates by adding such a
package at the end of the main transmission
line. The bandstop filter is located so that it pre-
sents an effective open circuit at the cor-
responding junction between bandpass filter
and main transmission line.

Hybrid/Filter Combinations

The next multicoupler configuration to be
considered is the Hybrid/Filter combination.
Although a hybrid power divider used alone has
an inherent 3 dB power division loss, this does
not mean that all devices using hybrid power
dividers are lossy. In the configuration shown in
Fig. 16, two hybrid power dividers are used
together with two band-pass filters. For a sim-
ple explanation of how this configuration
operates, consider a frequency f1 applied to the
lower port. This signal will divide equally in the
lower hybrid power divider and pass through
the bandpass filters for combining at the upper
hybrid power divider. The f1 signal therefore ap-
pears at the main transmission line at the top of
the diagram. Consider now a frequency f2 ap-
plied to the 4th port of the upper hybrid power
divider. This signal will divide equally in the up-
per hybrid power divider, and the two compo-
nent signals will travel towards the two band-
pass filters. However the bandpass filters do not
transmit frequency f2 which is therefore
reflected. The two reflected components arriv-
ing back at the upper hybrid power divider are
now out of phase because of the quarter wave
difference in the two transmission line lengths.
The two components of f2 therefore recombine
in the upper hybrid power divider to give an f2
output on the main transmission line. This ap-
proach can be extended to more than two fre-
guencies when it is recognised that there is no
unique feature which determines the frequency
f2. Therefore if frequencies 2, 3, 4 and 5 are ap-
plied to the upper hybrid power divider and fre-
guency f1 to the lower hybrid power divider,
then all frequencies f1 to f5 will appear at the
main transmission line. This configuration
therefore provides a method for extracting a
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particular frequency out of a large number of
frequencies. When hybrid power dividers are
used without frequency selective elements,
then the 3 dB power division loss must be ac-
cepted.
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Fig.16-Sequentially Connected Bandpass/Bandstop
Filters
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Fig.18-Hybrid and Filter Combination




Hybrid/lIsolator Combinations

The next configuration to be considered is
the hybrid/isolator combination. In the above, it
has not been important whether the radio
equipment items in the multicoupler configura-
tions have been transmitters or receivers, as
only reciprocal devices have been considered,
and it is only in the amounts of isolation re-
quired that the two cases are different.
However when non-reciprocal elements are in-
corporated into multicouplers, it is necessary to
know whether transmitters or receivers are be-
ing used. Fig. 17 (a) shows a combining
network for two transmitters. This combiner
would be used where the frequencies of the two
transmitters are so close that frequency selec-
tive filters cannot be used. The combining func-
tion in Fig. 17 (a) is provided by the hybrid and
additional isolation between the two transmit-
ters is provided by one or more isolators in each
transmitter path. From each transmitter to the
transmission line there would be approximately
4 dB attenuation. Of this, 3 dB would be power
division loss in the hybrid, and the other 1 dB
would be dissipative loss in the isolator and
hybrid. Whereas the hybrid on matched loads
would have an isolation of approximately 30 dB
or more, the isolation obtained in the configura-
tion of Fig. 17 (a) will be dependent on the im-
pedance of the antenna connected at the end of
the main transmission line. If the antenna has a
VSWR of 1.5, this corresponds with a return
loss of 14 dB. A signal entering the hybrid from
one transmitter is therefore reduced initially by
3 dB due to power division. It leaves on the
antenna transmission line and returns from that
line reduced by another 14 dB. That returning
signal is further reduced by 3 dB before leaving
in the direction of the other transmitter. The
isolation provided by the hybrid is therefore 20
dB as against its rather higher value obtained
with two matched loads. It is not desirable
practice to over design the antenna system for
very low VSWAR, as if circumstances such as ic-
ing are encountered, then this will affect the
antenna VSWR in any case.

It may be considered that one method of im-
proving the isolation provided by the hybrid
power divider would be to insert an isolator in
the main antenna transmission line as shown in
Fig. 17 (b). This should eliminate any reflected
signal from the antenna and therefore enable a
higher isolation to be achieved across the
hybrid. However placing an isolator in such a
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Fig.18-Filter and Isolator Combination

location is not good practice, because isolators
have a finite range of linearity and can generate
intermodulation products and harmonics. In the
location in Fig. 17 (b), the isolator is subject to
strong levels from both transmitters and this is
the worst situation for the generation of inter-
modulation products. In addition, any such
products generated have unimpeded access to
the antenna.

