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1. [bookmark: _Toc510527738]FAQs/Specifications
· [bookmark: _Toc505710299][bookmark: _Toc510527739]LED ID and wavelengths
[image: ]
Figure 1: Example of measured LED spectra with overlaid filter bands. 
· [bookmark: _Toc505710300][bookmark: _Toc510527740]Minimum flash time and resolution
The minimum allowable LED flash time is 3 µs, with a resolution of 1 µs; however, a minimum flash time of 0.1 ms is recommended (see Section 4.2).
· [bookmark: _Toc505710301][bookmark: _Toc510527741]IP address of master board
· At Palomar: 192.168.1.29
· Testing on bench: 169.254.11.17
· [bookmark: _Toc505710302][bookmark: _Toc510527742]I2C address of installed illuminator modules
	Board ID
	I2C Address

	2.1
	1

	2.2
	2

	2.3
	3

	2.4
	4

	2.5
	5

	2.6
	6

	2.7
	7

	2.8
	8


· [bookmark: _Toc505710303][bookmark: _Toc510527743]Power draw
See Section 3.3 for details. Idle (peak) dc power consumption of FFI system is 7.3 (23.7) W. 
· [bookmark: _Toc510527744]UV light safety
LED0 and LED1 emit in the UV (< 400 nm). Take necessary safety precautions when testing. 
· [bookmark: _Toc510527745]Temperature
-10 to 30° C (each illuminator module tested in cold chamber).
· [bookmark: _Toc510527746]Calibrated intensity range
See Section 4.6 for details. For best results, request intensity between 0.001 and 1. Theoretical resolution of 16 bits. 
· [bookmark: _Toc510527747]Thermalization time
[bookmark: _Toc505710304]See Section 6.3 for details. It recommended that the FFI be powered up at least 16 minutes prior to operation. 
2. [bookmark: _Toc505710305][bookmark: _Toc510527748]Introduction
The Flat Field Illuminator (FFI) is a calibration module that provides uniform light to the pupil of the telescope – see Figure 2 for a CAD of the FFI system interfacing with the telescope in the dome. Ideally, an automated calibration routine occurs every day before observations – Section 7.1 outlines the automated calibration procedure. 
The FFI consists of a single master board and an array of eight illumination modules that encircle the pupil of the telescope. Each illumination module has 15 unique colors chosen to illuminate the ZTF detector over the full science band (385 nm to 940 nm). The master board communicates with the user via Ethernet.
[image: ]
[bookmark: _Ref505615331]Figure 2: CAD of FFI system. The telescope aligned to FFI (a), in the dome. The telescope approaching the FFI (b). A cutaway of the FFI with boards installed (c) – note that in reality, on 8 boards are installed in the FFI, and the white screen sits opposite of the illuminator modules. 
The FFI performance requirements are described in a separate document – see Flat Field Screen Requirements, CIN #676, Roger Smith (rsmith@astro.caltech.edu).
Michael Feeney (mfeeney@caltech.edu) is the engineer responsible for the mechanical structure and installation of the FFI. 
3. [bookmark: _Toc505710306][bookmark: _Toc510527749]Electronics Hardware
The FFI electronics consist of a master board and eight illuminator modules that encircle the mouth of the flat field screen assembly. As drawn in the system schematic in Figure 3, the master board receives high-level commands and transmits diagnostic data via Ethernet. The microprocessor on the master board interprets the high-level commands and coordinates with eight illuminator modules via an I2C bus.
[image: ]
[bookmark: _Ref504744288]Figure 3: System block diagram of flat field illuminator (FFI) electronics. The master board communicates with the user via Ethernet. The master board coordinates eight illuminator modules via an I2C bus (clock and data lines).
3.1. [bookmark: _Ref504746379][bookmark: _Ref504747161][bookmark: _Ref504747167][bookmark: _Ref504747178][bookmark: _Ref504747188][bookmark: _Toc505710307][bookmark: _Toc510527750]Illuminator Module
Each illuminator module, pictured in Figure 4, contains three banks of 15 unique LEDs. The 15 LEDs spectrally span the three ZTF filter bands, covering the 390-950 nm wavelength range. 
[image: ]
[bookmark: _Ref504744313]Figure 4: Photo of a single illuminator module.
The illuminator module consists of three subsystems, called out in Figure 5, which are controlled via the module microprocessor (Teensy LC). 
[image: ]
[bookmark: _Ref504744342]Figure 5: Full illuminator module schematic. The subsystems of the circuit called out in red. Please refer to supplementary documents for high-resolution schematics and a detailed component list.
The current source, Figure 6 (left), can source 0-136.5 mA with a theoretical 16 bits of resolution. The current source feeds into a single LED color (three identical LEDs in series) via two fast switching multiplexers. The multiplexers can only source one color at a time; however, the illuminator module features sub-millisecond switching speeds. This enables the user to implement a custom illumination sequence during a single exposure. For example, the user can illuminate LEDs 1, 4, & 6 serially for 100 ms each during a single exposure. The board logic gives the user the ability to pick a unique source current for each color; however, the same illumination time (100 ms/color in the above example) is used for the entire illumination sequence. A single 30 Ω resistor (R9) occupies the last multiplexer channel. This “idle” resistor switches into the circuit when the LEDs are dark. The idle resistor allows for precise switching times (switching times that rely only the multiplexer), while minimizing unwanted transients. 
[image: ]
[bookmark: _Ref504744364]Figure 6: Current source (left): 16-bit DAC with 4.096 V reference and 30 Ω source resistor allow for precise tunable LED current with a 136.5 µA range. Readout circuit (right): buffer followed by difference op-amp conditions the voltage across the LEDs. Switchable 16-bit ADC selectively measures VTEMP (from analog out temperature sensor), VCurrent (DAC voltage), or VLED (conditioned LED voltage drop).
The readout circuit, Figure 6 (right), allows the user to measure board temperature (VTemp), sourced current (VCurrent), or the forward voltage drop across the LEDs (VLED). These readout features provide diagnostic tools along with feedback assisted illumination control.  VLED is measured using a two stage op-amp conditioning circuit: the first stage (op-amp buffer) serves as an impedance transformer; the second stage is a difference amplifier ( Vout = VCathode – VAnode) with a gain of G = R3/R10 = 0.392. The conditioning circuit (1) minimizes the current draw of the readout circuit, (2) keeps the measured signal below the full-scale range of the ADC, 4.096 V, and (3) minimizes the power dissipation with large feedback resistors. 
3.2. [bookmark: _Toc505710308][bookmark: _Toc510527751]Master Board
A single master board, pictured in Figure 7, receives high-level commands and transmits diagnostic data via Ethernet. The microprocessor (Teensy 3.2) on the master board interprets the high-level commands and coordinates with eight illuminator modules via an I2C bus. The full schematic of the master board is shown in Figure 8. The master board mounts on the inside of the illuminator structure—the Teensy and Ethernet shield LEDs have been physically removed to reduce unwanted light in the telescope tube.

