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Challenge ... 

The future of the electronics and telecolllillunications industries in Australia 
has been the subject of considerable debate and anxiety in recent times. There 
is very little R. and D. currently being conducted in the electronics industry, 
which is now little better than a group of assemblers of components and sub 
assemblies which have been designed, developed and manufactured overseas. The 
telecommunications industry is heavily dependent on orders from Telecom Australia, 
the Defence Department and the Department of Transport. 

The future of these industries was discussed by The Institution of Engineers, 
Australia in March this year; it is interesting to note that The Institution 
has now published the proceedings of that conference, including some guidelines 
for government and industry aimed at promoting a recovery (National Conference 
Publication 78/1). One of these guidelines is that: 

"The local electronics industry should be supported by an onshore 
LSI (large scale integration) silicon technology rather than by 
developing a local discrete components industry." 

This guideline is interesting in its scope; it comes from a national body, with 
national interests and national security at heart. However, the great majority of 
the Australian electronics and telecommunications industries are owned by overseas 
interests; naturally, the overseas owned companies will have a major interest in 
their own corporate developments, which are mainly oriented to their major markets, 
with design and support facilities relatively close to those major markets on the 
other side of the world. How will these companies react to the suggestion that 
they should utilise a local facility, which would not have the thru-put of those 
overseas facilities servicing the large international groups, and which will there 
fore almost certainly be less efficient and more costly. 

It is predictable that the only way such a scheme could work would be for a 
completely Australian owned Company to control the facility, with government 
policies to ensure that that facility is used. Australian owned companies are not 
large enough to fully establish and operate such a facility without government 
support. However, the government has already gone a long way towards providing 
a semiconductor facility in an Australian owned company through the Defence 
Department, but there is still a long way to go. How will the government react 
to the provision of more funds, at a time when it is trying to cut down expenditure? 
It should be realised that such expenditure is highly beneficial towards the economy 
due to the multiplier effect; provision of the facility will create jobs and 
stimulate cash circulation. Will other groups like Telecom Australia and the 
Department of Transport, who obviously have considerable market clout, also support 
such a policy and facility by ensuring that their suppliers must use such a 
facility? 

A further guideline that The Institution has laid down is that: 

"A fi= statement from Government regarding future policies concerning 
the electronics and telecommunications industries should be issued. 
This should be independent of party policies and should desirably have 
a time horizon of fifteen years." 

Such a challenge is timely, particularly in regard to such a significant under 
pinning of the local electronics and telecommunications industries, it will also 
afford an opportunity for some cooperative interparty statesmanship rather than 
interparty political points scoring, which is all too frequent these days. Such 
an exercise would be a novel and welcome innovation in Australian party politics. 

Can our Leaders meet the challenges handed down by The Institution of Engineers 
Australia? 



Diagnosis of Telephone Exchange Equipment Faults by 
Collation of Abnormalities in Real Traffic 
A. WILLIS 
BPO Research Centre 
England 

Many events that could be symtomatic of equipment faults are detected 
during the operation of the control programs in SPC exchanges. Often these are 
not used in the diagnosis of faults because they cannot, on their own, specify 
which item used by the call was faulty, and because their numbers make manual 
analysis laborious. 

This paper describes a system for automatically analysing these events 
to detect faulty equipment and shows how detection and diagnosis of shared 
equipment faults can be irrproved by monitoring calls in the exchange more 
closely. Effects of the approach are wide-ranging, irrpinging on the partition 
ing of equipment, the way it is described in control system records, the degree 
of supervision applied by the control programs and the distribution of pro 
cessing between the exchange and a maintenance centre. The system could obviate 
the use of special test equipment for routine diagnosis of shared equipment 
faults. 

The work described was carried out at the Telecom Australia Research La 
boratories between January and May 19?? as part of an engineer exchange scheme 
with the British Post Office Research Centre. 

1. INTRODUCTION 

The advent of stored program control, (SPC) 
offers the prospect of better quality communi 
cations not just because of the high rel iabi I ity 
of the electronic components used in SPC ex 
changes but also thanks to the power of SPC to 
quickly diagnose and avoid equipment faults. 
Hitherto automatic fault diagnosis has required 
large amounts of processor store to hold fault 
dictionaries and the I ike, or complex test e 
quipment. This paper describes the basis of an 
automatic fault diagnosis technique which prom 
ises to be more econom1c in application. The 
technique is already in use on the Pathfinder 
experimental SPC exchange (Ref.ll at the British 
Post Office Research Centre, and has been applied 
experimentally to the Integrated Switching and 
Transmission ( 1ST) exchange (Ref.4) of Telecom 
Australia Research Laboratories. 

In a telephone exchange a large part of the 
equipment is shared between subscribers in the 
form of switch crosspoints, digit receivers, tone 
senders and receivers, etc. When one of these i 
tems develops a fault it affects only a propor 
tion of cal Is handled by the system, because no 
one item of this type of equipment is used by 
every cal I. Consequently it is not essential to 
rectify the situation as rapidly as in the case 
of equipment which is common to al I cal Is, but it 
is desirable that the system detects and avoids 
the faulty equipment, and that a procedure exists 
for its eventual repair. 

Modern exchange systems aim to perform detec 
tion and diagnosis automatically, to the extent 

of identifying a faulty unit and perhaps removing 
it from service. Automation of this process re 
duces the maintenance work load and faci I itates 
the centralization of the maintenance task so 
that ski I led personnel may be shared over many 
exchanges. The technique to be described is de 
signed to diagnose faults in shared equipment and 
is wel I suited to a centralized maintenance en 
vironment. 

2. DETECTION AND DIAGNOSIS OF SHARED EQUIPMENT 
FAULTS 

The type of exchange equipment being consid 
ered prnsents to the outside wor Id two inter 
faces; one to the control system over which it 
sends data and receives instructions, and another 
to the subscriber who uses the telephone ex 
change. Most fault detection schemes check for 
correct operation at these interfaces. 

The interface to the control system is gen 
erally monitored using a standard error protec 
tion scheme, requiring acknowledgement or check 
ing of data passed, the failure of which can be 
taken as an unambiguous indication of faulty e 
quipment. However, success at this interface by 
no means guarantees the unit is operating prop 
erly, so it is necessary to monitor the second 
interface, the one to the subscriber. This is 
more difficult since it requires access to sig 
nals which are normally monitored by the con 
trol system only through the equipment under 
test. Two techniques have been used to check 
correct operation here. The first is the pro 
;ision of special .test equipment, perhaps con- 
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trolled by the exchange control system, in the 
form of routiners for particular equipment types 
or test cal I generators testing the exchange as 
a whole. The second technique is to al lot ma~i 
mum times to certain transactions with the sub 
scriber. These time-outs ensure that equipment 
isn't held needlessly when a subscriber behaves 
'irresponsibly' by, for example, I ifting his 
handset but not dial I ing, and have the effect of 
forcibly terminating the cal I if the time-out 
expires. Although primarily a protection mechan 
ism, applications have shown that increased in 
cidence of such time-outs can be indicative of 
equipment faults (Ref.2). Other systems (Ref.3) 
have monitored average hold time or use rate and 
have associated distortion of these figures with 
faults in the equipment. 

The success of systems such as those just 
described suggests that information may be gain 
ed about the success or failure of a cal I, and 
hence about the correct operation of exchange e 
quipment, by monitoring users' reactions. When a 
cal I encounters faulty exchange equipment, some 
deviation from the normal pattern of events is 
inevitable. For example; if the caller does not 
receive dial tone he wi I I usually clear without 
signal I ing; if there is no transmission when the 
called party answers he wi I I abandon the cal I, 
so a high incidence of clear before signal I ing, 
or short holding time cal Is associated with a 
particular equipment unit could indicate that it 
is faulty. This sort of 'abnormal behaviour' is· 
in fact an imp! ied complaint on the part of the 
subscriber (it is asking too much to expect him 
to complain every time a cal I attempt fai Is) but 
it would normally go unnoticed by the system. 
However the application of SPC gives the control 
system the power to closely supervise the pro 
gress of cal Is, to detect instances of abnormal 
behaviour, and to relate these to the equipment 
involved. It should be possible, therefore, by 
treating these instances of abnormal behaviour 
in asimilar manner to fault reports from a test 
cal I generator, to detect and diagnose equipment 
faults. 

It is a characteristic of this indirect type 
of fault report, and of the indications given by 
routining and test cal I generation, that they 
cannot be specific about which item of equipment 
used by the cal I was faulty. For example, tai lure 
to receive dial tone could be due to a faulty 
dial tone sender, or a fault in any of the cross 
points used to connect the sender, or the custom 
er's I ine or telephone. Al I units associated with 
the'ca/ I must be suspected even though only one 
is faulty. Furthermore, abnormal behaviour during 
a cal I does not guarantee th9t an equipment fault 
exists at al I. However, enough information would 
exist to al low identification of a faulty unit, 
since false reports, occasioned by either legiti 
mate abnormal behaviour or association of working 
units with the faulty one, wil I be shared over 
correctly working units. Only the faulty unit 
wil I occur systematically in fault reports. 

A collation technique has been devised, to 
automatically extract the significant data from 
such fault reports which have a high level of re 
dundant information. It para I leis the actions of 
the maintenance engineer when analysing the re 
ports by looking tor items of equipment that ap 
pear more often than pure chance would dictate. 
It is applicable to ordinary system fault re 
ports and particularly to a centralized mainten- 

ance system where it would greatly reduce the re 
dundant information presented to staff for man 
ual analysis. However, it is crucial to the use 
of abnormal behaviour type fault reports that 
this analysis be automated, since the quantity of 
data involved would defy a manual approach. 

To summarize, collation is a technique for 
extracting the significance from fault reports 
containing redundant information. The increased 
analysis capacity arising from automated col la 
tion, coupled with the abi I ity of SPC systems to 
closely monitor subscribers'reactions, makes it 
possible to suspect al I equipment associated with 
a cal I that deviates from the normal, and ident 
ify as faulty the particular item of equipment 
associated repeatedly with such cal Is. 

The complex test equipment normally used to 
detect exchange equipment faults is expensive 9nd 

I imited in the variety of tests and conditions it 
can apply. The technique described does not re 
quire this additional hardware, and uses every 
cal I switched as a test. It takes advantage of 
the wide variety of conditions applied to the 
system by I ive users, and so could be more thor 
ough than the ad hoe provision of special test 
equipment. 

3. SIMPLE COLLATION 

3.1 The Technique 

Collation is basically integration, for each 
item of equipment, of the fault reports minus the 
successful uses. Practically, a 'leaky bucket' 
count is kept for each item and is incremented 
when the item is imp I icated by a fault report and 
decremented when it is used successfully. It the 
bucket 'overflows', by reaching some predetermin 
ed maximum, the equipment can be considered faul 
ty because the ratio of successful to unsuccess 
ful uses dropped below the acceptable level for a 
significant time. 

The technique is wel I suited to the treatment 
of 'uncertain' faults, where there are false 
fault reports because the event considered to be 
symptomatic of a fault can also be produced by 
legitimate subscriber action (eg. short holding 
time cal Is), or because the system cannot tel I 
which particular unit is responsible for a cal I's 
failure and so reports al I units used. These 
false reports imp I icate correctly functioning 
units in a random fashion so that if their aver 
age rate of occurrence can be predicted the col 1- 
ation count parameters may be fixed such that 
they wi I I not cause,overflow. True fault reports 
wi I I repeatedly imp I icate the same unit, and e 
ventually cause its count to overflow. 

3.2 Count Parameters 

The collation count simulates a random walk 
with reflecting barriers at O and M, the overflow 
level (Ref.5). The counter is incremented by an 
amount, a, when its associated equipment is im 
p! icated in a fault report, and decremented by 
one when used successfully. If the counter reach 
es the value Man alarm is raised and the counter 
reset to a starting value, i, in this case 1. The 
counter is also reset to i whenever it reaches 0. 

False fault reports represent a source of 
continuous 'background noise' in the face of 

4 A. T.R. Vol. 12 No. 2, 1978 



Diagnosis of Telephone Exchange Equipment Faults by Collation 

which the average level of the counter must not 
rise. If p is the probabi I ity of a fault report, 
then the average change in the counter value tor 
each report is:- 

µ = pa - ( 1-p) 

Consequently the average counter level wi I I not 
rise providing:- 

j_:__Q 
p 

When no fault exists then the probabi I ity, p, is 
the probabi I ity of a false fault report and this 
relationship gives a guide to a suitable value 
for the increment amount, 'a'. 

When a fault exists the fault report proba 
bi I ity increases by np so that:- 

P + np > 
1 

a + 1 

and the counter level rises, on average, toe 
ventual ly reach Mand raise an alarm. 

One important characteristic of the system 
is the mean time taken to detect a fault, which, 
in the language of the counter, is the mean num 
ber of steps in a run that starts when it is re 
set to i and ends when it reaches the maximum, 
M. After the first step of the run the count wi I I 
have a probabi I ity p of being at i+a (because 
there was a fault report) and a probabi I ity q 
(q = 1-p) of being at i-1 (because there was a 
successtu I use report). If 1 < i < (M-a) the run 
continues. It i = 1 there is a probability q 
that the run w i I I reach O and hence end at this 
step, and a probabi I ity p that the run wi I I con 
tinue from l+a. It M - a~ i < M there is a 
probabi I ity p that the run wi I I reach Mand 
hence end at this step, and a probabi I ity q that 
it wi 11 continue from i-1. If Vi is the proba- 
bi I ity that the run ends with the counter at M 
when the starting va I ue was i, and Mi is the 
mean number of steps in a run when the starting 
value is i, then:- 

V1 = PVa+l 

Vi = qVi-1 + pVi+a 

Vi = qVi-1 + P 

M1 = 1 + pMa+1 

Mi = 1 + qMi-1 + pMi+a 

Mi = 1 + qMi-1 

l<i<M-a 

M-a~i<M 

1 < < M - a 

M-a~i<M 

By specifying the boundary conditions tor Vi and 
Mi: 

Vi = 0 tor i ~ 0 

Vi = 1 tor M ~ 

Mi = 0 tor i ~ 0 

Mi = 0 for M ~ 

the equations may be simpl itied to: 

Vi = qVi-1 + pVi+a 0 < i < M 

Mi = 1 + qMi-1 + pMi+a 0 < i < M 

In each case we have M-1 equations in M-1 un 
knowns, so the equations may be solved tor Vi 
and Mi. 

Now the mean interval between resetting the 
counter, Mi, includes cases of the counter reach 
ing Oas wel I as M, so the mean interval between 
alarms is therefore 

Mi 

Vi 

For large values of M the solution is time 
consuming so a numerical approximation method has 
been developed which yields results of the form 
shown in Fig.1. This example depicts the rela 
tionship between the probabi I ity of a fault re 
port, p, and the mean, or expected, number of 
uses of a unit between count overflows, T, for 
a count with maximum, M, of 100 and increment, 
a, of 3. 

107 

10' 

,;: 
s u. 

5 
> 
0 105 
>-- z 
6 u 
"' 0: 
5: 
"' "' </) 
~ 104 
::, 
u. 
0 

5 
"' :;;; ::, 
z 
z 
~ 103 
:;;; 

1 

\ 
"' 
~ --- 10 . 

0.1 

Fig. I 

0.2 0.3 0.4 
PROBABILITY OF A FAULT REPORT, P. 

Graph of the relationship between the 
mean number of uses between alarms, 
T, and the fault report probability, 
p, for a collation count with incre 
ment, a,= 3 and maximum, M, = 100. 
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3.3 Discussion 

The example of Fig. 1 shows that it is not 
satisfactory simply to choose a value for the in 
crement amount, a, that would result in no rise 
of average counter level when no fault exists, 
because the random nature of false fault reports 
creates an unacceptably low mean time between 
count overflows. Inspection of Fig. 1 suggests 
that a count with these parameters would perform 
satisfactorily in the face of a false report 
probabi I ity of about 0.2. In this case the mean 
number of uses between false alarms would be of 
the order of a mi I I ion which, even in the case of 
short holding time equipment such as multi-fre 
quency signal I ing receivers, represents a mean 
time between false alarms of about a year. 

Figure 1 also emphasizes the sensitivity of 
the col I at ion system since, with these para 
meters, a doubling of the fault report probabi 1- 
ity from the no-fault level of 0.2 results in a 
reduction of the mean time to overflow by almost 
5 orders of magnitude. If the equipment con 
cerned developed a fault that increased the 
fault report probabi I ity to 0.4, then it would 
be detected within an average of 150 uses of the 
equipment. This relationship between time to de 
tect and fault report probabi I ity ensures that 
the greater the degredation of service caused by 
a fault, the faster it is detected. 

A family of curves can be drawn covering a 
range of values of increment, a, which would be 
shifted along the x-axis but have similar shape, 
provided the maximum to increment ratio (M/a) 
was held constant. Increasing the count maximum 
increases the mean time between false alarms at 
the expense of slower response to genuine 
faults. 

4. EXCHANGE AND CONTROL SYSTEM DESIGN IMPLI 
CATIONS 

4.1 Repair Philosophy 

A successful fault diagnosis technique must 
be I inked to the repair philosophy of the sys 
tem. The unit replacement approach is commonly 
adopted in telecommunications systems, whereby a 
faulty unit is replaced by a spare and repaired 
elsewhere. Consequently the resolution of the 
diagnostic system at the exchange must extend to 
the replaceable unit level, so a collation count 
is associated with each replaceable unit. 

However, the choice of replaceable unit 
boundaries cannot be taken in isolation. The 
collation technique can only resolve between u 
nits that are al loted independently to a cal I, 
beca~se only in this way can it be assured that 
the count for a faulty unit wi I I rise faster 
than those of the units with which it inter 
works. Therefore replaceable units mJst coincide 
with units that are capable of separate control 
and use on cal Is. 

Such a I imitation is a reasonable one since 
there is nothing to be gained, as far as con 
tinued operation of the exchange is concerned, 
from diagnosing a fault to a particular card in 
a digit receiver, for example, when the entire 
unit is rendered inoperative by the fault any 
way. 

4.2 Hidden Equipment 

Some equipment units are never allotted ex 
pi icitly by the control programs and so their 
identities do not appear in the records analysed 
by collation. For example, power supply units 
and waveform generators which are often separate 
entities serving several equipment units. Failure 
of a common unit wi I I appear as failure of al I 
the units it serves. To avoid this confusion col 
lation counts should be kept separately for these 
hidden units, and fault reports for the dependent 
unit treated as implied fault reports for the 
hidden unit. If the count maximum for the hidden 
unit is fixed slightly lower than for its depen 
dants, collation wi I I detect the faulty hidden 
unit first. 

To operate such a scheme some representation 
of the dependency of one unit on another is re 
quired by the diagnostic process. 

4.3 Non Random Events 

Collation can handle false fault reports be 
cause they should imp I icate equipment on a random 
basis. There are certain situations where this 
may not be true. If two units are always used to 
gether, collation wi I I be unable to identify a 
fault in one of them. This can occur if units are 
selected sequentially and there are the same num 
ber of two different types of unit, which are al 
ways allotted ·to a cal I at the same stage. Dial 
pulse receiver and dial tone sender, if they 
were realised.as separate units, could be an ex 
ample of such a pair. Fortunately, it is uni ikely 
that a real system would satisfy al I these con 
ditions. Truly random selection of equipment 
would be a complete solution. 

