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�1.0	Scope



This document describes the STARDUST Navigation Camera (NC) and partitions the functional requirements given in the NC Functional Requirements Document.  It was modeled after the Cassini Imaging Science Subsystem Description Document, CAS-5-2036, 29 October 1993 by C. L. Chin.



2.0	Applicable Documents



The NC Functional Requirements (FR) Document (699-205-4-2036) is the primary basis for this document.  Other documents which may be applicable at this level are given in the NC FR or listed in the Navigation Camera Implementation Plan.



3.0	Subsystem Description



3.1	Navigation Camera Overview



The STARDUST imaging experiment encompasses a wide variety of targets (comet, earth, moon, star fields) and a wide range of observing distances, viewing angles and viewing environments.  Therefore, the NC camera uses a wide angle camera, a mirror to vary the viewing direction and a periscope to survive the comet coma environment to satisfy the scientific objectives. The spacecraft carries two star cameras acting as functionally redundant backup units at reduced resolution and pointing flexibility.



The NC uses a framing charge coupled device (CCD) imager with a focal length of 200 mm.  The NC has a focal plane shutter of the Voyager/Galileo type, and a filter wheel changing mechanism derived the Voyager WAC.  The detector is a charge coupled device (CCD), cooled to suppress dark current and shielded from protons and electrons. 



The electronics contain the signal chain and CCD drivers (located in the sensor head), the STARDUST Engineering Flight Computer (EFC), command and control logic, a power supply, mechanism drivers, a lossless digital data compressor, a lossy compressor and an interface to the Command and Data Subsystem (CDS).  NC command and telemetry functions will be handled by the electronics and software including storage of science commands, expansion of commands, collection of science imaging data and telemetry, transmission of imaging data and telemetry to CDS and receipt of commands from CDS.

 

The CCD detector design is a square array of 10242 pixels, each pixel 12 micrometers on a side.  The detector will use three phase, front side illuminated architecture, with a coating of lumogen phosphor to enhance ultraviolet response.  

 

The NC uses a data rate of 300 kpixels to match the input rates of the spacecraft solid state recorder. There are also several options for data reduction, including 12 bit to 8 bit square root compression, windowing and error free compression within windows. 



3.2	Major Functional Elements



The NC consists of the following major functional elements.  A functional block diagram is shown in Figure 1.



 (a) Optics and Mechanisms

 (b) Detectors

 (c) Passive Radiative Cooler

 (d) Electronics and NC Control

 (e) Mirror / Mechanism

 (f) Periscope



�Figure 1    NC Functional Block Diagram

� TC  "  Figure 1    ISS Functional Block Diagram102f" \l 1 �

�3.2.1	Optics and Mechanisms

 

The optics and mechanisms subassemblies consist of the 200 mm telescope, filter wheel subassembly, which include the bandpass filters, and the shutter subassembly. 



3.2.1.1	Telescopes



The optics (inherited from Voyager) is a 200 mm focal length, f/3.5 refractor configuration with a spectral range 380 nm - 1100 nm.  The optics characteristics are as listed in Table 1.  The optics  maintains its performance over the temperature range -10oC to +25oC.  The optics barrel use electrical heaters to control temperature gradients within the optics.



The optical components, with the exception of some filters, are manufactured from materials which are radiation resistant.   To provide additional CCD radiation shielding, a quartz plug is included in the optical path near the CCD.   In addition, with the exception of optical filters specifically designed to do so, the NC optics do not affect the polarization properties of the incident light.

� TC  " Table 1    Optics Characteristics" \l 1 �



 Table 1    Optics Characteristics



          Focal length			200 mm

          Relative aperture			f/3.5

          Spectral Range			380 - 1100 nm  

          Resolution 			60 microradian/pixel

          Field of view			3.5 x 3.5 deg



The telescope will have a cover to prevent contamination of the optical surfaces during spacecraft ground operations and transportation.  The cover is removed before launch.



3.2.1.2	Filter Wheel Subassembly



The NC filter wheel subassembly consists of a single filter with 8 filter positions, 6 for imaging science and 2 for navigation.

  

The filter wheel steps at a rate of at least 2 filter positions per second.  The wheel is designed to operate in either forward or reverse directions.  Positioning of the NC filters is commandable by both absolute position commands and by incremental stepping commands.  The filter wheel in the subassembly also incorporates a homing sensor which uniquely identifies a single position on the wheel. 

 

The spectral response of the camera is controlled by bandpass filters.  In Table 2, the filters are identified along with some of their characteristics and their position location (TBD) in the filter wheel.

� TC  " Table 2    Cassini Filter Characteristics" \l 1 �

3.2.1.3	 Shutter Subassembly



The shutter subassembly for the NC camera is a two-blade electromechanical focal plane mechanism operating in an open, close, and reset cycle.  There are 64 commandable exposure durations available at any given time. These exposure times are updatable in flight.  The minimum calibrated exposure time is 5 msec.  The accuracy of each exposure shall be ± 1 msec.  The exposures available at time of launch are given in Table 3.



�Table 2   STARDUST Filter Characteristics

�Table 2   STARDUST Filter Characteristics (continued)

�The capacitors banks which provide the instantaneous power for the shutter blades are located on the housing for the filter wheel/shutter subassemblies.
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Table 3   Exposure Times





			Exposure			Seconds				Exposure			Seconds



				  1				    0.000				 	33		   		      3.2

				  2				    0.005				 	34		   		      3.8

				  3				    0.010				 	35		   		      4.6

				  4				    0.015				 	36		   		      5.6

				  5				    0.020				 	37		   		      6.8

				  6				    0.025				 	38		    		      8.2

				  7				    0.030				 	39		    		    10

				  8				    0.035				 	40		    		    12

				  9				    0.040				 	41		    		    15

				10				    0.050					42	   			    18

				11				    0.060					43	   			    22

				12				    0.070					44	   			    26

				13				    0.080					45	    			    32

				14				    0.090					46	    			    38

				15				    0.10					47	   			    46

				16				    0.12					48				    56

				17				    0.15					49				    68

				18				    0.18					50				    82

				19				    0.22					51				  100

				20				    0.26					52				  120

				21				    0.32					53				  150

				22				    0.38					54				  180

				23				    0.46					55				  220

				24				    0.56					56				  260

				25				    0.68					57				  320

				26				    0.82					58				  380

				27				    1.0					59				  460

				28				    1.2					60				  560

				29				    1.5					61				  680

				30				    1.8					62				  820

				31				    2.2					63				1000

				32				    2.6					64				1200





3.2.2	Detectors				   



The NC uses a charge coupled device (CCD) detector operating at a temperature of -90oC   + .2oC.  The CCD has the performance characteristics outlined in Table.  The CCD is mounted in a hermetically sealed package which is backfilled with argon.  An operating temperature of -90oC is needed for suppression of dark current and to minimize proton gamma and neutron radiation effects. 



