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ABSTRACT 

 

The purpose of the NASA Remote Imaging System Acquisition space camera prototype is to 

integrate multiple optical instruments into a small wireless system using radiation tolerant 

components. This stage of prototyping was the development of a broadband variable-focus 

camera that can transmit data wirelessly. A liquid lens in conjunction with a cerium doped 

double gauss eliminates traditional focusing mechanisms.  

 

 

INTRODUCTION 

 

The National Aeronautics and Space Administration (NASA) Space Shuttle is nearing the end of 

its career as the premier space transport vehicle and its replacement, the Orion space vehicle, is 

currently under development. The Orion will have less available stowage volume than the 

current space shuttle in an effort to reduce the fuel mass required to escape the gravitational pull 

of the earth. This necessitates the redesign of many of the onboard scientific and observational 

instruments. Of specific interest are those instruments pertaining to imaging and spectroscopy; 

these range from the cameras used to monitor crew and vehicle health to microscopes and 

endoscopes. Often there are as many as six separate off-the-shelf imaging instruments present on 

a single mission, all performing necessary tasks. In addition to the space that these multiple 

systems take, they generally have not been designed to withstand the radiation exposure of the 

space environment leading to abbreviated shelf-lives that often fail before the conclusion of the 

mission.  

 

The Remote Imaging System Acquisition (RISA) space camera is NASA’s solution to alleviating 

these issues, via the development of a single portable system made of radiation tolerant 

components, consolidating the necessary imaging functions as well as providing environmental 

monitoring functionalities. The final product will be completely wireless, communicating with a 

base computer through the wireless 802.11g protocol. It is intended to be used in the crew cabin, 
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on the exterior of NASA vehicles, and on Lunar or Martian surfaces. The smaller integrated size 

will increase the functionality to weight ratio in an environment where ounces are measured in 

thousands of dollars. Having a more portable design will facilitate the handling and installation 

of the imager with the wireless aspect alleviating many of the operational constraints inherent to 

wired implementations.  

 

Lenses Detector Circuits Computer
 

Figure 1 – Integrated System 

 

Our team’s work with the current iteration of the RISA project began with an integrated Field 

Programmable Gate Array (FPGA), temperature sensor, imaging board and lens system. 

Previous teams were unable to sufficiently troubleshoot the camera’s software and firmware in 

order to produce a prototype capable of collecting image and temperature data. Similarly, the 

performance of the previous lens system did not meet the MTF requirements and was unsuitable 

for the space environment. The focus this year was to produce an innovative optical design 

centered around a liquid lens, finish implementing the firmware and software necessary for 

operation, and to begin developing a wireless design to replace the wired USB connection. The 

system block diagram is shown in Figure 1. 

 

 

OPTICAL OBJECTIVE 

 

The basic requirements for the optical design are to maximize functionality and versatility using 

novel technology to develop an imaging system operational over the 400-1000nm range, 

optimizing its use for monitoring the crew and vehicle health. Designing to the CS-mount 

standard allows for integration with any commercially available optical instrument containing 

standardized CS or C-mount connectors. As with any imager, the lens system must be capable of 

high quality imaging across a large depth of field. Incorporating novel technology, the double 

gauss liquid lens system allows for continuous focus adjustment without use of traditional nested 

cam barrels or repositioning of the detector. Having no moving parts in the system design 

prevents wearing down of the parts and removes the possibility of mechanical failures causing a 

loss of focusing ability. The system must have a minimum MTF of 0.30 at the system Nyquist 

frequency of 98 line pairs per millimeter, which is the limit set by the pixel size of the detector. 

  

The initial optical system had been designed and implemented by the previous team and 

consisted of a micro imaging lens placed in front of a Varioptic liquid lens. It was designed for 

monochromatic imaging and was highly vignetted, falling short of the required MTF. The final 

design is similar in that we utilize a series of glass elements to provide the bulk of the optical 

power of the system with the liquid lens providing small power variations for use as a focusing 

mechanism. The main difference lies in the implementation and placement of the glass 

components used in the imaging system. 

 

Use of the liquid lens introduced many difficulties into the design of the optical system and it 

remains the limiting feature in the final design. One of the difficulties is that the clear aperture of 

the lens is only 2mm in diameter, which severely restricts the amount of light that is able to 

propagate through the system and create an image on the detector. Another inadequacy is the 
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inherent aberration content, which also varies when the radius of curvature is changed, 

preventing its use in a high quality imaging system over a large range of focal lengths. Finally, 

the materials that the lens is composed of are vulnerable to radiation darkening and freezing 

upon exposure to the space environment. 