At the terminals of the exchange, where e 
quipment is shared less, we enter an area less a 
menable to the collation approach. Particular 
differences become dominant, so that, for example, 
collation might report as faulty the telephone of 
a subscriber who frequently makes short holding 
time cal Is for quite legitimate reasons. As in 
dividual differences become relevant in this way, 
collation can only work if its parameters are 
fixed on a more individual basis. 

The problem of non random selection can also 
arise between groups of equipment units if an 
item of equipment is common to one of the groups. 
For example, consider two groups of equipment 
units, A and B, each group consisting of several 
units that perform the same function, and any 
unit in group B being avai I able for selection for 
use in conjunction with any unit in group A. 
Furthermore, suppose that group B units are only 
ever used with group A units as i I I ustrated in 
Fig.2. Faults in any of the units are sti I I de 
tectable as long as units are selected randomly. 
Now, if either group of units has an item in 
common, such as the power supply to the A units 
in Fig.2, and that common unit fai Is, then the 
collation counts for A units and B units wi 11 
overflow. In other words collation wi 11 give a 
completely false indication that B units have 
fa i I ed. 

The problem could be overcome by setting the 
count maximum for the power supply lower than 
that for the units, as suggested when considering 
hidden equipment in Section 4.2. A more elegant 
so I ut ion wou Id be to ea refu I I y contra I the de- 
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pendency of one device upon another at the design 
stage, so that no functional group of equipment 
units is completely dependent upon any single 
unit. Functions should be shared over common e 
quipment as i I lustrated in Fig.3 for power supply 
units and signal I ing senders. 

POWER 
SUPPLY 
UNIT 

A UNITS 

SWITCH 

B UNITS 

Fig.2 Example of units dependent upon common 
equipment. 

The correct arrangement shown in Fig.3 may 
seem obvious, but the same distribution should 
occur for al I other interfaces between equipment 
units and their external environment; for con 
nections to the control system and to subscrib 
ers' I ines the dependencies on common equipment 
may not be so obvious. 

50v 

PSUZ 

PSU = POWER SUPPLY UNIT 
DPS = DIAL PULSE SENDER 
MFS = MULTI FREQUENCY SENDER 
WFG = WAVE FORM GENERATOR 

Fig.3 

PSU3 

Correct grouping of equipment. 

4.4 Information Flow 

The reports of failed and successful cal Is 
that are required to pass between the cal I con 
trol programs and the diagnosis program repre 
sent a significant flow of data within the sys 
tem. It has already been suggested that advan 
tages may be gained by performing diagnostic pro 
cessing at a maintenance centre remote from the 
exchange. Diagnostic reports would pass to the 
centre by data-I ink, and it can be shown that 
the data rate required is not excessive. Based 
on the report structure used for experiments on 
Telecom Australia's Integrated Switching and 
Transmission ( 1ST) exchange, and assuming a re 
port is generated for every ea I I, a data rate 
of 740 bits/s is generated for 1000 Erlangs of 
traffic. 

A reduction in this figure could be achie 
ved by not reporting successful use of equip 
ment, but decrementing collation counts at a 
rate proportional to traffic. 

The extent to which the data can be shared 
by other processes might also be important. The 
information required at the maintenance centre 
may, with only a few additions, be the same as 
that required for equipment usage statistics 
and for charging customers, for example. 

5. CONCLUSIONS 

Experience with collation on Pathfinder ex 
change, and the experimental application to 
Telecom Australia's Integrated Switching and 
Transmission exchange, suggest that it is a vi 
able means of diagnosing faults. Not only can it 
be used to automate the analysis of fault re 
ports that were originally produced for manual 
treatment, but also, by means of the abnormal 
behaviour type of fault, the fault detection and 
diagnosis powers of the system may be greatly 
enhanced. 

Li,tle has been said about what might con 
stitute abnormal behaviour other than the exam 
ples quoted of clear-before-signal I ing and short 
holding time. A good starting point might be to 
define the I imits of normal behaviour. There is 
scope for both ana I ys is and observation of ea I Is 
to select those deviaiions from normal thai 
might reasonably be monitored for. 

The trend in maintenance schemes is towards 
a cost effective approach in which action is 
taken only for faults that affect service. Col 
lation is wel I suited to this approach because 
detection of a fault is directly related to its 
effect on service. Furthermore, it otters diag 
nosis at low cost, because large fault-diction 
aries are avoided and collation counts need 
only be stored when they rise to a value great 
er than one. Special test equipment is not re 
quired and artificial test traffic is unnecess 
ary because every ea I I switched through the ex 
change is used as a test. 
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Earth-Space Path Rain Attenuation at 11 and 14 GHz 
Darwin, Australia 
R.K. FLAVIN 
Telecom Australia Research Laboratories 

Rain attenuation measU:r>ements at 11 and 14 GHz, at a fixed elevation 
angle of 60°, have been made at Damain through the 1977/78 "wet season". The 
results allow a fairly reliable estimate to be made of rain margin for earth 
stations located in Australian tropical areas. The availability of atten 
uation statistics measured simultaneously at 11 and 14 GHz permits a reason 
ably accurate extrapolation to other frequencies in the 10-15 GHz range. The 
Daruin results are compared with other 11 GHz radiometric measurements made 
at Innisfail, Queensland at fixed elevation angles of 30° and 450, 

1. INTRODUCTION 

With the increased use of satel I ite commu 
nications systems there is a growing pressure 
to operate at higher frequencies because of 
saturation of the lower bands. In addition to 
accommodating greater traffic capacities the 
use of frequencies above 10 GHz minimize po 
tential interference with existing terrestrial 
systems and thereby faci I itate the siting of 
earth stations. 

While signal attenuation by rain is not a 
problem at lower frequencies, above 10 GHz 
this effect becomes the dominant loss mechan 
ism after free-space transmission loss. Any 
communication system which involves some form 
of free-space transmission must have a fading 
or attenuation margin bui It into the design 
which is directly related to the required sys 
tem availability, or maximum time the system is 
inoperative. Proper earth station design in a 
satel I ite communication system requires at least 
a knowledge of ,he rain statistics in the area. 
If one has a measure of the associated micro 
wave attenuation, not only wi I I the fading or 
rain margin be determined for that area, but 
also a more comprehensive evaluation can be made 
of other sites where rain statistics provide the 
only available data. 

The ideal method of determining rain atten 
uation statistics on an earth-space path is to 
monitor the direct transmissions of a satel I ite. 
In the absence of such a source one can resort 
to radiometric techniques whereby an antenna 
receiver-recorder system is used to measure 
thermal noise radiation from the sun and/or the 
sky. Since the sky can be considered a lossy 
absorbing medium a knowledge of thermal rad 
iation from that medium can be used to predict 
attenuation through the medium. 

Since late 1972, the Telecom Australia 
Research Laboratories have been actively en 
gaged in radiometric measurements of rain 
attenuation on earth-space paths in tropical 
climates. The results reported so far (Rets. 1,2) 
have bBen associated with 11 GHz measurements at 
lnnisfai I, Queensland. A second radiometer sys- 

tern installed at Darwin (Latitude 12° 27' S, 
longitude 130° 501 E) has recently been pro 
viding re! iable attenuation data at both 11 and 
14 GHz. This data not only complements the 
lnnisfai I results but also al lows one to gain 
insight into the frequency dependence of atten 
uation by rain on earth-space paths. 

Originally, the Darwin radiometer was de 
signed as a dual-beam dual-frequency system 
capable of operating in a sun-tracking mode 
CRef.3). Because of the problems of converting 
variable-elevation sun-tracking data to atten 
uation statistics for fixed elevation earth 
space paths, it was decided to operate the 
Darwin radiometer at a fixed elevation angle, 
continuously monitoring "sky noise temperature". 
Even though this mode of operation has I imi 
tations which wi 11 be discussed later, its use 
has gained wide acceptance as a convenient 
method of measurement. 

It was an important consideration in picking 
a site for these studies that the attenuation 
statistics for the area represent a worse case 
condition for an Australian Satel I ite System. 
Now, it has been wel I established that rain 
attenuation is directly associated with rain in 
tensity and not directly with rain accumulation. 
For these reasons radiometer studies in 
Australia have been carried out in tropical cl i 
mates where the probabi I ity of high rain inten 
sities is also high. The choice of sites is also 
based on the tact that rain attenuation data for 
earth-space paths in such regions is rather 
scarce. 

2. GENERAL CONSIDERATIONS 

2. 1 Propagation Geometry 

In establishing the fixed azimuth and ele 
vation angle for the Darwin radiometer, prac 
tical use of the data was the predominant con 
sideration. Since any Sate! I ite System for 
Austra I i a wou Id probab I y i nvo I ve an intermediate 
to large earth station located in Darwin, the 
data should be directly applicable to that 
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siting. Potential geostationary satel I ite orbit 
positions suggest a high viewing angle from 
Darwin. 

The innisfai I, Queensland studies have used 
fixed elevation angles of 30° and 45° for 
11 GHz rain attenuation measurements. It was 
decided to use a 60° elevation angle in Darwin 
in order to best complement the lnnisfai I re 
sults, while at the same time acquire realistic 
data for a Darwin earth station design. 

As part of the measurement system a series 
of five tipping-bucket raingauges were in 
stalled throughout Darwin. These raingauges 
were kindly provided by the Bureau of Meteor 
ology for these investigations. The approxi 
mate location of each raingauge is shown in 
Fig. 1. Each location was picked for its se 
curity and accessibi I ity and three of them 
(including one located at the radiometer site) 
were aligned along the propagation path. As 
shown in Fig.1 the propagation path azimuth is 
approximiately 30° with respect to true north. 

2.2 Radiometer Limitations 

In discussing the technique of radiometric 
measurements of rain attenuation there wi I I be 
frequent reference to temperature. In al I cases 
it should be understood that these are noise 
temperatures T as defined in the wel I known re 
lationship for avai I able noise power from a re 
sistance or blackbody source - P = kTB, where k 
is Boltzmanns' constant and B is the bandwidth 
for measurement of power P. The units of noise 
temperature are absolute and are given in 
kelvin (Kl. 

If the sky is considered a lossy absorbing 
medium the atmospheric attenuation is given by, 

101og~ 
~a~ 

A(dB) ( 1 l 

where Ts is a measured sky temperature, and Ta 

is an effective temperature of the absorbing 

.... -- 
/ ' 
/ ' / ' 
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' ' ' ' -- FANNIE BAY 
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I 
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Fig. I Radiometer and roingauge location in Darwin. 
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medium corresponding to the sky temperature 
I imit for which there is infinite attenuation. 
The Ta value is closely related to an average 

physical temperature over the path length for 
which the lossy medium is attenuating. In 
practice, it is very difficult to accurately 
determine the value of Ta in any particular 

case, because it depends on a number of various 
factors. 

For a true attenuation level of 12 dB and 
an effective temperature Ta of 290K, there is 

approximately ::t:_ 10% error (in dB) in the esti 
mated attenuation value for a T uncertainty 

- a 
of+ SK, and the largest error is associated 
with a lower Ta value. In evaluating the radio- 

meter data the assigned value of Ta can never 

be lower than that value which would predict 
infinite attenuation. In other words very high 
attenuation events, where the recorded sky 
noise temperature approaches the ground tem 
perature, can be used to determine a lower 

I imit for the T value. From 14 GHz radiometer 
a 

data accumulated at Darwin so far, there are 
several events which placed that lower Ta value 

at 290K. This effective noise temperature of 
the sky as an infinitely attenuating medium is 
higher than that value used by most other inves 
tigators, but is not surprising if one considers 
the tropical climate of Darwin. Examination of 
records provided by the Bureau of Meteorology 
showed that the average height for a 290K tem 
perature level in Darwin during January 1978 was 
two ki lometers. An effected path length for rain 
attenuation can be defined as that distance 
which would predict the attenuation if there 
were uniform rain and drop size distribution 
over the path. Considering that the predicted 
effective path length for high rain rates and 
high elevation angles is approximately 2-3 km 
(Ref.4), the assumption of a minimum effective 
temperature T of 290K is most plausible for 
Darwin. a 

Another error which can be significant in 
radiometric measurements is the omission from 
the simple theory of the effects due to scatt 
ering. Consider, for example, the sky as a lossy 
medium which can scatter energy from an incoming 
signal out of the propagation path as wel I as 
absorb it. If the scat+er i ng coefficient is 
smal I compared to the absorption coefficient 
there is a neg I igible correction to the simple 
theory discussed so far. In any event, the 
attenuation predicted from radiometric measure 
ments is always underestimated if scattering 
effects are omitted, and the error increases 
with increasing frequency (Ref.5). The magnitude 
of this error has been recently measured (Ref.6) 
and the results show reasonable agreement with 
the theory. The general conclusion that one may 
draw from those studies is that at frequencies 
of 11 and 14 GHz and high elevation angles the 
effect of scattering on radiometric measurements 
is smal I, and for al I intents and purposes may 
be neglected. 

Having established a m1n1mum effective noise 
temperature of the sky as an infinitely atten 
uating medium, and operating at frequencies where 
scattering effects are minimal, it is felt that 
the Darwin radiometer results are reasonably 
accurate up to a maximum attenuation reading of 
12 dB. This assumption is based on the fact that 

any smal I error due to scattering is in an op 
posite sense to any error due to a higher true 
T value. 
a 

3. FIELD INSTRUMENTATION 

3. 1 Radiometer Design 

The present radiometer design is an evolu 
tion of a previous design (Ref.3) which was in 
stalled in the field before Cyclone Tracey 
(December 1974). A complete upgrading of the ra 
diometer has been performed producing a stable 
system whose performance is we I I within the 
theoretically predicted sensitivity. 

Fig.2 Darwin radiometer system. 

A picture of the Darwin radiometer is shown 
in Fig.2. The equatorial antenna mount is the re 
sult of the original sun-tracking design and is 
seen holding the antenna at a fixed azimuth of 
30° and elevation of 60°. Two horn feeds provide 
a dual-beam configuration with a beam separation 
of 3.65°. The four foot (1.22 meter) antenna dish 
provides a beamwidth of 1.67° at 11.075 GHz and 
1.30° at 14.25 GHz. Both the center beam and off 
set beam inputs are diplexed to provide two 
200 MHz bands centred at 11.075 GHz and 
14.25 GHz, and each frequency is fed to its cor 
responding receiver. 

The two receivers are identical and the de 
sign is based on a concept used at the Communi 
cations Laboratory of the Japan Telegraph and 
Telephone Corporation (Ref.7). The receiver de 
sign is shown in block diagram form in Fig.3. 
Two switchable ferrite circulators are used to 
modulate the dual-beam input. The first one 
driven at 1170 Hz compares the two beams with 
respect to each other. The second circulator 
compares that output with an ambient temperature 
termination at a 433 Hz rate. The output is then 
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processed in a conventional superheterodyne re 
ceiver and then synchronously detected in such a 
way as to recover indep~ndently voltages pro 
portional to the noise temperature as seen by 
the main beam, the offset beam, and the differ 
ence between the two. 

Each hour the radiometer is calibrated with 
an avalanche diode which has proven to be a very 
stable noise source. During the calibration 
cycle the second switchable ferrite circulator 
(driven at 433 Hz) is clamped to the ambient 
termination for a period of 30 seconds, estab- 

I ishing a reference noise temperature for al I 
recordings. Then the noise diode is turned on at 
either a 433 Hz or 1170 Hz rate (alternating be 
tween the two conditions on each hour) for an 
other period of 30 seconds, thereby establishing 
a second temperature level which is accurately 
known. In this way the error in data reduction 
due to long term gain variations is reduced to a 
neg I igible value. A typical data recording is 
displayed in Fig.4. In actual operation there 
are six different coloured traces (three for 
each frequency). The calibration tracings are 
also shown. 
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TO 14GHz 
RECEIVER DIPLEXER TO 14GHz 

RECEIVER 
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Fig.3 Daruin radiometer receiver. 
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radiometric measurements were taken at two ele 
vation angles different than Darwin. Finally, the 
frequency dependence of the Darwin data is anal 
ysed with the intent of comparing the results 
with classical theory for rain attenuation. 

4.1 Darwin Rain Statistics 

Fig. 4 Typical radiometer data. 

3.2 Raingauge Network 

As explained previously there are five 
tipping bucket raingauges three of which ( in 
cluding the one at the radiometer site) are al 
igned along the propagation path. Each site has 
a transmitter which is activated for each tip of 
the bucket corresponding to 0.2 mm of rain. A 
coded tone pulse is transmitted by telephone 
I ine to the radiometer site and detected by a 
receiver system which discriminates against 
false signals. 

The various channels of the raingauge re 
ceiver are sampled every 30 seconds by a dotting 
pen multichannel recorder, and every minute by a 
digital data logger system. Time markers and am 
bient temperatures are also recorded, which are 
important in the data reduction. 

4. RESULTS 

Because of system faults early rain atten 
uation data was compromised to the point where it 
could not be correctly evaluated, and for that 
reason al I radiometer results prior to November 
1977 have been excluded from the present analy 
sis. Raingauge data has been reliable since the 
1975/76 "wet season" and some results are in 
cluded for the corresponding times of operation. 

Total results which have been analysed can be 
broken down for convenience into four categories. 
The first includes the rain statistics for the 
Darwin area and the rain intensity results meas 
ured over a three year period. The second in 
cludes the normal rain attenuation probabi I ities 
(i.e. cumulative distributions) for 11 and 14 GHz 
and the correlation of these results with rain 
intensity statistics. The third category involves 
the comparison of the previous results with the 
11 GHz data from lnnisfai I, Queensland where 

Information about point rainfall intensities 
in the Darwin area is contained in a Bureau of 
Meteorology Bui letin (Ref.8). Darwin is unique in 
that the major rainfall occurs during the "wet 
season" wh i eh for a I I intents and purposes covers 
the seven month period from mid-October to mid 
May. The total average annual rainfal I accumu 
lation in Darwin is 1.62 meters. Of that amount 
less than 2% is contributed from the five "dry" 
months. Figure 5 shows a plot of the average 
rain intensity statistics for Darwin airport 
covering an 18 year period. For i I lustration pur 
poses the average "wet season" was taken from 
November through May. 
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Average rain intensity statistics for 
Daruin. 

The measured rain intensity probabi I ities for 
three "wet seasons" are i I lustrated in Fig.6. It 
would appear that the 75/76 season was dry to 
average, the 76/77 season extremely wet, and the 
77/78 season slightly above average as far as 
the rain intensity distribution is concerned. 
The data for 75/76 was relatively sparse and 
might not represent the true condition. Never 
theless, the potential seasonal variation is 
very much in evidence. The 76/77 data shows rain 
intensity statistics for the whole season higher 
than the average worst month! The fact that there 
were flooding conditions that year strengthens 
the validity of these observations. 
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Fig. 6 Rain rate data for Darwin. 

150 

attenuation at both 11 and 14 GHz and the on-site 
raingauge measurements were simultaneously valid. 
This restriction reduced the number of hours of 
valid measurements to 3232 hours for the period 
November 1977 through May 1978. The attenuation 
statistics for 11 and 14 GHz are shown in Fig.7. 
The percentage time that a level is exceeded is 
plotted versus attenuation for both the seasonal 
data and the worst month condition. For the 77/78 
wet season the results show that levels of 5.3 dB 
attenuation at 11 GHz and 9 dB attenuation at 
14 GHz are exceeded for 0. 1% of the time. There 
is a substantial increase for the worst month 
condition with that same probabi I ity level corre 
sponding to 9.0 dB and >15 dB for 11 and 14 GHz 
respectively . 
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Attenuation probal>ility at 11 and 
14GHz. 