Filter/Isolator Combinations

When transmitters, having a significant fre-
quency separation, are to be combined but
there is insufficient physical space to allow a
multicoupler constructed only of bandpass
filters to be used, the filter/isolator combination
shown in Fig. 18 is useful. The configuration in
Fig. 18 is suitable for two transmitters, but the
technique is also applicable for larger numbers.
The two bandpass filters are simple and provide
the multicoupler combining function. The ad-
ditional isolation required between the
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transmitters is provided by the isolators. By
comparison with the configuration shown in
Fig. 17, the configuration shown in Fig. 18 has
the advantages that there is no 3 dB power divi-
sion loss in a hybrid, and that any intermodula-
tion products or harmonics generated in the
isolators have to pass through frequency selec-
tive filters before reaching the antenna.

—{BP FLT AMP HPID

T

Fig.19-Active Multicouplers (Receiving)

Active Multicouplers (Receiving)

The final multicoupler configuration to be
considered in this review is the active receiving
multicoupler. In this configuration, shown in
Fig. 19, an amplifier is used to amplify the
received signal before it is divided between the
receivers with a hybrid power divider. The
hybrid power divider can have many outputs,
and numbers up to 32 are common. To prevent
blocking of the sensitive main receiving
amplifier by nearby transmitters, the amplifier is
preceded by a bandpass filter, of bandwidth ap-
propriate to the channels being received. This
configuration is most useful in two-frequency
plan situations, where the transmitters at the
base station occupy one segment of the al-
located frequency band, and the receivers oc-
cupy another segment. This configuration is at
present used only for receiving situations

because of the difficulty in obtaining the
linearity that would be necessary for it to be
used in a transmitting case. For example, con-
sider the case of ten, 50-watt outputs. Fifty
watt is a convenient power level to consider as
it is not uncommon and it corresponds with 50
voits on a 50 ohm transmission line. If ten
signals are to be combined so that the total out-
put power is 50 watts on each of ten different
frequencies, the average output power require-
ment of the amplifier is 500 watts. However
because the ten signals are not related in any
way, there will be times when the ten signals
combine in phase to give a voltage of 500 volts,
which on a 50 ohm transmission line corres-
ponds with a power of 5 kilowatts. Therefore
the linearity must be that of a 5 kilowatt
amplififer, although the average output power is
only 500 watts.

CONCLUSION

The above are the more common mul-
ticoupler configurations in use for VHF and UHF
mobile radio systems. Many other configura-
tions are of course possible. Some are patented
and some physical realisations of the mul-
ticouplers shown above are patented. Other
multicouplers, such as in military communica-
tions systems, need different approaches, to
satisfy such requirements as rapid retuning,
often over a wide frequency range. The op-
timum multicoupler configuration for a par-
ticular application is determined largely by the
frequency plan. It is at the time when the fre-
quencies are allocated that the difficulty of the
subsequent multicoupler design is established.
In addition, the frequency plan will determine
the maximum number of radio frequency chan-
nels or equipment items that can be accom-
modated on one site.
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Meeting Specifications with Practical Filters

R. L. GRAY, B.E. {Hon.) M.E., Ph.D.

An essential element of the better couplers is the frequency-selective filter. The following
paper sets out some principles in a quantitative way for the assistance of radio system designers
who may wish to examine the cost or feasibility of various coupler proposals. It discusses a
theoretical relation between stopband rejection, frequency separation and loss for a given choice of
elements and complexity and suggests an optimum trade-off. This theme is further developed to
show the extent to which performance can be improved, or complexity reduced, by matching the
filter stopband response more closely to the requirement.

INTRODUCTION

The couplers discussed here owe their direc-
tional or signal-separating property to their fre-
quency selectivity. That is, they are filters which
have a common input or output. Such mul-
tiplexers are sometimes called “filterplexers’.

The problem most frequently discussed in
the technical literature about the design of
these devices is the minimising of interaction
between the filters at their common input (Ref.
1). This interaction is apparent to the user as
reflection from the common input and conse-
guent loss through the filters and standing wave
on the feeder. However, at VHF and UHF
several factors combine to make the problem of
resistive transmission loss of even greater im-
portance. These are:

® the need to separate signals which are close
in frequency and consequently

@® the need for stable, low loss resonators in
the filters, and

@ the necessity of making resonators large to
achieve these high Q factors.
The result is frequently either a large filter, or
a lossy one; both undesirable properties, par-
ticularly for mobile applications.

