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ENGINEERING AND MAINTENANCE OF PHASE SENSITIVE COMMUNICATIONS SYSTEMS

By: A N Holdstock

HISTORICAL

Two problems believed to be associated with phasing became apparent at Chaveley
Regional Wireless Depot during 1952.

a. The weak, distorted and "unreliable™ signala which became
apperent in the newly installed Master Station Scheme in
Norfolk.

b. The weak, distorted and "unreliable" gignala which were
apparent in the atandard four station Scheme in Essex.

There was little or no information available on the need to ensure phase compensa-
tion, neither were there any established means by which differences could be
measured and subseguently corrected. Compensation for link path difference was
the only established consideration and took the form of a variable phase compensa-
tion device which was adjusted on the bmais of five microseconds per mile of path
difference.

T S S

Phase measurements were carried out using an osecillcacepe as the indiecator, and
logging frequencies at which phase relationships were O degrees, 90 degrees, 180
degrees and 270 degrees. From these pointe reascnably accurate curves could be
drawn and other phase conditions interpolated.

It became plain from these results that substantial phase errors existed between
the Haster Station and either of the two "slave" esitese, also theae errors ware
almost identical with the input/output phase relationship of the link transmitter
and link receiver in cascade. The latter equipments are used in the "slave"
station path and not in that of the Master Station.

In order to aveid using an actusl link transmitier and receiver as compensation

at the Master 3tation, s passive LCR circuit was developed and assembled by

J C Cornwell which was an almost exact replica, phase-wige, of the link transmittey
link receiver combination. This phase delay unit was instaslled in the Master
Station a.f.path. The result wae slmost complete elimination of distortien.

The E i 1y linked Scl

Tests on this scheme indicated that phase reversala were taking place, and these
were almost certainly due to:-

a. 180 degrees difference in equipment internal connectiona.

ba Reverssl of connections to equipment and rack wiring because
plug and socket connections were not used.

In order to emsure that both operational and apare unita could be freely inter—

changed, it was suggested by A T Dobaon that equipment should be phase checked
ageinst a met of "standardised" instruments,
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AB no phase meter was available, the inatruments (specially checked and
uda.ptad} consisted of an r.f, Generator, am a.f Generntor and an 8scilloscope.
With this equipment all the units and rack wiring throughout the region were
checked and standardised. This resulted in the quality and performance of
the schemes being vastly improved.

Ihg Happabire Fire Brieade Scheme

In 1964 this scheme was installed as a Msater Station scheme with line links
from Control to the Master Station. It wams the subject of much complaint
from the Chief Fire Officer and his Senior Diwimional Officers who stated
that the whole scheme was "unreliabla".

After a great deal of investigation and work by the installation team had
produced no improvement, it was agreed that Hannington Regional Wireless Depot
ghould pursue s new line of inwestigation. Listening tests carried out in
selected areas indicated that the phasing was probshly the main cause of the
trouble. Accordingly measurements were carried out on each individual unit
and on the rack wiring,

These messurements referred phase displacement to a set of standard inatru-
ments which consisted of an r, f.Generator, an a.f.Generator and a phase meter.
Reversed connections were rectified and eguipment internal phase displacement
was noted.

The standard phase delay unit of 250 micro-seconds was incorporated into the
Master Station a.f. paths to compensate for the link transmltter and receiver
which were used to link the Master Station with "slawve" stations. The
nominal average phase displacement of the link transmi tter/link receiver
combination was 280 micro-secconds but it was found that the standard unit
effected a satisfactory compromise. Curves reproduced in Mg 15 C and D on
Page indicate the residual error.

Differences in modulator :anutf output phase relationship between the Pye PTC
353 (50W) and F3008M [250) transmitters were noted, and as the phase differ—
ence was non-linear and would therefore be difficult to compensate, all trans-—
mitters were changed to the standard F300AM type.

These measures resulted in an immediate improvement of aree cover and speech
quality and aleo eliminated complaints of "unreliability". Further work in
the ares of signal melection and the tailoring of merial sysiems effected
forther improvements and therefore consclidated the operational effieiency of
the achemea, There ie no doubti however that phasing must be held responsible
for at least 70 to 80 per cent of complainta.

The Chief Officer was absolutely determined to accept no compromise with an
idesl end in this he was fully supported by his Senior Divisionel (fficers.
When, therefore, this scheme was accepted as satisfactory, and additionslly
the Chief Officer could find no scheme in the USA to compare with hia o,
the ability of correctly adjusted schemee of this type to produce highly
satiafactery communications had been proved.

There was no relaxation of the atandards required by the wser, and no "stroke
of luck" assisted the engineering effort. This scheme must remsin a classic
example of what can be mchieved and the way in which any eimilar task should
be tackled.
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It is interesting to note that this same scheme which has been the subject
of recent complaint was tested on the outgoing chamnel using new methods,
and a discrepaney of 140 degrees in the phase relationship of two channels
was measured at 1EHz.

