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EVLA WIDAR Correlator:
Anti-Aliasing and Bin-Centered Tone Investigation

NRC-EVLA Memo# 032
Brent Carlson, October 7, 2010
ADDENDUM: March 24, 2011
ABSTRACT

This memo more thoroughly investigates WIDAR correlator anti-aliasing
behaviour than previously performed. In addition, reported low-level artifacts
surrounding bin-centered, timing-reference-locked tones are duplicated.
Solutions, in terms of reasonably careful choice of antenna fshift parameters,
and correlator chip integration times are found and tested. A more complete
theory of anti-aliasing behaviour is also developed.

Introduction

For quite some time, there has been reported evidence that anti-aliasing behaviour
observed when testing with the EVLA has not been observed to follow expected results
as reported in [1]. Recently, more detailed testing has been performed at the EVLA with
a system-timing locked, bin centered tone (Bob Sault’s report of August 24, 2010),
providing clear evidence that there are some unexplained artifacts in the results, in
particular unexpected anti-aliasing attenuation, and low-level artifacts surrounding the
test bin-centered tone.

This memo investigates these issues more thoroughly, resurrecting the software correlator
simulator (used to originally investigate WIDAR signal processing) to run tests under
well-known and controlled conditions. Hardware testing using Station Board “Delay
Module Test Vectors” is also performed to ensure that the real hardware is behaving as
the software correlator indicates it should.

During the development of this document and the testing that went into it, some new
strange behaviour was encountered, the effects of which have been tested and
incorporated. This document has therefore grown in scope to describe these findings, and
some of the wording in this memo reflects that process.
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Anti-Aliasing Principles

Anti-aliasing behaviour in the WIDAR correlator has not been found to strictly follow
what the current theory [1] is, namely that aliased signals wash down as:

1
272(2 fshiftX — 2 fshiftY )T

where fshiftX is the LO frequency offset in antenna X, and fshiftY is a different LO
frequency offset in antenna Y. T is the integration time.

It seems that the anti-aliasing hits a “floor” of around -30 dB or so and that the magnitude
of the differential fshifts don’t seem to matter as long as they are non-zero (kHz or so).

I believe this is because the original theory is not complete and that there are one or more
missing components.

Consider the cross-correlation of a broadband noise source, and another statistically
independent broadband noise source. It is well known, in this case, that the amplitude of
the correlation coefficient will integrate down proportional to 1/vN, where N is the
number of statistically independent samples correlated. An amplitude vs frequency plot
of a simulation of this case is shown in Figure 1, for several decades of integration time.

The curves in Figure 1 follow the equation, resulting in the noise integrating down at the
rate of ~-5 dB per decade of samples.

I *I National Research Council Conseil national de recherches

Canada Canada HIA-IHA



NC-CNRC NRC-EVLA Memo# 032 3

Amplitude (dB) vs Frequency
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Figure 1 Uncorrelated noise spectrum showing decrease of ~5 dB per decade.

Now, consider the cross-correlation of a broadband noise source against an independent
broadband noise source into which a tone of some amplitude, at an arbitrary frequency,
has been injected. Everywhere the tone isn’t the noise integrates down at -5 dB per
decade as above. The place in the spectrum where the tone is placed also integrates down
at this rate, however there is a “ghost” tone in the cross-power spectrum that is some
level above the noise floor, and that has an uncertainty (noise) as any other place, as it
has the same additive noise. A graph showing several decades of correlation is shown in
Figure 2.
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Amplitude (dB) vs Frequency
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Figure 2 Uncorrelated noise with a tone injected into one antenna.
The ~-5 dB/decade reduction in the peak of the ghost tone is evident.

This test demonstrates that a tone injected into one signal, correlated against a statistically
independent noise source, will see a “ghost” tone that integrates down at the same rate as
the noise, /7N, with an uncertainty in amplitude equal to the noise.

Next, consider 2 tones, the first tone injected into the first (X) antenna, and the second
tone with a significant frequency difference injected into the second (Y) antenna. A plot
highlighting this cross-correlation with only a 1M sample correlation performed is shown
in Figure 3.
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Figure 3 Uncorrelated noise with a different tone injected into each antenna.
Both tones are independent, and both integrate down with the noise independently.

Next, consider 2 tones, but at varying frequencies. If they are exactly the same
frequency, the tones will correlate. As their frequencies change, they will correlate
somewhat depending on their difference frequencies and depending on the integration
time. Intuitively, the closer they are in frequency, the more they will correlate for a given
integration time, and the farther apart they are in frequency, the less they will correlate
until they are effectively independent of each other. The correlation of these tones is
given by the well-known washing equation:

CCtoneSZSi nC(ZTC(fX'fy)T)

Where fx is the tone frequency of the first antenna (X), fy is the tone frequency of the
second antenna (), and T is the integration time.

The envelope of this function is simply 1/(2n(fx-fy)T), as long as the denominator is > 1.
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The envelope and the function is shown in Figure 4 for a 1 second integration time,
fx=100 Hz, and fy=200 Hz (i.e. a 100 Hz differential):
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Figure 4 Sinc(x) washing function and envelope for 100 Hz frequency difference, and 1 second
integration time.

If the difference between the tone frequencies is increased, say, by a factor of 10 (1 kHz,
and 2 kHz tones), then the plot of Figure 5 indicates a much reduced correlation:
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Figure 5 Sinc(x) washing function for a 1 kHz frequency difference.

It seems reasonable then, that there may be a cross-over between the 1/YN noise de-
correlation curve and the sinc(x) washing function, depending on chosen parameters:

Amyitude(dB) vs Irteg aiantime(s)

-4 fx=1000 Hz
fy=2000 Hz
- Sample rate=1 Ms/s

_1d 1/root(N) noise decorrelation

_ Envelope of sinc
washing function
-3
- 0 002 004 006 008 01 012 014 016 018 02

t
time

Figure 6 Comparison of sinc(x) washing function and 1/N de-correlation, for select parameters.

I *I National Research Council Conseil national de recherches

Canada Canada HIA-IHA



NC-CNRC NRC-EVLA Memo# 032 8

In this case (fx=1000 Hz, fy=2000 Hz; sample rate is 1 Ms/s) after about 25 msec, the
amplitude of the tones in the cross-correlation spectrum is dominated by 1/4N de-
correlation and no further integration or larger frequency difference will matter; the tones
are now independent.