 

On the other hand, this component replaces the traditional mechanical focusing adjustment 

which is often a failure point of systems currently in use. The liquid lens is used as a variable 

optical power component, with available powers ranging from -8 to 18.9 diopters based on an 

applied voltage of 0 to 60 volts. Due to its recent emergence in the marketplace, the liquid lens is 

the only component in this design that has no radiation tolerant equivalent and will have to be 

tested further to quantify the effects of radiation on its performance and longevity. The anti-

reflective coating on the exterior surfaces is only effective over the 400-700nm range and will 

need to be re-designed to accommodate the 400-1100nm over which the camera is expected to be 

used. 

 

 
Figure 2 – Varioptic Arctic 314 Liquid Lens Schematic 

 

Figure 2 shows the schematic of the liquid lens. Materials one and four are plane parallel plates 

which contain the inner liquids without adding any power to the system. Material two is an 

electrically insulating oil based material while material three is an electrically conductive water 

based material. When a potential difference is applied across the water/oil interface, the contact 

angle of the water with the electrode changes, causing face three in Figure 2 to curve. It is this 

curving with respect to applied voltage that makes this system into a variable power lens 

element. 

 

We found that the best design to account for the 2mm diameter liquid lens clear aperture and the 

resolution requirements is to place the liquid lens at the stop of a double gauss design, which is 

the location of the smallest beam footprint in this type of system. Based on performance analysis 

using the optical modeling software CodeV we determined that six elements is the fewest 

number possible while maintaining an F/# less than 5, a full field of view (FFOV) of 28º and 

relative illumination of 90% at full field. Since there are no commercially available elements that 

will meet our design requirements, we chose from the available cerium doped glasses of 

appropriate indices and Abbe numbers, designing custom lenses that mitigate the aberration 
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content inherent in the liquid lens.  

The final design, seen in Figure 3, is a double gauss system consisting of two singlets and two 

achromatic doublets located around a Varioptic Arctic 314 liquid lens in air at the stop. The 

liquid lens acts as the focusing mechanism for image distances between 0.8 meters and infinity 

while retaining acceptable image quality of an average square-wave end-to-end MTF over 30%. 

20mm in front of the first singlet is a sun-shield mitigating stray light effects on the image plane. 

The optical system is mounted to the camera body using a standard CS-mount section and 

consists of the sun shield, lenses, and liquid lens element. Behind the mounted lenses is a 

polished silica window whose purpose is to maintain the inner atmosphere of the imager while 

still allowing for interchangeable lenses. The final elements are detector components. The 

maximum lens element diameter is 12mm, with the 1” diameter window being the largest optical 

element. The nominal focal length of the optical system is 18.9mm with the image distance vs. 

applied voltage curve shown in Figure 4. 

 
 

 

Figure 3 - Lens Layout 

 

 
Figure 4 - Image distance vs. voltage applied to liquid lens 

 

 

OPTICAL ANALYSIS 

 

All of the analyses run on this system were performed over a wavelength range of 400-700nm 

based on the availability of liquid lens indices between 400 and 700nm. The lens glasses have 

relatively low dispersion beyond this point, so the performance at higher wavelengths will not be 

drastically different. The doped glass transmission is driven by reflection losses across the entire 

range, but the liquid lens transmission curve drops off around 900nm which will affect the 

contrast at longer wavelengths. This is an issue that will have to be resolved in order for the 

35.0291 mm CS-Standard 

12.52 mm OPL 
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design to be fully functional.  

Table 1 - Lens Specifications variable with Object Distance 

Object Distance (mm) 800 1500 Infinity 

On-axis 1.882 1.262 0.836 

 9°  Field 0.872 0.757 0.768 RMS Spot Radius (µm) 

14° Field 2.254 1.509 0.971 

Avg. Square Wave MTF at 96.154 lp/mm  

(max pixel resolution) 

56.36% 69.75% 73.95% 

Liquid Lens Radius of Curvature (mm) -27.314 -50.012 Infinity 

 

Performance of the lens system across the range of focal distances is shown in Table 1. The 

minimum object distance of 800mm is based on the minimum distance at which the averaged 

sagittal and tangential MTF values fall to near 50% as seen in Figure 5. Depending on the 

desired final imager performance the near object distance limit can be shortened to bring the 

minimum end-to-end system MTF to the limit of 30%, but the specifications here stop around an 

MTF of 40% to allow for electrical system noise.  