Work described in this historical asection, and other work carried out aince,
has not resulted in comparsble nationsl standards of excellence for the reasons
listed below in order of importance:-

8. There has been no satiafactory method of rapid oversall
phase teat to provide an early warning of a discrepancy before
this becomes complicated by further fault conditions,

b. Checking individual items of equipment is excesepively time
consuming if it is to be undertaken at the necessary
frequent intervals. Unleas "national standards" are
estgblished and maintained, the exercise of combining the
various phase relationship of equipment and rack wiring as
a "paper exerciss™ ie in iiself a hazardous procedure if one
appreciates that one error can wreck the whole operatiom.

e. No input/output phase relationship limits have ever been
accepted as necessary in the case of items of equipment.
Consequently they have never been imposed as a part of
the equipment specifications,.

d. ¥With the continusl increase in staff, (the majority of whom
have never bafore been involved in the practiecal application
of phase relationship to commumications systems), the
importance of thie subject seems never to have been suffieiently
appreciated to ensure that all staff are made aware of the
implications.

&7



PHASING - Introduction

When two or more sine wave voltages of the same frequency are combined, tha
amplitude and phese relationship of the resultant is the vector sum of the
components. Whatever the phage and amplitude relationships may be, the resultant
waveform will be a faithful replica of the components, ie no distortion will be
introduced.
The principle is used to provide a convenient form of "variable phase wave—
form generator" in which two identical sine waves, in quadrature, are combinmed
in various amplitude relationships by means of & differentisl gain control.
ghig ca;.;han be calibrated in phase angle from O to 90 degrees. See figures

) aAn| .
Waveforme 1 and 2 are identical sine waves with '1' leading '2' by 90*. Waveform 3
ia the resultant obtained by the wvector addition of 1 and 2,

When a ¢omplex waveform, eg square wave, or a gpeech waveform, is subjected to

a time or linear phase delay, for example during

a. amplification
b. tranamission at audio frequeney over a line

(With regard to a. and b, above it should be noted that whilst amplifiers
and transmission lines cannot be said to produce sbsolutely linear phase
delay, high quality amplifiers and transmission lines can be assumed to do mo
at the low frequencies being coneidered in this paper.)

¢. ‘trensmission ss the modulation of r.f. carrier in space
d. transmiasion as a mound wave in apace

then providing the relative amplitudes of the component parts remain the same,
the resultant waveform, although different in phase, will be a faithful
replica of the original, ie no dlstortion will have been introduced.

There are two simple ways in which the difference between the original and
resuliant waveforms can be demonstrated:-

a, By the use of square waveforms, which although they can be broken
down inte an infinite number of component wavefor®a, and are therefore
highly complex, can be easily handled graphically.

b. By calculating the resultant amplitudes of frequencies within the
range of interest, then plotting these as a gailn or loss against
frequency, the result being a frequency responsde curve.

Waveforms 4 and 5 on the previous page, are identical symmetrical square
waves with "5" lagging by 90 degrees with respect to "4". Adding these
together graphically produces & resultant, Fig 6, which is nothing like
the original. Distortion has besn introduced.

Calculation of Relative Amplitudes of Resultants
(Plotting the result as a db. gain or loss.
Coneider what happens tc the phase of sinusoidal waveforms of differing

frequencies when they are subjected to a fixed time displacement.

Accept the basic frequency az 1XHz and the time displacement as 250 micro—
seconda;the phase displacement will be 90 degrees. If the frequency is now
inereased to ZEHz the same time diaplacement of 250 micro-seconds will
produce s phase displagement of 180 degrees,
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For a frequency of 4KHz it will be 360 degrees or O degrees,

If now two somic waves V1 and V2 of equal amplitudes, and of the above
frequencies, are combined, then the resultent amplitudes will be for:-

1 FHz = 90 degrees phase diaplacement ﬁ (v1 + v2)
2 ¥Hz = 1BOD " " " 0
4 THz = 360 " " n (v1 + v2)

Thue if we commence with a complex waveform containing all these frequencies
the resultant amplitudes of the component frequencies will vary between 0 and
+ 6 db.

This is exactly what happens when speech from & common source travela by
different routes such thatow 1s displaced in the time domain, with reapect
to the other, and then recombined either:-

8. At the receiver detector when two iransmissions are simultaneously
received, or

b. In an electronic mizer or combining pad fed with the output from
two receivers.

Home Office Schemea:

These two conditions exiat within Home Office multi-station schemea and it is
interesting to compare the relative nuisance value of these two methods of
combining.

Maximum Distortion for a given phsse displacement will be produced when the
gignals concerned are combined in equal amplitudes,

a. When two transmitters are received on the same receiver the a.g.c.
system is a common factor which will ensure that the amplitude of the
speech output from each demodulated carrier will (if we assume that
each carrier was modulated equally) be proportional to the receiver
carrier level,

Thus if the two transmissions being received were modulated in phase,

and the phase difference at the receiver was due to different
transmission path distances between each transmitter and common receiver,
one carrier is likely to be weaker than the other.