This is a good news/bad news situation compared to the flawed original (sinc(x)) only
theory. The good news is that for a given integration time and sample rate, the frequency
difference (fshift difference) can be minimized so that it only does at least as well as
1N de-correlation, thereby minimizing bandwidth loss. Additionally, longer integration
times (either incoherent—simple averaging, or coherent—uvia the FFT) will continue to
beat down the aliasing levels as noise integrates down, provided the sinc(x) washing limit
is well below the noise limit. The bad news, is that washing of the aliased signals is not
as great as originally planned, but there is, unfortunately, no fundamental way to change
this.

The graph of Figure 7 shows a comparison between the two curves for a 1 Ms/s sample
rate (500 kHz bandwidth), with a frequency difference of 200 Hz.

Amditude (dB) vs| ntegrationtime(s)

-4 fx=100 Hz
fy=300 Hz
- Sample rate=1 Ms/s

-1 1/root(N) noise decorrelation

Envelope of sinc
_ washing function

0 01 02 03 04 05 06 07 08 09 1
t
time

Figure 7 Comparison of sinc(x) washing function and 1/YN de-correlation for 1 Ms/s sample rate,
and frequency difference of 200 Hz.

The 1/7N de-correlation always sets a limit, and so a “null” in the observed net washing/
de-correlation function does not exist, as has been ostensibly observed during sky testing.

Additionally, the amount of washing/de-correlation does not change with larger fshift
differences for the same reason (provided the sinc(x) curve is below the 1/vN curve).
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Anti-aliasing and Bin-Centered Tone Simulation
Tests

Three tests (referred to as Test #1, Test #2, and Test #3) were performed to determine if
anti-aliasing performance, in the software correlator simulation code originally developed
to test correlator signal processing [1], is consistent with expected de-correlation/washing
predictions as outlined in the previous section. Due to very long simulation times
required to de-correlate down to the ~-35 dB level, a very strong tone was used. In the
tests, the tone power was equal to ~1/3" of the total power in the wide band (before 1/16
sub-band filtering). For both tests, the following conditions were used:

e The noise generator used a single-sideband mixer, 163-tap Hilbert FIR filter, with
double-precision floating point for mixing and coefficients. Hilbert coefficients
were Hanning windowed. This SSB mixer was used to add fshifts.

e 4-bitinitial sampling, sigma ~=2.7.

e Correlator FIR filter was 1023-tap, 4-bit inputs, 12-bit LUT, and all integer
operations afterwards. 1/16" band filtering was used.

e 4-bit re-quantizer, sigma ~=2.7.

e 4-bit, 15-level correlation with 3-level fringe rotation, operations performed
exactly as in the actual correlator. For Test #1 a 16,384 lag (8192 channel)
correlation was performed to allow discernment of the different frequency
components that might be present. For Test #2, 2048 lags were used as the fshift
frequencies are too small to resolve even with a much larger number of channels.
Some tests were run with a double-precision floating-point fringe rotator as a
comparison.

All tests were arranged according to the following diagram (fshift frequencies for Test #1
are shown in the figure). A single (after correlation) bin-centered (or nearly bin-
centered") tone was used, within ~500 kHz of the edge of the band. All operations are of
course discrete-time, and a reference sample rate of 2.00 Gs/s was used. With a 1.00
GHz bandwidth, and 8192 channels across 1/16" of that bandwidth, it is 7.62939453125
kHz per point. The tone frequency, before filtering and decimation, was 0.031005859375
cycles/sample=62.0117188 MHz, or 488.28125 kHz before the edge of the sub-band 0-

! After correlation, FFT of the data without windowing indicated ~uniform ~-42 dB sidelobes
spread across the band; the reason for this was unclear, and may be due to a slight bin un-
centeredness, possibly due to numerical precision error, as frequencies were defined in
“cycles/sample”, with resulting calculations for long simulations resulting in less and less
precision in the fractional part of the tone phase calculation. Or, | didn’t get the bin-centered
frequency calculations just right. Or, I’m mixed up on some fundamental principle.
Therefore, Hanning windowing, with ~-45 dB sidelobes was used and believed to be
sufficient, although a Kaiser window with -65 dB sidelobes might have been better (but looks
complicated to implement, especially that nasty Bessel function).
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to-sub-band 1 boundary. Test #3 is set up to verify hardware operation, and so its
reference sample rate is 2.048 MHz, with the tone 1 MHz from the edge of the band.

For Test #1 the X-antenna chosen fshift frequency is 151.1 kHz, and the Y -antenna fshift
frequency is 31.1 kHz. These are large enough so the sinc(x) washing curve is below the
noise de-correlation curve for all tests. They are also large enough so that spectral
artifacts from them can be discerned with the chosen frequency resolution. A 16384-lag
correlator was used to obtain high enough spectral resolution so that individual aliased
tones could be seen.
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Figure 8 Anti-aliasing test signal setup.

For Test #2 the X-antenna chosen fshift frequency is 1.511 kHz, and the Y -antenna fshift
frequency is 0.311 kHz. These are small enough so the sinc(x) washing curve is well
above the noise de-correlation curve for all tests. A 2048-lag correlator was used.
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For Test #3 various fshift frequencies were used to explore the effects of various ratios of
fshift frequencies. A 2048-lag correlator was used.

The following notes are important to understand the above figure. Correlation of only
sub-band 1 was performed?, as it contained all required information to make dynamic
range measurements. Numbers in the following list refer to “bubbled” numbers in the
figure.

1. Thisis the original “sky” tone frequency, without regard to any fshift that may be
imposed. It does not exist, except in sub-band O correlated output.

2. The Y-antenna fshift frequency puts the tone here, as seen by the Y antenna initial
sampler.

3. The X-antenna fshift frequency puts the tone here, as seen by the X antenna initial
sampler.

4. After sub-band filtering and decimation, the Y-antenna tone appears here in sub-
band 1’s negative frequency domain.

5. After sub-band filtering and decimation, the X-antenna tone appears here in sub-
band 1’s negative frequency domain.

6. After sub-band filtering and decimation, the Y-antenna tone aliases here into sub-
band 1’s positive frequency domain.

7. After sub-band filtering and decimation, the X-antenna tone aliases here into sub-
band 1’s positive frequency domain.

8. After fringe rotation, the X-antenna aliased tone appears here, 2 x fshiftX away
from where the “virtual” reference tone (10) is. This is an artifact we want to de-
correlate/wash out with time.

9. After fringe rotation, the Y-antenna aliased tone appears here, 2 x fshiftY away
from where the “virtual” reference tone (10) is. This is an artifact we want to de-
correlate/wash out with time.

10. This is the “virtual” reference tone. It doesn’t actually exist anywhere, but would
exist if no fshifts were introduced, and no fshift removal in the correlator were
performed. i.e. without anti-aliasing, this is where the correlated aliased tone
would appear.

