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1.0 SCOPE

1.1 This IceCube Project Engineering document 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 as described in the DAQ System Requirements.

2.2  Precedence.  The DAQ System Requirements has precedence over this document. In the event of a conflict between the provisions of this document and any other IceCube DAQ documents describing the DOMMB hardware, the provisions of this document shall govern.  

2.3  Authority.  Approval of this document for initial release and subsequent changes are authorized only by the DAQ group along with the concurrence of IceCube project management.

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

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


Flash Analog to Digital Converter

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

m


meter

mv


millivolt

mW


milliwatt

n


nano

Nt


newton

OM


Optical Module

P


Peta (1015)

PE


photoelectron

PMT


photomultiplier tube

RAP


Reciprocal Active Pulsing

rms


root mean square

s, sec


second

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

W


watt
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Figure 1-1.  IceCube Observatory System Block Diagram

3.0 DOM  MAIN BOARD HARDWARE  REQUIREMENTS

3.1  Performance Requirements for DOM Main Board (DOMMB)

3.1.1  
Requirement: Time Resolution

For any given PMT, 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 PMTs which exceed 5 ns rms will contribute non-negligibly to the trajectory reconstruction errors.

Status: Experimental data taken with DOMs in string 18 and in the laboratory indicate that a clock synchronization error of less than 2 ns rms is possible, including offset measurements due to differing interconnecting cable lengths. The PMTs have an intrinsic time resolution for single photons of about 2.5 ns rms. The accuracy of time-stamping depends on the feature extraction algorithm, which has not yet been fully developed or characterized.  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.  Substantial optical scattering in the ice, PMT transit time spread, LED pulse width, electronic jitter, and timing algorithm contribute to this overall value. 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.

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.  The accuracy of this transformation shall permit global time correlations of data from an arbitrary ensemble of DOMs with a relative accuracy of not more than 5 ns.  

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 carried over intact to IceCube. 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: Waveform Capture

Consistent with the primary requirements to capture all information relevant to muon track reconstruction, and energy measurement of muons, cascades, and showers, the  PMT current waveforms shall be captured with a sampling rate of not less than 250 MHz for at least 300 ns after the detection of the first photoelectron, with signal shaping appropriate to the basic SPE current pulse.  In addition, 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: 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 comprise 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 DOM, 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. At longer times relative to the first photon, simulations show that the structure becomes relatively smooth, and it is appropriate to sample waveforms with more integration. In addition, it is useful to be able to capture each PMT SPE waveform for diagnostic and calibration purposes. 

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.  Longer time-range waveform capture is accomplished with a 10-bit FADC running at the DOM MB local clock frequency, expected to be 40 MHz. 40 Mhz 10 bit FADC's are mature, cost effective, and relatively low power. Because there will exist two ATWDs operating in ping-pong mode, most of the time, ~95%, there will be an ATWD record length of twice 300 ns = 600+ ns for pulses that remain over threshold beyond 300 ns.

3.1.4
Requirement: Instantaneous Dynamic Range

The DAQ shall be capable of recording PMT signals ranging from 1 PE/15 ns to not less than 200 PE/15 ns.

Justification: 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 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).  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 (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.

3.1.5
Requirement: Integral Dynamic Range

The DAQ shall be capable of recording an integral number of PE of not less than 2000 PE, 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.  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 Flash ADC, 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.  

3.1.6
Requirement: PMT Gain stability, 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. The stability of calibration shall not exceed a deviation of 2% per week.

Justification: A modest linearity requirement is appropriate because there are no 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 the appearance of downtime, if the calibration process cannot be interleaved as an invisible sub-process during data acquisition.

Status: Single 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. There is room for some uncertainty as string 18 PMTs have 14-stage multipliers, whereas IceCube will have either 10- or 12-stage dynode multipliers. 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.

3.1.7
Requirement: PMT Noise Rate Measurement

For the supernova (SN) search, PMT noise rates must be measured with a programmable dead-time, ranging from zero ms to one ms, with an incremental granularity 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. Not regarded as a challenge for the FPGA design.