3.2.3	Passive Radiative Cooler



The NC employs passive radiative cooling and active heater control to maintain the detector operating temperature.  The radiator subassembly  accommodates a decontamination heater that is used to minimize deposition of volatile contaminants on either the detector or the radiator itself. 

� TC  " Table 4    Sensor Characteristics" \l 1 �







Table 4   Sensor Characteristics



			Format				1024 x 1024 pixels

			Pixel size			12 x 12 micrometers

			Full well			≥ 100,000 e-

			On-chip processing		Pixel summation up to 1,400,000 e-  

			Dark current			< 0.1 e-/pixel/sec at operating temperature

			Charge transfer efficiency		0.99996 at operating temperature

			Read Noise			≤ 7 e- rms





3.2.4	Electronics and NC Control



The electronics for the NC consists of two major parts, the sensor head subassembly electronics and the main electronics assembly. The NC electronics control NC functions and process NC commands and telemetry.  The NC  has four power operating states:  Off, Sleep, Idle, Active as defined in Table 5.  The Sleep power state  provides a low power state.  The NC is able to change its power operating state as indicated in Figure 2. 

� TC  " Table 5    ISS Power Operating States" \l 1 �



Table 5  NC Power Operating States



     State	Definition



     Off 		No power is applied to the camera through main electronics.  Spacecraft replacement heaters on.  Decontamination heaters (controlled by spacecraft) may be on.



     Sleep	Power is applied to the camera for the following functions:  (1)  Heater power to maintain performance temperature gradients of the optics, (2)  Heater power to maintain CCD at operating temperature and, (3)  Provide camera health telemetry .  [Note: This is the lowest NC power state].  Decontamination heaters (controlled by spacecraft) may be on.



     Idle		Power is applied to the camera to maintain readiness for data taking operations in addition to functions in Sleep state.  Decontamination heaters (controlled by spacecraft) may be on.



     Active	Power is applied to the camera for commanding, readout, filter wheel movement, shutter movement, light flood and calibration lamps in addition to functions in Idle state.





3.2.4.1	Sensor Head Electronics



The sensor head electronics supports the operation of the CCD detector and the preprocessing of the detector data. The pixel data is quantized to 12 bits giving an intraframe dynamic range of 4096. Detector readout rate is fixed at 300 kpixels / second.  The sensor head electronics also reads selected extended and overclocked pixels for inclusion in the science data stream to provide a "zero-DN" level baseline. 



3.2.4.2	Main Electronics



The main electronics provides the power and performs all NC control functions.  The spacecraft specified 1553B Bus Interface Unit  (BIU) is used for communication with the Command and Data Subsystem (CDS). In addition, a direct access port is included in the main electronics to send pixel  telemetry to the NC ground support equipment.  This port is used for ground testing only.

�Figure 2   State Transition Diagram

�The STARDUST EFC, the common computer procured by the STARDUST Project, is the processor used by the NC.  All of the timing, internal sequencing, mechanism control, engineering and status data acquisition, and data packetization is performed under programmed microcomputer control. The main electronics  also generates and maintains internal timing which is synchronized to CDS RTI  timing of 8 Hz. 



The NC main electronics supplies the control for several of the camera functions.  No sontrol is needed for the single NC gain state.  The electronics also provides control for anti-blooming of the CCD, and for the capability to light flood and erase the CCD to avoid photometric errors. 



Control of the NC detector positive vertical clock voltage is performed by the main electronics. This capability is used to correct radiation effects for detector parameters such as CTE, residual image, spurious charge, full well performance and anti-blooming characteristics. 

 

The NC provides temperature sensors and heaters controlled and monitored by the main electronics to maintain the performance thermal limits identified in Table 6. The heaters are independently controllable and commandable ON or OFF in flight.  NC bulk temperature control is provided by the spacecraft pallet.

� TC  " Table 6    ISS Performance Temperature Limits" \l 1 �



Table 6   NC Performance Temperature Limits





	Subassembly				Temperature



	Optics, Wide Angle			Gradient Control	± 5oC radial-center to edge

						± 10oC axially along lens barrel



	CCD				Range Control	± 3oC

					Stability Control	± .2oC





The shutter control activates an electromechanical focal plane shutter in an open, close cycle and a reset cycle.  The shutter driver independently operates the shutter blade in order to provide variable exposure times. (Note: The capacitors which provide the instantaneous power for movement of the blade are located on the Optics Subassembly).  The filter wheel control activates a stepper motor to move each wheel to a particular filter position.  In addition, the filter wheel control reads the homing sensor encoders to detect the home position of each wheel.



The main electronics also includes an 8 bit square root compressor.  See section 3.3.2 for additional information regarding this compressor.



3.2.4.3	NC Software



3.2.4.3.1	General



The NC software performs all commanding, telemetry collection and packetization functions.  It processes all transactions for receiving and validating bus command messages and flags errors if they occur. The software performs command decoding for  commands addressed to the NC and provides control signals to the various NC hardware/software logic elements.   It provides control of timing and signals of the proper duration, number, and relative time sequence for control of mechanisms, light flood and erasure, and to initiate image command decoding.  The software also has the capability of updating the exposure table with data transmitted by ground command.



The NC acquires and delivers for packetization all NC engineering and status data.  This data is available for insertion into the solid state recorder.