4.2 Rain Attenuation at 11 and 14 GHz 

In order to properly compare the radiometer 
attenuation results at both 11 and 14 GHz, and 
also to relate attenuation to rain intensity sta 
tistics, only those times were analysed where the 
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Coincident rain attenuation versus 
point rain intensity. 

Figure 8 shows the relationship between 11 
and 14 GHz attenuation and the local on-site rain 
intensity corresponding to the same probabi I ity 
level. There are essentially no differences be 
tween the curves shown and the same curves for 
the worst month condition, and for that reason 
the latter curves have been omitted. Because the 
cumulative distribution for rain intensity is 
different for the two cases, we apparently have 
a firm relationship for the area and its climate. 
More data wi I I need to be analysed to reinforce 
that conclusion. As we shal I see later, the re 
lationship between attenuation and point rain 
intensity as determined experimentally in trop 
ical climates also appears to be independent of 
the propagation geometry. 

4.3 Comparison of Darwin and lnnisfai I Data 

Having accumulated radiometric data in 
Darwin at a fixed elevation angle of 60°, it was 
logical to compare these results with different 
fixed angle 11 GHz measurements taken at 
Inn i sfa i I, Queens I and. The cumu I at i ve di stri 
buti ons for attenuation and point rain intensity 
are shown in Figs.9 and 10 respectively. For 
each elevation angle only that attenuation and 
rainrate data was used which was simultaneously 
va I id. 

It should be pointed out here that no 
special meaning should be attached to the var 
ious elevation angle data shown in Figs. 9 and 
10. The curves represent results from two diff- 
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erent areas with different rain statistics, and 
in the case of Darwin the results are not exten 
sive enough to represent an annual average. 
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Rain rate probabilities for Darwin 
and Innisfail, Queensland. 

The data, however, can be used to come up 
with an interesting result. If we again correl 
ate attenuation at 11 GHz with point rain inten 
sity taken at the same probabi I ity level we are 
essentially by-passing any temporal dependen 
cies. The results of such a correlation are 
shown in Fig. 11. One can see that the relation 
ship is fairly independent of elevation angle 
and location. More Darwin data wi I I need to be 
analysed to reinforce that conclusion but the 
lnnisfail results by themselves look fairly con 
vincing. Classical theory would predict a propa 
gation angle dependence between attenuation and 
point rainrate correlations if the attenuating 
medium were stratified and homogenous with a 
uniform raindrop size distribution. This angular 
dependence is evidently reduced in tropical cl i 
mate conditions where the rain intensity proba 
bilities are relatively high and the average 
rain eel I size relatively smal I . 
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Comparison of 11GHz attenuation 
versus point rain intensity for 
different elevation angles. 

4.4 Frequency Dependence 

Numerical results for the total attenuation 
coefficient of microwave signals propagating 
through rain have been reported by several 
authors (Refs.9,10). These results are based on 
the classical theory of propagation through a 
uniform rainfal I along the path, and a Laws and 
Parsons raindrop size distribution. If one ex 
amines the frequency dependence predicted by 
these results for the frequency range 10-15 GHz, 
one can get an estimate of the non-I inearity 
that might be expected for data measured in that 
same frequency range. For various fixed rainfal I 
rates the numerical results were curve fitted 
with a power law relation. The most non I inear 
frequency dependence occurred at the lower rain 
rates and the maximum departure from a best 
I inear approximation for attenuation coefficient 
(in dB/km) was found to be about 2% for the fre 
quency range of 10-15 GHz. Because of this neg 

I igible departure from I inearity over the fre 
quency range of interest it was decided to ana 
lyse the present Darwin results in a fashion 
similar to that used in the analysis of 30 
months running of the ESRO radiometer experi 
ment in Europe (Ref. 11). By analysing the atten 
uation difference between 11 and 14 GHz as a 
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function of the attenuation at 11 GHz, with each 
set of points occurring at the same probabi I ity 
level, one can get an indication of the fre 
quency dependence. This has been done in Fig. 12. 
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u z ~ 
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Fig.12 - Attenuation difference versus 
attenuation at 11GHz. 

A linear regression curve tit of the data was 
performed showing a neg I igible non-zero inter 
cept. The attenuation data at 14.25 GHz was 
found to be a factor 1.75 higher than attenua 
tion data at 11.075 GHz taken at the same proba 
bi I ity level. It put into a general I inear e 
quation it is easy to show the relation tor 
attenuation At at any other frequency as being 

A11 _075 [1 + 0.237 (t - 11.075)] (2) 

where t is the frequency in GHz. Considering the 
smal I departure from I inearity predicted by the 
classical theory of propagation through rain tor 
the frequency range 10-15 GHz the above equation 
should al low a fairly accurate extrapolation to 
other frequencies in that range given a value of 
rain attenuation at 11 GHz. Again, more Darwin 
attenuation data wi I I be needed to validate this 
empirical relation. The results reported in 
(Ret.11) show the same relation except for the 
nqrmal ization frequency, which is 11.5 GHz in 
that report. 

One can also analyse th~ ratio of attenuation 
data obtained simultaneously at two frequencies 
to get an estimate of the extent of rain or ef 
fective path length (Ref. 12, 13). This approach 
uses the tact that tor a Laws and Parsons drop 
size distribution the classical Mie theory pre 
dicts a particular rain rate tor a given ratio 
of attenuation tor two specific frequencies. It 
one knows this apparent rain rate, the atten 
uation coefficient from theory, and the abso 
lute value of attenuation, then one can calculate 
an effective path length tor that attenuation 
level. 

According to Olsen et al (Ref. 14) the atten 
uation coefficient can be descriged effectively 
by the empirical relation A= aR (dB/km), where 
R = rainrate (mm/hrl and£. and _Q_ are constants 
tor a particular frequency and rain temperature. 
Using their tables tor a rain temperature of 

20°c and a Laws and Parsons dropsize distri 
bution, and extrapolating to the desired fre 
quencies, the values tor a and b were found to 
be 0.0130, 1.257 tor 11 .075 GHz-;- and 0.0286, 
1. 187 tor 14.25 GHz. The ratio of attenuation 
values taken at the same probabi I ity level has 
already been shown to be fairly constant with a 
value of 1 .75, and not decreasing with in 
creasing attenuation as shown in (Ref. 12) . It 
the effective path length is the same at both 
frequencies the apparent rainrate corresponding 
to that attenuation ratio is 26.3 mm/hr. This 
fixed apparent rainrate corresponds to an in 
creasing effective path length of approximately 
1 to 9 km tor the attenuation range at 11 GHz 
of 1 to 7 dB respectively. 

These attenuation ratio results are at var 
iance with the trends predicted in (Ret.12) and 
cannot be explained at present. There are diff 
erences which might negate the direct comparison 
- two of them being the different climate in 
Darwin which suggests a different raindrop size 
distribution, and the use of a fixed elevation 
angle rather than a sun-tracking radiometer to 
obtain the data. One might also ask whether the 
assumption of a constant effective path-length 
with frequency is valid tor the measurements 
performed in Darwin. 

5. CONCLUSIONS 

In the tropical regions of Australia rain 
attenuation tor frequencies above 10 GHz can be 
severe. It an earth station design in Darwin 
were based on a 99.9% availability tor the worst 
month condition, the rain margin tor attenuation 
only could be greater than 9.0 dB at 11 GHz, and 
greater than 15 dB at 14 GHz. It the ava i I a- 
bi I ity were based on a worst wet season con 
dition the corresponding rain margins would be 
approximately 5 and 9 dB respectively. These 
results are similar to those achieved with ra 
diometric measurements at lnnistai I, Queensland. 

The difference in rain attenuation measured 
simultaneously at 11 and 14 GHz is a fairly 

I inear function of the absolute level of atten 
uation. For this reason a simple relationship 
can be empirically determined which wi I I al low 
extrapolation of attenuation data to any fre 
quency not too tar removed from the data fre 
quencies. From the 11 and 14 GHz attenuation 
statistics measured at Darwin this relation is 
given by equation (2) in this paper tor the 
frequency range 10-15 GHz. 

The radiometric rain attenuation measure 
ments carried out in Australia have provided 
data from two different locations with diff 
erent climates at fixed elevation angles of 
30°, 45° and 60°. The relationship between co 
incident rain attenuation at 11 GHz and point 
rain intensity (taken at the same probabi I ity 
level) does not appear to be a function of ele 
vation angle tor these climates. This same re 
lationship also seems to be fairly constant at 
both 11 and 14 GHz tor the Darwin area and sim 
ilar climates. 

One season's data is insufficient to estab- 
1 ish reliable average statistics. The Darwin 
area can have a pronounced seasonal variation 
in its rainrate cumulative distribution. More 
data is needed from the Darwin area to rein 
force the results so tar, especially the esti- 
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mated frequency dependence of attenuation sta 
tistics. 
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On the Peakedness of Primary and Secondary Processes 
C.E.M. PEARCE 
University of Adelaide 
South Australia 

Some basic properties of peakedness are found and proved for offered, 
overflow and carried traffics. 

1 . I NTRODUCT I ON 

The standard model of teletraffic theory is 
that of a finite or infinite trunk group with 
negative exponential holding times (of mean 1/µ, 
say) fed by a renewal stream (Palm Ref. 1, Tak~cs 
Refs.2,3, Cohen Ref.4). Palm and Tak~cs have 
shown that in the finite trunk group case the 
overflow is also a renewal stream, so that the 
above studies may be used for the analysis of 
overflow traffic. We regard the carried and 
overflow traffics as secondary stochastic pro 
cesses induced by the original offered renewal 
stream. 

Practical probabi I istic calculations for 
more comp I icated systems are most commonly 
carried out via Wilkinson's Equivalent Random 
method (Ref.5) and its extension to smooth 
traffic (Brettschneider Ref.6, Nightingale 
Ref.7), although some alternative techniques 
have been proposed (Jensen Ref.8, Rubas Ref.9, 
Freeman Ref. 10). Here we categorise traffic as 
being smooth (smoother than pure chance traffic) 
if its peckedness factor z is less than unity 
and rough ( rougher than pure chance) if z ex 
ceeds unity, where z is defined as the variance 
to mean ratio v/m for the trunk occupancy dis 
tribution resulting when the traffic is offered 
to a hypothetical infinite trunk group. In 
practice, of course, infinite trunk groups are 
idealisations of large finite trunk groups 
(Hettes and Holtzman Ref. 11). Accordingly we 
shal I also define a peakedness factor zN for a 

finite group of N trunks as the variance to 
mean ratio vN/mN of the actual steady-state 

trunk occupancy distribution induced on that 
group. In this we fol low Wilkinson (Ref.5) and 
diverge from Heffes and Holtzman (Ref. 12), who 
employ the variance to mean ratio of the traffic 
load that would be carried on an infinite trunk 
group to which the carried arrival process were 
offered, with holding times distributed identi 
cally to but independently of those of the 
finite group. 

In the case of a renewal input, z is given 
by the formula 

F being the distribution function for time inter 
vals in the renewal stream (Hettes and Holtzman 
Ref. 11). It is easily seen that a knowledge of z 

and the mean traffic m = [-µ~1(0)]-l does not 
completely characterise the carried traffic 
(Holtzman Ref. 13). 

Despite its central role in the Equivalent 
Random method and its extension, no systematic 
study of the mathematical properties of peaked 
ness appears to have been pub I ished, possibly 
because it is deemed a less soundly-based mathe 
matical concept than the dimensionless and sta 
tistically standard coefficient of variation 

v/m2 (Palm's "form factor."). In view of the non 
I inear trunk occupancy response to offered traf 
fic, the appropriateness of such a view is ques 
tionable. On the contrary, we hope in this paper 
to make a case for the mathemat i ea I I y "nice" 
properties of peakedness, at least in the context 
of renewal offered traffic and negative exponen 
tial holding times. Apropos the choice of peak 
edness, analogous properties for the coefficient 
of variation are considered briefly in Section 8. 
Some isolated exact results appear in the I iter 
ature. Wilkinson (Ref.5) notes the formula 

zN = 1 - load on last trunk 

and Heffes and Holtzman (Ref.11) show that for a 
given renewa I input 

z + 1 as µ + oo 

(2) 

(3) 

The best-known result, that the overflow ar1s1ng 
from Poisson offered traffic has z > 1, is fre 
quently quoted but does not appear to have re 
ceived an exp I icit proof in the I iterature, al 
though it is given as an exercise by Cooper 
(Ref.14). 

(1) 

where 

~(s) Re. s ~ 0 

In Section 2 we determine some properties of 
peakedness for a renewal stream of traffic. 
Sections 4 and 5 look at the two associated se 
condary processes, the carried and overflow 
traffics, resulting when the primary traffic is 
offered to a finite group of trunks. Finally, in 
Sections 6 and 7, we consider asymptotic results 
holding in the context of I ight or heavy traffic. 

In the fol lowing we shal I assume that the 
primary offered traffic has F(O+) = 0, that is, 
with probabi I ity one two cal Is do not occur sim 
ultaneously. This imp I ies in particular that the 
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mean inter-arrival time for cal Is, -q,'(0), is 
non-zero. We shal I assume for convenience that it 
is also finite. Our results modify in an obvious 
way if it is not. 

2. BOUNDS FOR z 

The fol lowing special case of Jensen's ine 
quality (Ref.15, p.110) has been found useful. 
This we shal I prove from first principles, as we 
wish to note that strict inequality can occur 
only for one particular distribution. 

Lemma 1: 

For given valuesµ, r = -[q,'(O)], the transform 
<j,(µ) is minimised by taking the underlying dis 
tribution as the degenerate distribution with 
probabi I ity mass unity at the valuer. 

Proof: We have 

/' e-µx F(x)dx = 
0 

co -µx r -µx co [ . ] -µx f e dx + f F(x) e dx - f 1-F(x) e dx r o r 

(4) 

Also 
fco [1-F(x)] dx 
0 

r = fr dx 
0 

so that 

fr F(x)dx = !co [1-F(x)] dx , 
o r 

By virtue of this condition relation (4) reduces 
to 

so that 
µJco e-µx F(x)dx :: e-µr 

0 

cc -µx 
f e• dH(x), 
0 

where H is the distribution function of the de 
generate distribution with unit probabi I ity mass 
at r. Since F(O+) = 0, the left hand side of the 

inequality is just !co e-µx dF(x), and the result 
is proved. 0 

In fact it is clear from the inequality (4) that 
the minimum is realised tor no distribution 
function other than H. By the lemma, equation (1) 
leads immediately to 

Theorem 1: 

For renewal traffic with mean m = [-µ<j,1(0)]-1, 
the peakedness z satisfies the inequality 

[ -1 ] -1 z:: 1-exp(-m ) -m ( 5) 

with equality subsisting only tor deterministic 
traffic of mean m. 

Coro! lary: 

By elementary calculus, the right hand side of 
(5) can be shown to approach a global infimum of 
1/2 as m + co and a global supremum of 1 as 
m + 0. Thus renewal traffic always has peaked 
ness exceeding 1/2 and a deterministic stream is 
smooth at al I intensities. 

By contrast, there is no finite upper bound on 
z. We have 

Theorem 2: 

Renewal streams presenting any given mean 
offered traffic m exist tor which z is arbi 
trarily large. 

Proof by Construction: 
-1 Fort= (µm) and a< t < b, suppose that inter- 

arrival times X for cal Is are given by 

P(X 

<j,(µ) 

a) (b-t)/(b-a) 1 - P(X b) 

so that EX= t and the mean offered traffic ism. 
We have 

e-µa (b-t)/(b-a) + e-µb (t-a)/(b-a). 

By taking 'a' sufficiently smal I and "ti sufficiently 
large we can insure that q,(µ) is arbitrarily 
close to unity. The required result fol lows from 
( 1). 

3. A CHARACTERISATION OF POISSON STREAMS 

In conjunction with Theorem 1, the fol lowing 
result under I ines the basic dependence of peaked 
ness on traffic intensity. 

Theorem 3: 

The Poisson stream is the only renewal stream of 
given functional form for which the peakedness z 
has a constant value, independent of the inten 
sity of the stream. 

Proof: 

Variation of the intensity of a stream presented 
to a trunk group is equivalent, as far as the 
steady-state trunk occupancy of the group is 
concerned, to leaving the offered traffic un 
altered and varying the parameterµ of the 
holding times, largeµ corresponding to low in 
put intensities and smal I µ to high input inten 
sities. Thus z is constant, if and only if the 
µ-derivative of the right hand side of (1) van 
ishes identically, that is, 

[ 1 -<j, ( µ ) ] 2 - / <j, I ( 0) <j, I ( µ ) = 0 

holding for al I µ > 0. This relation may be 
treated as a differential equation for <j,. With 
the requirement <j,(00) = 0, we may solve to de 
rive 

<j, (s) ;iJ(Hs) (6) 
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for alls~ 0, where>.= -[~'<Ol]-1. By analytic 
continuation, the same formula must hold in the 
region Re. s ~ 0 of the complex s-plane. Since 
~(s) has the form (6) for Poisson arrivals, the 
desired result fol lows from the uniqueness 
theorem for Laplace-Stieltjes transforms. 

Substitution from (6) into ( 1) yields the fami l 
iar result that the constant value z for Poisson 
traffic is unity. 

4. OVERFLOW TRAFFIC 

Theorem 4: 

Suppose a renewal stream with peakedness z is 
presented to a single trunk. Then the overflow is 
also a renewal process, with peakedness z' sat 
isfying 

z' > min (1,z) 

Proof: 

The renewal character of the overflow is we! I 
known ( Pa Im Ref. 1 ), (Takacs Ref. 3). 

Suppose the inter-event times of the offered and 
overflow traffics have respective distribution 
functions F(x), G(x), and let 

~(s) = /" e-sx dF(x), Re. s ~ 0, 
0 

OO -sx 
Re. s ~ 0, tj,(s) = f

0 
e dG(x), 

Our starting point is the relation 

z'-1 = --1i.!!..L+ [µtJ!'(O)]-l (8) 1-tj,(µ) , 

which is simply equation (1) applied to the over 
flow stream. From Tak~cs (Ref.3) or the author 
(Ref. 16) we have 

tj,(µ) 

and 

tJ,' (0) 

ii1J!.) 
~ ( 2µ ) + 1 -~ ( µ ) 

~'(0)/~(µ), 

so that (8) may be written as 

, 1 - ( ) [ P (2µ) , -1 ] z - - ~ µ ~(µ){l-~(µ)} + {µ~ (O)} . 

Holtzman (Ref. 13) notes that 

j ~ 

(7) 

(9) 

and Winsten (Ref. 17) has shown for the case j = 2 
that strict inequality obtains unless the under- 

lying distribution function is degenerate. Thus 
we have 

with strict inequality unless F is degenerate. 
Comparison with (1) gives us 

z'-1 ~ ~(µ)[z-1]. 

As O < ~(µ) < 1, the desired result is immediate 
for z ¥ 1. For the remaining case z = 1, we have 
z' ~ 1, with strict inequality unless F is de 
generate. The possibi I ity of equality here is 
eliminated by the corollary to Theorem 1, and 
the proof is complete. 

