
CIIAPTER 2 

F R O N T  END OF THE D I G I T A L  RECEIVER SYSTEN 

3.1 Introduction 

In the design of the digital correlator system to 

replace/supplement the old analog correlator system, 

advantage has been taken of the recent developments 

in the field of digital techniques. Digital correlation 

withwny channels can be performed by using inexpensive 

dicital integrated circuits. Low cost and high accuracy 

are the main features in the design of the multichannel 

receiver system described here. 

The 34.5 PlHz signal from the antenna is down 

converted to IF band (~ef . Sec. 2 .2.2.1) . 3y employing 

bandpass sampling, DSB sibnals are produced. There 

are several advantages of using such a 033 system as 

compzred to a SS3  system. Front end circuitry is 

simpler in a DS.3 conversion scheme as compared to 

SSB conversion, which requires sharp cutoff filters etc. 

The delay compensation necessary for the pzth length 

differences in the interferometer can be changed 

in coarse steps (presently a time delay step of 

1/2 us is employed) without affecting the phase in the 

DS9 system (see eg. Etadhakrishnan etal, 1971) . Thus, DSB sys- 

tem allows slightly inaccurate delay settings, while such 



settings in a SSB system will cause unacceptably large 

phaee jumps. Also, in a DSB system, the local osci- 

llator frequency is the "operating f requencyM of the 

interferometer whatever is the bandwidth or frequency 

of the IF sections of the receiver. As the local 

oscillator frequency is known precisely, the deter- 

mination of the various base linea of the interferometer 

in wavelengths can be done trivially and exactly, 

The S/N ratio of a DSB system as compared to that 

of an 3SB system depends on a number of factors. In 

the present case, becauee of the low operating frequency 

of the telescope, the major contribution to system 

noise is from the sky background which can exceed 

receiver noise by a large factor. Hence, it is necessary 

to ttunf old? the two sidebands to get the full benefit 

of the RF bandwidth at the frontend before mixing. This 

is achieved, as shown later in this chapter, by 

employing 4 correlator circuits and 2 adders for each channel, 

B S 3  signals can -thus directly be correlated without 

unfolding the sidebands. In practice, the implementa- 

tion of this technique for analog correlator circuits, 

is difficult in view of the increased cost and complexity 

of the correlator circuits. Since four one-bit corre- 

lators are incorporated in an inexpensive digital 

integrated circuit, such a scheme of correlating DSB 

signals is employed in the present system. As a trade- 



off between the cost and the signal-to-noise ratio for 

different levels of quantisation of the sampled signal, 

one-bit (2 level) quantisation was chosen. 

The one-bit digital correlation technique with 

infinitely clipped signals has the following advan- 

tages : 

i) As the digital correlator is relatively 
inexpensive,-the multi-channel system 
required for directly correlating DSB 
signals is feasible at a modest cost. 

ii) Gain variations in the system have practically 
no effect, since the signals are infinitely 
clipped. 

iii) Different delays required to steer the beam 
in declination, can be set digitally for 
different channels by using shift registers. 
This avoids cables or other phase shifters, 
and cumbersome associated switching systems 
as would be ~d&$bbd in analog systems. 

iv) In a one-bit system, the signals are con- 
verted to digital form right at the 
f ront-end, thus avoiding expensive sample/ 

hold and analog-to-digital converters which 
would otherwise be required for final data 
acquisition in digital form. 

v) Integration times can be easily programmed 
using variable length counters to accumulate 
the one-bit correlated signals. 

vi) Transformation of correlation coefficients in 
2'8-complement form required for further digi- 
tal processing is easily carried out. 



The sub-systems discussed in this chapter are: 

i) The delay system, where the infinitely clipped 
signals pas8 through shift registers for 
equalising path lengths in the North-South 
and the East-West channels. 

ii) The correlator aystem, where digital corre- 
lation of DSB signals is carried out without 
unfolding the sidebands. 

iii) The integration and multiplexer system, where 
the correlated one-bit signals are accumulated 
for a preassigned integration time and are 
then time-division multiplexed for the processor. 

iv) The 2's - complement converter, where the 
accumulator value is transformed to a corre- 
lation value in binary 2's - complement 
form for further processing; and 

v) The Van-Vleck corrector, where the one-bit 
correlated signals are corrected. 

