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ABSTRACT

We investigate the tip-tilt sensor for the laser tomography adaptive optics system of the Giant Magellan Telescope.
In the case of the GMTIFS instrument, we require high Strehl over a moderate region of the sky and high
throughput with very high sky coverage. In this paper, we simulate the performance of a K-band tip-tilt sensor
using an eAPD array. The paper presents a comparison of different centroiding techniques and servo controllers.
In addition, we explore the possibility of using the wavefront sensors (WFSs) used in the ground layer adaptive
optics (GLAO) mode to supplement the tip-tilt sensor measurement.
The imaging requirement is almost met using the correlation algorithm to estimate the displacement of the
spot, along with a high-order controller tailored to the telescope wind shake. This requires a sufficiently bright
star to be able to run at 500 Hz, so the sky coverage is limited. In the absence of wind, then the star can be
fainter and the requirement is met.
The spectroscopy requirement is met even in the case of high wind. The results are even better if we use the
GLAO WFSs as well as the tip-tilt sensors.
Further work will explore the viability of inserting a DM in the OIWFS and the resulting tip-tilt performance.
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1. INTRODUCTION
The Giant Magellan Telescope (GMT) is a 25 m telescope consisting of 7 8.4 m circular segments in a petal
pattern. The GMT will have three adaptive optics (AO) modes at first light:1 ground layer adaptive optics
(GLAO),2 natural guide star adaptive optics (NGAO),3 and laser tomography adaptive optics (LTAO).4 In all
cases, the correction is performed with the adaptive secondary mirror, which also has seven segments.
The LTAO mode has six laser guide stars (LGSs) in a hexagonal configuration with a 3500 radius. In addition,
each science instrument has an on-instrument wavefront sensor (OIWFS) to measure wavefront modes that
cannot be measured with the LGSs. The measured modes include tip-tilt, slow focus changes due to sodium
altitude fluctuations, quasi-static aberrations induced by changes in the LGS spot and possibly a segment piston
sensor.
In this paper, we concentrate on tip-tilt sensing for the Giant Magellan Telescope Integral-Field Spectrograph (GMTIFS) when using LTAO. The tip-tilt sensing on GMTIFS takes place in the OIWFS situated inside
GMTIFS. There is a pick-off arm that acquires light from a star between 1200 and 9000 from the optical axis.
Integral field spectrographs are often used to study distant galaxies in regions of the sky where bright tip-tilt
stars are rare. Thus, a tip-tilt sensor that can operate with faint guide stars is required. In addition, the
diffraction-limited imaging function of GMTIFS leads to a requirement of low tip-tilt errors, albeit over smaller
regions of the sky.
The GMTIFS science performance requirements listed at Preliminary Design Review were as follows:
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• LTAO Imaging with Moderate Sky Coverage - The GMT in LTAO observing mode shall deliver an on-axis
H band (1.65 µm) Strehl ratio of no less than 0.30 over at least 20% of the sky at the galactic pole, over a
120 s integration (goal: 50% of the sky at the galactic pole).
• LTAO Spectroscopy with High Sky Coverage - The GMT in LTAO observing mode shall deliver a K band
(2.2 µm) fractional ensquared energy in 50 by 50 mas of no less than 0.40 over at least 50% of the sky at
the galactic pole, over a 900 s integration (goal: 90% of the sky at the galactic pole).
These requirements lead to allowable tip-tilt errors of approximately 3 mas and 15 mas respectively, which is
much more more stringent than the errors on current LGS AO systems (typically 10 to 50 mas on bright and
faint tip-tilt stars respectively).5, 6
Infrared detectors with speed and noise characteristics comparable to those of visible sensors are now becoming commercially available. The GMTIFS tip-tilt sensor will use a SAPHIRA eAPD array.7 Infrared tip-tilt
sensors benefit from the diffraction-limited core delivered by AO systems, especially when used on large-diameter
telescopes. An LTAO system optimizes the wavefront correction in the direction of the science target. Because
the tip-tilt star is off-axis, the wavefront is degraded by anisoplanatism. One way to reduce the effect of anisoplanatism is to include a deformable mirror (DM) in front of the tip-tilt sensor. This DM would need to be housed
inside GMTIFS which is cooled to cryogenic temperatures. The engineering challenges of running a DM at such
temperatures are being addressed, the expected performance of a tip-tilt sensor with a DM will be reported in
the near future.
In this paper, we seek to understand the performance of a tip-tilt sensing strategy without a DM. In particular,
we address the behavior of a tip-tilt sensor in the partial correction regime, where anisoplanatism leads to images
that are no longer diffraction limited.
The GLAO mode for the GMT uses four off-axis visible light WFSs in the acquisition, guiding and wavefront
sensing (AGWS) units. We explore the idea of using these WFSs, in conjunction with the tip-tilt sensors in the
OIWFS, to increase the sky coverage.
The remainder of the paper is distributed as follows. The definitions of tip-tilt and the different ways to
measure it are explored in Section 2. The telescope wind shake model is presented in Section 3, along with
tip-tilt controllers optimized to compensate for the wind shake. Section 4 describes the simulations, with the
simulation results reported in Section 5. Finally, conclusions are drawn in Section 6.

