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Challenge . ..

It is now widely recognised that the information industry is a very significant
part of our economy. Means of recording, storing, transferring and manipulating
information are becoming more powerful and cheaper with astonishing rapidity.

We are also witnessing the growth of two opposing social attitudes towards
information ~ freedom of information and privacy. These opposing views are
progressively developing and lines of demarcation are becoming increasingly
difficult to discern; in some cases they even overlap. A case in point is
telephone numbers; in general, it is desirable that these should be publicly
available so that calls can be made to people whom one wishes to contact.
However, many people are prepared to pay a premium for an unlisted telephone
number so that they will not be bothered with telephone calls. Taken to the
ultimate, if the only purpose of a telephone were to originate a call and not to
receive one, then the reason for existence of a telephone network becomes unclear.
While there is universal acceptance of a telephone directory containing most
telephone numbers, there appears to be considerable resistance to selections of
that publicly available information being made available. Direct mail selling is
becoming a way of life, and purveyors will need address lists; some people may
wish to preserve their privacy in regard to not being included, yet others will
wish to avail themselves of opportunities. Modern information processing
equipment can sort available data, but what will be the guiding social pressures?

Commercial information, or data, can be regarded as a commodity; indeed, this is
now recognised by the OECD, who are formulating rules about transnational data
flows. How are these to be monitored, while respecting privacy? On the other
side of the coin, how is commercial security (which is necessary to preserve the
value of the commodity) to be maintained? Technology is available for encryption
which can enable data, or information, to be openly concealed in publicly
available or private data bases in a form which makes its recognition virtually
impossible; similarly with information which is transmitted. Maintenance of
security is vital to those handling the data or information; however, what are
the rules of freedom of access for those genuinely concerned that the data may

or may not refer, accurately or inaccurately, to themselves? Mention of Debt
Collecting Agencies provides interesting speculation on the values of both
commercial security of information and freedom of access.

The acceptability of methods of handling data and information is going to become
more complex and have increasing significance as tools for handling them become
(inevitably) cheaper and more powerful. Likewise, difficulties in policing rules
are going to become more significant, both technically and in volume. It is to
be hoped that we can develop a realistic attitude to the handling of information
that will be acceptable to both the information industry and to individuals.

H.S. Wragge.

A.TR Vol 15, No. 2, 1981



A Computer Technique For The Frequency
Response And Sensitivity Analysis Of Digital

Filters: A Tutorial

P.R. HICKS
J.L. SNARE

Telecom Australia Research Laboratories

This paper describes a numerical technique (suitable for performing on a
digital computer) to obtain the frequency response and make a sensitivity
analysis of a wide variety of digital filter networks. The technique, which is
based on well established theory, uses a simple matrix representation of the
digital network, which is readily derived from a signal flow graph description
of the network. Some practical results obtained in analysing the cascade form
and parallel form realizations of an eighth order bandpass filter are presented.

1. INTRODUCTION

Fundamental fo virtually all signal process-
ing is the need for linear time invariant fre-
quency selective filters. By implementing the
filter using digital components performance cri-
teria can often be satisfied which would be elus-
ive using alternative classes of filter, such as
passive LC or active filfers. The past decade has
seen a unification of the theoretical basis and
the development of a wide variety of structures
and design techniques for the implementation of
digital filters., Presumably digital filtfering
will become common place in the next decade - par-
ticularly in view of the developments in digital
hardware suitable for digital signal processing
applications.

It is possible to realize a particular frans-
fer function or filter specification by a number
of different filter structures : direct form II,
cascade form or parallel form for example.

Having obtained the filter coefficients for a
particular structure it is likely that the de-
signer would |ike to check the filter response
and perhaps more importantly test either the sen-
sitivity of the response fo changes in the filter
coefficients or test the effect of finite word
length., This paper describes a technique for com-
puting the frequency response and making a sensi-
tivity analysis of digital filters. The technique
provides the designer with a convenient method of
comparing the responses of different fiiter struc-
tures for varying coefficient precision. The tech-
nique is based on some well established theory;
however we feel that many engineers may not be
aware that this theory can be applied to obtain
the frequency response and make a sensitivity
analysis of digital networks. We see its use as an
analysis tool in the first stages of the design of
a practical digital filter; ie. finding the mini-
mum precision with which the filter coefficients
must be specified.

The approach taken uses a simple matrix repre-
sentation of digital networks, which is readily
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derived from a signal flow graph description, us~-
ing z-transform techniques.

2. MATRIX REPRESENTATION OF DIGITAL NETWORKS

A digital network can be represented by a sig-
nal flow graph. The signal flow graph consists of
nodes and directed branches with all branches con-
nected between nodes. The transmission from node j
to node k is denoted f;x fie. a branch in a
signal flow graph joining node | Tfo node k is
drawn as shown below

Associated with each node | +there is a node
variable, w; . Associated with each branch jk
there is an input (wj) and output (VJK) -
is commonly referred fo as the node input vari-
able; vjk Is referred to as the branch output
variable. The dependence of a branch outfput upon
the branch input is denoted

Vik = Fiuley]

The [] notation represents the transformation from
branch input fto branch output.

In the common realizations of digital filters
The branch transmittances (fjk) are restricted
to either,

(1) multiplication by a scalar

(ii) a delay element (shift operation)

The node value at each node in the nefwork is
given by the sum of the outputs of all branches

]
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entering the node (similar to Kirchoffs current
law) .

if we define a source node as one at which we
can inject external inputs into the graph and a
sink node as one at which an output can be extrac-
ted

assuming N network nodes (numbered 1 to N) in

the graph
M  source nodes
P sink nodes

a graph can be represented by the following set of
equations (Ref.1).

N M
wo= y v. + ] s. k=1,2,3, .. N
3 j=1 Jjk j= Jjk
(network (source
nodes) nodes)
N
Vi = z rik k=1,2, .. P
gt
(network
nodes)

where s, denotes the output of the branch con-

necting source node | To network node Kk

rjk denotes the output of the branch con-
necting network node j to sink node k .

A convenient way of representing a netfwork
containing delay elements is to use the z-tfrans-
form. The z-transform of a unit delay is =z~

In tferms of the z-transform the above set of
equations may be written

N
W (z) = Z

Yk(Z)

n
It e~12Z
2

Assuming the branches connecting the source
and sink nodes to the network have constant frans-
mittances bjk and Cjk respectively, then

VJR(Z) = FJkWJ(Z)
Sjk(Z) = kaXJ(Z)
Rjk(Z) = CJKWJ(Z)
4

where Fjx is either a scalar or the unit delay
operator™ z71 ,

Thus
i M
W (2) = Fo(DW.(2) + 7 b. X.(2)
K I EELN a2 Ak
N
G le c i)

The notation used in this paper so far has
used lower case symbols to denote sequences in
the time domain and upper case symbols to denote
their z-fransforms. To simplify the notation in
the following discussion, all variables are assu-
med to be in the =z domain. Matrices are denoted
by uppercase italic unsubscripted symbols with
specific elements identified by subscript.

In matrix form the network equations in the
z domain may be written:

W = F+W + B+X
v =W
where W is the column vector Wy
of signals at the
network nodes k=1,2, .. N
X is the column vector Xj
of sources Jj=1,2, .. M
Y is the column vector Yy
of sinks (outputs) JEE25< = R
FT is the NxN transpose of the trans-
mittance matrix
BJr is The NxM “*ranspose of the source
connection matrix
CT is the PxN tfranspose of the sink con-

nection matrix

The transpose notation is necessary for sub-
script consistency between the network description
and matrix representation,

Solving for W(z)
=l
W=[1- F*] 3'x

= TTX

T T

where 7' = [ - F']7Y BT is defined as the
transfer function matrix of the system.

If we assume that there are N source nodes
and there are N network nodes (ie. each network
node has a source connected to it)

then BT = I +the unit matrix

A.T.R. Vol. 15, No. 2, 1981



and
- o]
X2
XN

Thus

TT A" FT]-I

Then the fransfer function from node | to
node Kk may be determined from the matrix Tt by
setting all sources to zero except the one connec-
ted to node For example: assume a source is
connected to node j , then the transfer function
between node j and arbitrary node k is the
element k,j of T

3. NETWORK SENSITIVITY

Using Tellegens theorem (Ref.1) a general ex-
pression may be derived which relates the sensi-
tivity of the transfer function for a given net-
work to changes in the branch transmittances.

We will consider the transfer function between
an arbitrary pair of nodes a and b in the net-
work, see Fig.1, Tyy Is then the system transfer
function from node a to node b . The sensitiv-
ity of this function to changes in a branch frans-
mittance Fpy is defined as

oT

aF
nm

It has been shown (Ref.2) that

ab
T T

oF an mb
nm

where Tg, is the system function between node
a and node n

and Tmp  is The system function between node
m and node b.
Tam
Fnm A Fom
/N ~ZmN
/ S~ — e = \
Tan 4 T, N g
/ A
\
/ \
e S -_———
P Tab -bb\o
qu
Xin
Fig.1 - Signal flow graph conventions.
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The sensitivity of Ta, to a large scale
change in Fpy can be determined by writing AT,y
as a Taylor Series Expansion

aT aZTab
(AF_ )2 +

1
ab aF an 2 3F2 nm T
nm nm

IT follows that (see Appendix 1)

T T aF
ab -~ T - T__ AF

This expression relates a change in the sys-
tem function Ty, To a large scale change in the
branch transmittance Fpp, (AFpp)

4, PRACTICAL ADVANTAGES OF THE MATRIX APPROACH

It is of course possible to compute the trans-
fer function response and calculate sensitivities
using so called direct methods. From the signal
flow graph representation of the digital network
the system transfer function is obtained. This
witl usually involve either solving a series of
network equations or breaking the filter structure
down into a number of canonic form sections whose
transfer functions are readily known. For example
the transfer function of a direct form II section
is of the form

1+ Cpz=! + Cyz-2

H(z) =
1 - Cyz7t - Cc3z272

The overall transfer function of say a cascade
form (of direct form II sections) is then the pro-
duct of such terms. The frequency response may be
computed by setting z7! = ¢S5 = e7J® and calcu-
lating the magnitude as the frequency is varied.
This process will generally involve a fair amount
of tedious algebra especially for complicated fil-
ter structures.

In regard to calculating sensitivities it
should be noted that the sensitivity expression
developed in section 3 is valid regardless of how
the transfer functions are calculated. However in
calculating ATgp it is necessary to know the
values of several internal transfer functions for
each coefficient change. Direct method calculation
of these internal transfer functions may be quite
difficult, Typically a sensitivity analysis would
require the effects of changes in many/all of the
filter coefficients to be considered. Ailso each
coefficient may be varied over a range of values.
Thus a large amount of algebraic and computational
effort may be required when using the direct meth-
od approach.
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With the matrix approach, the values of all
possible required transfer functions at a particu-
lar frequency can be obtained using information
gained from a single evaluation of the system
transfer function matrix TT ., If efficient matrix
inversion techniques are used a considerable sav-
ing in computational effort is made. Having ob-
tained the required ftransfer functions the effect
of changing a particular branch fransmittance over
a range of values, (at one particular frequency),
is then a relatively simple calculation using the
sensitivity expression. The calculation may be
readily repeated for each of the coefficients in
turn.

Of course it is possible to calculate ATab/
AFpn directly; however this would involve many
evaluations of the transfer function in order that
all coefficients are varied by a desired amount
over the frequency range of interest.

5. NUMERICAL EVALUATION

A computer program has been written to calcu-
late the transfer function of a digital network
and the sensitivity of that network to coefficient
changes. The program is not an implementation of
the filter but uses the theory outlined in sec-
tions 2 and 3 to enable the required calculations
to be made.

It has been noted that sensitivity (ATgp)
and fransfer function can be caliculated by select-
ing appropriate elements from the (I-FH -1 matrix
calculated for the overall network. The z-trans-~
form domain description of this matrix is not con-
venient for numerical computation. A satisfactory
way to perform the required calculations is to
consider the case where a steady state sinusoidal
input is assumed. Under these conditions

“J(D

= = cosw ~ jsinw

z

where w is the radian frequency.

The main feature of The computer program is
evaluation of [I--FT]‘1 In general, F'(z) con-
tains complex elements, so the matrix inversion
technique used must be able to handie complex var-
jables. Since it is common to specify the digital
filter coefficients to a large number of signifi-
cant figures (e.g. 10}, double precision arith-
metic may be required.

Subroutines exist that will perform either
complex or double precision matrix inversions but
not both. To achieve the desired inversion an al-
gorithm was used that separately handies the real
and imaginary parts of a complex matrix in double
precision form and produces an inverse consisting
of two matrices - the real part and the imaginary
part. Details are shown in Appendix 2. A simple
calculation can then be performed to find the mag-
nitude and phase of the elements of the complex
inverse,

Filter configuration details and coefficient
values are entered in special subroutines rather
than being input variables. This has two main ad-
vantages (at the cost of loss of generality).

6

Firstly, the program is simpler and secondly,
large amounts of data do not need to be entered
for each run. The subroutine for a filter config-
uration is simply structured and additional sub-
routines can be readily added.

The network defining subroutine is constructed
such that firstly the numerical values of the net-
work coefficients are entered. Next the elements
of the transpose of the transmittance matrix F
are entered, Now since the network will contain
delay elements ie. z~! , the transmittance ma-
frix is complex since z7l = e7J¥ = cosw - Jsinuw.

T is stored as two matrices:

FTR represents the real part of Ft

FTI  represents the imaginary part of Pt

c

For example if we have a branch j—-———ﬂzi———jz

where C>< is a real constant FTR(k,j} = + C><
-1
if we have ——Ff——

1 m

FTR(m,1) = + cosuw

FTi(m,1) = - sinw

Since any network is completely specified b¥
the ftranspose of the fransmittance matrix ie. FV,
the numbering of the nodes of any signal flow
graph can be done quite arbitrarily. However in
order that no node is overlooked it is best to
adopt a logical or sequential numbering scheme.
The convention adopted was that the input node was
specified as node /4 and the output node as node
1#£2.

As an example, the transpose of the transmitt-
ance matrix F!' for the cascade form structure
shown in Fig.2a is as shown below.

This matrix typically contains few non-zero
elements and hence sparse matrix inversion tech-
niques enable the inverse fo be efficiently com-
puted.

FT s readily obtained when it is realized
that the columns of FT are the branch input
nodes and the rows are the branch output nodes.
Thus the transmittance of the branch joining node
J to node k is the element k,] of FT

A.T.R. Vol. 15, No. 2, 1981
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0 0 0 0 0 o0 0 0
0 0 0 0 0 1 Cy; 1
0 0 0 0 0 o0 0 0
0 0 0 0 0 0 0 0
0 o0 0 0 0 0 0 0
0 © 0 0 0 o0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
1 0 C; Cg 0 O 0 0
0o z7! ¢ 0 0 0 0 0
0 0 z7b o o o 0 0
0 1 Cg 1 0 0 0 0
0 0 0 1 0 Cip Cpz
0 0 o o z7v ¢ o
0 0 0 0 o0 z-l ¢
J

Transmittance Matrix for filfer structure shown in Figure 2a.

k=0-005656462366

C7=0-196901665
8= "0-0099665157
€9="0-9695353354
C10=0-5515388641
C11="07304169706
€12="09705899009

C1=0-2855823838
€2=0-4512591755
C3="09116360616
C4=0-4457342317
C5="109869455
C6="0913078673

Fig.2a -
realization.

6. APPLICATIONS

The program can be used to investigate the as-
pects of digital filter performance given in sec-
tTions 6.1 and 6.2. As an example, the cascade form
and parallel form realizations of an eighth order
bandpass filter are considered.

6.1 Frequency Response

The specification of the bandpass filter ex-
ample chosen is shown in Fig.3. From the filter
specification the filter passband is (1,2915436 to

A.T.R. Vol. I5, No. 2, 1981

Cascade form (direct form II sections)

1.466077) Radian/Sec and the response must lie
within the limits (1.03156, 0.9684368). The stop-
bands are (0 to 1.2086) and (1.553 to =) Radian/
Sec where the response must be less than 0.01052.

A cascade form realization of the specifica-
tion Is shown in Fig.2a. A parallel form realiza-
tion is shown in Fig.2b. The freqguency response
was computed using the nominal coefficient values
as specified in Fig.2. A plot of the frequency re-
sponse is shown in Fig.4. It can be seen that the
achieved response meets the specification.
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(16
K=0-10000
C1-0-2034508401
$2=0-2855823838
€3=09026252904
C4="09116860616
€5=0182701196
06=04457342317
C7="09457352763
C8="0913078673

D =0-07220910762
C9="102052671178
C10=0-196901665
C11="0-2413054652
C12="09695353354
C13="0-1965294023
C14=0-5515388641
C15=0-298888793
C16="0-9705899003

Parallel form realization.

| [y

Pig.2b -

l+26p .
1+€p
1-€p
]*261) -

Hel)| T

2€g -0:/—/4/_/.'
€5

0 —I “’:)l

ws]

vSITI7
v

=

w

Ep =00157816 € =000526063
wpl=0.4llllll1r wg] =0.38470157
wp2=0.45566671 wgp=0.49444447

Design specification for eighth-order
bandpass filter.

Fig.3 -

I,

1071
1072
\ [\ T
1073 v V{/
107! [T I T [ TI T T[T I T [ I T T [ TT 7T [TI T 7 [TTTT
00 05 10 15 20 25 30 35
FREQ
Fig.4a - Frequency response of cascade form

realization (nominal coefficients).
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MAG

L1 Riiay

o

I
1072
10—3 v/‘
0! T T T T T T T 1 T T T
12 13 14 15 16
FREQ
Fig.4b - Passband frequency response of cascade

form realization (nominal coefficients).

6.2 Effect of Finite Word Length/Sensitivity
Analysis

(a) Finite Word Length Effect

In implementing a digital filter structure
the designer is restricted to a finite register
length and hence one can not assume infinite pre-
cision in the filter coefficients.

The filter coefficients may for example be
specified to 10 significant figures. For integer
arithmetic a working rule is that you require
approximately three binary bits/decimal digit plus
one bit. Also it is usual that an extra bit is re-
quired to represent the sign.

Hence by truncating the filter coefficients to
say 5 decimal digits we could see the effect of
implementing the filter with 16 bit precision
arithmetic.

The following table gives the approximate num-
ber of binary bits required to represent a decimal
number,

Number of Number of
decimal digits bits (sign + magnitude)
3 1+ 10
4 T+ 13
5 1+ 16

In order to see the effect of finite word
length the filter coefficients of the cascade form
filter shown in Fig.2 were fruncated to 3, 4 and 5
decimal digits. Plots of the response of the pass-
band are shown in Fig.5.

With the coefficients specified to 3 decimal
digits the passband specification is not met for
the cascade realization. |f the passband specifi-
cation is critical but some relaxation in the
stopband is allowed another structure might be
considered, For example, with the parallel form
realization of the filter, with the coefficients
specified to 3 decimal digits, the passband speci-

A.T.R. Vol 15, No. 2, 1981
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FREQ
Fig.5 - Effect of finite word length on fre-

quency response of cascade form real-
ization.

fication is now met. However the stop band speci-
fication is not met.

Alternatively we can increase the precision
with which The coefficients are specified. The
filter specification is met using 4 decimal digits
for both the cascade form and parallel form real-
izations.

Considering the specific frequency w = 1.3823,
the difference between the magnifude response us-
ing the nominal coefficients and the response us-
ing 5 digit coefficients is 0.01 dB. Hence it is
seen that it is only required to specify fThe co-
efficients fo 5 decimal places To get an excellent
response. Practically one could use 4 decimal dig-
its. The cascade form filter could certainly be
implemented using 16 bit arithmetic.

The filter coefficients for the 3, 4 and 5
decimal digit specification were just straight
truncations and no rounding was performed. With
rounding the 4 decimal specification would appear
to be adequate. A design approach might be fo use
16 bit arithmetic (including sign bit) and fitl
the register fo the precision provided by 15 mag-

nitude bits.
(b) Sensitivity Analysis

A more formal method of studying the effect
of coefficient changes on the achieved transfer

Tutorial: Computer Techniques For Digital Filters

function is by applying the sensitivity formula of
section 3, This enables changes in the transfer
function to be calculated directly from changes in
the coefficients, It is inferesting to note that
for non recursive filter structures with no feed-
back paths, the Typn Term in the sensitivity
equation is always zero and hence the change in
the overall transfer function is directly propor-
tional to the change in a branch transmittance.

Sensitivity analysis can be used to find those
coefficients which are sensitive to change and
thus cause the specification not to be met as the
coefficient precision is decreased. As an applica-
Tion of the sensitivity formula using the matrix
approach, sensitivity analyses were performed for
variations of each coefficient in both the cascade
and parallel form realizations of the filter. The
change in the system fransfer function was com-
pared to the filter specification given in Fig.3.

The sensitivity analysis was carried out in
the following manner. All filter coefficients were
rounded to 4 decimal digits since this precision
was tThe minimum required to meet the filter speci-
fication. Each coefficient was then varied in turn
by the same amount. The variation chosen was
§ = 2=9 = ,001953. This variation represents the
effect of truncating the coefficients after the
9th bit. It should be noted that because of the
nature of digital filters any variation in the
filter coefficient must be a discrete amount.
Hence we do not consider percentage changes in the
coefficients as we might do with a passive LC fil-
ter.

Detailed results of the magnitude of the var-
iation in the cascade filtfer response at some
specific frequencies of interest are given in
Table 1.

As can be seen from Table ! the cascade form
realization is characterized by having the pass-
band more sensitive to coefficient variation then
+than the stopband. The stopband variations are 2-3
orders of magnitude below the passband variations.
Also we see that the variations due to changes in
coefficients Cy and Cjpg would cause the filter
specification not o be met. For & = 2712 the
filter specification was met. Thus we see that
with coefficients C; and Cyg specified to 12
bits and the other coefficients specified fo 10
bits the filter specification would be met.

A more refined sensitivity analysis would pro-
duce the minimum precision required for each co-

TABLE 1 - Transfer Function Variation for Coefficient Change
§ = 29 - Cascade Filter
Frequency Transfer Function Variation (ATap)
rad/sec
AC3:(S ACq:(S AC6=<‘S AC7:6 Angts AC10:5

.4 6x1078 7.4x1078 | 6.7x1076 | 6x1076 |5.4x107¢ |7.7x1076

.651 5.1x1076 | 7.6x1076 | 5,6x1076 | 6x107% {4.4x1076 8x1076
1.29434 .0005 ,0068 L0136 .0018 .0048 .061 *
1.30062 .0007 .0056 ZOTST L0013 .0054 .044 *
1.38230 .01 .016 .0014 .011 .0009 .01
1.45142 .016 L0017 .0083 .032 * 1 .029 .0044
1.4577 .014 .0025 .0079 .048 * | ,023 .0053

* Indicates filter specification will
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efficient. A suggested technique is fo first cal-
culate the binary equivalent of each coefficient
to say k bits, and then apply the change §
equivalent to truncating the coefficient after
the nth bit.

K
ie § = ) z X Wi
i=n+1
is the ith bit -~ 1 or 0O

where X,
Wi is the weight of the ith bit.

tn relatjon to the parallel form realization,
we find that the situation is reversed - ie. the
stopband is more sensitive to coefficient change.
Hence, if the pass-band specification is critical
the parallel form structure may be desirable but
if the stop-band specification is critical the
cascade form structure may be a better choice.

7. CONCLUS IONS

The design of digita!l filters remains a rel-
atively complex subject. However the advent of
suitable digital hardware and catalogue designs
greatly aids the implementation of digital fil-
ters, A potential user is still faced with the
problems of how to compare alternative digital
filter realizations and how to determine the com-
putational precision required for their implemen-
tation, This paper has demonstrated how the appli-
cation of some relatively simple theory enables
these problems to be solved. Numerical calcula-
tions based on this theory can be performed using
a computer program that can be readily adapted to
analyse a wide range of digital filter networks.

A sensitivity analysis can be used for a de-
tailed study of a particular digital filter imple~
mentation to investigate in depth the effects in-
dicated by the simpler truncation analysis.

8. ACKNOWLEDGEMENT

The authors wish to acknowledge the valuable
discussions they had with Dr. A.J. Gibbs and Dr.
R,L. Gray while preparing this paper.

