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Calibration and performance of a pyramid wavefront sensor for the eye
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(Received 18 April 2012; final version received 27 July 2012)

We describe the calibration and performance of a pyramid wavefront sensor designed for use in a retinal imaging
camera. The effect of the image modulation and the sensor binning on the measurements are explained in detail
and various tests to validate the performance are described. The wavefront sensor was incorporated into an
adaptive optics system that used a magnetically actuated deformable mirror, and results on static test optics are
shown.
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sensing; retinal imaging

1. Introduction

Although Shack–Hartmann wavefront sensors are
widely used today in ophthalmic research instruments,
pyramid sensors have also been implemented for the
eye. Iglesias and Ragazzoni [1,2] used the probe beam
size at the retina to set the dynamic range and rotating
diffusers to replace the mechanical modulation, and
closed loop configuration using the conventional
circular modulation scheme have been demonstrated
[3–7]. The pyramid wavefront sensor has the advantage
over the Shack–Hartmann in that the sensitivity and
dynamic range are adjustable during its operation,
permitting, for example, the sensitivity to be increased
as an adaptive optics loop is closed. However, this
advantage comes at the expense of greatly increased
system complexity and cost.

In this work, we built a pyramid wavefront sensor
for eventual use in an adaptive optics system for the
eye. The issue of calibration raised for aberrometers
based on Laser Ray Tracing [8], on Shack–Hartman [9]
or on scanning Shack–Hartman [10] was similar for
this adaptive optics system. Static calibration of the
sensor signal and of the aberration reconstruction from
the wavefront gradients ensured consistency with the
direct observation of the single pass point spread
function. The experimental measurement of the double
pass ocular aberration using a narrow probe beam [11]
was therefore validated. The ocular aberration cor-
rected by the adaptive optics whose point spread
function was observed at the imaging camera was thus
quantified.

The first section is devoted to the description of the
measurement system and of the calibration results

acquired in response to a quantified aberration. Phase
plates representing typical ocular aberrations were
measured by the system so as to compare qualitatively
the aberration measurement and the point spread
function signal deterioration in the science path of the
optical system. The adaptive optics efficiency was
verified for these static aberrations.

The second section describes the measurement of
the ocular aberration for five volunteers and its
dynamic correction with adaptive optics using a high-
stroke deformable mirror [12,13]. Simultaneous
recording of the point spread function formed at the
retina by the wavefront sensor laser beacon and of the
ocular aberration measured by the sensor extended
the calibration results to dynamic measurements.

The final section describes the fundus camera
system incorporating the pyramid wavefront sensor.
Calibration of the imaging system was performed in an
artificial eye using reticle resolution targets, with the
deformable mirror correcting for the optical system’s
aberrations.

2. Calibration of sensor response to an aberration

2.1. Sensor signal for circular modulation

If the modulation is represented as a tilt angle �
applied along the vertical axis (Y) at the steering
mirror, as in Figures 1 and 2, the focused beam is
shifted by a value Rmod¼ f 01: tan � at the pyramid.
The more the incident beam position increases at the
pyramid the stronger the deviation applied to the beam
by the prism, thus the wavefront sensor camera pupil
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positions remain constant – until the modulation

reaches the critical deviation angle for the prism. If

the modulated beam at the steering mirror is tilted at

an angle þ� towards the optical axis, the correspond-

ing transverse aberration in the pyramid plane is a

focus shift of þDy. When the modulation projects the

focus on the upper part of the pyramid, in Figure 1 for

the angle þ�, the wavefront tilt and the modulation

angle subtract, thus the focus is shifted by �Dy in the

pyramid plane.
When the modulation projects the focus to the

lower part of the pyramid in Figure 2 for the angle ��,
the wavefront tilt and the modulation add, thus the

focus is shifted by �Dy in the pyramid plane. In

consequence, the optical path becomes non-uniformly

distributed amongst the four pyramid facets as in

Figure 3(left). In the upper part of the prism the path

b1 is described by the angle ! defined by the modu-

lation circle shift due to the transverse aberration Dy.
The signal at the wavefront sensing camera for the

circular modulation of amplitude Rmod in the vertical

direction sy is given by the difference in the optical paths

b1 and b2 traced by the shifted circle onto the pyramid

top and down facets. The sensing signal sy in the

function of the transverse aberration Dy is written:

Dy
Rmod

¼ sin

�
�

2
Sy

�
: ð1Þ

The horizontal gradient would be written similarly

as in Equation (1) for a horizontal transverse

aberration.