 

 
 

Figure 5 - MTF at 800mm object distance 

 

 

ELECTRICAL BACKGROUND AND OBJECTIVES 

 

The electrical engineering work required for this project has been an ongoing process entailing 

hardware, software, and firmware modifications. The ideal final design, which remains to be 

completed, consists of a computer-controlled circuit board with an ambient temperature sensor, 

an imaging chip, and a wireless communications interface. The current hardware prototype was 

developed by previous teams and is shown in Figure 6. The USB Interface board, or primary 

circuit board, houses all the components essential to sensory data acquisition. It contains a Virtex 

xcv300-4pq240 FPGA and connects to both the temperature sensor and imaging chip. An FPGA 

is a programmable device used to replicate a desired logical circuit through firmware 

programming. This FPGA serves as the metaphorical “brain” of the primary circuit board and 

orchestrates communication between each device. A  MATLAB-enabled computer serves as the 

user-interface through which commands are entered and transmitted to the FPGA. Figure 7 

illustrates the physical dependencies of the aforementioned components. 
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Figure 6 - Image of the USB interface board 

 

 
Figure 7 - Overall system configuration   

 

Our design objectives were to finish implementing the I²C protocol that allows the FPGA to 

communicate with the Kodak Imaging device and the temperature sensor, and to provide the 

basic design framework for the wireless interface that will eventually replace the wired USB 

cable connection between the  MATLAB-enabled computer and the primary circuit board. 

 

 

I2C PROTOCOL INTRODUCTION 

 

I²C is an industry standard, serial communications bus created by Philips in the 1980s. It is used 

to attach peripheral components to devices such as microcontrollers or FPGAs, and thus provides 

a structured framework for data transfer between components. A typical configuration consists of 

a “master” device, such as an FPGA, and multiple “slave” devices, such as the temperature and 

imaging sensors. These are physically connected to the same data and clock lines.  

 

 
Figure 8 - I2C writing operation (upper); I2C reading operation (lower) 

 

Successful data transfer requires that all components adhere to the same protocol, meaning that 

receiving and transferring data requires a specific sequence of commands and replies. All devices 

on the I²C bus must be able to understand and issue these commands in the proper sequence. 

Figure 8 depicts an example of this sequence, where bolded boxes indicate actions performed by 

the slave device and regular boxes represent actions performed by the master. Given that this 

communications protocol is so well documented, the reader is encouraged to independently 

research this topic should the need for a more comprehensive description arise. 
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FIRMWARE DESIGN 

 

Firmware can be defined as the set of programs or code implemented within digital electronics 

devices. The firmware this design is primarily concerned with is the VHDL code used to 

program the FPGA, and in particular, the code implementing the I²C protocol. The design of 

such algorithms is greatly facilitated through the use of HLSMs, or state machines. These 

diagrams serve as powerful design tools, from which VHDL code can be directly generated. 

Figure 9 below shows a sample state machine that implements a three-cycles-high laser timer.  

 

 
Figure 9 - Laser Timer state diagram 

 

Each circle is called a “state” and it may have several outputs associated with it. Transition to the 

next state occurs at the rising-edge of the clock if the appropriate input has been satisfied. In this 

example, the system begins in the “Off” state where the output X is zero (laser is off). Transition 

to the “On1” state occurs once a button, represented by the letter B, has been pressed. Once this 

occurs, the laser turns on (X = 1) for three clock cycles and automatically returns to the original 

state where the state machine will remain until the button is pressed again. 

 

Using this methodology, VHDL code for the three primary firmware components was designed, 

and debugged. These components are the “SC2” component, the “Simple_I2C” component, and 

the “I2C_core” component. The first component contains four state machines that control 

synchronization with the USB, interpret MATLAB commands, interface with the other two 

components, and route images from the Kodak Imager to the MATLAB-enabled computer. The 

second component contains a single state machine that implements the high-level I²C protocol 

shown in Figure 7, and the third component has a state machine that translates these high-level 

I²C commands into actual voltages on the data and clock lines.  

