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We experimentally demonstrate a miniaturized zoom lens with a single moving element based on the concepts and
analysis described in Opt. Express 17, 6118 (2009). We show that the implementation of either a cubic or a general-
ized cubic phase-modulation function makes miniaturization possible in addition to providing extended-depth-
of-field imaging. We present recovered images for zoom lenses employing both phase-modulation functions and
conclude that the generalized-cubic-phase function yields higher image quality without the artifacts present for
the pure-cubic-phase function. © 2011 Optical Society of America
OCIS codes: 110.1758, 110.7348, 220.3620.

Mechanically compensated zoom lenses normally em-
ploy two moving elements: (a) a variator, which changes
the lens focal length and hence “zooms” the lens, and
(b) a compensator, which moves in an arc to compensate
for the defocus introduced by the variator [1]. In tradi-
tional consumer mechanically compensated zoom lenses
with large-format detectors and focal lengths in the re-
gion of a hundred millimeters, the defocus can be a
few millimeters, and a cam can be used to control the
movement of the compensator. With the recent trend to-
ward smaller detectors, typical focal lengths have been
reduced to a few millimeters; the length of the zoom lens
is reduced to only a few centimeters; and the defocus is
of the order of micrometers [1]. In such small zoom
lenses, the cam needs to be replaced with a microstepper
device whose actuation is determined by the variator
position. The requirement for precise control of the com-
pensator is a significant contribution to overall lens
complexity and cost.
We have recently proposed that the defocus can be

compensated by the implementation of an extended-
depth-of-focus (EDOF) technique enabling the compen-
sator to yield a zoom lens with only a single moving
element (SME) and therefore reduced lens complexity
and cost. As an example of EDOF, we proposed the in-
troduction of a cubic-phase mask in the aperture stop
combined with digital image restoration [1]; a technique
commonly termed wavefront coding [2]. This technique
has previously been used to mitigate aberrations other
than defocus in a zoom lens with two moving elements
[3]. For a SME zoom lens, however, the defocus increases
with miniaturization, and for a length of 10mm, it is of the
order of micrometers or several waves of defocus [1] and
may be mitigated using wavefront coding. In this Letter
we demonstrate an example of a miniaturized SME zoom
lens that employs wavefront coding to enable miniatur-
ization to a length of ∼11:5mm. Based on the design lay-
out in [1], we have optimized the design of the SME zoom
lens shown in Fig. 1.
The SME zoom lens consists of a total of only five lens

elements. Wavefront coding is introduced with a refrac-

tive phase-modulation function implemented on a
250-μm-thick phase plate in the aperture stop. The details
of the optimized design are summarized in Table 1.

The optimized SME zoom lens introduces 5:5 λ of de-
focus for infinite-conjugate imaging at the midzoom posi-
tion (the zoom position shown in Fig. 1), whereas it has
zero defocus as the telezoom and wide-zoom positions. In
general, the defocus can be efficiently mitigated by the
use of a phase mask with a phase-modulation function
of the form [4]

ZðX; YÞ ¼ αðX3 þ Y 3Þ þ βðX2Y þ Y 2XÞ; ð1Þ

where x and y are normalized coordinates of the aperture
stop and α and β define the phase modulation. Two
optimal combinations exist for α and β: a pure-cubic
mask (β ¼ 0) and a generalized-cubic phase mask with
β ¼ −3α, which has threefold rotational symmetry [5].
These optimal solutions give the smallest rms error be-
tween the restored image and the object, for a given
defocus, when the restoration kernel is identical to the
defocused point-spread function (PSF) [5].

We have implemented both phase functions such that
their EDOF imaging performance in the SME zoom lens
can be compared. The implementation of wavefront cod-
ing involves trading off signal-to-noise ratio against insen-
sitivity to defocus. A good tradeoff is obtained when the

Fig. 1. (Color online) Optimized ray-traced zoom lens design.
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phase function is sufficiently strong to prevent excessive
suppression of the modulation-transfer function (MTF) at
all zoom positions for all spatial frequencies below the
Nyquist sampling frequency of the detector, which for
our system is 142 cycles per millimeter. We have deter-
mined that for the pure-cubic-phase function, α ¼ 6:45λ,
corresponding to a peak-to-valley surface relief of
15:5 μm at 550 nm, is optimal. For the generalized-cubic
optimum [5], we obtained α ¼ 3:22λ, which corresponds
to a peak-to-valley surface relief of 10:87 μm.
The pure-cubic and generalized-cubic-phase masks

were manufactured by laser polishing a fused silica glass
plate with thickness of 250 μm, and they were located in
the aperture stop of identical zoom lenses as shown in
the ray trace in Fig. 1. A photograph of a manufactured
zoom lens is shown in Fig. 2. The introduction of the
phase function with a discrete phase mask is practical
for appraisal purposes, but for optimal complexity reduc-
tion, the phase function should be implemented directly
into the third element surface. Modeling indicates that
the difference in performance between these two meth-
ods is insignificant.
Experimentally recorded PSFs at the three zoom posi-

tions—wide, mid, and narrow fields of view—were used
as the basis for the image-recovery kernel. That is, var-

iance of the PSF with zoom-related defocus is corrected
in the image recovery. For each zoom position, a single
kernel was used for all three-color planes and across the
full field of view. PSFs were recorded with a color sensor
for each zoom position by imaging a white-light, pinhole
source at 1:2m. The raw Bayer-format data were interpo-
lated to three-color red–green–blue (RGB) format and
then combined to yield a single gray-scale PSF for each
zoom position tabulated in Table 1. Figure 3 shows the
recorded PSFs for each zoom position: without phase
modulation (that is, a simple flat mask at the aperture
stop) in Figs. 3(a)–3(c), with pure-cubic phase modula-
tion in Fig. 3(d)–3(f) and with generalized-cubic phase
modulation in Figs. 3(g)–3(i).

