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Abstract. The next generation of ground-based optical telescopes, such as the European
Southern Observatory’s Extremely Large Telescope (the ELT), will have large support structures
(spiders) for the secondary mirror. These spiders have the effect of segmenting the pupil. Without
careful control of the wavefront, segment piston (petal modes) errors can develop. We present a
flip-flop modulated/unmodulated method for the pyramid wavefront sensor (PWFS) enabling
the PWFS to sense petal piston modes. This flip-flop modulation method uses a single
PWFS operating in two states: a modulated state and an unmodulated state. An independent
controller is used in each state; the modulated state controls the atmospheric turbulence and
the unmodulated state only controls petal piston modes. In simulation, we show the flip-flop
method working with the wavefront sensor in both K- and R-bands, providing an improvement
of 9.9% and 13%, respectively, over a standard modulated PWFS. © The Authors. Published by
SPIE under a Creative Commons Attribution 4.0 International License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
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1 Introduction

The next generation of ground-based astronomical telescopes and associated instrumentation are
currently under development. These so-called extremely large telescopes (ELTs) comprise the
European Southern Observatory’s (ESO) Extremely Large Telescope (the ELT),1 the Giant
Magellan Telescope,2 and the Thirty Meter Telescope.3 These ELTs will have primary mirrors
of diameter on the order of 25 to 37 m.

Earth’s time-varying turbulent atmosphere limits the achievable resolution of ground-based
telescopes. Adaptive optics (AO) systems are used to measure and correct the blurring effects of
the turbulence in real time using a wavefront sensor (WFS) to measure wavefront errors caused
by the atmosphere and a deformable mirror (DM) to correct for them.4,5

A critical component of any AO system is the WFS. The measurements from the WFS
are used to estimate the phase of the incoming wavefront. In current AO systems, the
Shack–Hartmann WFS (SHWFS) is commonly used. The ELTs will predominantly use a rel-
atively new WFS known as the pyramid WFS (PWFS) for single-conjugate AO.6 The PWFS
offers improved sensitivity, in terms of limiting magnitude, in closed-loop, over the SHWFS.7–9

The PWFS, shown in Fig. 1, consists of a glass pyramid, which is placed at the focal point of the
telescope such that the focal point falls on the tip of the pyramid. The pupil plane is then re-
imaged, via relay optics, to the detector. The resulting detector plane consists of four pupil
images, which are used to estimate the wavefront. The PWFS has a small dynamic range, when
compared with an SHWFS, because the sensor is only in the linear region when the focal spot is
on the apex of the pyramid. A method to overcome the limited dynamic range is to modulate the
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focal point around the tip of the pyramid and the detector image is integrated over the modulation
path.10 This modulation trades sensitivity for dynamic range.

The measurement vector, s, of a PWFS is expressed as

EQ-TARGET;temp:intralink-;e001;116;409s ¼ PðϕÞ − PðϕrefÞ; (1)

where P is the pyramid operator, ϕ is the phase of the atmospheric wavefront, and ϕref is a flat
reference (zero) wavefront. The measurement is a linear combination of the four pupil images,6

often referred to as the x and y slope maps (sx and sy, respectively). The slope maps used in this
paper are defined as

EQ-TARGET;temp:intralink-;e002;116;329sx ¼
I1ðx; yÞ − I2ðx; yÞ − I3ðx; yÞ þ I4ðx; yÞP

4
i¼1 Iiðx; yÞ

; (2)

EQ-TARGET;temp:intralink-;e003;116;272sy ¼
I1ðx; yÞ þ I2ðx; yÞ − I3ðx; yÞ − I4ðx; yÞP

4
i¼1 Iiðx; yÞ

: (3)

Due to the ELTs’ physical size, the support structure (or spider) that holds the secondary
mirror in place is also large. In the case of the ESO’s he ELT, the spider has six support beams
with a thickness of 0.5 m.11 These spider arms have the effect of dividing the pupil into six
segments (or petals), which is shown in Fig. 2. The width of the spider arms is greater than
the typical coherence length of the atmosphere, or Fried parameter r0, expected at the observa-
tory sites. This introduces complexities in the wavefront estimation, as there is no phase con-
tinuity between the six pupil segments, as viewed from the WFS. Consequently, the average
wavefront over each pupil segment (segment piston) can be different, and a modulated pyramid
WFS is not very sensitive to these segment piston modes.