 

 

SOFTWARE DESIGN 

 

MATLAB by MathWorks is the application currently in use for the user-interface. The ability to 

request temperature and image data required writing code that would enable proper 

communication with the FPGA. All MATLAB queries to the FPGA require the transfer of four 

bytes of data. These bytes are used by the FPGA for synchronization, to determine whether the 

operation requires the use of the implemented I²C protocol, and to determine what specific I²C 

command is needed along with any data the master might need to transfer. Using this basic 

framework, MATLAB code was written in order to allow for configuration of the temperature 

and imaging sensors in addition to the request of data.  
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ELECTRICAL ANALYSIS AND RESULTS 

 

The firmware modifications were verified through the use of Xilinx’s ISE Simulator. Figure 10 

is a simulation illustrating the voltage variations in the data and clock lines during data transfer 

from the FPGA to any slave device. Since this is only a simulation, no actual slave device exists 

and its replies are missing. Nonetheless, this simulation is indicative of a functional I²C 

implementation.  

 

 
Figure 10 - Complete writing operation simulation (missing slave acknowledges are circled) 

 

Figure 11 contains actual temperature data received in MATLAB during heating and cooling 

tests. The readings were within the expected range of -55°C and 125°C. Figure 12 shows an 

image taken using the Kodak imaging board. The fact that we were able to request data from 

both sensors proves that the I²C implementation is functional. 

 

 
Figure 11 - MATLAB plot of temperature readings. Lowest temperature recorded: --53.75°C. 

Highest temperature: 125°C 

 

 
Figure 12 - Kodak image in MATLAB of a shirt 

 

 

WIRELESS 

 

The proposed hardware design that will replace the current USB cable connection is illustrated in 

Figure 13. These components are to be located on the primary circuit board. The upper path 
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operates during a receive procedure, and the lower path operates when the FPGA intends to 

transmit data. The switch is responsible for alternating between these two modes. 

 

 
Figure 13 - Hardware diagram for physical layer of 802.11g wireless transceiver 

 

The antenna transmits and receives wireless signals. Research indicates that a dipole antenna 

with a resonant frequency of 2.4 GHz is suitable for a 802.11g Wi-Fi application. The LNA, or 

low-noise amplifier, amplifies the received signal. The down converter alters the incoming signal 

frequency to one suitable for the ADC, which converts analog signals to digital signals. Finally 

this digital signal is fed to the FPGA where it is processed in order to extract the data. 

Transmitting data requires a similar process, but in reverse. Digital data from the FPGA is 

converted to analog, up-converted in frequency and amplified before being radiated by the 

antenna. 

 

Figure 14 shows the firmware components needed to process incoming and outgoing data. When 

a signal is being transmitted in free space, the data is encoded into the analog signal using a 

particular modulation scheme. These firmware blocks are meant to extract and/or encode this 

data depending on whether the data is being received or transmitted. 

 

 
Figure 14 – Block diagram of 802.11g wireless firmware design (Simplified) 

 

The demodulator receives the incoming digital signal and extracts the data using the expected 

modulation scheme. This data is stored in the RX FIFO until the Sync component can verify that 

the frame contains the proper synchronization pattern. This data is then sent along until the 

“Depacketizer” arranges the data and stores it in the RXWait component until the FPGA is ready 

to retrieve it. Transmitting data requires a similar process, but in reverse. The end result consists 

of having the digital data modulated, or encoded, and getting it ready to be sent out by the 

aforementioned hardware components.   



 10 

CONCLUSIONS 

 

Our rendition of the RISA project was to take the previous year’s monochromatic, highly 

vignetted imager and design a multi-spectral, variable focus, 90% full field illuminated, radiation 

tolerant system. The current RISA prototype transmits images incident upon the detector via 

USB cable to a MATLAB-enabled computer, which serves as the user-interface and base-station. 

The system transmits one megapixel images at one frame per two seconds. These images can 

then be viewed as live feed, or stored for future use and analysis.  

 

Preliminary hardware and firmware concepts for the wireless design have been developed for 

future implementation. The suggested 802.11g Wi-Fi protocol should fulfill the minimum 

transfer rate of eight megabits per second as well as provide a reliable uplink for distances over 

ten feet. Design of the circuitry for this system still needs to be performed and implemented. 

 

The proposed final optical system is designed around a CS-mount detector interface and is 

intended to image over the wavelength range of 400-1100 nm. The lens system performs at an 

MTF of over 30% across the image distance range of 800mm to far field at the system Nyquist 

frequency of 98 line pairs per millimeter. The aberration content is well controlled and the spot 

diameter falls near the pixel size of 6 micrometers over the majority of the ±14 degree full field 

and image distances. The next step is to order the lenses and design and build a suitable 

mounting system to perform physical tests of the integrated system. 
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