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Abstract: Curved sensors are a suitable technological solution to enhance the vast majority of
optical systems. In this work, we show the entire process to create curved sensor-based optical
systems and the possibilities they offer. This paper defines the boundaries of the reachable
curvatures for a full range of monolithic sensors. We discuss how the curved focal plane shape
is related to the imaged scenes and optical parameters. Two camera prototypes are designed,
realized and tested, demonstrating a new compact optical architecture for a 40 degree compact
objective, as well as a wide field fisheye zoom objective using a convex sensor to image a 180
degree field of view.

© 2018 Optical Society of America

1. Introduction

The need for curved focal planes in optical designs have been known by opticians since Joseph
Petzval 180 years ago and proved in further researches. Recent studies by Rim et al. [1] and
Stamenov et al. [2] demonstrated a potential reduction of lenses, leading to compactness, better
resolution and improved illumination with monocentric systems using a curved focal plane. Iwert
et al. and Muslimov et al. [3,4] showed new ways to create telescopes and optical instruments with
higher resolution for astronomical applications. Reshidko et al. [5] demonstrated the possibility
to create miniature lenses for mobile phone applications with faster apertures. All these studies
demonstrate the link between the sensor’s curvature and the performance of related optical systems.

At the same time, different approaches have been investigated for the design of curved focal planes.
The first one is to create an assembly of multiple sensor segments electrically connected to each
other [6–11]. This method provides a high curvature because of the removal of stresses due to the
segmentation but is limited by its resolution, which is incompatible with current Complementary
Metal Oxide Semiconductor (CMOS) designs and with a high pixel density. The second approach
is to use a fiber optic bundle to transfer the light from of the curved focal plane to a flat sensor [2].
This solution adds complexity and has a lower resolution than current CMOS sensors. The third
approach is to curve a monolithic standard sensor. Different solutions have been investigated by
several teams and companies, like Sony, Microsoft through patents and papers [12, 13]. This ap-
proach has also been described to provide functional uncooled and cooled infrared sensors [14,15].

In [16–18], our developments on the curvature of monolithic sensors have shown a feasibility
of obtaining curved CMOS sensors with an exquisite electro-optical performance. Besides,
characteristics of a new optical design are shown.
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In this paper, we propose a design methodology to link the development of monolithic curved
sensors with the design of efficient optical systems. In a first place, mechanical considerations
have to be taken into account to define the boundaries of the reachable curvatures. Then we
express optical considerations as per the optical system application, with illumination and scene
relations. Finally, two study cases with two objectives of fields of view 40 ◦ and 180 ◦ are
described and manufactured. The first one demonstrates the possibility to create new architectures
and optical combinations with curved CMOS. The second one demonstrates the feasibility of
using a fixed curved sensor in fisheye zoom systems. All these elements give a methodology
to develop optical systems which can address different applications for industry, mass market,
defense and security, astronomy and biological imaging.

2. Limits of the sensor curvature

All technologies considered to create the sensor curvature on the whole die are limited by the
sensor’s mechanical breakage probability. According to [16, 17], the mechanical behavior of
CMOS sensors can be modeled using a Finite Element Analysis software, with three parameters
conducting mechanical limits: the size of the die, the thickness of the sensor, and the tensile
failure strength criterion σ1max . In this way, the first step in the methodology is to simulate this
behavior for a full range of sensor size: 1/3” format for smart-phone applications, 1/1.8” format,
APS-C and full-frame format (24 mm x 32mm), respectively linked to 5.16 mm x 6.25 mm , 7.74
mm x 8.12 mm, 22.3 mm x 28.1 mm, 28 mm x 40 mm die size, which can be approximated by
(100)-oriented silicon chips with a thickness of 100 microns.

Fig. 1. Results of breakage limits considering two failure criteria, σ1max1 = 200MPa and
σ1max2= 500MPa, for 1/3" format, 1/1.8" format, APS-C format, Full frame format, at 100
microns of thickness.

Breakage results are presented according to two tensile failure strength criteria Fig.1. Two
studies [13, 19] present breakage limits according to different grinding, polishing, and dicing
process. The first criterion (σ1max1=200 MPa) is the breakage limit with standard grinding and
dicing. The second criterion (σ1max2=500 MPa) is the breakage limit with advance grinding
process and die preparation. We show in this section the reachable curvatures for a monolithic
sensor with a 100µm thickness. These boundaries are constraining the optical optimizations. We
chose to consider a 200 MPa mechanical limit (green area in Fig.1), to design the optical systems
hereafter.
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3. Optical changes with curved sensors

3.1. Primary optical parameters with curved sensors.

Fig.2 shows the geometry between a spherical concave curved sensor and a lens. Three important
changes are presented: the new angle of incidence, θ − α, the reduced distance between the exit
pupil and the image point from dθ = d0/cosθ to dθ = (d0 − sag)/cosθ and the reduced size
of the sensor L’ for a same field of view (FoV). sag is the sagitta of the circular arc, and L’ is
also the path length of the curve. These modifications improve the illumination by changing the
Lambert cosine law in E ~ cos(θ − α) and the inverse square law. Moreover, pixel vignetting
decreases with this reduced angle of incidence.