Theorem 4 generalises at once to overflows from 
an arbitrary number of trunks as 

Theorem 5: 

If renewal traffic with peakedness z is offered 
to a finite group of L trunks, the peakedness Z 
of the overflow satisfies 

Z>min(1,z). C 10) 

Proof: 

This result fol lows from Theorem 4 by the prin 
ciple of mathematical induction applied to the 
number of trunks. We can regard the L trunks in 
sequence, the overflow from each being a renewal 
stream presented to the next. Theorem 4 then 
gives both the basis for the induction and the 
general step. 

Theorem 5 shows that the overflow from chance or 
rougher than chance offered traffic is rough, 
while that from smooth traffic is less smooth. 
In the particular case of Poisson offered traf 
fic z = 1 and Theorem 5 establishes the wel I 
known result that Z > 1 for the overflow. 

We observe in passing the fol lowing slightly 
surprising proposition. 

Theorem 6: 

The Poisson stream can occur as the overflow 
traffic from a single trunk. 

Proof: 

With notation as in Theorem 4, we have 

tj,(s) 

~ (s+µ) 

cj, (s+µ) 
l+~(s+µ)-~(s) 

(c.f. Takacs Ref.3). The overflow traffic wi 11 
be Poisson if tj,(s) = >./(>.+s) for some>.> 0, 
that is, if~ satisfies 

[ 1 -~ ( s ) ] >. / s 

The theorem is proved if ~(s) is the Laplace 
Stieltjes transform of some honest distribution 
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function F. On inversion of the transforms, we 
have that 

e-µt F'(t) = 1.[l-F(t)] 

which solves, with the initial condition F(O)=O, 
as 

F(t) = 1-exp[- ~ (eµt_ll], t >, 0. (11) 

F(t) is clearly an honest distribution function 
.as required. 

It might be hoped that our results could be 
strengthened in some way; such possibi I ities as 

( i) Z :c max (1,z) 
(ii) Z >, max (1,z) 

suggest themselves natural \y. No such simple in 
equality seems to hold general \y. In fact, both 
( i) and (ii) occur in particular instances, so 
that neither can be general \y true. Suppose a 
renewal stream characterised by (11) is offered 
to a group of trunks. As in Theorem 5, we may 
consider the overflow as resulting from a se 
quence of overflows from single trunks. By 
Theorem 4 we have on considering the first of 
these that z < 1 for the offered traffic. If the 
first overflow is offered to a second trunk, the 
peakedness Z of the overflow must satisfy Z > 1, 
again by Theorem 4. This provides an example of 
(ii). 

On the other hand, suppose our second overflow 
is regarded as an offered traffic for a further 
N trunks (so that z > 1). By a result of 
Belyaev (Ref. 18) the resultant overflow is asym 
ptotical \y Poisson as N ~ 00, so that for N suff 
iciently large Z < z. This provides an instance 
of ( i). 

Although both of these examples have Z > 1, 
values of Z less than unity can occur (c.f. 
Ref. 16, where it is shown that Z can be arbi 
trarily close to 1/2). 

5. CARRIED TRAFFIC 

The fol lowing preliminary result has been 
found useful. For a given functional form~ and 
fixed positive integer N, define 

Proof: 

It is easily verified that each term of the 
n-1 

series Z cn;l)(-1/N)2 is numerically less than 
,Q,=o 

the preceding one if 1 :c n ~ N, so that 

n-1 n-1 1-(n-1 )/N ~ (1-1/N) < y 

for any y sat~sfying 

N/(N+l) < y < 1 . 

Hence ,for y as above 

n-1 
[Hn-1 )/N] Z 

m=o 

O ~ [Hn-1 )/N] 
n 

m n-1 y < ny 

and so 

Multi pi ication of these inequalities yields 

1 ~ n :c N, 

( 13) 

~ n ~ N 

:c n ~ N. 

~ n := N. 

C 14) 

Relation c-13-) imp\ ies N(l-y)/y < 1, so that we 
may sum (14) over n to derive 

N 
z 
n=o 

N n m m ;i-1 
( ) II ( 1-y )/y · < [1-N( 1-y)/yJ , 
n m=l 

C 15) 

where the empty product is tQken as unity. From 
equation (9) 

[r, s] Hence on setting y 
with ( 15) that 

~(µ), we have by comparison 

with 
N 
z 

n ip ( jµ) 
~ 1-" (. ) n >, j=l 'j' Jµ 

h 
n 

1 n = 0 

so that O < [r, s] < 1 for O :c s < r :c N. We 
have 

Lemma 2: 

[2,1] < [1,0] (12) 
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Simple algebraic rearrangement of this formula, 
employing the relation 

N 
l+N hl-lH (N) h -1 

2 n n 

gives (12) for 1 > ~(µ) > N/(N+l). On the other 
hand (12) can also be written as [1,o] < Nh1-l, 
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which is trivially satisfied if h1 ~ N, that is, 

if~(µ)~ N/(N+l). The desired result (12) thus 
holds for al I values of~(µ). 

Lemma 2 has done the work to al low us to deduce 
a carried traffic version of Theorem 5: 

Theorem 7: 

The peakedness ZN of the carried traffic is re 

lated to the peakedness z of the offered traffic 
by the inequality 

< max ( 1,zl. 

Proof: 

From (Ref. 16) we have 

where TIN is the blocking probabi I ity. Substi 

tution for MN and TIN from the formulae given in 

( Ref . 16 l y i e I d 

< (-m+hl) [1 ,o] 

(z-1l[1,0], 

( 16) 

from equation (1 l and the definition of h1• As 

0 < [1,o] < 1, the theorem fol lows at once. 

Theorem 7 shows us that rough offered traffic be 
comes less rough carried traffic, while smooth 
offered traffic leads to smooth carried traffic. 
The first part of the result is as we might ex 
pect intuitively: the overflow "clips off" the 
peaks of the rough offered traffic. This extends 
to arbitrary renewal traffic with z ~ 1 the 
known result (2) of Wilkinson, which tel Is us 
that ZN < z = 1 for Poisson offered traffic. The 

second part of the theorem behooves a caution 
with this sort of intuition, since it does not 
claim that offered smooth traffic results in 
smoother carried +rat t l c, Indeed, the results of 
the fol lowing section make it clear that this 
need not be the case, as any sufficiently I ight 
offered traffic produces carried traffic with 
ZN .,_, 1. 

6. LIGHT TRAFFIC 

Suppose we takeµ very large. Then [1,0], 
[2, 1] "' 1, m, h1 "' 0, so that ZN"' 1, regard- 

less of the structure of the offered traffic. 
This result also holds in the I imit as N + 00, 

g1v1ng a result of Hettes and Holtzman already 
noted as (3). With the interpretation ofµ"' 00 

as I ight traffic we see that the Heffes-Holtzman 
result fol lows as a corollary of the theorem of 
Belyaev noted earlier. This asymptotic result 
depends on the traffic being of low intensity, 

as no finite renewal traffic is reproduced (with 
suitable scale change) on overflowing (c.f. Ref. 
16). In fact, any sufficiently light traffic has 
some resemblance to Poisson traffic in the trunk 
occupancy distribution induced. 

Suppose the inter-arrival time distribution 
has a finite density di Oat the origin. Then 
s~(s) + d ass+ 00, so that hn .,_, (d/µ)n/n! forµ 

large. Both with offered and carried traffic, 
the steady-state probabi I ity TI. that an arriving 

J 
ea I I t i nds j trunks occupied can be expressed as 
a simple function of the hn (see Ref.16). It 

fol lows that, to the term of lowest order, each 
probabi I ity TI. is the same as for Poisson 

J 
traffic with parameter A= d. Perhaps unfortu 
nately for practical consequences, the corres 
pondence breaks down tor the continuous time 
occupancy distribution {q.}. The relevant form- 

J 
ulae in this case involve the mean offered traf- 
fic as wel I as the hn. The agreement of the q- 

distribution thus holds only for those renewal 
streams for which the probabi I ity density of the 
inter-arrival times at the origin is numerically 
equal to the mean arrival rate. 

7. HEAVY TRAFFIC 

First consider offered traffic. In accor 
dance with our method of representing variations 
in the offered traffic intensity by variations 
inµ, we write z = z(µ). As Heffes and Holtzman 
have noted (Ref. 11), in most practical trunking 
situations we are operating with heavy traffic, 
so that z may be taken approximately as z(O). 
We have by an elementary mean value theorem that 

2 ~(µ) = 1 + µ~1(0) + (µ /2l~"(U forµ small, 

for some~ on (0,µ). Substitution of this ex 
pression in (1) gives 

z(µ) 

On lettingµ+ 0, we derive an asymptotic form 
ula for peakedness in heavy traffic, viz. 

~ II (0) 
z(O) = 

2 
= ( l+c)/2 , say, ( 17) 

2~~ 1 (O)] 

when~· 1(0) exists, and z(µ) + oo asµ+ O 
otherwise. The constant c in (17) is the coef 
ficient of variation of the inter-event time 
distribution function for the renewal stream, 
that is, the ratio of the variance of inter 
arrival times to the square of their mean. In 
particular c = 0 for deterministic arrivals, 
giving the asymptotic result z(O) = 1/2 already 
noted for deterministic traffic. 

We turn now to carried traffic. The expansion 

~ (nµ) 2 1 + nµ ~ 1 ( 0) + 0 ( µ ) for µ sma I I 

-1 leads to h 
n 

~II(~) 

2~ I ( 0) [ ~ 1 ( 0) + ( µ /2) ~ I I ( ~ )] 

n n+l n!x +O(x ) forxsmall, 
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where x = -µ~'(0) is the reciprocal of the mean 
offered traffic. Hence 

[1,0] = Nx + 0(x2) 
2 

[2, 1] = (N-1 )x + O(x ) 

and we deduce from (16) that 

ZN = O(x) 

With the use of a mean value theorem, we have 

2 1 = ~(µ) - µ~'(µ) + (µ /2l~"<nl 

( 18) 
for some non (0,µ). Substitution of this value 
shows that 

for heavy traffic, as we would expect. This 
makes it clear that, for carried traffic, 
smoothness is an indication of the intensity of 
the offered traffic as much as of i~s structure. 

8. COEFFICIENT OF VARIATION 

Analogously to (1), the coefficient of var 

iation w = v/m2 of the offered traffic is given 
by 

w = -1-µ~'(0)/[1-~(µ)] 

The corresponding quantity w' for the overflow 
from a single trunk is 

w ' = -1 -µ ijJ ' ( 0 ) / [ 1 -ij, ( µ ) ] 

in the notation of Theorem 4, which can be re 
expressed as 

w' -1- ];!j__'J_QJ_ 
1-ij,(µ) 

q, ( 2µ ) + 1 -q, ( µ l 
~ (µ) 

( 19) 

Since ~(2µ) ~ ~(µ)]2 ~ 1, the latter term in 
the product in the preceding equation is greater 
than unity, so that 

WI > - 1 - ];!j__'J_QJ_ 
1-~(µ) = w. 

By an inductive argument we have, para I lei ing 
Theorem 5, that the coefficient of variation W 
of the overflow from any finite number of trunks 
exceeds that of the offered traffic: 

w > w • (20) 

The coefficient of variation WN for the traffic 

carried on N trunks is given by 

N 
WN = [ -µ ~ ' ( 0)] [ 1 / ( 1 -~ ( µ ) ) - N /Z: ( N ) h -1] 

, n=l n n 

< w (21) 

that is, the carried traffic always has coeffi 
cient of variation less than that of the offered 
traffic (c.f. Theorem 7). 

Relations (20) and (21) are simpler than the 
corresponding results for peakedness. Further, 
consider the derivative formed from equation 
( 19): 

dw/dµ 1iQJ_ [ 1 +µ ~ I ( µ ) / ( 1 -~ ( µ ) ) ] • 
1-~(µ) 

dw/dµ 1i.Ql_ 
1-~(µ) 

2 µ q> II (f)) 

2[1-~(µ)] > 0 • 

so that w is strictly monotone increasing with 
µ. It fol lows from (19) that w + 0 asµ+ 0 
while w + 00 asµ+ 00• This shows that the co 
efficient of variation of any offered traffic as 
measured by trunk occupancy decreases monoton 
ically from 00 to Oas the intensity of the 
offered traffic increases from Oto 00• It may 
also be shown simply that W, WN + 0 asµ+ 0 and 

W, WN + 00 asµ+ 00• These results make clear 

that the variance and the square of the mean 
tend to be of different orders of magnitude both 
for primary and secondary traffics. By contrast 
it is imp I icit in our results on peakedness that 
variance and mean tend more to be of I ike mag 
nitude, which makes mean and peakedness a more 
natural pair of working parameters than mean and 
coefficient of variation. 
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Structural Characteristics of Optical Fibres 
E. JOHANSEN 
Telecom Australia Research Laboratories 
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The first part of this paper outlines the modified chemical vapour de 
position fibre fabrication process. Various inherent structural characteristics 
of the fibres are related to particular manufacturing operations and techniques 
for investigating these characteristics are discussed. The scanning electron 
microscope, and in particular the secondary electron imaging and microprobe 
modes, is shown to provide a powerful analytical tool for examining the phys 
ical and compositional properties of fibres. Measurement of the near-field in 
tensity distribution is found to be a rapid and convenient technique for inves 
tigating some important optical transmission properties of the fibre - most 
notably, for determining the refractive index profile. The primary purpose of 
this paper is to show that a greater understanding of the fibre can be obtained 
by correlating results from all three techniques. Practical results illustrat 
ing this correlation procedure are presented. The particular fibres described 
are experimental step index and step index - barrier layer fibres manufactured 
at the AWA Research Laboratory under contract to Telecom Australia. 

1. INTRODUCTION 

Optical fibre communications is advancing 
rapidly from the realm of laboratory experiments 
towards practical systems applications. The main 
stimulus for this progress has been the develop 
ment of very low loss optical fibres. Improve 
ments in materials purification and fibre fabri 
cation techniques (Refs.1,2) have resulted in a 
dramatic reduction of transmission loss. An at 
tenuation of less than ldB/km over the wave 
length range 0.95 - 1 .37µm, with a minimum of 
0.47dB/km at 1.2µm, has been reported (Ref.2). 
This is very close to the theoretical lower 

I imit of optical attenuation imposed by Rayleigh 
scattering in the fibre tore material. Consider 
able effort is now being directed towards the 
conTrol of oTher fibre parameters, such as cir 
cularity, strength and refractive index profile. 
This profile describes the variation of refrac 
tive index along a diameter of the fibre cross 
section. 

The most common forms of optical fibre con 
sist of a circular core of transparent, high re 
fractive index material, surrounded by a concen 
tric cladding of lower refractive index material. 
Light is guided within the fibre core by total 
internal reflection at the core-cladding inter 
face. When the refractive index is uniform across 
the core region, the fibre is of the step-index 
type. The refractive index profile for a step 
index fibre is shown in Fig. 1 (a) and can be des 
cribed as; 

n(rl 

n(rl 

n(o) 

n ( o) [ 1 - li nm] 

r < a 

r ~ a 
.} (1) 

CORE 

(a} STEP INDEX 
rl I 

1i_]DING 
FIBRE 

I 

I I I I 
I 
I 
I 
I 

-a 0 

rl7' BARR I El 

(b) BARRIER LAYER 
n / ~DING 

FIBRE 

(c) GRADED INDEX 
FIBRE 

Fig.1 

-a 

CORE 

~ CLADDING 

I 

-a o 

Ideal refractive index profiles of 
significant fibre types. 
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Here r is a variable distance measured from the 
centre of the fibre core, a is the core radius 
and 6nm is the (maximum) relative refractive in 
dex di fferen.ce between the core and the c I adding. 
For typical multimode optical fibres the core ra 
dius and cladding thickness are approximately e 
qual and within the range 25-50µm. The core-clad 
ding refractive index difference is generally 
smal I, so that typically 6nm f 0.015 in fibres 
designed for telecommunications applications. An 
important fibre parameter is the numerical aper 
ture, 

NA sin 0c 

n(o) 

[n(o)2 

(2) 

where 0c is the maximum angle, measured in air, 
at which an off-axis meridional ray incident upon 
the core region at a fibre end-face, wi 11 undergo 
total internal reflection at the core-cladding 
interface and so wi I I be guided by the fibre. 
Thus the numerical aperture is a measure of the 

I ight coup I ing abi I ity of the fibre when i I lumin 
ated by a wide-angle source, such as a I ight e 
mitting diode. 

The step-index barrier layer fibre is a doub 
ly-clad fibre with a low refractive index region 
between the core and cladding. As indicated in 
the refractive index profile of this fibre, Fig. 
l(b), the barrier layer has a refractive index 
lower than the cladding. Inclusion of this barr 
ier layer makes possible fibres of large numer 
ical aperture, optically isolates the core from 
the external cladding and eases fabrication re 
quirements (Ref.3). 

Multimode step-index fibres are a suitable 
transmission medium when only moderate bandwidths 
are needed (Ref.4). Much higher bandwidths are 
attainable with graded index fibres, in which the 
refractive index decreases from a maximum at the 
core centre to a lower value at the core-cladding 
interface. Theoretical considerations (Ref.5) 
show that there exists an optimum near-parabolic 
refractive index profile for which the transit 
time of al I rays is very nearly equalised, re 
sulting in maximum bandwidth uti I ization. How 
ever, the refractive index profile must be con 
trol led accurately to achieve this optimum condi 
tion. Thus there is a great deal of interest in 
the particular class of graded index profiles de 
fined by 

n(r) 

n(rl 

r < a} 
r ~ a 

(3) 

where 1 <a<"' • Note that a=2 describes a pa 
rabolic refractive index profile, i I lustrated 
in Fig.l(c), while a=00 describes a step index 
profile. 

The refractive index profiles depicted in 
Fig. 1 are ideal. Many different techniques have 
been developed to manufacture glass optical 
fibres (Ref.6). Fibres of the lowest transmiss 
ion loss (Ref.2) have been fabricated by the 
modified chemical vapour deposition (MCVD) pro 
cess (Refs.6,7). However the cores of practical 
MCVD fibres generally contain smal I-scale struc 
tural characteristics and inhomogeneities due to 
the particular operations involved in the manu 
facturing process. These structural characteris 
tics may perturb the refractive inde~ profile 
from the desired step or graded index variation. 
This, in turn, may influence the transmission 
performance of the fibre. 

An outline of the MCVD process is presented 
in the next section of this paper. Emphasis is 
placed upon the process used at the AWA Research 
Laboratory (Refs.6,8,9). The inherent structural 
characteristics of MCVD fibres are then des 
cribed. Various techniques for studying these 
characteristics are considered briefly in Sec 
tion 4. More detailed discussion is devoted to 
two techniques that prove particularly inform 
ative. These are the examination of prepared 
fibre end-faces with a scanning electron micro 
scope and scanning of the near-field intensity 
distribution to deduce the fibre refractive in 
dex profile. Practical results from investiga 
tions of step-index (phosphosi licate core) and 
step-index barrier layer (borosi I icate clad 
phosphosi I icate core) multimode MCVD fibres are 
reported. These experimental fibres were fabri 
cated during the development of the manufactur 
ing faci I ity at the AWA Research Laboratory. 