. . . . 
3 -  

3.2 Delas System 

It is necessary that the time delays in the 

signals from both the North-South array and the East-West 

array for different.positions of the beam in the meridian 

plane are made equsl. In addition, compensation for the 

unequal cable lengths from each of the North-South 

elements, as already mentioned in Sec. 2.2.2.2. has also 

to be provided. 

From the Fig 2.2, it is clear that the cable lengtha 

from any antenna in the East-West array to the final 



Group amplifier ,  ( located at the centre of the East-West 

array) ,  i s  800 metres. From the centre of the East-West 

array,  the s igna l  i e  taken t o  the laboratory through a 

cable length of 340 metres. I n  operation, s igna ls  from 

the interferometers formed by the f i n a l  output of the 

East-West array and the elements of the North-South ar ray  

taken ' individual ly ' ,  a r e  obtained and processed. For a 

source i n  the meridian plane, a t  an angle Z from the 

instrumental zenith, hereaf te r  t o  be referred t o  as 

zenith angle, the s igna l  from the North-South element, 

located a t  a distance of x metres from the East-West 

array (F ig  3.1), is ,  therefore ,  t o  be delayed by 

where C is  the velocity of propagation of e lectro-  

magnetic waves i n  f r e e  space and Z can be e i t h e r  

pos i t ive  o r  negative depending on whether the  source 

i s  to  the North o r  South of the instrumental zenith 

respect ively.  

Table 3.1 gives the ac tua l  cable lengths f o r  the 

90 elements of the North-South array to  the laboratory 

and a l s o  the addi t ional  lengths required t o  make t h i s  

length equal t o  340 metres t o  compensate f o r  the cable 

length from the centre of the East-West array t o  the 

laboratory. However, instead of physically adding the 
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Table 3-1 Cable lenatha from each of the N-S element 

t o  the  Laboratory 

Element No. i n  Actual cable Length L t o  be 
N-S Array length t o  control added t o  make the 

room f ram f i n a l  cable length from 
group amplifier the  N-S element t o  
i n  the  f i e l d  the Control room 
I n  metres. equal to  340m. 
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required cable lengths, equivalent delays have been 

incorporated by using shift registers. A separate shift 

register is used in each N3 channel to compensate for 

the cable lengths of 800 metres of the East-West element 

to the final East-West group amplifier. 

Assuming the velocity of propagation of the electro- 

magnetic waves through cables to be Bc, where B .~0.66, 

the compensating delay to be produced is given by: 

where L is the length of the cable in metres. 

Thus the total delay to be compensated for any 

zenith angle is given by: 

T = T1 + T~ = (0;0033 x Sin Z + 0.0051 L) u s  ..... (3.3) 

From the equation(3.3) ,the amount of delay to be 

introduced for the signals arriving from various 

elements of the North-South array may be calculated for 

a given zenith angle, Z, and a curve may be plotted. 

This has been done for various zenith angle8 from 

-60' to +60° and a typical curve for Z of 5' is given 

in Fig 3.2. As mentioned earlier, the delay compensation 

is effected by means of a 4-bit shift register clocked 

at 2 MHz rate.   he delay can, therefore, be corrected 

in steps of 0.5 u s  only. Bearing this in mind, the 
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curve of Fig 3.2 is digitised, so that the error in delay 

for individual elements does not exceed + 0.25 u s .  This - 
gives rise to some decorrelation, whose magnitude is 

given by (Christiansen and Hogbom, 1969) . 
.......... ..... ..... B ( A T )  = S i n  Il AT Av 

( 3 . 4 )  

n A-c AV 

where AV is the bandwidth of the signal; 

and A T  is the departure from the time delay required. 

Table 3.2 gives the delay decorrelation for different 

A-C'S and A V ' S  of the signal. 