Figure 3 shows the simulated residual optical path difference over the ELT pupil with the
WFS operating in K-band without petal mode corrections. The resulting closed-loop Strehl is
∼42%, compared with 96% without the spider and associated segment piston errors. With the
WFS in R-band, we are able to close the loop, but with poor performance resulting from uncor-
rected segment piston errors.

Fig. 1 Schematic of the pyramid WFS. A four-sided prism (pyramid) is placed in the focal plane of
the telescope. Starlight travels through the atmosphere and becomes distorted. The pupil focuses
the light onto the apex of the pyramid. The pyramid subdivides the focal plane into quadrants. The
output from the prism is focused onto a detector by the relay lens, forming four images of the pupil.
The focal point can be modulated around the apex of the pyramid, as shown by the dotted circle, to
improve the dynamic range and linearity.
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The main contributing factors to the segment piston problem are the so-called low wind
effect, segment piston due to atmospheric turbulence, segment piston due to modal aliasing
of the modal basis functions used for wavefront control, and poor sensitivity to segment piston
modes. The low wind effect is a phenomenon where the low-velocity wind blowing over the
telescope structure is cooled to subambient temperatures, resulting in optical path differences
across the pupil of the telescope.12

Previous work on the topic of segment piston control has led to several approaches to solving
the problem. Schwartz et al.11 shown a phase closure algorithm to ensure a continuous phase across
pupil segments. Their algorithm uses the amplitude of actuator commands along adjacent pupil
segment edges to estimate the correction phase required to ensure continuous phase across pupil
segments. The authors also suggest that the pupil segment piston modes can be filtered from the
modal basis. However, the AO system would then be unable to correct the atmospheric segment
piston modes. Finally, they show that by slaving adjacent actuators across pupil segments, the DM
behaves as if the surface were continuous, therefore eliminating segment piston errors.

Hutterer et al.13 proposed a method using a pyramid WFS with a split controller approach,
where two reconstructors are used. In their split approach, one reconstructor uses a segment
piston-free modal basis and corrects for the main part of the atmospheric turbulence. A second
reconstructor is used only to reconstruct the segment piston modes. The resulting command for
the DM is the combination of both reconstructors. They show this method working with a modu-
lated pyramid WFS operating in K-band only.

Fig. 3 The residual optical path difference with an atmosphere with r 0 of 15 cm, using a modulated
pyramid wavefront sensor and making no special effort to correct the segment piston errors.

Fig. 2 The six segment piston modes of the ELT.
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Bertrou-Cantou et al.14 proposed a continuous basis, where the first-order derivative of each
mode across the spider is forced to be continuous (the gradient on both sides of the spider are
equal). The continuous basis is also formed in such a way as to follow Kolmogorov statistics. A
linear combination of modes from the continuous basis cannot result in pure segment piston
modes; however, segment piston modes can be generated in combination with other modes
(e.g., astigmatism). The continuous basis has been shown to perform better than actuator slaving
and significantly improves on the standard Karhunen–Loève (KL) basis.

In previous work,15 we have shown that by reducing the number of modes in the modal basis,
the petal effect can be reduced by limiting modal aliasing of higher-order modes. This method
will not help in correcting atmospheric or telescope-induced petal piston errors.

Esposito et al.16 shown that with a reduced number of modes in the modal basis, careful
filtering of modes during the interaction matrix inversion, and by applying a mask to the
WFS measurements that selects subapertures that are sensitive to segment piston, they are able
to control segment piston modes. However, the segments occasionally jump between integer
multiples of the sensing wavelength.

In Ref. 17, we show that an unmodulated PWFS is significantly more sensitive to petal piston
than a modulated PWFS. In this paper, we propose a flip-flop modulation scheme where a single
pyramid is used, and the modulation alternates between modulated and unmodulated. The flip-
flop modulation method gives the benefits of increased dynamic range (modulated pyramid),
useful for closing the loop, and increased sensitivity to segment piston modes (unmodulated
pyramid). Previously, we have shown that within a 100-Hz bandwidth, greater than 95% of
atmospheric petal modes can be corrected with a pseudo-open-loop flip-flop modulation
PWFS.17 Here, we show that with careful selection of the modal basis and calibration, it is pos-
sible to sense and control petal piston modes, in the presence of closed-loop AO residuals, within
an amplitude range of one wavefront sensing wavelength.