2. MODIFIED CHEMICAL VAPOUR DEPOSITION PROCESS 

Detailed descriptions of the MCVD process 
for fabricating phosphosi I icate-core glass 
fibres have been published (Refs.6,7,8,9). Only 
a brief summary is presented here to emphasize 
relationships between various stages of the 
manufacturing process and the nature of the 
structural characteristics observed in the 
fibres. 

The apparatus used in MCVD fibre manufac 
ture is shown diagramatical ly in Fig.2. For 
step or graded index fibres, the starting mat 
erials are the I iquids phosphorus oxychloride, 
POCl3, and si I icon tetrachloride, SiCl4. Pure 
dry oxygen is bubbled through containers of 
these I iquids, becomes saturated with the cor 
responding vapours and, in combination with 
excess oxygen, is fed into a si I ica glass (Si02) 
tube. This tube, typically of 10mm outside dia 
meter and 1mm wal I thickness, is held and ro 
tated in the chucks of a glass-working lathe. An 
oxygen-propane burner mounted on the carriage of 
the lathe moves along the 80cm length of the 
tube and I oca I I y heats the outside wa I I to 
15oo0c. Within the 5cm long hot zone simultan 
eous oxidation and fusion of the chlorides occur 
to produce a 10-15µm layer of glass on the in 
side wal I. This glass layer comprises Si02 and 
an admixture of P205; the refractive index of 
the composite glass is raised with increasing 
P205 concentration (Ref.7). To achieve a fibre 
diameter to core diameter ratio of 2:1 requires 
a total deposition thickness of 400µm. Typically 
15-30 glass layers must be deposited by success 
ive passes of the burner. To fabricate a step 
index fibre, al I glass layers are deposited with 
the same nominal P205 concentration. Graded in 
dex fibres are formed, in this case, by intro- 
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Fig.2 Diagram of the modified chemical 
vapour deposition system 
(after Nicol, Ref.6). 

d uc i ng sma I I increases of the P2 05 concentration 
in each successive layer. 

When a barrier layer fibre is required, a 
third bubbler containing the I iquid boron tri 
bromide, BBr3, is added to the system. The in 
itial glass layers deposited comprise Si02 and 
an admixture of B203 ; the refractive index of 
this glass is lowered with increasing B203 con 
centration. These borosi I icate glass layers form 
the barrier layer of the fibre. Then fol lows the 
deposition, in the manner described previously, 
of the phosphosi licate glass layers to form the 
core of the fibre. 

Upon completion of the deposition stage, the 
oxygen flow is stopped and the hot zone temper 
ature is raised to 2000°c for a further three 
to-six passes. During these passes the Si02 con 
tainment tube is collapsed, under its own sur 
face tension, into a sol id preform. 

STAGE 1 LAYER DEPOSITION 

STAGE 2 PREFORM COLLAPSE 

DEPOSITED LAY~ 

""""" '""~ 

STAGE 3 FIBRE DRAWING 
CORE 

CLADDI~ 

Fig. 3 The MCVD process for fabricating 
optical fibres. 

The final stage is to draw the preform into 
a fibre. The preform is fed into a spiral flame 
burner which uniformly heats the end of the pre 
form to over 2000°c. Fibre is drawn from the 
rear of the burner, through pads which apply a 
very thin polyurethane coating to protect the 
fibre from abrasion, and onto a winding drum. 
The take-up drum speed and the preform feed 
rates must be control led carefully to maintain 
stable fibre dimensions. 

Figure 3 summarizes the three stages of the 
MCVD fibre fabrication process, namely the glass 
deposition, preform col lapse and fibre drawing. 

3. INHERENT STRUCTURAL CHARACTERISTICS OF MCVD 
FIBRES 

Optical fibres manufactured by the MCVD pro 
cess have several inherent structural character 
istics. The first is that the fibre core con 
sists of a large number of concentric rings of 
deposited glass. For most practical situations 
(Ref.10) the outer radius of the ith core layer 
can be calculated as 

r. 
I 

a ( i /N) ½ i=l ,2, ... N. (4) 

In equation (4) N is the total number of core 
layers deposited, i=l corresponding to the cen 
tremost or last deposited layer, and a=rN is 

the core radius. The thickness of the ith layer 
is 

i=l ,2, ... N. (5) 

Figure 4(a) i I lustrates the concentric layer 
structure of an MCVD fibre core. The variation 
of layer thickness with layer number is indi- 
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cated in Fig.4(b) for a typical fibre of core 
radius a=50µm formed from N=25 deposited layers. 
For this particular case, the centremost layer 
has a radius of 10µm and the thickness of the 
i=25 (or first deposited) layer is 1.0µm. 

(a) CORE STRUCTURE 

10 

8 

0 10 

Fig. 4 

centration and, consequently, a depressed re 
fractive index. Methods for reducing this effect 
are known (Refs. 7, 11). 

A third characteristic, also resulting from 
the preform col lapse stage, is observed in 
highly doped fibres. Glasses of high P205 con 
tent have a very low viscosity and there is a 
tendency for the tube to col lapse into a rod of 
el I iptical cross-section. Preform circularity 
can be improved by a modified col lapse process 
(Refs.7,9). 

The three structural characteristics des 
cribed above are evident in the preform and are 
preserved through the fibre drawing stage to 
appear in the fibre. Dopant diffusion during the 
preform col lapse and fibre drawing stages tends 
to smooth variations in the dopant concentration 
from layer to layer (Refs.7, 12). 

4. TECHNIQUES FOR EXAMINING STRUCTURAL CHARAC 
TERISTICS 

20 

LAYER NUMBER, i 

(b) CORE LAYER THICKNESSES FOR A FIBRE 
WITH a = SOµm AND N = 25 

The structure of optical fibres 
manufactured by a MCVD process. 

25 

As noted in Section 2, to fabricate an ideal 
step index fibre al I glass layers must be de 
posited uniformly from glass of the same compo 
sition. An ideal graded index fibre is manufac 
tured by gradually increasing the concentration 
of a suitable dopant in each successive layer, 
to create a smoothly graded profile. But, in 
practice, smal I uncontrolled fluctuations of the 
glass composition can cause perturbations over a 
region which may be either within one layer 
thickness or over several adjacent layers. This 
can make the ring structure of MCVD fibres appa 
rent, even in nominally step index fibres. 

The second characteristic is introduced when 
the deposited tube is col lapsed into a sol id 
preform. During the high temperature col lapse, 
volati I ization of P205 from the innermost phos 
phosi I icate layer leaves a reduced dopant con- 

A variety of techniques have been developed 
to measure refractive index profiles and to ob 
serve.smal I-scale inhomogeneities in optical 
fibres (Refs.12,13). At Telecom Australia Re 
search Laboratories the methods used have in 
cluded optical, interference and scanning elec 
tron microscopy as wel I as near-field and far 
field scanning. But the two most informative, 
particularly for studies of MCVD fibres, have 
proven to be near-field scanning and scanning 
electron microscope (SEM) examination. 

4. 1 SEM Examination 

The examination of end-sections of optical 
fibres with a SEM can provide a variety of val 
uable information concerning the structural 
characteristics of the fibres. Smal I composit 
ional variations in the glass material, the 
glass dopant profile (which can.be related to 
the refractive index profile), the extent of 
dopant volati I ization from the centre of the 
fibre core, the results of particular manufac 
turing techniques such as the inclusion of 
cladding barrier layers, and the presence of 
any localized material inhomogeneities can al I 
be observed by this method. Any departure of 
the fibre from the desired circular symmetry, 
as evidenced by core and cladding el I ipticity or 
core eccentricity, can be measured with the SEM. 

Two different types of fibre samples and 
measurement techniques are employed. Both init 
ially require a small length of fibre with an 
optically flat end-face. The polyurethane pri 
mary coating of the fibre is first removed by an 
organic solvent. Suitable end-faces are then 
achieved by tensioning the fibre over a form, 
with a caret u I I y chosen radius of curvature, and 
scoring transversely (Ref. 14). 

4. 1. 1 Secondary Electron Imaging The first tech 
nique of SEM examination requires that the end 
face of the fibre be etched in an acid solution. 
This approach exploits the different etch rates 
of pure si I ica and doped si I ica (Refs.12, 13, 15) 
with etchants such as di lute and buffered hydro 
fluoric acid and p-etch (Ref. 16). The etched fi 
br e is mounted on a meta I stub and vacuum coated 
with gold to permit observation in the SEM with 
out specimen charge-up. Because glasses of diff 
erent composition are etched at different rates 
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(Ref. 16), examination of the etched fibre end 
face in the SEM shows surface height variations 
that relate primarily to changes in the dopant 
concentration within the si I ica glass. In addi 
tion, other structural properties, such as re 
gions of stress, can influence etch rates. For 
this reason it is difficult to deduce a quanti 
tative description of the dopant concentration 
profile from the etched surface profile. The 
secondary electron imaging mode of the SEM 
provides an essentially topographical descrip 
tion of a specimen. This imaging mode permits 
the characteristics of the etched fibre end 
face to be observed at higher magnifications 
and with a vastly greater depth of focus than 
can be achieved with an optical microscope. 

These two important attributes of the SEM 
are illustrated by the series of micrographs in 
Fig.5. Al I five micrographs are of end-faces of 
barrier layer step-index fibre 242, fabrication 
data tor which is I isted in Table 1. Optical 
micrographs of unetched and I ightly etched fibre 
end-faces are shown in Figs.5(a) and 5(b) re 
spectively. In each of these micrographs the 
core region has been high I ighted by i I luminat 
ing the fibre from the far end. Clearly the 
etching process is of considerable benefit in 
revealing the structural characteristics of the 
fibre. But the I imited resolution and depth of 
focus of the optical microscope makes accurate 
observation of these characteristics quite dif 
ficult. The micrographs in Figs.5(c) and 5(d) 
are of a deeply etched end-face, viewed at ob- 

1 ique incidence via the secondary electron im 
aging mode of the SEM. The large depth of focus 
of the SEM, even at this high magnification, is 
evident. Note also that the structural charac 
teristics of the fibre can be discerned in much 
greater detai I than with the optical micro 
graphs. Figure 5(e) is another secondary elec 
tron image taken at norma I incidence and showing 
the barrier layer and core regions. Table 1 in 
dicates that al I of the individual glass layers 
of the barrier and core regions can be distin 
guished in the SEM micrographs. 

(a) OPTICAL MICROGRAPH OF FLAT FIBRE END-FACE 
~-------_. 50 µm 

(c) SECONDARY ELECTRON MICROGRAPH OF ETCHED FIBRE END-FACE, 
VIEWED AT OBLIQUE INCIDENCE __. 

Fig. 5 (a)-(d) 
(d) AS FOR (c) BUT WITH INCREASED MAGNIFICATION 

,..._ __ ......, !Oµm 
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(e) SECONDARY ELECTRON IMAGE OF ETCHED FIBRE END-FACE, 
VIEWED AT NORMAL INCIDENCE AND SHOWING BARRIER 

ANO CORE LAYERS 
L---.1 10 µm 

Fig. 5 (e) 

4.1.Z Microprobe Analysis The second technique 
of SEM examination requires that the unetched 
end-face of the fibre be coated with carbon, a 
gain to prevent specimen charge-up. In response 
to the incident primary electron beam, the speci 
men emits x-ray photons. By measuring the wave 
lengths of these emitted photons the SEM micro 
probe unit can determine the elemental composi 
tion of the specimen. In the case of an optical 
fibre sample, the microprobe can record the do 
pant concentrations along a diameter of the fi 
bre end-face. Genera I ly, the relationship be 
tween dopant concentration and glass refractive 
index can be determined empirically (Refs.7,8,9) 
so that, at least in principle, the microprobe 
scan can be used to determine the refractive in 
dex profile quantitatively (Refs.15,17). In 
practice, the glass refractive Index may show a 
further dependence upon the method of quenching 
during fibre manufacture (Ref.18). 

The best spatial resolution that can be ob 
tained with the microprobe is approximately 1µm. 
Other modes of operation of the SEM, such as ab 
sorbed electron and backscattered electron imag 
ing, offer greater spatial resolution than the 
microprobe analysis, without the need for etch 
ing the sample as required tor the secondary 
electron image. These additional modes of op 
eration provide results that can be correlated 
with the microprobe scan, thus ensuring that the 
measured dopant variations are related to the 
fibre properties and not to any environmental 
considerations such as contamination or dust 
particles. 

4.2 Near-Field Scanning 

Many different methods have been developed 
to measure the refractive index profiles of op 
tical fibres (Ref. 19). Of these available tech- 

niques, near-field scanning is the most rapid 
and most convenient. This technique re/ ies upon 
the close resemblance that exists between the 
near-field intensity distribution of an optical 
waveguide, with al I modes equally excited, and 
the refractive index profile. 

4.2. 1 Theory The theoretical basis for the near 
field scanning measurement has been wel I documen 
ted (Refs.2O,21,22,23) so that only a brief sum 
mary is presented here. When a straight length of 
/ow-loss, circularly symmetrical optical fibre is 
i I luminated by a Lambertian source, (exciting al I 
modes uniformly), the power distribution at the 
output face of the fibre due to the contributions 
of al I the guided modes is (Refs.5, 19) 

P(r) / P(o) 

For smal I values of ~nm, as encountered in prac 
tical fibres, this equation can be re-expressed 
in the form 

n( r) - n(a) K.P(r) / P(o) 

(6) 

(7) 

where K = ~nmn(o) is a constant for any partic 
ular fibre. Burrus et al. (Ref.17) employed the 
above relationship between the refractive index 
profile and the near-field intensity distribution 
to obtain qualitative information about the re 
fractive index profiles of several optical fi 
bres. This they did simply by recording the in 
tensity variation across a diameter of the fibre 
output face. 

Because short lengths (typically <1m) of fi 
bres are studied experimentally, the presence of 
tunnel I ing leaky modes introduces an additional 
intensity contribution above that provided by the 
guided modes alone. This creates an error in the 
refractive index proti le as inferred from the 
measured near-field intensity distribution. The 
magnitude of this error decreases with fibre 
length, z, as the leaky modes attenuate, but may 
sti 11 be significant after 1OOm. To eliminate 
this inaccuracy, Payne et al. (Refs.2O,21,22,23) 
introduce a length-dependent correction factor, 
C(r,z), to equation (7) to determine that 

n(r)-n(a) K. [P<r) I P(ol] . [1 / C(r,z)]. 

(8) 

In its most general form (Refs.21,22) C(r,z) is 
itself a function of the fibre refractive index 
profile, so that uti I ization of the near-field 
scanning technique would seem to require prior 
knowledge of the behaviour of the refractive in 
dex profile. Fortunately, the correction factor 
is not a sensitive function of this profile. 
Thus a single set of curves, C(r,z) has been 
pub I ished (Refs.22,23) as a function of a fibre 
normalization parameter 
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X ( 1/V) In (z/a) . (9) 

Here 

ak (NAl ( 10) 

is the normalized frequency and k = 2n/A is the 
free space wave vector at the wavelength A. 

The effect of the correction factor is i I 1- 
ustrated in Fig.6 for the cases of ideal step 
and parabolic graded index fibres. tn these 
plots the corrected near-field intensity is a 
precise description of the fibre refractive in 
dex profile. 
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(a) STEP INDEX FIBRE 
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(b) GRADED INDEX FIBRE 

Fig.6 

,8 1.0 

Measured and corrected near-field 
intensity patterns for step index 
and paraholic graded index fibres 
(after Bladen et at. Ref.21). 

Recent results (Refs.24,25) indicate that 
the uncorrected near-field intensity profile 
often agrees better with the actual fibre re 
fractive index prof i I e than does the corrected 
intensity distribution. This discrepancy arises 
particularly with graded index fibres of near 
parabolic index profile. A theoretical investi 
gation (Ref.26) shows that smal I deviations from 
circular symmetry in this type of fibre cause a 
dramatic increase in the attenuations of the 
leaky modes. Therefore it is to be expected that 
the near-field intensity measurement of practi 
cal fibres, which generally exhibit a smal I de 
gree of asymmetry, should not be corrected if 
the index profile is near-parabolic. 

4.2.2 Advantages and Limitations The preceding 
theoretical discussion high I ights several attrac 
tive features of the near-field scanning tech 
nique. The measurement produces a direct descrip 
tion of the fibre refractive index profile and an 
accurate value of the index exponent, a, (refer 
equation (3)) can be determined. Near-field scan 
ning is very sensitive to smal I index variations. 
Equation (8) indicates that the optical power 
distribution is essentially proportional to the 
index difference; hence in a quartz fibre of 
NA= 0.2, a 0. 1% change in refractive index cau 
ses a 10% change in the measured intensity. 

The method, however, has the disadvantage 
that it does not provide absolute values for 
either n(o), n(a) or L'>nm, which must be obtained 
by some alternative means. Indeed the above dis 
cussion indicates, via equations (9) and (10), 
that a knowledge of the fibre NA is essential to 
deduce the near-field intensity correction fac 
tor. A convenient technique for establishing the 
fibre NA is to measure the far-field intensity 
radiation pattern of a short length of the fibre 
when excited by an incoherent Lambertian source. 
Then 

NA sin 0c 

L'>x 

I 

n(o) (2L'>nml 2 (11) 

where, by the converse of the argument contained 
in Section 1, 0c is the maximum radiation semi 
angle in air. Typically 0c is defined at the 
-3dB point from maximum intensity (Ref.24). 

4.2.3 Spatial Resolution An important consider 
ation is the desired spatial resolution for the 
near-field scanning measurement. The highest 
resolution that can be achieved, in theory, is 
fixed by wave optic considerations (Ref.24). Be 
cause a practical fibre can support only a fin 
ite number of guided modes (Ref.5), the intensity 
distribution cannot fol low the fine detai Is of 
the refractive index profile. The optical field 
cannot vary in the transverse directions faster 
than (sin kxmaxx) where 

k (NA) ( 12) 

is the maximum value of the transverse wave vec 
tor (Ref.24). Hence the minimum distance between 
nodes and peaks of the intensity distribution is 

A/4(NA) ( 13) 

This expression provides an estimate of the 
highest spatial resolution that can be achieved 
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with near-field scanning; for example, if 
\ = O.Sµm and NA= 0.2, then ~x = lµm. To faith 
fully resolve these most rapid intensity varia 
tions requires a spatial resolution of at least 
1 :200, assuming a= 50µm. It is interesting to 
note that this wave-optic imposed resolution 

I imit is comparable to the thickness of the out 
er layers in a typical fibre, as described in 
Section 3. A near-field intensity plot should 
contain information that would indicate any per 
turbation in the glass composition of the broad 
inner layers of an MCVD fibre. On the other 
hand, the wave optic spatial resolution I imit 
may prohibit the observation, in a near-field 
intensity plot, of a simi \ar perturbation in a 
narrower outer glass layer. 

The wave optic argument emphasizes that the 
near-field scanning technique for measuring re 
fractive index profi \es is based on a geometri 
cal model. For this reason the technique cannot 
be applied to fibres of low V number (as defimed 
in equation (10)). Such fibres support only a few 
modes (Ref.5) and modal effects predominate 
(Ref.27). 