9, REFERENCES

1. Oppenheim, A,V, and Schafer, R.W,, "Digital
Signal Processing", Prentice Hall, N.J., 1975.

2. Seviora, R.E. and Sablatash, M,, "A Tellegen's
Theorem for Digital Filters", |EEE Trans. Cir-
cuit Theory, Vol.CT-18, No.1, Jan. 1971.
pp.201-203,

10

APPENDIX 1 Derivation of the Sensitivity
Equation
We have
aT 32T
_ ab _1_ ab 2
ATab = oF Aan 2 F2 (Aan)
nm nm
+ ... Taylor Series Expansion
From
3T
ab _
oF N Tan Tmb SUY
nm
2
eb. 2 g
oF2 oF an mb
nm nm
aTmb aTan

=T

From equation (1)

3F Tmn mb * oF T an

Substitute info equation (2)

32T )
B == 2. Tan Tmn Tmb
2
aF =
3
l_a Tab _2 a(Tan Tmn Tmb)
2 aFanm 2 aan
aTmb aTmn aTan
= +
Tan Tmb F * an mb 3F Tan Tmb oF
nm nm nm
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3
3 Tab

aF3
n;

=2372 T 7
mn an mb

m

Generalizing

k
3T
kab =kt T Kl oag 5
3F mn an m
nm
E LT k
aT o= 7 L 8b e g
1
ab ke k! aFk nm
nm
v 1 k=1 k
= k!
kz1 k! Se mn an Tmb [A nm]
b 1 1
S R LA SN SRV
KT=0 mn an mb nm' T onm
Al T AF
_ _an mb nm
1 - T AF
mn . nm
T T ., AF
AT __an_mb nm
e ab T - T AF
mn ~ nm
APPENDIX 2 inversion of Complex Matrices

Consider that we wish to invert the matrix [A+jB]

Define
-1
[»+js] & f[c+Jo] (H

by definition of the inverse

A+ jBllc+ o] =1 (2)
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Hence equating real and imaginary parts

AC - BD =1 (3)

AD +BC =0 (4)

From equation (4)

D = -A"1,B.C = imaginary part of the inverse (5)

From equations (3) and (5)

AC + BATIBC = I

. C = (A +BA"IB)"Y = real part of the inverse.

Hence the inversion procedure is as follows:
(i Compute A=l
(ii) Compute C = (A + BA-lp)~!

-A"1BC

(iii) Compute D

It should be noted that a necessary condition for
this matrix inversion algorithm to function is
that both the Matrices A and C must be non-
singular, In digital filters this will usually be
the case since A = Rg{I-FT(2)} and is forced to
have unity elements on the leading diagonal. Al-
ternative formulations of the solution place non-
singular requirements on B and D .

11
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The Chernoff Bound Applied To Error Rate

Measurements

A. HAIME

Telecom Australia Engineering Department
Western Australia

A simple expression has been derived from the Chernoff bound, which
enables a rapid determination of the number of errors which are required to
be observed in a data transmission system to ensure, with a given statisti-
cal certainty, that the true mean error rate lies within a specified confi-

dence interval.

1. INTRODUCTION

One of the fundamental tests applied to prac-
tical data communication systems is the measure-
ment of the bit error rate. A bit error rate ver-
sus signal-fo-noise ratio curve provides a basis
for the relative comparison of systems, a measure
of how well the system error rate approaches theo-
retical expectations, and a relative figure on
which to base system degradation introduced by
transmission perturbations such as amplitude and
phase distortion, phase jitter etfc.

We are dealing with a statistical concept when
measuring the bit error rate. Theoretically the
observed relative frequency of error only conver-
ges to the true mean error rate of a system as the
observation period tends to infinity. One may ask
how closely does the relative frequency approach
the true mean after a finite (and practical) ob-~
servation period. Alternatively, we may ask what
is the minimum number of errors one should observe
to be sure, with a given statistical certainty,
that the relative frequency of error is as close
as required to the true mean error rate.

One approach would be, using the normal or
Poisson approximation to the binomial distribution
(Ref.1) to determine the probability (ie, statis-
tical certainty) that the true mean error rate
lies within a given confidence interval about the
measured relative frequency of error following a
series of independent binary transmissions. This
method provides useful results - see Fig.3-2 of
(Ref.2) for example - but suffers from the draw-
back of requiring relatively long and time consum-
ing calculations or reference to look-up tables.
Where a requirement exists to quickly determine
the minimum number of errors which is required to
be observed, then a more direct and simple ap-
proach becomes necessary.

The statistical timit theorems which inciude
the weak law of large numbers, the cenfral limit
theorem, and the Chernoff bound (Ref.3) provide
the answer in that they can be used to derive
simple expressions for the rapid determination of
an upper bound on the number of errors required to
be observed for any specified confidence interval
and statistical certainty. The weak law and cen-
tral limit theorems provide simpler expressions,
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but the Chernoff bound generally provides by far
the tightest bound.

This paper deals with the solution of an equa-
Tion derived from the Chernoff bound to find the
required number of fransmissions and hence the
number of errors required to be observed so that,
with a given statistical certainty, we can say
that the true mean error rate lies within a spec-
ified confidence interval for a data fransmission
system, where it is assumed that the occurrence or
non~occurrence of an error is statistically inde-
pendent for each transmission. The results are
tabulated to provide a useful reference, and an
example of a practical error rate versus signal o
noise ratio curve is presented.

2. THE CHERNOFF BOUND

A statistically independent random variable
x; s defined such that:

1 with probability p

Xl =
[ 0 with probability 1 - p

2 00 0 00 800000 (1)
where x; =1 is interpreted as an error in
transmission with probability p , and x; = 0 as
a correct transmission.
The mean of x; is given by
X =p (2)

A néw random variable m is defined as the norm-
alised sum of N identically distributed statis-
tically independent random variables:

13
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;N
i Z X (3)

In keeping with the above interpretation of x; ,
m is then the relative frequency of error over
N transmissions, which approaches the true mean
error rate p as N becomes large.

A parameter d is defined as follows

d = X + Bp
= (1 +8 p (4)
Where B8 is the percentage variation of the es-

timated mean m from the frue mean p .

From the definition of the Chernoff bound for the

sum of N random variables (Ref.3) we have
P[(m-p) 2 Bp] < e 5 0 <B s
Plm-p) < 8p] s e X ; -t sB<O0 (5)
where

o = P L k]
X [d in q + (1-d) In (7”d)l (6)

This definition requires that (1-p) > p which is
entirely satisfactory for most practical purposes.

Using the power series expansion of the logarith-
mic function, X can be expanded as foljows

8%p 83p31 1]

X = 20-p © 6 [pZ T (I-prZ)

12 |p3 T (-p)3

n_n n
-1 1

n?nf1)[ n-1 " n—l} 7 B
p (1-p)

which is convergent for -1 g B <1
0.5+

and 0 < p <

For values of p << 1 +the expansion of X can be
approximated by the following

14

Bp“[1 1 }_

X = p[C1+g)InC1+8) - 8] (8)

I+ is clear from equation (7) that for a given
value of p , two values of 8 equal in magnitude
but different in sign will yield different values
of X ; the positive value of B yields a smaller
value of X than the negative B8 . The values of
X derived from positive and negative B are de-
noted as follows

=<
—
ne>

X ; B+ ve

Xo X ; B - ve

It follows that for a given absolute value of B

XL N

-

;-1 g8« 1

; 0<pg0.5 (9)

We now obtain a single bound for both negative and
positive 8 .

The union of the two events

(m-p) > Bp (10

~<
n

z = (m-p) g Bp an

is used to define a joint Chernoff bound

P[yUz] 5 e V1 4 oTNVR2 (12)

which, from equations (5) and (9) above, can be
written

PlIm-p| » 8p] ¢ 2671

; 0<pg0.5 (13)

The equality of expression (13) yields the re-
quired bound on N ., By taking natural logarithms
and rearranging (13), the following equation re-
sults

n{P[{m-p| = Bpl} - In2 0
-p[(1+8) In(1+8) - B] sy (14)

N =

A.T.R. Vol. 15, No. 2, 1981
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It is convenient to define the following 3. AN APPLICATION OF THE RESULTS

Here we discuss the relevance of equation (19)

by considering the noise performance of a typical

P[im-p| 28] =1 -¢C (15) modem. When noise is added to the modem line sig-
nal, the measured error rate, m , is related to

the signal o noise ratio, SNR, by the curve shown

in Figure 1. We wish to be certain, with statisti-
where C is interpreted as the statistical cer- cal certainty C , that the true mean error rate,
tainty that the observed relative frequency of p , versus SNR curve lies within the shaded con-
error m. is within *g of the true mean error fidence region shown above and below the m ver-
rate p , Since for most practical purposes we are sus SNR curve.* This region corresponds to the
dealing with values of m which tend to closely £8m confidence interval along the ordinate where
approximate p , we can also interpret C as the B is a function of m as shown by the values of
certainty that the frue mean error rate p s
within =B of the observed relative frequency of
error m , ie. within the confidence interval * |t will be noted that this margin has been cho-
(-Bm, Bm). Substituting equation (15) into (14) sen to represent a variation of 0.25dB SNR on
yields the abcissa about the m versus SNR curve, for
atl m .
2o
= N < £
" p[(1+8)1n(1+8)~B] ; g <<B1\ ] (16) 107!
which is of the form
b\\
N = E (17 1072 N\ | 8=%15%(€ =495
p WV
BAVY
AXY
w\Y
where Kk is a constant. = EASURED ERROR RATE -—Q\\
|f we now consider the error rate = ‘\§
o= A
a A\
“”1073 CONFIDENCE INTERVALY. Y \‘u=¢30%(6:129i
3
m = ﬁ- (18) in
)
\‘ l‘
v g
(AN

where € is equal fTo number of errors observed

over N tfransmissions, we note that since mp A\ B=240%(€=T7))

It

104

it follows that e>k and therefore

Lt

|

=)

1-C

; 0<Bsg i
(1+R) In(14B8) - B ;opo<< 1 (19

=

_ o Ing m
€= (l+Rinil +8)-8
T T T M
4 6 3 10 12 14 16

|
=

v
\ B=+100%(€=14)

SIGNAL TO NOISE RATIO dB
(SNR)

This is the required expression which relates the
number of errors required to be observed to the
confidence interval defined by B and the stat- Fig.1

- Typical error rate versus signal to
istical certainty C , for values of p<<i 44 g

noise ratio curve for a VF data modem,
showing the number of errors e which
are required to be observed to ensure
that the true mean error rate lies with-
in the confidence interval (-8m,Bm) with
99% certainty. The shaded inmterval rep-
resents +0.25 dB vartation in SNR and

Equation (19) can be readily solved using, for
example, a hand caliculator. Tabie 1 lists e as a
function of some typical values of C and B8 .
Due to the approximation of equation (8) the re-
sults obtained from (19) are roughly 10 and 1 per-

cent high for values of p = 0.1 and 0.01 re-

spectively. For smaller values of p equation (8) In( 2 )

is an excellent approximation and the error in e 1-0. 99
equation (19) is negligible. (1+B)In(1+B) - B
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TABLE 1 - The minimum number of errors e which
are required To be observed to ensure
that the ftrue mean error rate p of a
data communications system is within
+B8 of the measured error rate m with
statistical certainty C.

C(%) 99.9 99.0 95.0 90.0
B (%)
1 152500 106300 74020 60110
5 6181 4309 3000 2436
10 1570 1094 762 619
20 405 282 197 160
30 185 129 90 73
40 107 75 52 42
50 70 49 34 28
60 50 35 24 20
70 38 26 18 15
80 30 21 14 12
90 24 17 12 9
100 20 14 10 8
|n(7%6)
€ = 0<Bxgl

(+g)In(1+8) - 8 °

8 inserted alongside the measurement points on
the curve. |f we choose C = 99% , the minimum
number of errors, ¢ , we must observe at each

BIOGRAPHY

S e

U]

measurement point are calculated from equation
(19) or read from Table 1 for each relevant value
of B . These values of € are shown in paren-
thesis in Figure 1. The significance of having to
measure fewer errors as p is decreased, is that
considerabie measurement time is saved when the
mean time between errors is substantial, ie. when
p is small.
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Ray Tracing On Tropospheric Radio Paths

W.S. DAVIES

Telecom Australia Research Laboratories

T.A. EVANS

Anderson Digital Equipment

The paper presents two approaches used in developing desk-calcula-
tor ray-tracing programs for tropospheric radio propagation studies. Qne
technique uses standard integral results for the ray-trajectory in a
parabolic refractive index profile. The other, based on Taylor series,
can be applied to any profile for which all derivatives exist. However
the detailed development of this second method has again been for a para-
bolic profile. In both techniques arbitrary profiles are represented as
sequences of parabolic sub-profiles. The example ray plots shown use re-
fractive index profiles taken from actual microwave radio paths, and in-
clude tracings that are compared with the results of an earlier investi-
gator. A feature of some example plots is the high sensitivity of certain
ray trajectories to small variations in the refractive index profile.

1. INTRODUCT ION

The study of radio wave propagation in the
Troposphere is one of the many areas where ray
concepts have proved most naturally useful and
effective. The ray paths of interest in this field
can be determined by relatively straightforward
techniques. Consequently their prediction is a
task ideally suited for programmable desk calcu-
lators and plotters. The basic formulations used
in two programs developed for this purpose are
presented here, together with examples of the ray
tracings obtained.

The work follows the development of an earlier
Fortran program by Rosman (Ref.1) for microwave
radio system path studies. Experience with
Rosman's program (Refs.283) and with a modified
version due to Tang (Ref.4) demonstrated its con-
siderable value as an aid to assessing tropo-
spheric propagation phenomena. In a |ike manner
the two new programs have proved similarly useful
in some recent investigations by Harvey (Ref.5).
Other examplies illustrating the application of
ray-tracing to tropospheric radio propagation
problems are the works of lkegami (Ref.6), Baker
(Ref.7) and Barton (Ref.8). A compliete review of
+he numerous publications reporting similar spec-
ific applications has been deemed outside the
scope of the present paper, since it is the ray-
tracing technique itself that is of centfral in-
terest.

Ray-tracing or geometric optics methods for
regions of continuously varying refractive index
n may be based equivalently on Fermat's princi-
ple, the eikonal equation, Hamiltonian optics, or
the generalised form of Snell's law. In regions
where n is anisotropic and varies along more
than one co-ordinate, and where arbitrary ray tra-
jectories are of interest, the approach developed
by Hazelgrove (Ref.9) from Hamiltonian optics is
generally recognized to be the best for computa-
tional purposes (Refs.7,10-13). However in media
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which are isotropic, and in which n varies along
only one co-ordinate the simplifications thereby
made possible permit various other techniques to
be employed. Notable exampies are the exact solu-
tions of Thayer (Ref.14) Croft and Hoogasian (Ref.
15) and Westover (Ref.16) for power law, quasi-
parabolic, and quasi-linear n height dependen-
cies respectively.

Within the troposphere n is very close to
unity; furthermore on most terrestrial radio sys-
tem paths operating at VHF or above, the rays of
interest are near horizontal. Under these addi-
fTional constraints simple approximate formulations
giving very good estimates are easily obtained.
The two methods described in Section 2 below for
a parabolic n profile, and employed in the two
new programs, are in this category. Arbitrary pro-
files are approximated by a sequence of parabolic
subprofiles.

The development of two different mathematical
techniques, and consequently of two programs,
arose primarily from the individual preferences
of the two authors. In the first method the ray
path and delay relative to a reference ray are de-
termined from standard integrals. The basic ap-
proach is similar to that first developed by
Forsterting and Lassen (Ref.17) and later refined
by Appleton and Beynon (Ref.18) and Rawer (Ref.19)
for ionospheric propagation studies. In the second
method corresponding expressions are found using
Taylor series.

Although attention here is essentially re~
stricted to the solutions for parabolic profiles,
the second method can be applied to a much wider
class of function., As indicated in Section 2, it
will yield the ray path for any profile for which
all derivatives exist. So far as the authors are
aware the second technique is original in this
respect,
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The first of the two new programs developed
in these studies traces rays on paths where the
refractive index n depends only on height. In
the second this same dependence has been assumed
to apply locally, however along the whole path n
may vary in a number of discrete steps. Thus the
second program gives ray irajectory estimates for
paths where n is a function of both height and
lateral distance.

The first program operates at a higher speed
and requires less memory storage than the second.
It shoutd therefore find application where these
advantages are important, and when there is liftie
variation of the n profile along the path, More
involved situations require the more versatile
second program. Examples of tracings produced for
both types of path are presented in Section 3.

The example tracings have been obtained from
a desk calculator and plotter operating with HPL,
a high-level programming language. Complete HPL
listings of the two programs, and detailed oper-
ating instructions, are contained in a separate
report (Ref.20).

/
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(b]  EQUIVALENT FLAT EARTH MODEL
Fig.1 - Physical Models.
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2. RAY TRACING FORMULAT!IONS

The generalization of Snell's law to describe
refraction in a continuously~varying spherically-
stratified isotropic medium, is due to Rayleigh,
and is described for example by Forsteriing and
Lassen (Ref,17) and by Humphreys (Ref.21). It
states that a ray path as depicted in Fig.1 is
characterized by

nrcosa=n; r] cos o)

where r = radius from sphere centre

refractive index at radius r

angle between ray and the sphere tan-
gent plane at the field point

denote reference or starting point
values,

ny, ri and oy

If the radii to the field and reference points
are expressed in terms of heights above some datum
radius p , equation (1) becomes

n(i + gﬁ cos a = ny(1 + glJ cos o]

or equivalently

m COS o = m} COS a) (2)

where

m=n(l + D (3)
p

is the so-called modified refractive index.

Since equation (2) is the generalized form of
Snell's law for propagation above an equivalent
flat earth having a stratified refractive index
m , the conversion (3) enables one to replace the
spherical model of Fig.la with an equivaient flat
earth model as shown in Fig.1b. For such a conver-
sion it is usual to set p = earth radius. Note
that o and h both remain unchanged by the
fransformation.

In practice n or m differ from unity by
only very small amounts. Hence it is usual to
work with so called N or M units, which mag-

nify the difference by a factor of one million.
Thus

M= (m- 1) 106 (4)
with an identical relation defining N in terms

of nw
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As they stand, equation (1) or (2) couid be
used iteratively to extrapolate the ray path
through the appropriate stratified atmosphere.
However if a suitable functional variation of n
or m is assumed within each layer, the ray path
may be specified in analytic form. This approach
was adopted by Rosman, and is used in the first
of the two programs developed during these stud-
ies. The second program employs a different tech-
nique based on Taylor series. In both programs
the n , and hence the m profiles, are modelled
by a set of parabolic sub-profiles as depicted in
Fig.2.

From this point on it is appropriate to pre-
sent the two formulations in separate subsections.

2.1 First Formulation

|f x is chosen as the map distance (ie. the
horizontal distance in the flat earth model) then

dx _ .
ah = cot o (5a)

; for lof<< 1 (5b)

Q|-
wle

Thus between any two heights h; and hy , the
horizontal distance traversed is
h2 ho
dh 1
X = xp - x] = = g-J adh , for |af<< 1
! M
(6)

> SUB PROFILE J « 1

DATA
HEIGHTS

SUB-PROFILE )

Fig.2 - Parabolic Sub-Profiles.
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The requirement that |a| be smail clearly makes
the first term on the right of equation (6) dom-
inant, That is to say if equation (6) is written
as

X = Il - I, (7)

1
3

I, << I for  Ja]<< 1

In fact for calculations of ray geometry on tropo-
spheric paths in relatively flat regions, where
|a| remains below about 2 deg., the first order
approximation

X =1 , for  |a|<<| (8)

is entirely adequate. Within the program based on
this first approach, both orders of approximation
are used at different stages.

The restriction to |a| small also permits the

cosine factors in equation (2) to be replaced by
the first two terms of their series expansions.

With equation (4) this yields

2

a? = 2(M-M)1076 + o] for |a|<< 1 (9

y

where terms of orders a and «2M 1076 are ne-

glected.

Now if hy and hy are heights between which

2(M-M;) . 1076 = Ah2 + Bh + C (10)

successive substitution into equation (9) and then
into the terms of equation (6) gives

h2
. =
Ip =« [Ah + M2 + E]7% dh
hy
for hy 2 h; (11a)
hy
s
I, = ¢ [ACh + D)? + E]% dh
hy
>
for hy < hy (11b)
where
.8
0 =2r
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E=C+a> -~ AD?

The above two integrals are standard forms, which
yield expressions as set out in Appendix A.

When a ray path is predicted in successive
stages, through a medium of the form represented
in Fig.2, the following three different types of
extrapolation are generally needed:

(i) xp and ap to be found for a given hp .
(ii) h, and a, To be found for a given x;
(iii) xp and hy to be found for ap; =0 .

Of these types, (i) is a normal sub-profile cross-
ing extrapolation as shown in Fig.3a, (ii) is used
either to shorten a long plotting step, or at the
end of the path, as indicated in Fig.3b, while
(iii) is required when furning points occur as
shown in Fig.3c.

M
. HEIGHT RANGE OF A
! COMPLETE SUB-PROFILE
oy
M,
M X
— —;4
X, X,
(@ SUB-PROFILE CROSSING - TYPE (i)
Pr=s “;7‘
SUB-PROFILE
h,
M il
1
s x
;
END OF
{b) END OF PATH - TYPE (i) PROPAGATION PATH
@ =0 SUB-PROFILE
- . -
h, - ~
ay ~
~N
X
hy
() TURNING POINT - TYPE fiii
Fig.3 - Types of Extrapolation.

Extrapolation type (i) can be performed di-
rectly using equation (7) or (8), together with
equations (10) and (9). In the program these cal-
culations are performed using equation (7) rather
than the less accurate (8).

In order to perform the fype (ii) extrapola-
tTions directly, an inverted form of equation (7)
or (8) is required. With the more accurate ex-
pression (7), this is only possible for linear or
constant M subprofiles, since the others vyield
transcendental equations for hy . For this reason
the inverted forms of equation (8) have been em-
ployed for plotting intermediate points between
the more accurately determined points of type (i),
whereas at the end of the path a correction based
on equation (7) is made to the first order point
predicted by equation (8).

The type (iii) extrapolation is performed by de-
termining M at the furning point from equation
(9), then (10) is used to find hy . The resuits

are
.
E,? <
hg =Dt (-0 for A # 0 and a;A > 0
(12a)
and
hy = =(af +C)/B , for A=0,B#0
(12b)

The map distance increment X is then found using

equation (7).

In summary then, the X increments for the
main ray-path characterizing points (ie. the sub-
profile boundary crossings and the turning points)
are found using the second order equation (7). The
intermediate points, determined optionally if a
smooth appearance to the tracings is required, em-
ploy the first order equation (8) in inverted form,
Finally the end-of-path point is found in two
stages by applying the first and second order solu-
fions sequentially.

It has already been seen that the ray height
and angle are unaltered by the transformation from
the spherical to the equivalent flat earth model.
In a like manner, it is a straightforward matter
to show that no change occurs in the frajectory
fransit delay.

In radio system propagation studies, the quan-
tities of interest are the relative delays between
different ray trajectories, rather than the abso-
lute delays. |n practice this means one requires
to resolve differences of around 10710 to 1071
seconds, between absolute delays of about 1074
seconds.