11. This line correlates in the negative frequency domain of sub-band 1. To measure
dynamic range (de-correlation of (8) and (9)), it sets our reference amplitude
against which we measure low-level artifacts. Note that this sets a conservative

2 sub-band 0 was correlated to ensure expected results were obtained, which they were (i.e.
the tone in the expected place).
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measurement, since due to the transition band slope, the actual aliased amplitudes
(comparatively speaking) are set by the geometric mean of (6) and (7).

Test #1 Results
Test #1 was run for autocorrelation, and 3 decades of sample counts. The 1/YN noise de-
correlation curve was well above the sinc(x) washing curve, as shown in the following

figure:
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Figure 9 The 14N de-correlation curve for Test #1 limits anti-aliasing levels as it is well above the
sinc(x) washing curve.

Results using a 3-level fringe rotator in the correlator are shown in the following figure.
Some points to note:

e The auto-correlation amplitude is not as high as the correlated tone (in the
negative frequency domain) due to the fact that it is not bin centered. Auto-
correlation was performed on X-antenna data without fringe rotation.

e There are definitely narrowband artifacts in addition to the aliased tones, coming
from the 3-level fringe rotator’s interaction with the strong tone. The following
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figure shows the same results with floating-point fringe rotation and, except for
one, they aren’t there. However, these artifacts stay at or below the expected anti-
aliasing levels, and integrate down with the noise.® One interesting artifact
pointed out is (2fshiftX + 2fshiftY)/2, which also appears in the floating-point
fringe rotation cross-correlation—is this of the form of a trigonometric identity
stemming from sin(x)sin(y)?

Amplitude (dB) vs Frequency
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Figure 10 Test #1 anti-aliasing test results for 3 decades of “N” (samples) showing achieved and
expected anti-aliasing. 3-level fringe rotation in the correlator.

e The figure clearly shows 1/vN anti-aliasing of roughly -5 dB per decade.

e The 6.25M sample (50 msec) correlation spectrum is highlighted in bold.

® If the tone is much stronger, some sampler-generated artifacts won’t fundamentally
decorrelate (as shown in detail in NRC-EVLA Memo# 009), but these are not evident in the
auto-correlation or as amplitudes that are stable independent of integration time in the results.
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The same test, with floating-point fringe rotators in the correlator is shown in Figure 11.
Note the lack of most additional artifacts, but with roughly the same anti-aliasing results.
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Figure 11 Test #1 anti-aliasing test results for 3 decades of “N”’ (samples) showing achieved and
expected anti-aliasing. Floating-point fringe rotation in the correlator.

Figure 12 shows the first 128 channels of the negative frequency domain of sub-band 1
(i.e. 128 channels to the left of the above 2 figures), using a 3-level fringe rotator in the
correlator. This is roughly what the top-end of sub-band 0 would look like.
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Amplitude (dB) vs Frequency

35
3-level fringe rotator ﬂ’
29

Autocorrelation

23
62.5k samples

17]
625k samples

11
6.25M samples

-19 u

£976.6- 915.5- 854.5- 793.5- 732.4- 671.4- 610.4- 549.3- 488.3- 427.2- 366.2- 305.2- 244.1- 183.1-122.1 —61 0

- N fstep
1000
(Frequency)(kHz)

Figure 12 Test # 1. The first 128 channels of the negative frequency domain. 3-level fringe rotator
in the correlator. The longest integration time spectrum is highlighted bold.

The bold spectrum in Figure 12 is for 6.25M samples of correlation, with artifacts at least
42 dB down from the tone peak, and indications that they all integrate down as 1/vN.
The same spectrum with a floating point fringe rotator in the correlator is shown in
Figure 13.
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Amplitude (dB) vs Frequency
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Figure 13 The first 128 channels of the negative frequency domain. Floating-point fringe rotator
used in the correlator. There are still some artifacts, indicating they are likely quantizer-generated,
but they integrate down as 1/AN. The longest integration time is highlighted bold.

Figure 14 is a continuum correlation, showing the first 256 channels of the negative
frequency domain to show the transition-band slope of about 0.6 dB per ~240 kHz,
indicating that using the correlated tone peak in the negative frequency domain as a
reference in the anti-aliasing measurements is valid. For this test, fshift frequencies of
1/10" of the above were used.
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Amplitude vs Frequency
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Figure 14 First 256 channels in the negative frequency domain, showing the transition-band slope of
~0.6 dB per ~240 kHz.

Test #2 Results

The test was run with modified fshifts of 1.511 kHz and 0.311 kHz so that the sinc(x)
washing function dominated. The washing and de-correlation curves along with several
results obtained with the software correlator are shown in the following figure:
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Amplitude (dB) vs time (ms)
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Figure 15 Test #2 sinc(x), /NN washing and de-correlation curves, and several correlation results.
For this case, the sinc(x) function sets the anti-aliasing limit.

The actual “sinA x sinB” (i.e. sin[2n(frest-2fshiftX)-t] - sin[2n(fres-2fshiftY)-t]) calculated
correlation (relative to sin“(x) power=0.5) is shown in the figure. Note the large number
of nulls that result when a tone with a relatively large fr.s: frequency is offset by two
relatively small frequencies and then correlated.

A second plot, with the last two points is shown in Figure 16:
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Amplitude (dB) vs time (ms)
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Figure 16 Test #2 final two data points, integrating down to ~-40 dB (the right-most time is 500
msec, not 50 msec—a Windows graphics copying error).

The lowest 128 channels of the amplitude vs frequency plot, with each spectral point ~61
kHz bandwidth (1024 channels across 62.5 MHz, Hanning windowing used) is shown in
Figure 17, for 5 decades of correlation (corresponding to the RED points in Figures 15
and 16). The fshifts are so small relative to the spectral resolution obtained that there is
only a single aliasing artifact seen.

Note in the plot that the noise is dropping at ~5 dB/decade, but the aliased artifact is
dropping at ~10 dB per decade (also noticed by comparing the aliased peak to noise floor
for the top curve and the bottom curve).

I *I National Research Council Conseil national de recherches

Canada Canada HIA-IHA



NC-CNRC NRC-EVLA Memo# 032 20

Amplitude (dB) vs Frequency (bin)
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Figure 17 Test #2 amplitude vs frequency for 5 decades of correlation. The reference peak is at 26.2
dB. The 500 msec integration curve is highlighted bold.

