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1. I NTRO IRJCT ION

Autoce ll is a computer controlled interferometer facility for the automated
measurement of the direction of arrival of h.f. radio waves wh i ch have been
reflected by the ionosphere . The study of the propagation of h.f. radio waves
via the ionosphere has been of interest in Australia as well as elsewhere for a
great many years . See, for example , reference 1. This type of propagation
displays a number of phenomena which are of importance to high frequency
communications and to direction finding . The availability of comparatively
inexpens ive general purpose digita l computers ha s made it feas ib le  to aut omate
a technique of ionospheric measurement which has previously required tedious
manua l procedures . Automation greatly speeds up the accumulation of data on
which the study of ionospheric propagation phenomena depends . It also makes it
possible to carry out more complex experiments than have been possible before ;
for example by providing the capability of frequency agility.

the software written for the Autocell system provides an interactive keyboard
operating program which permits selection of up to ten frequencies in the range
2 MHz to 13 MHz for successive measurements , with a choice of format for real-
time display on a teletype machine and an independent choice of format for data
storage on magnetic tape . The operating program incorporates the use of an
interpretive instruction sequence wh i ch can be entered from the teletype keyboard .
The program also uses the computer interrupt facility to increase the rate of
making measurements as much as possible.

After initial set up, wh i ch is minima l and after typing the required
instructions into the computer from the teletype keyboard , the system will
automatically carry out all the required operations of: tuning the system to
the selected frequency, calibration , measurement sequence, computation for real-
time processing i f required , data storage and data print-out for display on the
teletype machine. The above operations are then automatically repeated with the
next frequency selec ted and so on , according to the instruction sequence entered
into the computer.

The following real-time processing is available: computation of azimuth and
elevation angles , with an estimate of the range of the source ; computation of
N-S and E-W components of angle of arri val ; individually selectable di gital
data smoothing for each channel ;  and the formation of a his togram for one
channel of the computed angles of arrival together with the computation of the
mean and standard deviation values of these angles. The maximum rate of
operation under favourable conditions with the current state of development is
approximately four complete measurements per second if only one frequency is in
use. Under unfavourable conditions a measurement is automatically terminated
i f  not completed within approximately three seconds .

Figure 1 is a photograph of the equipment. A PDP-8L computer occupies the
rack on the left , together with associated peripheral equipment including a dual
DECtape unit. Control equipment with computer interface and subsystems inter-
face circuitry , power supply and 11P3330A frequency synthesizer occupy the centre
rack . The Racal twin channel communications receiver type RA153 together with
measurement and receiver subsystems occupies the ri ght hand rack . A small table
for the convenience of the operator is normally placed adjacent to the teletype
machine , but was removed for the benefit of the picture . A small amount of
equipment associated with the interferometer aerial interface is housed in a
separate rack which does not appear in the picture . The interferometer aerial
array occupies a field near the equipment building.

- -  —~---~~-~~~~~~~~~ -- . -. ________ —I---.——



~R1.-TR • 1t~44 (A) - 2 -

2. PRINCIPLES OF OPERATION

The interfe roneter measurement techni que used for Autocel I has been described
in references 2 , 3 and 4. The method can be understood by reference to figure 2.
The interferometer cons ists basica lly of two pairs of horizontal dipole aerials
with separation (d) that are accurately surveyed into position . One pair is
sited in a North-South di rection and the other pair in an East-West  d i r e c t i o n .
The separation of the dipoles in each pair is 73.15 m (240 ft). The X’s on the
N-S and W -L axes shown schematically in fi gure 2 represent the centre points of
the aeria ls. A measurement of the phase differences of the signals appearing
in each of the two pairs of dipoles is sufficient to determine the direction of
arrival of the incoming wave at the selected frequency , provided the frequency is
sufficiently low or that signals are arrivin g from near the zenith . For higher
frequencies and oblique signals an ambi guity arises from grating lobes due to
the spacing of the di pole pairs . The ambigui ty is resolved by providing an
additional two pairs of aerials at one quarter of the spacing of the main array .

Re ference to figure 2 shows that the bearing 0 and elevation angle 0 can be
computed from the measured phase angles 

~NS 
and S EW in two stages , after

correcting for the amb i guity in these angles if necessary . The intermediate
angles a and 13 defined in the figure are first computed. From these , the
bearing and elevation angles are computed. The standard PDP8 23-bit format
floating point package is used to carry out all of the requi red steps of
ambiguity correction and computation including the determination of the correct
quadrant for the bearing angle. The conventions used for the definition of the
respective ang les can be seen in figure 2, where the bases of the arrows give
the :er~ degree positions and the arrow heads give the sense of increasing angle.
Bearing angles are measured from 00 to 361)0 in a clockwise sense from due North .

In the practical realisation of the interferometer each horizontal dipole
as described so far actually consists of two crossed dipoles arranged at 450 to
the North-South direction . These crossed di poles are connected with a phasing
circuit to form a circularly-polari zed antenna. The direction of polarization
can be selected remotely. The hori zontal dipoles have a polar diagram which is
directed vertically thereby ensuring that ionospherica lly propagated signals are
given pre ference ove r ground wave s igna l s .  Furthermore , only s ix crossed
dipole aerials are used since the short base line pairs can share one dipole
each with the long base line pairs . In principle , therefore, the basic
requirement is to make a sequence of phase measurements . In practice , there
are a number of compl ica t ions  which have to be taken i n t o  account and these are
described in more de ta i l  in  la ter  sec t ions .

3. FUNC TIONAL DESCRIPTION OF HARDWARE

3.1 General

The A u t o c e l l  sys tem equipment i s  made up of four main  subsystems : the
computer , con t r o l l e r , receiver  and phase measuremen t subsystems (shown in
block  schemat ic  form in figure 3). The dua l channe l receiver subsystem
amplifies the selected high frequency (h.f.) transmission received by
selected pairs of aerials and converts these signals to 100 kHz signals , the
differential phase ang le between which is measured by the phase measurement
subsystem. The operation of the phase measurement subsystem and certain
aspects of the receiver subsystem such as si gnal leve l adjustment is
controlled by the controller.

