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INTRODUCTION

With the emergence of new forms of personal mobility, the automotive industry is facing a drastic change. Photonic technology, one of the six Key Enabling Technology (KET) recognized by the European Commission, plays a crucial role in meeting automotive needs and expectations. Even if all sensors are combined, limitations in the fields of assistance and autonomous vehicle are still expected. Whether they are using their own vehicle or sharing one, drivers will demand a better driving experience for themselves, their passengers and other road users: quality and safety, simplified driving (i.e. increasingly autonomous and connected cars), air quality, and combating global warming. Innovation and technology are crucial drivers for these changes: today, innovation in the automotive sector must meet higher expectations in terms of consumer and user quality of life. Photonic technologies can play a crucial role in meeting these needs and expectations. Implementation of photonic technologies in the automotive industry aims at integrating technologies in the car as well as at improving optics manufacturing methods. The new ways of driving and using a vehicle as expected in the scope of Smart Mobility ask for reliable, affordable and versatile perception systems. It is now clear that the interaction between the vehicles and environment (in and out of cabin) has to be improved. This need is even more important in the case of autonomous driving for which the four mandatory steps (starting with "hands on" and ending with "hands off", "eyes off" and "minds off") are full of technical hurdles, barriers, obstacles. Depending on the level of automation (from "hands on" to "mind off"), the decisions taken by the human driver or by the autonomous vehicle change. The required reaction time by the human driver to take over the vehicle control increases with the level of automation. In other words, safe machinehuman interaction requires safe perception of the environment and the human driver state inside the vehicle. Traditionally, two major complementary approaches exist to perform perception. Object based approaches relays on the identification of objects on vehicle environment. In complement, map fusion approaches perform perception based on building map models of the environment. Traditionally, these two complementary approaches are conceived and adapted to better fit specific sensors. For instance, visible image sensors are well fitted to perform object perception while map fusion perception work well with LIDAR and RADAR sensors.

Infrared cameras, taking benefits of Long Wave Infra-Red bandwidth (LWIR) in which all object radiates energy depending only on its structure and temperature, could deliver breakthrough perception systems thanks to their unique feature over visible or Near Infra-Red (NIR) cameras. Therefore, they could be a key technology for autonomous vehicles by making them safer and will improve object classification of the automotive sensor suite in all light conditions, provide redundancy and thus extend vehicle autonomy towards level 3 and beyond, operating 24/7. Infrared cameras could be a must-have in the mix of sensing systems since the driver and passenger monitoring needs to be improved as well as the environment surrounding monitoring, in all light and weather conditions:

• The facial thermal imaging, combined to computational psychophysiology, will dramatically improve the monitoring of the driver on vital signs including liveliness, drowsiness, and emotions. The same systems will also contribute to the overall monitoring of the vehicle interior for comfort management. The combination of the two monitoring capabilities enables individualization of the vehicle, with an instantaneously adaptation to all functions and services of such a vehicle to the user and passengers. • Environment recognition as an out-of cabin application essential feature will also benefit from the addition of the LWIR thermal sensing to existing systems composed of LIDAR, RADAR and other vision systems. In addition to those, thermal perception is the only technology that is accurate and reliable in all light and weather conditions, even in extreme cases.