θ

θ

α

θ-α

Chief ray

d0

dθ L'/2 L/2

Fig. 2. Primary differences between curved and flat sensor for thin lens.

The FoV = 2θ is also improved, calculated with the chord of the sensor, the focal length f, the
sagitta of the sensor and the radius of curvature R of the circular arc such as:

FoV = 2arctan(
Rsin(α)

f − R(1 − cos(α))
) ≈ 2arctan(

L ′

2( f − L′2

8R
)
) (1)

The second equation is for small angles α at the second order. For convex sensors, the new
geometry gives same relations, by changing sign of α and sag, slightly degrading illumination
and FoV. Finally, this section presents changes with the new geometry of curved sensors. During
the design of optical systems with curved sensors, all these changes have to be taken into account.

3.2. Evolution of the curvature for large range of distance

According to Welford [20], two primary aberrations, astigmatism (SI I I ) and Petzval curvature
(SIV ) in term of Seidel aberration, have to be taken into account to obtain the best image curved
surface. In this case, the best spherical image surface is the surface containing disc of least
confusion, which has a curvature c:

c = −
n(2SI I I + SIV )

H2
(2)

n is the index of the media, H the Lagrange invariant. We choose to investigate the change of this
curvature with the distance of the scene on a single lens with an aperture stop at the first surface.
Using the principal planes representation of the Fig.3, the slope of the marginal ray is :

u0 =

−h1

z + f − p
(3)

where z is the distance from the focal plane to the scene, f is the focal length, p is the distance
from the principal plane to the first surface. Seidel aberrations are the sum of the Seidel surface
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Fig. 3. Image of the scene at different positions, Z∗ and Z. The size of the image η′ is the
same, giving two sizes for the object.

coefficients (S3i, S4i) calculated for each surface i with the height hi and the slope ui of the
marginal ray and the chief ray (ūi and h̄i). We have for these rays (the product has a decreasing
increment j):
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dj the thickness, nj the refraction index between the surface j and j + 1, the power Kj of the
surface j . Using expressions of S3i, S4i from Welford [20], we developed SI I I in function of u0

and H:
SI I I = S31 + S32 = H2cI I I (u0) = H2(a0 + a1u0 + a2u2

0
) (5)

cI I I (u0) is here corresponding to the curvature of the sagittal focal surface curvature when SIV
is zero. a0, a1 and a2 are constants depending of values of power, refraction index and thickness
of the lens. Specific values of lens surface curvature can help for constant image curvature. For
example, a2 = 0 when c2 = − 1

d1
or c2 = − n1+1

d1n1
or d1 = 0 with c2 the curvature of the second

surface of the lens. Considering the Petzval sum P, independent of distance, we have for n=1 and
z , 0:

c(u0) = −
n(2SI I I + SIV )

H2
= −2a0 − P − 2a1u0 − 2a2u2

0
(6)

These calculations can be extended for all systems. Finally, the curvature of the surface containing
the disc of least confusion varies as a second degree polynomial equation according to u0. These
relations can be used to analyze the evolution of the surface curvature for systems with a large
range of working distances.

4. Optical designs: fisheye zoom camera and compact architecture

In this section, we present the developments of a wide field zoom design [21] and a compact
architecture optimized with our next methodology. We choose to design optical systems at
infinite conjugate. The sensor takes into consideration σ1max1<200 Mpa for its curvature. The
incident angle is controlled to be nearly the same as commercial designs.

4.1. Fisheye zoom system

4.1.1. Methodology during the design process

The starting point is a commercial zoom fisheye camera of 180◦ FoV at F/4 (Canon 8-15
mm [22]). The goal is to keep the exact same main characteristics (back focal distance, field of
view, F-number) while reducing the number of lenses and improving the performance. During the
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optimization process, we have simplified the optical system by suppressing field-flattening lenses
one by one and re-optimizing at each step. In such a wide field system, some field-flattening
lenses used closed to the focal plane have a positive power. This removal process is complex
since the suppression of one lens strongly modifies the optical characteristics and increases the
aberrations, creating a positive-curved field of curvature. Also, we have decided to maintain
a fixed curvature over the zoom range due to manufacturing considerations. While the Canon
objective is made of 14 lenses, 10 materials and an aspherical surface, the ultimate configuration
we have achieved is made of 11 spherical lenses (no aspherical surface) and 7 glass materials, for
an improved performance on sharpness and mechanical vignetting.

Focal length=8.1mm

Focal length=11.9 mm
Focal length=15.1 mm
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Fig. 4. a) Optical layouts of the Canon objective; b) Simplified zoom camera NB: The
color code for glass materials is different for each system; Comparison between Canon and
simplified design on c) RMS spot radius and d) relative illumination.

