CHAPTER ~ 4
EOQURIER TRANSFORM PROCESSOR

41 |ntroduction

We discuss in this chapter the Fourier Transform (FT)
Processor subsystem of the D gital Receiver System The
FT processor conputes, on an on-line basis, the sky
brightness distribution enpl oying digital techniques and
by using the cosine and sine correl ation coefficients as
its input data. Appropriate phase corrections and the
grading function are applied to the cosine and sine
correl ation coefficients which are obtained fromthe

observed signals as explained in Chapter 3.

42 Principle of operation
The brightness distribution, Tmalgn), of the sky

for agivendirection of the beamin the neridi an pl ane
is given by (Appendi x 3)

N
T « i
map(m) ngo(an Cos 2I vom + bn Sn 21 vn m)

wher e G bn = the Gosine and S ne correl ati on coeffi-
cients,

m = Cogs g = the direction Cosine, z being the
zenith angl e

v = the spatial frequency = 0.5 n cycles/radian
n

N = the total nunber of elements in the
Nort h- Sout h array.

Let 2mv;a be equal to angle o, where v, is the



epatial frequency conponent given by the separations
of any two adjacent el ements of the N-3 array. That
is the angle, 8 , the mninumincrenental angle that

has to be provided in the SIN and COS | ook-up tabl es.

As there are 90 each of (sine and S ne Corre-
| ation coefficients in the spatial donai n whi ch has
Hermtian Synmetry (Appendix-3), Fourier transfor-
mation wll yield 180 i ndependent directions called
'beams' in the angul ar domain. S nce digital tech-
ni ques are enpl oyed, processing for 256 beans instead
of 180 beans does not invol ve nuch additional cost.
I n any case, it is desirable to oversanpl e, and
therefore 512 beans are forned in the neridi an pl ane.
Wi le performng discrete Fourier Transfornation (DFT),
38 points wth zero val ues are appended to the ninety
neasured Correl ati on Goefficients anda128 point

DFT is perforned.

43 System Design
The main features of the systemdesign of the

processor are:

1) pipeline technique of data processing;

2) on-line data acquisition and correction;

3 on-line inplementation d grading function; and
4) selectable pre and post-integration tine.

I n the pipeline processing technique, the whol e
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processor system is divided into various blocks. The
data flow from each block is sequential, while the
processing goes on concurrently in different blocks.
At no time does data acquisition or computation stop,
and one has therefore to keep a careful watch on the
valid data flow in any block at a particular instant
of time. Data has to be latched at various blocks
in order to yield error free operation. There is a
severe constraint on logic design to keep the propa-
gation delay within the cycle time of the processor.
That is, the access time and the computation time of
different hardware elements i n each block has to be
maintained within the basic cycle time of the

processor.

The present digital correlation receiver is
designed to be used in avariety of applications like
making brightness distribution maps of sources at
the frequency of operation of the telescope, scinti-
Ilation studies of the ionosphere, solar
observations, pulsar searches etc. These applications
call for different integration times in the receiver,
since the frequency spectra of interest for these

applications are different. |n the case of survey
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wor k, where the brightnees distributionis to be conputed,
integrationtimes should be as |large as possible(limted
by the beanwidth in the EWdirection) so that weak sources
can be detected. For scintillation work, the tinme
constant of the receiver should be around 10 to 100 ns.

| n pul sar studies, the tine constant should be as snal |

as possible, preferably in the range o a few mlliseconds.
To cater for these different tine constants, integration
tine control is provided at 2 levels, prior to and after
the Fourier transformng process and are called pre-
integration and post-integration respectively. This two

| evel control gives economcal system design for the

requi red speed of operation. Pre-integrationtine is
selectable from2 ms to 256 mS in steps of powers of 2,
while post-integration is a multiplying factor rangi ng
froml to 256 tines the preintegration setting. Thus
integration tines of 2 m3 to about 1 mnute can be

obtained wth the conbi nation o the above control s.

I n an on-line processi ng system corrections, if
any, have to be inplenmented on the neasured correl ati on
val ues before transfornation. There are essentially
two types of corrections - one is to conpensate for
gaininstabilities in each channel and the other for

rel ati ve phase errors in all the channels. Gin



corrections need not be incorporated in the one bit
correlator system since the signal is anplified suffi-
ciently before going through the zero-cross detector.

kel ati ve phase errors between channel s can be corrected
by rotation of rectangul ar co-ordinates by the phase
correction angle of each channel. Relative phase errors
can be obtai ned fromthe known strong sources whose
position in the sky are accurately known. These errors
between the expected and the neasured val ues can be
noted and used in correcting the neasured val ues. The
error angles with aresolution of ~ .4 correspondi ng
to each channel are stored separately in a RAM and can
be accessed very fast. Let a ' and b’ be the neasured
cosine and S ne coefficients, while a, and b are t he
exgected values. The phase error angl e can be

positive (+4¥) or negative ( - M) dependi ng upon

whet her the vector a ' is anticlockwise (OO < ap < 179° )
or clockwise (180° < Ay < 359°). To rotate the vector in
the rectangul ar coordi nate system one has to inplenment the
fol |l owi ng equati ons:

Case & + ap(0® < ap < 1799

= 1 + b " Sin A
a =&’ Cos MU o Sin v

b =b ' Cos Ay - a' Sin Ay
n n n n n

Case b (4,2)
-ap (180° < ap < 3599)

— ' _ t :
an = an Cos Awn bn Sin A$n

b =b ' Cosap +a' Sin Ay
n n n n n



Appendix-4 gives the derivation of these expressions.
The terns in these sets of equationsare simlar to those
used in the normal FT operation(Equation 4.1). Hence,
the hardware is efficiently utilised by two passes of the
data, first going through the phase correcti on node
during data acquisition of the nmeasured correl ation
coefficients, and then going through the FT operati on.
Gontrol circuitry takes care of swtching the appropriate

argunents, the data and the sign for these terns.

Gading of the coefficients i s al so provided by
wei ghting each coefficient before transformation. This
affects the resol ution and the side-lobe structure in the
transforned domain and this has to be done after phase
correction of the coefficients and before the nornal

operation o the transfornation.