Therafore the phagse difference will produce less distortion than if

the signzls had been of egqual amplitude. When the aignal

paths  between transmittera and receiver are equal, the modulation
is likely to be in phaee, or nearly so, hence any distortion introduced is
probably minimal., In practice thinge are not aa simple as this but
nevertheless the tendancy is towards mitigation, and good scheme deasign
can sesist the process,

b. When & transmission is received on two separate receivers the a.g.<.
systems of these will meintain the receiver output almost constant
irrespective of input. Thus speech signals received over vastly different
distances, and therefore displaced in phase, are almost alwaya mixed in
equal quantities and maximum distortion will result. The only repedy for
this state of affairs is either to reduce the a.g.c. effsctivensss or to
eliminate one recsiver by a process of "best signal only" selection.
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Compariason with Public Address Systems

A kindred problem to those discussed under a. and b. above occurs with publie
addreass and other aocund re-inforcement eystems that use more than one spesker,
In this case however, because of the very much alower apeed of sound compared
to that of electromagnetic waves, small differences in distance produce large
time displacements and it is word syllables which are displaced and can
result in echo effects.

This displacement can result in unitelligible speech and the remedy lies in
the design of the system. It must ensure that:=

a. As far as possible one speaker unit should cover one area,

b. Speakers are in phase, ie that cones and diaphragms move forward
together.

c. In speaker overlap areas, equal sound levels are received at
equal distances.

30 far we have considered a phase delay displecement that is linear,
ie that which results from a time delay factor which is constant
irreaspective of frequency, the resultant phase change being directly
proportional to frequency.

The fact that no change in waveform results from such a phase
displacement can easily be aeen by traversinz the waveform in the time
domain, when a conatantly changing aspect of the same waveform is seen,

Phase chenge, however, ig not always linesr and that which results from

the passage of a waveform through an amplifisr is almost certain to be nen-
linear, unless steps are taken, as in high quality equipment, to remove the
non-linearity by inverse feedback or other means.

One factor that affects the linearity of phase change is the chenging
impedance of rescnant L,C.R. circuits with respect to frequency, At the
resonant frequency the circuit impedance approaches R and the phase
change becomes zero,

Thia state of affairs is not normally tolerated within the band of frequencies
in question, and the input/output phase change can be quite considersble
bafore the non=linearity is sufficient to cause serious audible distortion.

The term "phase distortion" impliea that the waveform has been changed or
di=torted as a result of phase dieplacement, but as the waveform produced
by a mingle freguency ie not distorted by a change of phase, and a complex
waveform 1s not distorted by linear phase change, the term must imply "non-
linear phase displacement of a complex waveform",

It is interesting to compare the distortion resulting from the non-linear
phase displacement of a single complex waveform with that which results
from miring together two identical complex waveforms, one of which has
been subject to a linear phase displacement.

In the case of the mingle complex waveform, after linear phase displacement the
component parta of the waveform are still present in the same amplitudes, but

are displaced with respect to one another, with the result that the complex
waveforn is no longer the same, although the average power would remsin unchanged.
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In the came of the two compler waveforms, combined after only one has been
subjact to a linear phase displacement, the component parts of the waveform
will be leas than the simple sum of the two. In fact, where the phase
displacent for a particular frequency happens to be 180°, the result of mixing
the waveforms at equal amplitudes will be the complete elimination of the
frequency in queation.

Thus the totml average power will be lege than it would have been had the two
waveforms been in phase with one another.

If in the second case we include non-linear phaae diasplacement then the
resulting waveform will contain both forma of distortion.

Although the phase distertion present in equipment does not normally merit
serioua consideration, there is a ecase for taking all reasonable ateps to
limit the phase displacement in equipment because:-

a. vphase displacement in a gystem is cummlative

and b, the greater the phase displacement, the greater the poasible
non-linearity and also the change dus o component deteriocration.

T



THEQORY AND FRACTICE

Prior to the installation of the first Home Office multi-station spaced carrier
aystem in 1946/7, a paper produced by J R Brinkley outlined the theary of the
schems, allocating to each station an "area of capture" as shown in Fig 7.

Theoretical ecircular areas were drawn to indicate marimum areas of cover,
consistent with very small areas of "double capture” (ie areas where signals
may be received from and transmitted to two sites at once) that were slmost
equidistant from the sites.

Under these circumstances there was little need to bother with considerations
of phase, other than to ensure that main transmitters wers modulated in phasse,
and the signals received on main receivers and subsequently passed over lines,
or radio links, t¢ a centrel point, should arrive at that point in phase.

As control points are usually aituated at Police HQ, and would not necessarily
be equidistant from hill-top sites, compensation was introduced in order to
ensure that eignal transit time (over radio links) was the same in each case.
This was accomplished by incorporating time delays at remote sites and HQ on the
basis of 5 micro-seconds for each mile requiring compensation.

Unfortunately the area which requires to be covered is irregular in shape, the
hill-top sites cannot be positicned at will and there is no control over the

type of terrain, These factors all add up to highly irregular "areas of capture"
within which appear isclated areas of no cover, and additional isclated areas

of double cover ss indicated in simplified form in Fig 8.

It is an jnescapable fact, therefore, that either:-
a. there must be large arees without cover
or

b. there must be subatantial areas which are served by at least two
stations. Many of these areas will be far from equidistant frem the sites
which serve them.

Although a acheme may commence life somewhat biased towards a,, the inevitable
demand for greater cover will be met by the installation of more powerful
transmitters, high gain serial systems, or a greater number of more sensitive
receivers, Unless great care is exercised in the choice of directionsl aerial
syotems the remedies must result in a marked iendency towarde condition b.