The aim of this paper is to show how to
make the best use of lossy resonators in filters

120

which meet desired attenuation requirements.
Although the examples are directed to VHF and
UHF, the principles outlined are applicable to
any filter which consists of resonators coupled
together, be they waveguide, electro-
mechanical, TEM coaxial or lumped LC.

s

Fig. 1 — Coupled Helical Resonator Filter Cross-
sectional View and Circuit Diagram.
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COUPLED RESONATOR BANDPASS

FILTERS
Suppose we are given a number of lossy

resonators and some means, which can be ad-
justed, of coupling them together and to the
resistive terminations. The requirement is to re-
ject unwanted frequency bands while passing a
wanted signal through the filter with the least
attenuation possible from the given
elements. A schematic of such a circuit is
shown in Fig. 1, together with a cross-section 0 . A )
view of a coupled helical resonator filter (Ref. 2) 144 146 148 150 152 154 158
where the coupling of the helical resonators is Frequency MHz

via apertures in the separating walls. The

screws shown are for opening and closing the Fig. 2 — Effect of 60 dB Bandwidth on Mid-band
apertures. Screws for tuning each resonator are Loss. F, = 150 MHz, n = 4, Q = 1000,
shown coloured. A_ = 60 dB.
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The Effect on Loss of Narrower Bandwidth

As the unwanted frequency bands are
pushed closer to the wanted frequency, the
filter is compelled to be narrower and narrower [
in order to provide the required rejection at the
stop band edges. To achieve this narrowing of
response, the coupling between resonators of
the filter in Fig. 1 is being reduced by closing up
the apertures. The effect on loss at the wanted
frequency is illustrated in Figs. 2 and 3. Note
that not only does the narrower filter have more
loss at the wanted frequency, but the edges of

the filter passband become more rounded. B
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Other Filter Types. The Minimum Loss Filter, 0 4 8 12 16 20 24
60dB Bandwidth MHz
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The responses shown in Fig. 2 are for a

Tchebycheff filter type for which the coupling Fig. 3 — Effect of 60 dB Bandwidth on Mid-band
coefficients are computed assuming lossless Loss. F = 150 MHz, n = 4, Q = 1000,
resonators. The effect of resonator losses is to A = 60 dB.
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smooth out the ripples which are characteristic
of the Tchebycheff passband response as well
as cause an increase in insertion loss. Since the
Tchebycheff behaviour is so utterly destroyed by
resonator losses, there would seem to be little
value in using a lossless design. The question
then arises: can a different type of filter
response be chosen so that the effect of losses
is reduced? Some other common types are il-
lustrated in Fig. 4 where the couplings have
been computed to give Butterworth,
Tchebycheff (as in Fig. 2) and the “equal
element” responses. The last type has been
shown by Cohn (Ref. 3) to be the optimum in
terms of mid-band loss. Also shown in Fig. 4 is
a predistorted or “loss-compensated” filter. This
is included to emphasise that, although it is
possible to achieve a Tchebycheff response in
the presence of losses, this can be done only at
the expense of a large increase in insertion loss.
It does produce a flat passband but at the ex-
pense of an increased insertion loss.

Increasing the Number of Resonators. The
Effect on Loss.

So far, it has been shown that making a filter
narrower increases the insertion loss and that
the best filter type to use to minimise insertion
loss is the equal-element filter. The examples
chosen to illustrate these points all used four
resonators. What about changing the number of
resonators? Might we expect fewer resonators
to give a lower insertion loss? The answer to
this question is surprising at first sight. It can be
illustrated with a numerical example of a filter-
ing problem stated in the following way. Sup-
pose the given resonators have a Q factor of
1000. A number of these resonators are to be
coupled together to form a filter which has at
least 60 dB rejection of all frequencies above
155MHz, and below 145 MHz while passing
the wanted frequency, 150MHz, with the least
attenuation possible. The minimum loss or
equal-element filter is used to illustrate the ef-
fect of number of resonators on the attenuation
at 150MHz and the responses are shown in
Fig. 5 for two, three, four and five resonators.

It can be seen that an increase, not a
decrease, in the number of resonators is needed
to reduce the loss. Notice that because the
various filters have been chosen for the same
60 dB bandwidth, the pass bandwidth of the
higher order filters is greater than for the lesser
orders. The wider pass band filter has lower in-
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Fig. 4 — Effect of Filter Type on Mid-band Loss. Fo =
150 MHz, n = 4, Q = 1000, Ar = 60 dB, Br
= 10 MHaz.
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Fig. 5 — Effect of Number of Resonators on Mid-
band Loss. Fo = 150 MHz, Q = 1000, Ar =
60 dB, Br = 10 MHaz.

sertion loss. Note also that, while the improve-
ment gained by using more than four resonators
is only slight, the insertion loss of a two
resonator filter is very poor.

Shown in Fig. 6 is a graph of insertion loss
against number of resonators. The ordinates for
this graph are the minima of the responses
shown in Fig. 5, but the number of resonators is
extended out to twelve. |t can be seen that there
is a shallow minimum at about seven resonators
and a steep rise below three resonators.

The expression for mid-band loss of
minimum-loss filters has been shown (Ref. 4) to
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be approximately

where FO is the pass frequency in MHz
Lo is the pass frequency loss in dB

Br is the stopband width in MHz

Ar is the stopband attenuation in dB

Q is the resonator Q factor
n is the number of resonators.

