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1.0 SCOPE

1.1 This LBNL IceCube Project Engineering Note specifies the functional, performance, and interface requirements of the DOM Main Board Hardware.  This document covers the detailed secondary requirements of the DOM main board electronics.

2.0  GENERAL
2.1  Purpose.  This document states the requirements to be met by the specifications and plans relating to the development, construction, operation, and support of the DOM Main Board and consists of Secondary Requirements based on the Science requirements of the IceCube Observatory .  

2.2  Precedence.  Ice Cube Project level requirements documents take precedence over this document.  While a complete and thorough discussion of requirements is included in this document, the controlling documents are the IceCube requirements docs not this note.

2.4  Units.  Weights and measures in this document are expressed in the MKS International System of Units (SI). 

2.5  Glossary and Acronym List.

AC


alternating current

ADC


Analog to Digital Converter

ASIC


Application Specific Integrated Circuit

cm


centimeter 

DAQ


Data Acquisition System

DC


direct current

DOM


Digital Optical Module

DOMMB

Digital Optical Module Main Board

DHS


Data Handling System

DSA


Detector String Array

ERD


Engineering Requirements Document

FADC


Fast Analog to Digital Converter (or Pipeline ADC)

FWHM

Full Width Half Maximum

G


Giga (109)

GRB


Gamma Ray Burst

HV


high voltage

Hz


hertz

IID


In-Ice Devices

ITA


IceTop Array

k


kilo (103)

kg


kilogram

LAN


Local Area Network

LED


Light-Emitting Diode

MKS


meter-kilogram-second

M


mega (106)

MB


megabyte

MTBF


mean time before failure

MSPS


Mega-samples per second

m


meter

mv


millivolt

mW


milliwatt

n


nano

Nt


newton

OM


Optical Module

P


Peta (1015)

PE


photoelectron

<PE>


Mean peak amplitude of SPE pulse

PMT


photomultiplier tube

P/V


Peak to valley ratio of the PMT SPE spectrum

RAP


Reciprocal Active Pulsing

rms


root mean square

s, sec


second

SN


supernova

SPE


single photoelectron

sps


samples per second

T


Tera (1012)

TBD


To Be Determined

TBS


To Be Supplied

UTC


Universal Time Coordinated

UV


ultraviolet

V


volt

vn


rms noise voltage, referred to PMT signal path input

W


watt
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Figure 1-1.  IceCube Observatory System Block Diagram

3.0 DOM  MAIN BOARD HARDWARE  REQUIREMENTS

Note:  Unresolved numbers or controversial elements are flagged with **
3.0.1
Contents: 
Requirement Titles

3.1.1
Time Resolution
3.1.2
Time-Stamped Data

3.1.3
Signal Path Recovery from Saturation
3.1.4
High Speed PMT Waveform Capture
3.1.5
Medium-Speed PMT Waveform Capture
3.1.6
Instantaneous Dynamic Range
3.1.7
Integral Dynamic Range

3.1.8
SPE Pulse, Stability, and Gain-Set Resolution
3.1.9
Linearity, and Calibration Accuracy

3.1.10
Analog Signal Path Signal/Noise Ratio
3.1.11
Discriminator Threshold Range and Resolution
3.1.12
PMT Discriminator Threshold Stability
3.1.13
Calibration Pulser

3.1.14
PMT Noise Rate Measurement
3.1.15
DOM MB Operation in Master/Slave Mode
3.1.16
One or Two DOMs per Twisted Pair
3.1.17
DOM MB Data Transmission for DeepIce
3.1.18
DOM MB Data Transmission for IceTop

3.1.19
Data Compression/Feature Extraction for DeepICE
3.1.20
Data Compression/Feature Extraction for IceTop
3.1.21
DOM MB Power Dissipation for DeepIce

3.1.22
DOM MB Power Dissipation for IceTop
3.1.23
Robust Bootstrap Scenario
3.1.24
Simultaneous DATA Acquire/Transmit
3.1.25
Noise Immunity
3.1.26
Local Clock Short-Term Stability
3.1.27
Cable Length Measurement by RAP
3.1.28
PMT HV Base Interface
3.1.29
DOM MB Failure Rate
3.1.30
Local coincidence
3.1.31
Maximum Sustainable Rate
3.1.32
Flasher Board Interface
3.1.33
Pressure Sensor
3.1.34
Temperature Sensor
3.1  Performance Requirements for DOM Main Board (DOMMB)
3.1.1  
Requirement: Time Resolution

For any given DOM, the timing resolution and relative accuracy of the leading edge of an arbitrary ensemble of detected Cherenkov light from a single high energy muon must not exceed 5 ns rms.

Justification:  Simulations show that timing resolution and/or relative errors of detected Cherenkov light among an ensemble of  DOMs which exceed 5 ns rms will contribute non-negligibly to the trajectory reconstruction errors [ref?]. This requirement actually reflects a system requirement, as it extends beyond the DOM MB. Nevertheless, it seems necessary to present this requirement here, since the contributions from the PMT and the cable offset measurements include both systematic and statistical components.
Status: Experimental data taken with DOMs in string 18 and in the laboratory indicate that the running clock synchronization error is less than 2 ns rms [ref?]. This result does not include systematic errors in offset measurements due to differing interconnecting cable lengths. The statistical error in the cable offset measurements may be made negligibly small through repeated measurement, whereas the nature and magnitude of systematic effects has not been studied in adequate detail, neither theoretically nor experimentally. Crude analyses suggest that the magnitude of these  systematic effects will cancel to first order, since only relative timing is needed among any ensemble of DOMs. The laboratory cable used for these measurements is about 2 km, whereas the longest IceCube cable will be more than 3 km, so some degradation might occur for the longest lengths. Furthermore, the accuracy of time-stamping depends on a number of factors including the feature extraction algorithm, which have not yet been fully developed, characterized, or optimized. The PMTs have an intrinsic time resolution for single photons of about 2.5 ns rms. Using string 18 DOMs and LED light pulsers (LED beacon board) at a distance of 24 m, an overall timing resolution of 8 ns rms has been measured in the ice [ref?].  Substantial optical scattering in the ice, PMT transit time spread, LED pulse width, electronic jitter, and timing algorithm contribute to this overall value. The overall DOM time resolution is defined as the sum of  the three major contributions taken in quadrature: 1) the time-stamp process; 2) the cable length offset measurement systematic error; 3) the PMT SPE time response, determined by the on-board low-intensity LED. Despite variations in PMT pulse shapes, it is anticipated that the over-all error budget of 5 ns can be met for the PMT + DAQ. This requirement is connected to the overall system EMI requirements for noise sources that may induce noise voltage on the twisted pair in the relevant bandwidth.