On some early computing machines working to a
relatively low accuracy it was imperative fto em-
ploy equations which gave the relative delay di-
rectly, rather than as the difference between fwo
almost equal absolute values (Ref.22). Although
this is no longer necessary with modern desk cal-
culators, which typically retain 12 significant

figures, it is still a desirabie feature for math-
ematical elegance.
Let & be the distance along the ray frajec-

tory in the equivalent flat earth model. An ele-
mental trajectory segment AL , and a correspon-
ding reference path segment Ax , chosen to be at

A.T.R. Vol. 15, No. 2, 1981



the transmitter height ht , are shown in Fig.4.
Since the wave velocity is v = co/m (where co =
free space velocity of light) the relative transit
time delay along A% is

At = (Afm - Axmi)/cq

= 8%(m = my)/co + (88 - AxImy/cg (13)

The relation is exact in the geometric optics

sense, in the limit as A% and Ax tend to zero.
Therefore
dt -

p_ (memy) de . ™ da-x) :
dh cg dh T dn ()
From the trajectory
dg _ 1
—h-—cosecaza--rt—g- , for Jaf<< 1
Hence with equation (5b)

d(2-x) a
__EF_- = E N for la|<< 1

Substituting into equation (14) and integrating
yields

"2 (M-M,)1076 h2 .
—————-dh+J T+ MU1078)5 = dh

r Coo t o

h1 h

for  Jal<< 1 (15)

The first term in equation (13), and hence
that in equation (15), gives the relative delay
contribution due to the differing m values at
h and ht respectively. The second fterm in each
equation gives the contribution due o the geo-
metric path difference. Notice that although m
and m+ are very nearly equal, M and Mt are
generally quite different. Thus equation (15)
avoids the inelegant differencing of nearly ident-
ical quantities,

TRAJECTORY

Jay

= -10-6
m=1+M-10 a7 o

P [P N ————e e |, e v

REFERENCE

Fig.4 - Model for Relative Delay Derivation.
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By substituting for M from equations (9) and
(10), and with some rearrangement, equation (15)
becomes

2 My1078
T {[(M-Mp 1078 - ST & (P8 =Tl /ey,

for |a|<< 1 (16)

2.2 Second Formulation

Since the gradient at any point (x, h) on
the ray trajectory is the tangent of the ray angle,

d2h 2

9z = sec (17

o
dx
From equation (2) the derivative on the right may
be shown fo be

Hence equation (17) becomes

d2h B secZo dm
dx2 = m dh (18

The second method uses the approximation that
the quotient ferm on the right is almost unity
for small ray angles, and for practical values of
m . That is

(19)

dx2 ~ dh ’ laj<c 1, m=1

To calculate the ray path a double integration
of equation (19) is necessary. For the general
class of m profiles in which derivatives of all
orders exist, the integrations can be effectively
performed by the use of the Taylor series, applied
successively over map distance increments X = x3
- X} . Thus for the first integration, the Taylor
series representation is

2 (3
h o) = 0P apen @ og) + S oy +
(20)
where
(» 1
h () = i, the known initial gradient
2)
h( (xy) = o , from equation (19)
dh
h(Xl)

and with successive differentiation

2
h(3) h(1) d<m

(x1) = (x1) qnz

hixy)
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() (1 2 d3m
h " ) = [0 ] 53
h(Xl)
2
PR A0
dn2
h(Xl)

etc.,

Likewise for the second integratiocn

(1

hixz) = hix}) + Xh (2

%
Yxp) + 2 n B e

o 21

In the program developed using this Taylor
series fechnique, the profile representation em-
ployed is identical to that used for the first
method (ie. a sequence of parabolic sub-profiles
as in Fig.2). Thus of all possible functions in
the admissible class referred to above, attention
from this point on is confined to

M, 1076 = Ajh2 + Byh + Cy (22)

where the subscript 1 has been used to disting-
uish the coefficients here from those in equation
(10):*

* |1+ should be noted that the parabolic profile
(22) reduces (19) to a second order differential
equation, which has a closed form solution given
by standard analytical methods. The results are
similar to those given by inverting the express-
jions for I, in the method of section 2.1, The
Tayior series method is thus not essential for
the solution of equation (19) in this particu-~
lar case. |t is rather that the parabolic pro-
file provides a convenient m dependence with
which to assess the new technique.

With equation (22), the successive derivatives
of h in equations (20) and (21) become

2
h( )(Xl) = 2A1h(xy) + By

(3) (1)

h (Xl) = 2A1h (Xl)

(n;

n M (xpy = 2808072

(Xl) for

In both equations (20) and (21), the higher order
terms are included until their confribution be-
comes negligible,

Note that this second formulation enables ex-
trapolations of the type (ii) listed in Section
2.1 to be made directly, That is, hy and aj
may be found for a specified x, . However as fhe
order at which truncation of the Taylor serics is
best performed in practice is variable, it is not

22

easy to devise inversion formulae to treat the
type (i) and type (iii) extrapolations. For this
reason the second program uses a procedure of suc-
cessively improved trial approximations to find

xp and ap when hy is given (ie. for the tvpe
(i) extrapolation).

in principle a similar technique could be
used for the type (iii) extrapolations, which
terminate at the ray furning points. This has not
been done however, since by keeping ~ small, it
is possible to avoid any sericus crrcrs, which
could otherwise occur when extragoioting through
furning points.

The disrance ‘throuyir a vacuum thai would give

the same fransit times as the real ray path is
given by the integral:
& dn, 2%
2
- ol (23)
s-J m[1+(dx)] dx
X1

The evaluation of equation (23) by Taylor ser-
ies is performed in Appendix B.

The reference distance against which s is to

be compared is Xmt . Hence the relative time de-
lay over the path increment is

te = (s = Xmy) / ¢4 (24)

3, EXAMPLE RESULTS

3.1 Comparison with Rosman's Program

Two ray tracings produced by Rosman's earlier
Fortran program are shown in Figs.5a and 5b. The
first is from Warhaft and Van Dijks' study of
"'space-wave fadeout" phenomena on the Nullarbor
plain, South Australia (Ref.3), while the second
is from unpublished work.

TABLE 1 =~ Ray Data for Tracing of Fig.6

HEIGHT (M) REC.ANG.

(mrad)

REL.DEL.
(nanosec)

RAY No.

ray escapes
ray escapes
ray escapes
ray escapes
ray escapes
95,41 2.676 2.9785
ray escapes
ray escapes

ray escapes

[ RNe e N o AN . LY. B \N ]

ray escapes

ray escapes
12 ray escapes

13 ray escapes

(Tx. Ant, Ht. = 75.3 m.
-5.527 to 5.527 mrad.)

launching 13 rays from

A.T.R. Vol. 15, No. 2, 1981
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294 311
HEIGHT
N W FT)
PROFILE PROFILE 3003
250 :
306 RECEIVER )
294 310 TRANSMITTER
200 1
335 150 9
N AND M PROFILES
0630 25 AUGLST B
WEST SITE .
X
V0o %)
) St GEEES RS ™ DL | g T
0 10 20 30
N UNITS MILES
Fig.5a - Example tracing produced by Rosman's
program showing "Space Wave Fadeout'
phenomenon (Ref.3).
N M 1501 - 150
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270 280 290 300 310
N OR M UNITS

Fig.5b

KILOMETRES

program.
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- Trgeing for path of Fig.b5a as produced
by firsi new progrom (full line ray

data as »er Tehle 1)

Second example tracing from Rosman's
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The results obtained by fThe first new program
for the first example are shown in Fig.6 and Table
1. The data point heights used for the N profile
were scaled from Warhaft and Van Dijks' diagram,
As with the other new program results given here,
the numerical values are given in (Ref.20). Notice
that the full-line ray Frajectories agree very
well with those predicted by Rosman's program. The
intermediate broken-line rays were added to empha-
sise the completeness of the "fadeout" phenomenon
in this example. These latfer rays are not tabu-
lated.

Figure 7 and Table 2 show the results obtained
for the second example. In this case a listing of
+he original N and height values was available;
yet on comparison with Fig,5b it is evident that
considerably different trajectories are predicted
for a number of rays.

The differences here are apparently due 1o
small variations in the refractive index profiles,
caused by different curve fitting techniques used
in Rosman's program and in our own. The rays most
affected are those most nearly horizontal over
much of their path. Their sensitivity to small
changes in the N gradient is demonstrated by
comparing the rays of Fig.7 and Table 2, with
those of Fig.8 and Table 3, which were obtained by
including onty two additional interpolation points
in tThe original data set.

Ray tracings made for the examples described
here using the second new program have produced
results almost identical to those given by the
first program, the maximum differences from the
end-of-path quantities of Tables 1 and 2 being
less than 0.01 metres in height, 0.001 milliirad.
in receive angle, and 0.0001 nanosec. in relative
delay.

3.2 Higher Speed Tracing

The ray trajectories shown in Figs.6, 7 and 8
were obtained with small plotting increments, the
maximum values being no greater than 2.5 percent
of the path length. Such a choice ensures an ade-
quately smooth frajectory for final display pur-

poses. However, it does not permit the tracings
to be performed in the fastest time.

To obtain a high speed run with the first pro-
gram, the plotting increment should be made larger,
even greater than the path length. This causes the
program to estimate frajectory co-ordinates only
at the crossings of subprofile boundaries, and at
ray turning points.

TABLE 2 -~ Ray Data for Tracing of Fig.7

RAY No. HEIGHT (M) REC,ANG. REL.DEL.
(mrad) (nanosec)

1 126,22 5.318 1.6386
2 11511 5,031 1.4466
3 103.52 4,652 1.2593
4 91.51 4,284 1.0777
5 77.85 3.847 0.8950
6 61.86 3.384 0.7049
7 35.99 1,088 0.4718
8 103.74 3.833 0.2436
9 100.07 3.578 0.1982
10 96,32 3.354 0.1549
11 92.46 3:118 0.1132
12 88.46 2,863 0.0734
13 84,30 2.584 0.0355
14 791493 2,269 0.0002
15 75.32 1,896 -0.0319
16 70.49 1.417 -0.0587
17 65,90 0.801 -0.0757
18 60,17 0.445 -0.0884
19 115.96 2.784 0.2197

(Tx. Ant., Ht., = 75.29 m. launching 19 rays from
~4,5455 to -1.1364 mrad.)

Ht METRES

KILOMETRES

Fig.7 -

=
=]
&

N OR M UNITS

Tracing for path of Fig.5b as produced

by first new program (ray data as per

Table 2).
24
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TABLE 3 -~ Ray Data for Tracing of Fig.8 An illustration of the ray plots obtained with
a large plotting increment is shown in Fig.9 which
RAY No. HEIGHT (M) REC.ANG. REL.DEL. employs the same N profile as Fig.7. Each piece-
(mrad) (nanosec) wise~linear trace segment in Fig.9 is a chord on
the true continuously turning ray trajectory. The
1 124.14 5.300 1.5792 ray output listing for Fig.9 is identical fo Table
2, since large increment plotting has no effect on
C 112.82 4.996 1.3846 the end-of-path estimates.
3 101.04 4.594 1.1960
The speed advantage gained by large increment
= 88.60 G {0 1.0127 plotting over normal small increment tracing is
5 74,98 3,781 0.8302 illustrated in Table 4, which compares the first
program times for the two cases. Small increment
6 59.31 =Rl Bie6a2 tracing times for the second program are also in-
7 38.89 0.993 0.4761 cluded in the table for comparison. Note that
farge increment plotting times for the latter pro-
c ko) el Sl gram have been omitted, because as indicated in
9 114,82 3,934 0.3217 Section 2.2, significant errors can then develop.
10 106.63 3,602 0.2190
" 92.36 3.115 0.0601 TABLE 4 - Program Tracing Speeds
12 60,92 1.813 ~0.2067 DIAGRAM PROGRAM No.  INCREMENT X (m) MEAN SPEED
13 69.30 2.008 -0.1534 ! s
14 77.70 2,1 1183 ~0.0946 Fig.6 1 500 2.67
15 85.97 2.314 -0.0325 Fig.7 1 500 2.61
16 93,97 2.407 0.0306 Elilgs9 1 50,000 (high speed) 10.0
17 101.64 2.484 0.0929 Fig.6 2 500 0.70
18 109.60 2.685 0.1616 Figs7 2 500 0.74
19 115,96 2.784 0.2197 Fig.6 2 500 (delays not calc. 1.42
(Tx. Ant. Ht. = 75.29 m. launching 19 rays from Note : (does not include plotting of axes and
-4,5455 to -1,1364 mrad.) profiles or tabelling)

N ]
120°
100
80
vy
=
=
= B
i)
20
0 *
g g
o~ o~
KILOMETRES WOR W ONTS

Fig.8 - Tracing for path of Fig.7 with two addi-
tional profile data points (ray data as
per Table 3).
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3.3 Paths with Multiple N Profiles

The results shown in Fig.10 and Table 5 ill-
ustrate the use of the second program for a path
where N depends on both height and map distance.
The particular example chosen uses profiles de-
rived by Harvey (Ref.5)
propagation in Queensland, Australia.

TABLE 5

in studies of microwave

= Ray Data for Tracing of Fig.10

26

6 Rays from -8.50 to ~7,50 by 0.20 m.rad.

RAY ~ GDH  TX.ANG.(mrad) REC.ANG,(mrad) REC HEIGHT DELAY (ns)
1 ] -8.50000 6.60524 0.836
2 1 ~-8,30000 5.76774 0.760
3 1 -8.10000 4,94544 0.669
4 1 -7.90000 4,06296 0.554
B) 1 -7.70000 7.80532 0.406
6 1 -7.50000 4,03461 0.342

11 Rays from ~7,45 1o ~6,95 by 0,05 m,rad.

RAY ~ GDH  TX,ANG, (mrad)  REC,ANG.(mrad) REC HEIGHT  DELAY (ns)
1 1 -7.45000 3.18916 0.317
2 1 -7.40000 8.27918 76.64 0.123
3 1 -7.35000 6.80230 50.25 -0.564
4 1 -7.30000 2.81923 28.06 -0.944
5 1 -7.25000 0.94532 19.76 -0.991
6 1 -7.20000 0.55724 13.02 -1.008
7 1 -7.15000 0.08948 6537 -1.016
8 1 ~7.,10000 0.52420 5.64 -1.015
9 1 -7.05000 1.18705 2.28 -1.026

10 0 -7.00000 4.38245 35.05 ~-0.953

1 0 ~6,95000 2.09105 0.164

6 Rays from -6,90 to -5,90 by 0.20 m.rad.

RAY GDH  TX.ANG.(mrad) REC.ANG.(mrad) REC HEIGHT  DELAY (ns)
1 0 -6.90000 3.20348 0.183
2 0 -6.70000 7.00088 0.162
&) 0 -6,50000 2.01078 0.216
4 0 -6.30000 2.51283 0.234
5 0 -6.10000 3.40714 0.238
6 0 ~-5.90000 4.36905 0.224

(Tx Ant, Ht. = 63,0 m. launching 23 rays as indicated)
(GDH = 1 for a ground reflection, = 0 otherwise)

AT.R. Vol 15, No. 2, 1981
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KILOMETRES

Fig.9 -

High speed tracing for path of Fig.7

(ray data unchanged from Table 2).

in view of the earlier noted sensitivity of
certain rays through some N profiles, there is
clearly a question as fo the number of steps re-
quired for an adequate representation on paths of
the fType considered here. |f the highest accuracy
is sought, repeated tracings should be made using
successively larger numbers of profiles giving
correspondingly refined results; the process being
taken to the stage where satisfactory convergence
is obtained.

in other situations, where either only a gen-
eral picture is required, or where the changes in
N with path distance are relatively small, the
results of a single tracing will prove adequafte.

The tracings of Figs.11 and 12 have been pro-
duced to show how the ray paths of Fig.10 vary
with different numbers of profiles. Figure 11 uses
only the centre of path profile, and while the de-
tail differs significantly from the other two
plots, it still shows the same genera! defocussing
action which is the main feature of al! three tra-
cings, This overal! similarity of Fig.11 to the
other two fracings supports the use of the single
profile model for at least some actual path stud-
ies,

4. CONCLUSIONS

The most generally informative examples given
in the paper are probably those showing how ray
detail can change significantly with small vari-
ations in the path refractive index. It is impor-
tant +therefore, that when ray tracing programs
are used to study fropospheric radio propagation
phenomena due account should be taken of the Iike-
Iy inaccuracies in the assumed path refractive in-
dex data. Repeated tracings covering the range of
probable profiles will establish the stability or
otherwise of any given mechanism. For example,
Warhaft and Van Dijk have tested their "fadeout"
phenomenon this way (Ref.3).

A.T.R. Vol. 15, No. 2, 1981
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Fig.10a - Multiple profiles for Julia Creek

(Qld.) path after Harvey (Ref.5).

Although both techniques described here give
strictly accurate results for only small ray
angles, comparisons made with a precise though
very slow numerical routine have shown Thag the
errors are less than 2 percent for o = 20
(Ref.20). It follows therefore that either pro-
gram will give sufficiently accurate results for
the practical investigation of almost all fropo-
spheric paths.
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36

Ht. m.

40 4

20-{

0 -

KILOMETRES

Fig.10b

Multiple profile tracing for data of
Fig.10a as produced by second new
program (ray data as per Table 5).

32

36

04

KILOMETRES

Comparison tracing for path of Fig.10

Pig.11

using a single centre-of-path profile.
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Various aspects of these investigations are
considered worthy of further study or extension.
The application of the Taylor series technique fo
arbitrary profiles is warranted, in order to ex-
plore its full capabilities. I+ would also be an
advantage to modify the profile curve fitting ap-
proach used with the present methods, so that
tracings could be made either with the form of
Fig.2, or with sub-profiles having no splines, or
cusps, at the odd data poinfs. This would greatly
facilitate the resolution of any questions as to
the possible effects of such discontinuities in
the refractive index gradient. Another worthwhile
feature of any future program would be o provide
for the identification of inferference and atten-
uation regions as lkegami has done (Ref.6).
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The corresponding results for I, are:
(a) A >0 ; defocussing profile

APPENDIX A : Expressions for I, and I, & £t
I; = 2 5= (hatD) {(hp+D)? + 2}°

Each of the integrals I; and I, vyield differ-

ent explicit expressions for the four possible 2 4 Esz i E

types of m subprofile. The results for I are = (h D) {Thy+D)} < + 33" 2 5 I,

as follows:

(a) A >0 ; defocussing profile for hp > M
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(b) A <0 ; focussing profile

1
I, = [(hy+D){A(h,4D)? + E)Z

5l
- (hi+D){ACh+D)% + E}E + EI;]/2

)

for hp z hi

(c) A=0,B#0; linear profile

3/2 3/2
I, = + 2 [(Bhp+trad)” - (Bhy+Cred) ]

3B

(d) A=0, B=0; constant profile
12 = 0L1(h2 - hl)

Note that the =+ signs, where they appear, are

equivalent to taking the absolute values, for in
equation (6) dh and o are always of the same
sign, hence 17 and I, are always positive.

APPENDIX B Expressions Employed in Taylor

Series Method

To evaluate eqguation (23) et

& = x - x3 ; then

dh (1) (2) £2 (3
*d‘;— h (Xl) + Eh (Xl) +Fh (Xl) H
2 3 4
=0+ ET + %T-U + %T v+ %T'W S (25)

1+ (@2 o 210
dx

U9 2
o + T4)

1+ 02 + 2ETO + £2¢(
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(1 4+ 02)(1 + a1 + ax8? + a383 + ayg¥ + agt®)

for & small (26)
2% 1 2
dh, - 242 1, ;2,82 21
[1+ (50 1 = (+02® [1 + g5+ E2T - g
5, 83 d1ap a%
M S T
a aa 3aja 5a
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= bg + Eby + £%by + E3bg + E%by

(27}

The integration of equation (25) by the Taylor
series method yieids

2 3 L 5
hG\) = hy + 08 + ST T+ 5 U+ Sp v+ Erwe.

Now from equations (22) and (4)

mix) = 1 + Ajh2(x) + Bih(x) + Cy

Hence with the above hi{x)

mix) = 1 + Alhf + Bphy + Cp + £(2A1h10 + By0)
+ £2[A1(02 + hyT) + BT/2]
+ £3[A1(hU/3 + OT) + ByU/6]
+ g¥[AL (N V/12 + 0U/3 + T2/4) + B1V/24]

+ £5[A1(h W/60 + OV/12 + TU/3) + B1W/120] ,

for & small
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=cog t C1E8 + 0252 + C3£3 + ngq + CSES

Thus integrating equation (29) over the range xi,
X, , and using X = xp=-xj; , gives the required

Hence from equations (27) and. (28)

it
moo[1+ G 17«
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(28) result for s as
g ; o i s = XFo + X2F)/2 + X3F/3 + ... + X10Fg/10
S N B ’
20l for X small
for & small
R SENRUENEE R ot £9Fg In the program developed on the Taylor series

method this last polznomial has been fruncated at
(29) the term of order X° .
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Reflections In A Crystal Ball
The Technologist as Prophet In A Turbulent

Society

L.A. ALBERTSON

Telecom Australia Research Laboratories

Telecommunications engineers who participated in a Delphi forecasting
study conducted by the former Australian Post Office in 1975 were found to have
highly optimistic images of the future and to employ longer time perspectives
than non-engineers. The present paper attempts to explain these concordant
readings of the future by considering the socio-psychological origins of the
engineer's career choice. After critical analysis of several streams of voca-
tional research, the paper argues that the making of engineers begins with
fixation during the developmental stage of latency. Professional education then
consolidates the engineer's intellectual stance, and also subtly reinforces a
set of assumptions that ultimately enter into the very fabric of his experience
of reality. Unless these assumptions can be opened to re-assessment in light of
changing circumstances, the paper concludes, technology-based organiazations
such as Telecom Australia will be ill-equipped to survive the environmental
turbulence of the late twentieth century.

1. FIRST, FIND YOUR FORECASTER

When King Croesus of Lydia was seeking a con-
sultant seer, he compiled a short list of seven
noted oracles practising in the region and des-
patched to each an ambassador who, after a hundred
days, was fo pose the question: 'What is King
Croesus, son of Alyattes, now doing?'. Only the
Pythia at Delphi passed the ftest - the King, im-
probably enough, was cooking rabbit and tortoise
Together in a brazen pot - and she was duly awar-
ded the contract.

Today, although prediction is still considered
an important aspect of government, it is no longer
carried out by mystics. The modern Delphi fore-
casting technique, for example, which was devel-
oped from the work of Olaf Helmer for the RAND
corporation, has little in common with the methods
of the famous oracle; and, paradoxically, the
widespread popularity of the ftechnique since it
was first publicly described (Dalkey & Helmer
(Ref.11)) has depended less upon rigorous proofs
of its efficacy than upon belief in its scientific
credentials. it empioys a panel of people chosen
for their expertise in a particular field - fre-
quently a technological one - who respond anony-
mously to a written questionnaire dealing with po-
tential developments in their field. In a second
questionnaire, the panelists are asked to recon-
sider their forecasts in the light of their coll-
eagues' responses. This procedure may be repeated
for several more rounds in an attempt to reach
consensus.

As part of their research into Australia's
future needs for telecommunications, the National
Telecommunications Planning Branch of the (fhen)
Australian Post Office carried out two Delphi
forecasting studies. The first, begun in 1974, was
conducted in the classic manner with a panel con-
stituted from a group deemed fo have the relevant
expertise: the organization's senior management
(Second Division). The second, begun in 1975, made
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use of a technique known as SPRITE, a modification
of the Delphi developed by members of Bell Can-
ada's Business Plenning Group. This study took the
form of a written dialogue between two panels:
Telecom engineers at middle-management level and a
group of women - librarians and housewives - rep-
resenting potential consumers. To explore the role
of psychological factors in forecasting, the ques-
tionnaire administered in the first round of each
study included a semantic differential on which
each panelist was asked to indicate his or her
concept of the future. Two further groups - polit-
ical science students from Monash University and a
younger group of American Field Scholars - also
completed the semantic differential, making a
total of 189 respondents divided info five a

priori social groups.

This aspect of the study, which is fully des-
cribed in a previous paper (Albertson & Cutler
(Ref.3)), showed that each group could be statis-
tically separated from the others solely on the
basis of its members' responses to the semantic
differential. Engineers recorded fthe highest
scores on the underiying dimension fabelled 'ess-
ence' optimism/pessimism - defined as beliefs
about the intrinsic nature of human events - and
were second only to the senior managers (roughly
half of whom were frained as engineers) in their
scores on 'influence' optimism/pessimism - defined
as a belief in man's capacity to influence the
future. Moreover, differences in the image of the
future held by the three Delphi panels correlated
with differences in their numerical forecasts. The
engineers' median forecasts were almost always
fonger than those of the other two panels, and
they used the NEVER option significantly less
often. However, a reversal of this pattern was ob-
served in a six-item section dealing with future
trends in work, travel and leisure. In the first
round, for example, a majority of the engineers
(56%) forecast that women would NEVER occupy 25%
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of positions carrying an annual salary of $10,000
or more (then equivalent to the salary of a Cierk
Class 6 in the Public Service), while only 12% of
the senior managers and 20% of the consumers gave
this response. Except for an item dealing with
union representation on boards of management, the
other items in this section evoked responses that
were similarly untypical of fthe forecasting style
the engineers had evidenced in the technological
items.

Although 'optimism' has been variously des-
cribed and measured, other studies have confirmed
both the optimism of engineers (Barling (Ref.9);
Luten (Ref.22)), and the link between optimism
and forecasting (lLoye (Ref.21); Schmidt et al.
(Ref.29)). Loye, an American psychologist who had
access to extensive data collected from 61 Cali-
fornian males in the course of ftwo other studies
(one concerning the effects of television, the
other a study of political forecasting), found
that optimists - those who expected America in the
year 2000 to be better than at present - made dif-
ferent forecasts for the immediate and short-term
political future than did the pessimists - those
who expected it to be worse. Schmidt et al., in a
European study of forecasting and future time ori-
entation, drew a sample of 125 adults from respon-
dents to a newspaper appeal for volunteers. Defin-
ing as optimists those who rated the future either
five or twenty years hence more positively than
the present, they found that optimists possessing
a college degree (but not those with only a high
school diploma) had longer time perspectives than
pessimists.