4.4 Systemdescription

Fig 41 gives the block schematic of the FT
processor. The address enerator (counter-0) issues
/ bits of binary address to each of the two multipl exers
t he a, - mul tipl exer and the b -multiplexer. The decoder
inthe control circuit sequentially nultipl exes a ' and

n

bn' simultaneously.

I n the phase correction node, the nul tipl exers,
MUX-12 and MUX-13, enable a ' ad b ' to one of the



62

4
[ r MTU ] Ruspu«l
A — 1
N-1 AN -2 sus
Tmop (w)=$ on Cos (n @) —+ €Tmo pRvER
nz N-l ? I
+ € bn S in® T map
nx — anu —o pcC
ao A/L —1
+ 5 Tmap(m)s € - — e
_—————m - - — =
% H :] e e =
== ADDER —1 = 'ﬂ‘ ',_l___
I 1 K M3
[
]

= =

e
cL2
o™
I y—— SIN/COS
t
m .
SIGNAL PATH IN PHASE
\ # CORRECTION CYCLE.
]
L.
A/L-0 AT-RAM
—
(n @) —
BS BEAM (0) comP
3
. ADDRE §§ [ COUNTER o1 8F
an—MUX,bn . MUX
ADD. (n) |e GATED
GEN €LOCK
COUNTER #£ 0
poo oo 7
I CONTROL |
J‘ | TO GENERATE SIGN BITS IN PHASE '
¥ CORRECTION 8 NORMAL OPERATION I
|
| 2 TO WRITE on & bn AFTER CORRECTION
! |
| 3 CONTROL SIGNALS FOR MULTIPLIERS. EIG 4.1
|
| 4 CONTROL FOR POST WNTEGRATION '
}

CIRCUITS.

BLOCK DIAGRAM OF FGURIER
TRANSFORM PROCESSCR



inputs of the multipliers M{ and M2z through the BUS Y1
and the BUS Y2 respectively. The multipl exer MUX-4,
connects the A -raM to the SN and COS tabl es.

Qutputs fromthese tabl es are connected as second

inputs to the multiplers, M1 and M2.

The sign bits for the positive and the negative
angl es are obtained fromthe #SBs of 't hedata from
the A-RAM The tables are swtched such that in the
first 128 clock pul ses, b, is obtained by conputing
b ' Cos®, pa ' Sna . and stored in the un-RAM,
through Miltipliers, My, M2 and Adder-1. Next, a
is conputed in the follow ng 128 cl ock pul ses as
"a ' Qos&b + b ' Snasy " and stored in the an-rRaM,
a Is stored inthe first location of the an-RAM.
through the MUX-12 by properly gating the data into

t he an-RAM.

There are four fixed gradi ng functi ons provi ded
by four ROMs, GT-3 to GI-6, and two vari abl e gradi ng
functions provided by the two RaMg, GT-1 and GI-2,
whi ch can be programmed fromthe console to store

the gradi ng functi on.

Miltiplier, ¥z, is used for weighting the corrected

coefficients by choosing the appropriate G-ading tabl e
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selected fromthe Gonsole. | nfact, when not needed,
the whol e gradi ng operation can be bypassed under
control fromthe Gonsole. Thus corrected and wei ght ed
correlation coefficients are acquired and placed in

the an-RAM and the bn-RAM for further processing.

| n the normal node, T oap CAN be conputed for any

nunber o beans under consolg control. The beam start
t hunbwheel switch situated on the consol e (gg) | oads
the starting angle, s; , into the Beam gener at or
counter, counter-1, and goes through increnents of

one till the nunber set on the beamfi ni sh thunbwheel
swtch (Br) at the Gonsol e is reached. This counter
is incremented after conputing Tmlp for each beam by
addi ng 128 terns, taking 128 clock pul ses. The gated
clock is stopped after conputing for sy and waits for
initiation of the next cycle till the end of the next
integration period. This period, terned the pre-
integration time, is selectable from2 ns to 256 ng in

steps of powers of two fromthe Gonsol e.

The Adder/Latch circuit, A/L-0, is used to
generate n val ues for generating successive argunents
inthe normal node. Here the present value (n-1)6
is added to s fromthe Beamgenerator to get no .

MU¥-4 enables no to be passed on to address the SIN
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and COS tables in normal operation. Control circuitry
for generating sign bits corresponding to SIN ne and
COS ne are not shown in the block schematic . The 2's
conpl enent val ues for COS ne and SN ne are used as
argunents for the nultipliers. These are fast mul ti -
pliers taking <150 ns for mnultiplication and are capabl e
of working in the pipeline node, that i s, new argunents
can be takenin while the result o the previous terns
Is being taken out. The clock circuitry has to take care
of the pipeline processing so that the initial terns are
ignored, since the data flow has a definite tine |ag
starting fromthe Address Generator. Adder-1 gives the
sum of a, (s né and b S nne corresponding to one
coefficient at any tine. The Adder/Latech Arcuit,
A/L-1, adds up all the 128 terns correspondi ng to each
beam and stores the sumin a separate | ocation in the
final Trap-RAM The post-integration factor, a multi-
plication factor o upto 256 set by the Gonsol e control,
is provided by the Adder/Latch Arcuit, A/L-2, which
adds the accunul ated val ue to the present conputed one,
for each beam separately, and gives effectively the
'up=-date' i N the Tmap-RAM. At the end of the post-
integration period, the cata so accumul ated correspondi ng

to Beamstart to Beamfinishis dunped onto the
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Magnetic tape unit, and al so displayed on the video
Moni tor under m croconputer control to be di scussed
later. Fig 42 gives the schenmatic of the Control

Gonsol e.