Figure 18 is the same 5 data points, except looking at the 128 frequency channels just
below DC. The correlated tone is the original un-aliased tone at the top of sub-band 0,
but within the negative frequencies of sub-band 1 ((11) of Figure 8).
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Amplitude (dB) vs Frequency (bin)
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Figure 18 Test #2, 128 frequency channels just below DC. There are no apparent correlated
artifacts around the tone, above ~-52 dB.
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Test #3 Results

During hardware Delay Module Test Vector (DMTV) testing using simple fshift
frequencies and fshift ratios, some unexpected behaviour in terms of anti-aliasing
attenuation, and low-level artifacts around the tone were found. Thus, a series of tests
were run to quantify these effects.

The conclusions that were found are as follows:

e Integer fshift ratios, whether even or odd, produce artifacts at low levels around a
bin centered tone, and limit anti-aliasing at levels above what the sinc(x) washing
function and 1/\N de-correlation curves predict. Odd ratios were the worst (refer
to the following section), and confirm what Bob Sault saw during bin-centered
on-the-sky testing. Even ratios produced artifacts ~10 dB lower than odd ratios.
These artifacts appear to be at frequencies of 100’s to 1000’s of harmonics of
fshift differences (i.e. fshiftX — fshiftY) away from the bin-centered tone. This
may be a result of the interaction of the coarse mixer with the bin-centered tone.

e Non-integer fshift ratios, if the number, expressed in decimal form, has a
repeating segment, results in similar behaviour, albeit at a lower level. For
example for fshiftX=11 kHz, and fshiftY=6 kHz, the ratio calculates as
1.83333..., and artifacts appear. However, for fshift=11.1 kHz and 6.1 kHz, the
ratio calculates as 1.81967213114754098..., and artifacts don’t appear.

The following plots are examples of what has been found when testing a bin-centered
tone with various fshifts and integration times. For these tests, the reference wideband
sample rate is 2.048 GHz and 1/16™ sub-band filtering is performed with the tone
originally at 127.0 MHz. The aliased tone shows up at 1 MHz into sub-band 2, and the
unaliased, filter transition-band attenuated tone shows up at -1 MHz, and is used for
aliasing attenuation comparisons.

Integer fshift ratios

Fshifts of 1 kHz, 500 Hz, and 10 kHz, 5 kHz were used in this test. The results are in the
following plots.

The expected sinc(x) and 1/VN de-correlation curves are shown in Figure 19.
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Fringe washing, noise decorrelation curves vs time [msec)
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Figure 19 Expected sinc(x) washing and 1/VN de-correlation curves. The top (solid RED) curve is
for fshiftX,Y=1 kHz, 500 Hz; the middle curve (dotted BLUE) is for fshiftX,Y=10 kHz, and the
bottom (dashed BLACK) curve is the 1/YN noise curve. After 10 msec, the 500 Hz fshift difference
predicts -17.5 dB attenuation, and the 5 kHz difference predicts -28 dB attenuation.

The correlation results for the aliased tone, showing the 64 frequency channels just above
DC is shown in Figure 20.

The 5 kHz differential is worse than the 500 Hz. This effect was first seen when
verifying hardware by loading up the Station Board with Delay Module Test Vectors, and
later verified in software simulation.

Additionally, the correlated tone at -1 MHz (negative frequencies just below DC), shows
“spreading” of the base of the tone, which gets worse with larger fshift difference. This
is shown in Figure 21.
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Figure 20 Aliased tone for fshift differential of 500 Hz (0 BLUE curve) and 5 kHz (x RED curve), 10
msec integration time. The 500 Hz differential has an attenuation of ~-28.5 dB, which is much better
than predicted, due to it possibly being on a null of the sinc(x) function. However, the 5 kHz
differential has an attenuation—worse at that—of ~-24 dB, and the prediction is -28 dB.
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Figure 21 Correlated tone in the negative frequencies of sub-band 2. The spreading of the tone with
fshift difference of 5 kHz (10 kHz, 5 kHz, x RED curve) is much worse than 500 Hz (O BLUE curve).

Non-integer fshift ratios

The tests were re-run with fshift frequencies adjusted to be non-integer, and for an
integration time of 250 msec.

The expected sinc(x) and 1/VN de-correlation curves are shown in Figure 22:
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Figure 22 1/4N de-correlation (dotted BLACK curve), and sinc(x) washing curves for fshifts of 11
and 6 kHz (and 11.1 and 6.1 kHz). Noise de-correlation dominates at 250 msec integration time.

The aliased tone plot for the two cases is shown in Figure 23:
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Figure 23 Aliased tone spectral plot for the 11 kHz, 6 kHz case (0 BLUE curve), and the 11.1 kHz,
6.1 kHz case (x RED curve), 250 msec integration time. The 11.1/6.1 case achieves the noise limit of
~-38 dB, whereas the 11/6 case achieves only -36 dB, with additional artifacts. Although, it is hard to
tell without a longer integration if either case would continue to integrate down.

The correlated tone spectrum for this case is shown in Figure 24, clearly showing
artifacts for the 11/6 kHz case compared to the 11.1/6.1 kHz case.
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Figure 24 Correlated tone spectra for the 11/6 kHz case (O BLUE curve), and the 11.1/6.1 kHz case
(x RED curve) for a 250 msec integration time. In the 11/6 case, additional spectral artifacts at ~-40
dB level are at (what looks like) ~+/-100 and 200 times the fshift difference. Looking at Figure 17 and
Figure 18 results though, indicate that better than -40 dB of aliasing attenuation and artifacts better
than -52 dB are obtained, with a longer integration time.

More tests could be run, specifically looking at whether this is a side-effect of the
combination of a very strong tone that is bin centered with an integer fshift ratio etc.
Suffice to say that the evidence indicates that fshift ratios that are non-integer, and that
when calculated result in “non-repeating+infinite*” decimal places is best advised.
Further sky testing should be done, however, to integrate deeper and test this tentative
conclusion.

Fshift algorithm
A simple fshift algorithm of:

fshift,=n - f1 + f,

* Or, at least out to ~> 6 decimal places.
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where “n” is the antenna number, was investigated for f1 = 2.3 kHz, and f. = 70 Hz.
partial fshift ratio matrix is shown below:
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Figure 25 Partial table showing fshift ratios for a simple n - f1 + f, algorithm yields, by inspection,
non-repeating decimal numbers for f1=2.3 kHz, and f, = 70 Hz. Many other parameters are likely
possible and | can imagine a more sophisticated algorithm being developed to optimally choose these
numbers for maximum anti-aliasing attenuation and minimum bandwidth loss, bearing in mind the
inchoherent (averaging) time, coherent (FFT) integration time, and sub-band sample rate.