Other findings from these studies also cast
greater Iight on the reasons for the differences
between the groups in their images of the future.
Schmidt et al. found that compared with The work-
ing-class participants in their study, the middle-
class participants were more likely to be opti-
mistic in their evaluation of the future, and more
inclined to believe that they could influence pub-
lic events. The researchers propose that middie-
class membership and optimism are causally linked:

...1t can be conjectured that the conviction that
one himself can influence future events in specif-
ic spheres of life leads to an optimistic evalua-
tion of events in that sphere (Schmidt et al.
(Ref.29) p.75).

Although class was not a variable in the Aus-
tralian study, this inferpretation appears to
offer a partial explanation for the findings. The
senior managers, whose higher organizational sta-
Tus implies that they have greater control than
the engineers over the events they are forecast-
ing, scored highest of the five groups on the
'influence' dimension. Their neutral position as
a group on the 'essence' dimension, however, shows
that the power differential cannot fully account
for the observed differences in optimism. [t is in
accounting for the differences along this second
dimension that the evidence gathered by Loye con-
cerning the personality differences of optimists
and pessimists appears fto hold promise. He found,
for example, that optimists are significantly
more likely than pessimists to be emotionally
stable and less likely to exhibit anomie; and,

(at a lower level of statistical significance)
that optimists were more imaginative and less ali-
enated than pessimists. (Loye (Ref.21)).
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Nevertheless, to argue that the engineers'
concordant readings of the future are due in part
to personality traits raises a further question:
why would one expect fo find similar personalit-
ies among telecommunications engineers?

2. THE MAKING OF ENGINEERS

While the psychology of the practising Aus-
tralian engineer is a largely unresearched terri-
tory, studies at university level have found that
attitudes common among engineering students are
not shared by students in other faculties.

In a study encompassing five Australian uni-
versities, Anderson and Western (Ref.6) measured
the attitudes of 3146 students entering four pro-
fessional faculties (engineering, law, medicine,
feaching) both during their initial weeks at uni-
versity and again at intervals throughout their
university courses. Only minor differences were
found between universities, but there were marked
differences between the faculties - the majority
arising from differences between the engineering
students and one or more of the other groups (see
Table 1). Engineering students scored lowest on
infellectual interests (such as art, literature
and the life of the mind), and highest on pragma-
tism and on dogmatism (the acceptance of authority
and a ftendency to prejudge issues). Together with
the teaching students, they were the most conserv-
ative on social issues (such as censorship and
sexual mores), and also the most politically con-
servative (the teaching students, on the other
hand, were the most politically liberal). The
fol low-up studies showed that, compared with the
initial study, the students generally had become
more politically and socially liberal, more inter-
ested in intellectual pursuits and less dogmatic
and pragmatic; nonetheless, the relative differ-
ences between the faculfies remained unchanged.

Accounting for these differences is far from
simple. Given that retrospective studies and biog-
raphies of eminent people offten claim that the
seeds of future greatness were manifest in their
subjects from an early age, one might begin by
hypothesizing that the observed attitudinal simi-
larities are a product of the aptitudes that led
the student to select one faculty rather than an-
other. However, the consistently poor record of
studies concerned with vocational prediction -
inciuding fthose that have attempted to find indi-
cators of future high achievement among students
in their final years of secondary schoo! - pro-
vide little support for this hypothesis.

2.1 The View in the Rear-vision Mirror

In the atmosphere of heightened interest in
science and technology that followed the second
world war, the scientist became a popular subject
for psychological and sociological research. Two
well-regarded pieces of research dating from this
period are Anne Roe's social profiles of eminent
men of science - physical scientists, biologists,
psychologists and anthropologists; and David Mc-
Clelland's studies of the motivations of creative
physical scientists (Refs.28&25). These studies,
based primarily on data gathered from interviews
and from projective tests, present clear-cut and
generally consistent pictures of the gifted phys-
ical scientist and his childhood development (see
Table 2 for a summary of McClelland's findings).
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TABLE 1 - Attitudinal Differences Between Students in Four Professions
Scale ENGINEERING LAW MEDICINE
LAW

intellectual interests G
Academic activities
Political-economic |iberalism
Social liberalism
Pragmatism e
Dogmatism i
Cynicism

MED!ICINE
Intellectual interests E
Academic activities
Political-economic liberalism & &
Social liberalism
Pragmatism
Dogmatism i
Cynicism

TEACHING
Intellectual interests & &
Academic activities Bl i X
Political-economic liberalism G i .
Social liberalism X
Pragmatism
Dogmatism e
Cynicism *

Note: An asterisk (*) indicates that the faculty shown on the left
of the table has a significantly higher score (at the 5% level
of confidence) than the faculty shown in the columns;

(¥r) indicates significant differences in the opposite direc-

tion (Scheffe tests).

Source: Anderson & Western (Ref.6)

TABLE 2 - Psychological Characteristics of Cre-
ative Physical Scientists

*Men are more likely than women fo be creative
scientists

*¥Experimental physical scientists come from a
background of radical Protestantism more often
than would be expected by chance, but are not
themselves religious

*¥Scientists avoid interpersonal contact

*Creative physical scientists are unusually hard-
working to the extent of appearing almost ob-
sessed with their work

*Scientists avoid and are disturbed by complex
human emotions, perhaps particularly inter-
personal aggression

*Physical scientists are intensely masculine

(engineers score even more highly than physi-
cists on measures of masculinity)

*Physical scientists |ike music and dislike art
and poetry

*Physical scientists develop a strong interest
in analysis, in the structure of things, early
in life.

Source: D. McCielland (Ref.25)
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2.2 Through a Glass Darkly

The dramatic successes of the Russian space
program in the mid-fifties lent new urgency to the
American studies of the psychological properties
of the scientist, with special afttention being
focussed on the early identification of scientific
giftedness. The clear profile of the gifted scien-
tist that had emerged from the retrospective stud-
ies carried an implicit promise that the task of
identifying high achievers would be relatively
simple; but experience proved otherwise. Certain-
ly, measures of general intelligence (1Q) proved
to be of surprisingly little value. While 1Q tests
are a useful means of quickly distinguishing be-
tween the bright and the dull in a large popula-
tion, they simply fail to discriminate between

those intelligent people who will realize their
potential in a concrete form, and those intelli-
gent people who will not. MacKinnon (Ref.26) con-

cluded that beyond a certain minimum level -
probably in the region of 115 fto 125 1Q points -
conventional 1Q tests have little bearing on sub-
sequent academic or career achievement.

Other measures fared little better. Despite
the onslaught of studies which cross-correlated
almost every imaginable variable with later car-
eer success, only a study of home environment con-
ducted by Getfzels and Jackson (Ref.12) attained a
useful level of predictive power. Although afttem-
pts to replicate their general findings had mixed
results, a Getzels and Jackson test for 'creat-
ivity' became part of a more successful |ine of
inquiry pursued by the British psychologist and
educator Liam Hudson.
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Hudson, whose work is discussed in greater de-
tail below, not only endorses MacKinnon's view of
the value of |Q scores (Hudson (Ref.19)), but
points out that by the time a student is in the
sixth form the main distinguishing characteristics
of future high achievers are 'breadth of interest
outside the curriculum and a tendency to work
hard' (Hudson (Ref.16) p.43). His conclusions are
supported by the monumental study of 1,528 Ameri-
can children with 1Qs of more than 135 (which
places them in the top 1% of the population, and
is generally characterized as the 'genius' range).
Begun by Lewis Terman in 1921, this study now
spans six decades, the most recent follow-up being
conducted in 1977 when most of the participants
had reached refirement age. Preliminary reports
from the follow-up (Goleman (Ref.13)), show that
although most had done well in careers and had in-
comes higher than the national average, none had
manifested recognizable genius (there were, for
example, no Nobel prizewinners in the group);
moreover, among the participants were semi-skilled
workers and people who had been unemployed for
much of their working life. But those in the sam-
ple who did succeed in careers were rafed by
parents and teachers at age ten and again at age
eighteen as higher fthan their classmates in such
qualities as persistence and the desire to excel.

2.3 Refractory Evidence

Despite the failure fo find the kinds of in-
dicators of future high achievement that many re-
searchers hoped for, a different stream of re-
search was successful in identifying among school-
children broad differences in cognitive style that
correlate well with their subject specialization
at secondary school level and hence general dir-
ection of their career choice. Much of this evi-
dence derives from the sustained research effort
of Liam Hudson and his associates.

Hudson's work began in the late 1950s, and
over many years followed the same patfern. He
studied boys in fthe fourth, fifth and sixth forms
of London schools he describes as 'privileged',
restricting the size of the group to no more than
about 200 in any given year so that he could in-
terview and recall each boy individually. Over
time, however, relatively large numbers accumu-
lated in most of his categories. After experi-
menting with a variety of tests, Hudson settied
upon the two which form the basis of his work: a
high-level test of reasoning ability (the AH5)
and the Getzels and Jackson test known as the
Uses of Objects, which simply asks respondents to
list as many uses as they can think of for common
objects such as a brick, a paper-clip or a barrel.
Hudson (Ref.16) demonstrated that useful predic-
tions of career choice could be obtained by con-
sidering biases in the boys' scores (rather than
absolute scores), and argued that these biases
reveal underlying cognitive styles. 'Convergent’
thinkers (those who scored relatively better on
the reasoning test) typically specialized in
physical sciences or classics; 'divergent' thinkers
(those who score better on the Uses of Objects) in
history or modern languages.

Without Australian research that directly rep-
licates these findings, it cannot be demonstrated
conclusively that what applies to Hudson's conver-
gent thinkers also applies to the Australian en-
gineer. Nevertheless, the available evidence
points strongly in this direction. Hudson found,
for exampte, that the attitudes of convergers
differed from those of divergers along three di-
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mensions: authoritarianism, rigidity of attitude
and social conformity. Convergers were more likely,
for example, to approve of being obedient, of
accepting expert advice and of being a good team
member; and more |ikely fo disapprove of artistic
sensitivity and of being highly imaginative

(Hudson (Ref.16)). These attitudes closely re-
semble those found to obtain among Australian
engineering students (Anderson & Western (Ref.6)).

In one of his earliest papers, Hudson (Ref.18)
stated his basic thesis that the origins of the
abilities and interests which distinguish arts
specialisfs from science specialists originate in
childhood personality differences. In his later
works, he elaborates upon this thesis using di-
verse sources of evidence. A first building block
in his argument is the evidence tThat stereotypes
of the professions are both widely held and
cross-culturally consistent. Scientists, for ex-
ample, are regularly rated as 'hard, cold and
valuable', while artists are seen as 'soft, warm
and exciting'. A second building block is the psy-
choanalytic notion of fixation: the idea that a
person's frame of mind takes on enduring shape
during one of three developmental stages: infancy,
latency or adolescence (see Fig.1). It is not
accidental, argues Hudson, that the image of the
scientist first emerges during the latency stage
(which occurs roughly between the ages of five and
ten) since it reflects the primary concern of this
stage: the righteous subjugation of impulse in the
service of impersonal, objective skill. I is dur-
ing this stage, too, that future physical scien-
tists (a category in which Hudson includes engin-
eers) show a marked interest in the sfructure of
The material world, although their developmental
patterns are less extreme than those of mathe-
maticians, who are often child prodigies. By con-
trast, the stereotype of the artist does not
appear until adolescence, and reflects the domin-
ant concerns of that age: the conflict of in-
tensely personal desires and sensitivities with
the puritanical system of values established dur-
ing latency.

Hudson emphasizes that he is not attempting to
invent another simple dichotomy for the human race,
but rather fo characterize two exfremes that ac-
count for 30% of the population range. He also de-
votes atftention to those students who score equally
well (or badly) on both types of test: the 'hybrid
all-rounders'. Psychologists, he argues, fall with-
in this group and their genesis is complex. As a
child, the future psychologist adopts the objective

rd RATIONAL
* = BOUT
PEOPLE
RATIONAL
S =mal  p0UT
THINGS
INTUITIVE
—-° ——3  ABOUT PEOPLE
AND THINGS
L 1 1 }
INFANCY LATENCY ~ ADOLESCENCE
Fig.1 - The fization hypothesis.
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stance of the physical scientist, then, in late
adolescence, attempts to apply scientific princi-
ples to human behaviour. This developmental shifft,
according to Hudson, explains why psychology is
offen a late career choice, and why many famous
psychologists have come into the subject from a
more orthodox form of science: medicine, biology,
chemistry, even physics and engineering - but
rarely, it seems, mathematics (Hudson (Ref.17)).

Within the framework of his study, Hudson has
convincingly portrayed the psychodynamics of vo-
cational choice. But his explanations become
strained fo the utmost when applied to vocational
choice in the general population. It seems im-
plausible to argue, for example, that giris are
less likely to become fixated in latency than
boys; or that fthe stereotype of the doctor or
lawyer has intrinsically less appeal for the work-
ing-class child than for his middle-class counter-
part. Yet the Australian Bureau of Census and Sta-
tistics figures show that only 3.8% of engineering
students enrolled in 1978 were women (although
women then constituted 39.9% of all Australian
university students). Anderson and Western (Ref.7)
also found that students from families where the
parents have received higher education, and where
the father either belongs to a profession or is a
senior manager, are more likely to enter medicine
or law than teaching or engineering.

Indeed, linking their attitudinal research
with data such as these, Anderson and Western
(Ref.7) claim that the differences in attitudes
observed between the faculties are a product of
the students social origins. Further, they sugg-
est that these social origins can irrevocably
affect one's professional performance. The 'pre-
sumably more |imited experiences' of country
children recruited into the teaching profession,
for example, may unfit them for 'transmitting the
culture of society to successive generations'; and
they warn of increasing the difficulties in main-
taining staff continuity in secondary schools if
the balance of the sexes among teaching recruits
continued to swing away from men (women then con-
stituted 57% of teaching recruits).

Whereas Anderson and Western consider it
necessary to discourage girls from entering feach-
ing, McClelland (Ref.25) argues that the virtual
absence of women from the physical sciences is a
natural phenomenon. Observing that women have
failed fo flock into experimental physical science
as opporfunities for higher education for women
have been more nearly equalized, he suggests that
the reason is not social restriction, but a 'per-
sonality factor - women's lack of interest in
physical science' (McClelland (Ref.25) p.144).

2.4 Resolution

That there are inequalities in the distribu-
tion of class and sex among faculties is unden-
iable; yet it does not necessarily follow that the
inequalities are directly determined by properties
infrinsic o either class or sex. Anderson and
Western's claim that there is a causal link be-
tween social origins and attitudes is apparently
based only on the correlation between social class
and faculty membership and between faculty member-
ship and attitudes: they offer no supporting evi-
dence either from their own data (such as a dem-
onstration that the correlation between social
origins and attitudes also applies within facul-
ties), or from other studies. Both sources, how-
ever, yield evidence that runs counter to their
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claim. Table 1, for example, shows that the atti-
tudes of teaching students differ significantly
from those of engineering students, despite the
similar class backgrounds of the two groups. The
demonstration by Hudson (Ref.16) that a similar
division of attitudes exists among English school-
boys attending privileged schools (which suggests
that their class backgrounds may be more homogen-
eous than those of the Australian university stu-
dents) also argues against any simple connection
between social origins and attitudes.

International comparisons cast further doubt
on the validity of Anderson and Western's sugges-
tion that sex or social class represent reasonable
criteria for assessing an individual's suitability
for a given profession. The mobility of members of
the working class into the professions and the ex-
tent fo which occupational status is inherited
vary considerably even between the industrialized
nations. While it is difficult to make strict com-
parisons - not least because of differing rates of
change in occupational structures - most of the
general indices of occupational mobility that have
been used would place Australia in the middie
range of industrialized western nations (see, for
exampie, Hazelrigg and Garnier, (Ref.14)).

Although it is difficult to apply the concept
of class to communist countries, Parkin (Ref.23)
points out that in such countfries transitions be-
tween the lowest occupations and the highest com-
monly take place in a single generation. By con-
trast, professional occupations in western coun-
tries typically show a high inheritance rate.
Turner (Ref.31) showed that in Australia the rate
of inheritance of professional occupations was
high: while 44.8% of the sons of university-
trained professionals entered ftertiary institu-
tions (where they comprised 8% of the student
body), only 4.4% of the sons of unskilled and
semi-skilled workers did so (comprising 13% of the
student body). Figures for eight European coun-
tries circa 1960 show a range from 5% (ltaly and
West Germany) fo 25% (Great Britain and Norway) in
the proportion of working-class students entering
university (Parkin (Ref.23)).

Women's participation in the professions Mc-
Cielland characterizes as 'masculine' also varies
marked!y between nations. Only five (0.8%) of the
631 engineering students who took part in Anderson
and Western's studies of Australian university
students were women, while figures presented in
The Australian Engineer for March, 1969, showed
that of the then 17,000 members of the Institute
of Engineers (Australia), women accounted for only
thirfy-six, of whom twenty were migrants. These
figures contrast sharply with figures supplied by
the Association of Professional Engineers, Aus-
tralia for women engineers in communist countries.
In the USSR, 30% of the engineers were women (1959
figures) and in Poland 11% (1964 figures).

Given these disparities in the participation
rate of both the working class and women in the
professions, it becomes increasingly difficult to
maintain that class or sex make one intrinsically
unsuited to entering a specific profession. Never-
theless, society's expectations for a child are
not independent of class and sex; and these expec-—
tations may filter the career-relafed information
that the child receives and hence filter his or
her career aspirations. A letter published in the
New Scientist of 28 February 1980 suggests how
such filtering might operate:
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I encourage my daughter aged six to look through
the New Scientist. I was surprised one day when
seeing diagrams about the Universe she said 'oh
they are only for boys'. When questioned about
this she told me that this was the view of her
friends at school.

While the representativeness of such atTitudes
is not easy to defermine, where such attitudes do
exist they may discourage girls from expressing
the interests during the latency stage that,
according fo Hudson, are central to the develop-
ment of the future physical scientist. | is at
least premature to conclude that intrinsic factors
alone account for the small numbers of women in
such courses as engineering.

The evidence thus shows that career choice has
been The subject of many transactions befween the
individual and his social milieu long before his
enrolment in an engineering course. But it is with
the beginning of formal professional education
that the socialization of the engineer begins in
earnest.

3, CREATING CONSENSUS: THE ORIGINS OF THE OBVIOUS

The intellectua! influences that enter into
the professional socialization of the engineer can
be identified fairly readily. Less apparent are
the effects of the socialization process on the
engineer's conception of reality.

3.1 The Intellectual Foundations

Engineering knowledge, as the sociologist
Holzner (Ref.15) points out, is structured by two
main considerations: the expected applications of
the knowledge, and the need to rapidly communicate
a body of information to the learner. The engin-
eering student, for example, gathers much of his
information from textbooks, whereas arts students
are often required to consult original sources. .
The bulk of engineering knowledge is thus removed
even from the way in which new knowledge is ob-
tained in the physical sciences; yet many engin-
eering students and graduates are confident that
their methods represent the best - perhaps the
only - way of gaining knowledge in any sphere,
inciuding the social and political. Anderson and
Western (Ref.8) found that engineering students
inferviewed in the third and fourth years of their
courses expressed greafer confidence in their own
ability to define the community's interests and
perceived less conflict between their own inter-
ests and those of the community than did third or
fourth year students in the other faculties.

Similar attitudes were evinced in interviews
designed to probe the attitudes of members of the
groups which participated in the National Tele-
communications Planning Branch Delphi studies
(Albertson & Cutler (Ref.4)). A Telecom engineer,
now in his forties and occupying a middle-manage-
ment position, elaborates:

When I was doing engineering, or just subsequently,
I believed that the Govermment should be run by
engineers and sctientists - the rational people who
could set the world on the right track, and keep
it on the right track with industry and productiv-
ity. What was needed was highly objective people -
we wouldn't have used the word objective, but
reasonable people who knew exactly what was needed
and could go about doing it.
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But as Mitroff and Turoff (Ref.24) point out,
engineering knowledge is based mainly on the phil-
osophies of Liebnitz and Locke; and these philos-
ophies, or inquiry systems, are best suited to
dealing with situations that are 'well-structured!',
and where a sfrong consensus exists about the
nature of the problem. Nevertheless, examples of
over-generalization of such inquiry systems come
readily to hand. The Delphi technique itself is
based on a Lockean inquiry system, so that however
scrupulously the technique is applied, and however
technically expert the panel, it cannot guarantee
accurate answers to ili-structured probliems (a
category that includes the majority of social and
political questions).

A great deal of the social research into car-
eer choice suffers from the same mismatch of prob-
lems and inquiry systems. The eminent American
psychologist Gordon Allport pointed out more than
twenty-five years ago that the feeling that only
the methods of the established sciences were fully
reputable accounted for the pre-eminence in psy-
chology of Lockean inquiry systems. For many
years, psychology thus exhibited a preference for
'externals rather than internals, for elements
rather than patterns, for geneticism, and for a
passive or reactive organism rather than for one
that is spontaneous and active' (Allport (Ref.5)
p.12). lronically, the spectacular success of
Liebnitzian and Lockean inquiry systems in the
technological sphere exacerbated this trend and
almost certainty delayed finding the answers to
the riddle of scientific giftedness that were so
urgently sought.

In this light, it becomes less surprising that
it was Hudson, working outside the main paradigm
and on a small scale, who contributed most to our
understanding of vocational choice and career per-
formance. Nor is it accidental that he drew many
of his insights from psychoanaiytic theory - the
only major psychological fradition to maintain a
central interest not in the way variables interact
within a large poputation but in 'what is Johnian
about John', to use Allport's phrase. These pre-
vailing beliefs about the nature of science also
help to explain Anderson and Western's use of a
large sample survey as a basis for recommendations
about such matters as future recruitment info the
professions. While sample surveys undoubtedly
have a place in psychology, it should not be for-
gotten that however well such research reflects
current conditions, 'is' bears no logical rela-
Tionship to 'ought'.

3.2 Networks of Connection

There is evidence, too, that the implications
of the engineer's career choice do not stop with
his intellectual stance, but reach into the far-
thest corners of his being. For example, Hudson
and Jacot (Ref.20) found differences between arts
specialists and physical scientists even in the
bald biographical data presented in the British

Who's Who. Analysing the entries for eminent men

born during the period 1900 fto 1925, they found
that, for example, physical scientists were less
likely than the artfs specialists to remain single,
to marry late, to have childless marriages or fo
divorce. Rates for eminent biologists were gener-
ally intermediate between the two (see Table 3).
Finer distinctions could also be drawn within the
physical sciences category. The researchers point
out, for example, that by removing the physicists
from the group (leaving mainly engineers and chem-
ists) the divorce rate, already low compared with
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TABLE 3 - Marriage, Divorce and Fertility in the Arts and Sciences
(Percentages)
Single Childless Marry late Divorce
(35-plus)

Arts 14.8 [LOPZ 13.4 4.6
(n=216)

Biological sciences 2.0 o 95 12.2
(n=147)

Physical sciences 3.6 5 1) 51 %5)
(n=329%)

*This group includes 109 engineers who were either senior academics or

Fellows of the Royal Society.
Note:

In each column, the frequencies deviate from chance at the 5%

level of confidence (or greater).

Source: Hudson & Jacot (Ref.20).

the arts specialists, was reduced from 3.6% to
1.7%

Hudson (Ref.17) relates these findings to his
developmental thesis, arguing that a preference
for things rather than people as a subject for
study is linked with the social conservatism of
The latency stage. Specialists in the arts, he
suggests, may be more likely to fransgress conven-
tional boundaries, especially those That define
the masculine sex role. They are more likely to
acknowledge that they are to some degree effemin-
ate or homosexual, and less likely to marry simply
because it is conventional to do so.