A section on the detailed circuit designis
included in this chapter (Sec. 45 and also at
the end of Chapter 5 (Sec. 53 to bring out clearly
the basic contributions of the author in the design
of the system A detailed understanding of these
sections nay not, however, be necessary for a

general appreciation of the overall system

45 Detailed drcuit Design
451 Ceneration of clock signalg

The basic clock required for the systemis chosen
as 2 Mz, as the naxi num bandw dth of the signal to be
processed is 1 MEZz. A crystal controlled oscillator,
shown in Fig 4.3, is the internal clock for the system
The systemcan al so be driven froman external clock
whi ch nay be of higher stability through the nul tipl exer,
MX-1 and the switch s1. The clock signal for the
del ay shift register (Fig 3.5), two-phase clocks in the
correlator circuit (Fig 3.5), and the strobe and reset
signals in the integrator circuit (Fig 3.6), are all



|V I
I e | [_]

— ] —

Nl

[

BEAM DATA SETS
ALARM)

( REFER
SEC4.52) @ ®

RESET ALARM

START STOP PRE POST
BEAM SELECTOR INTEGRATION TIME
CONTROL

FIG 4.2 CONSOLE CONTROL.

] L

NS ARRAY ELEMENT .

— = e e o e ——— e e

INT A \'
@ 0 )
EXT B )

E \
O s !
AOVANCE lg}

G-RAM I
RAM DATA ENTRY{SECS$3.2) ¢

L

7 - SEGMENT DISPLAY

(OCTAL DIGIT)

THUMB WHEEL SWITCH
(OCTAL DIGIT)

SWITCH

PRESS SWITCH
LED LAMP



68

0910 o XON

re—— 908d 12

m_O.N_O

€9

N3O

0OlS 4¢—]

0111S ONON |fg——

dN1D ¢

oy -+

07Y ONOW

00L0

"1INDYID 20710 3HL 40 JILVW3IHOS MO018 ¢+ 9ld

419 o
h——— e — o
' 1INDYIDE 3
X
n
" LNoHID P2
) N2 ‘ T
2
1353y *——
(HOLVHO3LNI otM | (2)NDMID |
~umo~=m 'H31NNOD HOAV

I— XON

+—— (1X3)10

(SHOLV134802 .01) S ' p *+—

%2019
P2z

'0SO TVLSAND
ZHN 2

(¥31S1934 LJIHS AV13Q O1)%20710 *



-69-

derived fromthe 2 M clock as shown in the figure.

The FT processor is designed based on the pipeline
processi ng technique in order to achieve faster data
processing inreal tinme. The designin this technique
mai nly concerns the division of the sequential processor
into various blocks. The processing in each bl ock is
sequential, while the processingin different blocks
are concurrent as already discussed in Sec 4.2, The
nunber of blocks necessary for the conpl ete processor
i s designed based on the function of the bl ock, the
propagation del ays of the suitable devices to inpl ement
the function, the cost effectiveness and the power
requirenments in the logic design. Based on the worst
case propagation delays in different bl ocks, the basic
cycle time 2 uws for the processor is chosen. This is
the nost critical aspect of the whol e design, as this
controls the operational speed of the system thereby
determni ng the throughput rate in the real -tine
processor. Another inportant aspect of the designis
i n choosing the devices, |like s and other digital
integrated circuits, which are conpatible wth pipeline
processing. In addition to the above, cost effectiveness
and power requirenents are always considered in the

choice of devices. Al the LSI circuits are TTL
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conpatible circuits, while the logic circuits are based
on CMOS circuits to save power. Buffer circuits are
used wherever the L3I circuits are driven. The
atability of the nonoatable circuits used in various

control circuitsis not critical.

The 2 us clock signal (CLN) is derived fromthe 2 ME
basi ¢ clock through two stages o divide-by-two
circuits as showninFig 43 |In the phase correction
cycle, the multiplexed correlation coefficients from
the correlators go through the phase rotation gi ven

by equations(4.2) and(4.3) and the coefficients are

wei ghted by the function stored in the grading tables
as already nentioned in Seec 4.2, Snce the path for
data flowis different in the process of correction and
wei ghting, the systemis divided into different bl ocks
for the pipeline designin the correction cycle. A
cycle tinme of 6us was chosen based on the worst case
propagation delay wth a factor of safety of about

10 per cent. The phase correction clock, QP, of

6 uws is derived fromthe clock, CLN, by a divide-by-

three circuit as shown.

The internal clocks, CLN and P, are appropriately
mul ti pl exed as the signal CLCO to the address generat or,
CONTER-0(Fig 41 during the normal and the phase
correction cycl es respectively through mul tipl exer, MJX- 14,
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and cl ock enabl e gate,@3. External cl ock, O.PROG

can drive the address generator, COUNTER-O through the
clock nmultipl exer, MUX-C. This isrequired to wite
data on &y -rRaM or GRAMin the off-line node. The
choice o internal clock or external clock for address

generation is controlled by a swtch, s2, on the consol e.

452 |nplenmentation o pre-integration time

Pre-integration tine can be chosen as 7d ns,
.n being selectable from1 to 8 for different applications

in radi oastronony as al ready i ndi cat ed.

At the end of the pre-integration tine, the counter
val ues are latched, giving a data set of correl ation
coefficients 3 and b for further processing. The
pre-integration tine shoul d al ways be chosen greater
than the tine required for the phase correction cycle
and the tine required for conputing the bright ness
distributionfor the selected beans. |If this tineis
chosen to be less, the data sets of correlation coeffi -
cients wll be missing in further processing. An
observer WIl| not be able to detect this in an on-line
system Because mssing of the data sets |eads to
error in the ra (x-axis) of the two-dinensional plot

o the T .., the systemis designed to sound an alarm

p



to the observer if such a situation arises. He can
then either increase the pre-integration tine, or
decrease the nunber of beans in processing, so as

not to mss any data sets. |n case he does not want
to change either setting, processing will still be
continued wth the previoua settings, but with the
observer's know edge. A counter keeps count of the
nunber of data sets mssed, so that the x-axis of the
brightness distribution may can be scaled accordingly

| at er,

Fig 44 gives the circuit diagramof the controller
for giving the pre-integrationtines. Fig45 gives
the timng diagramof the conpl ete FT- processor.
AnInitialise swtch on the consol e resets a flipflop,
NORFM,TnornaI operation. This enables gate,G1, %o
give the signal, LGP, whenever the | atch counter pul se,
LC, isissued at the end of every pre-integration period.
The LCP signal sets up flipflops, ANFF1 and BNFF2, tO
enabl e the an-HAM and the bn-RAMduring the phase
correction cycles. The signal, LCP, also sets up the
clock f 1ipfiop, CLFF5, to give clock enable signal,
CLEN to enable the internal clock pul ses for the
address generator given in sec 441  The signals,
Q8CO and Q9C0, from the address generator, COUNTER-0
(Fig 4.1), issued after 128 clock pul ses and 256 cl ock

pul ses are used to reset ANFF{ and BNFF2 respectively.
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Gates, G4, along with buffer (BUF 4) gives the signal
ENAN, to enable the an-RAMin the processor. S mlarly,
gate, G5, along wth buffer (BUF 5 gives the signal
ENBN, to enable bn-RAM S gnal, ¥Fi, o ANFF1 and the
signal s FF2 and FF2, from BNFF2 are taken out for con-
trolling different nultiplexersin the control circuit
to be discussed later. The falling edge o BNFF2

is designed to set up MINO'1 to give the signal, MINO 1.