The PWFS has been shown to be nonlinear.7 Typically, a linear reconstruction model is used,
which has been calibrated around some operating point. For the PWFS, the calibration is done in
a diffraction-limited regime, while the wavefront sensing is done in the presence of atmospheric
turbulence and AO loop residuals. It has been shown that a modal gain correction18–20 (optical
gain) is necessary to move the diffraction-limited model to the expected operating point.

The paper is structured as follows. In Secs. 2.1 and 2.2, we describe the modal basis used for
our two control loops. Section 2.3 outlines the optical gain corrections needed for each modal
basis. In Sec. 2.4, we introduce an optical gain of the pyramid reference signal. Sections 3.1 and
3.2 show the simulation results of the flip-flop method, with the WFS in K-band and R-band,
respectively. We summarize our approach to the problem and outline areas for future work
in Sec. 4.

2 Methodology

In this paper, the closed-loop flip-flop modulation method is presented in simulation. Figure 4
shows a block diagram of the flip-flop modulation scheme, where two separate reconstructors
are used. One reconstructor corrects the bulk of the atmospheric turbulence, using a KL basis.
The other reconstructor corrects for segment piston modes only and consists of the segment
piston eigenmodes (excluding pure piston). The segment piston reconstructor takes measure-
ments from an unmodulated pyramid, whereas the atmospheric reconstructor takes measure-
ments from a modulated pyramid. Using a single pyramid and switching between modulated
and unmodulated states, both reconstructors use the same optical hardware. In simulation, a
dead-time of one frame is used to allow the modulator to stop and to restart. For this paper,
10 frames are run with the modulated pyramid, then one frame is discarded, one frame of the
unmodulated pyramid is captured, then another frame is discarded. The sequence is repeated.
The dead frame is there to account for real-life effects (for example, the modulator not being able
to accelerate at an infinite rate.) A similar control structure could be implemented with separate
modulated and unmodulated pyramids, removing the need to stop the modulation, but would
require splitting the light.
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Using the following steps, it is possible to control segment piston errors with a single
pyramid WFS:

1. Find a modal basis for correcting the segment piston modes.
2. Find a modal basis for correcting the atmospheric turbulence.
3. Find the optical gains of the segment piston modal basis, for an unmodulated pyramid.
4. Find the optical gains of the atmospheric modal basis, for a modulated pyramid.
5. Build reconstructors for both modulated and unmodulated loops, with optical gain

compensation.
6. Run the AO system and correct segment piston errors.

2.1 Finding a Modal Basis for the Unmodulated Pyramid

The choice of modal basis is a critical step in controlling the petal piston modes. First, the system
response to the segment piston modes is recorded in an interaction matrix, Fsp, for a diffraction-
limited system. The interaction matrix is generated by applying each segment piston mode, as
shown in Fig. 2, to the DM. The resulting wavefront is then propagated to the pyramid WFS, and
the wavefront measurement is recorded. Each measurement is a row in the interaction matrix,
Fsp. Then, using singular value decomposition, the segment piston interaction matrix, Fsp, is
decomposed into singular values (or eigenmodes), which are a linear combination of individual
segment piston modes:

EQ-TARGET;temp:intralink-;e004;116;220Fsp ¼ USVT; (4)

whereU and V are the unitary matrices and S is a diagonal matrix of singular values (square root
of the eigenvalues). VT are the eigenvectors of Fsp. From this factorization, the segment piston
eigenmode basis is constructed as

EQ-TARGET;temp:intralink-;e005;116;150ZeigenðiÞ ¼
XM
m¼1

Vi;mZspðmÞ; (5)

where Zsp is the modes-to-command matrix for the segment piston modes as shown in Fig. 2,
Zeigen is the modes-to-command matrix (DM commands for each mode) for the segment piston
eigenmodes, i is the eigenmode index, and M is the number of segment piston modes. The

Fig. 4 The flip-flop modulation pyramidWFS. Two AO control loops operate with a single pyramid.
The modulation and associated control loop is switched on and off, allowing the increased
dynamic range of a modulated pyramid (blue) for correcting the majority of the atmospheric tur-
bulence and the improved sensitivity of an unmodulated pyramid WFS (green) to control the seg-
ment piston modes.
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resulting segment piston eigenmodes, Zeigen, are shown in Fig. 5 (unmodulated case) and the
corresponding segment piston singular values are shown in Fig. 6. The higher the singular value,
the more sensitive the WFS is to the corresponding eigenmode.