Research into patterns of sleeping and dream-
ing also appears fo be an improbable source of
evidence about the effects of professional social-
ization. Nevertheless, Hudson (Ref.17) reports
that in studies of university undergraduates, con-
vergent thinkers (such as physicists and engin-
eers) differed from divergent thinkers (such as
historians and !inguists) in the way Tthey exper-
ience and process their dreams. Rapid eye move-
ments (REMs), which indicate that a dream is in
progress, were found to be more intense among
convergers than among divergers; but upon being
awakened during REM activity, convergers on as
many as half the occasions recalled either nothing
at all, or only fthat a dream had been in progress.
Divergers, on the other hand, almost invariably
recalled the contents of their dreams. When the
dreamers were awakened in the intervails between
REM sleep, however, the position changed consider-
ably, with convergers having slightly befter re-
call than divergers. This distinction is important,
Hudson argues, because periods of REM sleep are
associated with the primary visual experience of a
dream, while the intervening periods are devoted
to 'secondary cognitive elaboration' - connecting
the images info sensible-seeming patferns. Thus,
while convergers often fail to recall the vivid
visual images of their dreams, they recall per-
fectly well the more rational thoughts that foli-
ow.

These unexpectedly diverse ramifications of
cognitive style provide clues to the deep-seated
effects of the engineer's socialization. They
suggest, for example, that his inferpretations of
reality follow so closely on the heels of his per-
ceptions that in effect the ftwo are fused intfo a
single experience which assumes the status of the
merely obvious - despite the complex philfosophies,
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goals and values that have contributed to its cre-
ation.

4. THE DELPHI REVISITED

The concept of a socialized reality clarifies
many aspects of the National Telecommunications
Planning Branch's second Delphi study. The concor-
dant readings of the future observed among the en-
gineers are not merely the product of similar per-
sonalities gathered fogether, but are part of a
wider group consensus about the nature of reality.
This consensus also helps expiain the air of sim-
ple factuality with which even the more extreme
social forecasts were often presented.

For example, in support of his forecast that
women would never occupy 25% of jobs carrying the
annual salary equivaient of $10,000, one engineer
commented:

The average woman will never be as smart nor as
capable as the average man. Add to this their role
as a wife and mother, and it becomes obvious that
they could never compete to this extent.

[+ is hardly surprising, in view of many of
the attitudes already discussed in this paper,
that many of the engineers who participated in the
Delphi study objected to engaging in debate with
"technological ly uneducated housewives'. And, in-
deed, many of the women were inclined To-accept
this assessment of ftheir abilities. In the second
round of the study, while the engineers largely
consolidated the opinions they had offered in the
first round (for example, fthe NEVER vote on the
item concerning women in The work force increased
from 56% to 64%), many of the women changed their
opinions fo accord with those of the engineers.
This behaviour, together with the essential pessi-
mism on both the 'essence'! and 'influence' dimen-
sions of their image of the future, suggests that
as power is incorporated into The outlook of the
engineers, so powerlessness is incorporated info
tThe outlook of the women. The comments of a house-
wife interviewed by Albertson and Cutler (Ref.4.)
suggest how this powerlessness is experienced:

I wouldn't think of myself as influencing anybody
else. I just enjoy my life, and they're free to
enjoy their lives, as far as I'm concerned. I
mean, 1f people want to take over the moon, well
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and good, that's their business. I suppose if I
saw any real evil intent or possibility, then I
might jump up and down and do something about it.
But my life is busy enough with people.

Given the aggressively masculine image of the
physical sciences, it seems almost a natural con-
sequence that women's attitudes towards the future
should represent the polar opposite of the engin-
eers', thus defining the domain within which the
engineers' power is negotiated. The press report
shown as Exhibit 1 surely derives much of its im-
pact from the surprised response of a senior mem-
ber of the Australian scientific community who
witnessed the violation of this fundamental social
dynamic.

EXHIBIT 1

SHE'S NO GURU : MONASH DEAN

'Opening the UN Conference on Science and Tech-

nology here yesterday, Dr H.C. (Nugget) Coombes
introduced Judith Wright as 'Australia's fore-

most poet'. After fistening fo her speech, the

dean of science at Monash University, Professor
John Swan, said she was a disaster as a guru.

Delegates, described as our top scientists, aca-
demics and industry representatives gaped as she
delivered tThe most comprehensive atfack on the
direction of technology they could remember.

Miss Wright said fechnological determinism - the
acceptance that technology would be used simply
because it was possible - was an abdication of
intellectual and social responsibiiity.

Shortly after Miss Wright sat down, Professor
Swan said that he respected her as a poet, but
as a guru she was a disaster.

He angrily challenged her To explain why she was
wearing a pseudo-suede jacket and a synthetic
shirt - both products of technology.

Miss Wright is reported as saying she was amazed
at the emotional level of the outburst'.

(Extract from the Melbourne 'Age', 21 April 1979)

Loye (Ref.21), in discussing the potential im-
plications of his finding that forecasting is
linked with personality fraits, expresses concern
that when there is an imbalance of these traits
among a Delphi panel the resulting forecasts will
be inaccurate. But given the more serious ques-
tTions about the validity of the classic Delphi
method arising from the analysis by Mitroff and
Turoff (Ref.24), such a possibility assumes minor
importance. Nevertheless, the demonstration that
engineers share a view of the world that is un-
typical of the community as a whole has potential
ramifications that reach far beyond the accuracy
of their forecasts.

5. BEYOND PROPHECY AND CONTROL

In his seminal work The Image, the economist
Kenneth Boulding suggests that the content of the
image of the future might be less important than
its quality of optimism or pessimism, certainty or
uncertainty, breadth or narrowness. 'The person or
the nation that has a date with destiny goes some-
where, though not necessarily to the address on
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the label', he argues (Boulding (Ref.10) p.125).
Other futures theorists, however, are less san-
guine. Russell Ackoff (Ref.1), for example, argues
that an organization's image of the future affects
its planning mode, and hence its chances of sur-
vival in organizational environments that are in-
creasingly characterized by high levels of uncer-
tainty, complexity and change - the kind of envir-
onment systems theorists calil a 'turbulent fieltd'.

In turbulent fields, according to Ackoff,
planning modes based on predicting and controlling
the future will not only be inadequate, but are
likely to create further instabilities. Under such
conditions, he argues, the key to survival is
adaptability, which entails increasing the organ-
ization's response repertoire fto match the in-
creases in variety emanating from the environment.
In part, this requisite variety can be achieved by
means of re-organizing the workplace, using new
organizational forms such as semi-autonomous work-
groups. Ackoff and his colleagues (Ackoff & Emery,
(Ref.2); Trist (Ref.30)) also emphasize the im-
portance of individual resilience as a resource in
organizational survival in turbulent fields.

At base, acceptance of the systems theorists'
arguments depends upon the relative persuasiveness
of two alternative organizational images. The
image that has prevailed since fTurn-of-the century
Taylorism is that of a machine which is largely
independent of its environment. The organization's
tasks are reduced to their smallest components,
and the members are expected to perform them in an
essentially mechanical fashion. Responsibility for
organizational planning lies entirely with manage-
ment. The central image of systems theory, on the
other hand, is that of a biclogical organism and
its ecology; it emphasizes the whole rather than
the parts, and hence poinfs fo the resources for
survival inherent in the organization's entire
membership.

| f the systems image is accepted as an appro-
priate representation of the problem, it follows
that the assumptions acquired during socialization
info the engineering profession are likely to be-
come increasingly maladaptive in the future. At
the corporate level, their essential optimism and
belief in man's capacity to influence the future
make it likely that the preferred planning mode
will be deterministic, rather than adaptive. And,
at the levei of the individual, the unselfcon-
scious incorporation of these assumptions into the
engineer's experience of reality suggests that
they will prove infiexible in the face of uncer-
tainty and change.

6. HUMAN RESQURCES AS A KEY TO ORGANIZATIONAL
SURVIVAL

Most technology-based organizations are keenly
aware of the need for technological advance if
they are to survive in the face of external com-
petition. The present paper, however, highlights
a threat fo organizational survival that is rarely
recognized: the probable inflexibility of the
assumptive sets of a large and influential segment
of the organization's membership. Remedies for
this state of affairs are tar from simple. As a
first step, it is clearly desirable to encourage
among engineers a livelier awareness of the ass-
umptions inherent in their knowledge base, and the
kinds of problems fto which this knowledge is best
suited. But to create such awareness represents a
major challenge fo educators and those responsible
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for the continuing education and in-service train-
ing of engineers, since these assumptions have be-
come so much a part of the engineer's personality
that unless the process of re-assessment and crit-
ical review is undertaken cautiously, there is a
danger that personality disorganization will re-
sult, and that the present positive images of the
future will give way to chaos and despair. The
task of developing these human resources is thus a
formidable one; but if systems theorists are cor-
rect in their analysis of the changing organiza-
tional environment, it is one that cannot be
shirked if technology-based organizations such as
Telecom Australia are to survive the environmen-
tal furbulence of the late twentieth century.
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Bayesian Analysis Of Teletraffic Measurements

And Simulation Results

R.E. WARFIELD

Telecom Australia Research Laboratories

The purpose of this paper is twofold: to discuss the application of some
well known results from the field of Bayesian Statistical Analysis to an esti-
mation problem in Teletraffic Engineering, and to extend those results to
allow the estimation of loss factors. For a general traffic process (modelled
using birth and death coefficients) offered to a gemeral loss system (modelled
using loss factors), a finite dimensional statistic which is suffictent for
all unknown parameters is given. The statistic can be computed recursively
from real-time observations of group occupancy and unsuccessful call attempts.
The resulting estimation procedure is easily applied to the analysis of simu-
lation results, and could also be implemented readily on currently available
traffic measuring devices using mini- or microcomputers. Simplified estimation
procedures result for various special cases of the general model.

1. INTRODUCTION

1.1 Description of Teletraffic Measurement and
Simulation

Teletraffic measurement involves the two
phases of modelliing and identification. The model
is in three parts, namely: a model of the genera-
tion of call arrivals, a model of call service
times (or, equivalently, call departures), and a
model| of the system by which calls access the de-
vices that carry all or part of the offered traf-
fic. ldentification is carried out by using the
results of observations to make statistical in-
ferences about the unknown parameters of the
model .

The difference between measurement and simu-
fation, from the point of view of statistical
analysis, lies in the classification of parameters
into those which are known and those which are fo
be estimated. For example, a simulation study may
be used to determine the properties of a complex
switching system - in this case the parameters of
the traffic process are considered to be known,
and it is desired fo estimate the properties of
the swifch. On the other hand, if measurements are
being made of live traffic in an exchange, the
parameters of the traffic process (carried or
offered) would usually be estimated, and the para-
meters of the switch may also be estimated from
the same data. The analysis of measurement data
and simulation results is therefore treated as a
whole; in any application only a subset of the
analytical resulfs given will be required.

The model cf the system, and in particular its
unknown parameters, determine what observations
ought to be made and also have a bearing on the
way the data should be processed. The appropriate
degree of complexity of a model is influenced by
both the ultimate use to which the model! will be
put and the compliexity and extent of the observa-
tions which would be needed tc identify the model.
For example, it would usually not be practical to
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use a model in which each of a targe number of
traffic sources was assigned one or more unknown
parameters. The identification of such a model
could prove onerous, and, once the unknown para-
meters were estimated, the applicability of the
model to other cases could be of doubtful valid-
ity.

Cal!l arrivals and deparfures may be modelied
using the concept of renewal processes, or by
using birth and death coefficients. In the former
case, the time intervals between successive arriv-
als and the service times of calls are considered
as two separate sequences of independent identi-
cally distributed random variables. |f the latter
alternative is used, namely birth and death co-
efficients, then the concept of the state of the
system is needed. For the present purposes, the
state of the system at any instant may be consid-
ered as the number of calls in progress. The birth
and death coefficients define the probabilities
that the state of the system will be incremented
or decremented in an infinitesimal interval of
time from t+ to *T+dt. In general, birth and
death coefficients are functions of the state of
the system.

The service system to which the traffic is
offered may be modelled in wvarious ways. In the
following, results are given for loss systems
which can be modelled using general loss factors.
The loss factors of a system are defined as the
probabilities of a call being rejected condition-
al on the state of the system at the instant of
the call arrival. The general results developed
below are also applied fo the particular case of
a geometric group - that is, a loss factor system
in which the loss factors form a geomefric se-
quence as a function of the state.

Observations of teletraffic processes can take
several forms including: the observation of call
arrivals and call departures; the observation of
the number of devices occupied as a function of
time; the observation of the digits dialled, thus
specifying the intended destination of the call.
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Two salient features of a measurement are of
interest at this point, namely:

(i) The number of variables to be observed - in-
fluenced mainly by whether information must be
collected from each individual device or from a
group of individuals as a whole,

(ii) The dimensionality of the data stored - in-
fluenced by the model of the system and the sta-
tistical inferences to be made.

Economic, technological and theoretical consider-
ations al! have a bearing, directly or indirectly,
on the fype of measurement that will be appropri-
ate in any given situation.

Various types of statistical inferences may be
made from collected data, depending on the ulti-
mate application. Point or interval estimation is
the most commonly required fype of inference; hy-
pothesis testing and decision making may also be
appropriate in certain cases.

1.2 Problem Statement

Given a mode! of a feletraffic process and the
service system or group of devices fo which the
traffic is offered, it is desired to estimate un-
known model| parameters from observations. More-
over, it is desired to estimate the unknown para-
meters using all available information in the ob-
servations and using a fixed, finite amount of
data storage space. The above requirements imply
that a finite dimensional, recursively computabie
statistic that is sufficient for all unknown par-
ameters must be constructed. The following prob-
lem is considered:

(i) Offered traffic - General birth and death
process.

(ii) Group of devices - Loss system with lost
calls cleared and general loss factors (including
geometric group as a special case).

(iii) Observations - Group occupancy and call
attempts are observed.

Note that neither individual calls nor indi-
vidual circuits are considered to be available
for observation. |f either were considered avail-
able, the observer would be able to freat the in-
dividual call holding times as a set of indepen-
dent, identically distributed random variables.
The theory for analysing such observations is well
known, and is therefore not considered here.

2. LITERATURE SURVEY

The literature dealing with general problems
of statistical inference for birth and death pro-
cesses {(more generatly, Markov chains), and, in
particular, with the estimation of the probabil-
ity of loss (congestion) is surveyed below.

Benes (Ref.1) derives a sufficient set of
statistics for a simplified system which involves
an infinite number of devices with call arrivals
modelled as a Poisson process and service fimes
model led as independent identically distributed
random variables with negative exponential dis-
fribution (note that this fraffic process is a
special case in that it can be described as either
a renewal process or a birth and death process).
With arrival rate and mean holding time unknown,
and continuous observation of the process over a
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finite interval, he demonstrates that the follow-
ing set of statistics is sufficient for the un-
known parameters: number of calls in progress at
the start of the interval (initial state); the
number of calls arriving during the period of ob-
servation; the number of calls terminated during
the period, and the average number of calls ex-
isting throughout the period.

Billingsley (Ref.2) presents an expository
survey of the mathematical aspects of statistical
inference as it applies to finite Markov chains.
His survey, which has been referred fo by many
succeeding papers, concentrates on the large
sample theory of inference. Billingsley uses the
concept of transition count, namely, the matrix
with (i,j)'th element equal to the number of
transitions from state i 1o state | in a
sample sequence of the Markov chain. He observes
that the initial state and the transition count
together form a sufficient statistic for the un-
known state transition probabilities, and goes
on fo derive the sampling distribution for this
statistic.

Cox (Ref.3) surveys the field of estimation
methods applied fto queues and again the results
are based on likelihood functions similar fo
those of Billingsley. Cox specifically comments
on the fact that there are relatively extremely
few papers on problems of statistical estimation
in this field compared with the number on analysis.

Ail of the above studies use the classical
approach of maximum |ikelihood estimation, and the
resufts are essentially applicable to large sam-
ples. Reynolds (Ref.4) introduces a Bayesian ap-
proach and compares the results obtained with the
classical ones. Whereas Billingsley (Ref.2} and
others considered only the observation of a se-
quence of states, Reynolds includes also the fimes
of each transition. Thus his sufficient statistic
is:

G, m_,. n s 0<r <R
(R i
where
r is the state of the system
R is the maximum possible value of r
Tr is the time spent in the r'th state
m_ is the number of arrivals while in state r
n. is the number of departures from state r

Reynolds also assumes that the initial state is
known.

For cases where the birth and death coeffici-
ents are given by, respectively,

Ar = f(r)x (1)
and
M = g(r)u (2)

with f(r) and g(r) known, and X and u *to
be estimated, Reynolds demonstrates that a Gamma
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distribution is appropriate for the prior distri-
bution and derives sufficient statistics and es-
timator for A and u . Reynolds also shows that
his results can be used to derive those of, for
example, Benes (Ref.1) as a special case, tThus
showing the link between the Bayesian and classi-
cal approaches.

Turning now to the specific problem of esti-
mating the probability of loss in a teletraffic
system, Kosten, Manning and Garwood (Ref.5) de-
rive, for the M/M/C loss system with full avail-
ability, expressions for the first few moments of
the distributions of the number of lost calls and
the Time congestion observed during a fixed period
of time. The expressions they derive are rather
complex, and, as stated in their paper, are di-
rectly applicable only to full availability sys-
tems for which the probability of loss can be de-
rived analytically from the parameters of the
offered ftraffic.

Descloux (Ref.6) gives an expression for the
variance of the proportion of blocked calls and
the time congestion (scanned or measured contin-
uously) for the same system as that studied by
Kosten, Manning and Garwood (Ref.5). The basic
formuta he uses is (slightly rearranged):

var 1X] = [Yart) | Var(L _ 2 Cov(X,L)] E2(X)
L E2(X) E2(L) E(X) E(L)J E2(L)
(3)
where X is the number of calls blocked and L

is tThe number of calls offered.

Using Tthis same basic formula, Kuczura and
Neal (Ref.7) extend the analysis to loss systems
with renewa! input (GI/M/C) still assuming full
availability and a fixed time period of observa-
tion. Olsson (Ref.8) extends the analysis to gen-
eral birth and death processes, giving results
for the variance of the number of lost calls,
call congestion, and time congestion (scanned and
continuous measurement) .

Songhurst (Ref.9) considers birth and death
processes with negative exponentially distributed
service times, but departs from previous work by
assuming That observations are made only at the
instants of call arrivals. Instead of considering
a fixed observation period, he considers a fixed
number of call arrivals. He derives the asymp-
fotic variance of a general deterministic function
of the state of the system. The examples he gives
include the estimation of the probability of loss
for the M/M/C system, and the probability of delay,
mean delay, delay distribution, and queue length
for the M/M/C delay system. In general, his re-
sults apply to birth and death processes in loss
or delay systems with full availtability. Songhurst
states that his results might be able to be ex-
tended to the case of loss factor models of |im-
ited availability systems, but that the results
would be expected to be approximate.

The papers above, on the topic of the estima-
tion of the probability of loss or delay, deal
with fthe topic from the point of view of experi-
ment design, and the following limitations apply
to them:
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i) Generally, the formulae given are complex
and assume detailed knowledge of the traffic pro-
cess,

(ii) All the formulae derived apply only to ful
availability systems with negative exponentially
distributed service times. Most involve some de-
gree of approximation, even for the cases for
which they were derived.

The problem of the analysis of experimental
results, as opposed to experiment design, allows
the properties of tfeletraffic systems to be ex-
ploited. Consider the observation of a total of
L offered calls divided info n batches of N
calls each. |f the number and proportion of block-~
ed calls for the i'th batch are denoted, respec-
tively,

X; is the number of bilocked calls

and

b. is fthe proportion of blocked calls to call
attempts

then, by definition

bi = Xi/N (4)

If the n values of b are considered as n
independent Norma! random variables, each with
variance o2 , it is possible fo estimate the var-
iance of observed congestion using standard tech-
niques, namely,

n
‘] =
2N p - 2
st = Z (b, - b (5
i=1
where
P ‘[ n
B =t E b; (6)

By taking advantage of certain properties of
teletraffic processes it is possible to improve
the accuracy of estimation of congestion, as no-
ted by Rubas (Ref.10), there is a positive correl-
ation befween the sample values of the mean off-
ered fraffic and the congestion in the individual
batches; the variation in the observed congestion
is partly due fo the variation of offered traffic
from one batch to the next. Kimmerie (Ref.11) de-
velops a formula, based on regression analysis,
for calculating the confidence interval for con-
gestion, taking into account the correiation be-
tween offered traffic and congestion. He reports
a typical reduction in the size of the confidence
interval of about 30%.

Rubas and Warfield (Ref.12) extend Klmmerle's
technique by the use of multivariate regression
analysis, using values of both the sample mean
and the sample variance of the offered traffic for
each batch. They also introduce a technique of re-
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cursive least squares analysis which, if applied
on-line, allows the length (and hence cost) of the
measurement or simulation fto be determined by the
actual accuracy obtained. They give practical
guidelines for the design of the measurement so

as to maximise the accuracy of estimation while
preserving the validity of the assumptions on
which the regression analysis depends. They also
derive an empirical formula for the accuracy (con-
fidence interval width) obtainable using this
technique, and show, empirically, that the use of
multivariate regression analysis yields an addi-
tional improvement in estimation accuracy, espec-
ially for the case of rough offered fraffic (var-
iance greater than mean).

The general approach of using the observa-
tions to compute both estimators of the unknown
parameters and the accuracy of those estimators
is taken even further by the use of Bayesian
methods. In the folliowing section, a method for
calculating the conditional probability density
function of the unknown parameters will be des-
cribed. It will be shown that the method uses all
the relevant information available in the obser-
vations, yet can be implemented practically using
a finite amount of computer storage.

3. SOLUTION USING BAYES!AN METHOD

3.1 Notation

In the analysis that follows, it is necess-
ary to distinguish between sequences of vectors
(which are recursively computed), and the individ-
ual components of those vectors. In order fo avoid
double subscript notation, which would wrongly im~
ply that the sequences of recursively computed
vectors should be treated as matrices, the folliow-
ing abbreviated notation is used. Every vector
considered has one component for each possible
state of the system from 0 1o R , therefore the
variable r , which represents the state, is used
to index individual components of the vectors. The
variable k s reserved fo index variables in se-
quence. Thus sy denotes the r'th component of
the vector s , while sk denotes the entire vec-
tor s at the k'th stage.

3.2 System Model

The offered traffic is assumed to be a gen-
eral birth and death process with birth coeffici-
ents and death coefficients respectively:

OGOl (7

a = (ao,a],... - R

d = (dO’dT""’d PP Tl ) (8)

The traffic is offered to a loss factor system
with loss factors:

Yy = (YO;Y],---,Yr;---,YR) (9

Furthermore, it is assumed that a , d , and
Yy are random variables with known prior probabii-
ity density function denoted by f(a,d,y).
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Every successful call attempt, blocked attempt,
and departure is observed. The state, r , of the
system after each event, and the time, T , since
the occurrence of the previous event are measured.
3.3 Analysis

it is desired to compute the conditional
probability density function,

f(a,d,y[r‘;,fl;)

where

is the state of the system after the k'th
event (call attempt or departure),

t, is the time from the (k-1)'th event to the

"k

LS k'th event,

rll(= (P sFpeenst s (10)
L

o S an

with the constraint that the amount of data stor-
age required must be a fixed, finite amount, re-
gardiess of how large k becomes. |+ will also
be assumed that the initial state rg is known.

A recursive solution is obtained as follows:

k+
])

f(a,d,y[r“:ﬂ,f]

kK .k k Lk
i fr o T[22y, r ) fla,d vl ) e
K .k
f(rk+],fk+1|r1,‘r])
The variable X is defined by
Tk T T (13)

Note that xyx is -1, 0, or +1 for a departure,
blocked attempt, or successful attempt respec-
Tively.