[image: ]
[bookmark: _Ref504744409]Figure 7: Photo of assembled master board.
[image: ]
[bookmark: _Ref504744430]Figure 8: Master board schematic. Please refer to supplementary documents for high-resolution schematics and a detailed component list.
3.3. [bookmark: _Ref505265094][bookmark: _Ref505265106][bookmark: _Toc505710309][bookmark: _Toc510527752]Power Requirements
The master board requires a +15 V and -15 V voltage source. Power is delivered to each illuminator module in series via a chain of flat ribbon cables. The startup, or quiescent, power requirements have been measured and roughly agree with the expected power budget calculated from component datasheets. The measured quiescent current follows:
	Description
	+15 V current draw
	-15 V current draw

	Master board only, 
no Ethernet connection
	113 mA
	0 mA

	Master board only, 
active Ethernet connection
	174 mA
	0 mA

	Master board (and Ethernet),
One illuminator module
	208 mA
	4 mA

	Master board (and Ethernet),
Two illuminator modules
	243 mA
	9 mA

	Master board (and Ethernet),
Eight illuminator modules
	450 mA
	37 mA


 
To summarize the startup power requirements, the master board draws 174 mA from the +15 V supply, while each connected illuminator module requires 34.5 mA (4.5 mA) from the +15 V (-15 V) supply. This adds up to just less than 7.5 W of power for the entire FFI system in idle. 
 The active power requirements are dominated by the maximum possible current sourced to the LED banks (see Section 3.1), where each board is capable of sourcing 136.5 mA to a single color (three identical LEDs in series). Additional active current sinks (e.g. multiplexer switching, ADC readout, I2C communication) appear negligible on any measurable timescale. The maximum current draw from the +15 V source for 8 boards should be 174 mA (master) + 8 boards * [34.5 mA/board (quiescent) + 136.5 mA/board (active)] = 1.542 Amps. The wiring and power supplies are rated for over 2.0 Amps at +15 V. This adds up to a peak power consumption of just less than 23.7 W.   
3.4. [bookmark: _Toc505710310][bookmark: _Toc510527753]Wire Harness Details
There are three categories of wire harness in the FFI system. Please see supplementary documents for full wiring harness details (\Wire Harness\). The power wiring harness (Figure 9) connects the external power enclosure to the master board. This connection is accomplished via two separate harnesses: a long harness from the external enclosure to a feed-through on the illuminator, and a short harness from the feed-through to the master board.
[image: ]
[bookmark: _Ref504749246][bookmark: _Ref504749192][bookmark: _Ref504749235]Figure 9: Power wiring harness.
A spliced 16 AWG flat-ribbon cable connects the master board to the first illuminator module (Figure 10). The harness routes power (doubled up for capacity), I2C bus (SDA0 and SCL0), address bus (not implemented), and an extra wire for possible troubleshooting. The splice is necessary due to a design error in the master connector layout. 
[image: ]
[bookmark: _Ref505249179]Figure 10: Master to first module harness
A similar harness connects each illuminator module in series (Figure 11). The length is set by the mounting position of the modules in the FFI structure. 
[image: ]
[bookmark: _Ref504750134]Figure 11: Inter-module harness
[bookmark: _Toc505710311][bookmark: _Toc510527754]2.6. Electronics Enclosure
The electronics enclosure houses two power supplies (+15 V and – 15 V), along with the option to include the photodiode power supply – see Figure 12. There are no plans to integrate the photodiode into the FFI -- future enclosure designs should be designed to house only the power supplies. The enclosure is mounted to the FFI support structure. The enclosure is powered by a network power supply. The power switch should be on during regular operation – turn off when working on the FFI electronics. Two boxes are assembled, with one in storage at Palomar. The enclosure STEP file and BOM can be found in \Electronics Enclosure\. 
[image: ]
[bookmark: _Ref505758494]Figure 12: CAD of electronics enclosure (left), containing two power supplies and the photodiode power meter. The enclosure is mounted to the FFI support structure (right).  

[bookmark: _Toc505710312][bookmark: _Toc510527755]2.5. Board Versions
This section provides a summary of the board version history. Please see supplementary documents for more information, including Altium project files, Bill of Materials (BOM), and quotes.
· Master board: IlluminatorMaster_v4 (\Board Design\IlluminatorMaster_v4).

Only one master board version exists, manufactured by Advanced Circuits and assembled at COO. Four assembled boards exist, with one installed in the FFI and one backup in storage at Palomar. 
· Illuminator module: IlluminatorModule_v5 (\Board Design\IlluminatorModule_v5).

First manufactured illuminator module version, manufactured and assembled by Advanced Circuits. Twenty boards fabricated, ten boards assembled. This version had a fatal error, where most LEDs were installed backwards. A handful of IlluminatorModule_v5 boards were hacked for testing purposes – LEDs removed, haywires installed, traces cut, new LEDs installed. This document will not discuss IlluminatorModule_v5 in any detail. 
· Illuminator module: IlluminatorModule_v6 (\Board Design\IlluminatorModule_v6).

Manufactured and assembled by Advanced Circuits. Twenty boards fabricated, ten boards assembled. Boards modified (see travelers) to match schematics of IlluminatorModule_v7, Figure 5. Eight boards [B2.1, B2.2, B2.3, B2.4, B2.5, B2.6, B2.7, B2.8] are installed on the FFI, two boards [B2.9, B2.10] are in storage as alternative boards. 
· Illuminator module: IlluminatorModule_v7 (\Board Design\IlluminatorModule_v7).

PCB layout is the same as IlluminatorModule_v6. Eight boards from IlluminatorModule_v6 were shipped to Bittele Electronics for assembly.  The schematic reflects the circuit as installed at Palomar, Figure 5. 

4. [bookmark: _Toc505710313][bookmark: _Toc510527756]Testing and Calibration
4.1. [bookmark: _Ref505593924][bookmark: _Toc505710314][bookmark: _Toc510527757]Initial Testing
Each illuminator module and master board should first be evaluated for basic functionality. 
First, ring out the untested illuminator module and master board. Power up the untested illuminator module using an adjustable power supply, current limited according to the power requirements found in section 3.3. Record the voltage at the microcontrollers, make a note of the consumed current.
Next, use the evaluation script (\Board Testing And Calibration\Testing and Calibration Routines\IlluminatorModuleTest_v1.m) to evaluate the following:
· Communication between the master board and illuminator module.
· Readout using ADC. Script records the voltage drop across each LED, the voltage applied by the current-source, and the on-board temperature.
· Visual confirmation. The script prompts the tester to visually evaluate the LEDs (skipping UV and NIR). 
The test script generates a log file. Formal log files do not exist for illuminator modules assembled prior to module 2.11. 
4.2. [bookmark: _Ref505763623][bookmark: _Toc510527758]Scope Testing
Extensive testing of the illuminator module with a fast oscilloscope revealed the following:
· There is a 3.2 µs overhead. For example, requesting a 10 µs illumination pulse results in a 13.2 µs illumination pulse. 
· The exponential decay time of LED current is roughly 40 µs. 
· The timing resolution is 1 µs.
· There is an inherent delay of roughly 1 ms between LED illumination pulses.
Pulse lengths greater than 100 µs is recommended for linearity—current decay is less of a factor. 