An over range flipflop, OVRFF3, and nornal flipflop
NORFF4, are used along wth gates, G, to indicate the
alarmcondition. LCP pulse fromgate, Gi, initially
resets OVRFF3. S gnal, MONO 1, sets up OVRFF3, which
IS reset only by follow ng L¢P pul se. NORFF4, which is
reset by the initialise swtch onthe console is al so
set up by the signal, MINO 1, and is reset by the
signal, CPCl >BF, a the end of the normal FT operation.
Gate, (o, gives the output for the AND | ogi c function
of the signals FF3 and Fr4. Wenever the al arm condi -
tion exists (pre-integration tine is set |ess than
processor tine) G output sets up an alarmflipfl op,
ALFF6, to give the signal, aLvp, to swtch on the

alarmlanp in the consol e and also sounds a beeper.

Gate, &, enables the latch counter pul ses, LC
to be counted in the alarmcondition and cl ocks the

counter, CPAL. The output of the counter is displayed



on the console to give the count o mssing data sets.
Both the CPAL and AILFF6 can be reset by the signal

RAL fromthe consol e.

4,5.3 Ceneration of argument ‘ng'

The first block in the pipeline processing is the
argunent generator, which provides angle ¢ in the nornal
FT operation and angle &v in the phase correction cycle
to the SAINQX I ook-up table. An inportant design
facility of this block is to provide the observer a
choice of particular beans to be selected in the obser-
vation. Another design feature of this block is to
provi de the address for various RAMs and data mul ti pl exers.
The beam nunber selected for conputationis taken out to
address the Tmap-kAM. The range of beam nunbers to be

conputed controls the display area on the video nonitor.

The signal ALGQ (Fig 43 fromthe cl ock generat or
up-counts the counter-0, (Fig 46. Q1 to Q7 outputs
of Counter-9, are taken as the address bits to control
an- RAM and bn-RAM. Thi s enabl es appropriate correl ation
coefficients to be fed to the multipliers during
processing. These address bits are al so taken to the
group and channel decoder (Fig 36 (b)) , where the bits
are suitably decoded to nmultiplex the correl ati on

coefficients a, and bnfromthe front end of the receiver



T7

821-828
8
M SMp BUFFER#2
M
€yCa C ’- 2 + DATA
23t ) ‘ & L Avram
MUX2 MUX 3 MUX vié 4 (8Y,-4Yg)
T T M RWAY
SNW  SCM2  SNM2 BUFFER ‘—_."_cs AY
‘ 7 o | 8y -
Mse RAM [+ VCC
c e & RAM
8“9
LATCH O S g ADO RAM
3
8
EXOR-0 ye 4
ADDER9#0
s
4c
b
TO MSB RAM &% | ™ MUXsS
L i
T/CH O
9
7/ B
%
AW
BS —g7 COUNTERW[e—— COMP w0 —— OPCI BRI
}9
BF
BUFFER Q,-0 ADO. »08CO
-—— —%'L COUNTERSO
RAM eL RYYl__.noco
TO RAMon 7
ADD
8 RAMDR
S cico ‘Lee
! 1T I
M —— G 13
T0 M\&R
FR—

TO ADD RM CMOS
8 FRONT END MuUX

FIG.4.6. SIGN BIT AND ARGUMENT GENERATION.



to the FT processor. The signal Q8C0 and Q9CO from
the Gounter-0 is taken to the pre-integration tine
control l er as discussed in Sec 442 Q8 out put,
¢8co, fromthe address generat or (GONTER 0) cl ocks
the beam counter, counter-1. This counter is preset
wth the nunber set on the Beam Start thunbwheel

swi tches (BS) on the consol e by the signal, PO,
(same as signal, MNO1, inFig44.

GOUNTER-1 gives the argunent in equation( 41
represented by ¢ in the conputation of brightness
distribution. This counter advances by one count for
each beamtill the nunber in the counter reaches a
val ue set by the Beamfini sh thunbwheel switch (BF)
on the console. A 9-bit conparator, COMP-0,
detects the condition when GQOUNTER 1 reaches BF value,
and generates a signal, 0OPCt1 >BF, which'resets
F1ipfl ops, awmdd and Sieee (Fig 4.3). Thus the
conputation for all the beans starting frompss to gp

I N increments of unit steps is carried out.

Beam nunbers are counted fromthe horizon in the
North goi ng through the zenith to the other horizon
in the south, and designated as beam nunbers 0 to 511.
S nce the angle in the eugation(4.1) is reckoned from

the zenith, the beam nunbers given as output fromthe



QONTER-1 is conpl emented to give the zenith angl e.
The true-conplenent circuit, T/C=0, gives both the
true and the conpl enent output of the CONTER 1.

A multiplexer, MIX-5, enabl es conpl enent output to
be taken to give the zenith angle in normal FT
processing. Provisionis kept to choose the true
output of GONISR 1 in any other application of the

system

The output fromthe MIX-5 is taken through adder,
ADDER-0, to give the zenith angles 6,20 , 38 53 asss
né ...., 128¢ , for the corresponding a 's and b 's.
This is generated by first | atching the ADDER-D
output at every address clock-pul se. Latch circuit,
LATCH- 0O, gives the zenith angle, ne , at the nth
cl ock-pul se of address generation for a particul ar
beam The output fromthe LATCH O goes directly to
address the O06 and SIN tables in the nornal operation.
The rising edge of the Q7 output fromthe COUNTER- O,
Q7C0, triggers the MONO-RLO (Fig 4.3 to issue a 200 ns
pul se, RLO, to reset LATCH O and starts conputing for
each beam |In addition, the LATGH+0 output is givento
the other input of the ADDER-0. This facilitates the
generation of ns value at LATCH O, when the strobe

pul se, STLO,is issued. The rising edge of CLNP, pul se
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(Fig 4.3) triggers the MONOSILO (Fig 4.5 to give a
100 ns pulse, STLO. The RLO and STLO pulses are thus
properly phased to give the arguments for Q05 and SIN

tables in the pipeline design.