Non-bin centered tone tests

A sub-test was run to determine if artifacts and anti-aliasing with integer fshift ratios also
applied to a non-bin-centered tone. In this case, the strong tone is “repetitively sampled”
at different points along its sine curve as the sample rate has no relation to the tone
frequency. It was found that indeed, anti-aliasing functioned as expected (i.e. worked)

with an fshiftX of 10 kHz and an fshiftY of 5 kHz. Figure 26 shows the drop in aliased
tone amplitude versus integration time for integration times up to 250 msec. The 1/AN

and sinc(x) de-correlation curves for this case are the same as Figure 22.
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Amplitude (dB) vs Frequency (bin)

Non-bin-centered tone, fshiftX=10kHz, fshiftY=5kHz

Frequency (bin)

Figure 26 Aliased tone amplitude vs frequency for 4 integration times showing expected anti-aliasing
levels, with fshiftX=10 kHz and fshiftY=5 kHz, for a non-bin-centered tone. The ringing in the signal
amplitude is due to ringing from Hanning windowing originating from the correlated tone in the
adjacent negative frequencies.

For this case it was not possible to determine if artifacts (spreading) around the base of
the correlated tone were present, due to sidelobes from the non-bin-centered tone (i.e. the
sidelobes are about the same size as the artifacts).

For an odd ratio of 3:1, similar anti-aliasing results were obtained. Figure 27 shows a 1
msec and 10 msec integration time with fshiftX=15 kHz, and fshiftY=5 kHz.
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Amplitude (dB) vs Frequency (bin)
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Figure 27 Aliased tone de-correlation for fshiftX=15 kHz, fshiftY=10 kHz, for 1 msec (0 BLUE
curve), and 10 msec (x RED curve) integration times. The expected level for the top curve is ~6 dB,
and for the bottom curve is ~-5 dB.

For this test, the differential fshift was 10 kHz, double the 10k / 5k test, and this allowed
us to see that spreading of the base of the tone does indeed occur. This spreading is
shown in Figure 28:
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Amplitude (dB) vs Frequency (bin)
25.755 iy

22.767
19.78 &
16.792
13.804
10.816 x
7.829
4.841 i
1.853 B
5

c1. -—-1.135 )
EHEHE' - 4.122

Gs—

e — 711
~10.098
~13.086
-16.073
~19.061}
- 22.049
- 25.037
- 28.024

B e =
—

-31.012

- 314920 1928 1936 1944 1952 1960 1968 1976 1984 1992 2000 2008 2016 2024 2032 2040 2048
q
Frequency (bin)
Figure 28 Correlated non-bin-centered tone in the negative frequencies of sub-band 2 for fshiftX=10
kHz, fshiftY=5 kHz (O BLUE curve), and fshiftX=15 kHz, fshiftY=5 kHz (x RED curve) for a 10 msec
integration time. The spreading of the RED curve over and above Hanning window sidelobe
spreading is clear, indicating that false artifacts are present.

Further tests could be run to determine if spreading occurs only for integer fshift ratios, or
extends to “repeating decimal” ratios as determined for bin-centered tones.
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Tentative Conclusions

1.

Anti-aliasing is primarily determined by two curves; the sinc(x) washing curve,
which depends on the fshift differential, and by the 1/VN noise de-correlation
curve, which purely depends on integration time and sample rate.

Depending on fshift frequencies, either curve may dominate and so expected anti-
aliasing levels must take this into account. Fundamentally, the 1/N curve forms
a limit, and so it is never possible for anti-aliasing to hit complete “nulls” in the
sinc(x) curve.

For bin-centered tones (and for a real system this means tones that are frequency
bin centered AND frequency locked to the observing system timing reference),
with integer or “repeating+infinite decimal place” fshift ratios, there are false
spectral artifacts produced around the base of the tone. Additionally, for these
fshift ratios, anti-aliasing does not produce the expected attenuation—it reaches a
limit which could be well above the sinc(x) or /AN curves, depending on fshift
differential, and integration time.

For non-bin-centered tones, there does not appear to be an effect on anti-aliasing
depending on fshift ratio. However, there do appear to be artifacts that show up at
low levels around the base of the tone for integer or repeating decimal place fshift
ratios.

For maximum signal integrity non-integer and non-repeating+infinite decimal fshift
ratios should be used. A simple fshift calculation algorithm is likely all that is necessary,
with some care in choice of parameters, to achieve the desired result.
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Delay Module Test Vector Test

Tests were run to verify that the results obtained in the software correlation investigation
were also obtained in real correlator hardware.

Each Station Board has two Delay Modules, and each Delay Module has a large enough
memory capacity to hold 250 msec worth of pre-filtered data. The Delay Module is
loaded with computer-generated data samples (vectors) and is then run in “Delay Module
Test Vector” mode (DMTV). In this mode, data is output continuously but repeats every
250 msec. Delay Module output data goes to the downstream digital filters and the
correlator just like it would normally do if connected to an antenna.

A test was run with a tone near the top of sub-band 0, at 127 MHz, 1 MHz below the
edge of the band, identical to the setup for the previously described “Test #3”. For this
test, fshiftX=11.1 kHz, and fshiftY=6.1 kHz, with the tone amplitude similar in
magnitude as for the software-only test.

The expected aliasing attenuation curves are as follows:

Fringe washing, noise decorrelation curves vs time (msec)
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Figure 29 Expected sinc(x) washing (RED) and 1/YN noise de-correlation (bold BLUE) curves for
fshiftX=11.1 kHz, fshiftY=6.1 kHz, and 128 MHz bandwidth.

The aliased component spectrum is shown in Figure 30 for 10 msec and 250 msec
integration times:
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Amplitude (dB) vs Frequency (bin)
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Figure 30 Aliased signal spectra obtained from hardware filtering and correlation of 250 msec of
Delay Module Test Vectors (DMTV) for 10 msec (O BLUE) and 250 msec (x RED) integration times.
This is for fshiftX=11.1 kHz, and fshiftY=6.1 kHz. The peak of the correlated negative frequency
tone is at 27.3 dB, thus achieving ~25 dB attenuation, far short of the expected -29 dB and -39 dB
respectively.

Clearly in the above figure, anti-aliasing hits a limit at ~-25 dB and does not achieve the
expected -29 dB and -39 dB levels for 10 msec and 250 msec integration times. -25 dB is
the expected level for just 5 msec of integration time.