4.3. [bookmark: _Toc510527759]Calibration Philosophy
The FFI is required to deliver a flat illumination profile with constant intensity over the lifetime of the instrument. The calibration strategy assumes that the greatest source of both spatial and temporal intensity fluctuations come from changes in ambient temperature. A quick examination of component datasheet reveals a complicated temperature dependence – for example, passive component (resistors, capacitors) values; LED current-intensity profiles; DAC and ADC conversion rates. 
After the user requests an illumination intensity from the FFI, each illuminator module measures the on-board temperature and calculates the current needed to generate the requested intensity – the on-board microprocessor has a unique calibration curve stored in memory. Each calibration curve is generated experimentally, described in Section 4.4, by measuring the relative intensity of each LED color as a function of both applied current and ambient temperature (-10 to 30° C). 
Please note that there is no active feedback implemented. Additionally, the long-term drift of the calibration curves is unknown. The illuminator modules should be periodically monitored for illumination stability. Hardware components naturally age, which will cause stochastic changes in the behavior of each illumination module, possibly leading to noticeable degradation of the delivered illumination profile. Without active feedback, regular recalibration of the modules may be necessary. 
4.4. [bookmark: _Ref505423579][bookmark: _Toc505710315][bookmark: _Toc510527760] Thermal Testing of Illuminator Modules: Setup
This section describes the thermal testing procedure carried out for each illuminator module.
4.4.1. [bookmark: _Toc505710316][bookmark: _Toc510527761]Testing Rig
The environmental test setup was designed to simulate actual operating conditions of the FFI at Palomar. A testing rig (Figure 13) was constructed to allow for repeatable measurements of the illuminator module with the on-board electronics, a calibrated photodiode, and a spectrograph. The testing rig base (Figure 13a) is a stack of a laser-cut white foam core with pockets to house the illuminator module, the photodiode, and an SMA port for the spectrograph fiber. A white foam core box (Figure 13b) acts an integrating sphere – LED light scatters off the box and into the photodiode and the spectrograph fiber. A final black box (Figure 13c) reduces ambient light within the testing rig.
[image: ]
[bookmark: _Ref505247734]Figure 13: Illuminator module testing rig, constructed from laser cut foam board. The base (a) securely houses the illuminator module, the photodiode, and the spectrograph fiber port. A white foam core box (b) sits securely over the base, and a second black box (c) reduces the ambient light in the test rig. 
4.4.2. [bookmark: _Toc505710317][bookmark: _Toc510527762] Testing Hardware
Environmental testing utilizes the following hardware:
· Illuminator: the illuminator module is in the base of the testing rig; the testing rig is inside the environmental test chamber. The illuminator module connects to the master board (M1.1, sitting outside the test chamber) via a long wire harness (same as Figure 10). The master board communicates with the computer via Ethernet. A variable dc power supply with dual outputs (Agilent E3631A) powers the master board.   

· Photodiode: A calibrated Newport photodiode (818-UV/DB, no attenuator) captures the relative intensity of the illuminator module LEDs. The photodiode is constrained by a pocket in the base of the test rig, and a handheld optical power meter (Newport 1919-R) reads out the photodiode. The power meter sits outside the environmental test chamber and communicates with the computer via USB. The photodiode setup has the following relevant specifications: spectral range of 200 – 1100 nm; 5 Hz sampling rate; power range of 100 pW – 0.1 mW. 

· Spectrograph: An Ocean Optics spectrograph (Maya2000 Pro) measured the spectral properties of the illuminator module LEDs. The spectrograph has a spectral range of 200 – 1050 nm and a spectral resolution of 0.42 nm. The spectrograph was located outside the test chamber and communicated with the computer via USB. A multimode patch cable provided by Ocean Optics collected light from the base of the test rig--the patch cable attenuation (\Board Testing And Calibration\Testing and Calibration Routines\ OceanOptics_PatchCableCalib.csv) is calibrated out during data analysis. 
4.4.3. [bookmark: _Toc505710318][bookmark: _Toc510527763]Test Automation
All thermal testing data was taken using the following MATLAB script: \Board Testing And Calibration\Testing and Calibration Routines\ run_FFI_test_v6.m. The script coordinates the illuminator module, the photodiode, and the spectrograph. The test engineer performs the following testing protocol:
1. Power-on the illuminator module
2. Set the environmental test chamber to the first test temperature
3. Wait for the illuminator module to thermalize (see Section 4.4.4), a rate below 0.5° C/hour. 
4. Execute testing script – takes less than an hour
5. Set the environmental test chamber to the next test temperature. Repeat steps 3-5 until done.
6. Power-off module, set test-chamber to room temperature
7. Wait at least 20 minutes before opening the chamber and removing the module. This avoids condensation. 
The testing script records the following for every applied current and LED color: 
1. VTemp (V): voltage from the on-board temperature sensor
2. VLED (V): forward voltage drop across LED bank
3. VCurrent (V): the measured DAC voltage that generates the LED current
4. Photodiode Power (W): total incident power on photodiode. The script changes the range of the photodiode automatically if the measured power is out-of-range 
The testing script also records a single spectra for each LED at an intermediate current, in addition to darks for both the photodiode and the spectrograph.
4.4.4. [bookmark: _Ref505434169][bookmark: _Toc505710319][bookmark: _Toc510527764]Illuminator Module Thermalization
It is critical to wait for the illuminator module to reach thermal equilibrium before taking test data. There are a number of heat sources to consider when designing a testing plan:
1. Self-heating from quiescent current dissipation.  Each illuminator module consumes roughly 39 mA of quiescent current upon power-up (see section 3.3). Power dissipating components (op-amps, ADC, feedback resistors) are near the on-board temperature sensor. It takes time for the illuminator module to thermally equilibrate after power-up. Figure 14 plots an example thermalization curve of the illumination module in a 25 C environmental test chamber, where the trace begins directly after board power-up.  The thermal time constant and final temperature of the module is highly dependent on the ambient temperature and the mounting configuration. 
[image: ]
[bookmark: _Ref505342505]Figure 14: Illuminator module thermalization curve. The environmental test chamber is set to 25 C, the illuminator module was well thermalized before time zero, where time zero corresponds to module power-up. This curve is only illustrative – the time constant and final temperature depend on the specific configuration of the module. 
2. Ambient thermal load. The illuminator module is thermally isolated from the environmental test chamber by the foam-core test rig and light-tight box, with a measured thermal time constant of roughly 10 minutes. An accurate calibration depends on a stable board temperature during thermal testing. The thermal testing routine had a run-time of almost an hour per temperature. The board temperature was monitored (\Board Testing And Calibration\Testing and Calibration Routines\FFI_TempMonitoring_v1.m) between tests, and thermal testing began after the change in board temperature was below 0.5 C/hour. Assuming exponential decay and a time constant of 10 minutes, one should wait roughly 45 minutes (60 minutes) after a 10 C (30 C) change in ambient temperature. 
3. Active thermal load. Passing a large current though the LEDs cause self-heating of the illuminator module (see Figure 15). During typical operation of the FFI, the LEDs will be on for less than a second with low duty cycle; however, measuring the intensity of the LEDs with the photodiode is a longer process, requiring the LEDs to be on for a minimum of one second. An on-off ratio of 1:4 was chosen to minimize heating during testing, while keeping the total test time per temperature below one hour. 
[image: ]
[bookmark: _Ref505432103]Figure 15: Self heating of illuminator module due to LED illumination. LED turned on for 1 second (blue) or 3 seconds (red) at 100 mA, with a 5 second duty cycle. 
4.5. [bookmark: _Toc505710320][bookmark: _Toc510527765]Thermal Testing Results
Each illuminator module was tested across the required temperature range (-10 to 30 C). The test data for each module can be found in \Board Testing And Calibration\Illuminator Modules\Module #.#\B2.# -- Calibration\ where #.# corresponds to the illuminator module identification number. The analysis script, \Board Testing And Calibration\Testing and Calibration Routines\Analyze_FFI_Test_v6.m, allows the user to compare test data across different temperatures and/or illuminator modules. A summary of the test results can be found in the included presentation, \Board Testing And Calibration\Illuminator Modules\Module #.#\Module #.# Testing and Calibration Plots.pptx, and the test figures (.fig and .jpg) are automatically populated in folder \Board Testing And Calibration\Illuminator Modules\Module #.#\Testing Figures\. 
4.5.1. [bookmark: _Toc505710321][bookmark: _Toc510527766]B2.2 Results
Module 2.2 went through thermal testing at T= [30, 20, 10, 0, -10] C – a visual summary of B2.2 testing and calibration data can be found in \Board Testing And Calibration\Illuminator Modules\Module 2.2\Module 2.2 Testing and Calibration Plots.pptx. A plot of photodiode power versus applied current appears in Figure 16, which shows how LED intensity changes with temperature. Note two qualities in particular: LED intensity displays greater divergence at lower applied current; LED intensity can change by as much as 80% across the operating temperature range. Meeting the requirements to deliver a constant, temperature-independent flat field does require calibration.   Figure 17 shows the relative intensity of B2.2 for the different LEDs, and test temperature. Please note that board temperature causes sub-percent shifts in peak wavelength. Also, note that LED0 exhibits a split peak intensity profile– this phenomenon is not understood. 