In this paper, the unmodulated PWFS is only used to control petal modes. In future work, the
number of modes controlled by the unmodulated PWFS could be increased.

2.2 Finding a Modal Basis for the Modulated Pyramid

The modulated pyramid WFS is used to control the bulk of the atmospheric turbulence, due to
the increased dynamic range from the modulation. This enables the AO system to reliably close
the loop. To produce an efficient reconstructor, it is necessary to have an orthogonal modal basis.
The modal basis is orthogonalized twice: once with respect to the actuator geometry and a sec-
ond time with respect to the atmospheric covariance. This process of double diagonalization is
described in Refs. 21 and 22. A key step is the computation of the atmospheric covariance,
hhihji, which is defined as

EQ-TARGET;temp:intralink-;e006;116;134hhihji ¼ Re

�XP−1
u¼0

XQ−1

v¼0

ðF ½IFiðx; yÞ�� · F ½IFjðx; yÞ� · PSDϕðu; vÞ · df2Þ
�
; (6)

where PSDϕ is the power spectral density of the atmospheric turbulence, IF is a single influence
function of the DM (as shown in Fig. 7), df is the frequency step size used in PSDϕ, P andQ are

Fig. 5 The segment piston eigenmodes, including piston, for an unmodulated pyramid WFS. The
modes are ordered from least sensitive to most sensitive (top left to bottom right). The amplitude of
each mode has been normalized such that the RMS over the pupil is one.

Fig. 6 The segment piston eigenvalues, where mode one corresponds to pure piston with a sin-
gular value of near zero. The mode ordering is the same as Fig. 5.
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the number of elements in the u and v axes, respectively, and � denotes the complex conjugate.
The statistical covariance matrix Δstat is defined as

EQ-TARGET;temp:intralink-;e007;116;512Δstat ¼

2
664
hh1h1i hh1h2i : : : hh1hji

..

. . .
. ..

.

hhih1i : : : hhihji

3
775: (7)

It is useful to be able to force certain modes to be present (initially these will be piston, tip and
tilt), regardless of the double orthogonalization steps. For example, the tip and tilt can be off-
loaded to a separate control system. For each actuator in the DM, the influence function is flat-
tened into a row vector. The influence function row vectors are stacked into a matrix IF, where
the row is indexed by the actuator number. The first 20 modes, excluding piston, for a KL modal
basis that is forced orthogonal to piston, tip, and tilt are shown in Fig. 8.

A modal basis, which is forced to be orthogonal to the segment piston eigenmodes, is also
needed. If the segment piston eigenmodes are present in the modal basis used by the modulated
pyramid WFS, the two controllers (modulated and unmodulated) will contest each other. The

Fig. 7 An influence function of the ELT DM (M4), derived from finite element analysis and inter-
polated to the primary mirror space (M1).

Fig. 8 The first 20 KL modes (excluding piston), forced to be orthogonal to piston, tip, and tilt,
which are produced using the double orthogonalization method, without forcing orthogonality
to the six petal eigenmodes (normalized to an RMS of 1 nm).
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first 20 segment piston-free modes are shown in Fig. 9. In the segment piston-free modal basis,
tip and tilt modes are not constrained and exist throughout the basis (the modal basis is not forced
to be orthogonal to tip and tilt).