It can be seen from Fig. 3 that phase modulation has
yielded the characteristic L-shaped and trefoil PSFs of
the cubic- and generalized-cubic phase modulation, re-
spectively, and that there is significant variation in the
PSFs with the defocus accompanying zooming. The PSFs
at wide-zoom (left column in Fig. 3) are slightly defo-
cused because the variator was mechanically unable to
move exactly to the end point nearest the detector. As
reported in [1], whereas zeros in conventional defocused
MTFs prevent restoration of high-quality images; for
wavefront-coded systems there are no zeros, and hence
restoration to a high-quality image is possible. A reduc-
tion in the variation in the PSF would be possible by
increasing α; however a higher signal-to-noise ratio for
the recovered image is possible by using a smaller value
of α and accepting the corollary that the optimal image-
recovery kernel is significantly different for each zoom
position.

Table 1. Zoom Lens Design Data

Zoom Lens Properties
Total track 11:529mm
Movement of lens group 2:9mm
Zoom factor 2:3×
Aperture diameter 1:05mm

Zoom Lens Configurations
Tele-zoom position F=# ¼ 6:08, EFL ¼ 6:57mm
Mid-zoom position F=# ¼ 4:31, EFL ¼ 4:24mm
Wide-zoom position F=# ¼ 3:41, EFL ¼ 2:91mm

Zoom Lens Elements
Element 1 aspheric plastic lens
Element 2 aspheric plastic lens
Element 3 aspheric glass lens
Element 4 250 μm glass plate
Element 5 aspheric glass lens
Element 6 aspheric plastic lens

Sensor Dimensions
Sensor format 2048 × 1536 square pixels
Pixel size 1:75 μm × 1:75 μm
Sensor size 3:584mm × 2:688mm

Fig. 2. (Color online) Manufactured zoom lens.

Fig. 3. (Color online) Recorded PSFs: Wide-zoom (left col-
umn), mid-zoom (middle column) and tele-zoom (right column)
for a zoom lens with no phase modulation in the aperture stop
(top row), pure-cubic modulation (middle row) and general-
ized-cubic modulation (bottom row).
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The use of gray-scale kernels for restoration of color-
images is common practice: each of the three RGB chan-
nels is restored here with the same gray-scale kernel and
converted into a single color-image [6]. We present here a
comparative assessment of the three zoom lenses for
imaging a test chart at a displacement of 1:2m. For the
two wavefront-coded lenses, we apply image recovery
using as the kernel the onaxis PSF corresponding to each
zoom position, as shown in Fig. 3. For the conventional
lens, without phase modulation, no image restoration is
applied. The final images are shown in Fig. 4. For images
recorded by the lens not employing wavefront coding, it
can be seen that the images are of high quality at wide
and narrow fields of view [Figs. 4(a) and 4(c)], but at
mid field of view [Fig. 4(b)], the defocus associated with
zooming (W 020 ¼ 5λ) leads to severe blurring; that is, be-
cause of severe suppression of the MTF at higher spatial
frequencies [1].
By using the cubic or the generalized-cubic phase

mask, we see that at the midzoom position, the images
in Figs. 4(e) and 4(h) are much sharper than the one with-
out a phase modulation [Fig. 4(b)]. The images obtained
with the cubic-phase mask produce, however, replica-
tionlike artifacts similar to those described in [7] across
the sensor, whereas this is not the case for the general-
ized-cubic phase mask. These artifacts can be removed
using an adaptive blind deconvolution algorithm [8], but
because the generalized-cubic phase mask does not pro-
duce these artifacts, it is simpler to just use the general-

ized-cubic phase mask. Furthermore, we have found that,
in common with earlier investigations into the applica-
tion of wavefront coding to an IR singlet [9], the absence
of nulls in the MTF for offaxis imaging yields higher over-
all image quality for the generalized-cubic mask than for
the cubic mask. In conclusion, we have demonstrated
that the miniaturized SME-zoom lens introduces defocus
during the movement of the variator that is too large to be
tolerated using traditional imaging, but that it can be op-
timally mitigated by use of a generalized-cubic phase
mask and postdetection image recovery. We have thus
demonstrated for the first time to our knowledge a prac-
tical implementation of a SME zoom lens. We presented
as an example a zoom lens imaging at three fields-of-
view: tele-, mid- and wide-zoom positions, where a
matching restoration kernel was chosen for each zoom
lens position. In principle, continuous zooming is possi-
ble with a finite number of image-recovery kernels that
are approximately matched to the PSF at each zoom po-
sition and thus incurs the modest cost of a requirement
for increased memory to store the multiple PSFs. For this
particular lens, the F=#, and hence the PSF, increases
with zooming, and for a relative change of less than
5% in PSF size, which ensures small image quality degra-
dation [7], continuous zooming requires 15 different
kernels.

Overall, we have shown for the first time to our knowl-
edge that reduction in lens length combined with relative
simplicity of a SME zoom lens, by the use of a phase mask
or other EDOF techniques, provides adequately high
image quality and the potential for EDOF imaging.
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Fig. 4. (Color online) Images with SME lens (a)–(c) without
phase mask, (d)–(f) with cubic phase mask and (g)–(i) with
generalized-cubic phase mask.
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