3.1.2
Requirement: Time-Stamped Data

Each datum collected by the DOM MB shall be time-stamped by the DOM MB in a manner that permits time transformation to units defined by a surface master clock. This transformation shall permit global time correlations of data from an arbitrary ensemble of DOMs within the array, such that time-stamp error due to all effects within the DOM, excluding the PMT, shall not exceed 3 ns rms, including systematic error. The DOM time-stamp performance is defined as the averaged local time - global time transformation residuals found in rolling fits in this transformation process. 

Justification: The use of time-stamping confines all real-time (ns level) DAQ activities to the DOM and DOM HUB. This reduces system complexity, simplifies calibration, and permits the use of commercial networking and PC hardware for all subsequent DAQ operations. 

Status: This capability is working well in string 18, and will be carried over intact to IceCube [ref?]. The transformation between local clock units and master clock units has been accomplished by transmitting a special timing pulse, whose edge is precisely defined by the clock.  The methodology works in either direction - transmitting from surface to DOM MB or vice versa. 

3.1.3
Requirement: Signal Path Recovery from Saturation**
The DOM PMT analog/digitization signal paths will recover from signals that exceed the nominal maximum amplitude as follows: 

· ATWD channel 0:   not more than: 25 ns after signals fall to a value smaller than the channel maximum amplitude.

· ATWD channel 1:
  not more than: 120 ns after signals fall to a value smaller than the channel maximum amplitude (note: 25 ns recovery is possible with a power dissipation penalty of ~70 mW - IC choice during design).

· ATWD channel 2:   saturation not expected for this channel.

· Medium-speed FADC:
saturation behavior for this channel not yet fully characterized, but expected to be ~150 ns (see requirements 3.1.5 and 3.1.7).

Justification:  Considerable information about highly energetic events is contained in the tail of these events.   Tau decays in particular can be recognized only by observing double peaks in the deposited energy versus time. Analog signal recovery failure will obscure and degrade essential information for the most interesting, high energy events.

Status:  Fast recovery amplifiers are available that will meet this specification, as well as other design requirements. In general, fast recovery is possible, but with significant power dissipation trade-offs.
3.1.4
Requirement: High Speed PMT Waveform Capture**

PMT current waveforms shall be captured for a span of 128 samples, with a sampling rate of not less than 250 MSPS (4ns/sample ( a capture interval of 512 ns) and not less than 600 MSPS (1.66 ns/sample ( 215 ns). The capture rate shall be continuously variable, at will, within this range.  The waveform capture will include the first photoelectron pulse, with signal shaping appropriate to the basic SPE current pulse.  This signal shaping shall be such that the captured waveform of a fast step function (e.g., ~1 ns risetime) applied to DOM MB signal path input will display a rise-time of not more than 6 ns, as digitized. (See also new  Requirement 3.1.5 for medium-speed FADC long waveform capture.)

Justification: Consistent with the primary requirements to capture all information relevant to muon track reconstruction, and energy measurement of muons, cascades, and showers, the information content arriving at the PMT ranges from a single PE to several hundred PE arriving over an interval of hundreds of ns.  The time distribution of the photons thus comprises a continuum from a simple single pulse to a variety of complex patterns, within which the arrival time distribution carries information about the distance between the DOM and the event, the directionality of the event relative to the array of DOMs, the energy of the event, and the type of event. All photons carry information, not just the earliest photon. At early times, considerable structure is expected to occur, including very rapid pulse rise-times, and multiple peaks due to overlapping pulses; high-speed sampling is appropriate. 

In addition, it is useful to be able to capture each PMT SPE waveform for diagnostic and calibration purposes.  Being able to vary the sampling speed  permits diagnostics such as precise SPE pulse characterization, and is also necessary to meet the waveform capture requirements for IceTop. 

The analog signal processing path of the DOM MB will unavoidably degrade the PMT pulse shape due to the presence of a transformer, delay line, and active semiconductor components. If the DOM MB signal processing path can obtain a step-pulse risetime of 6 ns, an initial PMT risetime of 5 ns will be degraded to 8 ns.  Although this degradation of PMT pulse shape is non-negligible, the time resolution requirement of the DOM, as defined in requirement 3.1.1, will still be met because the timing feature extraction algorithm will be sufficiently powerful that the PMT signal risetime has only a sub-ns impact on time resolution. 

Status: High-speed sampling is carried out with the ATWD ASIC, capable of providing ~14 bit resolution at sampling speeds from ~200 - 800 Msamples/s. The ATWD has four channels of synchronously launched analog waveform capture, after which a 10-bit conversion may be initiated if the capture corresponds to an interesting event candidate. 

The expected IceCube sample rate is ~300 MHz, corresponding to 3.33 ns/sample.  Because there will exist two ATWDs operating in a “ping-pong” mode, most of the time (~95%), for pulses that remain over threshold beyond the first 128 samples there will be an ATWD record length of ~2 x 128 samples, leading to a maximum of ~256 x 3.33 = ~800 ns record length. In principle, the FPGA can ascertain the discriminator status near the end of the first capture interval, launching the "second" ATWD if the signal remains over threshold. Because the launch is synchronous with the clock, the second launch will not, in general, line up precisely with the last sample of the "first" ATWD; this should not cause a problem in the analysis, since the second launch latency is precisely pre-defined as an integer multiple of the clock period.  This capability adds a level of  complication in FPGA design, but is equivalent to the design already implemented for KamLAND. The ping-pong mode will also operate in a second, but very similar mode, to minimize dead-time, as an unrelated event may occur while an ATWD is processing a prior short event. In this case the first ATWD may have finished the “capture” cycle, and have entered the digital conversion stage; the second ATWD will then launch.
3.1.5
Requirement: Medium-Speed PMT Waveform Capture**
PMT current waveforms shall be captured with a sampling rate of not less than 40 MHz for at least 4000 ns after the detection of the first photoelectron, with signal shaping appropriate to the sampling rate.
Justification: At times longer than ~400 ns relative to the first photon, simulations show that the structure becomes relatively smooth, as events are typically distant from the DOM, and it is appropriate to sample waveforms with an integration time of ~25 ns.

