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We analyze the Modulated High Cadence Survey Strategy for Chilean Large Aperture Telescopes
(LAT) developed by Dr. Reijo Keskitalo (Lawrence Berkeley National Laboratory) [1] [2], with
the additional consideration for sinusoidal oscillations in elevation, proposed by Dr. Sigurd Naess
(Flatiron Institute) [3]. This modification to the Modulated High Cadence Survey Strategy could
bring large advantages in crosslinking if adopted.

I.

STANDARD MODULATED HIGH CADENCE
SURVEY STRATEGY
A.

Overview

The Modulated High Cadence Survey Strategy is a
survey strategy to observe large observation fields with
uniform observation depth, proposed by Reijo Keskitalo
(Lawrence Berkeley National Laboratory) [1] [2]. This is
done by modulating the scan rate as such
ω=

ω0
cos β sin α

(1)

where ω is the azimuthal scan rate, ω0 is the base scan
rate, β is elevation, and α is azimuth. An example of a
modulated scan rate, with a base scan rate of 0.75◦ /s, is
shown in Figure 1.
The effectiveness of this strategy is seen in an azimuthal scan simulation using TOAST (Time Ordered
Astrophysics Scalable Tools), shown in Figure 2. The

FIG. 2. A hitmap of a yearlong observation schedule observing at 40◦ elevation, [21◦ ,159◦ ] azimuth range and no SunMoon avoidance.

efficiency of this survey strategy is 99.9%, as expected
from the lack of Sun-Moon avoidance.
The advantage of using TOAST in comparison to the
classical simulators used in Stevens et al. [4] to create
hitmaps for modulated high cadence survey strategies is
to ease the collaboration between multiple areas of CMB
studies that can be done using TOAST, as TOAST is
a modular software that is becoming widely used within
the CMB community.
With a reasonable Sun-Moon avoidance angle of 45◦ ,
we will get the hitmaps shown in Figure 3. The left
hitmap illustrates the map without modulation, while
the right hitmap shows the modulated schedule. The
observation efficiency for both survey strategy is 71.4%.

B.
FIG. 1. Plot of the azimuthal scan rate in ◦ /s with respect
to the azimuth coordinate of the telescope at 30, 40, 50◦ elevations. A base scan rate of 0.75◦ /s is used. The blue line
indicates the desired maximum scan rate of 2.75◦ /s proposed
by Dr. Keskitalo.

Constraints on scan rate and azimuthal range

The schedule places constraints to its parameters
through the movement of sky after one azimuthal throw
and the maximum velocity of the telescope.
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Maximum Velocity

Dr. Keskitalo sets the high bound of telescope velocity
to be at 2.75◦ /s. In order to achieve this at a base scan
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FIG. 3. A hitmap of a yearlong observation schedule observing at 40◦ elevation, [21◦ ,159◦ ] azimuth range and 45◦ Sun-Moon
avoidance angle. The left hitmap shows a schedule without modulated scan rate, while the right shows a schedule with
modulated scan rate. Modulating the scan rate clearly improves the uniformity substantially.

where θ is declination, θ0 is observer latitude, β is elevation, and α is azimuth [5]. Thus, it remains to calculate
the change in right ascension. The right ascension of a
point in sky can be described as
a=L−H

(3)

where a is the right ascension, L is the Local Sidereal
Time, and H is the Local Hour Angle [5].
The local hour angle can be expressed through the
equations

FIG. 4. The minimum azimuth, assuming an azimuthal range
centered at 90◦ , that can be set by the maximum scan rate of
2.75◦ /s combined with the base scan rate shown on the x-axis.
The angles in legend indicate the elevation of each scan.

rate of 0.75◦ /s, we need to limit ourselves to the ranges
shown in Figure 1.
Assuming a azimuthal range centered at 90◦ , we require minimum azimuth shown in Figure 4 to stay under
2.75◦ /s at all points of the schedule.

2.

Movement in Sky

cos H = (sin β − sin θ sin θ0 )(cos θ cos θ0 )−1

(4)

sin H = − sin α cos β/ cos θ

(5)

where H is local hour angle, θ is declination, θ0 is
observer latitude, β is elevation, and α is azimuth. For
the same rationale as for declination, we can conclude
that the change in local hour angle after one azimuthal
throw is 0.
The calculation then reduces to the calculation of scan
period, which we can calculate with the equation below