The controller contains a programmable microcontroller and interface
circuits for each of the subsystems and for the computer. The micro-
controller controls the complete sequence of calibration and measurement
operations and ilso other sequences of operations , as required for specifi c
tasks. The operation of the microcontroller can he initiated and observed
on a manua l con t ro l and display pane l which can be seen at the top of the
cen t re rack in f igure 1. When the system is in operation , however , the

~~~~~~~~~~~~~~~~~~~ ~
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microcon t roller is itself directly under the contro l of the computer.

3.2 Computer subsystem

The computer subsystem comprises a Digital Equipment Corporation PDP-8!.
computer (ref.S) with 8K core memory , an ASR~ 3 teletypewriter and a TU56 dua l
E)ECtape t ransport with associated TCO8 DECtape controller. The inter-
connection of these units and the controller can he seen in figure 4, which
shows the Autoce ll controller sharing the daisy chain input/output bus
structure of the computer with the memory extension unit and the DECtape
controller. \l l subsystem contro l then takes p lace from the Autocell
con t roll er. The fact that the Autoce ll and DECtape controllers share the
same bus means that the computer cannot interleave the opcrat~~rn of these
two units . h owever , in practice , this is not a severe restriction as the
time lost when the system is in operation is of the order of one or two
seconds per I)ECtape storage operation every few minutes.

3.3 Controller subsystem

A very much simplified block diagram of the controller subsystem is given
in figure 5. The interface between this subsystem and the manua l contro l
and d i s p l a y  panel has been ignored in this fi gure .

It can he seen at the top of fi gure 5 that there is a flow of parameters
from the computer through appropriate interface (selector gate) circuitry to

set of reg isters . These reg isters hold information such as the selected
frequency, attenuator settings and initialisation parameters (i.e. switch
settings). This information is then available to the subsystems until
changed by the computer. Following down the diagram , it can he seen that
there is a sini l -ir flow of data and parameters from the subsystems to the
computer .  The phase measurement data (and also  sample time and other data)
is accumulated i n  a set of reg i s t e r s  fro m which the information can he passed
to the  computer. The data transfer process is initiated by the  microcont-
roller when a complete set of data is assembled and occurs through the direct
memory access facility of the computer into a preselected buffe r area in the
computer ’s memo ry . The computer reads parameter information (final
parameters or log ic switch settings ) throug h its programmed transfe r
capability.

The mi crocontroller is shown at the bottom of the block diagram . The
microcontroller is a programmable sequencing device . It can generate a
number of control  pulses on individually selected lines and it can perform
condi t iona l  as wel l  as u n c o n d i t i o n a l t rans fers to any step in the sequence
by means of a second set of i n d i v i d u a l l y  selected l ines , wh i ch sense the
cond i t i ons  to he tes ted.  The mic rocont ro l l e r  thus has the capability of
responding to circumstances as they a r i se  and to s w i t c h  to a new sequence
step or l oop back to a previous sequence step as required. In some cases ,
the microcontroller will initiate a sub-sequence controlled within a subsystem.
In this case , the conditional branching facility is used to execute a waiting
loop u n t i l  a f l a g  s ignal  from the subsystem is se t .  To avoid a possible
inde f i n i t e l y  long w a i t i n g  t ime , a time l i m i t test  is included in the waiting
loop in a number of cases . At the exp iry of the time limit , the micro-
controller program exits and signals the computer.

The microcon troller circuitry is based on an INTEL 1702 PROM device which
provides a fixed non-volatile memory to hold the program . This device can
he reprogrammed in the laboratory . An assembler program is available to
assist in firmware development. This assembler program will run on the
Autoce ll computer or any other similar PDP-8 computer system. The assembler
will accept a source fi le generated with the operating system software of the
computer(ref.6), and will produce both a fully coded octal and decima l
listing of the microcontroller program and a specially coded paper tape which
can be fed directly into an iNTEL PROM programxner(ref.7). The amount of
time and frustration saved over manua l coding and PROM loading is considerable.

~~ - - -.~~~~~~~~~~~~~~~~~~~~~~
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3.4 Receiver subsystem

The receiver subsystem comprises a twin channel receiver and the following
associated units: aerial nulticoupler units , aerial s-~itching unit , dua l
matched attenuator , di git~iI tuning circuits , gain balance contro l and
attenuator control. The latter three units , although functionally part of
the receiver subsystem , are located physically with the phase measurement
subsystem . The block diagram in fi gure 3 should be refe r red to whe n
reading the following sections describing these units.

3. 4. 1 Receiver

The receivel 1S a Twin Channel Communications Receiver , Type RAIS3 ,
manufactured by RACAL Communications Inc.(ref.8) . This receiver covers
the frequency range 1 ~fl-lz to 30 Mh z and pro~ ides two separate si gnal
paths , balanced to 1 dB in amplitude and 15 in phase , to produce two
i f ,  signals at 100 kHz , at which the phase is measured. The two
channels are electronically linked and tuned by the same local
osci 1 lators .

In view of the magnitude of the phase and gain imbalances and
because these vary with both receiver control settings and signal leve l ,
a number of calibration and control functions are necessary to ensure
that phase measurements are accurate to better than 2 . Befo re each
set of phase measurements (for a particular signa l frequency) , a
calibration phase measurement sequence is entered in which a calibration
signal at the selected frequency is applied to both inputs of the
receive r and the gain imbalance is removed by the gain balance control
prior to the phase imbalance being measured. This calibration measur e