Fortunately the picture is not as black ss it seems at first sight, due to the
fellowing reasons:—

&. "Noticeable distortion" is not produced until & 2 KHz speech
component is displaced in phase by 90 degrees (this corresponds to a
difference in distance of 25 miles) and the two signals must be equal in
amplitude.

b. In the case of signals transmitted by control and received on a
common receiver it was shown earlier that there is no "signal equalising”
syatem, thus the likelihood of substantial areas of equal signal strength

ie remote,.



¢, In the case of signals returning to confrol via mein stetion
receivera there is a very effective "signal equalising®™ syetem in the

main receiver a,g.¢, Thus it is almost certain that whenever signals

are received at two or more points,the speech output from these receivers
will be mppreximately equal in amplitude, Fortumately automatic selection
of cne receiver overcomes this problem feirly easily.

d. The careful use of direetional azerial asystems can produce
substantial improvement, and where two clearly defined arsas of cover
are required from one site,then two such merisl systems can be fed each
into individual receivers. By intercomnecting the two receiver a.g.c.
systems, and feeding both speech outputs into a common link, an overall
improvement in signal to noise ratio can be obtained.

So far we have discussed straightforwardly 2 or 3 atation achemes whereby
the main sites are directly linked to the control as shown in Fig 9.

Master Station Schemes

Where there is difficulty in providing direet links from aites to Control,

a convenient "high site" capable of being linked to the Control is chosmen

and need Ba a repeater station., If this eite is also used as & main frequency
transmitting and receiver site, it is known nas a Master Station, and the
acheme 18 a Master Station Scheme. See Fig 10.

Signale received at the Maater Station from Centrol will be fed into:-

- The Mapter Statlon main transmitter.

b. The link transmitter for onward tranemission to the other =ite or
gitea,

Thus if we consider the maater station and its satellites it is obvious

that signals transmitted from satellite main transmitters will have travelled
via an extra link transmitter and receiver compared tc those from the master
station. During their passage through these equipments the signals will be
subject to additional phase delay. Therefore master atation transmitters and
satellite transmitters will no longer be modulated in phase. See Fig 11.

Similerly, on the incoming signal path the manter station main receiver
will be directly connected into the mixer unif, whereas the satellite main
receiver outputs will be transmitted to the master station via a link
transmi tter and receiver before being passed on to the mizer unit. There-
fore signala which arrive at the two main receivers in phase will no

longer be in phase at the mizer, This is, of course, due to the fact that
in one signal path the introduction of link equipment will have delayed the
phase of one signal with respect to the other.

Fig 11 is a graphical representation of input/output phase plotted againat
frequency for:—

1. A link transmitter and link receiver.

3. A 280 micro-second phase delay (thenearest compromise phase delay
to the transmitter/receiver characteristics).

4. & 250 micro-second phase delay (the nearest standard phase delay
unit te the required 280 micro-second).
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2. The residual phase relationship when transmitterfreoeiver is
compensatad for by & 250 miero-seeond phaass unit,

5,6,7. Corresponding phase delays caused by s signal transmit path of
30, 20 and 10 milea,

From these curves it will be noted that the inclusion of two additional unite
haa & far more serious effeet than that due to 30 miles difference in distance,

In a master atation scheme, as was shown earlier, the additional equipment will
be found in both the outgoing and incoming signel paths. When the system 1=

used in the "talk-through" mode, with signals arriving at Control being re-
imposed upon the outgoing signal path, the effect is cumulative in a particularly
unfortunate manner.

Referring to Fig 12(1)on page ,(showing phase delay due to equipment on the
incoming channel), if instead of combining these sigmala in a mirer they are re-
tranamitted independently, then the cumulative phame delay of incoming and
outgoing chennels will be aa shown in Fig 12(ii) from which it will be seen that
the input/output phase relationship passes through 180° twice at approximstely
830Hz and 3000H=z.

Adding these two signals together in a mixer, or other combining device, will
produce a voltage output/f uency characteristic shown in Fig 12(iii) for the
incoming channel, and Fig fg?iv) for the talk-through mode. These curves show
a sharp cut off in frequency reaponse at 830 and 3000 Hz with corresponding
reductions at intermediate frequencies between these limits.

In practice this is not what happens, Signele are combined after being received
and then re-imposed upon the outgoing channel, asm one signal, with ita component
parts changed in amplitude due to the combination of out of phases signals.

The sacond phaae delay then tekes place, and a second resultant is finally
received at the other end of the talk-~through chain with the amplitude of its
component parts further affected by the second mixineg action.

Fig 13 represents the frequency characteristic obtained by mixing aignals which
have phase displacements shown on Fig 11. The vertical scale is linear and
represents voltage or power output from the mixing device, with the figure 10
being the output from & single channel with a linear frequency characteristic
and input.

(&) Showa the characteristic for outgoing channel only.
(B) " " n "  talk-through mode.
(c) " " " "  the outeoing channel with a

250 miero-second phase compensation.

(D) Shows the characteristic for talk-through mode with
2 r 250 micro-asecond phase compensation units.

(E & F) Shows the characteristic for 10 and 20 mile path differences.