2.3 Optical Gain Compensation for the Pyramid

Now that a modal basis for each control loop has been defined, a reconstructor that accurately
reconstructs a wavefront from a pyramid WFS measurement is required. The pyramid WFS
frequency response is not linear,18–20 especially in the presence of AO residual. The effective
gain for each mode is not unity. This phenomenon is known as the optical gain problem. To solve
the optical gain problem, the effective gain for each mode needs to be found. Interaction matrices
capturing the response of the pyramid WFS to each mode in the basis are measured for both a
diffraction-limited case, and with AO residual present. The AO residual fitting error, ϕfit, is found
by subtracting the projection of each mode in the basis from an atmospheric phase screen, ϕfit,

EQ-TARGET;temp:intralink-;sec2.3;116;314ϕfitðx; yÞ ¼ ϕatmðx; yÞ −
XN
i¼1

ϕatmðx; yÞ · ϕZi
ðx; yÞ;

whereN is the number of modes in the modal basis, and ϕZi
ðx; yÞ is the phase of the i’th mode in

the modal basis. The DM command, ϕDM, is calculated as follows:

EQ-TARGET;temp:intralink-;e008;116;239ϕDM ¼ Bs; (8)

where B is the modal command matrix which has optical gain compensation applied and s is the
measurement vector from the pyramid WFS. B is defined as

EQ-TARGET;temp:intralink-;e009;116;184B ¼ Z ·

�
1

OG
· F†

�
; (9)

where Z is the modes-to-command matrix, F is the modal interaction matrix, and † denotes the
pseudoinverse. The optical gains, OG, are defined as20

EQ-TARGET;temp:intralink-;e010;116;115OG ¼ diagðFT
res · FdiffÞ

diagðFT
diff · FdiffÞ

; (10)

Fig. 9 The first 20 KL modes (excluding piston), forced to be orthogonal to the six segment piston
eigenmodes, which are produced using the double orthogonalization method.
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where Fres is the interaction matrix in the presence of AO residual, and Fdiff is the diffraction-
limited interaction matrix. The optical gains are calculated for both the modulated pyramid WFS
with the entire modal basis, and the unmodulated pyramid WFS with only the segment piston
eigenmodes. The optical gains for the modulated pyramid WFS are shown in Fig. 10, and the
optical gains for the segment piston eigenmodes are shown in Fig. 11.

2.4 Reference Measurement in the Presence of AO Residual

When testing the unmodulated pyramid WFS reconstructor (with optical gain compensation), it
is found that certain segment piston eigenmodes present an offset. The eigenmode offset is
shown in Fig. 14, where a 50-nm poke for each eigenmode is presented to the unmodulated
pyramid WFS. In the ideal case, the reconstructed wavefront should match the eigenmode poke,
as is the case for eigenmodes one through three, where a 50 nm poke of each eigenmode is
reconstructed with negligible modal crosstalk. For a 50-nm poke of eigenmode five, however,
only 30 nm is reconstructed, as well as −35 to −30 nm of the other four eigenmodes.

The standard method, Eq. (1), of forming a measurement from a pyramid WFS consists of
subtracting a null reference measurement from the turbulence measurement. In the case of the
diffraction-limited unmodulated pyramid WFS, the null reference measurement, as shown in
Fig. 12, has a significantly different average value than that of the reference measurement mea-
sured in the presence of AO residual, as shown in Fig. 13. Due to the reduced amplitude of the
null reference measurement, the traditional reference measurement subtraction overcompensates
for the zero reference. Figure 14 also suggests that the measurement signal for eigenmode five is
similar to the null reference.

Fig. 10 The optical gains of the segment piston-free KL modes (Fig. 9) for a modulated pyramid
WFS operating in R-band, using the default parameters from Table 1.

Fig. 11 The optical gains of the segment piston eigenmodes for an unmodulated pyramid WFS
operating in R-band, using the default parameters from Table 1.
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Fig. 13 The simulated slopes map (unitless) from an umodulated pyramid WFS, where the input
wavefront is the residual fitting error obtained by removing the first 3500 modes from an atmos-
pheric phase screen, averaged over 100 phase screens.

Fig. 12 The simulated slopes map (unitless) from an umodulated pyramid WFS, where the input
wavefront is flat (zero across the entire pupil).