ment is suhsequent1~- sub t r ac t ed  from the f o l l o w i n g  a e r i a l  phase ang le
readings to obtain the true phase ang le data . In add i t ion , in order
to reduce the differential phase angle shift due to signal level
variations to an acceptable leve l , measurements are taken only when the
two i .f. signals fall within a 10 dB dynamic range . Since this would
otherwise result in excessive data dropouts for a signal with greater
dynamic range , a twin channel phase matched r.f. attenuator ahead of
the receiver is controlled to maintain the i .f. si gnal levels within
the desired range .

The only receiver settings con trolled by Autoce ll are the tuning
signals for frequency selection and the channel 2 gain contro l to
balance the channel gains . The other receiver controls of most
concern , which are set manua l ly prior to operation of the system at
present , are the r . f .  aer ia l  tun ing ,  r . f .  a t tenuator , r. f . / i . f .  gain
control and the i . f .  bandwidth . The main r e s t r i c t i on  imposed by the
necessity to manually set the positions of these controls  p r i o r  to
system opera t ion  is  w i t h  respect to the dynamic range of signal levels
w hich can he accommodated by the system. This range is at present
limited to the 60 dB dynami c range of the automatic attenuator.

3.4.2 Aerial multicoupler units

Each of these units comprises two identical isolating amplifiers
each of which enables one aerial to be connected to up to four
receivers without mutua l interfe rence , thereby permitting operation of
A u t o c e l l  i n p a r a l l e l  w i t h  other systems from the same set of a e r i a l s .
The unit also provides 10 dB gain and increases system sensitivity.

3.4.3 Aerial switching unit

This unit provides for the connection of either a selected pair of
aerials or the calibration si gnal source to the dual channe l receiver
inputs via the dual matched attenuator. Switching is achieved in
under 10 ms by means of mercury wetted bistable relays . The selection
of relay Contac t  closures is  determined by three d .c . signal levels
during a strobe pulse. The three d.c. si gnals control the selection of
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( a )  t h e  signal sou rce , I .e . e a l i h r : i t i o n  or a e r i a l  arr .uv ,

( h )  the ~‘l or th — Sout h  u i  East—We st ae r i  ; u l s , and
( c )  t h e  w i d e l y  or n a r r o w l y  spaced a e r i a L , .

3 .4.-I Dua l matched at tenuator

The dual matched attenuator operates under the contro l of the
a t t e n u a t o r  c o n t r o l  u n i t  s i t u a t e d  in  t he  phase m e a s u r e m e n t  s u b s y s t e m .

Both  c h an n e l s  o f  the a t t e n u a t o r  c on s i s t  of four  ‘ pi ‘ s e c t i o ns of
s w t i c h c d  a t t e n u a t i o n  p r o v i d i n g  4 , 8 ,~~ and 32 d B  of a t t e n u a t i o n .

sw it ching i s  accomp l i :;hed using mer cury wettod h ist abl e relays and
is ont rolled by four d .c. si g n a l  l ev e Is determining the stat U- - ot
of the four switches in the two channels and a s t robe  pu l s e  for
e s t a b l i s h i n g  a new setting. Thus the attenuation of both channels is
c o n t r o l l e d  in -1 dB steps over a range of ( ) dB to 60 dB.

3. 4 .5 Di g i t a l  t u n i n g  c i r c u i t s

These i r c u i  t s  p r o v i d e  t h e  two t u n i  ig s i g n a l s  r e qu l i  red t o  t i m e  the
receiver to a frequency specifi ed by the controller. The two tuning
si gnals control the megahertz and ki lohert : content s of the signal
s e l e c t e d  by t h e  r e c e i v e r , which uses the W a dley  s y s t e m of hand s e l e c t i o n .

( h e  t u n i n g  si g n a l s  a u t o m a t  i c a l  ly  t utn e t he  recc i  ~‘rr to  r h -  frequency
spec i  fled by t 00) d ig i t s  p r o v i d e d  by t h e  c o n t r o l l e r , two of whi ch
det er m i n e  the  m e g a h er t : t u n i n g  (1 to  30 M h l : )  and Lo in -  of w h i c h  l e t e r m in e
the k i l o h e r t z  t u n i n g  in 0 .1 k H z  s teps  w i t h i n  the  range 0 kI t :  to
999.9 k I t : .  The NUt: t u n i n g  si gna l  t unes  to a new s e t t i n g  w i t h i n  20 ms
and the  kI !z t u n i n g  si gnal w i t h i n  200 ns.  A f r e q u e n c y  “ s t a b l e ’ f l a g
is set when the kit: t u n i n g  si g n a l  f requency i s  locked to the  v a l u e
specified (except for the 40 ms after receipt of a clear flag si gnal
from the controller ) . The clear flag si gnal is applied when a new
f r equency  i s  c a l l e d  for  by the  c o n t r o l l e r .

3 . 4 .6  G a i n  b a l an c e  c o n t r o l

The g a i n  b a l a n c e  c o n t r o l  p rov ides  the  means for  e q u a l i s i n g  the  g a i n
of t he  two c h a n n e l s  of the rece ive r , the  need for which was explained
in  Sec t ion  3 . 4 . 1 .  On command from the m i c r o c o nt r o l l e r  the u~a i n
b a l a n c e  con t ro l m o n i t o r s  t h e  two i . f .  si g n a l s  and a d j u s t s  the g a i n  of
c h a n n e l  2 to e q u a l i s e  t h e  i . f . si gnal  l e v e l s .  The ga in  i m b a l a n c e  of
the receiver is specified as ± 1 dB and the  con t r o l l e r  p rov ides  more
t h a n  4 dB v a r i a t i o n  i n  c h a n n e l  2 g a i n .  When gain balance has been
achieved , a f l a g  is  set fo r  r ead ing  by the  microcon t r o l l e r .

3.4 .7 Dual matche d attenuator control

The t w o - c h a n n e l  matched a t t e n u a t o r  can be operated in either of two
modes , the [.ock and Search modes . In the Lock mode , the a t t e n u a t o r
setting remains fixed at that pertaining when the Lock mode was applied.
In the Search mode , the contro l circui t seeks to bring or maintain the
amplitude of the i.f. signals within a given range as described in
Sec t io n 3.4.1 . A f l a g  capable of b e i n g  read by the controller is set
when t h e  s i g n a l  cannot  he broug ht w i t h i n  t h i s  range . The mode of
op e r a t i o n  of the attenuator con t rol can be determi ned from the  c o n t r o l l e r
or , by means of a switch , from the card itself ’. The attenuator setting
can a l s o  he set and read from the computer v i a  the con t ro l l e r .

3.5 Phase measurement subsys tem

The phase measurement subsystem , an ear ly version of which was described
in reference 13 , performs the primary measurement function of the Autocell
system. In addition to the phase measurement circuits , i t  comprises  the