�3.2.4.3.2	Command Storage and Expansion



The NC accepts and acts upon commands transferred from CDS that contain NC imaging modes, parameters, and timing. Commands are transferred as blocks of commands which will be stored in NC memory.  The minimum size of the transferred block is 5 kilowords.  Each block contains imaging commands which are expanded in the NC into camera electronics commands specifying camera mode, timing and data taking parameters for several frames of NC data.  The mode, timing, and image parameter commands which have been defined as the result of science or system requirements are given in Table 7 with the command states or contents.  Only one state may be chosen per frame of data.  Additional commands for control of the NC are given in the NC Software Requirements Document.



3.2.4.3.3	General Command Structure



NC science commanding is on a frame basis which has an associated frame time.  The frame time is split into two major cycles, the prepare cycle and the readout cycle.  The prepare cycle time is used to perform NC mode changes, filter wheel stepping, heater operation light flooding, and any other defined functions to prepare for an exposure.  The prepare cycle includes the exposure time.  The NC also has the ability to take and transmit images with zero exposure time.  The readout cycle is used to collect pixel data, encode or compress the data, and packetize the data.

 

The NC prepare cycle is constructed in a structured manner, allowing specific windows of time for performing functions as shown in a simplified timing diagram (Figure 3).  Sixteen possible time intervals are available in the prepare cycle.





Figure 3   Simplified Timing Diagram 





                         �





3.2.4.3.4	Telemetry Collection



The NC collects pixel data, engineering data and status data.  This data is collected and packetized as science telemetry and housekeeping telemetry.  Housekeeping telemetry consists of engineering and status data only, packetized with appropriate header information into packets called housekeeping packets.  This type of telemetry is used when the NC is in an ON power state.  The interval to collect data within NC for housekeeping packets is programmable. Science telemetry consists of all three types of data, packetized with appropriate header information into packets called science packets.  This type of telemetry is only used when the NC is actively taking data. A list of items which have been defined as the result of science or system requirements are given in Table 8.   Additional telemetry data for monitoring of the NC are given in the NC Software Requirements Document.



3.2.4.3.5	Packetization



NC data is packetized before transmission to CDS using CCSDS standards (per SD-3-281).  Two types of packets are generated by the NC - science packets and housekeeping packets.  The nominal NC packet is 8720 bits long which is a combination of header and image or housekeeping data.  For science packets, engineering and status data is placed before the image data in the packet to simplify decommutation of the engineering.





Table 7   NC Commands



	Command	States/Contents



Mode and Timing Commands



	Spacecraft Time	UDT Time specifying start of frame

	Number of Images	1 - 5000

	Camera Mode	WAC Only

	Prepare Cycle Duration	Specified in seconds with 2 sec minimum

	Delta between Prepare Cycles	Specified in seconds



Imaging Parameter Commands



	Camera ID	NC



	Gain State	1

	Exposure Duration	Reference to table of 64 entries

	Filter Position 	1 - 8  for each NC wheel Step 

	Filter Wheel Direction	Minimum motion

		Forward

		Reverse

	Anti-Blooming	On or Off

	12 to 8 Bit Encoding	On or Off

	Data Rate	300 kpxls / s



Other Camera Function Commands



	Optical Heater(s)	On or Off

	Shutter	Open

		Closed

	Light Flood	On or Off

	Erase	On or Off, n msec

	Integration	Start

	Offset	2 to 30 DN

	Vertical Drive Voltage	16 values, 0.4 V to 6.4 V

	Detector Temperature Control	On, Off, or Regulate

	Read Engineering Telemetry	Collect Engineering or Status Data

	Calibration Lamps (WAC only)	On or Off 

	Abort	Stop all camera functions, return to idle state





�

 

Table 8    NC Telemetry





	Pixel Data



	Engineering Data



		Microprocessor State

		Data Rate

		Voltages (5)

		Currents (1)

		Temperatures (5)

		Detector Positive Vertical Drive Voltage 

		Offset

		Light Flood State

		Anti-Blooming State

		Look-up Tables (3)



	Status Data



		Spacecraft Time

		Camera ID

		12 to 8 Bit Encoding State

		12 to 8 Bit Encoding Table

		2:1 Compression State

		Lossy Compression State

		Summation Mode State

		Line Number

		Pixel Number Start

		Line Error Detected State

		Exposure Start Time

		Exposure Duration

		Exposure Count

		Filter Position

		Shutter Position

		Gain

		Line Truncation





3.3	Data Processing



3.3.1	Effective Data Rates



NC Electronics provides one data rate of 300 kbpxls per second.



3.3.2	Encoding and Compression



The pixel data from the NC can be processed within the NC in several ways.  The default processing is to convert the 12 bits of data per pixel to 8 bits.  This is accomplished via one of two look-up tables stored in ROM.  Choice of the tables is commandable in addition to having the tables commandable ON or OFF in flight.



3.3.3	Data Paths



The NC has 5 data paths for pixel data as given in Table 9.





Table 9  NC Data Paths



	Path 1	The NC will convert each pixel to a 12 bit data value.



	Path 2	The NC will convert each pixel to a 12 bit data value and then apply 12 to 8 bit encoding.





Only one path per frame is active at a time and none of the processing methods reduces the effective readout rate.



3.4	Operations Requirements



3.4.1	Command Timing



Several timing constraints are placed on the NC in order to acquire science data at specific points in the spacecraft orbit, to acquire data in concert with other instruments on the spacecraft and to coordinate data taking between the NAC and WAC. To accomplish acquisition of science data at specific points in time and in concert with other instruments, NC imaging commands are issued within 5 milliseconds of the spacecraft time specified by the command.  In addition, the shutter close time always occurs at the same time within a prepare cycle.



3.4.2	Power Management 



Operational constraints are placed on the NC to limit the power drawn by NC from the spacecraft at any one time.  To accomplish this, the following three constraints are adhered to:  (1) the NC command timing is structured to allow the determination of power required for a particular function (i.e., shutter movement, filter wheel movement), (2) (a) during the interval of time when filter wheels are moving, the optical heaters within the same camera are turned off and (b) when the movement is complete, the optical heaters are turned on, and (3) simultaneous filter wheel movements within. 