Status: Arbitrarily long waveform capture is accomplished with a 10-bit FADC running continuously at the DOM MB 40 MHz local clock frequency. 40 Mhz 10 bit FADC's are mature, cost effective, and relatively low power.
3.1.6
Requirement: Instantaneous Dynamic Range

The DOM shall be capable of triggering on and recording PMT signals ranging from 0.2 <PE>/15 ns to not less than 200 <PE>/15 ns.

Justification: <PE> is defined as the mean value of the peak amplitude of a statistically robust sample of SPE pulses acquired with the on-board weak pulsed LED in forced acquisition mode. (The <PE> units can be either ATWD ADC units, or mV referred to DOM MB input. See the new Requirements 3.1.10 and 3.1.11) Although there is an enormous possible range of light intensity generated in an electromagnetic cascade, it is not essential that every DOM MB observing an event be capable of capturing information without saturation. For the ultra-high energy events, hundreds of DOMs will receive detectable signals, but only a few, those DOMs closest to the event, will saturate, i.e., be unable to record the signals properly. Due to attenuation and scattering of the optical signals, the vast majority of DOMs will be responding linearly. Since there is no absolute upper limit to incident neutrino energy, a compromise imposed by conservative engineering practice and cost is necessary, since the physics of these events can be captured adequately by the DOMs outside the core of saturation.
Status: Simulations show, for example, that a 1 PeV cascade event will generate a signal of 185 <PE>/15ns at a distance of 60 m (half the string spacing) [ref?].  While DOMs closer to the cascade origin than this will be saturated, hundreds of DOMs will register this event, permitting a complete characterization.  At 6.4 PeV, the maximum of the "Glashow" resonance, the peak input rises to 1000 <PE>/15 ns at 60 m; for these events, the core of saturation will extend somewhat further, but even more DOMs will participate, permitting adequate reconstruction.  The planned triple-range ATWD operation for IceCube will meet this instantaneous requirement (AMANDA string18 uses only two of the three available channels). It is necessary to realize extremely low circuit noise levels within the DOM MB, in order to meet or exceed this dynamic range requirement, because noise will inevitably lead to higher thresholds, more PMT gain, and less total dynamic range.

3.1.7
Requirement: Integral Dynamic Range**

The DAQ shall be capable of recording an integrated number of <PE> of not less than 2000, occurring over a time interval of 4 (s. 

Justification: At larger distances from the core of a cascade or shower event, the optical signals are stretched out over hundreds of ns, even well beyond 1000 ns.  Energy information is extracted from the sum of all photons detected. The time distribution of arrival times of the photons carries information as well, as noted above.

Status: The string 18  DOMs are equipped with a 10-bit FADC, capable of recording PMT current waveforms of practically arbitrary length.  This FADC is operated at ~33 MHz in string 18, and is now being readout along with ATWD records. The PMT current is reshaped to match the sampling rate of 33 MHz. The observed waveforms are consistent with the ATWD record during the interval of overlap.  The new DOM MB design will operate at 40 MHz, again with a 10-bit FADC.  The expected operating conditions will place the <PE> (in FADC units) at ~3 bits.  Saturation would occur at about 128 PE/15 ns.  It is noteworthy that the FADC channel, if recording a sustained 50 PE/15 ns for 2000 ns, would integrate to more than 6000 PE.  The FPGA firmware is expected to be able to capture a record length in excess of 6000 ns, (although only 4000 is required) leading to a conceivable integral of about 20,000 PE.  This requirement seems easy enough to achieve.

3.1.8 Requirement: SPE Pulse, Stability, and Gain-Set Resolution

The DOM MB will properly process <PE> PMT pulses of 10 mV amplitude, referred to input (this corresponds to a PMT anode charge of 1.6 x 10-12 coulombs delivered into a 100 ( transmission line with back termination; this implies, in turn, that the PMT shall be capable of providing a stable gain of at least 1 x 107 over the lifetime of the IceCube detector). The PMT HV set resolution shall permit a relative PMT gain change of ~1 %/bit, met over the complete range of gain variation among the ensemble of IceCube PMTs (see also PMT HV Base Requirements Document). The stability of DOM MB amplitude calibration shall not exceed a deviation of 2% per week.

Justification:  The PMT must provide SPE signals that are widely separated from the white noise of the DOM MB.  To provide a safety margin that can accommodate an unexpected increase in DOM MB noise, it is prudent to imagine operating a DOM at a substantially larger <PE> value. The gain must not vary rapidly with the passage of time, since this would create a high overhead for calibration activity. 

Status:  The PMT selection process is underway at UW, with a gain specification that exceeds what is needed by the DOM MB. The DAC range will be 12 bits, spanning 2 kV; this resolution corresponds to ~0.25%/bit for the PMT gain, easily meeting this spec. <PE> gain has been thoroughly explored in string 18, with excellent results, indicating typical drifts of  a few % per year, very much better than the requirement. The HV readout ADC will be 2 channel 12 bit, assuming that the photocathode-dy1 voltage is separately controlled from the dynode string HV. 
3.1.9
Requirement: PMT Linearity, and Calibration Accuracy

The calibration of the PMT anode current versus ADC output shall be not more than 10% maximum deviation from best straight-line fit over the dynamic range specified. The accuracy of the calibration of the PMT analog current to ADC transfer function shall be not more than 5% maximum error. (See new Requirement 3.1.8 for discussion of PMT gain and stability.)