Any wavefront sample WP(x, y) of the pupil plane

represents a horizontal and vertical gradient (@/@i),
with i¼ x, y for the respective directions, described by

the sensor signal si(x
0, y0) in the conjugated pupil plane:

@WPðx, yÞ

@i
¼

Rmod

f
sin

�
�

2
siðx
0, y0Þ

�
: ð2Þ

The sensor signal sy is obtained by vertical differen-

tiation of the detector pupil intensities Ii,(i¼1,4) for the

pixel conjugated with P(x, y) from the development of

Equation (1):

syðx
0,y0Þ ¼

½I1ðx
0,y0Þ þ I2ðx

0,y0Þ� � ½I3ðx
0,y0Þ þ I4ðx

0,y0Þ�

I1ðx0,y0Þ þ I2ðx0,y0Þ þ I3ðx0,y0Þ þ I4ðx0,y0Þ
:

ð3Þ

Rmod

α

L1
2f„1f1f f2„

L2

α-θ θ Δy

Figure 1. Modulation in telescopic arrangement for beam on pyramid upper facets. (The colour version of this figure is included
in the online version of the journal.)

α+θ

Rmod

α

L1
2f’1f1f f2’

L2

θ
Δy

Figure 2. Modulation in telescopic arrangement for beam on pyramid lower facets. (The colour version of this figure is included
in the online version of the journal.)
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z

Figure 3. Modulation path, positive tilt of �, adapted from
[14]. The conjugated pupils at the camera plane receive more
light in the direction containing the longest optical path,
represented here by a brighter red shade in the top pupils.
(The colour version of this figure is included in the online
version of the journal.)
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The expression is similar for a tilt in the horizontal
direction with the horizontal wavefront gradient
@W(x, y)/@x with this time sx:

sxðx
0,y0Þ ¼

½I1ðx
0,y0Þ þ I4ðx

0,y0Þ� � ½I2ðx
0,y0Þ þ I3ðx

0,y0Þ�

I1ðx0,y0Þ þ I2ðx0,y0Þ þ I3ðx0,y0Þ þ I4ðx0,y0Þ
:

ð4Þ

Sensor saturation occurs when the signal si(x
0, y0)

reaches �1, that is when the wavefront tilt displaces the
signal onto only two facets of the prism. In that case
the aberration Dy of Figure 3 is larger than the radius
of modulation Rmod, and in turn the sensor detects a
zero-signal in the top (I1¼ 0), (I2¼ 0) pupils and a
maximal signal in the down pupils: (I3¼ Imax),
(I4¼ Imax).

Hence:

sxðx, yÞ ¼
½0þ Imax� � ½0þ Imax�

0þ 0þ Imax þ Imax
¼ 0 and

syðx, yÞ ¼
½0þ 0� � ½Imax þ Imax�

0þ 0þ Imax þ Imax
¼ �1:

ð5Þ

Equation (5) limits to sxy¼ [�1, 1] the range of values
retrieved by the sensor, and means the saturation
occurs when the range boundaries are reached.

2.2. System description

The system used for the calibration is presented in
Figure 4.