The multiplexer, MUX-4 (Fig 4.6) allows the output
from the &y =RAM in the correction mode and the output
from LATCH O output in the normal mode to address the
Qs and the SIN tables. BUFER-1 is used to convert
TTL signal levels of the ay=-RAM to QVICS levels.

BUFFER- 2 converts the QU5 level of the MUX4 back to
TTL level to address the GOS and SIN tables.

454 Generation of Sin ng and Cos ns

The multiplexers, MUX-0 and MUX-1 (Fig 4.7)
connect the SIN/COS tables to the multipliers, M1 and
M2 depending on the mode of operation. The signal
FF1 (Fig 4.4) is connected as the control signals,

CO and C1, for MUX-0 and MUX-L Multiplexers, MUX-10
and MUX-11 (Fig 4.7) control the true or 2's complement
output depending on the sign bits, SM1 and SM2. The
sign bit generation is discussed separately in a
different section. The buffers, BUFR3 and BUF-4 convert
TTL levels from the SIN/COS ROMs to QMCS levels, while
BUF-5 and BUF-6 convert the signals back to TIL levels
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to drive the multipliers. The detailed circuit di agram
for generating the 2*s conpl enent val ues is givenin

the fiqure.

Gontrol circuits for the sIN/COS | ook-up tabl es
are designed wth mninmal logic by enabling the ROM
t hroughout the operation. However, care has to be taken
in the design to allowfor the access tine of these
RM. Inthe present design, after setting up the
address av_ for these tables, miltipliers, M1 and
M2, are clocked after allow ng the access tine o the
ROMs and propagation delays in all the intermediate
circuitry discussed above. This timng was one of the
inportant factors in the design of the cycle timng of

each stage in the pipeline design.

4.5.,5 Ceneration of Fourier terns
4.5.5.1 Phase correction node of operation
I n the phase correcti on node of operation, the

neasured correl ation coefficients a,! and ‘on, are

n
gi ven phasor rotation as already nentioned in Sec. 44
This is done in tw passes. Inthefirst pass, the
sine correl ation coefficient,b , i s obtained during the
first 128 clock pul ses by inplenenting the equation

(42 for b_.

| n the second pass, the (osine correl ati on coeffi-



cient, 8, I S obtained during the next 128 clock pulses
of the phase correction mode by implementing the

equation (4.2) for B e

The equation for correcting a, Is similar to normal
FT operation given in equation (4.1). ilence the sequence
of the ebove two passes, first for b and then for a ,

enables the control circuitry to change from phase

correction mode to normal mode without any delay.

An important design feature of the processor is to
implement the on-line phase correction with the hardware
desirned for normal FT operation. Phase correction and
normal FT-operation are time multiplexed vtilising the
same herdware. ©The control signals are suitably
senerated to control the various circuits, so that the
sisnals are properly routed. The signal path in the
phase correction node is as shown in iz 4.1. In this
node, the multiplexers, MUX-12 and ¥UX-13 enanle anl
and bn' to appear on the bus, Y1 and Y2, of the
multipliers, M1 and M2, respectively. The other
operands for the multipliers are Cos by - or Sin My
devendiny; on correcting a, or bn. The two products from
M1 and M2 are added at ALDER-1, and wei-hted by the
muy1ltiplier, M3. The output from M3 is multiplexed
throuwsh MUX-12 and MUX-13 to an-RAM AWD bn-RAM res-



pectively. As already nentioned in the first pass, b '
Is corrected and stored i n bn-RAM, and then in the
second pass, a,’ is corrected and storea i n an- RAM
During the first 128 clock pul ses the bn~RAM is

enabl ed by the signal ENBYN through gate, G5 (Fig 4.4)
and in next 128 clock pul ses an-RaM IS enabled by the

signal ENAN through gate, G4 (Fig 44).

The zero spacing conponent, a_, sonetines
called the d.c. conponent is weighted by hal f and
added with the other correlation coefficients, a,
and b, in the Fourier summation given by the
equation( 41) . The coefficient a, has to be stored
directly into the an-RAM W thout any correction bei ng
applied, while .an' and b ' need phase correction.
MUX-12(Fig 48 is a4 channel multipl exer enabling
a,' in the channels 1 and 3, d.c. conponent, aj ,in
the channel 2, and Miltiplier, M3, output in the
channel 0. MBB o the channel control bit, c¢cM12,
of the Mux-t12, is taken froma NCOR gate which detects
zero address count, while ¢LP clock pul ses (Fig 4.3)
are given as the LsB channel control bit,.cCLi12.
Multiplexer, MUX-14, enables CO.P cl ock to pass on
through gate, 63, in the phase correction cycle. This

control enables aj to be stored directly in the zeroth
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location and a ' to be phase corrected and stored in
first location onwards inthe an-RAM MIX-13 is only
a two channel multiplexer, since either the b ' or

M3 output has to be enabled to the bus Y2, of the
multiplier, M2. QP clock pul ses are connected here
also as the control bit, 013, of the MJX- 13.

MJUX- 12 and MUX-13, are enabled only in the
correction node and so are connected to the signal,
FF2(Fig 4.4), through the inhibit pins |12 and
I113(Fig 48 o the multiplexers. Wth a 50 per cent
duty cycle of the AP cl ock pul ses, the correction

node works in the fol | owi ng way:

1) The signals, QM 12 and cL12, initially connects
a, 1o bus Y1 and the signal, 013, connects b ' to bus
Y2 for 3us during the high Ilevel of CLP clock
pulse. It is very inportant that at this time, other
i nputs connected to Y1 and Y2 bug are inhibited. The
an-RAM and bn-RAM are inhibited during the read operation

of the M@ <RAM In the correction node.