The frequency characteriatic curve for the talk-through mode shown at Fig 13 (B)
indicates serious attenuation of a broad band of frequencies, the voltage
output being more than 20db down between 1KHz to 2.3KHz. The effect of this on
the intelligibility of speech will be far worse than that dus to the frequency
characteristica shown in Fig 12,
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If we assume that the low pass filter st the receiver will reject the higher
frequencies where they re-appear in Fig 13,we are left with a system which
removes all frequencies above 1 KHz, and by reference to articulation curves
produced after Fletcher, see Fig 14 on page we can see that this set of
conditions is likely to result in not more than 40% of transmitted sounds
being recognised. Furthermore, one would have to consider the deleterious
effects of other hazards to fully appreciate the effect upon the systiem.

¥Whilst we have presented the worst conditions caused by known and constant
factors, these, or similar conditioma, could be produced over fairly large
areas if the phase differences due to distance and terrain were taken into
account, The articulation of apesch will, to a large extent, depend upon the
armonic content of the reproducticn, and for & given frequency response this
will in turn depend upon the fundamental frequency of the woice.

The peak power of man's voice occurs at appraximately 500 Hz snd for women
it is an cetave above, namely 1000 Ha, It followa, therefore, that a
frequency characteristic such ss that shown in Fig 13 will remove most of
the second and third harmonica from male voices in the talk-through mode,

and proportionately less in reapect of the outgoing or incoming channels
individually, In the case of female voices however, much of the fundamental
frequency will slse be removed and thus reduce not only intelligibility but
the volume or power.

It must also be rememberad that the curtailment of the frequency response is
restricted to those signals where identical but out of phase waveforms are
combined,ie the speech produced by the transmlitter. On the other hand, noise
received on two main receivers and subsequently combined, will be additive
and noise received on a mobile receiver will be passed on to the output
without modification or reduction due to phase. Hence there will be an
inevitable reduction in 3 + N and this will be mors marked in the case

N

of female operators than male operators.

Differing Types of Equipment

8¢ far, consideration has been given to the adverse effect of unequal
distance end the employment of additional equipment at scme sites.
However, dissimilar equipment can produce equally sericus phase differences.

Due to variations in design, the presence of regeneration, or the application
of inverse feedback, audio frequency amplifiers,in receiving equipment and
transmitter modulators in different types of equipment (possibly of the same
manufecturer), will have different input/output phase relationships.

4 further hazard exists in that s large proportion of equipment exhibits
in-phase conditions at around 1 KHz, Therefore,if simple pharing checks are
carried out at this frequency without regard to the inputfoutput phaze
characteristic, it may well be assumed that two different tranamitters have
aimilar phase relationships {which they have at 1 ¥Ez) whereas at 1,5 EHsz they
may be vastly different.

link Path Differences

The location of hilldop sites is decided on the basis of gatisfying the cover
roquirement and will inevitably cause a difference in distance between the
different receive/transmitting points and the control or sigmal combining
location, Unless compensated for, the phase differences so introduced
{although generslly small)}, will be additive with other errors and can then
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produce undesirable results. Compensation takea the form of insertion of

fixed phase delay units calculated on the basis of 5 micro-seconds per mile

of difference, (corresponding to an electro-magnetic wave speed of 200,000 miles
per hour) which is a good approximatioen,

Maintenance Hazards

Hagards that can affect the phasing of a scheme subsequent to initisl installation
and adjustment may be divided into two dietinect groupa:-

a. Those which can happen to equipment in serviece by virtue of
detarioration and replacement of components, and control adjustments.

b. Those that can result in reversed connections giving 180° phase
change at all frequencies.

Under these headings we can discusa:-
a. 'The deterioration and replacement of components.
The input/output phaee relationship of an amplifier will be determined by:-
i. The ﬂnistance/capacitanca coupling networks,
ii. Induetive components (including resonances).
iii. Tone eontrol filters.

iv. Regeneraticn: and degeneration {often influenced by sain control
settings and always influenced by decoupling components).

It is obvious that differences could be present in new equipment of the same
type, due to the factors listed above, and there are many ways that "in
service deterioration" of components, and subsequent replacement can modify these,

Three examples illustrate these points:-~

a, Link receiver equipment in which the a.f. gain control setting had
to be kept below the 7 point in order to comtrol phase change.

b, . Link treansmitter equipment in which the modulator phase was undily
influencad by modulator and PA output valve anode currents, flowing in
modulater tranaformer windings.

¢, Main transmitter eguipment in which the modulator can contimue
to function with one wtiserviceable valve, the a.f, being fed on via the
feedback loop with a 180° phame change.

b. Reversed comnections

These can be caused inadvertantly or through carelessnessa in the following
WAYS =
i. The repair or replacement of balanced &.f connectiona inside equipment,
on pluga and sockete, or in rack wiring.

1i. The replacement of transformers by new components, the terminals
of which deo not indieate the phose relationship.
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iii, The replacement of a faulty unit with a "travelling spare” when
all "in service" and spare equipment has not been checked against a
atandard.

iv. By extending a scheme and omitting to check the new equipment
againat that already in service.