The wavefront sensor calibration beam was defined
at the pupil plane of the eye by a fibre laser source
collimated by a 100mm achromat lens and an iris
aperture of 6mm diameter. A telescope assembly
conjugated the pupil plane to the deformable mirror
Mirao 52-d (Imagine Eyes, France), through the Badal
optometer mirror stage which was set at the mid-
position of the translation range. A pellicle beamsplit-
ter defined the input of the wavefront sensor probe
beam focusing into the Badal stage. The pupil illumi-
nation optics was modified to perform measurements
and closed loop, further described in Section 3. The
magnified collimated calibration beam at the deform-
able mirror was reflected towards the wavefront sensor
path. A second telescope assembly conjugated the
pupil plane at the deformable mirror to the modulation
control steering mirror. A dichroic beamsplitter
(CVI Melles Griot) separated the wavefront sensing
and retinal imaging paths. A last telescope
assembly formed by a focusing lens and a re-imaging
lens placed after the pyramid sensor relayed the
steering mirror pupil plane to the wavefront sensor
camera.

The circular modulation of the point spread func-
tion over the pyramid was provided in the pupil plane
of the focusing lens by a steering mirror (Newport
FSM-300). The surface deviation amplitude was deter-
mined by the voltages sent to the mirror amplifier by
two synchronised function generators (Agilent 33250A

RP

Control PC

Wavefront sensing

Retinal Imaging

RP

PP
Flat mirror or 
Mirao 52 
Deformable 
mirror

Steering 
mirror (PP)
Newport

PP Pyramid (RP)

Sensor probe beam (1)
635nm

Sensor CCD 
Retiga EX 

Imaging camera
Retiga 1300

RP
Calibration Lens + 

Fibre OL 635nm

PP

Badal

Mirror
Pellicle BS

Lens

RP

PP

Retinal Plane
 & conjugates

Pupil Plane
 & conjugates

Translation Stage

Fiber coupled 
laser diode 780nm

CCD camera

Dichroic BS 
633/532nm

RP

PP
Eye

Phase plate + Iris +
 Lens + Fibre OL 635nm

PP

Ophthalmic lens+ Iris +
 Lens + Fibre OL 635nm

PP

CCD

LED Pupil illumination 880nm (1)

PP

Pupil monitoring
CCD (1) 880nm

Figure 4. Schematic of optical bench used for calibration of sensor signal.
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and 33120A), and was limited by a cut-off frequency
above which the mirror response was attenuated.

Acquisition of the sensor signal, of the science
camera and control of the adaptive optics was
performed with a single desktop PC (Dell Omniplex
745). For a given wavefront measurement, the science
camera frame and mirror surface deflection amplitudes
were also recorded within a time lag of the order of a
millisecond. The root-mean-square (rms) calculated
from the sensor measurement for a given science image
defined a criterion for the alignment of the system.

Illumination of the pupil of the eye was provided by
an assembly of 880 nm infrared LEDs mounted in a
ring. The pupil axial position was determined when the
iris of the eye was in focus on the pupil camera
monitor. The pupil image was captured by an infrared
CCD (Thomson, 640� 480 pixels) then transferred via
a frame-grabber to a separate PC operating system.
This light source was switched off during the wavefront
sensor signal and retinal image acquisition to avoid the
presence of an additional source of background light
for the wavefront sensor. The pupil monitoring was
based on the back-reflection of the probe beam from
the retina out of the eye.

2.3. Tip and tilt in the sensor signal

When the fibre laser mount was shifted in the back
focal plane of the collimation lens in the calibration
arm, the transverse shift of the point spread function at
the science camera (measured in pixels from the central
position) corresponded to the tilt introduced in the

pupil plane at the edges of the calibration iris. From
the minimum modulation radius defined by the radius
of the Airy function to the maximal modulation
amplitude defined by the steering mirror cut-off for
100Hz signals, the sensor sensitivity adjustment cor-
responded to factors M1 to M14. The modulation
factors Mi (i¼ 3, 7, 11) represent, in Figure 5, three
values evenly distributed (M3¼ 9 �/D, M7¼ 21 �/D
and M11¼ 33 �/D) in the full range of modulations
applied.