[image: ]
[bookmark: _Ref505587802]Figure 16: Summary plot of photodiode percentage change for different temperatures versus applied current. The photodiode powers are percentage change compared to 30 C data. “Applied Current” is inferred from the requested DAC voltage.   
[image: ]
[bookmark: _Ref505589213]Figure 17: Spectrograph measurement of normalized B2.2 LED intensity for different temperatures. This plot is for illustrative purposes only – see data for temperature and LED labels.  
4.5.2. [bookmark: _Toc505710322][bookmark: _Toc510527767]Board Comparisons
Figure 18 compares measured photodiode power at a single test-temperature (30 C) for illuminator boards 2.1 through 2.8. The boards show strong divergence at low applied current. The boards exhibit strong non-uniformity at a single temperature, with some colors exhibiting greater than 70% intensity spread at 1 mA of applied current. To deliver a flat-field for all colors, each illuminator module must undergo  thermal testing. 
[image: ]
[bookmark: _Ref505592203]Figure 18: Percentage change in photodiode power (relative to B2.1) at a single test-temperature (30 C) for boards B2.1 through B2.8. Current is in units of Amps. 
4.6. [bookmark: _Toc505710323][bookmark: _Ref510431858][bookmark: _Toc510527768]Calibration Results
As previewed in Section 4.1, each illuminator module microprocessor is preloaded with board specific calibration data. The user requests a specific illumination intensity (normalized between 0 and 1). Each illuminator module measures the board temperature and calculates the current (also normalized between 0 and 1) required to achieve the requested illumination intensity. The module-specific calibration data is determined from the thermal testing data by fitting the normalized photodiode power to polynomial functions.
4.6.1. [bookmark: _Toc505710324][bookmark: _Toc510527769]Calibration Extraction
For each test temperature (T) and LED color (j), the normalized current (C) was fit to the following fourth order polynomial:

where , , C is the normalized current, and  is the measured normalized illumination intensity of the jth color at temperature T. The five polynomial constants () are then fit to the following second order polynomial:

where T is the test-temperature array. An array of  constants define the current-intensity-temperature relationship of each LED color. 
The current-intensity dataset for the fit was limited to applied currents greater than 1 mA—the nonlinear behavior of LED intensity at low currents is hard to model.   The polynomial orders of the fit were determined by inspection.  
The following script carried out the calibration calculations and evaluation: \Board Testing And Calibration\Testing and Calibration Routines\Calib_FFI_PDVsCurrent_v6.m.
4.6.2. [bookmark: _Toc505710325][bookmark: _Toc510527770]Calibration Evaluation
How many different temperature datasets are necessary for an accurate calibration? Each temperature measurement takes an additional ~1.5 hours, or 15 hours per temperature across the ten illuminator modules. At least three temperature datasets are needed to keep the calibration fit constrained. Illuminator module B2.1 was measured at five different temperatures: TAll = [30, 20, 10, 0, -10] C. The calibration fits was trained at three temperatures: TTrained = [30, 10, -10] C, for applied currents greater than 1 mA. The calibration fits were then evaluated at all the temperatures, TAll, including the test temperatures:  TTest = [20, 0] C.
[image: ]
[bookmark: _Ref505611001]Figure 19: Calibration evaluation of B2.1. Calibration generated with T = [30, 10, -10] C. Calibration evaluated against T = [30, 20, 10, 0, -10] C. Both the (a) percentage current difference and (b) normalized intensity were evaluated. See supplementary material for full plots.
Figure 19a plots the percentage current difference, (, vs the measured, normalized intensity, where  is the actual applied current and  is the current evaluated by the calibration fit. Notice that both the trained and test data evaluates to less than a percent difference for currents greater than 1 mA—the only exception is the bank of 567 nm LEDs (lime). Similarly, Figure 19b plots the percentage intensity difference, (, vs the measured, normalized intensity, where  is the measured, normalized intensity and  is the intensity inferred – through interpolation – from the fit. Once again, the calibration curve returns intensity results with greater than 99% accuracy for currents above 1 mA. Similar results were observed for illuminator module B2.2. Only three temperature datasets, T = [30, 10, -10] C, were taken for the remainder of the illumination modules. 
The calibration script, Calib_FFI_PDVsCurrent_v6.m, prints the calibration data to the screen in a format that can be copy and pasted into the Teensy code. Calibration data, for all the illuminator modules, is saved in the following text file: \Board Testing And Calibration\BoardCalibration.txt. The calibration script generates figures found in module specific folder \Board Testing And Calibration\Illuminator Modules\Module 2.1\Calibration Figures\.
5. [bookmark: _Toc505710326][bookmark: _Toc510527771]Programming the Teensy Microcontrollers
The master board has a Teensy 3.2, while the illuminator modules are controlled by Teensy LCs (https://www.pjrc.com/teensy/techspecs.html). This section discusses the firmware programming instructions and version history. 
5.1. [bookmark: _Toc505710327][bookmark: _Toc510527772]Installation
Follow the following detailed installation instructions: https://www.pjrc.com/teensy/td_download.html.
After this, the programmer should have both the Arduino and Teensyduino software packages installed. For Windows 10, please install Arduino via the Installer, not the Windows Store (it is easier to access the libraries when installed using the Installer). 
The Ethernet2 library is required for compiling the master board firmware. The Ethernet library can be found here: \Board Code\ Ethernet2-master.zip. The zip file should be extracted into the following folder: \Arduino\hardware\teensy\avr\libraries\. 
5.2. [bookmark: _Toc505710328][bookmark: _Toc510527773]Programming Instructions
Each illuminator module has a unique set of calibration constants. The programmer develops one version of the illuminator module firmware. A separate Generator script generates board specific firmware by parsing a calibration file.
· Generator script (please edit folder tree): \Board Code\ InsertCalibrationData.m
· Calibration file: \Board Testing And Calibration\BoardCalibration.txt
· Example of developer version: \Board Code\Version 0_38\FFI_Board--0_38\
· Example output file: \Board Code\Version 0_38\IndividualBoardCode\B2.1\B2.1.ino
Be sure to turn off the power supply when flashing Teensy firmware. For the Teensy 3.2, choose a 72 MHz clock speed. For the Teensy LC, choose a 48 MHz clock speed. The firmware can be debugged using Arduino’s Serial Monitor. 
5.3. [bookmark: _Toc505710329][bookmark: _Toc510527774]Version History
Please update this section after changes to FFI firmware. This section does not provide a detailed history of FFI firmware development. 
The FFI firmware can be found here: \Board Code\.
· Version 0.37 
· Deployed in the field on 10-12-2017
· Initial deployment. 
· Version 0.38 (current) 
· Deployed in the field on 2-12-2018
· The calibration function was not working. Flashed master board with new code. The illuminator module firmware is identical to v0.37 
6. [bookmark: _Toc505710330][bookmark: _Toc510527775]Evaluating the Flat Field Illuminator
6.1. [bookmark: _Toc505710331][bookmark: _Toc510527776]Installation
Eight illumination modules were installed on the FFI structure for testing at Cahill. The illuminator modules are mounted on 3D printed plastic ramps which point the boards 15 degrees away from the screen – simulations suggest this is the optimal arrangement for illumination uniformity. 
6.2. [bookmark: _Toc505710332][bookmark: _Toc510527777]Flatness: Photodiode
Illumination flatness was evaluated at Cahill by measuring intensity at different spatial points on the entrance port of the FFI structure. The calibrated photodiode was mounted at the end of a long (~1.5’) lens tube in order to accurately sample a small spatial area.  The photodiode-lens-tube system was mounted on a horizontal rail spanning the entrance port of FFI structure. The intensity was measured for each color along a vertical and horizontal cut of the FFI entrance port – the scripts for running and analyzing the flatness are \Board Testing And Calibration\Testing and Calibration Routines\ PhotodiodeRasterFlatness_v5.m and \Board Testing And Calibration\Testing and Calibration Routines\PhotodiodeRasterFlatness_analysis.m, respectively. The measured intensities are plotted in Figure 20. The intensity of light exiting the FFI entrance port behaves as expected – overlapping Gaussian illumination pattern with an intensity-minimum at the center of the FFI screen.  The illumination spatial profile appears smooth with a maximum intensity change of less than 10%.  
[image: ]
[bookmark: _Ref510522982]Figure 20: Measured intensity at FFI entrance port. The colored traces correspond to the different LED colors. 
6.3. [bookmark: _Toc505710334][bookmark: _Ref510438520][bookmark: _Ref510438525][bookmark: _Toc510527778]Thermalization
The illuminator module board temperatures were monitored after a system power up (see Figure 21). Each board exhibits different initial temperatures – this is most likely due to component variability (ADC, temperature IC, voltage regulators, etc). For the test in Cahill, each board exhibits a similar decay amplitude (2.5°C) and exponential decay constant ( roughly 250 seconds). While ambient temperatures at Palomar will fluctuate, the thermalization path should be similar to conditions at Cahill. It is recommended that the FFI be powered up at least 16 minutes prior to operation. 
[image: ]
[bookmark: _Ref510433415][bookmark: _Ref510433425]Figure 21: illuminator module temperature measurements as a function of time after power-up. Each trace corresponds to a different module.
7. [bookmark: _Toc505710335][bookmark: _Toc510527779]Automated Calibration Programming Interface
The automated control software is responsible for autonomously calibrating ZTF using the FFI. The control software pulls from an easily editable configuration file, which contains high-level arguments for specifying the calibration routine. The following sections outline the requirements of the autonomous calibration procedure. 
7.1. [bookmark: _Ref505705358][bookmark: _Toc505710336][bookmark: _Toc510527780]Calibration Procedure
Autonomous calibration occurs prior to observation. The flat field calibration sequence is still under development—specific details will eventually be available in a separate operations document (see Reed Riddle, riddle@caltech.edu). 
The calibration procedure can be broken down into the following broad strokes:
1. Power on: turn on FFI power supply via the network power supply.
2. Initialize the FFI electronics, use command G_INIT (see 7.5.3). This command initializes the illuminator-board-address-array, and puts the electronics in a known state. 
3. Thermalization hold. The illuminator modules need at least 16 minutes to thermalize before calibration proceeds.
4. Upload calibration sequence, use command G_CALIB (see 7.5.2).  This command specifies the illumination sequence (number of LEDs, requested intensity, pulse time), and then runs the calibration sequence (determines current needed to achieve requested intensity). 
5. Trigger and capture. The master is triggered (command G_TRIG, see 7.5.5) during an exposure. The exposure should be significantly longer than the illumination sequence duration. 
6. Steps 4 and 5 are repeated as required by the calibration team.
7. Power off: turn off the FFI power supply via the network power supply. 
7.2. [bookmark: _Toc505710337][bookmark: _Ref510524652][bookmark: _Toc510527781]Configuration File
The automated control software parses a configuration file for details about the illumination sequence and FFI configuration.  Please consult a separate operations document for up-to-date instructions on editing the illuminator configuration file (see Reed Riddle, riddle@caltech.edu). An example configuration file is found here: \Board Code\ illuminator--02_07_2018.cfg. There are two important entries in the configuration file:
· INIT_SEQUENCE = "G_INIT 8 {1 2 3 4 5 6 7 8}": line specifies the list of illuminator module I2C addresses. This list should only be modified if a module is replaced.  
· Sequence #: Labeled sequence specifies an illumination sequence and pulse duration. The sequence is called from the automated control software during calibration. Here is an example, sequence #5 illuminates LED #2 at full scale for 50 ms:
· SEQUENCE=( 5 "G_CALIB 1 {2 1.0}, 50" )
7.3. [bookmark: _Toc505710338][bookmark: _Toc510527782]Data Handling
The control software should keep a log of the following, each time the autonomous calibration occurs (not fully implemented):
· The implemented sequences from the configuration file 
· All returned error codes
· LED voltage drops for each illuminator module (not implemented)
If any errors do occur, the software should notify the FFI owner.
7.4. [bookmark: _Toc505710339][bookmark: _Toc510527783]Numbering Conventions
Both the board IDs (0 through 7) and LED IDs (0 through 15) iterate starting from 0. 
	LED ID
	