2 The 200 ns clock pul ses, cLxyt12, of the nulti-
pliers, M1 and M2, cone after 1.75 uv{Fig 4.9B) after
setting the address fromthe address generator and
hence data is settled after the av-raM read pul se.
MONO-3(Fig 4.94) gives the delay of 17 us and
MONO- 4 gives a 200 ns pul se which iy taken as CLXY12.

The clock pul ses for the multipliers are unchanged
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In the normal node of operation and al so, when the
an- RAM and bn-RAM are enabled. This design facility
utilises the same control circuitry in both the

nmodes of operation.

3 Wite pulses, RW an bn (Fig 4.9B) for the
an-RAN cone 235 us later than the CLxY12 pul se,
so as to allowmultiplicationtine for M3 and
propagation delay in the internediate circuitry
I ncl udi ng that of MJX-12.

4552 r nal f ration

The signal flow paths for generating a,
Cos n6 and b, Snne are showninFigd4l. Inthis
node, MUX-12 and MUX-13 are inhibited by the signals
I12 and 113, which are at high level. The out put
fromthe an-kAM iS connected to M1 through bus Y1
and simlarly the output fromthe bn-EAM i S connected
to M2 through bus Y2. The other inputs for the
multipliers are designed to be sane i n both nodes of
of operation, the argunment, n6 , is latched at A/L-0
In the normal node of operation providing a separate
stage in the pipeline process design. S gn bit
generation for the argunments in this node is separately

di scussed.

Since the hardware for the signal flowis designed

to be the sane in both the nodes of operation, the control
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circuitry for generating the clock pulses for multi-
pliers and read/write pulses for the an-RAM and

bn- RAM are suitably desi gned as di scussed later in
Sec 4.5.5.7.

4.5.5.3 Sizn bit generation in phase correction node

Sign bit in correction phase i s generatea accordi ng
to the pable 1 giveninFig 410 Sgn bits, SOM
and 3CM2, for the two multipliers are given for the
two cases of +av or -ay . These tw cases are dis-
tinguished in the hardware by storing 0 in the case
of +8% and 1 in the case of =& in the nost significant
bit of the ap=-RAM. Multiplexers, MUX-8 and MUX-9
(Fig 46) control the two cases. The MBB of the
Ay =RAM IS taken as the control signal C8 and C9 for
these two multiplexers. Consider first the case of
+4y . SCM1 and SOM2 have to be set as 1, 0 in the
first pass, and O, 0 in the second pass as given in
the Table = 1 (Fig 410). This is achieved by setting
the data inputs and control inputs of the miltiplexers
MUX-7, MUX-8 and MUX-9 as shown in Fig 46 The signal
FF1(Fig 44) is connected as the control signal, C7,
for the multiplexer, MX-7. This multiplexer Sets the
sign bits in the two passes. |n the first pass, the

control signal, C7, is high. This enables the second



TABLE | Sign

bit in phase Correction Mode.

Sian bit Case |:+A¥ Case 2:-AF
g (0°< &Y <1799 (180°< AT < 359°)
for Multiplier | MSB of Ay-RAM =0 MSB of AY-RAM = |
bnIpass | onllpass bn | pass anll pass
SCMI — () +(Q +(0) + o
SCM2 +(0) + (0) <+ (0) —(1)

TABLEIL Sign bit in normal mode.
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FIG 4.10 SIGN BIT GENERATION.



input, which is permanently connected high to set the
output of MUX-7 as high. The output of MUX-7

I s connected to the first output of MIX-8  For the
case of +4& , the control signal, C8 and C9 are | ow,
enabling the first inputs of MIX-8 and MUX-9. Thus
SCM1 goes high in the first pass and | owin the second
pass, as the first input of MUX-7 i s grounded. The
first input of MUX-9 is connected to ground, and hence

scM2 islowin both the first and the second pass.

In the second case of = ay, C8 and C9 are high,
enabl i ng the second inputs of MIX-8 and MXX-9. SOM is
low in both the passes, as the second input is returned
to ground. SCM2 is lowin the first pass and high in
the second pass as the output of MUX-7 is inverted
and given as the second input of MUX-9, thereby
generating 0, 0 inthefirst pass and O, 1 in the second
pass as the sign bits. Thus with sinple multiplexers,

a definite pattern of sign bits are generated in the

phase correction node as required.

4.5.5.4 Sign bit generation in nornal node

The SIN/COS tables are stored in 256 byte KOMs.
Val ues correspondi ng to the range 0° to 180° are stored
In these 256 | ocations wth eaual intervals of angles,

thereby giving a resolution for the | ook-up table of
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n 057 approximately. Positive values are stored in the
tables for all the 180° as shown in Fig 4.10. The sign
bit i s generated in normal operation depending upon the
quadrant in which the n6 value of the argument falls.
ADDER- O gives a 9 bit output (Fig 4.6) for the angle,
no, to cover all the 360° in 512 values. The most
significant two bits of ADDER~O output is used to give
the quadrant of the angle, n® . Table-2 in Fig 4.10

gives the sign bit for different quadrants.

The sign bit for the M2, SNM2, is given directly
from the MSB of the ADDER-O output. The sign bit for
M1, SNM1, is obtained by taking the most significant
two bits through an exclusive-or gate, EXOR-0, as

shown in Fig 4.6.

Although 256 byte long EPROVs were the only choice
for look-up tables at the time when the system was
planned, -present day BHFROMs with higher memory capability

do not give any simpler control hardware.

45.5.5 Storage of DC component
Fig 4.11 gives the schematic for entering the dc

component a, into the axRAM as already mentioned. In
the second pass of phase correction mode, when the address
i s zero, the first CLXY12 pulse enters a, (first spatial

frequency component) from latch a,' through the BUS-Y1,.
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This i s because the address control for MIX-12 is 3 as
QM2 is high for the address count 0 and CL12 (CLP)

is asohigh(Fig 4.9B) for 3 us in the first address
cycle. The phase correction angle i s given by

the ay- RAMand the propagation delay is | ess than
175 ustoreach the multiplier input. Hence the first
location in the a+-RAM corresponds to the phase
correction angl e corresponding to the first el enent.

