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1.0 INTRODUCTION
In the VLA1, received signals are converted to baseband, split 

into "sine" and ,,cosineH parts in a 90° phase difference network, 
quantized to three levels, and sampled at a rate of twice the band
width or greater. They then pass through digital delay lines to an 
array of multipliers, where essentially all possible (3 level) products 
are formed at each sample time, and the products are each accumu
lated for a predetermined number of samples. In particular, the 
product of two "cosine" signals (or two "sine" signals) yields the real 
part of a complex correlation, and that of a "cosine" and a "sine" (or 
"sine" and "cosine") yields the imaginary part. This is illustrated in 
Figure 1.

For each input signal, then, four sampling switches are re
quired, since two bits are needed to encode the three levels of the 
"sine" part and the "cosine" part. Design considerations in the 
quantizers (which are high-speed voltage comparators) and the samp
lers (planned to be edge-triggered flip-flops) make it possible that 
the effective sampling times of the four samplers may be unequal 
(principally because of propagation time variations in the compara
tors). In this report, we examine the effects of such skewed sampl
ing times.

1This paragraph describes the VLA correlator in continuum mode. In 
the spectrometer modes, operation is somewhat different.
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Figure 1: S im plified b lock diagram o f co rre la to r.

We shall also allow the quantiza tion  th resho lds to depa rt from  th e ir  

optimum values, b u t o therw ise the c irc u it r y  w ill be assumed to  be 
idea l.

W ithout loss o f g e n e ra lity , two types o f sampling skew w ill be 

considered separate ly. F irs t, quad ra tu re  tim ing skew, in which the 

sine and cosine pa rts  are sampled at d if fe re n t times b u t the two b its  

o f each p a rt are sampled sim ultaneously; and second, sign tim ing 

skew, in which the two b its  of one p a rt are sampled at d if fe re n t 
times.

2.0 CORRELATOR RESPONSE VS DELAY

Since all samples w ill be d ig ita lly  retimed (de layed) to be syn 

chronous w ith  the system clock, a sampling time e rro r is equ iva len t to 

a delay e r ro r . I t  is the re fo re  in s tru c tiv e  to consider the co rre la to r 's  

response as a func tion  o f delay e r ro r .  F igure 2 is a p lo t o f the 

c ross-co rre la tion  func tion  o f the unquantized signals fo r  the case o f 
inputs having ideal low-pass spectra  o f bandwidth W, with no sign

timing skew. T h e  real (cos x cos) and imaginary (cos x sin) c h a n 

nels each have cross-corre lat ion  funct ions with envelope A sine (xW)
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Figure  2: C orre la ted power vs delay e rro r  

fo r  cosine x cosine and 

cosine x sine channels.

m u ltip lied  by a sinusoid at frequ en cy  W/2. In the example shown, 

the real and im aginary parts  are equal and pos itive  at zero delay 

e r ro r ,  so th a t the complex re su lt has phase 45° and am plitude A.

The response o f the co rre la to r is ac tua lly  the cross-co rre la tion  

o f the quantized s igna ls; b u t unless the co rre la tion  coe ffic ien t is 

la rge , th is  is sim ply p roportiona l to th a t o f the unquantized s igna ls.

3.0 QUADRATURE TIMING SKEW

With F igure 2 in m ind, the e ffects o f quad ra tu re  tim ing skew can 

be determ ined d ire c t ly . Le tting  r R (T) be the real channel response



as a function of delay error x, and similarly r^ x )  for the imag
inary channel, and attributing half of the timing skew Ax to each 
channel, the errors are

£R = rR^0) '  rR(AT/ 2) ~ J T  lo

= rj(O ) -  r j(-A x /2 )w ~ ^  |Q *1.

For ideal low-pass spectra,

rR (t)  = A sinc(xW) cos(7lxW+<J>)

and

T j ( l )  = A sinc(xW) sin(7ixW+(|))

so

eR ~ -AnW sin(<|>)

£j ~ -A7TW C0S((|)) .

Note that the error depends on <|>, the actual phase of the complex 
correlation. If we desire to keep the errors less than some fraction 
6 of A for all <|>, then we need

0
I Ax| < — = 0.13 nsec for W = 50 MHz and 6 = 1%.

4.0 SIGN TIMING SKEW

In the VLA, the two bits which encode the three-level sample 
indicate respectively that the sample was above the positive quan
tizing threshold or below the negative one; hence, the name "sign
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tim ing skew" can be applied to  the  time d iffe rence  Ax between the 

sampling times o f the  two b its .

As pointed ou t to  the au tho r by A . R. Thompson (p r iv a te  com

m un ica tion ), i f  the  pos itive  b it  is TRUE, then i t  is v e ry  improbable 

th a t the  negative b it  w ill be TRUE, and vice ve rsa , unless Ax is 

v e ry  la rge . T hus , we may regard the  e ffe c tive  sampling time as th a t 

o f the pos itive  b it  when the  sample is above the  positive  th re sh o ld , 

and as th a t o f the  negative b it  when below the  negative th re sh o ld . 

When between th resho lds  (bo th  b its  FALSE), the  e ffec tive  sampling 

time is un im portan t because the  sample makes a zero co n tr ib u tio n  to 

the co rre la tion  sum.

F igure  3 is a p lo t o f the  th resho ld  voltages o f two ideal q u a n tiz 

ers in the  instantaneous (x ,y ) -p la n e , where x ( t )  and y ( t )  are the

F igure 3: Quantization th resho ld  diagram.
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baseband signals. If the sample pair falls in the regions marked 1 or
3, a count of +1 is accumulated by the correlator; for regions 2 or
4, -1 is accumulated; and elsewhere, 0. Let P. be the proba
bility that the samples are in region i; then after N samples, the 
accumulated count is

The probabilities are merely integrals of the bivariate normal proba
bility density function, and they depend on the threshold voltages 
and the correlation coefficient of the signals.