3.1.8
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: Wandering threshold for the PMT discriminator will directly affect the SPE efficiency and 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.

Status: Evidence from string 18 indicates a very stable threshold over months, with drifts consistent with zero at the level of 0.05 PE.
3.1.9
Requirement: Feature Extraction

PMT pulses consistent with single PE amplitude and shape shall be processed to extract timing and charge information; the waveform data shall be discarded after extraction.  Complex waveforms, defined as being inconsistent with an SPE pulse shape shall be transmitted for later analysis.  The feature extraction algorithm must be robust against all conceivable waveforms. 

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.

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. 
3.1.10
Requirement: DOM MB Data Transmission

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 10-7.

Justification: This is the expected bandwidth + margin needed if the PMT operates at 500 Hz, and if the feature extraction is nearly fully efficient. A bit error rate of 1 x 10-7 corresponds roughly to a data loss of 0.1% for 1 kbyte record length.

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.

3.1.11
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. 

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. More than one scheme may work. 

3.1.12
Requirement: DOM MB Operation in Master/Slave Mode

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

Status: Software for this transition has been written for string 18, and will serve as the springboard for IceCube.  

3.1.13
Requirement: Robust Bootstrap Scenario 

Guaranteed  communications must be available to each DOM MB after power-up. This process must not be prone to fatal errors due to inadvertent actions or surface DAQ error states or power conditions. In short, recovery from any crash or illegal state must always be possible by power-up.

Justification: 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.

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.

3.1.14
Requirement:  Simultaneous DATA Acquire/Transmit

The DOM MB must be capable of seamlessly acquiring analog data, digitizing, and buffering data for feature extraction, while responding to requests from the surface DAQ for data or any other actions such as monitoring or changing status of a register. The simultaneous operation of these two fundamental activities shall be invisible to each other, in the sense that, e,g., no additional analog noise shall appear due to data transmit operations, and no dead-time shall accrue due to transmission of data. This capability requires the existence of event buffering within the DOM MB, with dual-port memory access.

Justification: Data acquisition must be continuously sensitive to meet the dead-time requirements. Most of the time, communications between the surface and DOM MB will be active. Therefore, these operations must not interfere or influence one another. 

Status: Buffering of event data has now been realized in the laboratory. The  FPGA design modification to include a UART is beginning; 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. 

3.1.15
Requirement: Common-Mode Noise and EMI Rejection
DOM operation must be continuously possible during all south pole summer operations, including IceCube string deployment. 

Justification: Loss of data due to an inability to operate successfully during south pole summer operations would be a very substantial loss of data and investment.  Proper design techniques should lead to a high level of noise rejection for all communications between DOM MB and surface DAQ. Possible sources of concern might be the occasional overlap of the timing pulses with a noise signal.

Status: DESY colleagues have demonstrated an improved result over the  string 18 design, but power issues must be taken into account. 

3.1.16
Requirement: DOM MB Power Dissipation

The DOM MB shall dissipate less than 4W total in regular operation.

Justification:  Power dissipation in the cable will rise to a level comparable with the DOM MB beyond this power specification.  Conservation of power by design practice at the south pole is an explicit  goal. 

Status:  It is expected that the power dissipation will be in the range of ~2.5 W with improvements such as quad impedance modifications, as defined in the phase 1 work plan.

3.1.17
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 spec corresponds to 0.5 ns error between sample periods of 10 seconds, at the edge of detectability.  

Status: Parts obtained recently from Toyocom at modest cost have demonstrated short-term stability a factor of 10 better than this spec. 

3.1.18
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. 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.

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. 

Status: This capability has been well demonstrated in string 18.  

3.1.19
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 to prevent noise; correspondingly, the interface and PMT design shall demonstrate that no noise is introduced by the operation of the PMT HV base.

Justification: It is natural for slow control and monitoring of PMT HV to be part of the messaging infrastructure of the DOM MB.    

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.

3.1.20 Requirement: DOM MB Failure Rate

Loss of DOM caused by  DOM MB failure shall not exceed a failure rate of 1%/year, including any losses 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 2%/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 present burdensome simulation problems to incorporate 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.   
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.
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