Peak wavelength (nm)

	0
	382/439

	1
	403

	2
	452

	3
	480

	4
	500

	5
	525

	6
	541

	7
	594

	8
	621

	9
	633

	10
	653

	11
	740

	12
	833

	13
	865

	14
	952

	15
	Test Resistor



7.5. [bookmark: _Toc505710340][bookmark: _Ref510524457][bookmark: _Toc510527784]Function Definitions
7.5.1. [bookmark: _Toc492020316][bookmark: _Toc505710341][bookmark: _Toc492020298][bookmark: _Toc510527785]CALIB $CALIB_FLAG
	Description
	Calibrates ALL boards according to the $CALIB_FLAG

	Arguments
	CALIB_FLAG
	 - 0: Current = requested intensity
	 - 1: Current = Alpha*Intensity
	 - 2: Measure temperature and interpolate

	Returns
	$STATUS_GLOBAL {STATUS_1, ADDRS_1} … {STATUS_N ADDRS_N}

	Return Values
	STATUS_GLOBAL
	-STATUS_GLOBAL = 0: Successfully initialized all Illuminator Modules
	-STATUS_GLOBAL = K: Failed to communicate with K Illuminator Modules.
STATUS_K
	-STATUS_K = 0: Successfully initialized the Kth Illuminator Module.
	-STATUS_K = 1: Failed to initialize the Kth Illuminator Module.
ADDRS_K
	-The I2C address of the Illuminator Module.


7.5.2. [bookmark: _Ref505688498][bookmark: _Toc505710342][bookmark: _Toc510527786]G_CALIB $NLED {LED_0 LEDMAG_0} {LED_1 LEDMAG_1} … {LED_NLED-1 LEDMAG_NLED-1}, $TIME
	Example Call
	G_CALIB 1 {5 .5}, 1000

	
	G_CALIB 4 {15 .5} {2 1} {3 .04} {0 0.5}, 0.5

	Description
	Sets and calibrates the LED according to the desired input values. It sets LED_K to have magnitude LEDMAG_K, for TIME milliseconds. LEDMAG_K is calibrated by measuring the board temperature and calculating the needed current, CALIB_MODE 2.
-Runs setLED, CALIB 2, setTIME.

	Arguments
	NLED
	-The number of LEDs to be lit on each board. This is between 0 and 15, 	inclusive.
LED_K
	-The Kth LED to be illuminated. 
LEDMAG_K
	-The magnitude of the illumination, corresponding to LED_K.
TIME
	-The amount of time, in milliseconds, that the LED will be lit for. The 	smallest value it can take is 0.003 milliseconds. Anything less than this 	will not illuminate the board at all. However, if it is negative, the LED 	will be on until the board receives a command to change it.

	Returns
	$ERROR_CODE

	Return Values
	0 
	No Errors 

	
	-1
	Command not found.

	
	1 
	Function failed to execute. Some internal functions were never called. Could be due to incorrect syntax. 

	
	2 
	The number of LEDs asked to set was outside of the accepted range. 

	
	3
	The magnitude requested for an LED was out of the accepted range [0,1].

	
	4
	LED_K entered was not within the accepted range. It should be between [0, 15].

	
	> 100 
	Failed setLED with (ERROR_CODE – 100) boards that did not properly respond. 

	
	> 200 
	Failed CALIB with (ERROR_CODE – 200) boards that did not properly respond. 


[bookmark: _Toc492020296]
7.5.3. [bookmark: _Ref505687843][bookmark: _Toc505710343][bookmark: _Toc510527787]G_INIT $NBOARDS {ADDR_0 ADDR_1 … ADDR_N-1}
	Example Calls
	G_INIT 3 {1 5 2}

	
	G_INIT 2 {6 5}

	Description
	Global container function to initialize the master and Illuminator Modules. It resets the boards, and then sets the addresses of all the Illuminator Modules to the new specified values, and then pings the boards to verify the connection.
-Runs RESET, setADDRS, PING ALL.

	Arguments
	NBOARDS
	-The number of boards to initialize.
{ADDR_0 ADDR_1 … ADDR_N-1}
	-A list of integers that correspond to the desired board addresses.

	Returns
	$ERROR_CODE

	Return Values
	0 
	No errors 

	
	-1
	Command not found.

	
	1 
	Function failed to execute. Some internal functions were never called. Could be due to incorrect syntax. 

	
	2 
	Number of boards entered was greater than the number of boards connected 

	
	> 100 
	 Failed  PING with (ERROR_CODE – 100) boards that did not properly respond. For example, if the error code is 106, 6 boards failed to respond. 
This could be due to:
	-Boards are unplugged.
	-Addresses are incorrect
	-NBOARDS > Number of addresses provided


7.5.4. [bookmark: _Toc492020297][bookmark: _Toc505710344][bookmark: _Toc510527788]G_STATUS
	Example Calls
	G_STATUS

	Description
	Pings every board to make sure that communication is still working.
-Runs PING ALL

	Arguments
	None.

	Returns
	$ERROR_CODE

	Return Values
	0 
	No errors. 

	
	1 
	Error code was not changed within the functions. This means that the functions were never called. Could be due to incorrect syntax. 

	
	-1 
	Incorrect syntax 

	
	>100 
	Failed to communicate with (ERROR_CODE – 100) boards.


7.5.5. [bookmark: _Toc492020299][bookmark: _Ref505689241][bookmark: _Toc505710345][bookmark: _Toc510527789]G_TRIG
	Example Call
	G_TRIG

	Description
	Triggers the LEDs to flash for their defined intensity and duration.

	Arguments
	None.

	Returns
	$ERROR_CODE

	Return Values
	0 
	No Errors 

	
	-1
	Command not found.

	
	1 
	Error code was not changed within the functions. This means that the internal functions were never called. Could be due to incorrect syntax. 

	
	> 100 
	Failed TRIG with (ERROR_CODE – 100) boards that did not properly respond.


7.5.6. [bookmark: _Toc492020312][bookmark: _Toc505710346][bookmark: _Toc510527790]getADDRS
	Description
	Returns a list of all the addresses of the available Illuminator Modules.

	Arguments
	None.

	Returns
	$STATUS_GLOBAL $NBOARD {$BOARD_ADDRS_TEMP} 

	Return Values
	STATUS_GLOBAL
	-STATUS_GLOBAL = 0: No error occurred.
NBOARD
	 -The number of Illuminator Modules connected to the Master.
{BOARD_ADDRS_TEMP}
	 -A list containing the I2C addresses of each board. It has length of 	NBOARD. 