2. DEFINITION AND MEASUREMENT OF TIP-TILT
The aim of the tip-tilt control loop is to minimize the tip-tilt error; hence, we need to first define tip-tilt.
There are (at least) three definitions of the tip or tilt of a wavefront:
• The mean slope (Gradient tilt).8
• The least-squares slope (Zernike tilt).8
• Strehl maximizing slope.9
The latter two are identical except when the phase is wrapped, as occurs in a simple AO system with only tip-tilt
correction.
In most cases, the precise definition of tip-tilt is not important because AO systems run in closed loop (so the
residual wavefront is approximately flat) and because the wavefront aberrations are assumed to be continuous.
For the GMT’s LTAO system, there are two sources of wavefront discontinuity: the (slowly varying) telescope
segment piston error and the (quickly varying) atmospheric segment piston error.
The difference between the mean slope and the least-squares slope is most easily understood in one dimension.
Consider a one-dimensional aberration, plotted in Fig. 1. The mean slope is the average slope, which, for a
continuous wavefront, is the straight line that intersects the two end points. The least-squares slope is the slope
of the straight line that minimizes the sum of the squared distance between itself and the wavefront. In the

Figure 1: Aberrated wavefront (black) with the mean-slope (blue) and the least-squares slope (red) superimposed
for a continuous wavefront (left) and a discontinuous wavefront (right).
absence of noise, the mean slope is given by the centroid of the image, while the least-squares slope is given by
the location of the peak of the image. Recentering the peak of the image will, by definition, provide the highest
Strehl at the wavefront sensing wavelength.
The situation is more complicated when there is a discontinuity in the wavefront, as shown in Fig. 1. Here,
the mean slope is zero, as the slope is zero everywhere except at the discontinuity, where the slope is not defined.
The least-squares slope is the slope that will maximize the Strehl of the image.
In practice, we cannot measure tip-tilt by analyzing the wavefront, which is unknown. Instead, we estimate
the tip-tilt from an a 10×10 pixel image at the focal plane.
Consider a flat wavefront with segment piston error, as shown in Fig. 2. We measure the slope using the

Figure 2: Wavefront with 100 nm of RMS segment piston.
mean slope and least-squares slope, and compare the results with three “centroiding” algorithms:
• The centroid, which finds the center of mass of the windowed image.
• The peak finding algorithm, which finds the peak location of the image using subpixel interpolation.
• The correlation algorithm,10 which is equivalent to finding the peak of the image convolved by the reference
image.
The results for this segment piston realization are tabulated in Table 1. The calculation was repeated for a 100
random segment piston realizations, and the tip-tilt error was calculated by comparing with the least-squares
slope. The RMS tip-tilt error with respect to the least-squares slope is tabulated in Table 2. The results show
that the correlation algorithm leads to the best estimate of the least-squares slope, while the centroid provides