It is obvious from the foregoing that the possibility of an introduced
phage Teversal is very graat, and without special test facilities
locating reversed connections becomes difficult.

Bffect of phase reversal on Signal/Noise ratio:

If we modulate two transmitters equally and exactly in phase, and then
reverse the modulator conmections to ome, & receiver getting equal aignals
from both will produce no a.f. output.

There will, however, be a.f. output from the receiver due to:-
a. HNoise generated within the receiver
b. TKoise received on the aerial (ie ignition interference)

c. TNoise due to the tranemitter carriers (this being random and
having no particular phase relationship)

The ration § + § therefore becomes E or 0 db. Am it is unlikely that complete
N i |

cancellation will take place, the signal/noise ratio will nmormally be in
excesa of 0 db, but there will often be & very sericuas deterioration in thia

important factor.

In the pame way, if a.f. signale are received in phase from two main receivers
{and we saw earlier that they will almost certainly be equal in amplituds),
the signals will disappesr if they are combined in reverse phase. There will,
however, be an a.f. output due to:-

a. FNoise generated internally by the two receivers
b. Noise received via the meriala of the two receivera

Hence cnce more we are left with an 5 + N of O dB
H

If the syatem is being operated in the talk—through mode then an 3 + N
. ]

of 0 db will result if either or both of the "GO" o "RETURN" channels
contains & connection reversal, a conditien which is all too easy to
achieve,

The effect of this destruction of the signal %o noise ratio on the
articulation of speech is far more marked than that due to phase distortion

alonae,
A 90° phase displacement between signals would degrade the S + N from 10 te
.|

8 db on a single transmission and to 7db on talk-through. The result of &
combination of poor signal/moise ratio and phase distortion will quickly
result in speech becoming unrecognisable.



Syeptome of faulty phesing

One could say weak, distorted and unreadable signals, and this would be guite
correct. Very few users of Home Office multi-station schemes would make thias
complaint however, tut some would almost certainly may that the scheme waas
"unreliable".

The technician would then proceed to mearch for the intermittent fault and
would usually fail to find it, The fault would continue to be a source of
complaint ‘ad infinitum?

The atatement "unrelisble” is fair comment and stems from two canses:-

- The fact that any phase reversal in an equipment or rack will affect
the scheme in a way which depends upon which rack is in service. Bay
changes therefore will preduce different preblem areas,

b. The subtle way in which phase reversal, coupled with test site
location, influences prompgation to produce what might be termed
unreliability.

The cause of unreliability quoted in section b im explained below.

There are many locetiona, particularly in built-up areas, where the

eignal strength received from a VEF transmitter veries and at times becomes
zero, These variations are usually caused by direct and reflected signals
being received together with varying carrier phase relationships:; thuas

the carrier can appear and disappear in a distance of a yard or two.

There will be meny such locations where signals are received from two
main transmitters and,as the direction of propmgation of the received
signals will be different,they are unlikely to both disappear at once,
It is for this reason that the use of two or more transmittera preventa
"flutter™ when travelling at speed.

If the modulstion of the two tranamittera is in phase, at the receiving
point, {it will not matter whether cne or both transmitters are being
received), signals will bs resadable and maintained at a constant level by
the receiver a.g.c.

If now the modulations are not in phase and both transmitters are being
received, signals will be weak and unreadable, HReception of only one
aignal will produce clear and readable speech,

¥hen a transmigsion test, peeformed with a mobile at & regular test
location, produces different resulte each day, it ie understandable if
the scheme ies labelled intermittent or unreliable.

This kind of thing can of course happen at the wcene of a fire, s&nd as the
fire force probably use their equipment in a static mode more often than
the police,this kind of fault becomes more obvious,

Initially a great deal of persistent and patient investigation may be

needed to establish troublesome locations,but once found they are easily
avoided,
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Phase checking

Because correct phasing i1s vital to ensure satiafactory operation of the
scheme, it is an sasential maintenance funection,

It can be carried out in meversl ways and each ome of these is necessary
for ite own purpose.

a. Individual equipment checks.

The input/output phase relationship of each item of equipment having
a.f. eircuits should be checked againat a "atandard rig" at an adequate
number of frequencies within the band used.

The "standard rig" sheuld be eatablished nationally and all subsidiery
teat riges should be compared and certified against it.

Only in this way will satisfactory interchangeability and use of spare
equipment be achieved without risk,

Specimen checks to guard against reversal of phase during service
ahould be carried out as & final test before certifying the equipment
"fit for service".

Thezse checks ghould embrace the whole equipment from input plug or
socket to ogutput plug or accket.

b, Rack/Cabinet wiring checks

411 rack and cabinet wiring should be ckecked at one frequency againat
a ptandard rig in order to ensure interchangeability and the location
of faults. *

Tests a. and b. consume much time and cannot therefore eamily be
performed at frequent intervals, In ordar tc enmsure that no phase
reversals remain in service, freguent quick checks can be carried
out using method c. below:-

c. Overall scheme checks

As B quick method of ensuring that phase reversal has not unwittingly
been introduced into a scheme, regular checks cof complete circuits
should be carried cut at & single frequency at frequent intervala.