Justification: A modest linearity requirement is appropriate because there are no narrow expected spectral or analog features in the data that will degrade physics results. The non-linearity of response is not burdensome to correct for, as long as it is stable and does not display pathological behavior. Drift of gain more rapid than the 2% per week is likely to require excessive attention to calibration issues by personnel, and possibly lead to downtime, if the calibration process cannot be interleaved as an invisible sub-process during data acquisition.

Status: Not yet explored over the whole dynamic range, but regarded as straightforward to do if a calibrated light pulser is available that can span the 1 to 200 <PE>/15 ns dynamic range. This calibration would be done in the laboratory.  The need to perform calibrations of this type in the ice has not been addressed.  The requirement for a flasher board capability to provide this capability should be determined in the very near future. 

3.1. 10
Requirement: Analog Signal Path Signal/Noise Ratio
The signal/noise ratio, measured at the PMT signal path input to the DOM MB, shall be not less than 80. 

Justification: The signal/noise ratio is defined as SNR =  <PE>/ vn , where vn is the rms white noise intrinsic to the DOM MB active components in the PMT signal path.  In addition to the white noise generated by active semiconductor devices within the DOM MB, there exist random small noise pulses generated by the PMT dynodes. While the spectral characteristics are quite different, either of these two noise sources may cause extremely rapid discriminator transitions if the threshold is set too low. It is desirable to operate the DOM MB such that white noise and all other noise sources intrinsic to the DOM contribute negligibly to the discriminator transition rate, since tiny drifts can induce large rate changes if the margins are small.  A very conservative margin would be 8 vn . With the reasonable assumption that the noise is gaussian, then 8 ( = 8 vn.  Equivalently, if the SNR = 80, the noise vn in <PE> units is 0.0125 <PE>.  In other words, if the SNR = 80, the discriminator threshold must not be lower then 0.1 <PE>.  If, as expected, the threshold setting is constrained by the dynode noise pulse spectrum to be not less than 0.2 <PE>, corresponding to a PMT with good P/V, then an adequate margin exists, and  the DOM MB performance presents no limitation for the SPE detection efficiency.

Status: It is our design goal that noise arising from any DOM MB source - white noise, digital activity, DC-DC conversion of the DOM MB or PMT HV -  is a negligible contributor to the discriminator transition rate in normal DOM operation. Referred to input, the intrinsic rms noise for the DOM MB is likely to be less than ~0.1 mV rms. With the presumption that the PMT is operated at a gain of 1 x 107, a PE signal (taken to be a triangular pulse of 8 ns FWHM ( full width-half maximum in a 50 ( signal path) produces a <PE> signal of  ~10 mV.  In this example,  the SNR is ~100.  Following the P/V PMT requirement, a threshold of ~ 2 mV (referred to input) would be employed. This gives a vn noise rejection factor of ~ 20 (, and yet should easily meet the 80% requirement for SPE detection efficiency. If the dynode noise is high, the threshold might have to be set higher. Alternatively, the PMT may be operated at a lower gain, thereby providing a higher instantaneous dynamic range.
3.1.11 Requirement: Discriminator Threshold Range and Resolution**

The DOM MB analog signal path discriminator shall have a range from –0.5 <PE> to +2.5 <PE>, with a resolution of  not more than0.003 <PE>/bit.

Justification:  It is important to able to set the threshold very precisely to stay in the optimum range that eliminates the desired fraction of dynode pulses while keeping the desired fraction of SPE signals.  The range must also be sufficient to track any conceivable long-term component aging which may introduce drift or threshold offsets.  In addition, resolution must be sufficiently fine to permit the “S-curve” test of threshold pulse noise measurements, the ideal way to measure noise in this critical signal processing path.  If the noise vn is 0.0125 <PE>, then a resolution of  0.003 <PE>/bit will permit at least 10 steps through the noise spectrum.

Status:  Straightforward to implement at the design stage using a 10 bit DAC, which will give a range of ~3 <PE> with 0.003 <PE> steps.

3.1.12
Requirement: PMT Discriminator Threshold Stability

To minimize systematic error in the supernova search, and to maintain gain calibration stability, the discriminator threshold shall not drift more than 0.05 mean <PE> per week.

Justification: A wandering threshold for the PMT discriminator would directly affect the SPE efficiency and the rate of noise hits.  Due to the widely varying peak-to-valley ratios among an ensemble of PMTs, it is necessary to maintain a high level of stability to avoid counting noise hits, which have an extremely steep spectrum, or, for drifts upward, to avoid losing real SPE pulses. It is most useful to frame this requirement in <PE> units, since other units such mV or DAC counts do not directly determine quantities of physical interest.

Status: Evidence from string 18 indicates a very stable threshold over months, with drifts consistent with zero at the level of 0.05 <PE>.
3.1.13  Requirement: Calibration Pulser**

The DOM MB shall include the capability to introduce at the input to the PMT analog signal path a variable amplitude pulse of constant shape, which resembles the <PE> waveform within ~20% in rise- and fall-times.  The instant of pulse production shall be synchronized  to the local clock and will be programmable to occur once at a predetermined moment in local time or at repetitive intervals. The range of the amplitude shall be from ~0.2 <PE> to not less than ~10 <PE>, with a step resolution within this range of not less than 1 part in 210.  When not in use, this feature will have less than 1% effect on normal PMT waveform shape, and noise introduction will not exceed the noise budget table allocation under any circumstances. 

Justification:  The existence of a pulse capability such as this permits the DOM MB to be exercised without the PMT, and various stability and fidelity tests to be performed at will, before or after deployment.  This capability also permits a thorough exploration of the noise characteristics of the threshold path and the waveform capture path.

Status: Not implemented in string 18 DOMs, but regarded as straightforward. The main concern is to eliminate noise injection from digital sources. 

3.1.14
Requirement: PMT Noise Rate Measurement**

For the supernova (SN) search, PMT count rates must be measured with a programmable dead-time, ranging from zero ms to 1 ms, in increments of ~10 (s. The rates must be reported with a time-stamp referred to global time, so that global sums may be formed for the entire array.  

