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ABSTRACT 

 

The Ocean Color Instrument (OCI) on NASA’s Plankton, 

Aerosol, Cloud, ocean Ecosystem mission is a hyperspectral 

imager with high SNR, precision and dynamic range, and 

with a very low striping artifact level in the 342-887 nm 

wavelength range with a spectral resolution of 5 nm in 

2.5 nm steps, providing a significant technological 

advancement over previous ocean imagers. To achieve this, 

OCI is designed with specialized optical imaging and 

opto-electronic detection systems that push the boundaries 

of several state-of-the-art technologies. This paper provides 

an overview of these systems together with their achieved 

performances and discussions of their key design challenges. 

 

Index Terms— Remote sensing, optical, hyperspectral, 

detection, focal plane 

1. INTRODUCTION 

 

The Ocean Color Instrument (OCI) [1] on NASA’s 

Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) mission 

is a hyperspectral imager that collects images of Earth with a 

2-day global coverage, a spatial resolution of 1 km x 1 km 

and a spectral resolution of 5 nm in 2.5 nm steps in the 

342-887 nm wavelength range. It does this with a high 

Signal-to-Noise Ratio (SNR) of 260-1920 in a 5 nm optical 

bandwidth at typical ocean spectral radiance levels and a 

large Dynamic Range (DR), from max-detectable signal to 

1-sigma noise-floor, of 4800:1-5900:1 depending on 

wavelength, allowing simultaneous detection of ocean and 

cloud signals with no gain change, an excellent radiometric 

gain stability of less than ±0.1 %, and a very low spatial 

image striping artifact level of less than 0.1 % [2]. OCI also 

provides hyperspectral capability in the 322-342 nm 

wavelength range with reduced radiometric performance. In 



addition, OCI provides 7 discrete bands in the 940-2260 nm 

wavelength range. In comparison, previous ocean imagers 

[1,3] such as SeaWiFS [4], VIIRS [5] and MODIS [6] have 

only provided discrete bands. 

 

OCI employs a rotating front-end imager, two back-end slit-

grating spectrographs and two Charge-Coupled Device 

(CCD) Time Delay Integration (TDI) cameras for the 

322-887 nm wavelength range. The front-end imager creates 

an image of the ground scene at the input slit of the back-end 

spectrograph. The slit-image is re-imaged and dispersed 

onto the CCDs with 5 nm resolution over the entire 

322-887 nm wavelength range. The rotating imager together 

with on-chip TDI in the CCDs are used to simultaneously 

achieve the critical requirements of high SNR and low image 

striping artifacts. It enables increased photon collection for 

each spatial ground scene leading to increased SNR. In 

addition, it creates spatial images at each wavelength using a 

single virtual detector thereby avoiding most spatial striping 

artifacts. For this to work, a high precision rotating optical 

system has been designed to achieve the required 

synchronization between the ground scene and charge 

movement at the CCD surface. 

 

With its hyperspectral capability and high performance, OCI 

provides a significant technological advancement enabling 

quantitative evaluation of separate plankton species from

space for the first time. This high-performance hyperspectral 

capability is expected to also find other beneficial scientific 

uses. To achieve the performance, OCI is designed with 

specialized optical imaging and opto-electronic detection 

systems that push the boundaries of several state-of-the-art 

optical and opto-electronic technologies. The performance 

and unique design challenges of the optical imaging and 

opto-electronic detection systems are presented in this paper. 

 

2. OPTICAL IMAGING SYSTEM 

 

The OCI optical imaging system is shown in Fig. 1. The 

322-2260 nm front-end optical imager is a rotating mirror-

based system that images the ground scene onto a slit with 

an Instantaneous Field Of View (IFOV) of 16 km x 1 km. 

The scan-rate is 5.77 Hz and the IFOV is scanned over an 

angular range of ±56.6° for a ground swath-width of 

2663 km. Further, it includes a depolarizer to ensure a low 

polarization sensitivity of less than 1 %. The image rays are 

reflected of a Half Angle Mirror (HAM), spinning at 

2.885 Hz, onto the slit to ensure the scanned IFOV is always 

aligned to the slit. The back-end optical spectrograph 

consists of two slit-grating spectrographs for the 322-607 nm 

and 597-887 nm wavelength ranges, and a fiber-coupled 

filter-bank spectrograph for the 940-2260 nm wavelength 

range. The three ranges are separated using dichroic beam-

splitters in collimated space. 
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Fig. 1: Optical imaging system. 