This result is, to say the least, completely unexpected, given the investigations and results
obtained in the previous section. As a result a test was run where a copy of the test
vectors loaded into the Delay Module was run through the software correlator. The copy
is identical, except for format: the Delay Module hardware works on 8-bit offset binary
and the s/w correlator works on 8-bit 2’s complement. A simple conversion between the
two formats was performed. Both the hardware and software correlators implement the
FIR filter mathematically (8-bit input, 12-but LUT output, integer adder tree) the same
except for different bandpass widths and number of taps (the h/w correlator has 256 taps,
1/8" sub-band, and the software has 1023 taps, 1/16™ sub-band). The correlation part is
also the same, 4-bit re-quantization, lag-based differential phase, 3-level phase rotation.
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The software correlator was set as in the previous sections, for 1/16™ sub-band bandwidth
(64 MHz). This is ¥ of the bandwidth of the hardware setup and so the aliased tone is as
expected 1 MHz from the bottom of sub-band 2 in the software correlator (rather than
sub-band 1 in the hardware correlator). The noise limit curve in the software correlator is
higher as only % the number of samples are correlated (setting an expected anti-aliasing
attenuation of ~-37.5 dB at 250 msec, rather than -39 dB).

The results of software correlation on identical vectors as produced the hardware result of
Figure 30 are shown in Figure 31:

Amplitude (dB) vs Frequency (bin)
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Figure 31 Aliased signal spectra from software correlation of Delay Module test vectors used in
hardware correlation. The curves are from top to bottom, for 25 msec, 50 msec, 100 msec, and 250
msec integration times. The peak of the tone in the negative frequencies just below DC is at +26.01
dB. This is for fshiftX=11.1 kHz and fshiftY=6.1 kHz. The frequency sense is flipped compared to
software-only and hardware-only results, due to a mismatch in the fshift sign convention used in the
different signal generator implementations. -39 dB of attenuation is achieved at 250 msec integration
time, slightly better than the expected ~-37.5 dB.

Further software correlation testing was performed, using the identical FIR coefficients
(and therefore filter shape and decimation factor), and the same result was obtained.

Clearly, the software correlator achieves the expected result, and it is evident that the
aliased signal amplitude drops with integration time. The fact that the hardware

I *I National Research Council Conseil national de recherches

Canada Canada HIA-IHA



NC-CNRC NRC-EVLA Memo# 032 37

correlator does not achieve the same result, given ostensibly identical inputs, indicates
that something, at a very low level, is possibly amiss in the hardware signal processing
chain.

It is not yet known if this is due to loading of test vectors, operation of the Delay Module
in test vector mode causing, or something downstream in the normal signal processing
chain. Note that these tests, h/w and s/w, were run with no delay model, and with
constant fshift frequencies that return to zero phase every 10 msec (so the hardware
PHASEMODels are always the same). This test also independently checks that the fshift
frequencies are set as indicated because the s/w correlator program and user (Brent) is
independent from the signal generator and user (Dave).

Problem Found

After extensive investigation, a cause for the faulty anti-aliasing behaviour observed was
found in hardware.

It turns out that the correlator chip [2] dump time, Tqump coupled with the fact that there is
a 1 micro-second blanking time for each dump, beats with the fshift differential (and
likely fshift frequency sum) in a kind of “inverse” strobing fashion to produce correlation
at ¥ the differential frequency (and its odd harmonics if 3-level phase rotation is turned
on). Indeed, it was found that the correlation of two independent tones, frequency locked
to system timing, let alone aliasing, produced a correlation where there should have been
no correlation!

Figure 32 shows two hardware correlations. The BLUE ([ points) trace is with
fshift1=131.1 kHz and fshift2=351.1 kHz, with a 2fshift difference of 440 kHz. The
RED (x bold points) is with fshift1=131.1 kHz, and fshift2=353.8 kHz, for a 2fshift
difference of 445.4 kHz. For both cases, Tgump=200 psec (i.e. faump=5 kHz). The
difference is clear, the RED trace showing no signs of the 3 artifacts in BLUE, indeed
artifacts are completely wiped out.

® Blanking occurs at the same time, for all lags of the cross-correlation, however long the lag
length and whether or not recirculation is used. This is not the same behaviour as repetitive
data valid blanking.
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Amplitude (dB) vs Frequency (bin)
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Figure 32 BLUE trace has an fshift differential of 220 kHz, an integer multiple of the correlator
dump frequency of 5 kHz. The RED (bold) trace has a 2fshift differential of 445.4 kHz, which is not
an integer multiple of the correlator dump frequency. The artifacts are now gone, leaving the
primary aliased tones (left 2 peaks), at expected levels.

Normally, any in-band tones are not frequency locked to the system timing reference and
this beating behaviour would not occur. However, for any tones, or even continuum
signals that are aliased, their frequency difference or sum is locked to the system timing
reference and so this beating behaviour will occur as long as fqmp has the integer relation.

Fshift and Correlator Integration Time Relationships

If there is no integer relation between 2fshiftgis and faump, and, 2fshiftgisr % faump is NoN-
zero and has only 1 digit in the tenths location, then there should ostensibly be a 10 dB
reduction in the artifacts as beating at the same time in the 2fshiftgi; waveform will
happen only every 10 fqump Cycles. If there are 2 digits, one in the tenth and one in the
hundredth location, then it follows that a 20 dB reduction is expected as beating will
occur only every 100 fqump cyles, 3 digits should be 30 dB and so on.

Further investigation, however, finds that this is not the case. It is only necessary that
2fshiftgisr % faump 1S NON-zero to virtually wipe out the beating artifact.
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Consider the following diagram. It shows a sine-wave, with exactly 7 cycles in the plot,
the duration of which we will say is equivalent to our (LTA or CBE) integration time.
The plot contains some x-axis ticks, which we will say is equivalent to the correlator chip
dump blanking time, spaced apart by the correlator chip integration time Tqymp. In the
integration time, there are 5 dump intervals, and so the sine frequency to fdump ratio is
7/5=1.4; i.e. only 1 digit in the 2fshiftgis % faump €quation.

Correlator chip dump
blanking time

FAINT

204, 496 614.4 9.2
2b
3a
n

Tdump I

Figure 33 2fshiftgis %6 faump €xample. 5 dumps in 7 sine wave cycles for a ratio of 1.4.

Now, when the correlator chip is blanking, integration does not occur, and so if there is
another part of the sine waveform where integration does occur, but is of opposite sign,
then a net correlation will be present. We can see that for this scenario, this is not the
case. Point 1a “balances” point 1b, point 2a balances point 2b, and point 3a balances
point 3b. Correlator chip blanking is perfectly balanced, and so no false correlation or
artifacts will occur.

Considering points 2a and 2b, it is clear that point 2a occurs at a phase of the signal
slightly less than 180° (i.e. phase % 360°), and point 2b occurs at a phase of the signal
slightly more than 180°; they are balanced about 180°, or about 0.5 cycles.