4.2.4 System Arrangement A typical near-field 
scanning arrangement (Ref.21) can be, described 
as fol lows. A spacial \y incoherent Lambertian 
source (generally a tungsten filament lamp with 
a diffuser and spectral filter) excites a short, 
straight length of the fibre, which must have 
flat end faces. A microscope objective, focused 
on the output face of the fibre, projects an 
image of that I I luminated face into the plane of 
an apertured photo-detector which scans this 
field transversely. The projected I ight beam is 
chopped, usua I I y at 1 KHz, so that phase-sen- 

sitive detection can be used to improve the 
signal-to-noise ratio. The intensity prof I le is 
plotted directly on an x-y recorder. 

Figure 7 depicts, in block diagram form, the 
particular near-field scanning system developed 
at the Telecom Austral la Research Laboratories 
for the specific purpose of high resolution pro 
f I I ing of MCVD fibres (Refs.28,29). This system 
incorporates two novel features not found in the 
typical scanning arrangement described earlier. 
Firstly, the I ight source is a pulsed high-in 
tensity f lash\amp. Secondly, the entire measure 
ment process is control led by minicomputer 
(Ref.30). This versatile system can achieve, 
simultaneously, spatial and intensity resolu 
tions of better than 0.5% in its normal mode of 
operation (Ref.29). 

5. EXPERIMENTAL RESULTS 

Each of the techniques of examination des 
cribed in Section 4 provides valuable inform 
ation about the smal I-scale structural charac 
teristics of optical fibres. But it is frequently 
difficult to place an accurate physical interpre 
tation upon the fine ~etai Is observed in each in 
dividual measurement. For example, sma\ I local 
ized variations in the near-field intensity plot 
could be due to structural characteristics of the 
fibre established during the fabrication process. 
Alternatively, they could result from noise in 
the measurement system, extraneous factors such 
as dust particles on the fibre output face, or 
modal effects due to the fibre possessing only a 
smal I or moderate V value. The most effective 
method of verification is to correlate results 
from the near-field scan and the various methods 
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LI r:::::_ - I\JD~ET"'EC •••• TO_R _ 
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INTERFEROMETRIC 
TRANSLATION STAGE 

A/D 
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TIMING & CONTROL 
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Fig.? Near-field sca:nning system. 
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of SEM examination (Ref.31). Typical sets of 
correlated results for a step index and a bar 
rier layer optical fibre, manufactured by AWA, in 
Sydney, are now presented. Detai Is of the MCVD 
fabrication process for these two fibres are I is 
ted in Table 1. 

5. 1 AWA Step Index Fibre 121 

Secondary electron micrographs of end-faces 
of AWA step index fibre 121, which have been et 
ched briefly in hydrofluoric acid, are shown in 
Fig.8. Note that the pure si I ica cladding is 
virtually untouched whereas the phosphorus-doped 
core has been attacked by the acid. Since the 
etch rate increases with increasing dopant level, 

the central peak in the core material corresponds 
to a region of reduced phosphorus concentration, 
and hence a region of lower refractive index. Ob 
viously this results from the dopant volati I iz 
ation problem described in Section 3. Smai ler 
perturbations high I ighted by the etching process 
are three rings. Equation (4) and the fabrication 
data of Table 1 have been used to demonstrate 
that these rings correspond to the 5th, 7th-8th 
and 11th deposited layers. The three rings result 
from sma I I I oca I i zed decreases in the phosphorus 
dopant concentration in these layers. However the 
great majority of the 17 individual core layers 
in this fibre have not been revealed by the et 
ching process - a fact indicative of a compara 
tively homogeneous core region. Figure 8 also 
i I lustrates the fibre asymmetry introduced in 
the preform col lapse stage (Ref.9). 

50µ,m 

i____i 1 o µm 

SECONDARY ELECTRON IMAGES 
ETCHANT DILUTE HYDROFLUORIC ACID 

Fig. 8 Secondary electron micrographs of 
the etched end face of AWA step 
index /ibre 121. 
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i INTENSITY 

(a) NEAR-FIELD INTENSITY SCAN 
• •• 

RADIAL 
DISPLACEMENT 

Si 
t CONC. (Wt %) 

-45% 

(b) MICROPROBE ANALYSIS 
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~---~ 20µm 

Fig.9 - The near-field intensity scan, 
microprobe scan and corresponding 
secondary electron micrograph of 
AWA step ind.ex fibre 121. 
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The uncorrected near-field intensity scan, 
Fig.9(a), reveals the region of dopant volati 1- 
ization as a central dip in the measured inten 
sity. From this graph and equation (4), it can be 
deduced that dopant volati I ization is confined 
largely to the last deposited layer. The same e 
quation indicates the correspondence between the 
etched ring structures observed in the secondary 
electron images and the smal I deviations in the 
near-field intensity distribution. For this pur 
pose, the secondary electron micrograph, Fig. 
9(c), has been aligned with the direction of the 
transverse near-field scan. The most prominent of 
the two etched rings can be correlated with the 
intensity minimum AA' in Fig.9(a). However, the 
same scan shows that these two perturbations have 

I ittle effect upon the near-field intensity dis 
tribution. 

A comparison of Figs.9(a) and 6(a) emphasizes 
that the near-field intensity plot of step index 
fibre 121 exhibits almost no leaky mode contri 
bution in the form of intensity peaks at the 
core-cladding interface. This is in spite of the 
comparatively short length, 15cm., of fibre used 
in this measurement. One possible explanation, in 
the I ight of the discussion of Section 4.2. 1, may 
centre upon the comparatively high core el I ip 
ticity of 10% (Ref.9). 

Fig.9(b) is the SEM microprobe of this fibre. 
Plots of the si I icon and phosphorus concentra 
tions across a diameter of the fibre end-face are 
presented. Again the central region of phosphor 
us volatilization is apparent. The microprobe 
capabi I ity is being developed further to improve 
resolution and to permit an accurate calibration 
of dopant concentration against refractive index 
(Ref. 18). 

5.2 AWA Barrier Layer Fibre 172 

Secondary electron micrographs of a cleaved 
and etched end-face of AWA barrier layer fibre 
172 are shown in Fig. 10. These micrographs re 
veal that the pure si I ica cladding layer remains 
virtually unaffected by the di lute hydrofluoric 
acid, while the barrier layer of borosi I icate 
glass has been I ightly etched. The phosphosi Ii 
cate glass core has been attacked more rapidly. 
Two rings of phosphosi I icate glass have etched 
at a slightly slower rate than the rest of the 
core material. Once more, equation (4) and the 
fabrication data of Table 1 can be invoked to 
disclose that these perturbations arise from a 
slightly reduced phosphorus concentration in the 
9th and 17th deposited core layers. Dopant vol 
atilization is evidenced, as usual, by the cen 
tral peak in the etched end-faces. Although this 
fibre is of high numerical aperture, the circu 
lar symmetry has been improved considerably in 
comparison with fibre 121. This improvement was 
achieved by maintaining a slight positive press 
ure inside the si I ica support tube during the 
preform col lapse stage of the manufacturing pro 
cess (Refs.7,9). 

The uncorrected near-field intensity scan, 
Fig. 11(a), of a 15cm. length of fibre, contains 
evidence of a smal I leaky mode contribution at 
the core-barrier layer interface. In comparison 
with the scan for fibre 121, the central inten 
sity (and hence refractive index) dip is reduced 
in magnitude. Furthermore, dopant volati I ization 
has been confined entirely to the final depos 
ited glass layer. The two rings of more I ightly 
doped phosphosi I icate glass can be correlated 
with the localized intensity minima A' and B1 

in Fig. 11(a). Clearly the effect of these per- 

L_ _, 50 /.lITT L------- 501.lm 

SECONDARY ELECTRON IMAGES 
ETCHANT DILUTE HYDROFLUORIC ACID 

Fig.10 Secondary electron microgra:phs of 
the etched end face of AWA barrier 
layer fibre 172. 
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Fig.11 - The near-field intensity scanJ micro 
probe scan and secondary electron 
micrograph of AWA barrier layer fibre 
172. 
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turbations upon the near-field intensity dis 
tribution, and consequently upon the refractive 
index profile, has been small. That a similar 
correlation with localized intensity minima A 
and 8 in corresponding locations on the left 
hand side of the near-field plot is not so evi 
dent, may be due to either of two possible fac 
tors. Firstly, in preparing the flat fibre end 
faces, there is a tendency for the fibre to 
break along a plane that is not perfectly normal 
to the fibre axis (Ref.32). The microscope ob 
jective that projects the fibre image for near 
field scanning must be of high magnification, and 
hence smal I depth of focus. These factors combine 
to make uniform focus over the entire fibre end 
face difficult to achieve. Secondly, the fibre 
possesses a smal I degree of asymmetry. Unless 
the exact scanning paths across the fibre face 
are known, the complete correlation of results 
is a formidable task. 

Si I icon and phosphorus microprobe scans of 
this fibre are provided in Fig. ll(b). The extent 
of phosphorus volati I ization can be observed. 
The two rings evident in the secondary electron 
images of the etched end-face, shown at greater 
magnification in Fig. 1 l(c), correlate with the 
va I I eys AA' and BB' in the phosphorus concentra 
tion profile. A comparison of the si I icon and 
phosphorus traces makes obvious the presence~of 
a barrier layer. 

6. CONCLUSION 

Of the many techniques that have been devel 
oped to study the structural eh racteristics of 
practical MCVD fibres, the comb nation of near 
field scanning and SEM examinat on proves to be 
a powerful analytical tool. 

The study of etched fibre end-faces with the 
secondary electron mode of the SEM is an ex 
tremely sensitive method of observing smal I 
scale structural characteristics and inhomogen 
eities. In some instances this approach is too 
sensitive, as imperfections that do not sig 
nificantly perturb the fibre refractive index 
profile may have the appearance of major irreg 
ularities in SEM micrographs. A I imitation of 
this method is that quantitative information a- 

bout the fibre refractive index profile cannot 
be produced. 

Near-field scanning is a rapid and conven 
ient technique for determining the refractive 
index profile. The automated scanning system de 
scribed in this paper makes this technique even 
more attractive. As discussed in Section 4.2, 

I imitations of near-field scanning include the 
fact That absolute values of the core and clad 
ding refractive indices, or of the relative 
difference in these indices, must be obtained by 
a separate measurement. Furthermore, attempts to 
place physical interpretations upon the fine 
structure recorded in the near-field intensity 
plot may prove difficult or misleading. 

SEM microprobe analysis complements both of 
the above-mentioned methods of optical fibre ex 
amination. In the MCVD fibre fabrication process 
it is the addition of different dopants, in var 
ious control led concentrations, that is the key 
to establishing the optical transmission chara 
cteristics of the fibre, notably the refractive 
index profile. Because a microprobe analysis re 
cords dopant concentrations within a finished 
fibre, it is a measurement that can be related 
directly to specific aspects of the fabrication 
process. The glass refractive index depends not 
only upon dopant concentration, but also upon 
the thermal history of the material; in partic 
ular, upon the quenching of the fibre fol lowing 
the high temperature drawing process. However 
each manufacturer standardizes the procedures 
involved in the MCVD process for his own par 
ticular faci I ity. Thus it is planned to extend 
the microprobe measurement, by empirical cal 
ibration, to al low a quantitative refractive 
index profile to be inferred from the plots of 
dopant concentration. 

There are many possible causes of, and ex 
planations for, the smal I-scale variations ob 
served in any one of the fibre measurement tech 
niques. The examples discussed in Section 5 
serve to i I lustrate that the greatest understan 
ding of the fibre structural characteristics can 
be obtained only by correlating results from al I 
three methods. Two purposes are fulfilled by 
this correlation process. Firstly, it provides 
verification that a particular characteristic 

TABLE 1 MCVD Fabrication Data for AWA Optical Fibres 

FIBRE IDENTIFICATION 
NUMBER 121 

Fibre type 

Cladding material 

Barrier layer dopant 

Core dopan+ 

Number of barrier 
layers deposited 

Number of core 
layers deposited 

Number of col lapse 
passes 

Numerical aperture 

Step Index 

17 

6 

0. 14 

172 242 

Barrier Layer- Barrier Layer- 
Step Index Step Index 

S i02 Si02 

B203 B203 

P20s P20s 

13 11 

20 11 

3 3 

0.20 0.22 
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observed by one method is indeed due to a phys 
ical property of the fibre rather than to some 
extraneous effect. Secondly, it ensures the most 
accurate interpretation and efficient uti I iz 
ation of the available data - both from an indi 
vidual measurement and collectively from the 
three techniques. 

This paper has focused attention upon the 
structural characteristics of MCVD fibres that 
cause the fibre properties, and particularly the 
refractive index profile, to depart from the i 
deal, These structural characteristics are in 
herent in the MCVD process and are not confined 
to fibres fabricated by any one manufacturer. 
Furthermore, it is genera! ly found that these 
structural characteristics exert only a second 
order effect upon the fibre transmission perfor 
mance, as indicated by the attenuation and band~ 
width. The optical transmission properties of 
al I three fibres discussed in this paper were 
such that the fibres were wel I suited to tele 
communications applications. For example, the 
barrier layer step-index fibre 242 offers a 
large NA of 0.22, low el I ipticity (<2%) of core 
and cladding, and a low attenuation of 3.4dB/km 
at a wavelength of 850nm. 

In conclusion, the information obtained from 
these measurements is important in at least two 
areas. First, the systems engineer can use the 
data as inputs to obtain estimates of fibre 
bandwidth, attenuation and jointing loss. Second, 
quantitative information concerning the struc 
tural characteristics of the fibre provides feed 
back to the manufacturer and in this way faci 1- 
itates the fabrication of fibres with improved 
properties and greater reproducabi I ity. 
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Reasonable agreement was found between predicted and measured atten 
uation. However, a very high degree of precision is required in the radar 
calibration. Besides establishing a statistical relation between attenuation 
and radar return, the distrometer can provide information about rain in the 
dead zone of the radar. For elevated paths, the neglect of this region can 
lead to serious error. At low attenuations there may be significant atten 
uation (0.5 to 1aB at 11GHz) due to drops too small to be observed by the 
distrometer or radar. 

1. INTRODUCTION 

It quantitative estimates of the attenuation 
of microwave radiation passing through a volume 
containing rain can be obtained from measure 
ments of the radar return from the rain, this 
wi I I greatly aid the gathering of data required 
tor the design of a sate! I ite communications 
system operating at microwave frequencies. 
Measurements at a single radar frequency can be 
used to estimate attenuation at any frequency of 
interest. 

Also, by operating the radar in a scanning 
mode, a large number of different paths may be 
examined. This would make possible the investi 
gation of the optimum location of earth stations 
and possible space diversity schemes. To the ex 
tent that different paths may be regarded as 
samples from the same statistical population, 
they may be used to increase the sample size and 
reduce the time required to obtain significant 
statistics. 

There are, however, some uncertainties in 
the appl icabi I ity of the theory and I imited 
success has been reported in experiments de 
signed to directly verify the relation between 
radar returned power and attenuation (Pets. 1 ,2). 

An early attempt was made by Crane (Ret.3), 
McCormick (Ret.4), Strickland (Ret.5) and Joss 
et al. (Ret.6) reported good agreement but in 
each case the radar was not tul ly calibrated 
(see Section 3.2). Recently Goldhirsh has re 
ported an experiment with the tul ly calibrated 
Wallops Island radar (Ret.7). 

Because of the ambiguities between theory 
and measurements, and the potential value of 
calculating attenuation from radar measurements, 
an experimental verification of the technique 
was planned. Had the results of Goldhirsh been 
reported at that time, the experiment would 
sti I I have been worth undertaking, as are 
further experiments today. 

The experiment set up involved the radar at 
the same fixed azimuth and elevation as a ra 
diometer located within some 20 m of the radar. 
This mode of operation simpl itied comparison of 
the radar derived attenuation with that measured 
with the radiometer operating in the sky temper 
ature mode and gave good time resolution. A dis 
trometer (Ret.8) was located near the radar so 
that the drop-size distribution c~uld be sampled 
every 30 sec. The theoretical basis of the ex 
periment is discussed in Section 2. 

1. Formerly with the Bureau of Meteorology. 

2. Formerly, Radio Research Board Fellow, Telecom Research Laboratories, 
Melbourne. 
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It was realized that the dead zone of the 
radar (about 3 km) would lead to some problems. 
These turned out to be more severe than antici 
pated. In order to f i I I in the gap caused by the 
dead zone, initially the radar return from the 
first va I id range gate was extra po I ated. It was 
found that generally this was not as successful 
as using the distrometer data. The results of 
both techniques are discussed in this paper. 

The theoretical basis of the relation be 
tween radar echo power and the attenuation of a 
microwave signal passing through the same rain 
fi I led region is indicated briefly here. More 
deta i Is w i I I be found in ( Ref. 2) and papers re 
ferred to there, and in (Refs.9 and 10). A sig 
nificant I imitation is that nothing is learned 
about the bi-refractivity of the medium. How 
ever, the theory might be extended to deal with 
both modes and the use of a dual polarization 
radar. 

2. 1 Radar Backscatter 

Suppose the number of drops of diameter D 
per unit increment in diameter, per unit volume, 
ND is known. Then the backscatter cross section 

per unit volume can be calculated. At the fre 
quencies used in meteorological radar, the 
Rayleigh theory is valid for backscatter. Hence, 
the abi I ity of the drops to backscatter is usu 
ally measured in terms of the reflectivity 
factor 

z ( 1) 

Z is often measured in units of (mm)6m-3. Ne 
glecting attenuation, the average power returned 
to the radar, P is given by (Ref.11) r 

- 2 2 
P = 1.31 x 107 P G 80 Im - 112 Z r t,: 2 2-- - 

A m + 1 r2 

(2) 

Here P is the average received power, Pt the r , 
transmitted power, A the wave-length,,: the 
pulse length, G the antenna gain, and 8 and 0 
the antenna 3 dB beam widths in radians. The 

f t. ·t f t . d . 6 -3 . re lee 1v1 y ac or 1s expresse 1n mm , 1 .e. 
3 I 2 2 

1
2 . in m. The factor (m -1)/(m +1) 1s usually 

taken as 0.93 for the 3 GHz to 10 GHz range. The 
. -1 

numerical factor (units ms ) takes account of 
the fact that the antenna gain is not constant 
across the main lobe and of the effect of a 
pulse matched receiver. 

In operating a calibrated radar, the only 
unknown on the right hand side of (2) is Z. 
Hence, if attenuation at the radar frequency may 
be neglected, measurements of the returned power 
received by the radar al low Z to be determined 
as a function of range and radar beam direction. 
Because of the noise-I ike character of the radar 
echo it is not possible to measure Z at a point 

in space and instant in time. It is necessary to 
average the received signal over time and or 
space (Rets.10,11,12). This I imit on resolution 
is usually more severe than that imposed by an 
tenna beam width, pulse length and repetition 
rate. 

2.2 Attenuation 

Knowing ND' it is also possible to calcu 

late the attenuation per kilometre or specific 

attenuation Y dB km-1• The underlying idea is 
that, in the forward direction, the signals 
scattered by individual particles combine co 
herently (Ref. 13). For example, we may write 

(3) 

where CD is the extinction cross section of drops 

of diameter D, and ND is expressed per m3. For 

spherical drops, CD is found from the Mie theory. 

In (3) CD depends upon frequency, so that Y 

is also a function of frequency. The term extinc 
tion is used since energy is removed from the 
forward beam both by absorption by the rain drops 
and by scattering out the beam. 