The graph of Fig. 6 is a plot of this expression
for Lo with Fo = 150, Br = 15656 — 145 = 10,
Ar = 60 and Q = 1000. Differentiation of
equation (1) with respect to n shows that the
minimum LO occurs for

Note that this is independent of all parameters
except stopband rejection. Although approx-
imate, the two formulae (1) and (2) are suf-
ficiently accurate for most purposes when Ar
exceeds 20 dB.

The Effect of Number of Resonators on Q
and Volume for a Given Requirement.

The graph of Fig. 6 and the expression for
loss in equation (1) can equally well be used as
the expression for the Q factor which is neces-
sary to meet a given requirement. For example,
if the Q specification of 1000 is removed and an
insertion loss requirement is substituted, say L
= 1 dB, in its place, then a graph for Q againsc%
n can be plotted. This curve has the same shape
as Fig. 6. However, writing the expression in
this form presents an opportunity for other
qguantities, related to Q, to be assessed. For ex-
ample, if helical resonators are used, the filter
volume may be calculated from the number of
resonators and the knowledge that the volume
of a helical resonator is proportional to the cube
of Q. It can be shown, in a similar way to the
derivation of equation (2), that the optimum
number of resonators for minimum volume is
three quarters of the number giving minimum
Q. Another quantity which may also be
evaluated in this way is filter cost, for which it
might be expected that a somewhat lower
number of resonators is the optimum.
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Fig. 6 — Effect of Number of Resonators on Mid-
band Loss. F0 = 150 MHz, Q@ = 1000,

Ar = 60 dB, Br = 10 MHz.

Notice that the optimum number of
resonators depends only on the stopband at-
tenuation. For example, if 30 dB of attenuation
is required to isolate, for example, two co-sited
transmitters, then four resonators should be
used for minimum Q and three for minimum
volume. If 70 dB of rejection is needed say, to
separate transmitter and receiver, then nine
resonators give the minimum Q and minimum
volume is achieved with seven. These formulae
make it a simple matter to determine, at least
approximately, the consequences of setting a
particular specification for the frequency
separation, isolation and insertion loss for a
transmitter-transmitter or transmitter-receiver
combination.

Stopband Attenuation Peaks

The attenuation of the ideal filters discussed
so far rises to the desired stopband level and
then continues to rise without limit. In practice,
it is usually sufficient for the attenuation to rise
to the desired level and then not fall below this
level anywhere in the stopband. The question
then arises of what can be gained by designing
a filter which achieves the stopband rejection
desired and no more. That is, can some of the
unnecessary attenuatien be ‘“given away” in
return for, say, a lower insertion loss? The
answer is that it can, and the means for achiev-
ing this is to introduce finite peaks of attenua-
tion (Ref. 8). This can usually be done without
increasing the complexity of the filter
significantly.
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Double Sided Attenuation Peaks

To illustrate this, Fig. 7 shows the response
of a four resonator minimum loss filter having a
60 dB bandwidth of 10 MHz at 150 MHz
centre frequency. The Q factor of the resonators
in this filter is 1000 and the passband loss
{shown on the ten times expanded dotted inner
curve) about 1.7 dB. Superimposed on these
curves, is the response of a filter having the
same number of resonators with the same Q
factor as before, but modified so that a pair of
attenuation peaks is introduced. The locations
of these peaks are controlled so that the filter
has the same 60 dB bandwidth as before and
so that the attenuation minima ensure that the
minimum requirement is achieved everywhere
in the stopband. It can be seen that the inser-
tion loss of this filter is reduced to about 1.2 dB;
that is, two thirds of the “unpeaked” value.

Both of these structures are equal element or
minimum loss designs in which each resonator
is coupled to its neighbour in the manner shown
earlier in Fig. 1. However, in the second case an
additional coupling path is introduced between
the input and output resonators (Refs. 6, 7),
{one-to-four coupling). If this crosscoupling is
opposite in sign to the main coupling path, it
produces a pair of attenuation peaks sym-
metrically disposed about the centre frequency
and has very little effect on the pass frequency
loss. The effect of the attenuation peaks is to
reduce the stopband width, which, when the
filter is rescaled to the original stopband re-
quirement, results in a reduced pass frequency
loss. Put another way: the second filter is
created by cross-coupling an unpeaked filter
which has a wider stopband and therefore
lower insertion loss.

Single Sided Attenuation Peaks

Attenuation peaks can be used to obtain
even less pass frequency loss when the stop-
band attenuation is required on only one side of
the wanted frequency. In this case, all the peaks
can be concentrated on this one side to max-
imise the attenuation here at the expense of the
other side.