Table 1: Tip and tilt estimate (in milliarcseconds) for various techniques. The measurements in the top two
rows are directly from the wavefront, whereas the bottom three rows are obtained from the images.
Method

Tip (mas)

Tilt (mas)

Least-squares slope
Mean slope

-2.5
0.0

-1.2
0.0

Centroid
Correlation
Peak

-1.2
-2.2
-3.1

-0.5
-1.1
-1.8

Table 2: RMS tip-tilt error (in milliarcseconds) for different centroiding techniques when the wavefront error is
purely segment piston.
Method
Centroid
Correlation
Peak

RMS tip-tilt error (mas)
0.78
0.15
0.50

the best estimate of the mean slope. If we take random segment piston realizations, and we know exactly what
the segment piston is, then the fraction of the residual wavefront that can be corrected with a tip-tilt mirror is
16%.

3. WIND SHAKE AND TIP-TILT CONTROLLERS
As the diameter of a telescope increases, the power of the atmospheric tip-tilt is reduced and its power spectral
density is shifted towards lower frequencies. On the other hand, the surface area of the primary mirror leads
to large levels of wind shake. In this paper, we assume a pessimistic wind shake model which corresponds to
the case where the telescope is pointed into a 10 m s−1 wind at a zenith angle of 30◦ , with the dome vents 50%
open. The power spectrum for tip and tilt is reproduced in Fig. 3. It can be seen that there is significant power
in the global tip-tilt up to 10 Hertz, and a control law with a frame rate of several hundred Hertz is needed to
compensate for this.

Figure 3: Power spectral densities in the elevation and azimuth directions for the case where the vents are 50%
open.
In this section, we investigate the performance of different controllers for correcting wind shake. Three
different infinite impulse response (IIR) controllers were compared: a Type I controller, a Type II controller and
a high-order IIR controller.

The integral controller with a variable gain, k, takes the form:
Y (z) =

k
U (z),
1 − z −1

(1)

where U is the input (tip-tilt error reported by the tip-tilt sensor) and Y is the mirror command.
A Type II controller was proposed as suitable for tip-tilt control for the TMT due to its high rejection of
low temporal frequencies. It is a cascade of two integrators, a loop gain and a lead filter to increase the phase
margin and this improve the closed loop stability.11 The transfer function is:
Y (z) =

k
(1 −

z −1 )(1

−

z −1 )

c0 + c1 z −1
U (z)
1 + d1 z −1

(2)

The coefficients of the lead filter are c0 , c1 and d1 , are selected to optimize the performance. The Type II
controller is a subset of the high-order IIR presented next.
We use a high-order IIR controller with five terms in the numerator and in the denominator:
Y (z) =

a0 + a1 z −1 + a2 z −2 + a3 z −3 + a4 z −4
U (z).
1 + b1 z −1 + b2 z −2 + b3 z −3 + b4 z −4

(3)

The coefficients are computed using an optimization algorithm based on the input turbulence and noise.12
The rejection transfer function for the different controllers at 1 kHz is plotted in Fig. 4. All of the controllers
were optimized to reduce the rejection of turbulence plus wind shake, while maintaining stability by restricting
the gain margin to be at least 6 dB.

Figure 4: Rejection transfer function for the different controllers.
The sum of the bandwidth and noise errors for the controllers was calculated in the frequency domain, with
the results in Table 3. The results were confirmed using time domain simulations.
The conclusion from these results is that a high-order IIR controller running at 500 Hz or faster is needed
to meet the high Strehl imaging science requirement. These IIR controllers can be readily modified to reject
vibrations as well.

4. DESCRIPTION OF SIMULATIONS
In this section, we describe how the numerical simulations are performed. First, we describe how YAO is used to
run LTAO simulations. Next, we present details of the photometry, noise, atmospheric conditions and telescope
wind shake. Finally, we describe how the guide stars are selected.