The variation of the decorrelation factor with 

zenith angle was investigated for different North-South 

element grouping achemee. (Grouping of elements implies 

that the signals from all the elements in a particular 

group are delayed by the same amount. k grouping scheme 

may consist of dividing the 90 North-South elements into 

groups of 2, 4, 6, 8). It was found that a scheme 

wherein the 90 North-South elements were split into 

23 groups - the first 22 being of four elements each, 
and the twentythird being a group of two only - was fairly 
optimum. r'urther, it was found that the zenith angle 

range of -60' to +60°, may be conveniently divided into 

the 8 zones indicated in Table 3 . 3  . This arrangement 

results in the least decorrelation, the factor not 

exceeding 6% for a signal bandwidth of 1 MHz and AT 

of 0.2 u s  maximum as shown in Fig 3.3. 



ble 3-2: D m  DECORRELATION (B) FOR ERRORS IN DELAY 
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AV In MHz AT in Us BW delay product Delay Decorr- 
elation 

(Av . AT) B ( A-r 

From the above it is seen that if delay is kept within 

0.15 US rmg, the correlation coeff icient worsens to 

about 0.97 at 1 MHz Bandwidth. 
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Table 3 .3  gives the time delay s e t t i n g  i n  microseconds 

of various group8 of North-South elements f o r  d i f f e r e n t  

zeni th  angle zones. The negative time delay i n  the 

North-South Channel i s  provided by delaying the s igna l  i n  

the East-West channel, a l so  with a 4-bit s h i f t  r e g i s t e r .  

Table 3.4 gives the arrangement of cont ro l  b i t s  f o r  the  

s h i f t  r eg i s t e r s  i n  the North-South and East-West channels. 

2  Control b i t s  a re  required t o  s e t  the  delay i n  the 

4-bit a h i f t  r e g i s t e r ,  thereby requiring 48 b i t s  o r  6 bytes 

of control  data f o r  each zenith angle zone t o  a l l  the 

s h i f t  r e g i s t e r s  i n  the 23 groups of North-South elements 

and one East-West channel. A look-up t ab le  48 bytes 

long provides the cont ro l  data f o r  a l l  the 8 zenith angle 

zones. The se lec t ion  of a  par t icu lar  zenith angle zone 

i s  made by s e t t i n g  a  thumb-wheel i n  the console. 

3.3 Dia i t a l  Correlat ion Circuit  

The s ignal  a t  34.5 MHz a t  the antenna i s  down 

converted t o  IF band and bandpass sampling ( ~ e c .  2.2.2.1 ) 

i s  employed t o  c;ive the DSB signal .  

Correlat ing the DSB s igna ls  so obtained i s  not qui te  

simple, since the information band i s  folded a f t e r  con- 

version. However, using ex t ra  mixers and cor re la tors ,  

one need not unfold the s igna l  before cor re la t ing  as 

discussed below: 

Let the unshif tad s ignals  be S, and S2 of the 
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2 elements of the interferometer and the go0-shifted 

signals be S1' and S2'. Let the cosine and sine corre- 

latione be an and bll respectively. an and bn are 

given by: 

Appendix-1 gives the derivation of the above 

expressions. Thus by employing 4 correlators to 

obtain S1S2 , SItS2', S29,' and s1s2' and by adding 

appropriate terms, the cosine and sine correlation 

coefficients may be obtained as shown in Fig 3.4. 

Since the signals are infinitely clipped, inexpensive 

one-bit correlator circuits are employed to obtain 

cosine and sine correlations. The one-bit signal 

after passing through the 4-bit shift-register for 

delay compensation, is correlated by simple digital 

circuits (EXOR and EXNOR gates) to obtain the product 

terms as shown in Fig 3.5. The EXNOR gate measures 

coincidences between the two strings of pulses and 

is used in the present system. The cosine correla- 

tion value is obtained by adding the outputs of two 

EXNOR gates to give the functions S1S2 + S1'SZ1 and 

is fed to a counter. The sine correlation is obtained 
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by adding the output of one EXNOR gate to that of one 

EXOR gate to give the function SpSl - SISZ1 . 
Addition of the terms is carried out by employing 

AND/OR gates using 2 phase clocks 4 and 0 at 

2 MBz rate as shown in Fig 3.5. This method avoids the 

use of expensive conventional adder circuits. The 

output of the AND-OR gate is at a 4 MHz rate because 

of two-phase clocking, and hence a divide-by-two 

circuit is included in the correlator circuit to 

normalise the signal to a 2 MHz rate. 

3.4  Digital Integration and Multiplexinfr: Circuit 

The correlator output is fed to a variable length 

counter to cater for different pre-integration times. 