An IR thermal module is based on an uncooled InfraRed Focal Plane Array (IR FPA) based on a microbolometer technology, an optical system focusing in order to provide a thermal infrared image, an embedded system dedicated to the correction of the raw IR image. However, to meet the cost and performance requirements of automotive industry, the whole system needs to aggregate different cutting-edge technologies, for which technological developments are required. First, the primary cost is the microbolometer whose technologies are developed to reduce the sensor size and pixel pitch like detectors for cell phones. In 2012, DARPA founded three contracts to develop sub $500 thermal imaging camera with 12 µm pixels. At the same time, LYNRED with CEA released IR FPAs with 12µm pixel pitch [START_REF] Becker | Latest pixel size reduction of uncooled IR-FPA at CEA, LETI[END_REF]. Nowadays, IR FPAs with 10µm pixel pitch can be found [2]. Infrared cameras as smartphone add-ons released by FLIR (FLIRONE camera) or SEEKTHERMAL can be considered as the first consumer market for thermal imaging that reaches prices under $250. Indeed this step change in volumes enables a step change in system costs and now thermal imaging can move into automotive applications [START_REF] Vieider | Low-cost far infrared bolometer camera for automotive use[END_REF][4] [START_REF] Valldorf | Far Infrared Low-Cost Uncooled Bolometer for Automotive Use[END_REF]. Both thermal add-ons use 12µm pixel pitch technology. Now the optics represents a non-negligible part of the cost. Chalcogenide glasses are a better choice than Germanium due to their cost and their good material's thermo-optic properties. Moreover with the drop of the detector size, optics have smaller diameters and focal lengths (now around 8mm) for moderate field of view.. To reduce further the cost of these small lenses driven by the new detectors, wafer scale optics could be part of the solution [START_REF] Franks | Molded, wafer level optics for long wave infra-red applications[END_REF] [START_REF] Symmons | A practical approach to LWIR wafer-level optics for thermal imaging systems[END_REF]. The development of wafer level optics began in the mid-2000's to support the development of wafer level cameras for cell phone camera modules. Now it is applied to Chalcogenide glass with a molding process or to Silicon glass with lithographic techniques. By using Silicon as glass material, optics are less expensive but they have more constraints in shape and sag height.

The aim of this paper is to design a low cost and high performance infrared lens that will detect LWIR light both for in-cabin passengers monitoring and for car surrounding. In a first part, several infrared lenses compatible with wafer-level technologies and with field of views of interest for automotive application are designed. These designs take into account constrains of wafer-level technologies: lens diameter and sag height. In a second part, we show that desensitizing methods for aspheric lenses allow improving the as-built performance of the system. Finally, a status about the manufacturing and the alignment strategy of a hybrid Chalcogenide Silicon Petzval lens is presented.

DESIGN STRATEGIES FOR INFRARED LENSES COMPATIBLE WITH WAFER-LEVEL TECHNOLOGIES

Wafer level technologies (WLT) are cost-effective provided some constraints on lens diameter are respected. Ref [START_REF] Symmons | A practical approach to LWIR wafer-level optics for thermal imaging systems[END_REF] evaluates that WLT are more cost-effective than other manufacturing methods for clear aperture lower than 3mm. Ref [START_REF] Franks | Molded, wafer level optics for long wave infra-red applications[END_REF] is more optimistic and considers that, with a clear aperture lower than 5mm, wafer molding is more attractive. In the following, we will work on 5mm clear aperture optics. This value of clear aperture is very constraining for fast thermal lenses. In 2010, during the EU funded FNIR project (Fusing Far-Infrared and Near-Infrared Imaging for Pedestrian Injury Mitigation), it was determined that, for the automotive application, a minimum F/number (F#) of 1.4 was necessary [START_REF] Schweiger | Sensor fusion to enable next generation low cost Night Vision systems[END_REF]. In the following, we consider a F/number of 1.2 to take benefit of small pixel pitch. Given the definition of the F/number F# with the focal length f and the entrance pupil ϕPE and considering that the maximum entrance pupil is equal to 5mm, we can deduce the focal length of the system:

# = / < 6
With a QVGA format detector with 12µm pixel pitch [START_REF] Becker | Latest pixel size reduction of uncooled IR-FPA at CEA, LETI[END_REF], one can expect a minimum horizontal field of view (HFOV) of 35.5°, and with a QVGA format detector with 10µm pixel pitch, one can expect a minimum horizontal field of view (HFOV) of 29.9°. Low-cost thermal lens designs are either a reverse lens [START_REF] Franks | Molded, wafer level optics for long wave infra-red applications[END_REF] or a two-lens group [START_REF] Symmons | A practical approach to LWIR wafer-level optics for thermal imaging systems[END_REF] [START_REF]TIR imaging lens image capturing system having the same and associated methods US20150109456[END_REF]. Reverse lens designs have an entrance pupil much smaller than the lens diameter so, to be compatible with WLT, they ask an important field of view. For instance, in Ref [START_REF] Franks | Molded, wafer level optics for long wave infra-red applications[END_REF] the smallest HFOV proposed is 50° for a detector of 80x60 with a pixel pitch of 17µm. In this paper, we will consider smaller pixel pitch (12µm and 10µm) and QVGA detectors (320x240 pixels).