da ta consolidation circuits and a frequency synthesizer and associated
attenuator.

‘- 
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3 . 5 .  1 Phase  m e a s u r e m e n t  ci  rcui  t s

The phase d i  f l o r e n c e  bet wee n  t h e  two i , f .  signals is measured on a
cy c l e  to  cy c l e  b i s i  s by coun t ing the number of pulses of i clock between
:t ’ ro c r o s s - o v e r  p o i n t s  on t h e  t w o  i .1. signals . In order that t h i s
s h o u l d  pro~ ide a d i rect measurement of the phase angle and t o  avo id
e r r o r s  r e s u l t i n g  f rom ~a r i i t i ’ n i s  i n  t h e  i . f .  s i g n a l  frequency , t he  cloei
i s  con t  r o l l e d  to he a f i  xed mul  t i p 1 e of t h e  i . f . s i g n a l  f r e q u e n c y  for
\‘a r i , i t i ,~ris o f  up t o  5~, i n  t h e  n o m i n a l  frequency of 100 k I f : . Since
the factor by which the clock is a multi ple of the i .f . is 2Sf , a
p h a s e  di  f t ~ r e lu ce  of  3~ 0° is  r i -p r e s e n t e d  by 25f h i t s  in this phase
measurement sv~, t e m.  The iuu ~ a s u i  is ’n ent reso I ut  ion of I bi t (of ’ p h a s e )
is equi i v a loii t t o  1. 4 0

~~t ) r educe  er r or s  duo t o  recei ver di f f e r c n t i a l  phase sin ft with signal
leve l var i at i ons t o  an acceptable amoun t , m e a s u r e m e n t s  are t - t k ’ ’ n  o n l y
i s h o n  both 1.1 . si g nal levels fall w i t h i n  a g i v e n  range . Moreover ,
i n an ; i t t e m p t to  ensu re  that only quasi-un i nuoded p ropagation is
c o n s i d e r e d , m e a s u r e m e n t s  are r e s t r i cted to those  t i m e s  when the
amplitudes are equal to w i t h i n  some preset  t o l e r a n c e , w h i c h  i s  s m a l l
in comp arison to that permissible under the range restriction just
m e n t i o n e d . To further limi t the measurements to single moded
c o n d i t i o n s  01 transmission the readings are only utilised when a g i v e n
number of preceding cycles have met this amplitude equality t o t .
this wavefr int test numbe r cat i he s e l e c t e d  i n  the  range 0 to 7.

In addition to making these tests (signal in ‘ ampl i tude ’ window ,
amplit ude equalit y , wavefron t tests), the phase measurement system
c o n t a i n s  a circuit which determines whether the i.f. si gna l  l e v e l s  are
ahov c  t h e  r cei vi ’ r noise level , thereby indicating t he  presence  of
signal. b r  i .c. w . transmis sions this is used to strobe measurements.

3. 5 . 2 (Ia t i  COT ~S0 I i  h i t  i on  -

The fu i n c t  i o n  of t he  data consol  d a t i o n  ci rcui ts is to compound and
r educe t h e  ra w phase measurement result s , whi ch can occur at a rate
of as much as one measurement  ev e r y  t en  mic roseconds , by d e r i v i n g  t h e
mode and the  m cd i  an v a l u e s .  I’Iu i s  i s achieved by providing a hardware
histogram circuit , which is readily achieved with random access memory ,
in wh i ch one memory cell is reserved for each of the 256 possible
measurement values. The mode is the most freque n t l y occ urr i n g va lue
and is detected as that value for which the number of occurrences
first exceeds a pre-selected numbe r given by 32n + 31 , where
n(= 0 to 7) is the mode parameter  and is computer s e l ec t ab l e .  S ince
phase measurement is circular w i t h o u t  d i s c o n t i n u i t y  at 0 or 3600 ,
i . e . (I or 2”() phase units in the measurement system used , the median
v a l u e  is computed with respect to the mode . Mo reover , in deriving the
median value , the next successive value after values 254 units ,
255 u n i t s  and 256 u n i t s  i s  t aken  as I un i t  becaus e a l l  the  measurements
are for si gna l paths of less than one wavelength and a reading of
254 u n i t s  t h e r e fo re corresponds to -2 u n i t s , 2 55 un i t s  to - l  un i t  e t c .
l a k i ng account  of t h i s , the  med ia n value  is  der ived  b y s ta r t i n g  at a
valu e (28 units less than the mode and accumulating a count of the
number of O c c u r r e n c e - j of r e a d i n g s  for successively hi gher values un t i l
the  . oiint eq i~~ I ,  onc half t h e  t o t a l  number of r e a d i n g s  t ak e n . The
v a l u e  at which t h i s  occurs is t aken  as the  median  va lue .

I t  i s  t h e s e  c on s o l i d a t e d  measuremen t s , t he  mode and median va lues,
which are t ransferred to the controller for display and thence to the
computer f o r  f u r t h e r  p rocess ing  and r ecord ing  and d i s p l a y . Al so
transferred to the computer is the number of wavefront test failures
occurring d u r i ng the measurement , which is a measure of the signal to
noise leve l pcrt :t:ning during the measurement.

- -~~ _ __ _

‘ 
-—.—- -.— —

~~ 
- - - . - - - -— ‘.--  - — -  -
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3 . 5. 3 I requency synthes i icr

\ programmable 11P3330A frequency synthes I :er p rov ides  t h e  c a l i b r a t i o n
s i g na l and s i m u l a t e d  signals d u r i n g  system tests. All programmabl e
functions of the  s y n t h e s i z e r  can be controlled from the mi cro ont roller
program.  The s y n t h e s i  .:er output si gnal  f requency can he set to ( 1 .1 khl z
r e s o l u t i o n  to any frequency w i t h i n  the range 0 . 1  k tI z  to 13 , 000 .9 khS z
w i t h i n  2 ms .  The upper l i m i t of 13 MHz for the frequency s y n t h e s i z e r
sets the upper frequency limi t of operation for the system w h i c h  would
o t h e r w i s e  he 30 M I t : .  The signal level is not programmable and must
he set manually. H owev er , the  s i g n a l  can he s w i t c h e d  o f f  i n  so far
as i t  affects the s v s t  em b y swi t c h i ng the  f requency t o  zero and t h i s
fac i l i t  y i s used d u r i n g  pha se  measu remen t s  on aeri  a 1 s i g n a l s  to
e l i m i n a t e  the p o s s i b i l i t y  of i n t e r f e r e n c e  from the calibration si gnal.

3. 5.4  C a l i b r a t i o n  si gnal  a t t enua to r
A 50 Il a t tenuator  provides the contro l for the ca l ib ra t ion  si gna l

level and should be set manua l ly  to match the incoming si gnal leve l to
minimise  delays r esu l t ing  from swi tch ing  of the dual ma t ched a t t e n u a t o r .
The attenuator has a range of 80 dB in 1 dB steps .

4 . FUN CTIONAL DESCRIPTION OF SOFTWARE

4 . 1 Ge ne ra l

Some idea of the scope of t he  AUTOCEL I . opera t ing  program (ACOP) has a l re ady