Generally then:
#(n) = ([nx f, = trunc(n x f)] - 0.5) % 0.5

where, n is a particular correlator chip dump, f; is the ratio of 2fshiftg to faump and #(n) is the
phase of the sine wave relative to 0.5 cycles.
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N-1

> 4(n) =0

>

then within the total integration time consisting of N correlator chip dumps, blanking is perfectly
balanced, and beating artifacts are completely wiped out.

It turns out that for ratios of 1.2, 1.3, 1.4, 1.6, 1.7, and 1.8, only 6 dumps (5 dump intervals) are
required for perfect cancellation. Ratios of 1.1 and 1.9 require 11 dumps (10 dump intervals) for
perfect cancellation, and a ratio of 1.5 requires only 3 dumps (2 dump intervals) for perfect
cancellation as each dump is exactly 1.5 2fshiftg cycles apart.

A plot showing ¢@(n) for the above example (f. = 1.4) is shown in the following figure.

0.41
O
0.21
O
¢(In:)| o E' 5 3 :4 |_:5
-0.2r
O
—o4f

n

Figure 34 F(n) for the example of f, = 1.4. With 6 correlator chip dumps (5 dump intervals), perfect
cancellation of beating artifacts occurs.

If the 2fshiftais to faump ratio f has exactly 2 significant digits to the right of the decimal
place, then 101 dumps (100 dump intervals), generally, are required to obtain perfect
cancellation to wipe out the artifacts completely.

A plot of ¢(n) for 100 dump intervals for a f; ratio of 1.37 is shown in the plot below:
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Figure 35 ¢(n) for f,=1.37, and 100 dump intervals.

Of course, generally it is likely not possible to get the precise number of dump intervals
to completely wipe out any beating false correlation. Paradoxically, the fewer digits in
the f; ratio to the right of the decimal place, the more easily (fewer correlator chip
integration times) it will be to obtain perfect cancellation for a given integration time.
However, generally it is true that for 1 digit, multiples of 10 correlator chip integration
times are required, for 2 digits, multiples of 100, and for 3 digits, multiples of 1000 etc.

If we assume an arbitrary number of f, digits, what is the artifact attenuation, if there isn’t
an exact multiple of 1000 correlator chip integration times within a given final (LTA or
CBE) integration time? Generally, as long as the number of f; digits is > 1 the correlation
is:

%gsmw(i»

where N is the number of correlator chip integration times.

It turns that this is the same form as the sinc(x) function, with envelope of 1/N, where N
is the number of correlator chip integration times within a final (LTA or CBE) integration
time.

So, as long as the number of f; digits is > 1, without worrying about how many f; digits
there are, the minimum artifact amplitude will be down by 10*log(1/N), for N correlator
chip integration times. If there are fewer f; digits, there are more nulls in the function.
To hit a null requires only that the number of correlator chip integration times is an
integer multiple of 10, 100, or 1000 for number of f; digits 1, 2, and 3 respectively.

Figure 36 shows the above equation, and the 1/N envelope for f, = 1.7 for the first 100
correlator chip integration times.
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Figure 36 1/N envelope and exact artifact amplitude versus the number of correlator chip
integration times.

Choices of Fshift Frequencies and Correlator Chip
Integration Times

There are now 3 criteria that need to be met (and a 4™ is desirable) to ensure that there are
no (or at least highly attenuated) spectral artifacts in the data, and that anti-aliasing
functions as expected:

1. The fshift ratio (fshift_x / fshift_y) must be non-integer, and a non-
repeating+infinite decimal value.

2. 2fshiftgitr % faump Must be non-zero.
3. 2fshiftsum % faump Must be non-zero®.

4. If possible the number of correlator chip integration intervals in an LTA or CBE
integration time should be a multiple of 1000 as 3-digit f; ratios are normally more
prevalent and easily obtained than 1 or 2 digit ratios.

The simple equation:
fshift = fbase + f1 * n + f2

has been found to be sufficient to find fshifts that meet criteria 1., given well chosen
parameters. (Example: fbase=13 kHz, f1=3 kHz, and f2=100 Hz, limited to a sinc(x)
attenuation of ~38 dB in a 1 second integration time.)

® Only 2fshifty has been empirically tested:; it is assumed that 2fshifty,, has a similar effect;
2fshiftyi has been found to be the more difficult relation to obtain, and once obtained,
2fshiftg,, essentially comes for free.
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With these frequencies (and trying many others with 100 Hz fshift tuning resolution),
however, and using “standard” correlator chip integration times’ of 200 psec, 250 psec,
312.5 usec, and 400 psec, it was not found to be possible to also meet criteria 2. on all
baselines.

It was found that either the correlator chip integration time had to be adjusted by +/-1

usec (i.e. 1 usec resolution), or fshift tuning resolution had to be improved to 10 Hz to
achieve all 3 criteria.

If fshift tuning resolution is changed to 10 Hz, and still using standard correlator chip
integration times, values of fhase=0 Hz, f1=3.11 kHz, and f2=100 Hz met all criteria, as
was found to generally be possible with many other values (Example: fbase=3.13 kHz,
f1=0.37 kHz, and f2=0.11 kHz for maximum fshift differential of ~10 kHz on 27
antennas for acceptable bandwidth loss when operating at minimum bandwidths—good
enough for ~28 dB of sinc(x) anti-aliasing attenuation, limited to ~23 dB of 1/AN
attenuation at 62.5 ks/s in a 1 second integration time).

"i.e. correlator chip integration times such that there are an integer number of each in 10
msec.
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Conclusions

This memo has investigated anti-aliasing and bin-centered tone behaviour in the EVLA
WIDAR correlator. Some new information has come to light, namely the following:

1. Anti-aliasing is fundamentally limited by either the sinc(x) washing curve, or the
1/4N noise de-correlation curve, whichever is greater. Thus, one can never
expect anti-aliasing to hit a “null” and be completely wiped out, and anti-aliasing
performance is bandwidth and integration time dependent.

2. Fshift frequency choice is important to ensure there are no low-level artifacts
around bin-centered tones. In particular, the fshiftX/fshiftY ratio must have a
non-repeating+infinite decimal part. The fundamental cause of these artifacts was
not investigated or explained.

3. Correlator chip integration times, due to the fact that there is a 1 usec blanking
time for every dump, must be chosen so that they do not beat with fshift
frequencies. This can be accomplished with either (or both) 10 Hz fshift tuning
resolution with carefully chosen frequencies according to a simple equation, or
correlator chip integration times with 1 usec timing resolution that are “non-
standard”.