Justification: After-pulsing can introduce a non-Gaussian behavior, introducing a tail toward higher counts that degrade the sensitivity of the SN search.

Status: Well-studied in AMANDA, but not yet explored for SN in string 18 data. This functionality is naturally placed within the FPGA, where real-time signal-processing management occurs. It is not regarded as a difficult challenge for the FPGA design.

3.1.15
Requirement: DOM MB Operation in Master/Slave Mode

The DOMs shall always operate as a slave to the surface DAQ. Every DOM response is the result of a surface DAQ request.

Justification:  With two DOMs per twisted pair, only one DOM MB at a time is permitted to impress signals on the twisted pair.  Therefore, it is necessary for the surface to maintain control, and operate the data flow as a "data-pull" architecture. This simple protocol is appropriate because the data flow in normal operations will be quite stable, within statistical variations. There is no need to invoke more complex protocols such as CDMA (collision detection multiple access) since there are only two data generators on the physical layer, each of which producing a predictable flow of data.

Status: Software for this transition has been written for string 18, and will serve as the springboard for IceCube.  
3.1.16
Requirement: One or Two DOMs per Twisted Pair

The DOM MB shall be operable either as one DOM per twisted pair for ICETOP, or in a configuration of two DOMs per twisted pair for DeepIce. 

Justification: This is necessary to minimize down-hole cable bulk, and cost, and to simplify deployment effort.

Status: Some effort has been devoted to the issue of the need for impedance matching. The In-Ice meeting at UW (August 2002) led to consensus that the approach suggested by DESY would be employed.  In this approach only the DOM at the extreme physical end of the twisted pair would have line termination; the other DOM will present a high impedance to the line.  This method introduces the least disturbance to the shape of the received and transmitted timing pulses.  Nevertheless, there will likely exist a measurable systematic error in timing and/or cable offset measurements; these are likely to be stable, and should be measurable in the laboratory using variants of the RAP method, in which a clock common to all elements is employed. 

3.1.17
Requirement: DOM MB Data Transmission for DeepIce**

The DOM MB shall be capable of transmitting data, as requested, at a rate of not less than 20 kbytes/s, with a bit  error rate not more than 1 x 10-9. This requirement shall be met for all cable lengths of the DeepIce detector. (for specific IceTop needs see Requirement 3.1.18.)

Justification:  To avoid complexity in protocol, it is desirable to operate such that requests for retransmission of a corrupted data block are not employed. The detection of a corrupted data block will hence lead to that data block being discarded. A bit error rate of 1 x 10-9 corresponds roughly to a data loss of 0.001% for 1 kbyte record length. For highly energetic and therefore interesting events, perhaps 100 data blocks would contribute to the event; in such an event, the chance of a corrupted block occurring would be ~ 0.1%. 

Status: DESY colleagues have shown that a rate of more than 1 Mbit/s is possible with a bit error rate much less than 1 x 10-10.  It is expected that this requirement will be met with substantial margin, since a DOM transmission rate of 20 kbytes/second corresponds to a bit rate of 160 kHz (baud rate is higher, depends on signaling).

3.1.18
Requirement: DOM MB Data Transmission for IceTop

The DOM MB shall be capable of transmitting data, as requested, at a rate of not less than 100 kbytes/s, with a bit  error rate not more than 1 x 10-9. This requirement shall be met for all cable lengths of the IceTop detector.

Justification: High-gain IceTop DOMs will count at a rate of ~3 kHz, perhaps 7 x that of DeepIce DOMs.  Even with feature extraction, the expected rate requires a bandwidth of this value.  Because the IceTop DOMs are not further than 600 m from the counting house, the cables are much shorter, and the bandwidth will be higher than for the DeepIce DOMs.

Status: DESY colleagues have shown that a rate of more than 1 Mbit/s is possible over a 2 km cable with a bit error rate much less than 1 x 10-10.  While it is expected that this transmission requirement will be met with substantial margin, tests with the new DOM MB to evaluate noise have not yet, obviously, been performed.
3.1.19
Requirement: Data Compression/Feature Extraction for DeepICE**

Waveforms shall be processed within the DOM MB to extract needed information to meet a data compression goal of 20 bytes/event, average. Data with negligible information content, such as extended baseline segments of simple SPE-like waveforms shall not be transmitted (exception: infrequent transmission for monitoring purposes of an unbiased event sample). This requirement applies to both ATWD and FADC data streams, such that the algorithm treats both data streams in an essentially identical manner. The data compression/feature extraction algorithm must be capable of processing all continuous waveforms such that results are free of arithmetic anomalies, invalid results, or operational glitches. For diagnostic purposes it shall also be possible, under programmatic control, to transmit random waveforms without feature extraction. (For IceTop, see  requirement 3.1.20.) 

Justification: Most PMT signals will be  single PE pulses, generated by background processes within the DOM glass or PMT glass.  These pulses have no additional information beyond charge and time, so the transmission of their waveforms is not justified.  Furthermore, the regular transmission of their waveforms would impose a serious bandwidth requirement for twisted pair communications over the ~2 to 3 km distances required for IceCube. The stated data compression goal of 20 bytes/event, average, corresponds to 10 kbytes/second, if the PMT is counting at 500 Hz.

Status:  Feature extraction algorithms have been proposed, and one implemented against a file of real ATWD waveforms.  Integration within the string 18 FPGA code is possible in the near future. An alternative approach, the so-called "road-grader" concept, would not distinguish between SPE and complex waveforms, but simply transmit all samples (ATWD and/or FADC) that fall above some threshold.  The latter approach avoids any impact of different processing algorithms, but has not yet been studied in any depth. For the simplest implementation, the road-grader needs to have very stable baselines. The natural ATWD  baseline pattern noise is quite stable, and may be subtracted prior to event processing.
3.1.20 Requirement: Data Compression/Feature Extraction for IceTop

The DOM MB FPGA will process waveforms to determine into which of three categories a signal falls: 1) Single Muons; 2) Soft Component;  3) Complex Waveform.  The DOM MB FPGA will be capable of processing waveforms at a rate of not less than 3 kHz. The ATWD timing channel, as well as the three PMT signal channels, will be made available to the Feature Extraction Process.