Considering the field of view of each optics tube, which
is 1.3◦ in diameter (for CCAT-prime and Simons Observatory designs), we would desire the movement in sky to
be below 1.0◦ .
Since the telescope will be pointing towards the same
horizontal coordinates after one azimuthal throw, we can
easily calculate the change in declination to be 0 through

sin θ = sin θ0 sin β + cos θ0 cos β cos α

(2)

dα
dα
|α
+ | |αmin )/x + 2
dt max
dt

Z

αmax

cos β sin α
dα
ω0
αmin
(6)
where ∆t is change in (earth) time, α is azimuth, β is
elevation, x is acceleration, and ω0 is base scan rate. By
simply correcting our units, we are done (Since the survey
crosses the equator in equatorial coordinates, there is no
need to distinguish between change in right ascension and
telescope movement itself at this level).
In the original settings - [19◦ ,161◦ ] azimuth for 30◦
elevation, [21◦ ,159◦ ] azimuth for 40◦ elevation, and
[26◦ ,154◦ ] azimuth for 50◦ elevation, all with base scan
∆t = 2(|

3

FIG. 5. The change in right ascension after one throw, plotted with respect to minimum azimuth in a modulated high cadence survey strategy, assuming a symmetric azimuthal range
about 90◦ . The horizontal lines illustrate the 0.5◦ and 1.0◦
criteria mentioned in the text. For comparison, the field of
view diameter of a Simons Observatory and CCAT-prime optics tube is approximately 1.3◦ , although, with fewer detectors near the perimeter, more uniform map depth could be
achieved by targeting the criteria mentioned above.
∆a [deg] Elevation [deg] Azimuthal range [deg]
30
[63.89,116.11]
0.5
40
[60.34,119.66]
50
[54.31,125.69]
30
[28.16,151.84]
1.0
40
[15.29,164.71]
50
[5.92,174.08]
TABLE I. The azimuthal ranges at each elevation to achieve
a 0.5◦ and 1.0◦ change in right ascension after one azimuthal
throw in a modulated high cadence survey strategy with a
base scan rate of 0.75◦ .

rate of 0.75◦ /s and azimuthal acceleration of 1.0◦ /s2 we obtain a change in right ascension of 1.08◦ , 0.95◦ ,
and 0.78◦ respectively.
We can find the appropriate azimuthal ranges to
achieve a ∆a of 0.5◦ and 1.0◦ with the same base scan
rate and azimuthal acceleration. The results found are
shown in Figure 5 and Table I.

C.

FIG. 6. The trace of boresight observing the rising sky of standard modulated high cadence survey strategy, at 0.75◦ /s base
scan rate, 40◦ elevation and azimuthal range of [21◦ ,161◦ ].

Boresight trace

In this section we will show the trace of boresight for
a standard modulated high cadence survey strategy scan
in equatorial coordinates to start our consideration of
sinusoidal pattern scans.
Time period for all boresight trace plots is 3600 seconds
and the rising sky is observed unless otherwise noted.
We will construct the boresight trace plots by utilizing
the equations in the previous section. The boresight trace
plot for a modulated high cadence survey strategy at 40◦
elevation and azimuthal range of [21◦ ,161◦ ] is shown in
Figure 6.

FIG. 7. A zoomed in picture of Figure 6, to illustrate the
change in right ascension after one azimuthal throw. The
change in the plot seems to match the calculation of 0.95◦ [6].
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By zooming in, Figure 7 shows that the plot constructed matches the calculation of 0.95◦ .
Similarly, we can confirm that the results in Table I
match the boresight trace plots in Figures 8, 9, 10, and
11.

II.

SINUSOIDAL MODULATED HIGH
CADENCE SURVEY STRATEGY

well as the velocity, acceleration, and jerk for a sinusoidally oscillating modulated high cadence survey strategy at 40◦ elevation, azimuthal range of [21◦ ,159◦ ], 1◦
sinusoidal amplitude, 10 sec sinusoidal period, and base
scan rate 0.75◦ /sec.

B.

Crosslinking Studies

We start by replicating boresight trace plots by Dr.
Naess on the sinusoidal modulated high cadence survey
strategy shown in Figure 12.
The replication was generally successful, as shown in
Figure 13, and shows clear signs of improved crosslinking.
Since Dr. Naess also provided a plot illustrating the
elevation during the scans, shown in Figure 14, I will
replicate that as well. The replication is shown in Figure
15.
The boresight trace, in horizontal coordinates, is useful for gauging whether this strategy is realistic in the
scope of telescope limitations. Figure 16 show this, as