Table 3: RMS tip error (mas) along the elevation axis for a range of frame rates and noise levels.
Frame rate (Hz)

Noise (mas)

Integral

Type II

IIR

1000
500
250
100
1000
1000

0
0
0
0
5
10

1.95
4.46
9.34
24.36
4.27
7.50

1.31
2.78
5.85
19.31
3.60
5.85

0.31
0.99
3.72
16.12
3.73
5.47

4.1 Simulating the GMT LTAO system in YAO
In order to calculate the tip-tilt error in a realistic scenario, simulations were run using YAO,13 and end-to-end
Monte Carlo simulation package written in Yorick that is both fast and extremely flexible.
A custom module was written to incorporate the details of the GMT pupil, including the segmentation of
the pupil and segment piston errors.
The LGS WFSs are modeled as ideal, 60 × 60 Shack-Hartmann WFSs that measure the slope across the
subaperture. A minimum variance tomographic reconstructor converts the slopes into actuator commands.2
These reconstructors are not yet implemented in YAO and are computed offline. The controller for this loop is
a simple integrator with a loop gain of 0.4 running at 500 Hz in pseudo open-loop.
The GMT uses an ASM with over 4000 actuators. The actuator geometry was not modeled in this study;
for convenience and speed, the actuators in a regular grid were placed conjugate to the corners of the WFS
subapertures in what is known as the Fried configuration. The conjugation altitude of the ASM, which is 165 m,
was modeled by shifting all the turbulent layers down by 165 m, so that some are even below the ground. This
models the misconjugation between the ASM and the turbulence layers, but does not model the displacement of
the metapupil on the ASM for off-axis guide stars and science targets. The effect of the metapupil displacement
is small but must be included in the on-sky reconstructors.
The tip-tilt sensor consists of a custom tip-tilt sensor module that includes the correlation algorithm and an
ideal least-squares slope measurement. The tip-tilt is a K-band sensor with 10 × 10 13 mas pixels. The pixels
are 1.5 times larger than the Nyquist sampling limit.
The WFSs in the AGWS comprise of 30 × 30 subaperture Shack-Hartmann WFS. Each subaperture has
8 × 8 0.3100 pixels. In the simulations presented in Sect. 5.3, the AGWS sensors measure tip-tilt at 1 kHz. The
measurements from the four WFSs are combined using a noise-weighted average to produce the tip-tilt command.
The OIWFS tip-tilt sensor measurements, which are made at 50 Hz, are used to drive the reference centroid of
the AGWS WFSs.

4.2 Photometry and noise
Two types of WFSs are simulated: the K-band tip-tilt sensor in the OIWFS and the high-order WFSs in the
AGWS. The detector for the TTS inside the OIWFS is assumed to be SAPHIRA, an infrared e-APD array
produced by SELEX.7, 14 The AGWS uses an OCAM2 camera with an electron multiplying charge coupled
device (EMCCD) that can run at 1 kHz.
The photometry and noise parameters used are tabulated in Table 4.

4.3 Atmospheric conditions
The atmospheric parameters are derived from the typical-typical profile for January 2008 from Goodwin15 and
are reproduced in Table 5. This turbulence profile has a higher fraction of turbulence in the free atmosphere
compared to profiles from other studies, including those measured by the same author four months earlier. This
leads to pessimistic results with respect to anisoplanatism in the tip-tilt sensor, which is shown to be important
in Section 5. The value of r0 is 0.151 m at a wavelength of 500 nm. An outer scale of 60 m is assumed.

Table 4: Photometric parameters used in the simulations
Parameter
Central wavelength
Bandwidth
Photometric zero point
Sky background (magnitude / arcsec2 )
Optical throughput
Quantum efficiency
Excess noise factor
Read noise
Dark current

R-band

K-band

0.64 µm
0.15 µm
4.0×1012
19.2
48%
90%
1.41
0.5e−
0e−

2.179 µm
0.41 µm
7.0×1011
12.71
55%
80%
1.35
0.4e−
10e−

Table 5: Turbulence profile used in the simulations
Elevation (m)

Turbulence fraction

Wind speed (m/s)

Wind direction (◦ )

25
275
425
1250
4000
8000
13000

0.126
0.087
0.067
0.350
0.227
0.068
0.075

5.65
5.80
5.89
6.64
13.29
34.83
29.42

0.78
8.25
12.48
32.50
72.10
93.20
100.05

In addition to the disturbances caused by turbulence and wind shake, there is a segment piston error of 100
nm RMS, a focus error of 50 nm RMS induced by uncorrected changes in the sodium altitude, and 60 nm of
astigmatism due to LGS spot elongation.