3.4.3	Power On/Initialization and Power Off



At power turn on, the NC activates its ROM initialization program and waits for either a memory download or a SAFE command from the spacecraft. (For a description of the SAFE state, see Section 3.4.4). The ROM program accomplishes the functions listed in Table 10.   After the download is complete the NC inhibits filter wheel movement and shuttering, issues a shutter reset, places the detector in idle mode and begins issuing housekeeping packets.  At this time, the camera states are set to no summation and gain state 1, filter wheel 1 position.  Light flood is set to off, exposure duration to 0, anti-blooming to off, 12 to 8 bit encoding off, 2:1 compression off, data rate to TBD, and integration start to off.  The NC is then left in either the idle power state or set to the sleep power state.



For a planned power turn off, the NC commands the filter wheels to the home positions, issues a shutter reset, and then opens the shutter.





Table 10  NC ROM Functions



	Reset BIU discrete status to 0

	Initialize the instrument

	Self test the EFC

	Initialize the BIU

	Operates the shutter in the following sequence:

		Reset shutter

		Open Shutter

		Close Shutter

		Reset Shutter

		Open Shutter

	Operates the filter wheel in the following sequence:

		Move each filter wheel to the home position

		Move each filter wheel TBD steps in one direction

		Move each filter wheel in the opposite direction (from above step) to the home position

		Set discrete status to indicate home positions have been reached

	Check if SAFE command has been sent to NC (BIU discrete #TBD).  If yes, operate the filter wheel in the following sequence:

		Move each filter wheel TBD steps in the forward direction (go to crossed filter positions)

		Set discrete status to indicate wheels are in SAFE position

	Check if CDS is transmitting flight program.  If yes, store it in RAM and begin execution from RAM

	Continue checking for SAFE command or for flight program until power off or until flight program is running from RAM.





3.4.4	NC Safe State



In response to a concern that the NC boresight may, in a spacecraft fault condition, be exposed to the sun (accidentally incident sunlight), a methodology to protect the shutter and focal plane of the camera was developed.  The NC safe state is defined as placing a narrow band filter in the optical path and opening the shutter.  This camera state is initiated immediately after power on by setting a designated BIU discrete which NC interprets as a "go to safe position" .  This activates a sequence of filter wheel moves which cross two non-overlapping filters (See Table 10).  Note that (1) the shutter is already opened in the ROM functions and (2) no housekeeping data is generated with this approach.  The NC may be powered off with the filters in the crossed positions.  To uncross the filters, a power on reset to the cameras will move the filters to their home positions.



4.0	Allocation of NC Functional Requirements



All NC functional requirements defined in the NC Functional Requirements Document (SD-4-2036) are allocated herein to functional areas within the subsystem development area.  These areas are listed in Table 11 with a sub-breakdown by physical element where required for allocation purposes.  Each sub heading has the referenced paragraph number in the NC FRD listed in parenthesis.

�



Table 11    Allocation Areas for NC



	Optics and Mechanisms

		WAC Optics

		Filter Wheel

		Filters

		Shutter

	Sensor Head

	Detector

		CCD

		Package

	Electronics

		Sensor Head Electronics

		Main Electronics

		Software

		Electronic Packaging

		Ground System Engineering

	Mechanical

		Thermal

	Systems





4.1	Performance Requirements 



4.1.1	System Performance Requirements (3.3)



NC Performance Requirements listed in the NC Functional Requirements Document (FRD) as Table 4-2036:01 is shown here as Table 12 with an additional column which indicates (1) the functional area to which the requirement has been allocated.   

�

Table 12  Performance Requirements



Parameter 	Data	Allocation Area



Wide Angle Optics		WAC Optics

	Type	Refractor

	Focal length	200 mm

	Relative aperture	f/3.5

	Spectral Range	380 - 1100 nm 

	Number of filter positions	18

	Pixel IFOV	60 microradian/pixel

	Field of view	3.5 x 3.5 deg



Detector		Detector

	Type	CCD

	Format	1024 x 1024 pixels

	Pixel size	12 x 12 micrometers

	Full well	> 100,000 e- 

	On-chip processing 	Pixel summation up to 1,400,000 e-  

	Dark current 	< 0.1 e-/pixel/sec at operating temp

	Charge transfer efficiency	0.99996 at operating temperature



System Read Noise	<60 e- rms [goal of 20 e- rms] at  EOM	Electronics

Minimum Frame Time	3 sec	Electronics

Data rate range	300 kpixels / s	Electronics

Data encoding	One 12 to 8 bit encoding ROM tables,	Electronics

Gain states	1	Electronics

System MTF	>0.15 at 32 line pairs/mm 	Optics & Detectors

Exposure selection	Focal-plane shutter controlled by command	Software





�4.1.2	Stability Requirements (3.3)



The stability requirements are specified in the NC FRD, and shall be allocated as given in Table 13.





Table 13   Stability Requirements Allocation



	Requirement	Allocation	Area



	Transmission Sensitivity Changes

		< 1%/month	≤ 1.0%/month	Optics-filters

		< 2% over 16 hours	≤ 2.0%/month	Optics-filters

	Sensitvity Changes

		< 20% cumulative over the Saturn tour

			Dark Current Changes, (calibrated every year)	< 10%/year	CCD

			TransmNCion Changes

				Radiation Effects	< 4%	Filters

				Contamination*	< 1%	See Sec. 4.1.12

			Unallocated (Reserve)	> 5%	Systems

	Shutter Time Offset Changes	< 0.1 msec/year	Shutter

	Filter Bandpass Shifts	≤ 0.6A/year	Filters





	* Assumes that decontamination is performed on regular basis.



4.1.3	Filter Requirements (3.3)



The filter requirement shown in Table 2 of this document shall be allocated to filters.



4.1.4	Optical Requirements



4.1.4.1	MTF and Throughput Requirements (3.3.1)



The system modulation transfer function (MTF) is specified at 32 line pairs/mm broadband (see Appendix A) to be ≥ .15.  System MTF is cascaded from the optics and CCD MTF.  MTF allocation shall be as given in Table 14.