7.5.7. [bookmark: _Toc492020317][bookmark: _Toc505710347][bookmark: _Toc492020311][bookmark: _Toc510527791]getCALIB $BOARD_ID
	Description
	Returns calibrated currents for LEDs in illumination sequence

	Arguments
	BOARD_K
	 -The index ID of the target Illuminator Module. This value is between 0 ≤ 	K ≤ NBOARDS, where NBOARDS is the total number of Illuminator Modules.

	Returns
	$STATUS_K $CALIB_FLAG $NLED {$LEDON_1 $CURRENT_1} … {$LEDON_NLED $CURRENT_NLED}

	Return Values
	STATUS_K
	-STATUS_K = 0: Successfully initialized the Kth Illuminator Module.
	-STATUS_K = 1: Failed to initialize the Kth Illuminator Module.
CALIB_FLAG
	 - 0: Current = requested intensity
	 - 1: Current = Alpha*Intensity
	 - 2: Measure temperature and interpolate
NLED
	– The number of LEDs on each board 
LEDON_K 
	– The Kth LED on every board.
CURRENT_K 
	– The current of the Kth LED.


7.5.8. [bookmark: _Toc505710348][bookmark: _Toc510527792]getCURRENT $BOARD_K
	Description
	Returns the current drawn by each set of LEDs on a target Illuminator Module. The Illuminator Module cycles through each set of LEDs and measures the current drawn by them with the ADC.  

	Arguments
	BOARD_K
	 -The index ID of the target Illuminator Module. This value is between 0 ≤ 	K ≤ NBOARDS, where NBOARDS is the total number of Illuminator Modules.

	Returns
	$STATUS {$LED_ON_0, vCURRENT_0} … {$LED_ON_N, vCURRENT_N}

	Return Values
	STATUS
	-STATUS = 0: Successfully commanded Kth Illuminator Module.
	-STATUS = 1: Board K is outside of the accepted range
LED_ON_K
	-Integer value for the Kth index ID of the LED.
	-Each number corresponds the set of three LEDs of the same color.
vCURRENT_K
	-Current measured by the ADC across the Kth LED.


7.5.9. [bookmark: _Toc492020305][bookmark: _Toc505710349][bookmark: _Toc510527793]getLED
	Description
	Returns an array of activated LEDs. Note that this does not read out from the boards, but rather accesses the memory of the Master board.

	Arguments
	None.

	Returns
	$STATUS $NLED {$LEDON_0 $MAG_0} … {$LEDON_K $MAG_K}

	Return Values
	STATUS
	-STATUS_GLOBAL = 0: No error.
	-STATUS_GLOBAL = K: Failed to communicate with Master.
NLED
	– The number of LEDs on each board 
LEDON_K 
	– The Kth LED on every board.
MAG_K 
	– The magnitude of the Kth LED.


7.5.10. [bookmark: _Toc492020309][bookmark: _Toc505710350][bookmark: _Toc510527794]getTEMP ALL
	Description
	Returns the temperature (in volts) across the RTD of every Illuminator Module connected to the Master board.

	Arguments
	None.

	Returns
	$STATUS_GLOBAL {$STATUS_0, $TEMP_0} … {$STATUS_N $TEMP_N}

	Return Values
	STATUS_GLOBAL
	-STATUS_GLOBAL = 0: No error with any worker communication.
	-STATUS_GLOBAL = K: Failed to communicate with K workers.
STATUS_K
	-STATUS_K = 0: Successfully commanded Kth Illuminator Module.
	-STATUS_K = 1: Failed command to Kth Illuminator Module. 
TEMP_K
	-The temperature of the Kth Illuminator Module.


7.5.11. [bookmark: _Toc492020308][bookmark: _Toc505710351][bookmark: _Toc510527795]getTEMP $BOARD_K
	Description
	Returns the temperature (in volts) across the RTD of BOARD_K.

	Arguments
	BOARD_K
	 -The index ID of the target Illuminator Module. This value is between 0 ≤ 	K ≤ NBOARDS, where NBOARDS is the total number of Illuminator Modules.

	Returns
	$STATUS_GLOBAL $TEMP_K

	Return Values
	STATUS_GOBAL
	-STATUS_GLOBAL = 0: Successfully executed on BOARD_K.
	-STATUS_GLOBAL = 1: Failed to execute on BOARD_K.
TEMP_K
	 – The measured temperature (in volts) across the RTD of the target 	Illuminator Module.


7.5.12. [bookmark: _Toc492020307][bookmark: _Toc505710352][bookmark: _Toc510527796]getTIME
	Description
	Returns the value of the TIME variable from the Master Board. This function call does not communicate with any of the Workers.

	Arguments
	None.

	Returns
	$STATUS $TIME

	Return Values
	STATUS
	-STATUS = 0: Successfully executed the function.
TIME 
	-The value of the TIME variable on the Master Board.
 


7.5.13. [bookmark: _Toc492020310][bookmark: _Toc505710353][bookmark: _Toc510527797]getVLED $BOARD_K
	Description
	Returns the voltage across each set of LEDs on BOARD_K. Note that the voltage is across the three LEDs of the same color, wired in series.

	Arguments
	BOARD_K
	-The index ID of the target Illuminator Module. This value is between 0 ≤ 	K ≤ NBOARDS, where NBOARDS is the total number of Illuminator Modules.

	Returns
	$STATUS_GLOBAL {$LED_ON_0, vLED_0} … {$LED_ON_N, vLED_N}

	Return Values
	STATUS_GLOBAL
	-STATUS_GLOBAL = 0: Successfully commanded Kth Illuminator Module.
	-STATUS_GLOBAL = 1: Board K is outside of the accepted range
 LED_ON_K
	-Integer value for the Kth index ID of the LED.
	-Each number corresponds the set of three LEDs of the same color.
vLED_K
	-Voltage measured by the ADC across the Kth LED.
	-Note that this voltage is measured across three LEDs of the same color 	in series.


7.5.14. [bookmark: _Toc492020315][bookmark: _Toc505710354][bookmark: _Toc510527798]INIT ALL
	Description
	Initializes all Illuminator Modules. Initialization sets the Illuminator Modules’ MUXOUT to open, MUXIN to test load, and DAC voltage to 0.

	Arguments
	None

	Returns
	$STATUS_GLOBAL {STATUS_1, ADDRS_1} … {STATUS_N ADDRS_N}

	Return Values
	STATUS_GLOBAL
	-STATUS_GLOBAL = 0: Successfully initialized all Illuminator Modules
	-STATUS_GLOBAL = K: Failed to communicate with K Illuminator Modules.
STATUS_K
	-STATUS_K = 0: Successfully initialized the Kth Illuminator Module.
	-STATUS_K = 1: Failed to initialize the Kth Illuminator Module.
ADDRS_K
	-The I2C address of the Illuminator Module.