2.3 Relation between Attenuation and Z 

It can be seen from (2) and (3) that for a 
given drop-size distribution, as characterized by 
ND, Zand Y may be calculated. It is found that, 

in a particular storm, the drop-size distribution 
at the ground appears to depend mainly on rain 
fal I rate. This should not be taken to imply a 
direct causal relationship. The drop-size distri 
bution depends upon the microphysical processes 
going on, within the cloud, and as the drops 
fal I. Given a distribution ND the rainfal I rate R 

can be calculated. The important point is that a 
plot of Z against R shows I ittle scatter. There 
is thus a functional relationship between Zand R. 
In tact, this relationship is represented quite 
wel I by a power law. Similarly a plot of specific 
attenuation Y against Z shows I ittle scatter. 
Again a functional relationship that may be rep 
resented by a power law, exists. 

3. EXPERIMENTAL TECHNIQUE 

3.1 Outline of Experiment 

The nature of the experiment is indicated 
schematically in Fig.1. A meteorological radar 
was used to measure Z, or more strictly Ze, 

using equation (2). A distrometer (Ret.8) was 
used to measure the drop size distribution at the 
ground. From the output of the distrometer spec 
ific attenuation Y, and reflectivity factor Z, 
were calculated. Thus the relation between Y and 
Z was established. 

An RC 33 radar operating near 3 GHz was used. 
This frequency was chosen so that measurement of 
Z would not be corrupted by unknown attenuation. 
Detai Is of the radar are I isted in Table 1. The 
radar was operated in conjunction with a digital 
sampling and range gating system which performed 
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some signal processing (Ref. 12). The range gates 
could be set at 0.6 or 1.2 km. In this experiment 
1. 2 km was used. The s i gna I in each range gate 
was averaged over 2 s. This averaging overcomes 
signal fluctuation problems (Refs.2,11, 12). The 
signal processing is discussed in a I ittle more 
detai I in Section 3.2. 

r------, 
I I 
I RAINFALL 1

1 I RATE 
I : L .J 

WEATHER 
RADAR 

DISTROMETER 

RADAR 
REFLECTIVITY 

ATTENUATION 

RADIOMETER ATTENUATION 

Fig.I - A schematic outline of the experiment. 

TABLE 1 Deta i Is of Radar 

Frequency 2.806 GHz 

Pulse Length 0.7 sec 

or 2.1 sec 

Pulse Repetition Rate 318 Hz 

Peak Transmitted Power 450 Kw 

Dish Diameter 3 m 

3 dB Beam Width 

Horizontal 2.3° 

Vertical 2.5° 

Minimum Detectable Signal -110 dBm 

Overal I Gain 35.6 dB 

Polarization Fixed Horizontal 

TABLE 2 Detai Is of Radiometer 

Frequency 

Dish Diameter 

3 dB Beam Width (based on 58A/Dl 

Useful Range in Sky Noise Mode 

11.07 GHz 

1.219m 

1.29° 

0-10 dB 

10 km 

Fig.2 A map showing the radiometer and radar 
path in plan and the 9 GHz link from 
the radar to Laverton. 

The radiometer, (Table 2), measured atten 
uation near 11 GHz using the sky temperature 
mode, for comparison. The path examined by the 
radiometer has an elevation of 34° and a 
bearing of 213° (Fig.2). 

The output of the distrometer was via paper 
tape. This was subsequently read to al low the 
necessary calculations to be carried out using a 
digital computer. 

The output of the radiometer was by chart. 
This chart could be calibrated directly in terms 
of attenuation in dB and the radiometer output 
converted to a scale I inear in dB, either manu 
ally or by computer. Later a second output from 
the radiometer was telemetered using FM trans 
mission over a telephone I ine to the Telecom 
Research Laboratories at Clayton. 

3.2 Required Accuracy of Radar Calibration 

The returned average power, P 
written r 

p = cz 
r 

oC c 
oZ z 

can be 

(4) 

where C is the radar calibration. From (2), C is 
not constant, but depends upon ranger. However, 
frequently meteorological radars employ swept 
gain which automatically compensates .for the 

l/r
2 

dependence. This is the case with the RC 33 
radar although it was found necessary to apply 
an additional correction at close range because 

of incomplete cancel I ing of the l/r2 dependence 
of echo strength. From (4), we see that for a 
given P, r 

(5) 

Now it is usually adequate (Refs.14, 15) to write 

(6) 

42 A. T.R. Vol. 12 No. 2, 1978 



Comparison of Rain Attenuation Predictions 

where, it appears, in al I cases it has been found 
that 1 ~a~ 0.5. a fal Is to 0.5 at 100 GHz for a 
Laws-Parson drop size distribution (Ref. 14). 
From (6) 

8Y (7) 

or 
8Y 8Z 
y=az 

Combining (5) and (8) 

.SY cc 
y = -a c 

Thus 

z 
0 
;::: 2 
et :::, z 
UJ >- >- et 

(8) 

(9) 

oY y = -0.2303ao(CdB) 

where 8(CdB) represents the dB error in the cal i 
bration. Thus a 1 dB error in calibration leads 
to an error in attenuation of between 23% and 12% 
depending on the value of a. In this experiment, 
we find a= 0.8379. Thus a 1 dB error in cal i 
bration would lead to an error in attenuation of 
20%. This was confirmed directly. It is believed 
the calibration of the Melbourne RC 33 radar is 

good to~ 2! dB and this is approaching the best 
calibration achieved in any weather radar. On the 
other hand this error is mainly associated with 
an inability to establish an absolute calibration 
of the test signal generator (Ref.16). Thus, in 
any given experiment of reasonable duration, the 
error is not random but systematic. For example, 
Joss et al. (Ref.6) established the calibration 
of their radar by equating the measured Z at the 
closest range (about .5 km) to that calculated 
from a distrometer measurement on the ground. 
McCormick (Ref.4) and Strickland (Ref.5) cal i 
brated their radars by comparing direct attenu 
ation measurements with radar return calculated 
attenuation measurements, and then performed 
their comparison experiments on another day. 

( 10) 

One other point arises. We have seen that a 
1dB error in the measurement of the returned 

4 

power gives a 20% error in the attenuation. How 
ever, the quantization step of the digital radar 
processing equipment is nominally 4.5dB. The 
situation might appear hopeless. However, 
Sirmans (Ref.12) estimated the residual variance 

of the averaged output to be about 6P2/9 where 
6P is the quantization step or i nterva I in dB. 

The variance due to quantization is 6P2/12 
(Ref. 12). Since a digital output is available 
every 2 sec. it is possible to average 10 suc 
cessive outputs (giving a sample every 20 sec) 
without sacrificing necessary resolution in 
time. This has the effect of further reducing 

the variance to about 6P2/90 (i.e. an uncer 
tainty of about 0.5dB) and also al lows interpo 
lation between digital levels. If a normal dis 
tribution of echo power in dB is assumed, it can 
be shown that it is possible to interpolate to 
a I ittle worse than one tenth of the quantiza 
tion interval, i.e. about 0.5dB. The residual 
variance acts I ike a dither signal al lowing this 
improvement in resolution. If there was no (or 
very smal I) error associated with each of the 
ten samples, assuming stationarity, each would 
correspond to the same dig i ta I I eve I and nothing 
would be gained by averaging. This procedure was 
fol lowed in processing the radar output, the 
arithmetic being carried out to 0. 1 of a level. 
Al I ten levels are observed to occur. That is, 
there was no obvious "graininess", the presence 
of which would have suggested the effective 
interpolation was to worse than one tenth of a 
level. 

4. EXPERIMENTAL RESULTS 

4. 1 Radiometer 

The radiometer derived attenuation for a 
Melbourne storm of 30 October 1975 is shown in 
Fig.3. This was quite a severe storm for 

-1 Melbourne. A peak rainfal I rate of 46 mm hr 

0 
1200 

Fig.3 

1300 1400 1500 
TIME (EDST) 

11 GHz attenuation, as deduced from the 
radiometer output. 

1600 
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Specific attenuation at 11 GHz as cal 
culated from the distrometer output. 
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Fig.5 Logarithmic regression of specific 
attenuation against reflectivity factor 
from distrometer output. 
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averaged over 30 seconds, was observed with the 
distrometer. In the 11 hours to 8 p.m. 24 mm of 
rain fel I, causing minor flooding. Unfortun 
ately, because the radar was used for other 
measurements several times during the storm, it 
is only possible to compare radar and radiometer 
derived attenuation for restricted periods. 

4.2 Distrometer 

From the distrometer output, the specific 
attenuation Y was calculated for each 30 second 
sample of the drop-size distribution. The result 
is shown in Fig.4. Comparing Figs.3 and 4 it can 
be seen that there is quite high correlation be 
tween 1330 and 1400 hours, corresponding to an 
effective path length of about 2.6 km. Around 
1500 there is also a fairly high correlation, 
but corresponding to an effective path length of 
9 km. The reflectivity factor Z was also cal 
culated for each sample and Fig.5 shows a re 
gression plot of log Y against log Z. It can be 
seen that there is some scatter about the re 
gression I ine 

y 0.0001311 z0.8329 ( 11 l 

6 -3 At Z = 795 mm m , the spread is about 
-1 6 -3 0.0262-0.0376 dB km , and at Z = 13500 mm m , 

0.221-0.265 dB km-1. It is interesting to note 
that a much improved fit would be obtained by 
taking two straight I ine segments, as suggested 
by Boston (Ref. 15). 

4.3 Radar 

The attenuation was calculated from the 
radar IDutput using the formula 

A A 
0 

with K = 0.0001311, a= 0.8329. The gate length 
t is 1.2 km. A

0 
represents the contribution from 

the radar dead zone which was not sampled. A
0 

was estimated in two ways, simple extrapolation 
from the first valid gate 

A 
0 

or using the distrometer derived attenuation 

The length of the dead zone, t
0 

is 3.0532 km. 

( 12) 

( 13) 

( 14) 

The results of the two calculations are 
shown in Fig.6, compared with the radiometer 
result. The radar constant used included a 2 dB 
allowance for the effect of pulse matching. 
Nathanson & Smith (Ref. 17) estimate an average 
contribution of 1 .7 dB due to this effect. In 
earlier work using the ea! ibrated radar for the 
study of Z - R relationships, this contribution 
was not included as it was judged to be in 
significant in that application (Ref. 18). 

Early in the storm, the agreement is reas 
onable, particularly bearing in mind the fact 
that in order to obtain radiometer attenuation 
at 30 sec. intervals, it was necessary to read 
the cha rt output every O. 5 mm. However, I ate in 
the storm the radar-distrometer calculated 
attenuation consistently underestimates the rad 
iometer measured attenuation. 

5. DISCUSSION 

Consider first the correlation between the 
radiometer measured attenuation and the specific 
attenuation, as calculated from the distrometer 
output. The correlation between 1330 and 1400 
hours is not hard to understand, given that the 
effective path length is about 2.6 km. Most of 
the attenuation is apparently due to intense 
local rain and this is reasonably represented by 
the distrometer. On the other hand, around 1500 
the correlation imp I ies a fair degree of spatial 
correlation of the drop size distribution over 
about 9 km. The radar output shows a high corr 
elation between the returns from the first three 
range gates near this time. Assuming the be 
haviour in the radar dead zone is the same, this 
suggests correlation over a distance of around 
7 km. Thus a reasonably consistent picture 
emerges. 

At these times the equivalent path length 
idea of Goldhirsh (Ref. 19) may be useful for the 
frequency sealing of attenuation. 

In considering the attenuation predicted us 
ing the radar, some consideration must be given 
to the radar dead zone. Suppose the effective 
scale size of a rain eel I, measured along the 
beam, is greater than 3 km. If the eel I strad 
dles the dead zone, the specific attenuations at 
the distrometer and the first radar range gate 
wi I I be closely the same. The attenuation calcu 
lated using the distrometer attenuation for the 
dead zone wi I I agree closely with that calcu 
lated extrapolating from the first range gate. 
On the other hand, if the eel I does not extend 
from the distrometer to the first range gate the 
specific attenuations wi I I be different and 
there may be a large difference between the att 
enuation calculated using the two methods. How 
ever, the true result should be somewhere be 
tween the extremes.While one or the other of 
these two situations occur many times early in 
the storm, there are occasions when the two 
methods of calculation agree, but fai I to pre 
dict the radiometer attenuation accurately. At 
other times there is a wide spread between the 
result obtained using the distrometer attenu 
ation and the extrapolation of the first range 
gate, but the radiometer attenuation I ies out 
side this range. Disagreement of this type 
would result if the effective ea! I size was 
less than 3 km, the length of the dead zone. 

Early in the storm the agreement between 
calculated and measured attenuation is reason 
able, with some uncertainties and discrepancies 
that appear to be associated with the radar 
dead zone. However, later in the storm the cal 
culated attenuation consistently underestimates 
that measured with the radiometer. The error 
increases from about 0.5 dB at 1430 hours to 
1 dB at 1500 hours. Near this time the distro 
meter specific attenuation suggested an effec 
tive path length of 9 km against 7 km suggested 
by the radar. This reduced path length would 
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Fig.6 - Radiometer derived attenuation compared 
with attenuation calculated from the 
radar and distrometer. 

lead to underestimating the attenuation by about 
0.5 dB. This approach is of course less precise 
than calculating the attenuation using the radar 
return power. After 1530 hours there is steady 
attenuation of 0.9 dB although an insignificant 
amount of rain was recorded by the distrometer 
and no radar echoes were received. 

It can be seen that, at these times, there 
is additional attenuation of from 0.5 to 1 dB. A 
possible reason for this additional attenuation 
is atmospheric water vapour. Table 3 gives sur 
face atmospheric temperature and relative humid 
ity. The corresponding specific attenuation, 
calculated by the method of Gunn and East 
(Ref.20) is also shown. A path length of around 
30 km would be required to produce 0.5 dB of 
attenuation. Thus, atmospheric water vapour is 
not a plausible explanation of the additional 
attenuation. Moreover, the specific attenuation 
due to water vapour, rather than increasing, 
actually fal Is during the storm, mainly due to 
the fal I in air temperature and the correspon 
ding fal I in absolute humidity. 
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TABLE 3 - Attenuation Due to Humidity 
-- 

TIME TEMPERATURE RELATIVE SPECIFIC 
HUMIDITY ATTENUATION 

EDST oC % 10-2dB km-1 

600 19 83 1. 58 

700 19 83 1. 58 

800 20 80 1. 53 

900 20 74 1. 42 

1000 20 73 1. 40 

1100 20 73 1. 40 

1200 17 83 1.27 

1300 16 88 1. 30 

1330 15 94 1. 31 

1400 15 94 1. 31 

1500 15 98 1. 36 

1600 14 98 1.25 
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Cloud droplets also cause attenuation. A 
round 1530 hours it was observed that very dark 
cloud sti I I fi I led the radiometer beam. The dark 
ness is of course due to attenuation at optical 
wavelengths. From (Ref.20), a cloud of I iquid 

-3 water content of 1 gm , a plausible value, con- 
tributes a specific attenuation of about 

-2 -1 
7.5 x 10 dB km . A path length of 7 km would 
give 0.5 dB attenuation. This figure is based on 
the Rayleigh Theory. If drop growth continues in 
the cloud, but for some reason large drops are 
no longer generated, the population of very 
smal I raindrops and very large cloud droplets 
might grow. Also, drops at the smal I end of the 
rain drop classification may be held in the 
cloud by updraughts. Now for drops as smal I as 
0.2 mm, the Rayleigh Theory underestimates the 
contribution to attenuation at 11 GHz (Ref.20). 

Thus the additional attenuation may be due to 
drops too smal I to be measured by the distro 
meter (0.35 mm diameter and smal !er) or to cause 
radar echoes. 

5. 1 Additional Experimental Results 

Fortunately, additional results are avai ! 
able which help to clarify the points raised in 
the discussion. Simultaneously with the experi 
ment described in Section 3 and Fig.1, the 
Bureau of Meteorology engineering group was 
measuring attenuation at 9 GHz (8.940) on a ter 
restrial route terminating at the radar (Fig.2). 
The experimental result is shown in Fig.7. Un 
fortunately the resolution is not high. In Fig. 
8, the specific attenuation from the distrometer 
output for this frequency is displayed. The 
measured attenuation over this path at 9 GHz and 
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Fig. 7 9 GHz attenuation over terrestrial path. 
(Tracing of original record). 
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Fig. 8 Specific attenuation at 9 GHz, as cal 
culated from the distrometer output. 
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the radiometer attenuation at 11 GHz show a gen 
eral correlation. 

In the period 1300 to 1400, comparison of 
the terrestrial route attenuation and the dis 
trometer specific attenuation suggest an effec 
tive path length of about 6 km. Bearing in mind 
the geometry of the two paths, this is consis 
tent with the radiometer effective path length 
of 2.6 km. In this period there is also a fair 
degree of correlation between attenuation on the 
two paths. Most of the attenuation appears to be 
due to a relatively uniform localized rain. The 
measurements suggest the time dependence of at 
tenuation is mainly due to time variations in 
the rain rather than spatial movement of rain 
eel Is. 

Near 1500 there is again quite high correl 
ation between the various attenuation figures. 
For the 9 GHz terrestrial path, an effective 
path I ength of 30 km is suggested. If the rain 
fa! I ing at the distrometer were assumed to fa! I 
uniformly along the path, the attenuation would 
be underestimated by about 0.5 dB. Near this 
time the attenuation appears to be due to wide 
spread rain fairly uniform in space. There may 
also be a contribution due to very smal I drops. 

After 1530 there is again attenuation of about 
0.5 dB, which drops measured by the distrometer 
are quite inadequate to explain. 

6. CONCLUSION 

We conclude that meteorological radar, when 
combined with simultaneous distrometer measure 
ments is useful in gathering data on microwave 
attenuation by rain. The distrometer, besides 
establishing a statistical relation between spe 
cific attenuation Y and radar reflectivity fac 
tor Z, also yields information about the time 
dependence of one contribution to the total at 
tenuation. However, there are times when there 
is 0.5 to 1 dB attenuation due to drops that can 
not be measured with the distrometer, nor obser 
ved with a 3 GHz radar. 

A high degree of prec1s1on in the radar cal 
ibration is required if quantitative results are 
to be obtained. This experiment was far from 
definitive, not only because of the smal I amount 
of data, but also because of uncertainties as 
sociated w i,th the radar dead zone. If this cou Id 
be reduced to O. 5 km, as in the experiment of 
Joss et al (Ref.6), use of simultaneous distro 
meter measurements wou Id be expected ·to I ead to 
satisfactory results. Alternatively, if the ra 
dar is scanned in range, azimuth, and elevation, 
along a remote path (Ref.7) the dead zone prob 
lem can be avoided. However, the time needed to 
carry out the scan wi I I result in loss of time 
resolution. Another possibi I ity is the use of a 
bistatic radar system. If the transmitter and 
receiver were only a short distance apart it 
would not be necessary to scan in order to cal 
culate attenuation along a path from the radar 
site. However, the path in the region near the 
radar would not be wel I defined. 

Differences in the beamwidths of the radar 
and radiometer may lead to differences in the 
attenuation because of the nonuniform spatial 
distribution of raindrops. 