Fig. 14 The reconstructed amplitude for a 50-nm poke of each segment piston eigenmode in the
presence of AO residual. The reconstructor has had optical gain compensation applied to modes,
and the standard reference measurement subtraction is applied.
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If instead, the reference measurement is not subtracted, the offset decreases and the segment
piston reconstruction improves significantly, as shown in Fig. 15. The decrease in the offset is
effectively an optical gain of the reference measurement and can be found via a similar process as
that used for calculating modal optical gains. The reference measurement in the presence of AO
residuals is effectively the diffraction-limited measurement scaled by a gain factor k

EQ-TARGET;temp:intralink-;e011;116;440sref ¼
sdiff
k

; (11)

where k is the optical gain of the reference signal, sdiff is the diffraction-limited reference signal,
and sref is the optical gain compensated reference signal. k is defined as19

EQ-TARGET;temp:intralink-;e012;116;377k ¼ sTres · sdiff
sTdiff · sdiff

; (12)

where sres is the pyramid WFS measurement signal in the presence of AO residuals. For the test
case defined by Table 1, k is found to be ∼0.23. This closely matches the optical gains for the
segment piston eigenmodes in Fig. 11. By applying what is in essence an optical gain correction
to the null reference measurement, the segment piston reconstruction is improved further. The
segment piston reconstruction with optical gain compensation on both the reconstructor and null
wavefront reference measurement are shown in Fig. 16. By applying the optical gain correction
to the reference measurement, the offsets for certain segment piston eigenmodes are significantly
reduced, and the cross-talk between modes is reduced.

3 Simulation Results

All of our simulations are performed using Octopus,23 an end-to-end simulation tool developed
at ESO. The simulation parameters are listed in Table 1 and are used in all simulations except
when stated otherwise. The pyramid is used without a field-stop (spatial filter). The active sub-
aperture selection is based on an illumination threshold, where the illumination of subapertures
with a spider is compared with the illumination without the spider. An illumination threshold of
50% was used, based on previous work.15 A nominal wavelength of 650 or 2200 nm is used for
both the PSF and the WFS, in R- and K-bands, respectively. The main modulated PWFS AO
loop is running at 1 kHz and the segment piston correction loop with the unmodulated PWFS is
effectively running at 100 Hz as the modulation is stopped every 10 iterations. In a real system,
the tip/tilt mirror used to introduce the modulation is not able to stop or start the modulation
instantly. To account for this in simulation, we insert a dead-frame before and after each single,

Fig. 15 The reconstructed amplitude for a 50-nm poke of each segment piston eigenmode in the
presence of AO residual. The reconstructor has had optical gain compensation applied to modes,
and no reference measurement is subtracted.
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Fig. 16 The reconstructed amplitude for a 50-nm poke of each segment piston eigenmode in the
presence of AO residual. The reconstructor has had optical gain compensation applied to modes
as well as the reference measurement.

Table 1 Simulation parameters used in this paper.

Parameter Value

Telescope diameter (D) 37 m

Secondary obstruction 28%

Fried parameter (r 0) 15 cm

Outer scale (L0) 25 m

Atmosphere ESO 35 layer model

Frame rate (Fs) 1 kHz

Delay Two frames

Controller type Integrator

PSF (λp) wavelength 2200 nm (K-band) and 650 nm (R-band)

WFS (λW ) wavelength 2200 nm (K-band) and 650 nm (R-band)

WFS order 116 × 116 subapertures

Modulation width 4λW ∕D,10,24 0 λW ∕D

Modulation points 32

Time steps 10,000

Number of spider arms 6

Spider arm width 50 cm

Flux 10,000 photons/subaperture/frame

Number of actuators 5190

Number of modes 3500
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unmodulated PWFS measurement, where no WFS measurement is recorded. The long exposure
Strehl is calculated after 30 iterations, when the AO loop is considered stable.

3.1 K-Band Scenario

In K-band, it is possible to close the loop either with or without the proposed flip-flop method.
With the proposed flip-flop modulation method, an improvement in closed-loop long exposure
Strehl of 9.9% (Table 2) is observed over the Strehl of the standard modulated case. Figure 17
compares the short exposure Strehl, measured in K-band, using normal modulation, with the
flip-flop method. Once the loop has converged, the flip-flop modulation method has a consis-
tently higher short exposure Strehl than the standard modulated pyramid. The resulting long
exposure point spread function (PSF)s are shown in Fig. 18, where an improvement in the
PSF core (first four rings) is visible with the flip-flop method.

Table 2 Long exposure Strehl for R- and K-bands.