Justification: IceTop DOMs mainly process cosmic air shower components - a mix of single and multiple muons, some hadronic debris and soft electrons - arriving at the ice/snow surface, whereas DeepIce DOMs process mainly PMT noise pulses, and to a small extent, the penetrating muon component. The relatively copious Single Muons create relatively large characteristic waveforms which may be recognized and transformed to a set a parameters sufficient for subsequent analysis. It is expected that ~95% of events will be identified as such. The Soft Component will produce smaller, irregular waveforms, refractory to shape-dependent compression tactics, but which can still be associated usefully with other IceTop detector activity.  TheComplex Waveforms are those which fail to satisfy the criteria for the other two categories; these also are transmitted without compression.

Status:  Algorithms have been written by the Bartol group which appear to meet both the compression and information content goals.  However, it may be that a simpler approach can also work which would more closely resemble processing done for DeepIce.

3.1.21
Requirement: DOM MB Power Dissipation for DeepIce**

The DOM MB shall dissipate less than 2.5 W average power in regular operation.

Justification: The project office must meet an overall power consumption goal for the IceCube detector, imposed by the station and NSF personnel. Each watt dissipated by a DOM adds ~5 kW to the overall power budget. Each watt dissipated by DOM MB is accompanied by additional power dissipation in the twisted quad cables. Excursions beyond this limit during certain calibration or measurement actions are acceptable for short periods. Power dissipation in the cable is not included in the 2.5 W value. (see Requirement 3.1.22 for IceTop DOM variant specifications.)

Status:  From preliminary design considerations, it is expected that the power dissipation of the new DOM MB will be in the range of ~2 W. The 2 W value does not include the PMT HV base or flasher board power dissipation.
3.1.22 Requirement: DOM MB Power Dissipation for IceTop**

The DOM MB shall dissipate less than 10.0 W total in regular operation.

Justification:  Relative to DeepIce, IceTop DOMs are few in number (320) and operate in a colder environment. Heat may be necessary to obtain a DOM operating regime within manufacturer's specs. 

Status: No detailed design effort has yet been made for IceTop variant DOMs. At 10 W, IceTop DOMs would add ~1.6 kW to the overall power budget. The additional heat, if needed, would be generated by a special heating element.  Since the IceTop DOMs do not need a flasher board of the type used in DeepIce, the heating elements would plug into the Flasher Board Interface.  These heaters would presumably be powered directly from the 100 V DC input, rather than from a low voltage source; they could be thermostatically controlled.  Power dissipated in the cables is not included in the 10.0 W.  Each DOM in IceTop has its own twisted pair, unlike DeepIce where there are two DOMs per twisted pair. Again, since there are few DOMs in IceTop relative to the number in DeepIce, and because the cables are relatively short, power dissipation per unit length in the IceTop cables may be allowed to rise to a substantially higher level than for DeepIce. 
3.1.23
Requirement: Robust Bootstrap Scenario
Recovery from any crash or illegal state must always be possible by power-cycling.

Justification: Guaranteed  communications must be available to/from each DOM MB after power-up. This process must not be subject to permanent fatal errors due to any inadvertent actions or surface DAQ error states or power conditions. An hypothetical example of this would be a locked-up FPGA state that dissipates excessive power, leading to device failure.  The DOM MB must be receptive and responsive immediately after power-up, so that very short commands from the surface can sequentially initiate higher levels of functional response.  Loss of DOM by trapping in an illegal state must be made impossible.  Power-cycling will result in both DOMs on a twisted pair having to reboot, but this should not present a problem.

Status:  The string 18 design has worked well, recovering gracefully after power crashes.  Some changes are likely in the transition from string 18  design to IceCube, but not major ones.
3.1.24
Requirement: Simultaneous DATA Acquire/Transmit

The three primary DOM MB processes of 1) acquiring data; 2) reception of DAQ system commands; and 3) transmission of data to surface DAQ shall not interfere. Induced noise from any process on the integrity of the analog signals shall meet the allocation specified in the DOM MB Noise Budget Table.  
Justification: Data acquisition of PMT signals must be continuously sensitive to meet the dead-time requirements in  normal operation. The DOM must be continuously receptive to surface DAQ commands, except when it is transmitting data in response to a command. Upon request, data transmission to the surface must occur within a specified latency. The transmission of data and reception of commands shall operate seamlessly and appear invisible to the data acquisition process. Digital activity shall not introduce noise into the analog signals at a level that compromises information content, as measured against other stated requirements.
Status: Buffering of event data has now been realized in the laboratory. The  FPGA design modification to include a UART is operational; this is needed to realize faster communications so that readout speeds may exceed write-in speed. Some changes to the DOM MB software application must be made. 

3.1.25
Requirement: Noise Immunity**
DOM operation must be continuously possible during the entire year, including all IceCube south pole summer operations such as string deployment and commissioning. 

Justification: Loss of data due to an inability to operate successfully during south pole summer operations would cause a very substantial loss of data and represent a loss of investment. All relevant and appropriate design methods shall be implemented to realize maximum immunity to external noise  sources which could introduce EMI onto the twisted quads.  Communications will use 2V peak-to-peak differential signaling (or possibly higher) so that noise immunity is expected to be, and indeed has been demonstrated to be, excellent.
Status: DESY colleagues have demonstrated an improved result over the  string 18 design for common-mode noise, but power issues must be taken into account. Noise tests with EMI sources conducted by them has shown no induced communication errors. A primary concern is the possible overlap of the timing pulses with a small noise signal, thereby degrading the accuracy of the local - global time transformation. One possible source of timing degradation is cross-talk between digital signals in one twisted pair and a timing signal in the other pair of a twisted quad.  Preliminary investigations by GTP have led to confidence that digital cross-talk is not likely to exist at a level that introduces measurable timing noise at the 1 ns level [ref?]. The IceCube systems requirement for noise remains an area needing attention.
3.1.26
Requirement: Local Clock Short-Term Stability

The DOM MB local clock shall demonstrate short-term stability of (f/f < 5 x 10-10 over an interval of 10 seconds.