By constraining the lens diameter to 5mm and its F-number to 1.2, we look for the minimum horizontal field of view achievable with a reverse lens compatible with WLT and for both detectors. All surfaces are aspheric up to the 8 th order term. Results are illustrated in Figure 1. Reverse lenses are thick lenses so a Chalcogenide glass is preferred to a Silicon one, thick Silicon glass having too much absorption at high wavelengths. We use an Umicore Chalcogenide glass called GASIR5. For QVGA detectors with pixel pitch of 12µm, we obtained an HFOV of 90° and a focal length of 2.6mm. The lens has a center thickness of 3.4mm. For QVGA detectors with pixel pitch of 10µm, we obtained an HFOV of 69° and a focal length of 2.7mm. The lens has a center thickness of 3.7mm. The polychromatic MTF up to the Nyquist frequency and for 3 fields of view (on axis, 0.7x diagonal field of view and diagonal field of view) are given in Figure 1. The spectral bandwidth is between 8µm and 12µm. The image quality could be improved by adding a second lens but, at this stage, we keep single lens designs to be cost-effective.

For medium field of view systems, two lens group designs are best suited for WLT since the entrance pupil is the aperture of one lens and the diameter of the second can usually be kept smaller than the first lens. They are either Retrofocus design [START_REF] Symmons | A practical approach to LWIR wafer-level optics for thermal imaging systems[END_REF] or Petzval design [START_REF]TIR imaging lens image capturing system having the same and associated methods US20150109456[END_REF] depending the required back focal length.

WLT with Silicon could be a cheaper approach but current state of the art in lithographic methods limits the sag height for each lens element. In a previous work [START_REF] De La Barrière | Compact infrared cryogenic wafer-level camera: design and experimental validation[END_REF], we manage to manufacture a plano-convex Silicon lens with a sag height of 100µm. Another reference reports a sag height of 200µm [START_REF] Logean | High numerical aperture silicon collimating lens for midinfrared quantum cascade lasers manufactured using wafer-level techniques[END_REF]. In the following, we will consider a maximum sag height of 150µm. We will work as well on plano-convex Silicon lens to ease the lithographic process despite that, in Ref [START_REF]TIR imaging lens image capturing system having the same and associated methods US20150109456[END_REF], curvatures on both sides of a Silicon lens can be found. In first approximation, the sag height is linked to the radius of curvature R and the diameter of the lens ϕ by the following equation:
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For a plano-convex lens, the focal length is then given by the equation:

= 2 2 -1
With a sag height of 150µm, a lens diameter of 5mm, the focal length of a Silicon plano-convex lens is equal to 8.7mm. This value does not meet the condition of less than 6mm and thus several Silicon lenses have to be used. For example, a good starting point for a Petzval design to minimize the spherical aberration is to have a front lens with a focal length of 2f and a rear lens with a focal length of f. So, at least three Silicon lenses should be used for this design. We decided to think about hybrid designs combining a cost-effective Silicon lens with a Chalcogenide lens. Indeed molded wafer-level Chalcogenide optics give more flexibility: aspheric surfaces on both faces, surfaces with a higher sag height, possibility of having diffractive surfaces… For these Petzval designs, we placed the STOP at the entrance pupil and constrained the F-number to 1.2 and the lens diameter to less than 5mm. The plano-convex Silicon lens has a sag height constrained to less than 150µm. The STOP diameter can't be equal to 5mm due to the fields of view that enter in the entrance pupil so we increase step by step the STOP diameter until the MTF starts to drop. All curved surfaces are aspheric up to the 8 th order term.