Now suppose that the x sampler has a sign timing skew, 
causing a delay error x = x+ for positive samples and x = x_ for 
negative ones. Then the correlator response can be determined by 
calculating and P4 at the correlation corresponding to x+,
and and P  ̂ at x_.

It should be apparent that the result will depend on the actual 
threshold voltages. Consider first the case of equal thresholds, v  ̂
= V£ and Vg = v^ (as defined in Figure 3). Then if the + and - 
delay errors were equal, we would have P̂  = P  ̂ and P  ̂ in
particular, if both had x = x+, the correlator count could be written

r = N(P1 + P3 - P2 - P4). (5)

(6)

and if both had x = x it would be

r_ = 2N (P3_ - P2_) (7)

where the +, - subscripts indicate evaluation at x+, x_. Apparent
ly, then, the actual response is the average of the ideal responses at 
the two delay errors:
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r = N (P1+ + P3_ - P2_ - P4+) =  ̂ ( r+ + r _ ) . (8)

As in Section 3.0 , if we let x+ = Ax/2 and x_ = -Ax/2, we -find

d2]d r
e„ = r_(0) - l/2[r_(At/2) + rc (-At/2)] ~ -1/2 ^ - 2T  L  (I1)2

For ideal low-pass spectra,

(9a)

d2Xp ,
Cj = r j(0 )  - l / 2 [ r I (A i/2 ) + r j(-A x /2 )] -  -1 /2  |0 ( f^ )2. (9b)

£r ~ +l/8(27t2 - 2/3) W2 A cos <J> (Ax)2 (10a)

£j  ~ 1 /8(27l2 - 2/3) W2 A sin <|> (Ax)2 (10b)

|Ax I < r? /  86 = 1 . 3  nsec for W = 50 MHz and 6 = 1%. (11) 
/  271^-2/3

The case of unequal thresholds is more complicated. The VLA 
quantizers attempt to minimize the effect of unequal thresholds by 
phase switching: the sign of one of the baseband signals is reversed 
during half of the samples, and simultaneously the + and - output 
bits are interchanged. The results are expressed by

^  = lPj(P+) -  V ' P +)1 + lp3(P .) -  P3(-P .)]  (12)

- (P2(p .) -  P2(-P .)]  -  lP4(p+) - P4(-P4) l -

[ If  the thresholds are equal, P^(-p) = P^(p) and P2(-p ) = 
Pg(p) so that the above reduces to equation (8 ) ] .  With unequal 
thresholds, even with phase switching, it is no longer true that the 
actual result is the simple average of the ideal results at the two
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delay errors; it is instead a weighted average of the two, with more 
weight being given to the sign whose threshold is smaller.

A quantitative estimate of the effect can be obtained for p+, 
p_«1. Collecting the terms in p+ and p_ from (12),

^  = [PjCp^ + p4 (-p+) - P j(-p 4) - P4(P+)]

+ [P3 (P.) + P2 (-P .) - P2 (p_) - P3 ( - p J ] ;

we can let

,  _  Pl<°> + .  V P + > + V ' P + > ,  + P4<P+>
“  P3 (0 ) + P2 (0 ) ~ P3 (p_) + P2 (p_) ~ p2 (p.) + P3 (-P .)  '

Then

r ~ crr+ + ( l-a )r_ .

To calculate a, note that

P1(p) = L(vr  v3 , p)

P1(0) = L(v1, v3 , 0) = \  erfc(v1/V2) erfc(v3/V2)

where L is the bivariate normal integral and erfc is the complementary 
error function; using similar expressions for P P ^ ,  P (13) 
becomes

(13 )

(14)

(15 )

(16)

erfc(v /V2) [erfc(v^/V2) + erf c(v,/>/2) ] erfc(v /V2)
2a = ------ ------------ *-------------- *-----  = ------ 1----  . (17)

erfc(v2/V2)[erfc(v^/>/2) + erfc(v3/V2)] erfc(v2/V2)
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Thus, for small p, the effect of sign timing skew in one sampler is 
altered by having unequal thresholds in the associated quantizer 
(v r  v2) but not by unequal thresholds in the other quantizer (v^,
v4).

As before, let x+ = At/2 and = -At/ 2, so that 

ep = rD(0) -  0frD(A l/2 ) - ( l - a ) r D(-AT/2)

« [a^ |  .  a - c o ^ l  1 f l8 1
2 dT Ax/4 u  dT -At/4  C18'

and similarly for £j. For ideal low-pass spectra,

eR ~  - ~  A/iW[a sin(7iWAT/4 + (j>) + (1-a) sin(7tWAT/4 - <)>)] (19)

Maximizing (19) over <j) for At« W - 1 gives

eR ~ ^  AjiW(1-2o) .  (20)
1̂AX

If v  ̂ and V£ differ by 10%, then (1-2a) < .08. Then we require

| A T | < s w n ^ y = 1 6  nsec f o r  “ :  m z  (21)

Ivl“v2I/vq ~ °-1

5.0 CONCLUSIONS
The results in (4 ), (11) and (21) indicate that quadrature timing 

skew puts the tightest constraint on the samplers, and that any 
tradeoff between it and sign timing skew should favor minimizing the 
former.
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Sign timing skew errors are worsened if the corresponding 
quantizer has unequal thresholds. The equal-threshold error is 
proportional to (Ax)2 [(c f. equation (1 0 )], and the additional error 
to Ax [equation (20 )]; for the ±10% threshold tolerances presently 
allowed in the VLA, the effects are comparable at the 1% error level.
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