4.1.2. Optical performance

To compare the performance of this design and the Canon design, we quantified on Fig.4 the spot
size at the focal length of 11.9mm and the relative illumination for three focal length values: 8.1,
11.9 and 15.1 mm. The relative illumination curve is used to quantify changes in the illumination
level across the field. The performance improvement is significant. At a focal length of 11.9 mm,
the spot radius is close to the diffraction limit and very homogeneous over the field with a gain
off-axis up to a factor 5 compared to the Canon. The mechanical vignetting is fully suppressed
while it drops down by 30-50% for the Canon objective at the edge of the field of view, improving
the relative illumination. The contrast has also globally been improved by a factor 2.5 and the
lateral chromatic aberration reduced by a factor 2.

We realized a prototype of this design as well as the curving of a 20 Megapixels front-side
illuminated 24x32 mm CMOS sensor (CMOSIS CMV20000), used in a commercial packaging.
The sensor is convex with a radius of 280mm. No significant differences on the electro-optical
response have been observed [16]. Fig.5 shows the integrated objective and an image acquisition
with good performances, sharpness and contrast, over the full field of view. It has been taken at
full aperture F/4. We can also note that there is no drop of illumination off-axis, enabling well
contrasted patterns at the center of the image and at the edge 90◦.
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Fig. 5. a) Simplified zoom prototype; b) Image acquisition at 8 mm focal length F/4 of
an object located at 400 mm from the objective in all direction; c) zoomed parts of image
acquisition.

4.2. Compact wide angle camera

4.2.1. Methodology during the design process

The starting point is the monocentric lens, studied in recent publication [2]. This system
theoretically presents wide field of view, compactness, high resolution and the sensor is curved
on the Petzval Surface. The field of view, which is the subtended angle of the sensor, drops
to at most 17 degrees at any sensor’s size using mechanical limits σ1max1=200 MPa, Fig 1.
The goal is to keep high resolution and compactness and increase the field of view. During
the optimization process, new spherical lenses are added in order to decrease step by step the
subtended angle of the sensor. The final version of this new architecture, showed Fig 6, has 6
spherical lenses, with the first cemented triplet and two lenses with a positive optical power, and
the last one with a negative power. An important characteristic is the position of the aperture
stop which is at the start of the design. This combination of lenses is only adapted with the
use of curved sensor, because of the large amount of field curvature aberration in the system
which cannot be reduced without the addition of new lenses and the degradation of the sharpness.
Finally, the field of view is 40 degrees compared to 8 degrees of subtended angle of the sensor.

4.2.2. Optical performance

We show on Fig.6 the Modulation Transfer Function (MTF) of the system at F/2.6 and a maximum
field of 4.40mm. We compare it with an equivalent commercial system, with nearly the same
characteristics as the size of the sensor, the focal length and the image quality. The MTF of both
systems are similar for a field range close to zero, but at edges our system shows better values of
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performances. We realized a prototype of this camera using the curving process on a commercial

Fig. 6. a) Optical layout of the compact system; b) MTF comparison over the field.

product 1/1.8” format 1.3Mpx global shutter CMOS sensor (Teledyne EV76C560). The system
with a curved sensor shows a large gain in compactness, more than a factor of two compared to
its equivalent commercial system. The commercial objective offers an adjustable iris whereas it
is not the case for the prototype lens since the main goal is to demonstrate the gain on the optical
compactness while providing better performance. Also, straylight issues has been addressed by
designing an additional hood to prevent out-of-field straylight (not shown in Fig.7 a). Preliminary
images have been realized, as shown in Fig.7.

(a)

(b)

(c)

Commercial

objective

Compact

prototype

Fig. 7. a) Comparison between integrated prototype and commercial objective; b) Compact
objective; c) First image of the compact optical architecture system in RAW data at 40 cm of
working distance.

5. Conclusions

In this paper, we have discussed new considerations for the design of enhanced performance
optical systems with curved sensors. First, we have presented FEA developments on the sensor
curvature, providing bending mechanical limits. Second, we have shown that the curved image
surface changes the geometry of optical systems, giving new relations of illumination and field of
view. Seidel aberrations have been discussed and we demonstrated conjugate relations for macro
lenses applications. Third, two designs have been realized by using the two previous points in
consideration. A lens removal process is described to design a zoom fisheye camera of 180◦
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field of view with a convex curved sensor. We have improved the performance of sharpness
and reduced the mechanical vignetting. An adding process is described to design a compact
camera from a monocentric lens. Keeping the same optical characteristics, the field of view may
also be multiplied by five. Finally we have realized two complementary prototypes, confirming
all the advantages of using a curved sensor over a large range of field of view. We believe that
the development of curved sensors offers new possibilities in the design of optical systems for
numerous applications from miniaturized devices to large scale systems.
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