We use GASIR5 as the Chalcogenide glass. For these designs, we obtained fairly the same focal length and the same STOP diameter for QVGA detectors with pixel pitch of 12µm or 10µm. For QVGA detectors with pixel pitch of 12µm, we obtained an HFOV of 39° and a focal length of 5.4mm. The Chalcogenide lens has a center thickness of 2.2mm and the Silicon lens has a center thickness of 0.625mm. For QVGA detectors with pixel pitch of 10µm, we obtained a HFOV of 32° and a focal length of 5.5mm. The Chalcogenide lens has a center thickness of 2.4mm and the Silicon lens has a center thickness of 0.625mm. The polychromatic MTF up to the Nyquist frequency and for 3 fields of view (on axis, 0.7x diagonal field of view and diagonal field of view) are given in Figure 2. The spectral bandwidth is between 8µm and 11µm. The difference of using a 10µm pixel pitch compared to a 12µm pitch is a smaller field of view but with a higher angular resolution and an image quality closer to the diffraction limit. Note that we are close to the upper limit of 6mm for the focal length established in a previous equation. Adding a low cost Silicon lens to a reverse lens design could increase the image quality. Figure 3 illustrates the benefit of adding a conic shape plano-concave Silicon lens. The sag height of the Silicon lens is constrained to be lower than 150µm. For QVGA detectors with pixel pitch of 12µm, we obtain a HFOV of 95° and a focal length of 2.4mm. The Chalcogenide lens has a center thickness of 3.7mm and the Silicon lens has a center thickness of 0.5mm. For QVGA detectors with pixel pitch of 10µm, we obtain a HFOV of 76° and a focal length of 2.5mm. The Chalcogenide lens has a center thickness of 4mm and the Silicon lens has a center thickness of 0.5mm. The polychromatic MTF up to the Nyquist frequency and for 3 fields of view (on axis, 0.7x diagonal field of view and diagonal field of view) are given in Figure 3. The spectral bandwidth is between 8µm and 11µm. A divergent lens can compensate the Petzval curvature generated by the convergent reverse lens and an increase of the image quality is clearly seen in Figure 3.

If we use an aspheric surface up to the 8th term for the Silicon lens, it becomes a phase plate as illustrated in Figure 4. The sag height of the Silicon lens is smaller and it may be easier to manufacture. For QVGA detectors with pixel pitch of 12µm, we obtain a HFOV of 93° and a focal length of 2.5mm. The Chalcogenide lens has a center thickness of 3.6mm and the Silicon lens has a center thickness of 0.5mm. For QVGA detectors with pixel pitch of 10µm, we obtained a HFOV of 77° and a focal length of 2.5mm. The Chalcogenide lens has a center thickness of 3.8mm and the Silicon lens has a center thickness of 0.5mm. The polychromatic MTF up to the Nyquist frequency and for 3 fields of view (on axis, 0.7x diagonal field of view and diagonal field of view) are given in Figure 4 as well. An improvement of the image quality is clearly seen. 