Band Strehl with flip-flop modulation Strehl with normal modulation

K 87.9% 78.0%

R 19.1% 6.1%

Fig. 17 The short exposure Strehl, measured in K-band, comparing the flip-flop modulation
method (blue) with the traditional modulation method (orange).

(a) (b)

Fig. 18 The long exposure PSF simulated in K-band, with the WFS also operating in K-band,
(a) without and (b) with the flip-flop modulation.
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The flip-flop modulation method is able to sense and correct large (400-nm peak-to-valley)
segment piston errors in the atmospheric wavefront. Figure 19 shows the short exposure Strehl,
measured in K-band, using the flip-flop method with a 400-nm peak-to-valley segment piston
waffle (an alternating push and pull of the six segments) mode injected into the atmospheric
phase from iteration 250. The short exposure Strehl returns to the baseline level within 25
iterations.

3.2 R-Band Scenario

In R-band, if the petal modes are not controlled, the closed-loop performance is poor, due to
excessive petal piston. Figure 20 shows that using our flip-flop modulation approach, we are able
to sense and correct petal modes, resulting in stable closed-loop performance with a closed-loop
Strehl of 19.1% (Table 2). We are also able to sense and correct petal piston errors which are
artificially added to the atmospheric phase.

The Maréchal criterion approximates the Strehl ratio

EQ-TARGET;temp:intralink-;e013;116;353Strehl ≈ e
−

�
2πε
λp

�
2

; (13)

where ϵ is the RMS wavefront error in metres and λp is the wavelength in metres. By taking an
atmospheric phase screen and removing the projection of each of the 3500 modes in the KL
modal basis including tip and tilt (before it has been forced orthogonal to segment piston eigenm-
odes), the RMS fitting error, ϵ, is ∼110 nm, resulting in a Strehl of 32.3%. This Strehl only
includes fitting error and represents the best case closed-loop performance, before accounting
for temporal effects, giving an upper bound for the closed-loop Strehl in R-band. From the results
in Table 2, the flip-flop modulation method achieves a closed-loop Strehl close to this fitting
error, considering the fitting error does not account for any temporal errors.

In this method, the absolute position of each segment piston is not known; however, the
segment piston errors are controlled relative to some offset (2π ambiguity). In these monochro-
matic simulations, the segment piston errors were corrected, relative to some absolute offset. Not
knowing what the value of the absolute offset is had no detrimental effect on the PSF as the
wavefront sensing wavelength is the same as the PSF wavelength.

The long exposure PSFs are shown in Fig. 21, where using the flip-flop method an Airy disk
is visible and the six diffraction spikes from the spider arms are just visible, unlike the PSF from
the standard modulated scheme, where an Airy disk is not visible and the diffraction spikes are
less prominent.

Fig. 19 The short exposure Strehl, simulated in K-band, using the flip-flop modulation method and
the simulation parameters from Table 1. From time step 250, a segment piston waffle mode of 400-
nm peak-to-valley is applied to the incoming wavefront.
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4 Conclusion

We have presented a new flip-flop modulation method for controlling segment piston errors that]
are within a range of one wavelength, which is shown working in simulation, in both R- and K-
bands with an r0 of 15 cm. The improvement of the flip-flop method versus a standard modu-
lated pyramid WFS, in long exposure Strehl for K- and R-bands after 10,000 iterations, is 9.9%
and 13.0%, respectively. The flip-flop modulation method introduces several new parameters
that could be further optimized, such as the duty cycle and frequency of the unmodulated pyra-
mid WFS loop (effectively controlling the bandwidth of the segment piston corrections).

In future work, we will evaluate the feasibility of stopping the modulation in one frame. If one
frame is not sufficient, more dead-frames can be added but at a loss in segment piston control
bandwidth.

The simulations in this paper only cover the monochromatic case, where a 2π phase ambi-
guity has no detrimental effect on the PSF. In future work, it will be interesting to explore the
flip-flop method with polychromatic light sources as well as using the continuous modal basis
proposed by Bertrou-Cantou et al.,14 for the modulated loop. Adding to the optical gain cor-
rections of the reference signal of the pyramid, implementing a filter for the pyramid WFS meas-
urement signal, which is matched to the segment piston eigenmode measurement signal, could
further increase the signal-to-noise ratio.
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