Table 14   MTF Allocation at 32 line pairs/mm

	

	WAC Optics (with spectral filter)		≥ .40

	Detector		≥ .40





The NC system throughput requirements, at delivery, shall be allocated as presented in the FRD.  Performance allocations for the optics and detector subassemblies that compose the system requirements shall be as given in Table 15.
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Table 15   Throughput Allocations



	WAC Optics	Detector QE

	with clear filter)

	nm



	200		-			0.13

	250		

	300		-			0.13

	350		-			0.13

	400		.30			0.13

	450		.60			0.13

	500		.70			0.15

	550		.73			0.20

	600		.73			0.30

	650		.73			0.32

	700		.60			0.30

	750		.50			0.28

	800		.35			0.24

	850		.25			0.18

	900		.15			0.10

	950		.12			0.04

	1000		.10			0.01

	1050		.09			0.008

	1100		.08			0.007





4.1.4.2	Optics Performance Temperature Limits (3.3.2)



The requirements on the NC, optics gradient performance temperature limits are allocated to Thermal.  The goals for the ÑC optics gradient performance temperature limits are also allocated to Thermal.  These allocations are given in Table 16.



 

Table 16   NC Performance Temperature Limits



	Subassembly		Temperature



	Optics, Wide Angle	Gradient Control	± 5oC radial-center to edge

			± 10oC axially along lens barrel





4.1.5	Radiometric Requirements (3.3.2)



4.1.5.1	Radiometric Accuracy



Current state of the art does not allow the validation of this requirement, therefore it is TBD.



4.1.5.2	Ghost Images



Ghost images shall not exceed TBD% of the direct image amplitude and this requirement is allocated to the detector and the optics.





Ghost images shall be minimized in the Nav Camera by employing anti-reflection reflection coatings on all refractive elements.  The reflection from refractive elements in the NC shall be less than TBD in the spectral interval extending from 380 to 1100 nm.



4.1.5.3	Geometric Distortion



Geometric distortion goal is less than 0.1 a pixels and is allocated to optics and detectors as shown in Table 17.





Table 17  Geometric Distortion



						Requirement						Allocation Area



						.02 of Pixel								Detector

						.08 of Pixel								Optics





4.1.5.4	Stray Light Rejection



The irradiance from sources outside nominal field of view shall be controlled, and the goals are shown in Table 18.  These goals are allocated to optics.





Table 18  Stray Light Rejection Goals



	•  Off Axis attenuation factors



			Off Axis				Attenuation



			6°					≤ 10-4

			40°					≤ 10-10



	•  System MTF ≥ 90% at 0.05 cycles/sample

	



4.1.6		Dynamic Range, Gain, and Linearity Requirements (3.3.3)



The NC FRD, paragraph 3.3.3 cites the requirements for dynamic range, gain, and linearity.  In addition, paragraph 3.3 of the FRD requires the overall system read noise to be ≤60 electrons with a goal of ≤20 electrons.  These parameters are affected by CCD as well as electronics circuit performance.  Baseline numbers for CCD contribution to overall requirements are in Table 19, while those for the electronics system are in Table 20.





Table 19  Baseline Detector Characteristics



		Full well				100,000 electrons

		On-chip summation			1,400,000 electrons

		CTE					.99996 @ -90°C

		CCD read noise				≤7 electrons

		CCD linearity				≤1% (ls variation)

		CCD uniformity				≤2% (pixel to pixel)

		CCD uniformity				≤3% (global)

		CCD dark current			<0.1e-/pixel/sec at operating temperatures
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Table 20  Requirements Allocated to Electronics



		Digitizing resolution				12 bits

		Digitizing linearity (integral)			≤0.5 DN (requirement)

		Digitizing linearity (differential)			5% (goal)

								1% over 10 DN range (goal)

								0.1% over 100 DN range (goal)

		Zero exposure (black level)			2 to 30 DN

		Zero exposure stability				≤0.5 DN over frame readout period

		Over clocked pixels				2 or more

		Gain states					4

		System read noise				≤59.6 electrons (required)

		System read noise				≤18.7 electrons (goal)





4.1.7	Residual Image Control Requirement (3.3.4)



Residual image effects shall be removed through the implementation of a light flood, and erasure procedure.  The allocations for flood lamp performance are given in Table 21.





Table 21  Light Flood System Performance



	Performance parameters					Allocation Area



	Flood lamp performance

	TIL24 1 mw @ .93 micrometers					Sensor head

	Light flood system structural accommodation			Mechanical

	Electronics control						Electronics

	Voltage 1.5V						

	Current 50mA

	50 ms ≤ pulse width ≤ 100ms





4.1.8	Data Rate Requirement (3.3.5)



The initial set of effective data rates that shall be available for science data taking are given in Table 22.  These are derived from the detector line readout time and the NC packet size (currently 8720 bits).  The effective data rates include the time required to read the data from the detector, to packetize the data with the identifying header information, and to have the packet(s) in the BIU awaiting pickup by CDS.  It is assumed that data encoding of 12 to 8 bits shall always occur.  Use of either the lossless or lossy compressors shall not require a different set of data rates.  Only five rates are required to be available at any given time.  These requirements shall be allocated to Electronics.



able 14   Effective Data Rates  ;

Table 22   Effective Data Rates (kpixels / s)



	300





�4.1.9	Radiation Control Requirements (3.3.6)



Radiations effects on NC performance and operation shall be controlled according to the requirements in the NC FRD, and the radiation design margins (RDM) reported in 205-3-240.  Radiation control shall be implemented by design precautions, shielding and radiation negating operating procedures.  The requirement allocations are given in Table’s 23 and 24.





Table 23  Radiation Control Allocation



				Requirement										Allocation Area



				Radiation Hardened Optics								Optics

				Resist Flight Radiation								Filters, Shutter, Electronics

				Environment with RDM of 2 at EOM





Energetic particles interacting with the CCD shall be limited by employing a shield.  The effects of energetic particle that ultimately interact with the CCD on performance shall be minimized by setting the positive vertical clock voltages, and operating the CCD at -90°C.