A simple way of designing such filters is to
apply a frequency transformation to the
minimum loss filter (Ref. 5) to create multiple,
coincident peaks of attenuation in the stopband.
This technique simplifies calculation of the
response of the one-sided filter by relating it
directly to the two-sided response. The transfor-
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Fig. 7 — Effect of Double-sided Attenuation Peaks on
Mid-band Loss. F0 =150 MHz, n =4,Q =
1000, Ar = 60 dB, Br = 10 MHz.

mation may also be applied directly to the cir-
cuit elements of the filter as well as in the
calculation of response. The effect on the
minimum loss filter of Fig. 2 is to transform
each parallel resonant branch into a branch
which has both series and parallel resonances.
The resonators are identical, as before, but each
one is now series resonant in the stopband in
addition to being parallel resonant near the pass
frequency. It can be shown that the optimum
number of resonators is the same as for the
previous cases, but the pass frequency loss is
reduced to half.

The previous example is used in Fig. 8 to il-
lustrate the response obtained when the stop
attenuation is required only on the upper side of
the wanted frequency. Note that the attenua-
tion on the lower side slowly approaches 60 dB.

This circuit configuration has two disadvan-
tages which tend to reduce its practical value.
Firstly, the more complicated resonator tends to
have a lower Q factor than the simple one and
secondly, it is no longer feasible to use aper-
tures to provide coupling. Filters using helical
resonators may, however, be coupled with
cables which, although solving the coupling
problem, also add to the filter insertion loss.

It is also possible to apply this transformation
to the cross-coupled filter configuration and
thereby reduce the insertion loss to one third.
The stopband response in this case will have at-
tenuation peaks which are not coincident, but
distributed through the stopband. This produces
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a circuit configuration which has both cross
coupling and modified resonators. However, the
additional complexity is usually not warranted
because an equivalent performance can be ob-
tained by making the resonators different. The
change necessary is a retuning of each
resonator so that its series resonance cofres-
ponds to one of the desired attenuation peaks
while its parallel resonance is maintained near
the passband. The design of this type of fiiter
will not be considered here.

It should be pointed out that it is also possi-
ble to use generalised cross-coupling arrange-
ments between simple resonators to give this
type of response. These possibilities would nor-
mally only be considered when a particularly
difficult filtering requirement was encountered:
for example, where a wide, flat passband and
sharp transition to stopband, or where a con-
trolled phase response were required.

The ““Bandstop” Case

In the cases discussed so far, the stopband
has extended to zero and/or infinite frequency.
The greatest improvement in performance is
possible when the stopband, in addition to be-
ing single-sided, is confined to a finite fre-
quency band. As this band becomes narrower,
the improvement in performance increases.
Such a case may occur, for example, in an aerial
diplexer where a transmit frequency is to be
excluded from a receiver input while an adja-
cent frequency is to be admitted at that receiver
input. The design of diplexers having this type
of specification is discussed in reference 5.
These filters have the same type of asymmetric
response as discussed in the previous section
and are similarly based on transformation of the
minimum loss filter. It can be shown that, if the
width of the desired reject band is W MHz, and
the separation of the pass and stop centre fre-
quencies is S MHz, as shown in Fig. 9, then the
insertion loss at the pass frequency is reduced
by the factor W/2S. Since this factor is com-
monly less than 0.1, the practical difficulties
brought about by using complicated resonators
may be easily out-weighted by the savings in
overall complexity possible through reducing
the number of resonators required.

Conclusion

in this paper, the use of frequency difference
to separate signals is discussed. The filters
which do the separation are inevitably made
from lossy components, but it is possible to

GRAY — Practical Filter Spacifications
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minimise the undesirable effects of loss by
properly proportioning the filters.

Some of the principles to be followed in filter
design are somewhat surprising at first look. For
example, to diminish the insertion loss of a
filter, it may be advantageous to increase,
rather than decrease, the number of resonators
{Cohn’s principle).

The trade-off between stopband rejection
and insertion loss at the pass frequency is dis-
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cussed for bandpass, single-sided and bandstop

specifications. It is shown that the following im-

provements in performance are possible over

the simple coupled-resonator filter

@® the use of attenuation peaks in the filter stop-
band may reduce the insertion loss to two
thirds

@® a single sided stopband response may reduce
the insertion loss to one half

@ a narrow stopband or “Bandstop” filter may
reduce the insertion loss by half the ratio of
the stopband width to the frequency spacing.
It is hoped that an awareness of these princi-

ples will contribute to better multicoupler

design and more efficient use of our spectrum

resources.
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The Telecom ““Telefinder” Radio Paging

Service

B. E. ROBINSON, B.E., M.I.LE. Aust

Since its introduction in 1973 in Sydney and Melbourne the Telecom Telefinder radio paging service
has been in high demand and has been expanded to include Canberra and all State capital cities.
The service will be extended to serve many of the larger regional cities and will be improved to offer

additional facilities.