To quantitatively analyze the advantages of the sinusoidal modulated high cadence survey strategy, we simulate the crosslinking in such survey strategy by modifying an algorithm built by Dr. Steve Choi and Dr. Jason
Stevens (both Cornell University) [7] [8]. Contrary to
the hitmaps, the classical algorithm is preferred here as
crosslinking features identical to the classical algorithm is
not implemented in TOAST, and familiarity to the classical algorithm allows an easier implementation of changing elevations.
Figures 17 and 19 shows the crosslinking in normal
high cadence survey strategies with a fixed elevation,
while Figures 18 and 20 shows the improved crosslinking of the sinusoidal high cadence survey strategies.
The sinusoidal oscillation period in Figures 18 and 20 is
11s. This is reasonable, as the time length of azimuthal
throw at 40◦ elevation and [21◦ ,159◦ ] azimuth range is
≈ 250s, which gives around 20 periods in one throw (close
to the number in Figures 12 and 13).
Figures 21 and 22 show the effects of altering the period
and amplitude of the sinusoidal pattern extensively.
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Now we will move on to study the sinusoidal modulated
high cadence survey strategy proposed by by Dr. Sigurd
Naess (Flatiron Institute) [3], which adds a sinusoidal
movement in elevation to the original high cadence survey
strategy.

A.

Boresight Trace
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FIG. 8. The trace of boresight observing the rising sky of
standard modulated high cadence survey strategy, at 40◦
elevation and azimuthal range of [60.34◦ ,119.66◦ ], set to
achieve a change in right ascension of 0.5◦ after each azimuthal throw.

FIG. 9. The trace of boresight observing the rising sky of
standard modulated high cadence survey strategy, at 40◦
elevation and azimuthal range of [15.29◦ ,164.71◦ ], set to
achieve a change in right ascension of 1.0◦ after each azimuthal throw.

FIG. 10. The zoomed in picture of Figure 8, to illustrate
the change in right ascension after one azimuthal throw.
The change seems to agree the calculation at 0.5◦ . The
blue dots, placed at (0.2,6.05) and (0.7,6.05), are merely for
visual assistance.

FIG. 11. The zoomed in picture of Figure 9, to illustrate the
change in right ascension after one azimuthal throw. The
change seems to agree the calculation at 1.0◦ .
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FIG. 12. The trace of a high cadence survey strategy
without azimuthal velocity modification, but including sinusoidal elevation modulation, made by Dr. Naess [3]. Done
at 50◦ elevation with 1◦ sinusoidal amplitude (based on the
information in Figure 14).

FIG. 13. A replicated map of Figure 12, at 40◦ elevation with 1◦ sinusoidal amplitude, an azimuthal range of
[21◦ ,159◦ ], and modulated azimuthal velocity. Notice that
the azimuthal velocity modulation stretches out the sinusoidal patterns near the high and low declination limits, in
comparison to Figure 12. Standard modulated high cadence
survey strategy with the same azimuthal range is shown in
Figure 6.

FIG. 14. The elevation vs. azimuth plot for a sinusoidal
modulated high cadence survey strategy, provided by Dr.
Naess [3].

FIG. 15. Plot illustrating the elevation vs. azimuth of the
schedule in Figure 13. Serves as replication of Figure 14.
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FIG. 16. The position, velocity, acceleration, and jerk in horizontal coordinates of boresight for a rising scan of sinusoidally
oscillating modulated high cadence survey strategy at 40◦ elevation, azimuthal range of [21◦ ,159◦ ], 1◦ sinusoidal amplitude, 10
sec sinusoidal period, and base scan rate 0.75◦ /sec. The left column shows azimuth statistics, while the right shows elevation
statistics. First row is position, second is velocity, third is acceleration, and fourth is jerk. Note that all azimuth statistics are
identical to that of a normal modulated high cadence survey strategy at 40◦ elevation, base scan rate 0.75◦ /sec, and [21◦ ,159◦ ]
azimuthal range.
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FIG. 17. The crosslinking map of a normal high cadence
survey strategy, fixed at 40◦ elevation, for a 1 year schedule.
0 corresponds to complete crosslinking, while 1 corresponds
to no crosslinking. Maximum value is 1.000.

FIG. 18. The crosslinking map of a sinusoidal high cadence
survey strategy, with oscillation of 1◦ around 40◦ elevation
at 11s period, for a 1 year schedule. 0 corresponds to complete crosslinking, while 1 corresponds to no crosslinking.
Maximum value is 0.685. In Choi et al. 2020 [8] it was
found that crosslinking values below 0.7 were preferred for
CMB power spectrum analysis. These analyses are part of
the motivation for exploring the elevation modulated strategies presented here.

FIG. 19. The values of Figure 17 at RA=0, plotted with
respect to declination.

FIG. 20. The values of Figure at 18 at RA=0, plotted with
respect to declination.

FIG. 21. The crosslinking values of hitmaps at varying sinusoidal pattern periods at RA=0, plotted with respect to
declination. 0 corresponds to complete crosslinking, while 1
corresponds to no crosslinking.

FIG. 22. The crosslinking values of hitmaps at varying sinusoidal amplitudes at RA=0, plotted with respect to declination. 0 corresponds to complete crosslinking, while 1 corresponds to no crosslinking.