Now

[a,d,y,rll(,Tk)

f( 1

Pkt1 Tk
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k
1

+1 k Lk
ARSI C P RPL o

= k
= flr g la.dy, )t 1

(14)

= f(xk+i|a,d,y,rk) f(+k+1|a,d,y,rk) (15)
Also

f(xk+1la,d,y,rk) =g R X ) (16)
where the function q(rk,xk+1) is given by

dl"
R for x = ~1
r r
°
qlr,x) = g__I_E_-Yr for x =0
r r
ar
e L Yr) for x = +1
r r
an
Also
f, lady,r)
=(a_ +d_ ) exp(-f  {(a +d_ )) (18)
M "k k+1 My T

Substituting the above results back into equation
(12) yields a recurrence relation for the condi-
Tional probability density function of (a,d,y),

LAY = ta,d,v]e 1

fla,d,y|r ;

q(rk,xk+1) (ark + drk) exp(—TkH(ar +d )

fOt

kK
k1 Tk |71 T

(19
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To aid in computing the probability density func-

tions, a sequence of functions pk(a,d,y) is de-
fined by:
po(a,d,y) = f(a,d,y) (20)

that is, py Is set equal to the prior density,
and

Y (a +d )

(a,d,y) “ke1? PP

Pl = pla,d,y) qlry,

. exp(-‘rk+](ar + dr ) (21

Comparing the definition of the sequence of func-
tions py with the recurrence relation for the
conditional probability density function of the
unknown parameters, it can be seen that

K)

AR (22)

pk(a,d,y) . f(a,d,y|rT,T

where ¢ s a scaling factor that does not de-
pend on (a,d,y) . Hence the probability density
function, f , can be computed by normalising the
function p , that is,

p, (a,d,Y)
fla,d,v|rl, 15 = S (23)

J...J pk(a,d,y) d(a,d,y)

A finite dimensional, recursively computable sta-
tistic which is sufficient for (a,d,y) is formed
by the statistics

,Vv,)

(ro,rk,sk,uk K

where ro and ry are the initial and final
states, as previously defined, and Sk » Uk , and
vk are R+l dimensional vectors with r'th com-
ponents defined by:

s s the fotal time spent in state r ,

ur is the fotal number of unsuccessful attempts
while in state r ,

v is the total number of successful attempts
while in state r ,
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with all totals computed from stage 1
k inclusive.

to stage

The statistic described above is of fixed,
finite dimension, and is recursively computable,
as is shown formally by the following. The R+1
dimensional vectors sk , uk , and v{ are de-
fined o have all components equal to zero, ex-
cept for their respective (r_q)'th components
which are given by:

the (r, ,)'th component

k-1
of si s equal fo ty;

of ut is 1 if xg is zero (unsuccessful
attempt), and zero otherwise;

of vk is 1 if xg is 1 (successful

attempt), and zero otherwise.

Hence the vectors
recursively from

s, u, and v are computed

Sk = Sy %

U =Ygt Uy

Vie T Vi + VL (24)
The R+1 dimensional vector w is defined

to have r'th component equal fo the total number
of departures while in state r over the interval
from 1 to k inclusive. At any stage k , the
r'th component of w can be computed from the
(r-1)'th component of v and the initia! and
final states by,

0 for r = 0

il
—
N
3
S
By

v + e(r for r

1 0,rk,r)

where

0'1
A
5
A
-

elr ,r) = +1 if r <r

A
-

0’k
0 otherwise (26)

From the definition of the sequence of func-
tions pg(a,d,y) , at any stage k the compon-
ents of sk , uk , vk , and wx can be used to
compute the function p wusing the following
equation (from which the subscript k has been
dropped for convenience),

R Vi u
T {C1-Y) Y )
r=0 r r

pla,d,y) =
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(u_ +v) (w )
r r [
*+a d

. exp(—sr(ar + dr))} (27)

Therefore f(a,d,YIrT,T?) is a function of the
statistic given above, which demonstrates the
sufficiency of that statistic for the unknown
parameters.

The practical implications of the results
above are as follows. For any birth and death
traffic process and any loss factor system, it is
sufficient to monitor continuously, in real time,
just two quantities for each group of circuits:
the occupancy of the group, and the number of un-
successful call attempts that have been offered fo
the group (successful call attempts are inferred
from changes in occupancy). From these two meas-
urements, and knowledge of the real time as the
monitoring proceeds, the sufficient statistic for
the unknown parameters can be computed recursive-
ly. Storage is required for two R+1 dimensional
integer vectors, u and v , one R+l dimen-
sional real vector, s , plus two integers for
the initial and final state.

At the completion of the measurement, or at
any intermediate point, the conditional probabil-
ity density function of the unknown parameters
can be computed. Of course, any form of statis-
tical inference can then be carried out. The form
of the natural conjugate prior distribution for
a, d and y is determined from the form of the
function p(a,d,y) . As discussed by Reynolds
(Ref.4), the natural conjugate prior for a and
d is the Gamma distribution with a and d in-
dependent. By inspection of the formula for f ,
the natural conjugate prior for y is seen fo be
an independent multivariate Beta distribution.

3.4 Special Case

By way of illustration, the special case of
pure chance traffic with negative exponentially
distributed service times offered to a geometric
group is considered. For this case the components

of the parameter vectors a, d, and y are given
by
a = o (28)
()
dr =r A (29)
(R-r)
Y. =8 (30)

where o, XA, and B are unknown parameters.
Hence the function p is written as a function
of these three scalar parameters, and is computed
from the components of s, u, v, and w using
the following equation which applies at any stage
k e
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. exp(—sr(u + ra))} (31)

The MAP (maximum a posteriori probability
density) estimators of the unknown parameters are
found by maximising the function p , or equiva-
lently its logarithm:

R
log(pta,8,1)) = I {v_log(1-g"") + u (R=r)10g(8)
r=0

+ (u_+ v ) logla) + w_log(rd) - s (o + ra)}
r r g r

(32)

Differentiating with respect fo o and A
and equating the derivatives to zero yieids the
results of Reynolds (Ref.4) which agree with the
classical estimators, namely:

R
Io(u_+ Vr)
(x' = E_O_R______ (33)
I s
r=0
_ Number of calls offered
N Total time (34)
R
I W
|- _r"f_O_ Z
A R (35)
z rs
r=0 r

_ Number of departures
= - (36)
Traffic volume
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To find the MAP estimator of B , the express-
fon in (32) is differentiated with respect to B8
and equated to zero, giving

d(log(p(B))
dp

(R=-r-1)

Ri1 vr(R—r) B R=-1
== - +(1/8) ] u_(R-r)
r=0 1= B(R r) F=o,
(37)
Hence B' satisfies
R-1 B,(R-r) R-1
1 v, (R-P) &y - L up (R (38)
r=0 (RN r=0
that is,
R=-1 Vs (R-r) Ril
S = (u_ + v ) (R-r (39)
r=0 1 - B,(R r) =0 o r
The calculation of a' , A' , and B' is

illustrated by the following example. For a Sys-
tem with two circuits, the number of circuits
occupied at the start of the observation period
is taken fo be 0 , and the number occupied at

the finish is taken to be 1 . That is

R =2

ro =0

r = 1 (40)

Table 1 below gives the observed values of

s, u, v, and w - as a function of the state
- that will be used for this example.
TABLE 1 - Data for Sample Calculations
r s u v w
state Total wunsuccessful successful departures
Time attempts attempts
(secs)
0 1500 0 10
1 3050 10 10
Z 1450 10 0 10
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Using the data above in equations (33) and (35)
gives,

a' = 1 per 150 sec (41)

>
il

1 per 313 sec (42)

and, from equation (40), B8' is given by

20 10

e e 140 (43)
hence

48'2+8'-1=0 (44)
g' = 0.39 (45)

3.5 Numerical Analysis

Rather than computing point estimators of
a,d, and y it is a simple matter, using a
computer, to calculate numerical values for the
conditional probability density function for par-
ticular values of the parameters. Of course, the
re-scaling indicated by equation (23) must be
approximated using numerical infegration. In
principle, the conditional probability density
function can thus be computed to any desired
accuracy, and any form of statistical inference
can be performed using it (point or interval es-
timation, hypothesis testing, efc.). An example
of this type of numerical analysis is given in
(Ref.13), pages B4-87.

4. CONCLUDING REMARKS

The essential difference between the tech-
nique described above and classical statistical
techniques is that it allows the conditional prob-
abitity density function of the unknown parameters
to be computed. This feature, which is the crux of
the Bayesian approach, makes use of observations
both in computing estimators of the unknown para-
meters and in deftermining the accuracy of those
estimators.

The practical application of the method is
dependent on the existence of the finite dimen-
sional, recursively computable sufficient statis-
tic given in section 3. In practice, ail the in-
formation in the observations which is relevant
to estimating the unknown parameters can be re-
corded in a finite block of computer memory. For
example, 4,000 words of on-iine storage would be
adequate for a study involving 1,000 circuits in
100 groups.
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The conditional probability density function
of the unknown parameters, or just estimators of
those parameters, can be computed at any stage
of the measurement or simulation. For example, a
traffic measurement could be performed using a
microcomputer fo collect and store data, with a
large computer analysing the data subsequently.
In a simuiation study it may be more convenient
to compute point estimators, or the entire condi-
tional probability density function, at intermed-
iate stages during the simulation run.
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Delay Distributions In Digital Switching Networks

S.M. JONG
R. BERMANSEDER

Telecom Australia Research Laboratories

The introduction of digital switching will marginally inecrease trans-
mission delays in the telecommunications network. These increased delays are
attributed to the use of time switching. This paper describes the various
sources of delay which can be expected in a network evolving from analogue to
digital working and provides a mathematical treatment for caleculating overall
delay distributions in digital switehing networks.

1. INTRODUCTION

Transmission delay in this paper is considered
as fthe time necessary for voice information to
pass through transmission systems, transmission/
switching inferfaces and digital exchanges. in
mixed analogue/digita!l networks, echo occurs on
any two-wire or combination of fwo-wire and four-
wire telephone circuits, and for voice working the
degrading effect of this echo depends on the end-
fo-end transmission delay. When the transmission
delay exceeds a certain limift, transmission per-
formance is more significantly impaired. An echo
suppressor or canceller is then required to be
connected in the network.

The introduction of digital switching brings
a new source of transmission delay fo the net-
work. This delay is introduced mainly by the use
of time switching stages, which store speech sam-
ples in order fo reassign the time slot or trans-
mission channel used by a call. For most systems
the delay due to time switching is a random var-
iable. For a particular connection in a network,
statistical methods are needed to derive the over-
all delay distribution.

2. THE SOURCES OF TRANSMISSION DELAY IN A MIXED
ANALOGUE/DIGITAL NETWORK

In this section the contributions to trans-
mission delay of the various items of equipment
expected in a mixed analogue/digital network are
analysed, with particular reference to the Aus-
tralian national telecommunications network.

2.1 Transmission Equipment

+ Analogue Multiplexing. In analogue FDM trans-
mission systems, the main source of group delay is
the transmit and receive channel filters in the
channel transiating equipment (transiating the
audio frequency band infto the basic group band and
vice versa).

- Digital Multiplexing. In a digital transmission
system (PCM), delay is caused by the sampling-
coding-decoding process and the group delay of low
pass filters.
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+ Transmission Line. The propagation time of an
electrical signal depends on the transmission med-
ium, e.g. loaded cable, open-wire carrier, radio
system or optical fibre. The presence of (ana-
logue) repeaters or (digital) regenerators will
further increase propagation times.

2.2 Exchange Terminal Equipment

+ Phase Alignment in a Plesiochronous Network. In
a plesiochronous network the clocks that control
exchange timing are independent of each other ai-
though their frequency inaccuracy is kept within
a specified limit. Therefore siip may occur (loss
or duplication of speech samples, where equipment
handles information at different rates. (Ref.1)).
To reduce slip, it is necessary fo arrange that
the time slots coming from different PCM multi-
plexers will as far as possible be kept in con-
stant phase relationship with the exchange time
slots. This is achieved by buffering and re-
clocking. The incoming PCM samples are stored cy-
clically into the buffer store (phase aligner) by
the incoming clock and are read out by the ex-
change clock.

The delay introduced in a phase aligner is the
Time difference between writing into the buffer
store and reading out of the store. The maximum
value of this delay is set by buffer store dimen-
sions, usually being about one primary PCM frame
(125 us).

+ Phase Variation in a Synchronous Network. In a
synchronous network the clocks are running ideally
at identical rates or at the same mean rate with
limited relative phase displacement. Hence buffer-
ing to reduce the effect of clock frequency diff-
erences is not necessary. However, there can be
phase variations on the incoming PCM bit stream
due to jitter, wander and propagation delay vari-
ations (Ref.1). To compensate these phase vari-
ations a sma!l "elastic" buffer (commonly up to

40 bits for primary PCM working) is required at
the exchange terminal.

2.3 Switching Equipment

A time switching stage is in principle a ran-
dom access memory where the incoming information
from a PCM sysfem (i.e. a speech sample) is stored
before "switching" or reassignment to an appropri-
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ate Time slot for read-out. The time difference
between this writing and reading is manifested as
a delay which behaves as a random variable. It is
important fto notice that the distribution of this
variable delay can be controlled by the designer.
tf the read-out time slot is randomly selected,
as in the L.M. Ericsson digital AXE switch, a rec-
tangular delay distribution results. That is, the
delay has a minimum and a maximum value and an
equal probability of being anywhere in between.
Other systems, e.g. ITT System 1240, minimize de-
lay with a selection algorithm which chooses the
next available free time slot for read-out. In
any case, delays introduced in each successive
Time stage behave as independent random variables
and statistical methods are needed to derive the
overall delay distribution for a particular con-
nection in a network.

3, CALCULATION OF OVERALL DELAY DISTRIBUTIONS

In a digital switching network, the overall
Transmission delay is composed of fixed delays due
To fransmission equipment and random delays due to
digital exchanges which use buffering and time
switch stages. This section provides a mathemat-
ical derivation of the overall random delay dis-
Tribution where the delay is due fo a known num-
ber of buffers and time switches. Emphasis has
been placed on the characteristics of the L.M.
Ericsson digital AXE exchange, since fthis system
is coming into use in the Australian telecommuni-
cation network.

A delay distribution tells us how often we can
expect the delay to take a certain range of values.
For example, the "95% point" is a value such that
for 95% of connections the delay will be no more
than the stated value. in AXE each time switching
stage with random path selection contributes a rec-
tangular delay distribution. The following discuss-
ion is concerned with overall delays due to switch-
ing, and ignores delays due to transmission equip-
ment. These latter are invariant for a given conn-
ection and are readily dealt with by the fradition-
al methods of the transmission planner.

Derivation

3.1 Mathematical

for a particular connection in a network, a
number of time switching stages contribute a num-
ber of independent random delays. These delays
combine to give an overall delay which has a cer-
tain distribution of values. The minimum, maximum
and average of the overall delay distribution can
be found as simply the sum of the minimum, maxi-
mum or average of the contributing delays. How-
ever, for other points the overall density is the
convolution of the contributing densities.

The convolution problem can be solved easily
using tLaplace Transforms, since convolution be-
comes multiplication in Laplace space (Ref.3).
The general sotution (Appendix 1) takes the form:

~ 1
FOh = onrer. b beeee b
nn iy=0 i =0
N
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n
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TaglnTn (v
where F(t) is the probability density of a de-
lay of duration t
N is the total number of contributing
delays
Tn is the maximum value of the nth con-
fributing delay
n is the variable from 1 fo N.

If the contributing delays are identical such as

in AXE, i.e. all T equal, this simplifies equa-
Tion (1) and it becomes:
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The general shape of this probability density
function for N=1 to 4 is shown in Fig.1. |t shows
several interesting features. The overall delay
distribution is always symmefric about the average
value. As the number N of contributing delays
becomes large, fthe overall distribution becomes
more and more like a Normal Disfribution (Ref.2).
The average value (at the midpoint of the central
hump) does increase in proportion to N , but the
hump becomes narrower relative fo the maximum
value. An important consequence of this is that
most percentile points tend fo stay near the av-
erage rather than the maximum value of the over-
all distribution.

3.2 Computation

At present CCITT Study Group X| specifies
single exchange delay distributions in ferms of
95% points. In Telecom Australia's studies, a sim-
ilar convention has been adopted for description
of end-to-end network transmission delay. A com-
puter program has been written to generate tables
for 95% and 99% points vs the number N of con-
Tributing delays, for a specified maximum value
of the contributing delays.

The presence of a factorial in the denomin-
ator of equation (2) limits the computability of
the program for large N(> 20) . Approximate vai-
ues for large N are found by finding the 95%
point of a Normal distribution scaled to have the
same mean and variance as the true distribution
(Appendix 2). A measure of the accuracy of this
approximation is found by calculating the ratio
of the 95% point of F(t+) +to its maximum value
for a range of N , and comparing this with the
ratio of the 95% point of the scaled Normal dis-
tribution to the same maximum value. |t is shown,
Fig.2, that the two ratios are very close in the
range N < 20 , and can be assumed identical (o
3 figure accuracy) for N > 20.

In interpreting the results shown in Fig.2,
it should be remembered that the round-trip deliay
in a TST (Time-Space-Time) exchange architecture
as used in AXE is the delay of 4 time stages plus
2 exchange terminal buffers. |f buffer delays are
ignored, N = 20 corresponds to 5 switching
points. In AXE, the maximum buffer delay is about
the same as the maximum delay of a time stage.
Therefore the buffer delays are significant. A
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first approximation of their effect can be made
by assuming that each switching point has 6 time
stages but no buffers. In (Ref.5), more accurate
calculations are made by convolving the buffer
delays and time stage delays.

4. PRACTICAL APPLICATIONS

Detailed studies have been carried out in
Telecom Australia Research Laboratories (Refs.4
&5). The results can be briefly summarized as
fol lows:

* In 3 mixed analogue/digital metropclitan net-
work, loop delays with AXE digital switches (2
Time~stage) may have 95 percentile values of

4-5 ms for some connections. Use of a 4 time-stage
digital switch would increase the corresponding
detays to 5-6 ms.

- In a national long distance connection, the
digital switching plus associated PCM coding-de-
coding increases the round-trip delay. For ex-
ample, the 95 percentile round-trip delay of a
typical mixed analogue/digital network is in-
creased by about 5 ms compared to a completely
analogue network. Therefore the use of digital
switching in long distance connections indicates
that more echo suppressors will be required in a
mixed analogue/digital network than in a complete-
ly analogue network. However, the actual use of
echo suppression or cancellation depends on many
other factors, including economics, as well.

+ There appears fo be no substantial argument
against the adoption of digital switching for the
STD network, on delay grounds.

5. CONCLUS |ONS

The delay due fto the buffers and the time
switching stages at a digital swifch behaves as a
random variable. The distribution of the variable
delay depends on the design approach. In any case,
delays infroduced in each successive time switch-
ing stage behave as independent random variables.
For a particular connection, the overal! end-to-
end delay density is the convolution of the con-
tributing delay densities.

In individual AXE time switching stages, ran-
dom path selection results in a rectangular delay
distribution. |t is shown that as the number of
time switches becomes large, the overall distri-
bution of delay due fo switching fends to resem-
ble a Norma! distribution with most percentile
points appearing to converge fowards the average
rather than the maximum of overall delay distri-
bution. Similarly, the ratio of any percentile
point to the maximum value tends o 0.5.

This paper has described a method of calcu-
lating the disfribution of the overall frans-
mission delay due fo the presence of digital
switching in a circuit switched network. in prac-
tical terms, the application of these methods
(Refs.485) shows that digital switching infroduces
a real but only marginal increase in transmission
delay as a network evolves from ali analogue to a
mixture of analogue and digital switching.
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APPENDIX 2

DERIVATION OF A FORMULA FOR NORMAL DISTRIBUTION
PERCENT POINTS

Assume the delay distributions are all identical,

independent and uniform (rectangular).

Central Limit Theorem: The distribution of N
independent random variables approaches a Normal

distribution as N becomes large.
(H

The variance of a rectangular distribution is

2
_ (max - min)
Var = 7 (2)
If X and Y are independent random variables,
then
Var (X + Y) = Var (X) + Var (Y) (3)

In the case of the delay distribution of a single
time stage,

max = T

min = 0

Then (2) becomes:

identical distributions, (3) gives:

Also,

Mean = Ne3

N
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Consider a Normal distribution having mean = N% ,

2 2
NI—-i.e. Normal (NI; BI—) and find the
12 2200112

(say) 95% point of this distribution.

variance =

From tables, the 95% point of Normal (0,1) is at
1.645 standard deviations. Hence by scaling Normal

NT2
(0,1), i.e. by multiplying by %%— and then add-

2
ing gI3'we generate Normal (gI3 #%—) and find the

required 95% point.

2
95¢ point = 1.645 /% + ;‘—T 4)

Now, the maximum value of the actual delay dis-
tribution is simply NT . The ratio of the 95% of
the scaled Normal distribution to the actual max-
imum value becomes:

2
1.645 % + E—T
Ratio = NT
= 0.500 + 0.475//N (5)
NOTE: As N ~» infinity, Ratio » 0.5
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The ratio of the 95% of the actual distribution
to ifs maximum value is found empirically fo be
very close to (5) in the range N < 20 , and can
be assumed identical (to 3 figure accuracy) for
N> 20 .

When fwo types of delays are involved such as
buffer delays and time stage delays in an AXE
digital switch, the Normal distributions are con-
volved fogether simply by summing the individual
means and variances.

Let N = number of delays of type 1
T = length of delays of type 1
M = number of delays of type 2

B = length of delays of type 2
Then
Moan - NT+ MB
2
) _ NT2 + mB2
Variance = 17

95% point (2 variables)
_ /NTZ + MB2  NT + MB
= 1.645 % + >

Ratio (2 variables)

/NT2 + mB2

= 0.500 + 0.475 NT + VB
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The Multiplexing Factor In Digital Transmission

Systems

R.A. COURT
R.B. COXHILL
P.G. POTTER
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The error performance of digital networks is currently under study by
telecommunications administrations and organisations. The factor which com-
plicates error performance specifications is the occurrence of errors in
bursts. This paper discusses the effect of error bursts on the relation be-

tween Error-Second performance at multiplexed rates (e.g.

2048 kbit/s) and at

tributary rates (e.g. 64 kbit/s). This relationship is known as the Multi-
plexing Factor (MF). Experimental results are presented and analysed for
digital line systems and DAV radio systems. For digital line systems a MF=10
gives an adequate margin while for DAV systems MF is much closer to 1.

1. INTRODUCTION

The question of how to set objectives for the
performance of digital networks is becoming in-
creasingly important fo telecommunications admini-
strations and organisations (Ref.1). In particular
the error performance of digita! networks is
currently under study (Refs.2&3). The factor which
complicates the specification of error performance
is that errors occur, not only as single events,
but also as bursts of varying lengths containing a
mixture of bits in error and correctly fransmitted
bits. It is difficult to precisely define an error
burst, however the number of correctly transmitted
bits beftween errors may be used fo identify sep-
arate bursts on a particular system, i.e. if this
number is greater than some predetermined value
then the errors are not in the same burst. How
such a value should be determined is a matter for
study.

There are ftwo major complications caused by
error bursts. In the first place the performance
provided at customer rates (e.g. 64 kbit/s and
lower) cannot be determined directly from measure-
ments at multiplexed rates (e.g. 2048 kbit/s and
above). This problem is the subject of this paper
and will be discussed in more detail later. The
second complication arises when one network is
carrying a number of services (Ref.2) or when
several networks are sharing the same transmission
facilities. The services being carried may each
require a different measure of error performance
(e.g. bit error rate, error-free-seconds) in their
specifications. |t would be advantageous to be
able to relate these different measures and emerge
with a single specification fo guide the design of
fransmission systems. However this is not possible,
in general, without a detailed knowledge of error
burst structures on the systems in question. This
problem is beyond the scope of this paper.

In what follows the first of these fwo compii-

cations will be outlined. A data test set (Ref.4)
developed by Telecom Australia to assist in per-
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formance studies for the Australian Digital Data
Network (Ref.5) has been adapted to make measure-
ments related to the problem. Resultfs from meas-
urements on digital line transmission systems and
Data-Above-Voice (DAV) radio transmission systems
are presented and analysed.

2. THE MULTIPLEXING FACTOR

One method of expressing the error performance
of digital fransmission systems is in terms of
error-free-seconds (EFS) or conversely error-
seconds (ES). An EFS is a second which contains no
errors, i.e. the bif error rate (BER) equals O,
when measured over that second. Because of the
burst nature of errors the EFS performance of de-
multiplexed tributary bit streams cannof be de-
termined directly from the EFS performance of the
higher order stream. The relation between fthe EFS
(or ES) performances at the two bit rates is known
as the multiplexing factor (MF), where, defining
%ES as the ratio of ES to available seconds
(x100),

_ %ES (high order stream)
%ES (tributary stream)

MF

Most error specifications are written in terms
of customer bit rates and in particular 64 kbit/s
is chosen. This may be regarded as a fast customer
rate and the performance at lower speeds will, at
worst, be the same as the 64 kbit/s performance.

If the performance of the main fransmission bearer,
operating at the higher order bit rate, is to be
specified then MF must be known.