Table 24  Energetic Particle Control



			Requirement												Allocation Area



			CCD Shielding

				1 cm tungsten												Mechanical

				1 cm fuse silica element 										Optics

			Positive vertical clock voltage

				0.4-6.4V .4V increment with ± 0.2V tolerance					Electronics

				-90°C CCD operating temperature								Thermal

				-90°C CCD performance										Detectors





4.1.10	Blooming Control Requirements (3.3.7)



The requirement for implementing a CCD blooming control mode shall be allocated to the electronics system.  During a “normal” exposure sequence, CCD vertical clock phases 1 and 2 (the “collecting” phases) are held at the high (positive voltage) level.  Blooming control is accomplished by toggling these two clock phases between the high and low levels at the rate of 3 kHz, thereby transferring the collected electrons alternately from phase 1 to phase 2, etc., and internally limiting the charge level so as to inhibit blooming.



Effectiveness of the process is dependent upon the CCD vertical clock, positive voltage level, which shall be selectable via ground command.  Sixteen levels, from 0.4 to 6.4 volts in 0.4 volt increments, are available.



4.1.11	Lifetime Requirements (3.3.8)



All components of the NC shall have a lifetime of ≥ 8 years.  For the final four years of that period, the NC will have power applied, either in the SLEEP, IDLE or ACTIVE power state.  During this period of time, there are cycling requirements which shall be met for on/off cycles, thermal cycles, and mechanism cycles.



4.1.11.1	On/Off Cycles



The NC is required to withstand 150 on/off cycles and the on/off cycle allocation is shown in Table 25a.
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Table 25a  On/Off Cycle Requirement



	Requirement	Allocation Area



	At least 150 on/off cycles	Electronics





4.1.11.2	Thermal Cycles



Thermal cycles of the remote sensing platform are expected to be a 24 hour occurrence at Wild 2.  The cycle depth is expected to be TBDoC {expected value 15} with an average cycle time of 16 hours warm, 8 hours cold during each 24 hour period.  To mitigate the depth of the thermal cycle, the NC shall be in SLEEP mode during the 8 hour cold period.  This mode keeps the detector heater and the optics heater active.  The NC shall be able to withstand ≥ 2000 thermal cycles and shall utilize the defined heaters to decrease the depth of the platform temperature cycle.  The thermal cycle requirement is allocated in Table 25b.





Table 25b  Thermal Cycle Requirement



	Requirement	Allocation Area



	≥ 2000 thermal cycles with a 	Optics, Filters, Shutter,

	peak to peak variation of 15°C	Detector, Electronics



	

4.1.11.3	Mechanism Cycles



NC shall be capable of taking ≥ 5000 images over 7 years.  The mechanism cycle requirements are allocated in Table 25c.





Table 25c  Mechanism Cycles



	Requirement	Allocation Area



	≥ 3500 cycles of one-half revolution 	Filter wheel-Optics

	≥ 3500 of open/close/reset cycles	Shutter-Optics

		Shutter power supply-Mechanical





4.1.12	Contamination Requirement (3.3.9)



The NC contamination requirement allocations are given in Table 26.
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Table 26  Contamination Allocation



Total contamination budget 				   Allocation					Responsible Area



External molecular contamination 	1.3%			WAC = 1375 µg/cm2				S/C Systems	

at apertures of cameras							

			

		(levied on S/C)							



Internal molecular contamination	1.7%			WAC = 350 ng/cm2				Mechanical

												



Particulates						1.0%

	Detector Packaging							Cleaned to 300*					Detector

	Optical Surfaces								Cleaned to 150*					Optical

	KSC Operations								TBD							S/C Systems



* MIL STD 12468



4.1.13	Exposure Control Requirements (3.3.10)



The NC exposure control requirements shall be allocated as given in Table 27.





Table 27    Exposure Control Allocation



		Requirement					     	Responsible Area



	Capability to have 64 commandable exposure durations			Software

	Capability to use filter factor algorithm					Software

	Capability to update exposure times and filter factors in flight		Software

	Control of interval between exposures					Software

	Control of minimum exposure (calibrated) and accuracy

		Mechanical movement					Shutter

		Energy and waveform to move shutter blades 		Electronics, Shutter

		Timing of start/end of exposure				Electronics

	Control of repeatable exposure time accuracy			

		Mechanical movement					Shutter

		Energy and waveform to move shutter blades 		Electronics

		Timing of start/end of exposure				Electronics

	Control of light reaching focal plane with shutter closed			Shutter





4.1.14	Filter Positioning Requirements (3.3.11)



The NC filter positioning requirements shall be allocated as given in Table 28.
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Table 28   Filter Positioning Allocation



		Requirement						Responsible Area



	Capability to have filter positions evenly divided into two wheels			Filter Wheel

	Capability to independently move wheels in filter mechanism

		Independent motors							Filter Wheel

		Independent control							Electronics

	Capability to move filter wheels in forward or reverse direction

		Motor movement							Filter Wheel

		Direction control							Electronics

	Capability to spectrally cross filters						Filter Wheel

	Capability to change positions at < 2 positions/sec	 		

		Motor movement							Filter Wheel

		Energy and waveform to move wheels					Electronics, Shutter

		Timing of filter wheel movement					Electronics

	Capability to command by absolute position					Software

	Capability to command by step increments					Software

	Capability to reposition filter wheel to known  configuration		

		Homing sensors on each wheel (4 total)					Filter Wheel

		Independent read capability of sensors					Electronics

		Interpretation of position						Software





4.1.15		Data Processing Requirements (3.3.12)



Data processing requirements shall be the responsibility of Electronics.  Specific requirements allocations are given in Table 29.





Table 29    Data Processing Allocation



	Capability to encode pixel data to 8 bits from 12 bits					Electronics

	Capability to turn encoding on or off								Electronics

	Capability to turn compressor on or off								Electronics

	Provide at least two data paths for pixel data							Electronics

			



4.2	Operating Requirements (3.4)



4.2.1	Command Requirements (3.4.1)



The command requirements shall be allocated as given in Table 30.
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Table 30   NC Command Requirements Allocation



														Allocation		Allocation Area



	Physical memory to store NC commands				> 10 kwords			Electronics

	Decoding and interpretation of NC commands								Software

	Maximum loss of 2% of planned images

		Losses due to hardware errors (i.e. SEUs)			< 0.1%				Electronics

		Losses due to interface errors						< 1.9%				Electronics

	Structure of commands													Software





4.2.2	Telemetry Requirements (3.4.2)



All telemetry requirements shall be allocated to the Software.