The comparison of the computed sensor signal with
the experimental signal recorded over the tip and tilt
directions is presented in Figure 5(left). The amplitude
of the standard error of the mean shows that the sensor
response is consistent with the theory in both directions
of tilt. The same measurement performed over a single
direction (tilt) but with a variable number of samples in
the pupil is presented in Figure 5(right). The amplitude
of the standard error of the mean shows the measured
signal is consistent with the theory for all the pupil
sampling configurations. In both cases the experimen-
tal data and the model are in excellent agreement.
From Figure 5, the maximal extension of sensing range
is, in pixels, nine times larger than the minimum sensor
range.

3. Application to the measurement of ocular

aberration

Wavefront measurements were expressed in metric
units (mm), quantifying the wavefront departure from
the reference sphere as the root-mean-square (rms)
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Figure 5. Sensor signal for modulation 9, 21 and 33 �/D. Blue, red and black dashed lines model the sensor response for the tilt
applied, and marks note the average value measured over the sensor signal. Error bars are the standard error of the mean for one
frame in each direction in (left) and for one frame in each binning in (right). (The colour version of this figure is included in the
online version of the journal.)
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wavefront error. The aberrations were expressed in the
single-indexing notation of normalised coefficients
from the Zernike circular polynomials [15–17]. Pupil
size was fixed by the detection software and the
reconstruction was centred on the pupil.

In ocular measurements, tip and tilt coefficients
(j¼ 1, j¼ 2) were included in the rms calculation then
displayed separately from the higher-order terms. The
error in a Zernike term for the mean value presented
was defined by the standard deviation of the mean of
the term for a series of static measurements. This
variation was very low for the calibration compared to
the measurement of the dynamic ocular aberration.

3.1. Tip/tilt, defocus and higher-order aberrations

In both Figure 6 (left) and (right), the wavefront
aberration presented was experimentally determined
after the average reconstruction over five single sensor
acquisitions. The Zernike tilt term was obtained from
the sensor signal recorded after transverse displace-
ment (tilt) of the fibre output at the back focal plane of
the calibration lens as in Section 2.3 in steps of 30
pixels at the retinal imaging camera. Zernike defocus
was tested using ophthalmic lenses of �1.5 D sphere
power in steps of �0.5 D.

The theoretical Zernike tilt signal was modelled
using geometrical optics to relate the lateral displace-
ment of the point spread function at the science camera
to the angular tilt at the pupil plane of the calibration
arm and scaling for the pupil diameter to obtain the
aberration in micrometers. Theoretical defocus

amplitude was modelled using the conversion equa-
tions [18] from the refractive power of an ophthalmic
lens into Zernike decomposition.

The standard deviations of the mean for each point
was of the order of 10�3 mm, thus the measurement
stability was verified for such static aberration. Sensor
saturation at a given dynamic range corresponded to a
constant value of the aberration. Sensor nonlinearity
was represented by the departure of the measurement
from the theoretical value. The tip-tilt nonlinearity
range coincided with the saturation range while the
defocus nonlinearity spread over a wider range of
aberrations before the saturation value.

The static response of the system to typical ocular
aberrations was measured by placing in the pupil plane
of the calibration arm, plastic plates engineered with a
resin substrate deposited in the shape of a known phase
aberration [19]. Plate 1 and plate 2 were shaped as
typical ocular aberrations of human eyes. Plate 3 and
plate 4 were shaped in a known amplitude of known
aberration, defocus (Z20) and trefoil (Z16).