For the two hyperspectral ranges, the slit-image is dispersed 

by two gratings and re-imaged onto two 128x512 CCDs 

using two complex lens-assemblies. Each dispersed slit-

image maps to 128x8 pixels of 26 µm x 26 µm on the CCDs. 

For the 940-2260 nm range, the slit-image is re-imaged onto 

a 16x1 Micro-Lens Array (MLA) that effectively acts as the 

focal plane since each lens element is fiber coupled to 

wavelength filtered Photo Diodes (PDs). 

 

Optical system performance: 

 Throughput: ≥ 0.4 at ≥ 360 nm (0.3 at 340 nm) 

 f-number: 1.2 

 Polarization sensitivity: ≤ 1 % (≤ 0.2 % at ≥ 360 nm) 

 Point Spread Function (PSF): ≤ 46 µm (80 % energy) 

 Modulation Transfer Function (MTF): ≥ 0.95 (Nyquist) 

 Spectral sampling: 0.625 nm 

 Out-Of-Band Response Ratio (OOBRR) ≤ 0.05 
(integrated out-of-band to in-band ratio for 5 nm resolution full-width 1 %) 

 

These achieved performances are demanding for the design 

and involved optical technologies. The front-end optical 

system has to work over the entire 322-2260 nm wavelength 

range with high throughput to achieve high SNR. For this, 

the back-end hyperspectral spectrographs also require a 

challenging very low f-number. Maximizing throughput of a 

system with such a broad wavelength range and with so 

many surfaces is difficult. Unique coatings for both the 

reflective and transmissive optics had to be created to extend 

performance into the UltraViolet (UV). Careful choice of 

lens materials also had to be made in order to maximize 

throughput. The f-number, together with the broad spectral 

range, UV requirements, IFOV and widely dispersed image 

rays, leads to a very difficult back-end design. Despite this, a 

narrow Point Spread Function (PSF) has been achieved 

which is essential for the high MTF and low OOBRR. The 

number of elements, material choices, and element radii all 

had to be carefully balanced to meet requirements without 

causing other problems, such as ghosting due to steep lens 

curvatures. 

 

For the OCI architecture to work, it is essential that the 

spinning of the primary mirror sub-system and the HAM are 

closely synchronized. At the same time the movement of the 

ground scene through the slit and therefore across the CCDs 

must be precisely synchronized with the TDI charge 

movement in the CCD. This is ensured using state-of-the-art 

motors together with precision phase-locked loop motor 

control locked to track the CCD charge movement clock. 

 

3. UVNIR DETECTION SYSTEM 

 

The hyperspectral UV to Near InfraRed (UVNIR) opto-

electronic detection system, as shown in Fig. 2, consists of 

an UV to VISible (UVVIS) Focal Plane Assembly (FPA) 

and a VIS to Near InfraRed (VISNIR) FPA, each containing 
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Fig. 2: Hyperspectral UVNIR detection system. 

 

a 128x512 pixel Si CCD with 16 readout channels of 

32 columns per channel operated in on-chip TDI mode and a 

Front-End Electronics (FEE) board with DC-clamps, 

amplifiers, noise filters and fast, low-power 8-channel 14-bit 

Analog-to-Digital Converters (ADCs). A Data Acquisition 

Unit (DAU) provides bias and clocking to the FPAs, 

acquires digital data from the FPAs and performs data 

processing in form of Correlated Double Sampling (CDS) 

and digital aggregation of 8x8 pixels into one Science Pixel 

(SP) corresponding to 1 km x 1 km on the ground. The DAU 

also synchronizes with the motor controller to ensure the 

ground scene scan is locked to the TDI charge movement. 