The teat should be carried out in two parts as follows:-

a, Incoming channel - by raediating & modulated carrier on the mobile
frequency and compering the a.f., inputs to the mixer or selector at
the master station or control,

b. Outgoing channel - by modulating all main trensmitters with a
tagt tone from control, Treceiving these transmissims on & apecial
receiver and comparing the phase of the outputs.

Until recently this test wes impossible because the narrow=-band receiver
required to differentiate with certainty between schemes was not available.

A receiving device has now been produced and is being tested prior to
supply for depot use,

Onoe a fault has been noted on these teats, a full check on all equipment and
racks becomes neceassary in order to find and rectify it.
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Methods of checking phase

The term ‘'checking' has been used inetead of 'teating' because physical checks
are included in the overall assessment. These checks can be grouped under four
main headings:-

1. A physical check

2. An overall phase measurement of the system

3. An input/output phase measurement of equipment on the bench

4, An"in situ' measurement of individual units and of rack assemblies

411 of these checks are necessary inorder to make a complete assessment, but
those which will be required on a particulsr occasion will depend upon the purpose
of the check.

Whenever input/output, or inter-channel phase measurements are being made to
prove the system, readings should be taken at two different frequenciles as a
minimum requirement - it is suggested that these frequencies should be 800 Hz
and 1.6 KEz - the reasons for this are twofold:-

a., The difference between "phase change" or "phase reversal®, or a
combination of these, cannot otherwiee be determined.

b. Moat equipments irreapective of their phaaeffrequancy characteriatics
exhibit an "in phase" or "out of phase" condition between 800 Hz and 1KH=z,
thus readings teken at arcund 1KHz camnot prove an owverall "in-phase"
condition. Altermatively, if one is merely trying to prove that the phase of
the asystem iz wrong,then a reading at one frequency will suffice.

By conaidering in detail the methods of checking phase and using the original
headings mentioned above, we find:-

1. Physical check
This should be carried out under the following sub headings:-

&, Are all main transmitting and receiving sites linked directly
froem control, and if 20 are radio linka or telephone lines used?

b. If a. does not apply, doss the echeme employ simple master atation
techniques?

c. Ie it & hybrid, ie are one er more sites linked via another
main transmitting and receiving asite?

d., Is the same equipment used for the same purpose throughout the
scheme?(Note any irregularities.)

e, What are the link path distances from comtrol in the case of a.,
from the master station in the case of b.,and from both control and
the masterin the case of c¢. 7

f. Are phasse delay panels fitted in the scheme? If so, where and of
what value in microseconde? If in doubt it may be better to measure
the amount of phase delay in circuit.



£ If master station or hybrid aystems {b and ¢ above) are used,
are the main transmitters at the master station and the link
transmitters modulated in parallel, or is the moin transmitter
modulator input taken from a later stage ?

An overall phase measurement of the system

This meagurement should be carried out in three parts;-

8. The outgoing channel
b. The incoming channel

e, The talk-through channel, which bsing a combination of A,

and b, serves as a check of these items. 1nless one iz merely
trying to prove that the system is wrong, =2t least two fregquencies
should be used for the tests for the reasons atsted previcusly.
These tests are the leaat time consuming of any and gerve as a
reliable method of vetting the system at fairly freouernt intervals
to ensure that errors are quickly identified,

The methods to be employed for these measurements are as follows;-

a. Qutegoing channel is modulated from contrel, or from some
other point, prior to the split into separate links, The 1KHz

teat tone can be used, but if as susgested, frenuencies of 800 Hz
and 1.6 ¥Hz are to be used, then these must be specially introduced
into the system. (It is suggested that these tone freguencies
should be provided under "operstor control" so that a technician
need not attend.)

Keasurement is carried out on the Dawes (or alternative] phass
meter using the specially developed narrow-band dual channel
mobile receiver which is designed to receive two transmitters at
a time, For preference readinza should be taken at peints where
signals are reasonably equal, and in any case az noise free as
possible. Calculation is avoided if the distances from receiver
to each transmitter are equal, if not the difference should be
noted and 5 micro-seconds should be allowed for each mile,

In the case of a three station scheme a third readinc serves as a
ugseful check of the other two,but in most cases two readinzs sre
gufficient.

b. Incoming channel - 8 transmitter on the mobile fregquency is
modulated with the frequencies being used for the test. This
transmitter may be a mobile, or the fixed transmitter/receiver
provided on the mobile channel at many sub-control locations,

The transmitter should be capable of providing noise fres reception
at all mein receivers and its distance from each should be noted.

Althoush not all main receivers may be within range of the control-
baged transmitterfreceiver it is convenient Tor checking tho=se that sre.
Measurements ere made using the Dawes (or alternative) phase meter

at the input to the mixer, either at the master station or at

control whichever is appropriate,
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o, Talk-through channel - talk-through can be applied in two ways:-

i, Permanently at the control point or selected as required by the
gperator.

ii, Independently at each hill4op site from main receiver to main
transmitter. This is ewitched by link feilure (ie auto talkathrough)
and is used as an alternative method of control. As the a.f. routing
is completely different in each system they should both be subjected
to an independent test. In both cases the modulation is applied via
mobile transwitter as in b., and the phase comparison is made uaing
the special dual channel receiver as described in a.