been g i v e n .  I t s  e s s e n t i a l  purp ose is to enable  the  operator  to contro l the
system ’s operat ion w h i l s t  seated at a t e l e t y p e w r i t e r  from which he has a good
view of the equipment  and can m o n i t o r  each u n i t ’ s performance.

The program has three  modes of ope ra t ion .  The p r i n c i p a l  mode is the
Command Mode and the two s u b s i d i a r y  modes are the Type and Search Modes .
Trans fe r of contro l between the various modes is made through the keyboard
and since the  keyboard input interrupts the computer ’s operation , the operator
has i mmediate con t ro l of the system at a l l  t imes . The Type Mode is  used for
typing  messages and in i t  the te le typ e merely  echoes the characters  typed.
The Command and Search Modes will be discussed in turn .

4.  2 Command mode
In th is  mode a l ine of characters , a Command Line , typed by the operator

constitutes a sequence of commands to the system. Howeve r the characters
are not acted upon , except for being stored in a buffe r and typed , unti I
receipl of a CARRIAGE RETURN character . To assist  h im i n  en te r ing  the
desired command code correctly the operator is able via special keyboard
comma n ds to

(a) delete characters successively in a reverse direction from the last
one entered;

(b) have the computer retype the line where this is desirable for operator
c l a r i f i c a t i o n  or

(C) abandon the e n t i r e  line without having the computer act upon it.

In  .idditi ’oi the teletyp e bell rings to warn the operator when only 10 character
spaces r e m a i n  to  be f i l l e d  in the command l i n e  and again when only 2 charac te rs
remain .  t xcess characters  are i gnored.

A l i st i~i characters usable in the command mode together with an
i n d i c a t i ni of t h e i r  in te rpre ta t ion  is given in Table 1. Two of the commands ,
those for opening the Instruction and Display Lines , have their own subsets
of convnands and associated characters which are listed in Table 2. These
two commands together  w i t h  t h e i r  sub-commands are entered on separate l ines .
The I n s t r u c t i o n  L ine  determines the operations performed when the Instruction
Seque nce is  i n i t i a t e d  and the L)isplay Line determines the data stored and the
d a ta  d isplayed when the D i s p l a y  Ins t ruc t ion  is encountered during the

‘- ,__!
_____‘ —- - ----—.- - .  —h---- ~~~~~~~~~ ‘ - _ _ _ _ _ _ _ _ _ _ _ _-
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execution of the  I n s t r u c t i o n  Sequence .
When a command line is terminated i.e., when the CARRIAGE RETURN key is

p res sed , the computer proceeds to interpret the line . The ac tions wh ich
may he c a l l e d  for inc lude  the storing of control se t t ings  for measurements
(shown as ‘Store Parameters ’ in figure 6(a)), storing an instruction sequence
or display sequence , opening or c los ing  a file etc. When the system has
been prepared for taking measurements , which involves at least the first
three operations referred to above , the system can be activated with a
special keyboard command: ‘Start Instruction Sequence ’. At this time the
instruction sequence interpreter is entered (see bottom of figure 6(a)) and
the instructions previously entered in the Instruction Line are executed in
sequence. Some of the operations wh i ch might be executed in the process
include the starting of the controller , the entry of data into a histogram ,
the i n se r t i on  of a i’e l a y  in the operation , the calling of the display
sequence and a r e p e t i t i o n  of the e n t i r e  ins t ruct ion sequence. A flow chart
showing what happens when the controller is started is given in figure 7.
A full description of this and of the other operations is available in
reference 14. When the display sequence interpreter is called , it executes
the sequence of display operations previously entered in the Display Line.
At the  end of the display sequence , control is returned to the instruction
seque n ce. A given instruction sequence may call the display sequence
i n t e r p r e t e r  a n umber of t ime s , for example , for each signal being observed.
At the end of the i n s t r u c t i o n  sequence . control is returned to the Command
Mode .

From f igure  6 , Tables 1 and 2 and the above it w i l l  be apparent that a
wide range of operating sequences is possible and that  sequences can be
readily set up and modified from the keyboard . To illustrate the form of
the commands and the method of using this mode , a full description of which
is given in reference 14 , a small example will be given .

In this the assumed requirement is to take 100 sets of readings , for
both the NS and EW sets of aerials , form a histogram of the 100 sets of
readings and to print

(a) the mean and standard deviation of the phase angle measured ; and ,

(b) the number of sets of good readings obtained.

The measurement is to be taken for a signal frequency of 1.2 MH z; the
phase measurement system is to be set to provide the median (as opposed to
mode) value for disp lay , using an overflow figure of 7 i.e. a mode of
(32 x 7) + 31 = 255 readings and a wavefront number of b; the dua l matched
a t t e n u a t o r  is to be set to 12 dB i . e .  (3 x 4) dB. The latter parameters
are entered firs t by typing :

lFOl2000 P076 A3 ‘RETURN ’

where the first character , the 1 , indicates that this is a Parameter line
defining the status which the parameters specified later in the line are to
taken when this line is referred to any in subsequent Instruction Line(s).
The F , P and A together with the associated digits define the parameters as
requi red  above . Thus the frequency is specified to the 100 lIz resolution
of the digital t u n i n g  system by the 6 di gits following the character, F;
the three dig its following the character , P, spec i fy three parameters ,
namely the statistic to be displayed (0 for median , I for mode) , the over-
flow number and the wavefront number. Similarly the digit following the
character , A , specifies the number of 4 dB increments of attenuation to
be provided by the dual matched attenuator. ‘RETURN ’ here, as elsewhere ,
si gn i f i e s  a carriage return .

The actua l operation is activated by typing:

‘.. —.----- —-- ---- -- -  -— — — ----- --
~~~~~~~~ --—--—-— - - —--
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IC 100(l ,Fl)D’RET IJ RN ’