DESIGN APPROACH TO DESENSITIZE PETZVAL DESIGN TO MANUFACTURING ERRORS

The performance of a design is affected by manufacturing errors. It is thus important, especially for lenses at volumes, to determine the tolerances that minimize the production cost while maximizing the as-built performance of the system. Usually, once a design is optimized, a tolerance analysis is carried out to quantify how variations of size, shape and assembly processes affect the performance of the lens system. If the performances are not met, the tolerances should be tightened or the system should be redesigned, often based on the experience of the designer. However, for compact designs with a lot of highly aspheric surfaces, like mobile phone camera lens systems [START_REF] Cassar | Improved tolerancing for production yield anticipation of optical micro-modules for cameraphones[END_REF], the designer expertise is not enough and the computing power is of great help to systemically search for the less expensive set of acceptable tolerances [START_REF] Youngworth | 21st century optical tolerancing: a look at the past and improvements for the future[END_REF]. Many approaches have been explored to include the tolerance analysis in the optimization process [START_REF] Bates | Performance and tolerance sensitivity optimization of highly aspheric miniature camera lenses[END_REF]- [START_REF] Youngworth | Maximizing tolerancing benefits using optical design tools[END_REF]. In the field of thermal lenses, fast lenses combined with decreasing size of pixels tend to tighten the tolerances. Methods to desensitize systems are important to guarantee cost-effective lenses. In this paper, we will compare two methods described in Ref [START_REF] Bates | Performance and tolerance sensitivity optimization of highly aspheric miniature camera lenses[END_REF]. The first one consists in controlling the as-built performance directly in optimization by integrating the tolerance analysis into each optimization cycle. This method is implemented in commercial optical design softwares as an operand that can be inserted in the merit function (TOLR operand in the case of OpticsStudio Zemax software). The second method is based on desensitization through zoomed configurations [START_REF] Fuse | Method for designing a refractive or reflective optical system and method for designing a diffraction optical element[END_REF]. The idea is to simultaneously optimize performance and sensitivity by generating a perturbed configuration for each positive and negative implementation of each toleranced value. This method can be quite easily implemented in commercial optical design softwares by using multi configurations. To limit the number of configurations used, we focused on the parameters of the system that are the most sensitive. Note that for a rotationally symmetric system optimized with three fields of view (on axis, 0.7x diagonal field of view and diagonal field of view), the zoomed version must be optimized with 5 y-fields (on axis, ±0.7x diagonal field of view and ±diagonal field of view), if only tolerances that affect y-fields are used or otherwise must be optimized with a grid of 5x5 fields.

In the following, we will study the desensitization of the hybrid Petzval lens illustrated in Figure 2 and using a QVGA focal plane array with a pixel pitch of 10µm. A first sensitivity analysis of the nominal design shows that the decentering of the optics is the worst offender. This situation is quite common for aspheric designs with small pixel pitch FPA. In the case of the desensitization using zoomed configurations, we simultaneously optimized 5 configurations: the nominal configuration and 4 perturbed configurations for each positive and negative implementation of lens element decenter tolerance values. The results of the desensitization using either TOLR operand or zoomed configurations are illustrated in Figure 5. Regarding the nominal design, both desensitized designs have nominal MTF degraded. But they both show improved as-built performance. A Monte Carlo study that generated 1000 perturbed designs shows:

• 90% of the designs have a spot rms lower than 23.4µm and 80% of the designs have a spot rms lower than 19.6µm for the nominal design. • 90% of the designs have a spot rms lower than 13.4µm and 80% of the designs have a spot rms lower than 12.1µm for the desensitized design using TOLR operand. • 90% of the designs have a spot rms lower than 12.0µm and 80% of the designs have a spot rms lower than 10.7µm for the desensitized design using zoomed configurations.

To better illustrate the improved as-built performance, Figure 6 shows the RMS spot radius versus fields for 100 perturbed designs in the case of the nominal, the desensitized design using TOLR operand and the desensitized design using zoomed configurations. Despite the fact that the method using TOLR takes into account each tolerance value, it shows lower performance in this case study than the method using zoomed configurations. Once the designs are desensitized, the worst offender tolerances become the irregularities of the surfaces. Figure 7 gives another point of comparison of the different designs. A Monte Carlo analysis has been done to make statistics on the MTF. The curves of Figure 7 give the median tangential MTF, the full distribution of the tangential MTF curves obtained during the Monte Carlo analysis and a distribution after excluding the worst 10%. We clearly see an improvement of the as-built image quality for the desensitized designs in comparison with the "nominal" design. The comparison between both desensitized designs is more subtle. The full distributions of the tangential MTF are slightly better for the desensitized design using zoomed configurations.

A closer look at the surfaces of the desensitized systems shows that they have less aspheric shapes than the nominal design. Indeed Figure 8 shows that the departures from the sphere for all the aspherical surfaces have a lower amplitude for the desensitized systems. 