The length can be varied from 1 2  bits of accumulation 

for the smallest pre-integration period of 2 ms, upto 

19 bits for 256 ms pre-integration time. At a maximum 

signal rate of 2 MHz the counter will not overflow 

for any pre-integration time selected. In fact, 

the length of the counter and the pre-integration time 

can be independently controlled. Fig 3.6(a) gives 

the schematic for the data integration and multi- 

plexing. The correlated signal in each channel passed 

through the counter -0 and the parallel output from 

the 7-stage counter -0, along with the counter input 
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signal, ia given to the 8-channel Multiplexer,'MUX-O1. 

The Control input to the MUX-0 is given according to 

the pre-integration time selected. The signal then 

passes through the 4-stage counter -1 followed by 

the 8-stage counter -2. 

A strobe pulse is generated at the end of each 

pre-integration time which latches the 8-bit output 

of the counter -2 in the 8;bit latch circuit. There 

are in all 128 channels each for a, and bn, although 

presently only 90 channels are used. an and bn are 

multiplexed to the Fourier Transform processor unit in 

2 levels of multiplexing. Tri-state latch circuits are 

used in the first-level multiplexing by grouping 

8 channels at the channel-bus. 16 such groups are 

multiplexed in the second-level multiplexing using 

tri-state bus drivers at the data-bus separately for 

an and b,. Since the MSB 8 bit counter value is used 

for further processing, only counter -2 is reset after 

latching the counter -2 value at the end of the pre- 

integration interval. This minimises the truncation 

error in the correlation values. 

Fig 3.6(b) gives the control circuit. The 7-bit 

address for selecting 128 channels sequentially can 

be split into 2 groups having MSB 4-bits for group-select 



signals and LSB 3-bits for channel-select. The Strobe 

pulse goes simultaneously to all the latch circuits in 

each channel. The Channel-select signal comes out 

independently for all the groups and is driven commonly 

from the decoded LSB 3-bits. Thus, the signal will be 

enabled at the channel 3US, from any one of the channels 

all the time, but the data will not reach the a, or b - n 

BUS, unless that group is selected. 

A timer in the Control Circuit generates a STROBE 

pulse at the end of each pre-integration interval. 

Pre-integration times can be set as 2" milli-sec, where 

n may be chosen to be 1, 2, 3.......8 as already mentioned. 

A counter driven from a 2 MHz internal clock, along with 

an 8-channel multiplexer, gives the selectable pre- 

integration times. The counter can also be driven from 

an external clock. The timer issues a RESET pulse at 

the end of each STROBE pulse to reset the data counters 

as already indicated., 

3.5 The 2's Com~lement Converter Circuit 

The transformation from ,counter value to correlation 

the relation: 

where: Kc is the number of coincidences, 
Ka is the number of anticoincidences, and 
K is the number of samples. 



The transformation thus requires numerical pro- 

ceasing which involves time. In an on-line processing 

system, this is a serious factor which can limit the 

speed of operation. It is shown in Appendix 2 that 

the correlation values in 2's complement form can be 

very easily obtained from the measured counter values 

by simple logic, by complementing only the most sig- 

nificant bit. Since most of the digital processing 

circuits use 2's complement notation, getting the 

correlation values directly in this notation is an 

extra bonus. A fast multiplier chip, like the TRW 8kJ, 

is used in the processor which requires the data to be 

given in 2's complement form. 

3.6 Van-Vleck Corrector Circuit 

The degradation of the correlation value of 

one-bit signal is about 666 compared to that for 

an unclipped signal (Weinreb, 1963) . The true corre- 

lation value may be obtained by using the formula: 

ITPm 
pT = S i n  ( - ) 

2 

where P, and PT are the measured and true correlation 

values respectively. 

For small values of P,, P r~ n P, and the 

error is less than 1% for correlation values of upto 

16. For weak sources the correlation values may be 

much smaller than 166 and hence the c o r r e c t i o n  may 



be neglected. However, for strong sources such as 

may be observed for system calibration, the application 

of the correction will be necessary. 

A look-up table is provided for implementing the 

Van-Vleck Correction (Fig 3.7). This uses a 256 byte 

ROM programmed to give directly the 2 ' s  complement 

true correlation coefficient. It has an access-time 

of less than 500 ns. The propagation delay of the 

two-level multiplexer for an and bn together with the 

access tire of the above mentioned RON should be less 

than the basic cycle time. ( 1.75 u s  ) of the Fourier 

Transform Processor. The system speed is thus not 

slowed down. 
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