The plates’ wavefront aberration was first mea-
sured using a Twyman–Green interferometer (Fisba
Optik, Switzerland) which provided high-resolution
surface characterisation of the patterns with 10 mm per
wavefront sample over the 6mm measurement pupil.
The plates were then positioned individually in the
pupil plane of the calibration beam and the phase was
measured at each of the four sensor sampling settings
for the three test modulations. For each pupil sampling
setting, 50 sensor measurements of the aberration were
acquired and the respective wavefronts reconstructed.
A 10�3 mm rms variability of the rms error over the
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Figure 6. Tilt and defocus measured at the highest pupil sampling (B1, 109 mm per sample). Horizontal dashed lines show the
saturation limits of the Zernike term for each dynamic range defined by the modulation factors 9, 21 and 33 �/D. Linearity of the
sensor response is satisfied when the theoretical and measured term amplitudes correspond. Sensor saturation for defocus is
reached at 9�/D. (The colour version of this figure is included in the online version of the journal.)
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50 frames confirmed the stability of the sensor mea-
surement for each pupil sampling. The aberration
coefficients averaged over the sampling setting for each
dynamic range for each phase plate are displayed in
Figure 7 with the wavefront decompositions fitted
from the interferometer measurement. The average
wavefront rms for all dynamic ranges compared to the
rms of the plate measured by the interferometer is
presented in the title of the displays in Figure 7.
Detailed values of rms for each dynamic range
averaged over the binning are presented in Table 1.

For low-order modes (defocus Z4, astigmatism Z3
and Z5) a higher coefficient variability with the pupil
sampling was observed than for the higher orders. As
the pyramid is considered as an appropriate sensor for
these modes, this effect could be related to the change
in the pupil sampling. Additional astigmatism in the
pyramid measurement in plate 1 and 3 and defocus,
and secondary astigmatism in plate 4 decreased the fit
between the two measurement systems. These were
attributed to the slight changes in the plate’s lateral
positioning, pupil size and reference wavefronts in the
respective setups [20].

An average rms variability of �0.03 mm with the
pupil sampling was obtained for the aberration mea-
surement by the sensor. The sensor pupil sampling
change was thus not negligible in the measurement of
an aberration. The number of pupil sampling sets
tested here (four) was not sufficient to determine a
trend. An average variability of �0.04 mm with the
dynamic range was obtained for the aberration mea-
surement by the sensor. This confirmed the influence of
the sensor dynamic range on the aberration measure-
ment. The average rms measured by the sensor for each
plate was 0.1mm higher than the interferometer rms,
which represented the differences in positioning of the
plate in the pupil plane and the differences between
the sensor settings and the interferometer settings. The
suitability of the pyramid system built for these ranges
of aberrations was confirmed by comparison of the
aberration amplitudes measured with the calibration
curves for defocus in Figure 6. The phase plate
aberrations were well below the sensor limits for the
modulation considered.

3.2. Ocular aberration measurement

The eye was dilated using a drop of Tropicamide 1%
ophthalmic drug. Once the accommodation was frozen
the subject’s head was aligned through positioning of
the bite bar mount installed on a three-axis translation
stage itself fixed to the optical bench, which fixed its
position relative to the optical axis of the system.
Sequences of 5 seconds of open loop measurement and

5 seconds of closed loop measurement were recorded
for three values of the modulation factor within the
sensor maximal and minimal modulation range. The
rms traces over time were initially calculated including
all the terms of the Zernike decomposition – that is,
also with tip and tilt. These data for the four subjects
are presented in the upper part of Figure 8. In the
average Zernike decomposition over 10 frames in open
loop the tip and tilt amplitudes were identified at their
saturation values and thus as taking over on all other
terms in the rms traces. The tip and tilt amplitudes are
respectively presented in the lower part of Figure 8.
In the eye the adaptive optics was recorded without
changing this camera position. The assumption was
that the adaptive optics system was taking the highest
level of intensity to calculate the correction, and bring
the focus to the corresponding layer of the retina. The
point spread function images for the four subjects are
presented in Figure 9. The first two subjects S1 and S2
were imaged using a 16 bit depth science camera image
at the highest camera image resolution at 50 ms and
20ms exposure and default camera gain (1016/4095
arbitrary units), while subjects S4 and S5 were imaged
using an 8 bit image depth, the highest camera
resolution and 5 ms exposure camera.