D/# M’RET U RN ’

- ‘ RETURN ’

The first line is interpreted as an instruction sequence as determined by
the letter ‘ I ’  at the beginning. The sequence commences with the clearing
of the histogram storage area as specified by the ‘C’. It continues ,
as determined by the 100 (l ,H),  with the tak ing of 100 se ts of readings ,
for the measurement conditions previously specified in Parameter Line 1 , and
a histogram is formed. The ‘D’ calls the Display Sequence. This sequence
is defined by the l ine commen cing wi th a ‘D ’ whi ch in this case is the
following line . Since no characters precede the ‘I ’ character in this line ,
no data is stored; the charac ters foll owing the ‘I ’ character determine the
format of the printout , which is a carriage return/line feed determined by
the # character and a printout of the total number of readings, the mean of
the readings and their standard deviation on one line , as specified by the
‘M ’ character. The third line causes the execution of the speci fied
instruction sequence and results in a prin tout of the form :

98 97 20.37 91.86 1.93 2.05

In this there are a pair of readings , the fi rs t of each re ferring to the N-S
aerials and the second to the E- W aerials , for each of the three parameters
specified by the ‘M ’ character (see above).

To repea t the opera tion for a differen t frequency , say 10.8 MHz, it
would be sufficient to type:

1F 108000 ‘RETURN ’

to change th ;  frequency parameter , followed by:

- ‘RETURN ’

to execute the instruction sequence .
A noteworthy facil i ty which has been included in the software is that whi ch

allows the operator use of the Command Mode without interrupting the execution
of the current instruction sequence except for any printout for which it calls.
This allows the operator to perfo rm such operations as listing parameters
or changing the parameters or entering a line of text into the data buffe r
for storage on the data tape . Even the display or instruction sequences may
be altered without interrupting the collection and storage of data.

4 . 3  Search mode

In this mode the receiver is tuned to successive stepped frequencies with
the initial frequency and the frequency increment set from the keyboard before
activating the operation . Thereafter the direction of the sweep can be
reversed , whenever des ired , by using the space bar and the rate of sweep can
be varied by adjusting a potentiometer.

This operation replaces manual tuning but cannot be used for taking and
storing measurements because of core store limitations.

4.4 Display buffer

A circular buffer arrangement has been used for data display printout.
Data is entered into the circular buffer at the high speed of the computer
operation and is fed out at low speed for the teletype printout. The
operator should limi t instructions for data printout to about one printout
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for every fourth measurement on each frequency ( i . e .  by use of the bracket
construction) and the circular buffer will then prevent the page print from
holding up the rate of measurement taking . If the circular buffer fills
with data , the rate of measurement taking is limited by the teletype
printout speed.

4.5 Core store usage and histogram formation

Figure 8 gives a map of core usage by ACOP . The 8K memory is divided
into two fields of thirty two pages each . The usage of these fields and
pages is shown in the figure . The portion of memory above the dotted line
is transferre d in and out of memory by certain parts of the computer ’ s
operating system software. This debars certain parts of the program from
occupying this area. The last page in each field is permanently reserved
for the computer system keyboard monitor which is an integral part of the
operating system software . The Autocel l Operating Program and buffer areas
for parameters , command line , instruction sequence and display sequence ,
data , display and f i l ters  occupies the rest of f ie ld 1 except for the
generalised output routine which performs the operations of storing data on
tap e via the output f i le buffe r and handler in field 0 and also of opening
and closing data f i les . Data processing routines occupy field 0.
Included in the data processing routines is the histogram routine mentioned
ear l ier .  The histogram can be accumula ted fro m any one parameter line .
Actually two histograms are store d , one for the North-South phase readings
and the other for the East-West phase readings . Each histogram consists
of 256 bins , i . e . ,  one for each possible phase reading. The histogram
printout routine ;~rints out all non zero lines of the histogram and computesand prints out the total number of readings , and the mean value and standard
deviation of these readings for each histogram. Only successfully completed
measurements are included in the histograms . A major complication which is
taken into account in the program is the possibility that the mean value will
occur near zero degrees or 3600; correct values for the mean and standard
deviation are computed in these cases . The poss ibi l i ty  of the histogram
overflowing is also taken into account. The histogram routine is of great
value in checking system performance. The standard deviation figures provide
a sensitive indication of the noise introduced by the receiver and measure-
ment subsystems . The disadvantage of the histogram routine is the large
amount of storage sp.~ce which it requires both for data and for the routine
i t s e l f .

4.6 Digital f i l ter

The digital smoothing f i l ter  performs a similar function to the histogram
in providing statistical smoothing, but with substantially less storage than
is needed for the histograms. It provides a separate dual, two-stage
fi l ter for each of the ten parameter lines , each with an individually
selectable time constant . The digital fil ter algorithm used has been
described in detail in refe rence 9. The implementation of the filter
effectively allows better presentation of the data . The azimuth and
elevati on computations take their data from the smoothed phase measurement
values. The filter is activated by entering the filter parameter with
a value between 0 and 7 in the parameter line . 0 corresponds to no filter
action and in practice 4 is about the longest time constan t fi l ter parame ter
that would be used . The filter algorithm has a convenient grope rt y which
avoids any di ffi culty when the phase readings vary through 0 and 3~Q

0

This is achieved in the assembly l an guage subroutine that implements the
smoothing filter algorithm .

- - _ ___ - u—- - - -
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5. SYSTEM LIMITATIONS

Whereas the system meets the des ign req ui rements , it suffers from a number of
— 

limitations which may restrict its usefulness for research . These are l isted
below without comment.