4.2.3	Camera Operation Requirements (3.4.3)



The camera operation requirements shall be allocated to the Electronics.



4.3	Allocation of System Requirements



4.3.1	Electrical Interface Requirements (5.1)



The electrical interface requirements to the Command and Data Subsystem (CDS) and to the Pyro/Power Subsystem (PPS) shall be allocated as given in Table 31.





Table 31   Electrical Interface Allocation



	Electrical interface circuit definition					Electronics

	Electrical grounding						Electronics

	Power interface definition						Electronics

	Capability to interface MEA  to PPS				Electronics

	Replacement heaters location and size				Thermal

	Capability to interface replacement heaters to PPS

		Power interface definition					Electronics

		Supply connectors					Mechanical

	Decontamination heater location and size				Thermal

	Capability to interface decontamination heater to PPS

		Power interface definition					Electronics

		Supply connectors					Mechanical

	 Temperature sensors

		Locations and ranges					Thermal

		Supply temperature sensors				Mechanical





4.3.2		Mechanical Interface Requirements



The mechanical interface requirements for mounting of the NC camera head assemblies on the remote pallet shall be allocated to the mechanical area.  The maintenance of the NC coordinate system shall be the responsibility of the NC system. 



4.3.3		Alignment Requirements (5.2.3)



4.3.3.1	System Level Alignment Allocation



The system level requirements for alignment of the NC are given in Table 32a, NC System Alignment Requirements.  System alignment requirements are the responsibility of the optics and mechanisms areas.





Table 32a  NC System Alignment Requirements Each Axis



								Boresight to Mounting Feet			Boresight Twist



								Control		Knowledge			Control	Knowledge

			 					 (mrad)		  (mrad)				 (mrad)	   (mrad)



	Wide Angle Camera	± 1.0	± 0.1	£ 17.4	± 0.3





4.3.3.2	Subassembly Level Alignment Allocation



Subassembly alignment allocations simplify the system alignment task and shall be performed with mechanical shims and clocking or joint-play in bonded or fastener joined interfaces.  These alignment allocations are summarized in Tables 32 b, c, d and e and are the responsibility of the optics and mechanisms areas.



Table 32c  WAC Boresight Alignment Budget



	Interface	Allocation-inches



	Optics to Mounting Foot	± 0.004

	Sensor Head to Optics	± 0.004

	Detector to Sensor Head	± 0.004

	CCD to Detector Package**	± 0.004







Table 32d  NC Twist Budget



	Interface	Allocation-mrad



	Sensor Head to Mounting Foot	± 10.1

	Detector Package to Sensor Head	± 10.1

	CCD to Detector Package**	± 10.1
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Table 32e  NC Tilt & Focus Allocations

��������

Interfaces�

Tilt���Allocations

Focus

�����Control

(mrad)�Knowledge

(mrad)�Stability

(mrad)�Control

(inches)�Knowledge

(inches)�Stability

(inches)

����������WAC Optics/Sensor Head�± .5�TBD�± .05�± .004�± .0005�± .001*

���Control

(inches)�Knowledge

(inches)��Control

(inches)�Knowledge

(inches)

���Sensor Head/Detector Pkg�.0005�TBD��± .005�± .0005�TBD��Detector Pkg/CCD**�.002 �± .001   ��± .005�± .001�TBD��

*	Stability allowed to vary ± .002 over the operating temperature range.

**	This is allocated to the Detector Packaging area per drawing 10150051.

��������

4.3.4		Mass, Power and Volume Allocation



4.3.4.1	Mass Allocation (6.1)



The NC has a subsystem mass allocation from the STARDUST Project of 12 kilograms.  The mass suballocation is given in Table 33.
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Table 33   Mass Suballocation



Partition	Allocation 	Cognizant Recipients

			(kg)



Wide Angle Camera Head Assembly

	Optics Subassembly	5.1	NC Mechanical Cognizant Engineer

	Filter Wheel/Shutter Housing	3.0	NC Mechanical Cognizant Engineer

	Schaeffer Magnetics Filter Wheel	3.2	NC Mechanisms Cognizant Engineer

	Filters (including clamps, screws)	0.3	NC Optics Area Manager

	Shutter Subassembly	0.6	NC Mechanisms Cognizant Engineer

	Sensor Head Subassembly

		CCD Detector 	0.1	NC Detector Area Manager

		Sensor Head Electronics	0.8	NC Electronics Cognizant Engineer

		Mechanical Parts	5.6	NC Mechanical Cognizant Engineer

	Fasteners, Temp Sensors, Cabling & Connectors, etc	1.6	NC Mechanical Cognizant Engineer

Main Electronics Assembly 1	11.0	NC Elec Packaging Cog Engineer

Main Electronics Assembly 2	11.0	NC Elec Packaging Cog Engineer

Reserve	0.6	NC Systems Engineer



Total	12





4.3.4.2	Power Allocation (6.2)



The NC has a subsystem peak power allocation from the STARDUST Project of 5.0 Watts in the SLEEP mode and a of 15.8 Watts in the Operational Remote Sensing (ORS) mode.  In order to suballocate the power and stay within the subsystem allocation, operating conditions are imposed on NC.  They are:

		

•	Optics heaters in a camera must be turned off when moving a filter wheel in that camera.



Should additional power become available, the NC System Engineer may elect to eliminate or alter these operating conditions.    The power suballocation is given in Table 34.
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Table 34   Power Suballocation



Partition				     				Allocation (W)			Cognizant Recipients



		SLEEP	ORS	AVG

	Optics Thermal Control

	Wide Angle Camera	2.0	2.0	1.8	Thermal Cog E

	Mechanisms (per camera)

	Shutter Subassembly	0.0	0.5	0.2	Electronics Area Manager

	Filter Wheel Subassembly	0.0	12.0	0.7	Filter Wheel Cog E

CCD Thermal Control (per camera)	1.5	1.5	1.0	Electronics Area Manager

Sensor Head Electronics (per camera)	0.0	3.6	3.4	Electronics Area Manager

Main Elec Assembly (total, 2 MEAs)	27.8	40.5	33.8	Electronics Area Manager

Reserve	1.2	10.5+		Systems Engineer



+ Reserve available through imposition of operating conditions



When using any margin available within the suballocation, each cognizant recipient is required to deduct 

the amount of any change to the power supply efficiency from their suballocation.  This amount need to 

be coordinated with the Electronics Area Manager. 