5. SIMULATION RESULTS
5.1 Noiseless simulations
Noiseless simulations were run to understand how wavefront errors in the direction of the tip-tilt sensor affect
the tip-tilt estimate. As the off-axis distance increases, the effect of anisoplanatism also increases.
The RMS tip-tilt error as a function of distance between the tip-tilt star and the optical axis is displayed in
Table 6. The correlation and the peak algorithms provide similar performance. For off-axis distances less than
Table 6: RMS tip-tilt error (in milliarcseconds) for different centroiding techniques as a function of off-axis
distance.
Method
Centroid
Correlation
Peak

000

3000

4500

2.84
0.36
0.43

3.97
1.42
1.41

5.13
28.39
27.70

3000 , they both greatly outperform the centroid. However, at larger off-axis distances, both of these methods
produce bad estimates and the centroid is to be preferred. The reason for this is that the image of the tip-tilt
star on the tip-tilt sensor breaks up into multiple speckles, as demonstrated in Fig. 5. The correlation algorithm
attempts to find the location of the brightest speckle, which is no longer corresponds to the least-squares slope.
It is evident that the optimal centroiding strategy depends on the distance between the tip-tilt guide star and
the optical axis.

Figure 5: Typical speckle image at the tip-tilt sensor for a star 3000 (left) and 4500 (right) from the optical axis.

5.2 Sky coverage
We want to understand over what fraction of the sky we meet the two performance requirements. One hundred
random star fields at the South Galactic Pole were generated using the Besancon star model. Candidate stars
were selected if they were brighter than mK = 20 and between 1200 and 6000 from the center of the field. Typically,
there were one to three candidate stars in each field. For each candidate star in each field, we calculate the sum
of the anisokinetic, bandwidth and measurement noise errors using semi-analytical expressions. The total error
is ranked according to the field percentile and is plotted in Fig. 6 and tabulated in Table 7.
Table 7: Expected RMS tip-tilt wavefront error as a function of field percentile for the case of 10 m s−1 wind.
Percentile

10

20

30

40

50

60

70

80

Radial distance (arcsec)
K-band magnitude
Tip-tilt error (mas)
Tip-tilt wavefront error (nm)

12.7
16.8
3.39
145

32.9
13.6
4.51
193

30.4
15.7
5.60
240

51.2
9.8
6.91
296

17.8
18.0
8.42
361

34.0
16.6
10.16
435

55.7
15.4
12.11
519

32.0
18.0
14.92
639

Figure 6: Expected RMS tip-tilt error as a function field percentile for different wind velocities.
These stars were used as tip-tilt stars for end-to-end simulations in YAO. The simulated values are broadly
consistent but higher than the expected values from the semi-analytical expressions, as shown in Fig. 7. Fig. 8
plots the Strehl ratio and 50 mas ensquared energy as a function of field percentile for the case of 10 m s−1 wind.
Recall that the requirements are:
• H-band Strehl ≥ 0.3 over 20% of the sky (50% goal) and

Figure 7: Simulated RMS tip-tilt error as a function of field percentile for the case of no wind and 10 m s−1 wind.