At the sane tine, the output clock pul ses at the
miltipliers M1 and M2, CLP12, take the product of
invalid data to M. The output of M3 is however not
taken in, since CLi2 has changed to low after 3 us

and the control addrees for MUX12 is now 2 for the
remaining 3 us in the first address cycl e, thereby
allowng a, to reach BUS-Y1. Before the end of the
first address cycle, the control signal R/¥ an bn,
(Fig 4.9B) wites 8, into the oth | ocation of the
an-RAM Inthe first pass of the phase correcti on node
wth the above design of the control circuitry, the
bn-RAMis enabled and sone invalid data enters into
the first location of the bn-RAM which is not correct.
A zero can be entered into first location of the
bn-RAM by having a zero placed in the first |ocation
o the grading function. This wll ensure 0 at the

M3 output in the first address cycle o the phase
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correcti on node.

4556 Implementation of the grading function

The phase corrected correlation coefficients,a

and b, are weighted by a grading function if required.
There is a choice of 6 grading functions, four of which
are stored pernanently in ROM and two gradi ng functions

are stored in RAMs.

Fig 412 gives the circuit for inplenenting the
grading function. The output of ALCER 1 (Fig 4.1) is
connected as one input of the multiplier, M3, through
BUF=-9, which converts signals fromcMOS | evel s to
TTL levels. The other input of M3 is connected to
grading data bus, B5S5G Two RaAMs (6810), G1 and G2
are nenories where the grading functionis tenporarily
stored. Two ROMs (Intel 1702) provide four gradi ng
tabl es, G3 to, Gb. Addressesfor both the RAMs and ROMs
are connected to the output of the address generator,
QONTER O (Fig 41). Selection of the particul ar
function is provided by the thunbwheel sw tches, on
the console. The MBB 8 bits o the output of the
multiplier, M3 are converted to CMXS | evel by
BUF-10, which goes to Mux-12 for witing in the an- RAM

and the bn-RAM as al ready discussed in earlier sections.
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T™wo QVICS RAMs (RCA 1822) provide two more grading
functions, @7 and G8, which are connected with the
back-up power supply. This feature avoids data entry
repeatedly into these memories in case of power

failures.

The grading function can be bypassed by the
signal, CG, which connects ADDER-1 output to BUFRI10
input directly. Simultaneously, MB i s disabled by
the signal, ENM3. Both these signals are generated

under console control.

A 200 ns long input clock signal, CLXY3, o the
multiplier, M3 is provided by MONO6 (Fig 4.94),
after a delay of 1.25 us from the output clock signal
CLP12, of the multipliers, M1 and M2. This takes
care of the propagation delay of BUF-9 and ADDERA
circuits. The output clock signal, CLP 3, of
multiplier M3 is given after 300 ns from the signal,
CLXY3, to allow for the multiplication time in M3.
MONO-7 gives the necessary delay of 300 ns, while
MONO-8 gives a 200 ns long CLP3 pulse. The signal,
R/Wanbn, of 900 ns length is generated after a
delay o 400 ns to allow for delays in BUF-10 and
MUX-12. MONO9 gives the delay of 400 ns, while
MONO-10 gives 900 ns long R/Wanbn. All these timings

are considered in the pipeline process design.
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455.7 Control signals for Read Write Memories

Control signals for the axRAM and the bHRAM

Write pulses are produced only in the correction
mode, since MUX-15 (Fig 4.94) allows output of the
MONO4 to be applied to MONO=-5,R/Wanbn is taken from the
output of MONO-I0 as already mentioned in an earlier
section. The Flip-Flop, FFé, gives read pulses, which are
set by the low to high transitions of the GNP pulses
and are reset by the output of MONO4 R&AD pulses
are demultiplexed by MUX-16 as RRAD C pulses in the
phase correction mode and READ N pulses in the normal
mode of operation. Chip select signal, CS gppn is
given by the logical OR function of ERBAD N and
KW anbn signals. Only READ N pulses are gated to
Csanbn by gate, G6, the other input being R/W anbn
from MONO-10. This is connected to chip select pin
of arRAM and bn-RAM. The signals snan (Fig 4.4)

ENBN are given to other chip select pins of ar-RAM
and bn-RAM respectively.

Control Sigmals for the 2% _RAM
MONO47 (Fig 4.94A) is used for generating the

R/W & signal in the OFF line mode. R/W Ay is taken
from the Q output of MONO47 and is normally in the
high state thereby enabling read operation of the RAM
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The chip select signal, ¢3 4is obtai ned by | ogical
R function of the READ C pul se and the R/W & pul se.
Gate, G7, provides this (R function either by connecting
the MONO 17 output or the FF& out put through MUX- 16.

Gontrol Signals for the G-RAM

The Q output o MNO 18 provides a R/W G signal,
which ia nornal Iy high enabling read operation of the
RAM The signal CSGis obtained by the | ogical (R
function of the Read G pulse (obtained fromFF7 during
the grading cycle operation) and the R/¥ G pul se.
Gate, (B, provides this operation. Fi g 4.9B gives

timng diagramof all the control signals for the RAMs.

AR58  Design of pipeline control system
\V¥r st case propagation del ays were worked out for

the circuit designed, based on the data sheets of the
circuits. The figure givenin the bracket shows the
desi gn val ue chosen in the system The propagati on

del ays (Ref Fig 41) are as given bel ow

1 From Adder/Latch, A/L-0, tO multipliers M1
and M input is 1650 ns (17 us i S chosen) .

2 Frommultiplier M1 output to Adder/Latch, A/L-1,
input is 1950 na (CLN chosen as 2 ys),

3 Frommultiplier Mt output to multiplier M
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input is 1060 ns (CLXY13 is chosen as 1.25 us after
CLP12).

4., M3 output to BUSY1l is 10 ns (400 ns is
chosen, A large factor of safety here does not worsen

the speed of processing).

For working out the pipeline processing system,
one has to account for invalid data since the data is
flowing continuously. The status of the data signal
flow with respect to the control signals at the
multipliers, Mt and M2, is tabulated where the unprimed
terms refer to multiplier M1, and primed terms refer

to multiplier mM2.