7.5.15. [bookmark: _Toc492020314][bookmark: _Toc505710355][bookmark: _Toc510527799]INIT $BOARD_K
	Description
	Initializes the selected board. Initialization sets MUXOUT to open, MUXIN to test load, and DAC voltage to 0.

	Arguments
	BOARD_K
	 -The index ID of the target Illuminator Module. This value is between 0 ≤ 	K ≤ NBOARDS, where NBOARDS is the total number of Illuminator Modules.

	Returns
	$STATUS $ADDRS_K

	Return Values
	STATUS
	-STATUS = 0: Successfully initialized the target Illuminator Module.
	-STATUS = 1: Board K is outside of the accepted range.
ADDRS_K
	-The I2C address of the Illuminator Module.


7.5.16. [bookmark: _Toc492020300][bookmark: _Toc505710356][bookmark: _Toc510527800]PING ALL
	Description
	Pings all Illuminator Modules for a response.

	Arguments
	None

	Returns
	$STATUS_GLOBAL {$STATUS_0 $BOARD_ADDRS_0} … {$STATUS_N $BOARD_ADDRS_N}

	Return Values
	STATUS_GLOBAL
	STATUS_GLOBAL = 0: Successfully communicated with all Workers.
	STATUS_GLOBAL = K: Failed to communicate with K workers.
STATUS_K
	STATUS_K = 0: Successfully pinged Kth Illuminator Module.
	STATUS_K = 1: Failed to ping Kth Illuminator Module. 
BOARD_ADDRS_K 
	-The I2C address of the Kth board. 


7.5.17. [bookmark: _Toc492020301][bookmark: _Toc505710357][bookmark: _Toc510527801]PING $BOARD_K
	Description
	Pings a single Illuminator Module.

	Arguments
	BOARD_K
	-The board identification number that is pinged. 0 ≤ K ≤ NBOARDS.

	Returns
	$STATUS

	Return Values
	STATUS
	STATUS = 0: No errors. The Master successfully pinged the 	worker.
	STATUS = 1: The Master failed to ping the worker.
	STATUS = 2: Board K is outside of the accepted range. 


7.5.18. [bookmark: _Toc492020303][bookmark: _Toc505710358][bookmark: _Toc510527802]RESET
	Description
	Resets Master and all Illuminator Modules to their power up state, including variables from memory. 

	Arguments
	None

	Returns
	$STATUS_GLOBAL[

	Return Values
	STATUS_GLOBAL
	STATUS_GLOBAL = 0:  No error with any worker communication.
	STATUS_GLOBAL = K: Failed to communicate with K workers. 


7.5.19. [bookmark: _Toc492020313][bookmark: _Toc505710359][bookmark: _Toc510527803]setADDRS $NBOARD {$ADDRS_1, … $ADDRS_N}
	Description
	Manually sets the addresses of available boards in $BOARD_ADDRS_TMP. Note that this function will not check to see if the boards are actually communicating, so it is a good idea to call PING ALL to check if the new addresses are valid.

	Arguments
	$NBOARD 
	-The number of Illuminator Modules connected to the Master board.
{ADDRS_1, … ADDRS_N}
	 -The I2C addresses for each of N Illuminator Modules that are connected to the Master.

	Returns
	$STATUS

	Return Values
	STATUS
	-STATUS = 0: Successfully set the BOARD_ADDRS_TEMP array to the 	new values.
	-STATUS = 1: Failed to set the new address of the Illuminator Module.


7.5.20. [bookmark: _Toc492020304][bookmark: _Toc505710360][bookmark: _Toc510527804]setLED $NLED {$LEDON_0 $MAG_0} … {$LEDON_K $MAG_K}
	Description
	For each board, this function sets the Kth LED to the Kth magnitude.  

	Arguments
	NLED
	– The number of LEDs to be lit on each board.
LEDON_K 
	– The Kth LED on every board.
MAG_K 
	– The magnitude of the Kth led.

	Returns
	$STATUS_GLOBAL {$STATUS_0 $BOARD_ADDRS_0} … {$STATUS_N $BOARD_ADDRS_N}

	Return Values
	STATUS_GLOBAL
	STATUS_GLOBAL = 0: No error with any worker communication.
	STATUS_GLOBAL = K: Failed to communicate with K workers.
STATUS_K
	STATUS_K = 0: Successfully commanded Kth Illuminator Module.
	STATUS_K = 1: Failed command to Kth Illuminator Module. 
BOARD_ADDRS_K 
	– The I2C address of the Kth board. 


7.5.21. [bookmark: _Toc492020306][bookmark: _Toc505710361][bookmark: _Toc510527805]setTime $TIME
	Description
	Sets the time of all connected Illuminator Modules to the value of TIME.

	Arguments
	TIME (ms) 
-The amount of time, in milliseconds, that the LED will be lit for. The smallest value it can take is 0.003 milliseconds. Anything less than this will not illuminate the board at all. However, if it is negative, the LED will be on until the board receives a command to change it.

	Returns
	$STATUS_GLOBAL {$STATUS_0 $BOARD_ADDRS_0} … {$STATUS_N $BOARD_ADDRS_N}

	Return Values
	STATUS_GLOBAL
	-STATUS_GLOBAL = 0: No error with any worker communication.
	-STATUS_GLOBAL = K: Failed to communicate with K workers.
STATUS_K
	-STATUS_K = 0: Successfully commanded Kth Illuminator Module.
	-STATUS_K = 1: Failed command to Kth Illuminator Module. 
BOARD_ADDRS_K 
	-The I2C address of the Kth board.


7.5.22. [bookmark: _Toc492020302][bookmark: _Toc505710362][bookmark: _Toc510527806]TRIG
	Description
	Triggers each board to run the LED sequence according to the defined calibration. This command sends the TRIG command to every board connected to the Master.

	Arguments
	None

	Returns
	$STATUS_GLOBAL {$STATUS_0 $BOARD_ADDRS_0} … {$STATUS_N $BOARD_ADDRS_N}

	Return Values
	STATUS_GLOBAL
	STATUS_GLOBAL = 0: No error with any worker communication.
	STATUS_GLOBAL = K: Failed to communicate with K workers.
STATUS_K
	STATUS_K = 0: Successfully commanded Kth Illuminator Module.
	STATUS_K = 1: Failed command to Kth Illuminator Module. 
BOARD_ADDRS_K – The I2C address of the Kth board. 



8. [bookmark: _Toc505710363][bookmark: _Toc510527807]Troubleshooting
There have not been many operational issued for the deployed FFI – as problems occur, please add their solution to this section. 
Power cycling the FFI will fix the most common communication errors with the Master board. 
Use the functions in Section 7.5 to diagnose any trouble with the FFI. 
[bookmark: _GoBack]There are pre-flashed Master and Illuminator Module microcontrollers at Palomar. There should also be replacement Illuminator Module and Master boards if necessary. The configuration file (Section 7.2) must be modified to reflect the new I2C address if a replacement Illuminator Module board is installed. 
Contact David Hover (dhover@caltech.edu) if you need help diagnosing and fixing the FFI. 
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