Input/output phase mesgurement of individual units on the bench

The input/output rhase displacement of transmitting and receiving
equipment, and the input/output phase relationship of passive panel
connections are required in order that:-

a, All equipment of the same type may be "standardised" so that it
is inter-changeable without modification in all achames,

b. Phase delay units may be fitted into rack assemblies to compensate
for:-

i, Different types of equipment used in the same schema

ii, The additional link eguipment fitted into master stations
and hybrid schenes,

c. Input/output phase errors resulting from compenent deterioration
or service activity can be rectified before repaired egquipment is
returned to service.

The required test equipment conaista ofi=

i, An r.f. signal generator that may be externally modulated in
amplitude and frequency.

ii, An audio frequency generator. {a,f, source)
iii, A modulation/deviation meter.

iv. 4 phase mater.

v. 4 set of leads,

411 test equipment wsed for phase checking muat first be compared and
standardised, Drawings and test instructions must be issued to enable
this equipment to be checked for departures from standard. TInstructions
must include deviation meter and eguipment tuning instructions in
respect of FM and FM where these can influence phase. Checking methods
are a8 followa:-

Receivers - the externally medulsted r.f. signal gemerator output is
applied to the receiver, the a.f. source beinz used as the phase meter
reference, The a.f. output from the receiver socket is applied to the
phase meter and compared with the a.f. scurce. Reaistive pads where
necessary should be part of the standard test equipment,



4.

Pransmitters - the a,f, source is applied to the modulater input
of the transmitter and aleo to the phese meter reference terminala,
The output from the modulation/deviation meter is =applied to the
phase meter and compared with the s, source. Resistive pads where
necessary should be part of the standard test equipment.

Fapaive devicesa such as distribution panels ge delay upnits -
the a,f. source is applied to the input of the panel and to the
phase meter as reference. The output is applied te the phase meter
and compared with the &a.f.source. Resistive pads where necessary
should be part of the standard test equipment.

]
"In situ messurement of individual units and rack assemblies

These measurements are required in order that:-

a,

b.

Complete reck assemblies can be proved:-
i. Initially on installation

ii. Subsequently when replacement units have been fitted or rack
wiring repaired,

When a fault condition is proved by an overall scheme check,the

individual equipment or comnection responsible can be located and
sorrected, Methods used for this measurement are & combination of
3a., 3b, and 3¢, The approach may be as detailed below:-

i. Input to main receiver being stage by atage chacked to the
output of the link transmitter.

ii. Input to link receiver being checked to the cutput of the
mein transmitter.

iii, Input to link receiver being checked to the input to the
mirer unit.

iv., Common input te two or more link transmitters, or link
transmitter and main transmitter, being checked to transmitter
outpute.

V. Input to main receiver baing checked to output from main
transmitter in aute talk-through meds,

As these tests will embrace phase delay devices where fitted,
allowance should be made for these,and the actusl delay in circuit
should correspond with the calculated value.

Action should be taken to correct any errors found and the equipment
or system re-checkelbefore proceeding with tests.
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CONCLUSIONS

1. It is useless to expect satisfactory results from phase sensitive communiea—
tions systems unless the engineer and the maintenance technician are in full
eommand of the situation.

2.  All systems where a particular area or location is served by twe or mere
transmitters or receivers must be considered phase sensitiva, Juasi
aynchronous f.m. and double sideband diminished earrier (D.S.B.D.D.) schemes
require "in-phase" modulation.

3. Receiver selection (or 'voting') systems do not remove the need for receiver
output phasing, as present syatems of selection cannot cope with abnormal noise
conditions and lead to the need to immobilise the aelection device.

4y Satiafactory engineering must c¢ommence with individual items of equipnent,
therefore acceptable inputfoutput phase relationships must be a part of the
original specification,

An uncertainty of less than b 5 degrees at 1 KHz is not an unreasonable figure,
for in the case of three such units in cascade there could be 30 degrees of phase
difference at 1 KHz or 60 degrees at 2 KHz. When used in the talk-through mode
these fipures would be doubled,

5. The input/output phase displacerent should be kept to a minimum in order to
reduce phase differences that occur between similar types of equipment befors
and after service.

Thiz condition is more easily achieved if the number of =.f. amplifying stages
necessary to produce the required level of output is kept to a minimum.

6. Phase checking must be a part of each maintenmce operation and sheuld be
regarded a3 important as fregquenmcy, signal/noise ratio, semsitivity ete.

The input/output phase cheek of main station equipment should be the last test
performed before the equipment is designated "ready for use",

Te All phase checking equipment, including leads, should be standardised
nationally, The complete checking "system" should be assembled and te=ted at HO
Maintenance Unit, WEYHILL, and should be subject to pericdical check as are other
test egquipment parameters.

g, Where discriminater tuning can affect the phase of & receiver output, its
range should be restricted so as to be foolproof and non-ambiguous.

Quasi-synchronous f.m. and D,5.B.D,C. schemes may well provide other advantages
and for these reasons be seen as “schemes of the future”. It ia true to say
that no multi-station area cover system can complete with & single station acheme
as far as simplicity and speech guality are concerned, but arescover schemes have
other important advantages which in many respects must outweigh the disadvantages.
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