No. of CLXY12 Adder/
pulses in M1 M1 M2 \V, L atch,
normal mode I nput Output  Input Output A/L-1,
Output
1st X,~Y, invalid xo'-yo' invalid invalid
2nd 17V %Y, xtey,' x'-y, invalid
XA~ X, - - -
3rd 2792 17910 x'-y,t X eyt x Yok x 'y,
4th XB-Y3 X,=Yo x3'—y3' x2'-y2' x1y1+ x1|y-1'

The strobe pulse for 4/L-1 is derived from the CLXY12
pulse (Fig 4.9B). From the above table, it is seen that
the third CLXY12 pulse should be the effective strobe

pulse for 4/L-1 when proper output IS available. This
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| S accomplised by Flip Flops, FF11 and FF12 and nono-
stables, MONO-19 and MONO=-29 (Fig 4.9A). The timng
diagramis giveninFig 4.9B. MN319 generates a

500 ns pulse at the falling edge d the Q700 pulse.
FF11 provides a toggle circuit whichis reset by the
MONO-19 pulse and toggled by the CLXY12 pulse. FF12
Is set by the MONO 19 pulse and reset by the high to
low transition of the FF11 pulse. The high to low
level transition of FF12 triggers MONO-20 i n generating
a lusreset pulse for 4/L-1 (RL1). MNow the CLXY12
pulses are ANDED with the FF12 signal to produce a
strobe pulse, STL1X, for A/L-1 fromthe second CLXY12
onwards. However the first sTLi1X is ineffective
because of simvltaneous production of the RL1 and

STL1X pulses. idence the STL1X pulses are allowed

only in the normal node by the sSw2 switch as signal
STLi. This ensures retention of data at the A/L-1

out put in case the phase correction cycle Starts
immediately. In this worst case, when the pre-integration
period just starts after conputation, the STL1 pulses

i n phase correction node can destroy the previous added

value, Since the 4/L-1 output is taken after sone tine.

4559 PCST-Integration Schene and Tmap-RAM
Fig 4.13 gives the schematic for providing the

post-integration tine, which is selectatle fromthe
congsole as nentioned earlier. Fig 4.14 gives the

schemati ¢ of the Tmap-RAM. Tmap-HAM iS a 512 by 16 bit
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memory formed by 8 chips (lotorola 6810) having an
organisation of 128 bytes each. They are formed from
two banks of 512 bytes long by suitably conbining
throush control signals R/WTamp 1 and 2 and CSTmap 1
and 2. There are 2 sets of 512 by 16 bit RAMs

going through bilateral switches for connecting
Tmap~-RAM i n the buffer mode. The data bus having

16 bits IS connected through a bus coupler, while the
address bus having 9 bits i s connected from LATCH-3

Output (Fig 4.15) corresponding to the bean number.

Fig 4.15 gives the circuit diagram of the control
circuit. The 100-19 pulse (Fig 4.9A) triggered by
the falling edge of Q7CO0 allowed in the normal mode
through SA3 to strobe the counter-1 output of LATCH-3
'Chis provides the address for Tmap-RAM, which is held
valid till the next falling edge of Q7C0. The address
for Tmap-RAll i S staggered by half the periocl of Q7CO,
enabling pipeline processing. This is achieved by
triggering 1010-19 on the falling edge of the Q7CO
pulse. Buffer 13 provices TIL Compatible output.

SW4 provides facility to address Tmap-RAll externally

under console control.

R/W Tmap IS taken from the T output of NONO-I6,
which is always high thus enabling the read operation.
The ﬁ\l signal taken from FF10 connects the Tmap-RAM
data to one of the ADDER- 3 (Fig 4.13) inputs through

the bus coupler, 3C-0, the other input being taken
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fromthe LATB-1 output. A strobe signal for A/L-2,
STL2, is given after adelay of 1 us to account for
the delay in BUF-12 and ADDER-3. Now D EN is such as
to connect LATCH 2 output to the Tnap- RAM t hr ough
BU~11 and the bidirectional bus coupler, BGQ

A R/W Tmap pulse of 1 us is generated after a del ay
of 500 ns to account for the propagation del ay of
BUF-11 and BC-0. Chip select signal, CS Tmap, isS
enabl ed, both when Tmap-RAM is read i.e. during O EN
signal, and during witing in Tnap-RAM This is
effected by gate, G15, (Fig 4.15). Fig 4.17 gives

the timng diagram of the above circuit.

Post-integration control is provided by the circuit
shown in Fig 416 and the timng diagram for this
circuit isalsogiveninFig41/ An intialise pul se
fromthe consol e sets FF8 and resets FF9. The Q out put
of FF8 enables the MINO1 (Fig 44 output at the end
of the phase correction node and | oads the DOMN CONTER- 2
with the post-integrationfactor set by the thunbwheel
switch at the console. In addition, the MINO 1 pul se
resets FF8 and sets rF9 after 2 gate del ays of G9
and 610, since the borrow output of the down counter
Is high. 1The first MINO1 pul se going to the cl ock
I nput of the down counter is ineffective since the preset

count er input dom nates.
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((1) CONTROL SIGNALS FOR Tmap RAM
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FF9 IS reset again by the follow ng MING 1 pul se
and remains lowtill the borrow output fromthe down
counter sets it again. DIENsignals are gated by the
Q output of FF9, thereby producing @ bus coupl er signal,
CSBC, when the data corresponding to each beamis valid
at the output of Tmap-RAM This is effected by
Gate st, G611 and G2 The G10 output is effectively
the trigger signal to take the data outside the system
and is designated as the TAPE TRIGER pulse and is
Issued at the end of each post-integration period. Two
operations are perforned simultaneously. Eirst the
data from Tmap-RAM i S read out to the m croconputer by
the chip select signal, CSBC. Second, this signal
I nhibits bus coupl er, BC-0, and forces a zero input to
the ADDER- 3, since fresh data has to start accumul ati ng.
Subsequent tape trigger pul ses are obtai ned by using
the borrow output of the down counter to | oad the
post-integration factor again. Thus the nmenory add-in

feature is obtained in the Tmap-RAM.