3.3. Discussion

Given the amplitude of the error bars in the data of
Figure 8, the assumption that the sensitivity range
evolution is of benefit for the measurement of a given
azimuthal order of aberrations cannot be verified. For
the low speed of the acquisition system with typically
5–10Hz for the 56 samples across the pupil (each
sample measuring 107 mm at the eye), it is likely that
the temporal variations of an order would introduce
errors in the characterisation.

For the aberrations measured with tip and tilt
saturation amplitudes, the Zernike decomposition was
thus not properly characterised. The closed loop
amplitude of a Zernike term was defined as the noise
level for this term at the modulation amplitude
considered. The difference between the higher-order
term amplitude before and after closed loop was
however too small to identify if the maximal wavefront
aberration had been reached for this order. With only
three modulations factors tested it is possible that the
best sampling dynamic range for the aberration would
not appear. The wavefront tip and tilt amplitudes were
determined by the position of the probe beam on the
retina from the closed loop reference, thus the pre-
correction of the beam position should have been
applied. Instead of maintaining the same probe beam
orientation for all subjects, a customised adjustment of
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Figure 7. Zernike phase plate coefficients after wavefront reconstruction. Dashed line with diamond mark is the interferometer
measurement; black, grey, and white bars show 9, 21 and 33 �/D modulation. rms is calculated from the coefficients’ root-mean-
squared error of the sensor wavefront measurement averaged over the three modulations and rmsI is calculated from the
interferometer single measurement. Error bars are the standard error of the mean over the four pupil samplings.
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the probe beam direction in the pupil and position at

the pupil should have been performed by adjustment of

the transverse controls of the probe beam assembly.
Thanks to the deformable mirror stroke amplitude,

the sensor saturation did not stop the adaptive optics

operating. The lack of saturation detection did not

represent a problem for the adaptive optics given that

the high stroke of the mirror corrected most of

aberrations. However, the experimental parameter

adjustment required to obtain a proper ocular aberra-

tion quantification was not performed before the

closed loop was started, and secondly the closed loop

sometimes revealed instabilities.
The lower signal to noise ratio observed in the

point spread function of subject S5 was attributed to

his darker eye colour compared to the three other

subjects as the laser power was set constant at

2.5 mW power. All images show a 48� 48 arcmin

field in the eye using a higher zoom factor for the

subjects S4 and S5. The shift between the open loop

position and the closed loop position pointed by a

centroid identification algorithm applied to the point

spread functions was of similar amplitude for all the

subjects and of 12.6 arcmin (63� 63 mm for an eye

length of 17mm). This a constant shift represented the

constant laser position and an angular shift and was

consistent with the global tip/tilt measured for all the

subjects in Figure 8.
In conclusion, the saturation of the sensor due to

tip and tilt was identified after reconstruction of the

wavefront decomposed into Zernike coefficients from

the sensor data. The ocular aberration correction was

still achieved by the adaptive optics system from the

mirror surface deflection defined by the adaptive optics

mirror voltages. A 0.1 mm root-mean-squared wave-

front error amplitude was identified to a characteristic

shape of corrected point spread function observed for

all five subjects. The second probe beam system was

designed so that the tip and tilt could be readjusted on

the retina manually. The incoming probe beam defocus

could not be controlled. The aberration correction was

then limited to the higher-order terms.

4. Calibration of imaging system and application to

a model eye

This section describes the imaging system resolution
for a model eye and the implementation of illumination
optics. After correction of the optical system’s aberra-
tions, imaging of a resolution target defined the
experimental magnification.

4.1. Retinal image resolution in model eye

A first optical relay formed by the first lens of focal
length f 0 ¼ 125mm after the eye and the lens of the eye
created a conjugate retinal plane in the system before
the Badal optometer. For an Emsley reduced model
eye of length l¼ 22.2mm and modelled vitreous
refractive index n¼ 1.33, the equivalent focal length
in air is f 0 ¼ 16.7mm. For a 6mm diameter eye pupil in
the green (�¼ 540 nm), an object of size below 3 mm
cannot be imaged by the system. For the imaging
system, geometrical optics defined that a camera pixel
of 6.45 mm side covered in the model eye retinal plane a
squared area of 0.86 mm side. A feature of 3 mm
represented 3.5 pixels of the image, thus the Nyquist
criterion was satisfied.