To itlustrate the effect of the MF, consider
firstly the case of single errors separated by
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more than one second, and the relation between EFS
(or ES) performance at 2048 kbit/s and 64 kbit/s.
The 2048 kbit/s stream is made up of frames con-
taining 32 time siots (i.e. 30 channels + framing
+ signalling), each of which contains 8 bits be-
longing to one of the 64 kbit/s tfributaries. In
this instance there will be, on average, onz ES

in each of the tributaries for every 32 ES in the
main stream and the MF = 32. However if fhe errors
are not single random events but occur as bursts
longer than 248 bits, and with at least one error
every 8 bits, then every time slot and hence every
tributary will have errors due to the burst. This
means that every ES in the 2048 kbit/s stream will
result in an ES in each of the 64 kbit/s streams
and MF = 1.

Rather than having error bursts of one type as
in the two extreme cases quoted above, each trans-
mission system will have a distribution of error
bursts in terms of length, composition and fre-
quency of occurrence. As a result MF cannot be de-
termined analytically without detailed information
on the error bursts for the system in question. An
experimental programme has been undertaken to
measure the 2048/64 MF directly to ascertain the
potential use of the relationship.

3. TEST EQUIPMENT

As mentioned in the introduction, a data test
set developed by Telecom Australia has been adap-
ted to make measurements of MF. The set is de-
signed to make long fterm measurements of the per-

formance of digital fransmission systems. The
measurements are based on error-seconds whereby
an independent clock generates consecutive one
second infervals during each of which the digital
signal is monitored for bit errors. Detection of
any bit error during a second causes fhat inter-
val to be counted as an error-second. Conversely,
if no bit error is detected, it causes an error-
free-second to be counted. This informafion is
collated and stored on a digital cassette recorder
for later analysis on a central computer.

Two identical test sets are used to allow sim-
ultaneous measurements at 2048 kbit/s and 64
kbit/s. One sef (the "master") performs measure-
ments at 2048 kbit/s while the other (the "slave")
measures at 64 kbit/s via a "pseudo demultiplexer™.
A block diagram illustrating the arrangement is
shown in Fig.1. The master set supplies the inde-
pendent timing and data clock for both its own use
and that of the slave set. The slave receives bit
errors via a gate which is only active for a
period equivalent to one 64 kbit/s tributary i.e.
1/32 of the period of the master seft.

4. DIGITAL LINE SYSTEMS

Using the equipment described above the ES
performance of 2048 kbit/s PCM junction cable sys-
tems has been monitored. Figure 2 shows a typical
histogram of ES performance averaged over a period
of 5 consecutive weekdays. Also included in the
figure are the hourly variations in MF during the
period. The overall MF for the entire 5 days was
10.4. The systems are operating in a predominately
analogue environment and as it can be seen from

——2048 kbitis
..... 64 Kbitfs the figure fthe ES performance varies with traffic,
NUMBER. MULTIPLEXING FACTOR clearly indicating the effects of impulse noise
= e NO ES RECORDED IN 64 kbitis (coupled through crosstalk paths from switching or
g TIME SLOT BEING MONITORED signalling events on adjacent pairs). Simitar fig-
5 3 3 ures for other periods and other bearers have sim-
g ég: ) M ilar shapes varying only in scale as the long term
o ES performance changes.
= 084
2 07
g 064 Table 1 shows variations in the overall MF on
g 5 another bearer obtained by altering the traffic
e g;_ adjacent fo the PCM bearer and thereby altering
- 02 the long fterm ES performance. Also monitored at
01 ) il the same time was the distribution of bit errors
| b ] b I | S Sl () S5 S48 S55Y oumn per ES in the decoded 2048 kbit/s stream and these
12345567 89100 1213141516171819202122 2324 results are shown in Table 1. This data was stored
TIME OF DAY (HOURS) in binary groups (i.e. 1-2, 3-4, 5-8 efc.) as
shown in the tablie. Note that in period B the
i diaital 14 overall MF was 44.8 which is higher than the cal-
Fig.2 - Error perfbgmance of digita 173 sys- culated maximum of 32. Such values are explained
t T h@iaded lovenly L RCaiEe it ite by the statistical distribution of errors over the
weekdays.
TABLE 1 - Result of Altering Long Term %ES Performance
Period Long Term  Overal Distribution of Bit Errors per ES (%)
% ES MF 1-2 3-4 5-8 9-16
A 0.13 28.5 88 " 1
B 0.09 44.8 90 9 1
€ 0.53 20T, 60 27 12 1
D 0.54 16.7 58 26 14 2
E 0.49 16.6 57 25 16 2
F 0.52 15.6 54 28 15 3
G 019 29.1 " 25 4
H 0.17 2255 87 13
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time slots, i.e. over a particular period the time
slot being monitored may receive less than the
number of errors in the 2048 kbit/s stream aver-
aged over the 32 time slots.

Table 2 shows the hourly variation in MF both
in the same period and between periods. The four
periods used were C, D, E and F because of their
similar %ES performance. The overall| MF for the
four periods was 17.4. Oniy the hours between 0900
and 1700 are inciuded in Table 2 because few
errors were recorded in the 64 kbit/s stream out-
side these hours.

TABLE 2 - Busy Hour Variations in MF
OUR To_  10- 11- 12~ 13- 14- 15- 16-
PERIO 10 11 12 1) 14 15 16 17
© 18.5% 16.2"' 53.3 24.0 22.5 15.7:23.3115.0
D 14.4 10.0 16.2 20.0 25.0 13.7 12.0 20.0
E 16.6 12.7 28.0°46.6 13.3 11.3 20.0 11.3
F 26.6 10.0 8.6 22.5 80.0 17.1 20.0 16.6

To consider the results, it is obvious that
MF has considerable short term variation and
rather less long term variation. A significant
frend is for MF fto decrease as traffic increases
(i.e. as long term %ES increases). The results
that have been obtained on this system together
with other similar tests indicate that no one MF
can be used to characterize digital line systems
of this type. Rather a iower limit may be put on
MF, associated with the error performance of an
in-service bearer. A MF of 10 would seem fo give
an adequate margin, i.e. the %ES performance of
a 64 kbit/s stream is at least 10 times better
than the %ES performance of the 2048 kbit/s.

An insight into the burst structure of the
errors can be made by examining the distribution
of bit errors per ES in Table 1. There are two
major groups, i.e. those with %ES =0.1 and those
with %ES =~0.5. In those cases with %ES of the
order of 0.1 the occurrence of more than one bit
error in a second can be explained by the error
multiplication due fo the decoding of the HDB3
line code (Ref.6). This process causes one |ine
error to become as follows:

0 bit error with a probability of 0.023,

1 bit error with a probability of 0.628,
2 bit errors with a probability of 0.215,
a

3 bit errors with probability of 0.134.

Using these figures if all error seconds were
caused by single line errors then the distribution
of bit errors per ES would be,

62.8 21.5 _

1 or 2 errors, T50-5.3 * To0-2.3 - 00-3%
13.4 )

3  errors, T50-7.3 =2 15575

which agrees with the measured results shown for
periods A, B and H in Table 1.
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However for those cases with %ES of the order
of 0.5 the relative proportions of bit errors per
ES has changed and it appears that in some seconds
more than one |ine error is occurring. Calcula-
tions indicate that only 60% of ES are due to
single line errors. A random arrival process with
such low ES probability (.005) would not result
in enough multiple line errors to account for the
change which is observed. |t must therefore be
concluded that the line errors are somehow grouped
in time. It is possibie to estimate the fractions
(Py, P, and P3) of "one line error", "two line
error" and "three line error" ES from the decoder
error multiplication factors listed previously and
the distribution of bit errors per ES shown in
Table 1. If it is assumed that the multiple line
errors in a second do not occur in the same time
slot, then the average number of time slofs which
are affected per ES(2048) is N, where

N =Py, + 2P, + 3Py

Therefore, considering only line errors, on
average there will be N ES(64) for every
32 ES(2048). In addition one line error may cause
bit errors in two time slots due to error multi-
plication when decoding, for example one line
error may cause two bit errors separated by three
bits (see (Ref.6)). The bit errors in this case

will occur in fwo different eight bit fime slots
fifty percent of the time. |f all such possibili-
ties are included there will be a 12 percent in-

crease in the number of decoded time slots with
bit errors when compared to the number of time
stots with line errors. Thus,

32

MF = T8

This yields a value of =18 which compares with
the overall MF for periods C, D, E and F (i.e.
those periods with %ES =0.5) of 17.4. Thus we now
appear to have multiple line errors in a second
which are grouped but separated by at least one
time slot.

The reasons for this behaviour are not al-
together clear although the following explanation
may be considered. The events which produce line
errors are most likely to be dial pulses on pairs
adjacent to the PCM bearer. These occur in groups
of from 1 to 10 in less than 1 second. The in-
creased number of "multiple line error" ES in the
higher %ES cases may be due to,

(i) Overlap of dial pulses on adjacent disturb=-
ing pairs

or

(ii) Increase in traffic on a disturbing pair
for which there is a higher probability of a dial
pulse causing an error than previously, where the
errors had been caused by dial pulses on other
disturbing pair(s). Thus the error rate and the
proportion of "multiple-line-error" seconds have
increased.
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5. DATA-ABOVE-VOICE (DAV) SYSTEMS

Tests have been conducted on a DAV radio sys-
tem operating in the 6 GHz band. The system com-
prises four sections, one of which has space di-
versity switching. As expected the MF behaviour
is quite different from that found on line sys-
tems. Table 3 gives the overal! MF and long term
%ES measured over four weekly periods.

Figure 3 shows the 2048 kbit/s error perform-
ance averaged over each of the four periods. Also
included in this figure is the hourly variation
in MF. Table 4 gives the distribution of bit
errors per ES for the four periods.

— 2048 kbitis

] NUMBER. MULTIPLEXING FACTOR
084 NO ES RECORDED IN 64 kbit/s
07 TIME SLOT BEING MONITORED

034 o ]
024 - . R [
014 L - g = {. rj o -

H g 12 16 B’ 1]

10 PERIOD B
09
081
07/
06 4
05 4
04
03
02
01/

10l PERIOD A

ES (NORMALISED TO WORST HOUR)

104 PERIOD D
094

0-84

074

0-61 I

Ck

4 8 12 16 20 2

TIME OF DAY (HOURS)

Fig.3 - Error performance of DAV bearer averaged

over four weekly periods.

TABLE 3 - Variation in MF for DAV

System
Test Overall Long Term
Period MF %ES
A 6.6 .01
B 6.4 .014
C 3.3 .027
D 11:0 .016

The variation in MF shown in Table 3 is once
again quite large. These variations can be ex-
plained by the distribution of bit errors per ES
shown in Table 4. There are two significant error
mechanisms in operation one which produces short
bursts and one which produces long bursts. Poss-
ible explanations are diversity switching and
radio propagation fading respectively. The effect
of these two mechanisms can be illustrated by the
fol towing two examples.

(i) For a period where 90% of the ES contain
short bursts which cause errors in only one time
slot per frame and 10% of the ES contain long
bursts which cause errors in all time slots per
frame, Then

100 x 32
90 x 1 + 10 x 32

7.8 (e.g. periods A, B & D)

(ii) As in (i) with 90% and 10% replaced by 80%
and 20% respectively

100 x 32

MF = 80 x 1 + 20 x 32

4.4 (e.g. period C)

The fading in period C can be seen in Figure 3 as
MF, between 1500 and 2100 hours, is almost 1.

TABLE 4 - % Number of Bit Errors per ES for DAV System

Z Distribution of Bit Errors per ES (%)

: 1- 3= 5- 9- 17~ 33- 65- 129- 257- 513~ 1025- 2049- 4097- 8193-

5 _ >16385
d 2 4 8 16 32 64 128 256 512 1024 2048 4096 8192 16384

Al83 3 3 2 3 6
B|795 4 2 3 1 1 1 1 2 1
Ci596 4 2 2 2 1 2 2 1 2 1 3 13
D|83 10 2 1 1 2
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The results given above show that if only a
small fraction (1/5) of the ES are due to fading,
and consequently include error bursts which are
longer than one frame, then MF will be close to 1.
This, in turn, means that unless the radio bearer
is adequately protected then the ES performance at
64 kbit/s may only be slightly better than that at
2048 kbit/s.

6. CONCLUSIONS

This paper has discussed the error performance
of digital transmission systems with particular
reference to the relation befween the ES perform-
ance at 2048 kbit/s and that at 64 kbit/s, i.e.
the Multipiexing Factor (MF). On a digital line
system, measurements indicate that for the error
performance associated with in-service bearers,

a MF of 10 gives an adequate margin. Results from

Digital Transmission Systems
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Synthesised Phase Locked Local Oscillator
Design For Mobile Field Strength Receiver

P.R. HICKS

Telecom Australia Research Laboratories

This paper describes the theory and design of a phase locked synthesiser
that has been developed to be used as the local oscillator for a Mobile Field
Strength Receiver. The method of frequency synthesis is that of prescaling

using a two modulus prescaler.

The loop uses a novel voltage controlled oseillator consisting of a wide-
band amplifier with a resonant cavity and delay line in the feedback path. A
resonant cavity extsts for each frequency band. The design of the control logic
is such that frequency bands between 100 MHz and 1 GHz may be covered by pro-
vigion of suitable cavity resonators and appropriate delay lines.

In addition to describing the components of the synthesiser the paper
discusses the design and choice of various types of loop filter.

1. INTRODUCTION

Electronic phase locked loops (PLL) came into
vogue in the 1930s when they were used for radar
synchronisation and communication applications.
This technique for electronic frequency control
is widely used today and is most suitable for
frequency synthesis, synchronisation of digital
signals and clock recovery from encoded digitatl
data streams.

The basic PLL technique compares the frequen-
cy and phase of the incoming data (or reference
signal) fo the output of a voltage controlled os-
cillator (VCO). If the two signals differ in fre-
quency and/or phase an error voltage is generated
and applied to the VCO causing it to correct in
the direction required for decreasing the differ-
ence. The correction procedure continues until
lock is achieved after which the VCO will con-
tinue to track the incoming signal. The basic
analogue phase locked loop is shown in Fig.1.

REF OR PHASE T00F ouTPUT
INPUT SIGNAL DET FILTER Voo = SiGNAL
Fig.1 - Basic phase locked loop.

One of the major applications of the PLL is
frequency synthesis in the many systems which re-
quire discrete frequencies or fixed channel spac-
ing - such as a receiver suitable for the mobile
radio bands with a fixed channe! spacing of 25
kHz. This paper describes the design of a synthe-
siser used as a local oscillator in a receiver
used to measure field strength for mobile radio
services. Reference (1) describes techniques of
measuring field strength.
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2. SYNTHESIS USING DIGITAL PHASE LOCKED LOOP

With the development of digital hardware the
use of digita!l phase locked loops for frequency
synthesis have attracted much attention and have
been extensively discussed in print (Ref.2).

REF
£ PHASE LOW PASS g
ref DT foe [ veo = fout
VARIABLE
RATIO DIVIDER
=N
Fig.2 - Digital phase locked loop synthesis -

basic configuration.

The basic form of the digital PLL is shown
in Fig.2. The loop consists of a VCO, a variable
ratio frequency divider, phase comparator and a
low pass filter. The VCO output is divided and
compared with a stable reference frequency. Error
voltages derived from the phase comparator main-
tain the VCO on frequency. For locking to occur

fouT N Nfref ‘n

Equation (1) indicates that the smallest frequen-
cy increment generated by the loop is equal to

the reference frequency fref

The system shown in Fig.2 is considered to be
the direct approach. White this is the simplest
form that the loop can assume it does have some
associated design problems. Assuming that we can
produce a VCO capable of operating at the re-
quired output frequency (in the range 100-1000
MHz), we are faced with the problem of designing
a complex programmable counter which is required
to operate at the VCO output frequency. Since
high frequency (>25 MHz) programmable counters
are difficult and expensive to realise, special
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REFERENCE
FREQUENCY
Fout=NF
PHASE out ref
Fref +P o FILTER veo
PROGRAMMABLE )
DIVIDER =N .
Fig.3 - Frequency synthesis by prescaling.

techniques to programme the output frequency are
required.

One approach is to prescale (+#P) the output
of the VCO before applying it to the programmable
counter. The block diagram for such a synthesiser
is shown in Fig.3. The input frequency into the
programmable divider is low and likewise the loop
response is slow. When the loop is locked the out-
put frequency is given by

(2)

out ref

The disadvantage of using a fixed modulus
(+P) prescaler in high frequency phase locked
loops is that it also requires the reference fre-
quency to be divided by P if the relationship
given by equation (1) is fo hold. To overcome
this disadvantage a technique known as synthesis
by variable modulus prescaling may be used.

3, SYNTHESIS BY VARIABLE MODULUS PRESCALING

The technique of variable modulus prescaling
allows a simple two modulus prescaler to be con-
trolled by a relatively slow programmable counter.
The two modulus prescaler can be implemented us-
ing high speed emitter coupled logic (ECL) while
the relatively slow programmable counter can be
implemented using TTL.

The use of the variable modulus prescaling
technique permits direct high frequency prescaling
without any sacrifice in resolution since it is no
longer necessary to divide the reference frequency
by the modulus of the high frequency prescaler.

The theory of variable modulus prescaling may
be explained by considering the system shown in
Fig.3 (Ref.3). The governing equation for the
loop shown is

(2}

is variable (N and P
N The
the

where P is fixed and N
both integers). For a change of 1 in
output frequency changes by P.frgf , i.e.
channel spacing is P.fret

From equation (2) it is easily seen that only
every P channel may be programmed simply since
N is always intfeger. To obtain infermediate
channels P must be multiplied by an integer plus
a fraction. The probiem of how to programme inter-
mediate channels is found by considering equation
(2).
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| f we define
(3

N=N_+ A/P
p

where N,, A and P
info equation (2).

are integers; substitute

i, = (N_+ A/P).P.f (4)
out p ref

i.e.

fouT = (Np.P + A)fref (5)
Adding + A.P to the coefficient of fg¢ in
equation (5) and factoring gives:

fouT = (Np.P + A - AP + AP)fref

i.e.

fouf = {(Np—A).P + A(P+1)}fref (6)

From equation (6) it is apparent that the
fractional part of N can be synthesised by us-
ing a tfwo modulus counter (P and P+1) and divi-
ding by the upper modulus A Times and by the
lower modulus (Np—A) Times. Equation (6) also
suggests the circuit configuration shown in Fig.
4.

REFERENCE
FREQUENCY . Fout=NFret
Fref FILTER I—a{ VCo
DET
2 MODULUS
PRESCALER
P& (P+1)
PROGRAMMABLE PROGRAMMABLE
COUNTERS +Np COUNTERS = A
N-NpeP - A
Fig.4 - Frequency synthesis by two modulus pre-

sealing.

In operation the prescaler divides by (P+1},
A times. For every P+1 pulses into the pre-
scaler both the A counter and the Np counter
are decremented by 1 . The prescaler divides by
P+1 unti! the A counter reaches the zero state;
(after (P+1).A pulses). At the end of (P+1).A
pulses the state of the Np counter equals
(Np~A). The modulus of the prescaler then changes
to P and the prescaler divides by P until the
remaining count (Np-A) in the Np counter is
decremented to zero. When the zero state is
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reached both the A and fthe N
reset, the prescaler modulus resets to P+l
the cycle repeats.

counters are
and

The theory of '"variable modulus prescaling”
presented so far examined the case where the mag-
nitude of the upper and lower modulus of the pre-
scaler differed by 1 In some applications the
ready availability of two moduli prescalers cap-
able of operating at certain frequencies, makes

it desirable to use moduli other than P/P+1
From equation (5) we have f = (N_.P+ A :
out p ref

Consider an additional prescaler (%M) placed in
the loop
thus
fou+ = (NpP + A).M.fref (7
€

= ' v =
fouf (NpP + AM)'fref where P M.P (8)
By algebraic manipulation as previous

= - ' 1
fouT {(Np A).PT + AP + M)}.fref (9

Equation (9) is the general case of equation (6);
the moduli of fthe two modulus prescaler are P!
and P'+M . The operation of the P'/P'+M pre-
scaler is similar to that described above for the
P/P+1 prescaler.

4. DESIGN OF A TWO-MODULUS PRESCALER

For receivers operating in the mobile radio
bands the required channel spacing is 25 kHz ;
thus fre¢ = 25 kHz . The required output fre-
quency is in the range 100-1000 MHz . The choice
of the value of the prescaler modulus P is de-
termined fo some extent by the avaitable hardware.
However if we choose P = 40 (P.fpg¢ = 10% Hz) the
programming of the synthesiser is somewhat sim-
ptified. ’

From equation (5) we have

+ Af

ef ref (10)

£ =

out (Np.P.fr

With P =40 and fref = 25 x 103 Hz; N, s
then the integer part of the output frequency in
MHz and A.f.g¢f s the fractional part of the
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output frequency in MHz. For example if fq,+ =
501.425 MHz : Np = 501 and A = 17 . Since these
design conditions have been obtained from equa-
tion (5) the moduli of the prescaler are 40/41.

From equation (8) or (9) if P' =80 M=2
and fref = 12.5 kHz N and A have the same
meanings as before. Thus it is seen fo be most
convenient if we choose the prescaler moduli to
be 40/41 or 80/82 with the reference frequency
being 25 or 12.5 kHz respectively.

At the time of design there were two UHF pro-
grammable dividers that could be used to imple-
ment the required two modulus prescaler. The
first divider was a 500 MHz *+ 10/11 UHF divider
from which a 40/41 prescaler could be realised.
The second was a 1 GHz # 20/22 divider from
which an 80/82 prescaler could be realised.

A block diagram of the UHF 40/41 prescaler is
shown in Fig.5. The divide by 40 sequence is
(+10 #10 +1C +10) while fthe divide by 41 sequence
is (+10 +10 +10 +11). The 80/82 prescaler could
be readily obtained by just interchanging the
+10/11 divider for a +20/22 divider.

Fro—. Flﬂ
L Y 40141
I 2
¢ Q ¢ op
Fin 1011
<1 <

ENABLE

Fig.5 - UHF 40/41 prescaler - block diagram.

5. 25/12.5 kHz REFERENCE FREQUENCY

The 25/12.5 kHz reference frequency is de-
rived from a 5 MHz oven controlled crystal oscill-
ator. This 5 MHz oscillator is a commercially
available unit and provision exists for fine fre-
quency adjustment. The ageing rate of this oscill-
ator is typically 5 parts in 109/day and the level
of the RF output is 1.5 V peak-fo-peak into a
50 ohm load.

The 25/12.5 kHz reference is obtained by div-
iding the 5 MHz signa! by 200 or 400 respectively.
A simplified block diagram of the dividing circuit
is shown in Fig.6. The 5 MHz signal is initially
divided by either 2 or 4 and then further divided
by 100 using a two decade counter. Both TTL and
ECL outputs are available.

q i :KLOW

10 o TTL 0P

T

Fig.6 - Frequency reference diving circuit.

6. PROGRAMMABLE DIVIDER

A block diagram of the programmable divider
is shown in Fig.7. This divider is the implemen-
tation of the =N, and <A programmable counters
of Fig.4. The Np and A counfers in conjunction
with the counter control logic block provide the
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controlling (enabling) signal for the two modulus
prescaler. The operational sequence of the coun-
ters and the prescaler is as described in section
3. The Np and A counters each consist of a
cascade of programmable decade counters.

When the loop is tocked the divider output
signal fysz- equals the reference frequency

fref

7. PHASE CONTROLLER

The purpose of the phase detector is to de-
termine the lead or lag phase relationships and
the time difference between the leading edges of
the reference and feedback signal.

Phase Locked Local Oscillators

The phase defector used is a commercially
available unit (MC 12040); which is a four term-
inal sequential logic circuit. The input termin-
als are designated R and V and the output
terminals are designated U and D . The gain of
the phase detector is .16 Volts/radian.

Operation of the device may be illustrated by
assuming two input waveforms R and V of the
same frequency but differing in phase as shown in
Fig.8. If the logic had established by past his-
tory that R was leading V the U output of
the detector would produce a positive pulse whose
width is equal to the phase difference and the D
output would simply remain low.