Justification:  Short term stability much poorer than this leads to an increase of algorithmic complexity and monitoring activity. This specification corresponds to 5 ns drift between sample periods of 10 seconds. With the reasonable assumption that the drift is well-behaved almost all the time, most of this drift should be fitted away with accuracy sufficient to maintain the 5 ns total time resolution. 
Status: More than 90% of oscillators obtained recently from Toyocom at modest cost have demonstrated short-term stability a factor of 10 better than this specification, i.e., less than 0.5 ns per 10 second interval. It is not clear yet whether oscillators will need pre-selection.  Production testing will ensure that all deployed DOMs will meet the stability requirement.

3.1.27
Requirement: Cable Length Measurement by RAP

The RAP method
 requires that the DOM MB shall be capable of capturing a special timing pulse with an FADC such that the record of the single shot pulse leading edge and an appropriate interval of pre-pulse baseline will be reconstructable with ~2 ns resolution. 

Justification:  Measurement of the differing cable lengths must be accomplished using the same methodology as that used to establish the relationship between local clock and master clock, so that systematic errors will be effectively cancelled. This requires that noise levels within the DOM MB and on the twisted pair must not degrade the resolution. The DOM MB must be capable of transmitting, after a programmable interval, a pulse equivalent to that transmitted by the surface DAQ to the DOM MB. Line noise above 1 mV (~500 kHz) must be absent for a fraction of the time not less than 10% to permit the resolution specification to be achieved. 

Status: This capability has been well demonstrated in string 18.  The RAP method requires that the time mark pulses sent in both up and down directions be made as identical as possible, and processed identically in order to determine the one-way transit time from the measurement of round-trip time. The systematic errors that may arise from asymmetries in components between surface and sub-surface systems have not been evaluated, but are thought to be small and directly measurable.
3.1.28
Requirement: PMT HV Base Interface

The DOM MB shall transmit control signals and receive monitoring signals from the PMT HV Base.  The PMT HV control and monitor signals shall be digital. The interface and PMT HV design shall demonstrate that noise introduced by the operation of the PMT HV base does not exceed the noise budget entry from this source.

Justification: It is natural for slow control and monitoring of PMT HV to be part of the messaging infrastructure of the DOM MB. Digital control is regarded as less likely to induce noise from the PMT HV generator into the DOM MB analog signal processing.
Status: String 18 DOMs experience some additional noise during PMT HV operation, presumably due to the switching DC-DC power converter .  Better interface design and electrical specification should provide a solution. The interface document describing this function is in preliminary draft form by the IceCube Project Office.

6.5 The following reliability section replaces section of the earlier version.  Numbering of paragraphs refers to IceCube Requirements doc for DOMMB

6.5 Reliability , Maintainability and Safety Requirements

The DOM MB design shall meet the qualitative and quantitative reliability requirements specified below.

Justification: It is important to specify both qualitative and quantitative reliability requirements and to carefully balance them to achieve a cost-effective solution.  Qualitative requirements specify good design practices, component selection and application, and criteria for manufacturing, storage, and handling.   These are needed to ensure a robust design and reduce the risks associated with the limitations of standard reliability predictions when dealing with important projects.  The intent is to take a cost/risk-balanced approach rather than follow either a pure risk-adverse or pure minimum-cost approach.

6.5.1
 Failure Propagation 

A failure in a given optical module shall not induce failures in other optical modules.

Justification: It is important that the design does not contain elements whereby a single failure may result in the loss of multiple optical modules.  For example, it is good design practice to avoid protective devices, common power supplies, and sharing of critical components. 

6.5.2
 Supplier Selection

The electronic parts shall be selected from manufacturers on the DoD Qualified Manufacturer List (QML) and NASA's Active Parts Core Suppliers List (CSL).

Justification: Careful selection of suppliers is critical for low risk.  Consistent part quality is vendor dependent.  We can benefit from the QML system that was implemented by DoD to ensure the availability of high quality parts in a cost-effective manner.

6.5.3
 Quality/Reliability Level
· The preferred electronic parts shall be selected from "Manufacturer High Reliability" parts qualified and screened in accordance with Mil-Std-883 or EIA/JEDEC approved test methods to the following levels:

· Semiconductor devices equivalent to JANTX  or better

· Microcircuits equivalent to 883 Class B  or Q or better

· Passive devices equivalent to Established Reliability (ER) Failure Rate Level R or better. 

The electronic parts that do not meet the above criteria shall be evaluated to ensure that they have been manufactured and tested in accordance with "best commercial" practices for automotive or industrial designs and are adequate for the IceCube application.

Justification: Commercial grade parts are not normally screened as part of their manufacturing process.   Screening is necessary to remove defects that may result in infant mortality failures.   We are somewhat specific about the screening and qualification processes because it is often very difficult to assess the quality of parts identified as industrial grade, ruggedized,…These terms mean different level of quality/reliability depending on the supplier.  Our focus on the processes is to ensure that the selected parts are highly reliability and cost-effective.

6.5.4
 Requirement: Prohibited Materials
· The following materials shall not be used in critical applications:

· Pure tin plating

· Cadmium plating

· Zinc plating.  

In the event that these materials cannot be avoided further evaluation shall be provided to determine their suitability.

Justification:  The above finishes are susceptible to the growth of electrically conductive single crystal structures known as whiskers.  Over time these whiskers may grow to be several mm long and cause short circuits.  At the present time the only sure way to avoid these metal whiskers is to not use parts with these finishes.

6.5.5
Operating Life shall be specified in the IceCube System Requirements.  Interim requirement is:
The DOM MB shall be capable of remaining operational for 8 years.

Justification: The DOM MB should be capable of supporting the experiment for its planned duration without replacement.  This is not a challenge given the other reliability requirements.

6.5.6
Untended Operations

The DOM MB shall be designed to operate safely without requiring continuous human monitoring.  

Justification: The DOM shall have adequate Fault Detection and Recovery (FDR) to preclude 7X24 operator monitoring.

6.5.7
 Parts Derating

Parts shall not exceed the allowable stress limits specified in the manufactures data sheet.  Operation at extreme low temperatures and Plastic Encapsulated Microcircuits may require  additional deratings.   