The experiment yielded some evidence in 
support of the equivalent path length concept 
of Goldhirsh (Ref. 19). 
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Cumulants of PCM System Crosstalk in Multipair Cable 
A.J. GIBBS 
Telecom Australia Research Laboratories 

PCM system engineering in rrrultipair cable requires estimation of 
the upper skirts of the distribution of the total mean-square crosstalk 
interference at, typically, the 99% or 99.9% level. These can bees 
timated from the oumulants (mean, variance and third central moment) of 
the intersystem crosstalk. Expressions for the first three cumulants 
are derived in this paper, and their behaviour is discussed for typical 
cables and PCM regenerator characteristics. 

1. INTRODUCTION 

PCM system engineering in multipair cable 
requires estimation of the upper skirts of the 
distribution of the total mean-square cross 
talk interference at, typically, the 99% or 
99.9% levels. The total crosstalk interference 
is the sum of uncorrelated approximately log 
normal component variates, and the approximate 
distribution of the total can be estimated from 
a knowledge of the first three cumulants (mean, 
variance, third central moment) of the component 
variates, (Refs.1-6). The component variates are 
of the form 

a, 2 =J jX(f)j P(fldf 
0 

where XCfl, the near end crosstalk (NEXT) or far 
end crosstalk (FEXTl, is a stochastic process 
and P(f) is a deterministic function of the re 
generator equalizer characteristic, the transfer 
function of the cable and the power spectral 
density of the regenerator output signal. 

The PEXT case is relatively straightforward. 
The FEXT process is model led by 

2 JxcoJ 

(1) 

(2) 

where kF is a random variable with truncated 
lognorrnal distribution, (Refs.3,4). Thus the 
cumulants of v2 are simply related to the cumu 
lants of FEXT, and are not discussed further in 
this paper. 

The NEXT case is less straightforward. The 
NEXT process is model led by, {Refs.1,6), 

X(fl /
"' -2Yx j2Tif C(xle dx 

0 

where y is the cable propagation constant and 
C(x) is the pair-to-pair unbalance process 
characterized by 

(3) 

Cal for a fixed pair combination C(xl is 
a zero mean normal process with co 
variance E(C(x)C(yll = k1o(x-y). 

(b) k1 is a random variable over al I pair 
combinations. 

This model has been analysed to give the 
first two cumulants of v2, (Ref.6), and the 
purpose ot this paper is to derive the third 
cumulant and to i I lustrate some of the proper 
ties of the cumulants for typical cables and 
regenerator characteristics. 

2. CUMULANTS OF 'NEXT' INTERFERENCE 

Denoting the i-th cumulant of v2 by Ki, 
we have from (Ref.6): 

where µ2(.) denotes the second central moment 
(variance), 

"' 2-X 
Im= /F P(fldf 

0 

a, 
Iv = jJV<F1 ,F2 )P(f1 )P<f2 )df1df2 

0 

E(k) Im 

(4) 

(5) 
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(6) 
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y =a+ jS~a0Fx + 2Tif0TF (7) 

TI2klfo2 2 
k = E = (2Tif0T/a0) , (8) ao 

a0 is the cable pair loss/unit length at f0, x 
is the cable pair loss exponent (usually between 
0.5 and 0.6),T is the cable pair time delay/ 
unit length and e~200 for paper insulated 0.64mm 
cable with f0 = 1024kHz. 

The third cumulant of v2 is derived in 
Appendix I: 

T(c,cr) 

PCM System Crosstalk in Multfpair Cable 

<l>(c - 0.23cr) - <1>(-c - 0.23cr°J 

<!>(cl - <!>(-cl 

<I> (x) 
X 

n,;;:- Jexp(-t2/2)dt 

T(c,ncrl 

Tn(c,cr) 

where µ3(.) denotes the third central moment and 

"' fjj W ( F 1 , F 2 , F 3 l P ( f 1 l P ( f 2 ) P ( f 3 l d f 1 df 2 d f 3 
0 

(9) 

16F12F22F/{<F/ + F2x)(F2x + F3x)(F/ + F/l 

{(F1x + F2xl + E<F1 - F2l }{(F2x + F/l 

3. BEHAVIOUR OF 62 AND 63 

The factors 62 and 63 depend on the ratios 
lv/1m2 and lw/1m3, respectively, and are there 
fore functions of P(f), V(F1,F2) and 
W(F1,F2,F3). P(f) is given by 

P( f) 

2 
I o< t i 1 

I G(f) I 

where O(f) is the Fourier Transform of the pulse 
shape at the regenerator decision point, G(f) is 
the transfer function of the cable pair, viz., 

X 2 X 2 X 2 
+ EI F 1 ( F 2 -F 3 ) + F 2 ( F 3 -F 1 ) + F 3 ( F 1 -F 2 ) I } 

+ dF2-F3) }{ (F/+F/l + dF3-F1) } 

( 10) 

Assuming that NEXT attenuation in dB has a 
truncated normal distribution with mean µ0 at 
f0, variance cr02 and truncation factor c, then 
from Appendix I I: 

K = T(c )100.1(0.115cro2_µol ( 11) l ,cro Im 

_ 2(6 U ( )100.023cr 2 
Kz - K1 2 2 c,cro O -1) ( 12) 

K3 = K13(63U3(c,crol100.069cro2 

0. 023cr 2 
-3(1+63) U2(c,cr0)10 o +2) 
-2-- 

G(f) 

( 13) 

where 

Iv 
-b-c 1 + -i--2) 
2 Im 

( 14) 

where A0 is the toss in dB at f0 (here taken as 
half the PCM system clock rate), and P0(t) is the 
power spectral density of the transmitted pulse 
train (excluding the output pulse shape); V and W 
depend on the cable loss and time delay/unit 
length and the normalization frequency t0 (see e 
quations (6)-( 10)). 

Tables 1-4 show the behaviour of 62 and 63 
for 14 ~ A0 ~ 40; x = 0.5, 0.6; D(f) either a 
Gaussian pulse with 3% intersymbol interference 
or a pulse with t u l I cosine rol 1-off; E = 200 or 
330 (corresponding to 0.64mm or 0.9mm paper in 
sulated pairs, respectively); and P0(f) either a 
HDB3 encoded random binary stream or a HDB3 en 
coded (ideal) "idle" binary stream from the PCM 
multiplex, i.e., a succession of 8 bit words of 
the form R1010101, where R is randomly O or 1 
with equal probabi I ity. 

The values of 62 and 63 show only a smal I 
variation with variation in A0, with a tendency 
to increase with increasing Ao, to decrease with 
increasing E and to increase with increasing x. 
The most significant behaviour is that both 62 
and 63 are greater for the idle power spectrum 
than for the random spectrum. This arises because 
the idle spectrum is highly concentrated at odd 
multiples of f0/4, and the ratio JD(f)/G(t)J2 
peaks at approximately 3f0/4. Thus with the idle 
spectrum Im, Iv and I w are dominated by the spec 
trum lobe at 3f0/4, and lv/1m2 approaches one and 
lw/lm3 approaches two more closely than they do 
with the random spectrum, where no significant 
concentration occurs. 
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In fact, the values of 62 and 63 are bounded 
both above and below. They approach their lower 
bound as Iv and lw approach zero, and attain 
their upper bound for P0(f) a single frequency 

I ine. Thus from equations (5), (6), (9), ( 10) and 
(14) we have 

4. BEHAVIOUR OF CUMULANTS 

The behaviour of K1 depends primarily on the 
behaviour of Im, which has the property that Im 
in dB varies approximately I inearly with Ao, with 
I ittle difference between the random and idle 
conditions, as shown in Figs. 1 and 2 ( Im normal 
ized for unit height pulse at the regenerator de 
cision point). 

The behaviour of K2 and K3 is best described 
by considering the ratio Ri = Ki/Ki, where Ki 
corresponds to the case 6 i = 1. Thus R i is the 
ratio of the "wide band" cumulant to the "sine 
wave" cumu I ant. It is interesting to note that 
Ri ~ 6i, with equality only if 6i = 1. This is 
simply shown: 

because 62 ~ 

~ 0 

( 15) 

~ 0 

because 63 ~ 1, K3 > 0 for a truncated log 
normal distribution, and K21 is a second cumu 
lant with 62 = 0.75. Thus the wideband cumu 
/ants are reduced, w~ich is a result of the 
smoothing of \XCfl \ by the integration in 
equation (1). 

In typical cables cr0 ~ 7, and for these 
values of cr0 the first term in each cumulant 
dominates and we have Ri ~ 6i, with an error 
less than 10%. 

The above results can be used to investigate 
the effect of different values of 6i on the es 
timation of ~he 99% or 99.9% points on the dis 
tribution of the total crosstalk interference. A 
complete discussion is outside the scope of this 
paper and only one example is given, viz., that 
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considered by Usher et.al. (Ref.5) of four groups 
of interferers with different means, variances, 
truncation factors, and number of interferers, N, 
from each group, as shown below: 

N µo Go C 

6 73.6 5.5 2.75 
15 76.4 7.8 3. 15 
64 77 .5 9.6 2.91 
53 80.2 8.3 3.6 

Assuming 6i = 1 the 99% and 99.9% points are 
-45. 17dB and -44. 12dB respectively, whereas using 
the 6i corresponding to a ful I cosine rol I-off 
pulse and A0 = 34dB gives values of -45.64dB and 
-44.77dB. Thus the use of the wideband second and 
third cumulants results in a reduction of total 
interference at the 99% and 99.9% points of 0.5dB 
and 0.6dB respectively. 
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30 0.74 0.54 0.74 0.54 0.71 0.50 0. 71 0. 51 30 o. 71 0. 51 0.75 0.56 0.69 0.47 0. 72 0.52 
32 0.74 0.55 0.73 0.53 o. 71 o. 51 0.71 0.50 32 o. 73 0.53 0. 77 0.59 0.70 0.49 0.74 0.54 
34 0.74 0.55 0.73 0.52 0. 72 0.51 0. 71 0.49 34 0.74 0.55 0.78 0.61 0.71 0.51 0.75 0.57 
36 0.74 0. '.;,5 0.72 0.51 o. 72 0.51 0.70 0.48 36 0.75 0.57 0. 79 0.63 0. 72 0.52 0.76 0.58 
38 0.74 0.55 0.72 0.49 o. 72 0.51 0.69 0.46 38 0.76 0.59 0.80 0.65 0.73 0.54 o. 77 0.60 
40 0.74 0.54 0.71 0.47 0.71 0.51 0.69 0.45 40 0.78 0.60 0.82 0.67 0.74 0.56 0.78 0.62 

TABLE 2 - 62 and 63 for Random HDB3 Code and TABLE 4 - 62 and 63 for Random HDB3 Code and 100% 
Gaussian Pulse Cosine Rol I-Off Pulse 

s=200 s=330 c=200 c=330 

x=0.5 x=0.6 x=0.5 x=0.6 x=0.5 x=0.6 x=0.5 x=0.6 

60 62 63 62 63 62 63 62 63 60 62 63 6z 63 62 63 62 63 
14 0.66 0.43 0.66 0.43 0.64 0.40 0.64 0.40 14 0.68 0.45 0.68 0.45 0.65 0. 41 0.65 0.41 
16 0.66 0.43 0.66 0.43 0.64 0.40 0.64 0.40 16 0.68 0.45 0.68 0.45 0.65 0.41 0.65 0.41 
18 0.66 0.43 0.66 0.43 0.64 0.40 0.64 0.40 18 0.68 0.45 0.68 0.45 0.65 0.41 0.65 0.42 
20 0.66 0.43 0.66 0.43 0.64 0.40 0.64 0.41 20 0.68 0.45 0.69 0.46 0.65 0.42 0.65 0.42 
22 0.67 0.43 0.67 0.44 0.64 0.41 0.64 0.41 22 0.69 0.46 0.69 0.46 0.65 0.42 0.66 0.42 
24 0.67 0.44 0.66 0.44 0.64 0.41 0.64 0.41 24 0.69 0.46 0.69 0.46 0.66 0.42 0.66 0.43 
26 0.67 0.44 0.66 0.44 0.64 0.41 0.64 0.40 26 0.69 0.46 0.69 0.47 0.66 0.42 0.66 0.43 
28 0.67 0.44 0.66 0.43 0.64 0.41 0.63 0.40 28 0.69 0.46 0.70 0.47 0.66 0.43 0.66 0.43 
30 0.67 0.44 0.66 0.43 0.64 0.41 0.63 0.40 30 0.69 0.47 0.70 0.47 0.66 0.43 0.67 0.43 
32 0.67 0.44 0.65 0.43 0.64 0.41 0.63 0.40 32 0.70 0.47 0.70 0.48 0.66 0.43 0.67 0.44 
34 0.66 0.44 0.65 0.42 0.64 0.40 0.62 0.39 34 0.70 0.47 0.71 0.48 0.67 0.43 0.67 0.44 
36 0.66 0.43 0.64 0.41 0.63 0.40 0.62 0.39 36 0.70 0.48 0.71 0.49 0.67 0.43 0.68 0.44 
38 0.66 0.43 0.64 0.40 0.63 0.40 0.61 0.38 38 0.70 0.48 0.71 0.49 0.67 0.44 0.68 0.45 
40 0.65 0.43 0.63 0.40 0.63 0.40 0.61 0.38 40 0.71 0.48 0.72 0.49 0.67 0.44 0.68 0.45 
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APPENDIX I 

First some notation and basic relationships. The 
i-th central moment is denoted by µi(.) and the 
first three of these are equal to the first three 
cumulants Ki, respectively. Subscripted variables 
denote the variable evaluated at the frequency fi 
or Fi= fi/f0, as appropriate, e.g., Xi = X(fi). 
The i-th joint central moment is denoted by 
Ji(.,., ... ,.), and thus for 

00 2 
v2 = J I X ( f l I P ( f l d f 

0 

(I. ll 

00 2 2 2 fff J3<IX1I ,IXzl ,IX31 >P1P2P3df1df2df3 
0 

( I .2) 

2 2 2 
J3<lx1I ,lxzl ,jx3I l 

where for a specified pair combination C(x) is a 
zero mean normal process with covariance 
E(C{xlC(yll = k1o(x-yl, and thus 

= Jf/JJJ E(C( slC(tlC(u lC(x)C(ylC( z ) I k) ·exp(-2y1 s 
0 

The expectation of the product of six zero mean 
normal variates is the sum of 15 terms, each term 
being the product of three covariances of three 
pairs of the six variates (Ref.8). Thus 

2 2 2 
E < I X1 I I Xz I I X3 j I k1 l 1 =--- 

2 2 2 2 2 2 4 +--4 E<IX1I lxzl jx3\ l - E<IX1i lE<IX2l Jx3I l + 
a1hz+y3J a1 hz+y3*I 

2 2 2 2 2 2 
- E<IXzl lE<jX3J Jx1l l - E<Jx3I lE<Jx1I Jxzl l 

+ 4 + 4 

az h1 +y3 j az h1 +y3*I 

2 2 2 
+ 2E(JX1l )E<IX2l )E(jX3J l ( I .3) 

Finally, for variates X, Y, land conditional ex 
pectations on a specified value of a variate k, 
(Ref. 7l 

+ 4 +--4 
a3Jy1+y2*l 

+ J3 (E(Xj kl ,E(Yj kl ,E(lj kl l ( I .4l 

From equation (3l we have 

1
00 

-2yx X(fl = j2Tif C(x)e dx 
0 
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we have 

X 2 X 2 X 2 
+£[F1 (F2-F3l +F2 (F1-F3l +F3 (F1-F2l ] } 

{(F/+F/l +dF3-F1l } 

( 1. 7) 

together with, from (Ref.6), 

(I. 5 l ( 1.8) 

From (Ref.6) we have 2 
E< Ix! I kl 

( I .6) 

These approximations are consistent with those 
in (Ref.1) where it is shown that for a spec 
ified pair combination, i.e., for specified k1 
or k, !X(fll2 is (approximately) exponentially 
distributed. Thus we should have: 

2 
E< Ix! I kl 

2 3(2-x) 
µ3(!X\ \kl= 2k3F 

and using equation ( 1.3) we have 

2-X 
kF 

2-x 
kF 2 

2(2-X) 
k F 

( I .9) 

which are consistent with equations ( I .9), (I .8) 
and (1.7), viz., 

2 2 
µz<lxl !k)=k2V(F,F) and µ3(\xl \k)=k3W(F,F,F). 

{last 8 terms of equation (1.5)} 

Making approximations similar to those in 
(Refs.1,6), which hold over the frequency range 
lOOkHz to 10 MHz, only the last two terms are 
significant, and using 

Turning to equations (1.4), (1.7) and (1.9) we 
have 

2-X 2-X 2-X 
E(k3)W(F1,F2,F3)+µ3(klF1 F2 F3 

( 1.10) 
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and for completeness, from (Ref.6) 

2 2 2-X 2 -X 
J 2 ( I X 1 I , I X2 / ) = E ( k2 ) V ( F 1 , F 2 ) +µ2 ( k) F 1 F 2 

(I. 11) 

2 2-x 
E(/XI ) = E(k)F ( I .12) 

Finally, using equation (1.2) and <Ref.6) we 
have 

E(k) Im ( 1.13) 

C I .14) 

(I. 15) 

00 2-X 
Im = /F P(f )df 

0 

00 

ff V(F1,F2lP1P2df1df2 
0 

00 

I w = ff! W( F 1, Fz, F 3lP1PzP3df 1 df 2df 3 
0 

( I .16) 

APPENDIX 11 

NEXT loss in dB in multipair cable over the fre 
quency range 100kHz to 10MHz has a mean which 
varies with frequency at approximately 15dB/de 
cade and an approximately constant variance. 
Thus we assume that 

2 
E(-10 log /X(f) / ) E(L(f)) = µo-10(2-x)log F 

where x is the cable pair loss exponent, µ0 is 
the mean NEXT loss at f0, and 

Assuming that NEXT loss has a truncated normal 
distribution, with truncation factor c, we have 
(Ref.5) 

2 
µ2< /x/ l 

( II. 1) 

C II .2 l 

-3U
2
(c O )100.023o02 3(2-x) ' o +2)F 

( 11.3) 

where 

T(c,o) <l>(c-Ao) - <l>(-C-AO) 
<!>(cl - <!>(-cl 

1 
<l>(x) = ili 

A -1 ( 10 log e) 

X 

.rr=: 

T(c,no) 

Tn(c,o) 

Turning now to equations (1.12), (1.11) and 
( 1.10), with F1 = F2 = F3 = F we have 

2 2-x 
E( /x/ ) = E(k)F 

2 2(2-x) 
µz(/X/) = (2E(k2) - E2(k))F 

3(2-X) 
(3E(k3) - 3E(k)E(k2) + 2E3(k))F 

Equating these with eque+ l ons (11.1), (11.2) and 
(11.3) we have 

EC k) 
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Substituting these into equations (1.13), (1.14) 
and (1.15) we have 

K13(63U3(c,crol100.069cro2 

where 

1 1v 
t:,2 = 2< 1 + 12) 

m 
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Errata ATR Vol. 12 Number 1 

The following errors appeared in the paper Suppression of Limit 
Cycle Oscillations by P. Rashidi and R.E. Bogner. Fig. 1 Extreme 
top: Un should be un 

Fig. 4 In all five lables of the lines, the symbol A should have 
been a. 

Fig. 5 Horizontal axis: S should be s. 

64. 
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