(1) System sens itiv ity is limited by the following factors :

(a) the lack of computer control over the r.f. band-pass tuning facility ;

(b) the fact that tuning is accomplished by setting up nomin ally correct
local oscillator frequencies and does not involve tuning for
maximum s ignal .

(2) The frequency upper limit of the system ’s operation , which would otherwise
be 30 MHz , is restricted to 13 MHz by the frequency synthesizer .

(3) The time allowed for completion of each operation ini t ia ted from the
controller is the same and is not computer controlled .

(4) The duration of the phase measurements is not measured .

(5) The inequality between Channels 1 and 2 si gnal levels permitted in the
amplitude equality test is not switch or computer selectable .

(6) The amplitude of the calibrate signal is not under computer control and
can di ffer signi fican t ly from the signal level , thereby involv ing much
switching of the dual matched attenuator and longer measurement times than
need to be the case .

(7) The 60 dB dynamic range of the automatic attenuator is too small.

- 6. INITIAL RESULTS

Figu re 9 is a computer plot of what is essent ial ly  the result of the fi rst
trial with the , Autoce ll system carri ed out a few weeks after instal lat ion . The
figure shows the bearing plots of three transmitting stations taken over
approximately a two hour period. The vertical scale in each case is for a
range of ten degrees of bearing. It can be seen that each station was situated
in a different quadrant. The bearing fluctuations on this occasion were qui te
severe. The dashed line in the top diacram (for Broken Hill) represents the
true bearing f this station with respect to the site of the Autocell system at
St. Kilda in South Australia. The0diagra m for Lyndhurst shows a considerable
offset from the true bearing of 122 . This was due to a fault which was
discovered as a result of this trial . The data for Woomera are somewhat too
sparse to be of use other than for demonstration but indicate the need for
greater sensitivity which was subsequently improved by the addition of preamp-
lifiers . The digital smoothing f i lter descr i~ed earlier was used in plo tting
these results. The effect of the filter transient can be seen in the Woomera
data where the trace recovers from a few off scale data points that were not
rejected by the computer program.

The fluctuations and spread in bearing angle apparent in these plots are
similar to those recorded by Other observers , e . g .  figure 1 of reference 10.
Fluctuations with periods of approximately 20 mm are commonplace . Essentially
it is the presence of these fluctuations which is one of the motivations for a
more detailed study of the angle of arrival of electromagnetic waves propagated
via the F2 layer of the ionosph ere .

For a comparison with more recently published data , reference II , figure 2 ,
is quoted. Much the same observations apply to this reference as were
mentioned with respect to the previous reference. This indicates some degree
of consistency in the observed data both with time and with geographical latitude,

The results described for the Autocell system have all been obtained using
c.w. transmi ssions. Developments are under way which will enable Autocell to
respond to pulse transmissions and therefore will provide the mean s of propagation
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mode discrimination and selection . Some of the basic components of the Autoce ll
system were used in a preliminary semi-automated version described in
re ference 12.

7. CONCLUSION

A description has been given of a computer-controlled interferometer facility
wh ich is capable of making automated measurements of the direction of arrival
of a number of electromagnetic waves of di fferent frequency that have been
propagated via the ionosphere. The main components of the hardware system have
been described and an out l ine of the oper atin g program for the system given .

System automation enables fully calibrated measurements to be made at a
faster rate than can be performed by manual methods and the frequency agility
of the system provides the ab i l i ty  to carry out new experiments which have
previously not been possible. It is anticipated that the system will assist
in research into phenomena tha t are of interest in the f ields of h igh frequency
communication and direction finding.

The ability to store the data on magnetic tape is a considerable practical
conven ience since the data can subsequently be read i ly processed on a larger
comp uter equipped wi th plo tt ing facilities . Spec ific features of the data
can then be reprocessed with varying procedures to bring out details of interest.
The possibilities in this respect rapidly outpace the capabilities of equipment
which requires manua l handling of data.

The system described in this paper also provides a demonstration that the
human operator is not in I ensable as part of the measurement process. The
automated in s t a l l a t ion  can take over the routine operations which a human has
previously been required to perform and the procedures are freed from the
limitations imposed by tedium , inattentiveness and human error. The human
operator can then apply himself to the specification of the experiment and the
analysis of the results .
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TABLE 1. AIJTOCELL OPERATING PROGRAM (ACOP)
CHA RACTERS RECOGNISED BY ThE COMMAN D
LINE INTERPRETER

Command l ine mode

CTRL B Revert to type mode

CTRL C Return to KB Monitor
CTRL LI Hold con tinue data display
CTRL S Stop Controller immediately

CTRL 0 Stop l is t ing or stop data typeout

CTR L U Abort line
RUBOUT Correct error
LINE FEED Retype line

CAR RETU RN Line terminator , interpret line

ALT MODE Continue after INS SEQ ? Character

A Set attenuator n m

CD Call command decoder

CL Close data f i l e
D Set display sequence
F Set frequency
G Set gain n , m
HG Clear Histogram
LIT Type Histogram

I Set Instruction Sequence

K Set f i l ter  parameter K n , in

L List parameters
t4 Type total measurement count
O Set Options n , m
P Set Phase n , in

R Set Height (km) for range

S Start Search Mode
T Type Data Lines n , m
X Type 20 Blanks for tape leader trailer

/ Ign ore rest of line

Set secon d l imit
Echo line on data f i le

- Start controller

< Switch T~Y output to data tape output

~ -- .,~~~~~~~~~~~~
-‘—.—---- . —,-----—— - ---—--— 
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No tes: ( 1 ) Where appl icab le , the parameter va lue is entered immediately after
the command .

(2) n , m denotes that the setting applies for channel n , where on l y  n
is spec i f ied , or for channels n to m where both n and in are specified ;
n and in are in the range 0 to 9 with m > n.