MANUFACTURING AND ALIGNMENT STRATEGY OF A HYBRID PETZVAL LENS

Reasonably fast thermal camera (F-number of 1.2 instead of 1.0 or even 0.8) still have to be validated in terms of sensitivity for automotive application. We thus decided to make a first demonstrator of a hybrid Chalcogenide Silicon Petzval lens. Although the lenses will be machined using Single Point Diamond Turning, their mechanical shape will be square to address alignment strategies dedicated to wafer level optics. Both manufactured lenses and a barrel are illustrated in Figure 8. 

CONCLUSION

We demonstrated that Chalcogenide Silicon hybrid lens compatible with wafer-level technologies can be a solution for thermal cameras with fields of view of interest for automotive application. Using both Chalcogenide and Silicon is a good compromise to meet the cost and performance requirements of automotive industry. However focal plane arrays with small pixel pitch seem to be key technologies to answer constrains of wafer-level technologies for optics. We showed that desensitizing methods for aspheric lenses allow improving the as-built performance of the system. Finally, since the sensitivity of reasonably fast thermal cameras using these detectors still needs to be evaluated, the manufacturing and alignment procedures of a hybrid Petzval lens are under development to test the camera in real driving conditions during the European Heliaus Project.
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 1 Figure 1. Reverse lenses with a diameter of 5mm designed for QVGA detectors with a pixel pitch of 12µm or 10µm. Polychromatic MTF up to the Nyquist frequency and for 3 fields of views (on axis, 0.7x diagonal field of view and diagonal field of view). The spectral bandwidth is between 8µm and 12µm. The black curve is the diffraction limited MTF.
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 2 Figure 2. Petzval designs with optics having a diameter less than 5mm designed for QVGA detectors with a pixel pitch of 12µm or 10µm. Polychromatic MTF up to the Nyquist frequency and for 3 fields of views (on axis, 0.7x diagonal field of view and diagonal field of view). The spectral bandwidth is between 8µm and 11µm. The black curve is the diffraction limited MTF.
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 3 Figure 3. Reverse lenses with a diameter of 5mm designed for QVGA detectors with a pixel pitch of 12µm or 10µm. Polychromatic MTF up to the Nyquist frequency and for 3 fields of views (on axis, 0.7x diagonal field of view and diagonal field of view). The spectral bandwidth is between 8µm and 11µm. The black curve is the diffraction limited MTF.
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 4 Figure 4. Reverse lenses with a diameter of 5mm designed for QVGA detectors with a pixel pitch of 12µm or 10µm. Polychromatic MTF up to the Nyquist frequency and for 3 fields of views (on axis, 0.7x diagonal field of view and diagonal field of view). The spectral bandwidth is between 8µm and 11µm. The black curve is the diffraction limited MTF.

Figure 5 .

 5 Figure 5. Desensitized hybrid Petzval designs with either TOLR operand or zoomed configurations. Polychromatic MTF up to the Nyquist frequency and for 3 fields of views (on axis, 0.7x diagonal field of view and diagonal field of view). The spectral bandwidth is between 8µm and 11µm. The black curve is the diffraction limited MTF.
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 6 Figure 6. RMS spot radius vs fields for 100 perturbed designs in the case of the nominal design, the desensitized design using TOLR operand and the desensitized design using zoomed configurations.

Figure 7 .

 7 Figure 7. Illustration of the tangential MTF for the 3 design configurations and for three fields of view (on axis, 0.7x diagonal field of view and diagonal field of view). A Monte Carlo analysis has been done to make statistics on the MTF. The curves give the median MTF, the full distribution of the MTF curves obtained during the Monte Carlo analysis and a distribution after excluding the worst 10%.

Figure 8 .

 8 Figure 8. Departure from the sphere of the 3 aspherical surfaces for the 3 configurations (surface 1 and surface 2 are the aspherical surfaces of the Chalcogenide lens and surface 3 is the aspherical surfaces of the Silicon lens).

Figure 8 .

 8 Figure 8. Pictures of a square Chalcogenide lens (on the left), of a square Silicon lens (in the middle) and a barrel.
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