4. Spectral artifact amplitudes from correlator chip integration times beating with
fshift frequencies, generally decay as 1/Nqumps, but specifically can be completely
wiped out if the LTA or CBE integration time is a multiple of 1000 correlator
chip integration times.

Further telescope testing with the H-maser-locked bin-centered tone, and with
narrowband astronomical sources is recommended to determine if the solutions found in
this memo function as described.

Finally, there is some probability that these solutions may solve the problem of the
“correlator wobble” conundrum, as the mechanisms found are such that they could
produce this undesired effect. Further testing with careful choice of fshift frequencies
and correlator chip integration times, using continuum sources and 100 millisecond LTA
integration times should be performed to see if this is indeed the case.
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Appendix

Some thoughts regarding Bob Sault’s August 24, 2010 report, “WIDAR
anti-aliasing and spectral dynamic range test”

In particular, regarding Figure 7 of the report, the upper panel indicates only about -15
dB of anti-aliasing suppression (-35 dB total, with -20 dB attributed to the filter transition
band cutoff). This is far short of the (now) expected 1/VN de-correlation of -30 dB (1
second integration, 10° samples).

There are some things to note in the figure. Comparing the sub-band boundary level in
the upper panel to the lower panel shows ~-24 dB of suppression, but this is false
economy as both sub-bands’ spectra are virtually obliterated by boxcar windowing of
non-bin centered tone sidelobes, also indicating that the tone is quite far off from being
bin-centered. Thus a fairly large fshift differential is likely at play (also, the “Aliased
response” tone in the lower panel is clearly well off bin center). Even though the fringe
rotators were reported on for the lower panel, the coarse nature of their operation, and the
very few lags used (128), effectively means they were off.

It is highly likely that the large disparity between the expected (1/7N) response and the
achieved response could be attributed to a combination of the integration time beating
with fshift differences, to the integer fshift ratio effect, and less so to the very effect noted
for in Figure 8 in this document, namely the steepness of the transition band and the
shifting of the tones to other than expected parts of the transition band.

Bin-centered tone testing

Bob Sault’s report also found that when there were odd ratios of fshifts, bin-centered
tones had sidelobes around them to the level of a few percent. Software correlator
simulation tests did, indeed, confirm that this is the case (in addition to the lower
sidelobes found for other fshift ratios).

The following figure shows the bin-centered tone test of Figure 8, showing the upper 128
channels of sub-band 0 cross-correlation. FshiftX=15 kHz, and fshiftY=3 kHz, for a 5-
to-1 ratio. Hanning windowing was used, and each frequency point is 61.035 kHz. The
sidelobes around the main peak at ~-18 dB level are clearly evident. Each of the
sidelobes has a well-defined phase, indicating that they will not de-correlate with further
integration time and show up as (false) real signals.

N.B.: In this test, the tone power was significantly lower (~10 dB) than tests discussed
previously.
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Figure 37 Bin-centered tone with an fshift ratio of 5-to-1. Sidelobes at ~-18 dB level are evident.

A small offset was added to each fshift to produce the improvement (fshiftX=51.1 kHz,
fshiftY=11.1 kHz) shown in the following figure®, although this ratio, when calculated
has a value of 4.603636..., and so should contain sidelobes at the ~-40 dB level (which it
appears to show).

® The drop in the noise floor is due to a longer (6.25 Msample) correlation, rather than fshift
frequency changes.
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Figure 38 5-to-1 bin-centered sidelobes are greatly once a small offset was added to each fshift. In
this case, fshiftX=51.1 kHz, fshiftY=11.1 kHz. It would seem though that sidelobes are appearing at
<-40 dB level (51.1/11.1=4.6036036...).
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ADDENDUM: MARCH 24, 2011 — Recirculation Phase Effects

This addendum includes information on the effects of using recirculation (either static or
dynamic) for correlation, when phase is passed serially through the recirculation memory.

The effect has to do with limited memory width in transporting phase information thru
the recirculation memory. For all 8 streams to undergo recirculation in the Recirc FPGA,
phase for each two streams is sampled at fs/8, serialized into one bit stream through the
memory, and then reconstructed at the other end (refer to Recirc RFS A25090N0000
Rev. 3.1a (or higher), page 49, RSSRO_1 register description). If the phase rate is too
high, it results in phase jitter, which reduces correlated coherence. (If only 4 streams
need to undergo recirculation, then phase can go thru the memory at full resolution and
this does not apply. The Recirc GUI allows for this setting—see the Baseline Board User
Manual, A25080N0001, Figure 5-1, bullet “S” Recirc GUI description.) It should be
noted that for the technology of the time, it would likely be impossible from a board
routing perspective and certainly very expensive (~$1M) to provide enough memory
width so as not to have this effect.

This description is derived from an email, “Recirculation phase sampling”, of January 28,
2011. Tests also indicated that jitter from two different fshifts would beat, and result in a
periodic coherence vs lag function, which resulted in false artifacts showing up in the
cross-power spectrum. To attenuate these spectral artifacts requires that the phase-jitter-
induced coherence loss be very low.

Phase jitter is:
=2 — - fshift
¢jitter 7 fS - 1shi

Where fs is the sub-band sample rate. Note that fshift includes the earth-rotation fringe
phase rate, which for EVLA baselines and v o = 50 GHz is normally very much smaller
than the antenna-dependent LO offset. Coherence is then:

_ SIN(@jiter )
77 - ¢jitter

For example, for a 78 kHz fshift, and fs=2 Ms/s, n=50%. A plot of magnitude vs lag, for
a section of lags with (RED) and without (BLUE) this effect is shown below:
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This data was taken with the EVLA on a 6.7 GHz line, with and without recirculation.
Spectral artifacts show up at about -11 dB (RED), but no artifacts show up for the BLUE
data.

If, for the above example, fshift is reduced to 1 kHz, the coherence loss is reduced to
~0.01%, or the artifacts should be down another ~-37 dB to ~-48 dB from the main
signal. (I recall that Ken Sowinski reports subsequent testing on this line with reduced
fshift did indeed wipe out the spectral artifact, although I can’t find the specific email
with this note.)

There is also a thought that to introduce uniform phase jitter, 8/fs should not nicely divide
into 1/fshift, where “nicely” means no finite number of decimal places in the result. For
the fs=2 Ms/s and fshift=78 kHz case, 1/((8/fs)*fshift) = 3.2051282051282...

Further testing is required to determine how much phase jitter is allowed, if the rules for
fshift and correlator dumping, established in the conclusions (page 48) of this memo are
followed. i.e. if coherence vs lag is not regularly repeating as in the above plot—
resulting in spectral artifacts, then more coherence loss and a larger range of fshift is
likely allowed.
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