4.2. Retinal illumination

The illumination path design presented in Figure 10 is
implemented in place of the pupil monitoring system of
Figure 4. The optical design is similar to the Köhler
system used in microscopy, using the conjugation of
the LED source (Philips Luxeon V star) to the cornea
to illuminate the retina in Maxwellian view. An iris in a
conjugate plane defines the retinal extent of the
illumination at the retina, and a custom-designed
fixation target printed onto a transparent plate defines
the retinal extent imaged at the camera.

Lens arrangements (L1,L2) and (L3,L4) have
equivalent focal lengths f 0eq0 and f 0eq, and the eye is
approximated by a sphere of refractive index n. The
field iris defines the angular illumination at the retina.
The fixation target defines the position imaged in the

Table 1. RMS of phase plates measured at modulation factors 9, 21, 33 �/D and with a
Fisba interferometer. Standard deviation of each rms corresponds to the variation over the
pupil sampling setting.

rms (mm) Plate 1 Plate 2 Plate 3 Plate 4

Interferometer 0.54 0.42 0.21 0.40
M3¼ 9 �/D 0.55� 0.01 0.57� 0.02 0.30� 0.01 0.35� 0.01
M7¼ 21 �/D 0.63� 0.01 0.69� 0.07 0.32� 0.03 0.50� 0.02
M11¼ 33 �/D 0.63� 0.06 0.68� 0.05 0.28� 0.01 0.47� 0.03
Mean (all M) 0.60� 0.04 0.65� 0.05 0.30� 0.02 0.44� 0.06
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Figure 8. Column 1: rms error over time. Column 2: open loop Zernike decomposition for four subjects. Column 3: closed loop
decomposition for four subjects. Each order of the decomposition corresponds to a 10-frame average taken within the rms in
open loop and in closed loop for Column 1. Tip and tilt amplitudes for open loop in each modulation factor are presented in the
lower part for each subject S1, . . . , 4. Tip–tilt saturation amplitudes for 9, 21 and 33 �/D are, respectively, j1.4j, j3.4j and j5.3j mm.
(The colour version of this figure is included in the online version of the journal.)
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retina. The mask external radius hext is re-imaged into a
mask image of external radius h 0ext at the cornea. The
field iris aperture size �w and output divergence angle
�wanted sets the size and divergence � 0w and � 0wanted of
the illumination at the retina.

4.3. Imaging of USAF target

Replacing the eye by an assembly based on a 16mm
lens and USAF 1951 resolution target (Edmund Optics
MIL-S-150A, positive) enabled the system resolution
to be estimated with the adaptive optics correcting for
the system’s aberrations. A pixel of the camera at the
artificial eye represented 0.82mm of the resolution
target. The Nyquist criterion states the resolution limit
of the object at 1.64mm spread onto two pixels of the
detector. In Figure 11 the smallest bars are in Group 7,
Element 6 of spacing frequency 228 cycles/mm defined
by a black line and a white line pattern of 4 mm width
and largest pattern belong to Group 6 Element 1
(64 cycles/mm, 15 mm width). The image cross-sections
plotted along the rows marked by the arrows show the
contrast decrease with the increase in spatial frequency

of the pattern. Contrast for the bars of spatial
frequency 228 cycles/mm is �30% while contrast for
spatial frequency of 72 cycles/mm is �80%. With five
pixels describing the highest frequency pattern, using
2.5 pixels to reproduce the bar edge, the resolution
limit of the system predicted is verified.