 

UVNIR detection system performance: 

 QE: ≥ 0.4 (315 nm), ≥ 0.97 (460 nm), ≥ 0.91 (605 nm) 

≥ 0.94 (600 nm), ≥ 0.97 (680 nm), ≥ 0.67 (890 nm) 

 Full well capacity: ≥ 750 ke- 

 Read speed: 8.5 MHz with 17 MHz CDS 

 Gain: 22, 33 and 55 DN14/ke- (depending on channel) 

 Noise: ≤ 3 DN14 1-sigma 

 Precision: ≤ 0.1 % 

 Channel-Channel (Ch-Ch) Crosstalk: ≤ 1.3∙10-4 

 DR: 4800:1-5900:1 (max-detectable signal to 1-sigma noise) 

 Step recovery precision (max → min): 0.25 % within 1 SP 

 

To achieve the required OCI spatial and spectral resolution, 

the CCDs have to be operated at a high read-speed leading 

to low precision. A high MTF and low OOBRR require high 

Charge Transfer Efficiency (CTE) and low Ch-Ch crosstalk 

in the CCDs. They are implemented with high CTE as well 

as high output channel density to reduce read speed as much 

as possible in trade-off with crosstalk. Another main 

challenge is to simultaneously achieve high DR, low noise 

(for high SNR) and high precision. Low noise requires 

narrow bandwidth and high precision requires fast settling 

time (wide bandwidth) or low read speed. The high DR 

requires large CCD well and sense node capacity together 

with a 14-bit ADC further challenging settling time. The 



CCD and electronics have been carefully designed to 

accomplish the best possible trade-off between these 

opposing demands. Finally, as full settling of the CCD 

output signal cannot be attained while achieving the required 

DR and noise, it is critical that the CCD clock jitter and bias 

are very stable to reach the required high read precision. 

 

4. SWIR DETECTION SYSTEM 

 

The 7-band 940-2260 nm ShortWave InfraRed (SWIR) 

opto-electronic detection system consists of a focal plane in 

the form of a 16x1 MLA where each lens corresponds to a 

1 km x1 km SP on the ground. The MLA is fiber coupled to 

16 SWIR Detection Sub-assemblies (SDSs). Each SDS 

contains optics splitting the input out to two band filters that 

are each followed by a PD and a FEE feeding analog signals 

into a multi-channel 16-bit ADC. Varying amounts of the 

32 PDs are assigned to each of the 7 bands and digital TDI 

is applied after detection. Both InGaAs and HgCdTe PDs 

are used depending on wavelength. 

 

SWIR detection system performance: 

 QE: ≥ 0.8 

 Gain: 5.24∙105 – 5.38∙105 DN16/µW (depending on channel) 

 Noise: ≤ 6.3 DN16 1-sigma 

 Precision: ≤ 0.2 % 

 DR: 9600:1-20000:1 (max-detectable signal to 1-sigma noise) 

 Pulse response (max → min): 1 % within 3 SP 

 

Achieving low leakage between the lens elements in the 

MLA is important for high MTF presented a significant 

challenge that required development of special fabrication 

techniques. Electronically, this is a very different system 

than the UVNIR system. This system uses direct photo 

detection of each SP so the sampling speed is low at 

23.2 kHz. However, the cloud level signals and very low-

level ocean signals demand a high DR and low noise. This 

requires a large area PD (290 µm diameter), very high gain, 

16-bit ADC and a narrow bandwidth. In contrast, high MTF 

and precision require a wide bandwidth and a fast pulse 

response. Careful design had to be done to achieve a stable 

circuit capable of the high gain with a wide enough 

bandwidth. Further, detailed modeling was done to optimize 

the bandwidth for best possible trade between noise and 

MTF. A fast pulse response was not achieved due to a long-

tail pulse response of the PDs and limitations of the FEE 

design [7]. Development of an in-flight pulse response 

measurement system and a post-processing method ensures 

high precision. 

 

5. CONCLUSION 

 

Outstanding performance is achieved for OCI despite the 

constraints posed by state-of-the-art technologies. A wide 

range of  technology developments and design optimizations 
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Fig. 3: 7-band SWIR detection system. 

 

were carried out for this. With its advanced optical imaging 

and detection system, OCI is set to deliver a significant 

advancement in the ocean, cloud and aerosol sciences. 
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