Alternatively it is possible that V was
leading R in which case a positive putse will

T0 UHF
PRESCALER
-_— = Far
ENABLE COUNTER CONTROL
LOGIC
I i
PROGRAMMABLE PDC POC PDC PDC
DECADE COUNTER I— l‘
— )
3
" \\4 \‘4 N N
N4 N4 4
A BCD A BCD BCO A BCD 8CD
INPUT INPUT INPUT INPUT INPUT
1§ 10's I's 10's 100's
A" COUNTER “Np~ COUNTER
Fig.7? - Programmable divider.
PHASE DETECTOR — TIMING DIAGRAM
wr 1 J 1 [ ] LT ' J L
v L | 1 | J L I b !
U —_— | - .| L | .| L
tdi DI
el R J L | L I i L I L
| L | 1 | L I 1 [ 1 ) 1
@
i) D1 L | 1L | . Lo =3

nv

L I o N ) WO o TR ey T oy N o O ey R s ey O ey Oy

1 i L I 1 I I 1 ] 1 f 1 I | -
UL &Y | L 1 | 1 |
il b1
Fig.8 - Phase controller - timing diagram.
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occur on the D output and the
remain low.

U outfput would

Phase error information is contained in the
output duty cycle - that is, the ratio of the out-
put pulse width to total period. By integrating or
low pass filtering the outputs of the detector and
shifting the level to accommodate ECL swings
usable analogue information for the voltage con-
trolled oscillator can be developed.

Level shiffting is accomplished by differen-
Tially driving an operational amplifier from the
normally_high outputs of the phase detector i.e.
U and D, as shown in Fig.9. Phase error summ-
ing is accomp!ished through resistors connected
to the outputs of the operational amplifier. Some
R-C filtering is imbedded in the input network
since the very narrow correctional pulses of the
phase detector would not normally be integrated
by the amplifier.

In order that the VCO varactor diode is al-
ways reversed biased the output of the summing
amplifier is offset such that the VCO control vol-
tage always remains positive.

8. LOOP FILTER

The purpose of the loop filter is to integrate
the output pulses of the digita!l phase detector.
The filter output is then applied to the Voitage
Controlled Oscillator. As will be shown in Appen-
dix 1 fundamental loop characteristics such as the
loop bandwidth, capture time and transient re-
sponse are controlled primarily by the loop fil-
ter. The design of the loop filter is discussed
in detail in Appendix 1.

The filter has the effect of attenuating the
high frequency error components of the phase com-
parator output, thus enhancing the interference
rejection characteristics.

Fig.9 -
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In addition fto the primary low pass loop fil-
ter it may be necessary to provide filfering fo
suppress reference frequency components which
feed through the loop filter. The suppression of
spurious outputs is discussed in Appendix 2. In
order to suppress reference frequency components
a low pass filfter with a ‘deep notch at 25 kHz was
provided. The response of this filter is shown in
Riilgailo.

9. THE VOLTAGE CONTROLLED OSCILLATOR

The design of efficient low noise, high power,
high frequency oscillators operating over an ade-
quate tuning range is fraught with many probiems.

The voitage controlled oscillator (VCO) used
in the synthesiser is quite simple and is based
on fundamental concepts rather than going to more
sophisticated designs.

r
' '

‘
'
'

=20

-30
—40 V
-50

-60

ATTENUATION
dB

2 5 1000 2 5 10k ? 5 100k
FREQUENCY
Hz
Fig.10 - Response of reference frequency sup-

pression filter.

+V

2

tlo -

Phase controller - block diagram.
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The basic requirements for the VCO were:
power oufput - +15 dBm
frequency ranges - 168 - 196 MHz, 490 - 540 MHz

Also it was desirable that additional fre-
guency ranges could be added at a later date as
required; upper limit of 1 GHz.

This last requirement together with the fre-
quencies involved suggest an oscillator based
around a number of cavity resonators.

Before proceeding with a description of the
design it will be an advantage to review the gen-
eral conditions necessary for oscillation to
occur.

9.1 Feedback Requirements for Oscillation

An oscillator may be represented and studied
as a form of feedback amplifier, see Fig.11. For
oscillation to occur special requirements are
placed on the amplifier block A and on the feed-
back block g .

The feedback voltage supplies the entire amp-
lifier input.

Hence

E|n = Efb = BEO = BAEin (1
RGCH

(o' = AB)Ein =0 (12)

In order that an output be obtained E, #0

Thus for the circuit to produce output

(1 - AB) =0 (13)

A = 1] /0% (14

This relation is known as the Barkhausen criterion
for oscillation.

Fig.11 - Basic feedback osctillator.
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The expression emphasises two basic require-
ments for oscillation: that the gain and phase
shift of the blocks A and B , over the frequen-
cy range of interest must be such that the over-
all loop gain is unity and the overall phase shift
around the loop is zero or a multiple of 2m ra-
dians.

9.2 The Directional Coupler Oscillator

The block diagram of Fig.11 fogether with the
Barkhausen criterion suggests the configuration
shown in Fig.12.

The output of a wideband amplifier whose gain
is G is connected fo the input of a matched di-
rectional coupler with a coupling numerically
slightly less than the gain of the amplifier. The
coupled port, port 4, is returned fo the ampli-
fier input through the appropriate length of
transmission line fto provide a net zero phase
shift.

in order to confrol the frequency of oscill-
ation, a cavity resonator can be inserted in the
feedback path. Since the cavity may introduce some
loss it may be necessary fo increase the gain of
the amplifier. Also, since it is required to feed-
back the VCO output signal to the PLL prescaler, a
second directional coupler is used to provide iso~
lation between the VCO and the prescaler. Finally
The output is amplified to the required level. A
block diagram of the overall VCO is shown in Fig.
=5

— |
DIRECTIONAL
COUPLER R

N
L

~
o

Fig.12 - Suggested configuration of feedback

oseillator.

UTo 1002

15 d8 ~N —{ N

2xZFDC 10-2 CA27

RF QUTPUT
7+15dBm

ELAY #‘*

CAVITY TO PRESCALER

¢eont

Voltage controlled oseillator - block
diagram.

Fig.13 -
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This approach to osciliator design is now
quite atfractive in view of the ready availability
of low cost stable wideband amplifiers and low
cost wideband directional couplers. Also it is
only necessary to have one amplifier and coupler
to cover all frequency ranges. The frequency band
of the oscillator is changed by simply connecting
the appropriate cavity and delay line in the
feedback foop.

Also it is now possible, with the aid of a
vector voltmeter, to conveniently and accurately
make the necessary high frequency phase and gain
measurements that such an approach requires. The
procedure used in the construction and tuning of
the VCO is described below.

9.3 The Cavity Resonatfor

The cavity resonator used for the VCO is of
the so called helical resonator type. The advan-
tage of the helical resonator over say coaxial
| ine quarterwave resonators is one primarily of
size. Helical resonators have been used exten-
sively in such applications as preselection fil-
ters, interstage filters and as the resonant ele-
ments in oscillators at VHF and UHF.

The resonator used in the VCO consists of a
helix of 16 SWG wire (approximately 11 mm in
diameter and 25 mm in Jength) mounted in a cylin-
drical cavity. The cavity is 25.4 mm in diameter
and 36.5 mm in length and is machined from a
solid block of brass. Course frequency tuning of
the cavity is accomplished by means of a mechani-
cal tuning capacitor tapped approximately 4 turns
from the earth end of the helix. Fine funing is
via the control voitage, derived from the phase
locked loop, applied to a varactor diode through
a feed through capacitor. The varactor diode is
tapped approximately 2 furns from the earth end
of the helix. The lid of the cavity provides a
mechanically rigid platform on which are mounted
the input and output coaxial connectors (sma
type), the helical coil and coil former, the var-
iable capacifor and the variator diode and feed
Through capacitor.

The feed through filter is required to keep
the varactor diode dc lead at ac ground and
fo keep RF from filtering back to the control
voltage circuitry. A schematic diagram of the
mechanical arrangement is shown in Fig.14. This

REFRAINING SCREW FOR COIL FORMER

1P SOCKET

o
VARACTOR VARIABLE CAPACITOR
DIODE
——
——u|
—
==
Fig.14 - Mechanical arrangement of helical
resonator.
70

arrangement simptified construction of the reson-
ators and enabled adjustments of the tap positions
and trimming of the coil length fo be readily ac-
complished. The helical coil was wound on a Rexo-
lite former to ensure mechanical rigidity of the
coil. ldeally it is best if the use of a dielec-
tric former can be avoided. However bench fests
indicated that the vibration and shock that the
equipment was fikely fo experience in use, (moun-
ted in a vehicle), would cause movement in the
coil and a change of resonant frequency.

The pertinent design equations and nomographs
relating the basic parameters of a helix resonator
(coil diameter, conductor diameter, axial length
of helix, winding pitch etc.) are given in (Refs.
485). Having chosen the dimensions of the cavity,
the coil diameter is then restricted to a certain
range. Having fixed the coil diameter it is then
only necessary, (assuming a centre frequency) to
solve for the number of furns and the winding
pitch.

The design parameters obtained are for opera-
tion at one frequency. Since we require the cavity
to operate over a band of frequencies a convenient
starting point is to choose the centre frequency
of the band. Further, fthe design equations relate
to a resonator consisting of a single layer helix
on a low loss former and enclosed in a cylindrical
shield. They do not make al lowance for a mechani-
cal tuning capacitor and/or a varactor dicde tuner.
Thus some adjustment may be necessary to account
for their physical inclusion in the cavity. The
most convenient adjustment is the helix length. A
recommended procedure is to wind several addition-
al turns above the number indicated by the design
equations - this will have the effect of lowering
the resonant frequency. The resonant frequency can
then be slowly increased by trimming the length of
the helix. A second adjustment available is the
helix coil pitch. The helix can be either stret-
ched (increases frequency) or compressed (de-
creases frequency). This procedure is not recom-
mended since it is difficult to obtain a uniform
coit pitch and repeatability is low. The other
adjustment available is the position of fthe taps
for either the mechanical funing capacitor or the
varactor diode.

9.4 Tuning of the Cavity and Delay Line

Section 9.3 described the cavity resonator
used in the VCO and made mention of the adjust-
ments necessary. This section describes fthe pro-
cedure used tTo adjust the cavity resonator and
the delay line length in order to obtain oscilla-
tion over the required range.

9.4.1 Adjustment of the Cavity Using the test
set up shown in Fig.15 the cavity is adjusted tfo
have minimal insertion loss and a phase shift of
approximately -5° at the centre frequency of
the band. The procedure used was to frim back the
coil at the band upper frequency and then adjust
the tap position of the variable capacitor fo give
an approximately symmetrical phase change across
the band. Once the cavity has been adjusted the
required length of delay line can be determined
using the fest set up shown in Fig.i16.

9.4.2 Adjustment of Delay Line Length In order
to account for the phase change through the inter-
connecting cables the vector voltmeter is first
zeroed with the VCO components removed from the
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test set up (i.e. points X and Y connected).
The generator output power is adjusted to obtain

a convenient magnitude reading on the vector volf-
meter. The phase angle reading is then zeroed us-
ing the offset and/or vernier adjustment.

With a convenient length of delay line inser-
ted in the loop the signal generator is set to the
centre frequency of the band. A convenient opera-
ting voltage (say 4-5 volts) is applied to the
varactor diode. The variable capacitor was adjus-
ted to give minimum loss around the loop and the
phase change around the loop measured.

If the phase angle is positive the delay line
is too short and needs to be lengthened. |f the
phase angle is negative the delay line needs to be
shortened.

The amount by which the delay needs to be
changed is given by

0
3 x 108 phase angle
~ X X 15)
SaiE Ve f 360 :
[ A B VECTOR VOLTMETER
( T\
PROBE A PROBE 8
Vo +5v
500 'J- 1048 1048 500
TERM PAD PAD ""]I TERM
CAVITY
RESONATOR
SIG. GEN

Fig.15 - Test set up for adjustment of cavity
resonator.
500 1048 PAD 10d8 PAD
TERM ¢ DIRECTIONAL
COUPLERS
N X I~
v H
10 PLL LOGIC
RF SIG GEN
VECTOR VOLTMETER
CAVITY
A B
RESONATOR
1

Fig.16 - Test set up for adjustment of delay

line length.
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where AL is the change in length in metres

V¢ is the velocity factor of the cable
(for RG174 V¢ = 0.66)

f frequency in Hz.

To facilitate this testing procedure a number
of standard lengths of RG174 coaxial line to-
gether with SMA M-M / F-F cable adapfors were
used to obtain the required length of delay line.

Once the delay line length had been adjusted
to achieve zero phase change at the centre fre-
quency the phase and gain of the loop at other
frequencies was measured by adjusting the variable
capacitor and RF signal generator frequency. The
vector voltmeter was rezeroed at each frequency.
When satisfactory oscillator performance had been
achieved permanent delay |ines were constructed.

For the 168-197 MHz cavity, it was found that
a single delay line would not produce the condi-
tions for oscillation over the whole band. This
problem was overcome by using two delay lines to
cover the band.

During the testing procedure it was also found
that the 168-197 MHz oscillator had a tendency
to oscillate at an overtone frequency of approxi-
mately 450 MHz . To overcome this problem a sim-
ple L-Section lowpass filfer was inserted in the
feedback loop. The delay lines were adjusted with
this filter in the loop.

9.5 The VCO Characteristic

A plot of the frequency/voltage characteris-
tic at the approximate centre frequency of each
band is shown in Fig.17. The characteristic is
moved in frequency by manual adjustment of the
variable capacitor. Thus it is seen that the loop
is only fully automatic over a limited range and
the synthesiser can only be considered to be semi-
automatic with some manual adjustment necessary.

14 T
180 MHZI
12 CAVITY /
o 10 A
E 500 MHz
E . CAVITY
= /
: /
S A
6
£ / L
4 e
/&/
5 ]
I
503 504 505 506 507 508 509 510 511 512
| | ! | I ! [ I |
178 179 180 181 - 182
FREQUENCY MKz
Fig.17 - V(O characteristic.
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10.  FREQUENCY DIFFERENCE DECTOR/TUNING INDICATOR

APPENDIX 1 Loop Analysis and the Design of

To assist in the manual!l tuning of the cavi-
ties a tuning indicator is provided. The indicator
consists of a frequency difference detector; to
measure the difference to frequency between f..¢
and fya,. (programmable divider output); an LED
display and a tuning meter.

Manual adjustment of the frequency is made by
firstly operating a switch which opens the ioop,
at the phase comparator oufput, and applies a con-
stant voltage to the cavity varactor diode through
the reference frequency suppression filter, and
then setting the required frequency on the pro-
grammable divider.

The LED display indicates if the cavity is
tuned foo high or too low in frequency. The vari-
able capacitor is then adjusted as required. As
the frequency error is decreased the defiection
on the meter is increased. When maximum deflection
has been achieved the switch is again operated 1o
close the loop and lock is achieved.

11. CONCLUDING REMARKS

The design of the major components of a phase
locked synthesiser that employs a novel VCO have
been described. The synthesiser's frequency range
can be readily expanded by the inclusion of fur-
ther suitable cavity resonators and appropriate
delay lines. The penalty for this feature is that
the synthesiser is not fully automatic. However
this is not seen as a serious restriction since
the manual tuning procedure is relatively simple
and requires no external test apparatus. Also,
since the synthesiser is to be used as a local
oscillator in a field strength receiver, frequent
changes to the operating frequency are not envis-
aged.
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the Loop Filter

This appendix discusses the calculation of the
Time constants for various types of filter. The
phase locked loop can be represented by the func-
tional block diagram of Fig.Al (Ref.6). This
assumes that the loop is locked and the phase de-
tector is linear.

Applying elementary control systems theory the
closed loop response is given by

eo(s) kp.F(s).kV
5,57 "5 ¥ k_F(s).k (16
L v
N
where k,., F(s), ky and 1/N are the gain con-

stants of the various blocks as shown in Fig.Al.

From equation (1) it is seen that the loop filter
will to a large extent determine fundamental loop
characteristics such as loop bandwidth, fransient
time and capture time.

In some applications it may be necessary to con-
sider the phase error that exists, in the phase
detector, between the reference/input signal

8i(s) and the feedback signal 6,(s)/N
It can be shown that
ee(s) 1
8.(s) 1 +kk_ F(s) S
i v p
sN
where
8 (s)
8 (s) = 6.(s) - =2 (18)
e i N

Consider the situation of applying an input fre-
quency that is different to the VCO output.

PHASE DET FILTER Vo

Oyls)

Oyls)
Fis) iy Kvis

i
N

PROG. DIV & PRESCALER

Fig.Al -

Functional block diagram of phase
Locked loop.
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Since frequency is the derivative of phase this
is equivalent to applying an input signal 8;(+)
where

so called step velocity

g.(t) = C .+ 20 ;
i v .
input

(19

and Cy is the magnitude of the rate of change
of phase in rad/sec.

Applying the Final Value Theorem we have

6
. e ! v

lim 8g(1) = 1im s. T+ K K F(s) * o2 (20)
Troo S0 vV p.

sN
1f F(s) is of the form

kf(s+a)
F(s) = —— (21)
s

then
Fim 8o(1) = 0 (22)
Tt

Thus it is seen that if it is desired for the PLL
to track a reference frequency (step velocity in-
put) with zero phase error the open loop gain of
the system should have at least two poles located
at the origin. Such a system is known as a type 2
system. The filter zero at s = -a is required
to provide stability.

The design of a phase locked synthesiser would

not generally demand phase coherency between the
VCO output and the reference input. However a type
2 system offers some design advantages which will
be discussed later. Alfernatively a simple lag-
lead filter may be adequate if phase coherency is
not required.

Having specified the general form of the filter
transfer function it is then only necessary to
specify the filter time constant to complete the
phase locked loop design. The fime constants are
calculated primarily from stability considera-
tions.

Consider the folliowing cases.
Case (i)

Tos+l

=P 2
Fis) )5 (23)
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This function can be realised by the circuit of
Fig.A2.

The characteristic equation of the resulting type
2 system is given by

24 PV &L DV, )
s¢ + N s + N.T, 0 (24)
i.e.

2 2 =
s< + 2£wns i @, 0 (25)

Equating coefficients we have

B = R (26)

R is known as the natural frequency

© Ty =t T, (27

£ is known as the damping factor.

The response of the type 2 second order system fo
a step of phase input can be readily calculated.
The normalised step response is given by

exp(—EwnT) >
8 (1) =1 + ——— « Sin{w tV1- - ¢}
: /et LA
for & # 1 (28)
where
tang = /1-£2/¢ (29)
and
eo(+> =1+ exp(-mnf)-{wnf—l} for & = 1.
(30)
RI | C
R,
-0
Fig.A2 - Loop filter F(s) = Tps/(Tis + 1)
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The above expressions are plofted as a family of
curves for various values of damping factor ¢

in Fig.A3. Each curve is plotted as a function of
normalised time wpnt . For a given & and a re-
quired lockup time the wp required to achieve
the desired results can be determined. Thus we
see that for a loop with this filter we can inde-
pendently choose & and w, .
However in choosing the filter time constants we
must ftake into consideration that the factor

ky/N will vary as the synthesiser operating fre-
quency is changed. The usual case will be that
ky will vary with both frequency and control

voltage. The value adopted in calculations was
the average gradient of the VCO characteristic
over the expected control voltage range.

Without going to the complication of designing an
adaptive filter the following design procedure
was used. From fock-up Time considerations an w
is chosen. For a selected value of & the filter
time constants can then be calculated, from equa-
tions (26) and (27), using the values of k, and
N applicable when the synthesiser operating fre-
quency is a maximum. Using these values for the
Time constants the stability of the loop is then
checked at other frequencies as N and ky vary.
(The natural frequency, damping factor, and
closed loop pole positions were calculated.) The
calculations are then performed for a different
value of &

This procedure can be most readily carried out
using a programmable desktop calculator and will
provide the designer with a number of suitable
filter designs.

€ INCREASING

NORMALISED OUTPUT

0-5

An alternative starting point is to select the
desired -3 dB closed loop bandwidth. It can be
shown that for a type 2 second order system the
-3 dB bandwidth of the locked loop is given by

L
w {1+ 282 + (2 + 482 + 457} (31

Y_z4p

Thus for a given damping ratio and a desired loop
bandwidth (at the maximum operating frequency)
the required value of wn and hence the filter
coefficients can be determined.

Case (i)

Tp s + 1

F(s) (32)

T, v TS + 1

This transfer function can be realised by the
circuit of Fig.A4.

For this filter the characteristic equation is
given by equation (25)

RESPONSE TO STEP OF PHASE INPUT
LOOP FILTER F s)=(T2s+1)/Tls

Fig.43 -

Response of PLL for step of phase in-

put (Filter Fig.A2)
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where

Kok,
5= DAV I
“n T ON(T, F T =

and
k kT,
= =PV s
280, = TN T T, 1, C2
w
T, +
g=—| T2+ N (35)
p Vv
For a realisable filter T, > 0
and thus
2& N
> max value [ Ok } (36)
n p v

Equation (36) places a resfriction on the value
of wpy assuming a value of & . However wp and
g§ can still be selected independently.

The normalised response of the loop to a step of
phase input is given by

exp(-Ew 1)
8, (1) = 1+ ————{ (Tpw_-E)Sinu /1-£2t
/1-¢2 "

- V/1-g2 Coswn/1~£2T for £ < 1
(37)
o y N  § -0

Fig.A4 - Loop filter

F(s) = (TzS + 1)/((T1 + Tz)S + 1)
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This response can only be readily plotted for
differing values of £ against normalised time
wnt assuming a value of T,.wn @s shown in Fig.
A5,

The design procedure used fo determine the time
constants was as follows. For an initial value of
g the maximum integer value of w, was calcu-
lated such that inequality of equation (36) was
satisfied. Using these initial values the time
constants were then calculated using the values
of N and ky applicable at the maximum fre-
quency. The stability of the loop at other fre-
quencies was then confirmed. The whole procedure
can then be repeated for a different initial value
of & . This procedure was readily performed on a
desktop calculator.

I+ is to be noted that the achievable closed loop
bandwidth for the locked loop is considerably
less than that which can be achieved by the fil-
ter of case (i).

Case (iil)

F(s) = 1/1 + Ty s (38)

For this filter we have following a similar pro-
cedure to the above

kpkv
20
w? N T, (39)
Zeo = /T (40)
2tk Kk
= p_Vv
R N (41
2 -
18 RESPONSE TO STEP OF PHASE INPUT
- FILTER F(5)=(T25+ AT +T2s+1]
6
14 -
12 € =06
i 07 = omecus
10
o 09
o8 078
06
04
02
L A 1 1 A o 1 1 1 1 1 1 1 1 . 1 1 L 4 L 1 | QEU B
0 1 2 3 4 5 6 7 8 9 0woon o
Wn-t
Fig.A5 - Response of PLL for step of phase in-

put (Filter Fig.A4)
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Thus we see that w and & are not independent.

APPENDIX 2 Suppression of Spurious OQutputs

In addition to defining loop gain and assuring

stability under operating conditions, considera-
tion fo minimizing spurious spectral components
may be required. The worst of the spurious sig-
nals is often the reference frequency sidebands.

Any steady state signal on the VCO control line
will produce sidebands in accordance with FM
theory. For small spurious deviations the relative
sideband-to-carrier levels are given by

Voor K
RE1- BV (42)

Zwref

sidebands
carrier

is the peak volfage of the spurious
line.

where Vigs
frequency on the VCO control

The most likely cause of unwanted control line
modulation is from the phase detector pulse com-
ponents feeding through the loop filter.

| f V¢ is the peak value of the reference fre-
quency voltage at the phase detector output and

Vref IS The peak value of the reference frequency
at the VCO input:

v =V . F(s) (43)

For the filter

F(s) = Tos+1/Tys (44)
sideband level _ AL (45)
carrier level GoTT zmref

substituting for T,
Appendix 1.

and T; from expression in

B10OGRAPHY

PETER R. HICKS -
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see previous paper in this issue.

£ mn N
= V¢ = (46)
p ref

For the filter

T, s + 1
T, #7081 (47)

We have from Appendix 1

koK,
Tyt Ty =y (48)
n
MsR=N2 =
2 E/wn N/kav (49)
Ne 2
n 28 N
R N N e
pVv n p Vv
2
S .y, = 2 _ N (51)
€ [ 2kpu)ref w kp v
Consider the case & = 8, wpn = 52, N = 22000.

Assuming V4 = 10 mV  and substifuting into equa-
tions (5) and (10) we find that the filter of
equation (47) provides approximately 47 dB side-
band suppression; =38 dB more than the filter of
equation (44).

Since it is difficult to estimate Vo and in
cases where phase coherency of reference and out-
put signal are required (filter given by equation
(44)) it is advisable to provide additional loop
filtering to increase the sideband suppression.
Any lowpass roll off must be removed from w,

and yet be well below wpret . The response of the
suppression filter used is shown in Fig.10. With
this filfter the sideband suppression was greater
than 58 dB.
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