4.3.4.3  Data Rate Allocation (3.3.5)



The NC has a subsystem data rate allocation from the STARDUST Project of 300 kpixels per secondSince the NC requires that at least one programmable data rate be available at any time (see SD-4-2036The data rate suballocation is given in Table 35.





Table 35   Data Rate Suballocation



	Partition	Allocation	Cognizant Recipients



	Navigation Camera	300	Electronics Area Manager

	Reserve	26	Systems Engineer





4.3.4.4  Volume Allocation (6.3)



The volume requirement for the main electronics shall be allocated to the electronics.  The allocation of  volume for the camera head assemblies which consists primarily of the optics, mechanisms, and sensor head is maintained at the NC system level.



4.3.5		Packaging Requirements (6.4)



The packaging requirements shall be the responsibility electronics packaging.



4.3.6		Environmental Constraints (6.5)



The environmental constraints shall be allocated as given in Table 36, Environmental Constraints Allocations.  The allowable flight temperature limits, as given in SD-3-210 and the "Memorandum of Agreement on Allowable Flight Temperatures and Assembly Level Test Requirements for the STARDUST Navigation Camera (NC)" shall be allocated to Thermal for design requirements and to Systems for negotiation of the interface with spacecraft systems.







Table 36   Environmental Constraint Allocations



	Vibration Requirements			Mechanical

	Ability to Clean External Surface		Mechanical

	Gaseous Nitrogen Purge			Mechanical

	Ground Temp, Pressure, And Humidity		Systems

	Shipping Containers Design		Mechanical

	Magnetics				Mechanical

	Electronic Transients			Electronics

	Power Bus Noise				Electronics

	Radiative EmNCion			Filter Wheel, Shutter & Electronics

	Explosive Atmosphere			Systems

	Flight Dynamics				Mechanical

	Free Neutral Oxygen Designs		Mechanical

	Thermal Requirements

		Design										Thermal

		Measurement capability								Electronics

		Measurement analysis									Software

	RF Susceptibility			Electronics

	Design For Space Vacuum	

		Mechanical Integrity									Electronic Packaging

		Electronic Integrity									Electronic Packaging

	Solid Particle Design			Mechanical

	Discharge				Electronics

	Plume Contamination			TBD

	Ionization Radiation									See Table 24 & 25





4.3.7		Structural Design Requirements (6.6)



The structural design requirements shall be allocated to the mechanical area.



4.3.8		Fault Protection Requirements (6.7)



The fault protection requirements are allocated as given in Table 37, Fault Protection Requirements Allocation.





Table 37  Fault Protection Requirements Allocations



	Boresight and radiation exposure to sun

		Ability to withstand sun on radiator						Mechanical

		Ability to withstand sun in boresight					Systems

	Preservation of critical data								Systems

	CDS reset of BIU										Electronics

	Actions for WAC and NAC unhealthy status					Systems

	NC safing action										See Table 27

	NC insensitivity to thruster firing							TBD

	Power OFF if NC faults									TBD





�4.3.9	Safety Requirements



The safety requirements are allocated as given in Table 38, Safety Requirements Allocation.



Table 38  Safety Requirements Allocations



	Safety of materials and structure							Mechanical

	Safety of electrical systems								Electronics

	Safety of electromechanical devices

		Mechanism operational safety							Filter Wheel and Shutter

		Interface integrity									Mechanical

	Computer Systems are zero fault tolerant					Electronics

	Non-computer controlled inhibit							GSE

	One fault tolerant against personnel hazard					GSE













�Subsystem Description and Allocation Document



Appendix A









I.	MTF of WAO

	The Wide Angle Camera for STARDUST NC will inherit the 200 mm focal length optics designed and built for Voyager.  It was developed for a CCD with 15 µm pixel size and a 50% MTF at 32 lp/mm.  Because radiation resistant optical materials was used to harden the optics, the lens has a poor  broad band MTF at 32 lp/mm and 42 lp/mm.  The theoretical MTF for the spectral range 380 nm to 1100 nm is 30% at 32 lp/mm.  The thickness of individual filters can be optimized to improve the MTF at a particular wavelength, and it is expected that the WAC will satisfy NC requirements.
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ACRONYM LIST





AU	astronomical unit

BIU	bus interface unit

CCD	charge coupled device

CCSDS	Consultative Committee on Space and Data Standards

CDS	Command and Data Subsystem

CNES	Centre Nationale D'Etude Spatiale 

COFO	compressor formatter

cos	cosine

CTE	charge transfer efficiency

DCT	discrete cosine transfer

DN	data number

deg	degree(s)

oC 	degrees Centigrade

e- 	electrons(s)

EFC	Engineering Flight Computer

FR	Functional Requirements

FWHM	Full Width Half Maximum

GFE	government furnished equipment

ICD	interface control drawing

ID	identification

I/F	Interface

IOM	Interoffice Memorandum

NC	Navigation Camera

JPL	Jet Propulsion Laboratory

kbps	kilobits per second

kg	kilograms

krads	kilorads

lp	long pass

mm	millimeter

msec	milliseconds

MTF	modulation transfer function

nm	nanometer

NA	Narrow Angle

NAC	Narrow Angle Camera

PPS	Power/Pyro Subsystem

rms	root mean square

RTI	real time interrupt

S/C	Spacecraft

sec	seconds

SEU	single event upset

sp	short pass

TBD	to be determined

UDT	universal daylight time

m	micrometer

V	volts

W	watts

WA	Wide Angle

WAC	Wide Angle Camera

WF/PC	Wide Field/Planetary Camera
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