INTRODUCTION

The Telecom “Telefinder” radio paging service
is a one-way communication system which
provides a means of contacting each customer
of the service individually, at any time, while al-
lowing him freedom to move about within the
service area. The method used to contact a pag-
ing customer is to call his number from any
telephone connected to the Telecom telephone
network. Telephone calls to a paging customer
are directed to a paging terminal which encodes
the calls and transmits them through a number
of radio transmitters located throughout the re-
quired service area. Each paging customer car-
ries a pocket-sized radio receiver which receives
and decodes all of the transmitted calls, but res-
ponds only to its own exclusive code, by
generating an audible, visual, or tactile alerting
signal. The alerted paging customer then takes
some pre-arranged course of action, which
might be, for example, to telephone his
secretary to obtain a message. The Telefinder
system is capable of serving up to 100,000 sub-
scribers over a single, voice frequency
bandwidth radio channel.

THE RADIO PAGING SERVICE

The service, first commissioned in Sydney and
Melbourne in December 1973 with equipment
of 3,600 customer capacity in each city, was
highly successful and achieved a high growth
rate in the number of customers connected, so
that within 2 years, replacement of the
switching terminals with terminals of 10,000
customer capacity was necessary to meet de-
mand. Within a further 2 years, expansion to

ROBINSON — Telecom Radio Paging Service

20,000 customer capacity was required in each
city. In 1976, the service was extended to in-
clude Canberra and Brisbane and in 1977,
Adelaide, Perth and Hobart were served. A
functional illustration of the system is given in
Fig. 1 and Table 1 gives information on the
equipment locations and transmitter powers.
Fig. 2 shows the growth in the number of pag-
ing customers connected to the services. Each
area served includes a major city and the
telephone network unit fee call area associated
with the city.

THE NETWORK CONFIGURATION

The equipment used in the Telefinder network
comprises a paging switching terminal which in-
terfaces with the telephone network, a number
of circuits carrying paging calls and control and
supervisory signals between the terminal and
the paging transmitters and a number of paging
transmitters.

The Telephone Network Interface

The paging switching terminal is designed to
connect into the telephone network, via a
number of circuits, at Group Selector stage level
and to use decadic signalling. Future systems
will be required to operate with multi-frequency
code (MFC) signalling.

The Paging Switching Terminal

The Telefinder system requires equipment
known as a paging switching terminal, to accept
paging calls from the WNational Telephone
Network and to generate paging codes. A
modern paging switching terminal comprising
one 1930mm height by 533mm width rack of
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TABLE 1 — EQUIPMENT

TERMINALS TRANSMITTERS
SYSTEM
LOCATION SIZE LOCATION POWER
{CUSTOMERS) (WATTS )
SYDNEY HAYMARKET EXCH. 2 = 10,000 PARK REGIS 150
WAVERLEY 150
MT ELLIOT 150
DURAL 150
CECIL PARK 150
CANBERRA SYDNEY 1 % 10,10,000 BLACK MOUNTAIN 200
MELBOURNE LONSDALE EXCH. 2 x 10,000 LONSDALE EXCH. 150 %
MT DANDENONG 150
ARTHURS SEAT 150
PRETTY SALLY 150
BRISBANE EDISON EXCH. 1 x 10,000 COMMUN ICATION HOUSE 80
MT. COTHA 80 ®
EAGLE HEIGHTS 80
ADELAIDE WAYMOUTH EXCH. 1 x 10,000 WAYMOUTH EXCH. 80
MT LOFTY 80
MT RONYTHON 80
PERTH PIER EXCH. 1 = 10,000 PIER EXCH 80
MT BICKLEY 80
FREMANTLE 80
HOBART ME L BOURNE 2 % 10,000 MT WELLINGTON 80 %
® A COLD STANDBY TRANSMITTER IS PROVIDED
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Fig. 1 — The Telefinder System.

equipment is capable of serving up to 10,000
paging customers. To provide service to several
tens of thousands of paging customers, as is re-
quired in the Sydney and Melbourne networks,
a number of these racks may be connected in
parallel at the output. An allotter is used to allot
to each terminal time slots for access to various
groups of paging transmitters. Integrated cir-
cuits are used extensively throughout this
equipment.

Call Input Procedure

A paging number is accepted from the ex-
change into the terminal which is equipped with
a number invalidator unit for preventing invalid

ROBINSON — Telecom Radio Paging Service

numbers from being accepted by the terminal. If
the number is invalid, 7 seconds of invalid
number tone is sent to the calling customer and
the trunk is released. If the number is valid, 4
seconds of ring tone is sent to the calling
customer, the number is stored and the calling.
customer is charged. A call accepted announce-
ment stating “your call has been accepted and
will be paged”, is sent to the calling customer
and then the circuit is released. The procedure is
repeated for other calls entering on that circuit.
To handle the paging traffic, a number of circuits
are required between the exchange and the
switching terminal. The equipment is capable of
accepting simultaneous calls on these circuits
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Fig. 2 — Radio Paging Customers Connected.

with a delay of not more than 25 milliseconds to
any one call.