4.4. Imaging of static structure

Further testing of the imaging with adaptive optics was
performed with an artificial eye based on a soft plastic
ball of 30mm diameter (‘RUBR-EYE’). Correction of
the aberration by the deformable mirror was necessary
to form an image of the inside of the structure.
Calibration of the magnification between the back of
the structure after correction was performed using the
system described in Figure 4 and a dual crosshair
reticle (Linos Qioptic 5� 7.5mm, 10 mm) positioned
behind the RUBR-EYE. An image acquired at 100ms
at 540 nm with the flashed illumination using adaptive
optics with 110 mm per pupil sample and the dynamic
range corresponding to 21 �/D is presented in
Figure 12(left). From the distance between the

S1 OL M7

S1 CL M7

S2 OL M7

S2 CL M7

S4 OL M7

S4 CL M7

S5 OL M7

S5 CL M7
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Figure 9. Point spread function displacement for the four subjects without adaptive optics (OL) and with adaptive optics (CL).
The lateral shift of the double pass closed loop measured with a centroid algorithm corresponds to tip and tilt amplitudes leading
to wavefront sensor saturation. Closed loop signal diameter measured with a centroiding algorithm of 40mm (’8 arcmin).
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Figure 10. Schematic illustration of the illumination system designed using geometrical optics. First relay of the LED is based on
singlets as the intensity transmission is the main concern while second relay is based on doublets for better viewing of the fixation
target.
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crosshairs at the image plane a magnification factor of
6� between the object and image plane was identified.

Adaptive optics applied to the RUBR-EYE pre-
sented in Figure 12(right) gave a final wavefront root
mean squared correction of 0.015 mm using the param-
eters previously mentioned and a probe beam system
based on a collimated beam of corrected tip–tilt
inclination at the pupil. Imaging of the inside structure
of the RUBR-EYE was realised with adaptive optics
using the dynamic ranges 9, 15, 21 and 27 �/D and

sensor pupil samplings 110, 220, 330 and 440mm per
sample. Wavefront reconstruction of the aberration
was dominated by defocus (j¼ 4 term). An increase in
the rms error with an increase in dynamic range was
observed, possibly due to saturation of the sensor by
defocus. Figure 13 shows that a constant image quality
is obtained at a given depth with the change in the
sensor settings, based on the visual definition of the
background structure. The whiter shape on the lower-
left of the image corresponds to a vessel shape.
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Figure 11. US Air Force resolution target on glass substrate imaged at highest resolution setting with flashing system at 10 ms,
8-bit image (left). Image intensity cross-sections along the rows pointed to by the arrows are displayed in the upper-right and
lower-right plots. (The colour version of this figure is included in the online version of the journal.)
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Figure 12. Imaging in the RUBR-EYE with adaptive optics at 100 ms and wavefront root mean squared error decrease from
1.2mm to 0.015 mm before and after correction.
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This result is identified as representative of the
independence of the adaptive optics performance
towards these settings for the aberration corresponding
to this object.

In conclusion, calibration of the imaging system
resolution for objects imaged after correction of the
system’s static aberration and after correction of the
aberration induced by a strong change in the refractive
index has proved that the imaging with adaptive optics
was efficient. In comparison to a model resolution
defined by physical parameters the effective length and
refractive index in the object from the pupil to the
artificial retina determined the experimental magnifi-
cation to the image plane.

5. Conclusion

In this paper, we have demonstrated the performance
of a calibrated pyramid wavefront sensor used in
ophthalmic applications, and its potential for use for
retinal imaging in an adaptive optics configuration.
Calibration of the sensor response to a quantified
aberration and reconstruction in terms of Zernike
polynomials has been presented for both low and high
order aberrations, respectively, using ophthalmic lenses
and custom-designed phase plates. Measurement and
correction of the ocular aberration has been recorded
using the probe beam signal as a fixation point.
Calibration of the imaging system resolution has been
defined mathematically and measured experimentally
using resolution targets. Correction of a static aberra-
tion with imaging of the inside of the object was
demonstrated using a custom-designed artificial eye.
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