TABLE 2. AUTOCELL OPERATING PROGRAM (ACOP) -

CHARACTERS RECOGNISED BY THE IN STRUCTI ON
AND DISPLA Y LINE INTERPRETERS

Instruction line interpreter

C Clear Histogram

D Type Data Line
E Type Sel ected Da ta
H Add data to Histogram

L List I.S. buffer, effective immediately
after I only

O Open I.S. buffer, effec tive immediately af ter
I only

P Output Histogram
CTRL 0, Terminates Histogram printout

W Wa it for 1 delay loop
( ) Round bracket loop

Angle bracket loop

• Wait for computer delay

Start controller program

+ En ter extra da ta into f i le
Repeat from beginning

Type CR LF
Insert CR LF on data tape

? Wait for operator to type ALT mode character
CTRL A , Return to command mode

CAR RETURN I mmedi ately af ter I , leaves I.S. buffer
unchanged

SPACE Step over , separating character
Al l  other characters echoed , and followed by ?

Display l ine interpreter
A Display attenuator f inal isat ion reg ister

B Display f i l t e r  outputs
C Compute and display azimuth elevation angles

E Display exit

F Display frequency
G Display gain finalisation register

- ..~~I_uI_spw,—. - - - — - .----
~~

--‘-- — - . — —- — — - . — - _____
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TABLE 2(CON T D . ) .

D i s p l a y  l i n e  interpreter

I List ELS. Buffer, effective i mmediately
after D only

M Display Histogram totals , Mean , S.D.

N Display parameter line number

O Open D.S. Buffe r , effective immediately
after D only

P Display phase finalisation register

Q Display 4 phase outputs
R Display 2 phase outputs

S Display 5 phase outputs

T Display t ime

U Displ ay decimal time

V Displ ay zen ith angles

Carr iage return , line feed

$ Space

• Write binary format on data type

( Display only if exit = 0

< Display only if exi t = Non zero
+ + Display for INS SEQ Ex tra Data
/ Change Display inhibit

“ “ Display text

Characters prior to / are entered into the data file. Characters after /
are displayed. Characters after a second use of I are again entered into the
data file , and so on. The I character cancels conditional inhibits other
than INS . SEQ. E inhibit.

~~\ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I iguI c 2

rNcoMr~4G
WAVE (~ )

0

a
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/
S & NSX

Cos a = —

ECos ’3

0 (bear ing)  = tan~~ Cos (3
Cos a

0 (eleva ti on ) = Cos~ a + Cos2 (3

F i g u r e  2 .  Schemat ic  representat ion of interferometer  and incoming wave
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Figure (~ ( a

Enter (:omm ~ind Mode f’

Operator Types
Instruction Line

J Carriage Return Initiatesr 1 
Comman d L ine  I n te r p r e t e r

- Store Parameters  --

- -—-—

~
{ 

Store Instruction sequence~~ 
-

Store Display Sequence

Ope n/C lose  1)ata File

- L i s t  Parameters , etc.

Enter Search Mode I

f ~~~~~~~t ion T~~~~ion~~~~~~~~~~~~~~~

Start Instruction Sequence (~)

- Instr ence 

C

Figure 6(a). Skeleton flow diagram for ACOP
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F i gure 6(b)

_(

~

) 
~~ 

Start Controller 
1—

• Enter Data into Histogram

• Add itional Options

End of Sequence

- i-j Type Data/Additional Data

J Display Sequence 
_____

[jnterpreter (Subroutine)

~~~~~Liyp
e_Parameter Line Number

Type Phase Readings

1 Type Time

-i.{T~pe Carr iage Ret , Li ne Feed J

— Compute and Type Bearing
and Elevat ion  Angles ,  etc. j

_ ‘
~~
Type following Data Conditionally

..[Type Data in Binary ForMa~~j  .

— [Additional Display Options j

End of Display Sequence ]
-

- 
Fi gure 6 ( b ) .  Skeleton flow diagram for ACOP

-
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Figure 7( a)

Enter from
Instruction Sequence

In to reter

Is Ins truc tionParame ter No Sequence
Lin e Number Error ReturnValid?

Yes
Save Parameter Line Number

Transfe r a l l  Parameters
to Controller and Set Options

for Interrupt and Operating PROM

Load Data Transfer
Address in to Con tro l l e r

Start Controller C~M Program

Enter Interrup t Wai t ing  State

(Teletype and keyboard Serviced if ready )

Continue on Completion
of C~M Program

Process Recursive Fi l ters  
*

if Data avai lable

[ Set Display Inhibi t  Flag J

Figure 7(a ) .  InstructIon sequence - start controller
operation
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Figure 7(b)

A

____ — No Data Fi l:

Set Swit ch for Data
Flow to Data F i le

Preserv e a l l  Software
Reentrant Subroutines

Call Display Da ta Subroutine 1

Reset Data Flow Swi tch 1

Restore a l l  Software
Reentrant Subroutines

_ Ak _Data Line
______________ Print Out No

Requested?

Yes

rs the Return to
Curren t Line No Ins truction
the Requested Sequence

Line? In terpreter

Yes
In it ial ise Data Flow
to Circular Buffer

Increment Requested
Line Counter

~f~~ l Display Data Subroutine j
[Restore Data Flow Switch j- .

FIgure 7(b) . Instruction Sequence - Start Con t roller
Operation
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Figure 8

ADDRE SS F IELD I FIELD 0

0 USED BY USR USED BY FPP ETC.
200 INTERRUPT

SEARCH ROUTINE S
400 ROUTINE

600 USR

1000 COP44AND
DECODER

1200 I DATA
1400 I PROCESSING

ROUTINES
1600 L
‘non

2200
2400

2600 
OUTPUT FILE BUFFER

3000

3200 OPERATING
PROGRAM EWF HISTOGRA M

340() _______________________________________

3600
NSF HISTOGRAM

4000

4200
OUTPUT HAN D LE R

4400

4600 
_________________ ________________

5000

S200 BUFFER
5400 AREA

5600 23 BIT
6000 FLOATING POINT
6200 PACKAGE

6400

6600
7000 _______________ ______________

7200 GIN E RAL I SE D OUTPUT
ROUT INE

7400 ________________________________ 
_________________ _________________

7600 MON I TOR MONITOR

FIgure 8. Map of core usage for ACOP
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Figure 9
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Fi gure 9. Results from initial trial with Autocell (21-8-75)
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