Call Ouiput Procedure

All valid incoming calls are put into a store. In
the call output procedure, which is largely in-
dependent of the call input procedure, the calls
are taken out of store, encoded and sent to the
radio transmitters. If the store is not empty, the
next available number is removed from store
and the encoding circuits are prepared. If the
transmitters are not switched on, they are
first switched on, and test modulation is sent. If
the transmitter carrier and modulation levels are
normal, the test modulation is removed and the
call is encoded and sent. If transmitters are
faulty, but the fault is not major then the call is
processed, otherwise a major alarm stops the
terminal operation. After sending a call, the next
call in store is processed. When an empty store
is found, the transmitters are held on for 66
milliseconds to allow calls to come in and to be
processed without a transmitter check.
Modulation level and power output of a
transmitter is checked each time that it is
turned on.

Detailed Operation

With Reference to Fig. 3, a number of circuits
from an exchange connect to a corresponding
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number of input modules in the switching ter-
minal. The input modules, together with a store
are connected in parallel across an input bus. A
number of transmitter control units {TCU), a tone
coding timer and a tone synthesizer are con-
nected in parallel across an output bus. A con-
troller scans the input modules continuously at
a rate of one module per millisecond, addressing
each module in turn.

When an input module is addressed and is not
busy sending supervisory or clear down signals
back into the network and has a call ready for
processing, then it puts the number which it has
in its store onto the input bus and prompts the
controller to process the call. The invalidator,
which is also connected across the input bus,
responds if the number is invalid and marks the
bus accordingly. If the input bus is not marked
invalid and the controller has been prompted by
the input module, then the controller prompts
the store which stores the number in the next
available empty location. However, if the input
bus is marked invalid, the controller prompts the
input module to send number unavailable tone.
If the store is full when the input module is ad-
dressed, then the controller does nothing. The
store is addressed in the same manner as an in-
put module and when addressed, if the output
circuits are not busy processing a call, then the
next call in store is placed in the controller out-
put latch. An empty store, however, would
result in no action. The latch holds the number
on the output bus, freeing the controller to
process other calls through the input bus. The
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Fig. 3 — Paging Terminal Schematic.
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Fig. 4 — Coding of a Paging Transmission.

tone coding timer, when prompted by the con-
troller, encodes the number in conjunction with
the tone synthesizer and sends the call through
the transmitter control units to the transmitters.
After a call has been sent, the output modules
signal the controller that call processing is com-
plete.

Area Steering

Calls may be steered to one or more different
areas. Each of these areas will be served by a
transmitter or group of transmitters. Each pag-
ing number may be “tagged” in the terminal
with an area code and each transmitter control
unit in the terminal may be strapped to transmit
calls tagged with one or more of the codes. The
controller selects the areas one at a time and
following each selection, it takes from store
calls tagged for the area, encodes them and
sends them to all transmitter control units. Prior
to the first of these calls being sent, the
transmitter control units strapped for the
selected area switch on and test their
transmitters in preparation for call transmission.
The equipment currently used allows seven
different areas to be served.
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THE CODING SCHEME

In order that a paging number when dialled may
cause the corresponding customer, and no other
customer, to be alerted, a method of
representing a paging number uniquely is re-
quired. This method, or code, must be suitable
for transmission over interconnecting circuits,
which may be physical lines or radio systems.

The coding scheme used by Telefinder is a 5
tone sequential decimal digital system shown in
Fig. 4. For each paging call, five tones are sent
in sequence, each tone representing one digit of
the pager number. There are ten tone frequen-
cies, to represent the digits 0-9 and an eleventh
tone, called a repeat tone, is used to replace any
tone which would otherwise be repeated, when
two adjacent digits in the number are identical.
This allows the paging receivers to detect the
end of one tone and the start of another, when
adjacent, identical digits are received, as il-
lustrated in Table 2. After a period of at least 35
milliseconds of no tone, all pagers reset ready to
decode the next call. A typical paging transmis-
sion starts with test tone, to test the transmit-
ters, followed by a period of no modulation, then
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TABLE 2 — CODE TONE FREQUENCIES

TONE FREQUENCY (Hz)

459
600
741
882
1023
1164
1305
1446
1587
1728
1869

2010

OO~ s WN = O

DUAL ADDRESS

USE OF THE REPEAT TONE

NUMBER TONE SEQUENCE
15332 153R2
122 1R12R
11111 1R1R1

preamble tone which is used to deactivate a
battery saving facility provided in some paging
receivers. Next a group of paging calls,
preceded, separated and followed by a reset
period of no modulation are sent. All paging
calls requiring transmission at this time are sent
and transmission of the next group starts again
with test tone.
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THE SYSTEM CAPACITY