6.5.8
 Failure Rate will be specified by the IceCube Systems Requirements
Note:  For this to be a meaningful requirement it is necessary to specify a database and computational methodology including infant mortality..

6.5.9     Maintainability

The DOM MB shall be fabricated using methods that allow rework and repair up to the time of enclosure in the DOM and deployment at the pole.

6.5.10    Safety

The DOM MB shall meet all relevent OSHA and NEC code requirements.

This section 3.1.29 is replaced by the preceeding text…

3.1.29 
Requirement: DOM MB Failure Rate**
Loss of DOM availability caused by  DOM MB failure shall not exceed a failure rate of 0.2%/year, excluding any losses directly associated with deployment.  Loss of DOM is defined here to be total loss of communication and control, or complete loss of useful information content. Partial failure is defined as loss of particular capability, e.g., local coincidence or inability to vary ATWD sample speed. Partial failure rate shall not exceed 1%/year. 

Justification: Loss of DOMs reduces the sensitivity of the array to lower energy events, adversely affects the stability of energy calibration, reconstruction resolution, and may require burdensome simulation effort to maintain appropriate corrections. 
Status:  Because string 18 was constructed with extreme time pressure, no firm conclusions may be drawn about reliability or MTBF, even if no DOMs were lost (several have been lost, either complete or partial capability). Production Engineering will be a new domain of effort for IceCube, in general, requiring access to specialists during design, and great care in vendor selection and QA during fabrication.   This DOM MB requirement is still preliminary, and is expected to be set at the project level before Jan 1, 2003.
3.1.30
Requirement: Local coincidence
The DOM MB will possess the capability to transmit and receive simple digital messages from nearest neighbors. This messaging capability will allow messages received in the up (down) direction to be modified appropriately and retransmitted in the same direction with minimal latency.  Messages may be received while transmitting in either direction.

Justification: This will facilitate the realization of a local coincidence detection and tagging capability, with a natural method to introduce a programmable “coherence length” that may easily extend well beyond the nearest neighbor.  Simulations have shown that some energy information may be lost, and even some low-energy events if the local coincidence extends only to nearest neighbors.

Status: The string 18 DOMs have demonstrated a simple nearest-neighbor local coincidence that performs as expected [ref?].  Very straightforward circuit changes will add the “coherence length” capability.

3.1.31 Requirement: Maximum Sustainable Rate**

The DOM shall be capable of operating normally at a threshold of 0.2 <PE>, at a rate of 3 kHz with a cable length of 600 m or less. 

Justification: This rate is needed for the high-gain mode in IceTop, where the natural muon rate at the surface is expected to be about 3 kHz.   This rate capability is the most demanding performance expected within the combined DeepIce and IceTop system.  The capability of stable normal operation at 0.1 <PE> (see requirement 3.1.10) is needed to demonstrate adequate operating margin, e.g., against PMT gain loss, or conceivably the presence of a non-gaussian noise source. Normal operation here means that dead-time scales as expected, and that the system remains in sustained stable operation.

Status:  Not yet demonstrated in string 18 DOMs.

3.1.32 Requirement: Flasher Board Interface

The Flasher Board Interface shall provide the full complement of power and signals to establish the instant of LED pulsing, the frequency of pulsing, the amplitude of pulsing, and return monitoring signals as appropriate. The DOM MB shall be able to operate with or without the flasher functionality. This interface may also be required to support special IceTop variant capabilities such as providing heat instead of LED flashing, in which case the primary 100 V DC is required to be available at a convenient connector, if not within the Flasher Board Interface connector. This interface shall be described in a separate document.

Justification:  The flasher board or other variant boards comprise a sub-system. 

Status:  The flasher board is the responsibility of the UW group. The interface document describing this function is in preliminary draft form by the IceCube Project Office.

3.1.33 Requirement: Pressure Sensor**

The DOM MB shall incorporate a pressure sensor, capable of measuring ambient pressure inside the DOM.  The range shall extend from at least 1.5 atmospheres down to 0.05 atmospheres. The precision of measurement shall be 12 bits to permit tracking of drifts with good resolution. The measurement error (accuracy) shall be not greater than  (2%.
Justification:  The DOMs must be shown to hold a partial vacuum, as an indicator of equatorial seal and penetrator integrity.  Since the DOMs will be crated for shipment as an ensemble of four, and inaccessible nearly up to the moment of deployment, the capability to measure the pressure as part of a final pre-deployment test is essential.

Status:  An appropriate commercial IC has been identified that will accomplish this purpose, and is being incorporated in the DOM MB design. This IC has a power switch-off function, that will permit low-power idle status during normal DOM data acquisition operation.

3.1.34 Requirement: Temperature Sensor**
The DOM MB shall incorporate a temperature sensor, capable of measuring ambient temperature inside the DOM with an absolute temperature calibration accuracy of (2(C in the range of –20( to -40(C. The operating range shall extend from +80( C to -50( C. The precision of measurement shall be 12 bits to permit high resolution drift tracking.

Justification: The DOM operating temperature is important to understand both normal and pathological operation.   It is useful also to determine the local freeze-back rate in the hole. It can also be useful during burn-in and temperature cycling, and ultimately as a safety interlock in the event of excessive operating temperature.

Status:  The string 18 DOMs have this capability, which was demonstrated to work well.  No design difficulty is expected. 
4.0 Interfaces.

The following interfaces are recognized and will be documented as part of the design process.

4.1
Physical. 

4.1.1   Electrical.

4.1.2   Power.

4.1.3 Signal.. 

4.1.4    Mechanical

4.2
Environmental.

4.2.1   Operating and Non-operating. 

4.2.1   Storage.

4.2.2 Transportation.

4.3
Electrical

4.3.1
PMT HV base

4.3.2
Flasher board

4.3.3
Twisted pair cable

4.3.4
Local coincidence 
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� The Reciprocal Active Pulsing (RAP) method is described in an internal note written by Bob Stokstad, LBNL-43200, to be added to the IceCube documentation Web site soon. 
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