Figure 8: Simulated Strehl and 50 mas ensquared energy as a function of field percentile for the case of 10 m s−1
wind.
• K-band 50 mas ensquared energy ≥ 0.4 over 50% of the sky (goal 90%).
The H-band Strehl requirement is met when there is no wind and almost met with 10 m s−1 wind. The ensquared
energy requirement is met in both cases. For the 10 m s−1 case, the sky coverage at the South Galactic Pole is
about two-thirds, which is lower than the goal of 90%.
The sky coverage could be increased by correcting for anisoplanatism in the tip-tilt sensor using a dedicated
DM. Adding a DM will allow the use of fainter stars, especially in the region between 3000 to 6000 from the science
target. However, such a DM would be located in a vaccuum and at cryogenic temperatures inside GMTIFS,
which significantly increases the complexity and cost of the instrument. In addition, this would result in a
reduction in thoughput and an increase in background to the tip-tilt sensor.
We have also considered the use of a second tip-tilt sensor to reduce the anisoplanatic error. However, this
is not particularly useful for increasing the sky coverage due to the lack of suitable stars at the South Galactic
Pole. Using a second star would only be beneficial if they were both corrected with a DM in order to increase
the limiting magnitude.

5.3 Tip-tilt sensing with the AGWS sensors
Here, we simulate the performance of tip-tilt control using the four AGWS sensors in conjunction with the
OIWFS. For simplicity, we use the same AGWS asterism, which corresponds to the 75th percentile case at the
South Galactic Pole, for all of the OIWFS tip-tilt stars.
The guide stars are located at [−14500 ,39400 ], [−53500 ,8200 ], [25800 ,51200 ] and [23300 ,-34200 ], with R-band magnitudes of 12.0, 12.5, 14.5 and 14.0 respectively. An picture of the AGWS sensors as well as the OIWFS tip-tilt
sensor is shown in Fig. 9.
The expected tip-tilt error as a function of field percentile is tabulated in Table 8.

Figure 9: Location of the AGWS WFSs and OIWFS tip-tilt sensor. The blue and red shaded areas represent
the regions where the guide stars can be acquired.
Table 8: Expected RMS tip-tilt wavefront error as a function of field percentile for the case of 10 m s−1 wind
using the AGWS WFSs in conjunction with the OIWFS tip-tilt sensor.
Percentile

10

20

30

40

50

60

70

80

90

Radial distance (arcsec)
K-band magnitude
Tip-tilt error (mas)
Tip-tilt wavefront error (nm)

22.7
14.4
4.82
206

25.0
15.3
5.12
219

35.9
13.1
5.70
244

35.0
14.2
5.86
251

34.3
16.6
6.54
280

22.2
19.0
6.81
292

31.9
18.0
7.03
301

49.0
16.3
8.02
344

58.1
17.2
9.87
423

The simulated RMS tip-tilt error is compared with the results without the AGWS in Fig. 10.

Figure 10: Simulated RMS tip-tilt error as a function of field percentile for the case of 10 m s−1 wind, with and
without the use of the AGWS WFSs.
The Strehl ratio and 50 mas ensquared energy are plotted in Fig. 11.

Figure 11: Simulated Strehl and 50 mas ensquared energy as a function of field percentile for the case of 10 m s−1
wind using the AGWS WFSs in conjunction with the OIWFS tip-tilt sensor.
It can be seen that using the AGWS improves the performance for all but the best tip-tilt stars.

6. CONCLUSION
In this paper, we investigate a tip-tilt sensor for the LTAO mode of GMTIFS.
A high-order tip-tilt controller operating at ≥500 Hz is needed to compensate for the wind shake. The
correlation algorithm outperforms the centroid, even in the absence of noise, provided that the image on the tiptilt sensor has one dominant spot. For off-axis distance greater than about 3000 , the image breaks into multiple
speckles and the correlation algorithm gives bad results. In this case, the centroid estimator should be used.
There are different requirements for imaging and spectroscopy. The spectroscopy sky coverage requirement
is met, but the high Strehl imaging requirement is only met when the wind shake is low. In order to improve
the performance of the tip-tilt sensor, a dedicated DM in front of the tip-tilt sensor is needed.
It was found that using the WFSs in the AGWS units at a high frame rate to supplement the measurements
from the tip-tilt sensor in the OIWFS leads to improved performance for all but the brightest tip-tilt stars and
to essentially 100% sky coverage.
Further work will explore the viability of inserting a DM in the OIWFS and the resulting tip-tilt performance.
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