The duration of each tone of the code is 33 mil-
liseconds and the duration of each paging call is
about 200 milliseconds. Therefore the traffic
capacity of the radio channel is 5 paging calls
per second or 18,000 calls per hour. The
measured paging call rate, based on the number
of calls in the busy 3 minutes of any one week
period, is equivalent to a maximum of 13 per
cent of the connected paging customers being
paged per hour. Therefore the maximum
number of customers which may be served on
one radio channel is 18,000 calls per hours traf-
fic capacity divided by the calling rate of 13 per
cent or somewhat more than 100,000. The five
digit code allows 10° or 100,000 paging
numbers to be encoded. Therefore traffic
capacity and coding capacity are similar.

INTERCONNECTING CIRCUITS

Interconnecting circuits are required from the
paging switching terminal to each radio paging
transmitter to carry the transmitter turn-on
signal and to carry the paging tone codes from
the terminal to the transmitter. A circuit is also
required to signal normal operation of each trans-
mitter to a terminal. The allowable variation in
the level of a signal received from a circuit is
less than 6 decibels for satisfactory paging
system operation. Therefore paging transmitters
are equipped with an under-modulation alarm
set at 2 KHz deviation and an over-modulation
alarm set at 4 KHz deviation. The Telecom Plan-
ning Specification for data transmission circuits,
which is applied to the circuits carrying the pag-
ing tones sets the frequency-amplitude
response limits for the paging tone frequency
range of 450 Hz to 2,000 Hz within +3 to—1
decibles, or 4 decibels total range. The limit set
for loss variation of a circuit with time is + 4
decibels or 8 decibels total range. Therefore the
levels of tones received over these circuits may
vary as much as 12 decibels with frequency and
time and constant level amplifiers may be re-
quired at the transmitters to reduce these level
variations to less than 6 decibels.

RADIO PAGING TRANSMITTERS

The frequency modulated radio transmitters
used in the Telefinder system are similar to
those used in mobile radiotelephone applica-
tions, however, power outputs may be up to
200 watts and no pre-emphasis is used as it
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has no advantages for the sequential tone
modulation system used. A VHF radio fre-
quency of 148.0125 MHz is currently used for
all paging transmitters. Facilities are provided
for remote on and off switching of the transmit-
ters. Alarms are generated if the carrier level is
low or if the modulation level is below or above
the set limits. Transmitters currently being
purchased for the Telefinder service use solid
state devices throughout including the final
power amplifiers.

RADIO PAGING RECEIVERS

Fig. 5 shows several types of radio paging
receivers, commonly called pagers. The pagers
are small and fit readily into the shirt pocket. All
pagers of any one type are identical, except for
a coding plug or coding link board which may
be programmed or strapped with the paging
customers number and which may be changed.
This allows any pager to be assigned to any
paging customer with change of plug or links
only and without modification of the pager cir-
cuitry. One type of paging receiver has a switch
with “off”, “store call” and "on’" positions and a
push-down “cancel” and "interrogate” position.
When switched from “off"" to “on" if the battery
voltage is satisfactory an alert is given which

may be cancelled by pushing the switch down.
In the “on" position, reception of a page gives
an immediate alert. In the "store call” position a
received page is held in memory and no alert is
given until the switch is pushed down, which in-
terrogates the memory and gives an alert if a
call has been received previously. If the
customer does not cancel the alert, it self-
cancels in about 15 seconds. Other facilities
available in some paging receivers include dual
address, silent alert and battery saving. The dual
address pagers use two telephone numbers and
a different type of alert will be given depending
on which number is called. Two types of alert
available include continuous tone and inter-
rupted tone. The silent alert paging receiver
provides a sub-audible frequency vibration out-
put. The battery saving facility allows the pag-
ing receiver to turn itself off for a high propor-
tion of the time when paging calls are not being
sent which extends battery life by typically
three times. Some typical battery life figures are
given in Table 3.

Paging receivers are commonly double conver-
sion superheterodynes and the antenna may be
a small loop built into the pager case, providing
a gain of about 20 decibels below that of a haif-
wave dipole. Following demodulation of the

Fig. 5 — Radio Paging Receivers.

ROBINSON — Telecom Radio Paging Service

133



TABLE 3 — BATTERY LIFE

Battery Type Battery Life

(in weeks)
With Saving Without
Alkaline 17 6
Mercury 26 10
Nicad 2 0.8

carrier signal, a 5-tone decoder and sequencer
connects or programs tone selection filters un-
der the control of a coding plug with maybe a
small programmable read-only memory or a link
board. In the absence of any detected tone for
33 milliseconds, the sequencer, via the coding
plug, selects the filter for the tone frequency
representing the first digit of the pager number.
In other words<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>