[1] Overview

I would like to give a status report on the read-out chip for the ATLAS Muon Drift Tubes. The basic architecture follows the familiar ASD – amplifier-shaper-discriminator scheme. The chip is thus called the MDT-ASD. 

· First, I want to review the functional and analog specifications. 

· Then I am going to look into the architecture of the analog channel as well as the implementation of additional features like programmability of certain functional and analog parameters and the serial control data interface.

· Finally, I will present results from tests and measurements on prototypes, largely (or actually entirely) from ASD01A, the last pre-production octal prototype which contains the final functionality and specs. On-chamber tests on a cosmic ray test stand complete the picture.

· An outlook to mass production and production testing will conclude the presentation..

[2] Functional Specifications

What is the chip going to do:

· Its main function is a precise leading-edge timing measurement with the final goal of achieving a position resolution in each single tube of 80um. This requires a time resolution in the sub-nanosecond scale. (say ( 1ns on average, depending on many parameters including gas properties, drift time, r-t, etc.)

· Second function is a gated charge measurement on the leading part of the tube signal, using a Wilkinson type charge converter. The measured value is going to be encoded into the ASDs output pulse width. The result of that measurement is intended to be used mainly for correction of the discriminator time slew error, however other applications of the data are conceivable (e.g. dE/dX, ageing, etc).

· Two modes of operation are foreseen: The default mode is “ADC mode”, containing timing and charge information. The second mode is a “Time-over-threshold” mode (clear what that is) used for debugging and diagnostics.

· Additional features implemented include:

· A Calibration/Test-pulse injection systems which allows automated timing and conversion gain calibration of the chip and/or the system.

· We will be able to force all channel outputs to either logical state. This allows for boundary-scan like testing of PC board interconnections and alike.

· It was found necessary to be able to set / tune certain functional and analog parameters on the chip (more later) which also requires a 

· Serial control-data interface.

[3] Analog Specifications

This is a list of the main specifications of the analog channel…

· Sensitivity at the shaper output (or discriminator input), linear over approx. 1.5 V (500 primary electrons, gas gain 2*104, 125 fC)

· Peaking time: 15 ns. Fast enough to meet timing resolution requirements (15 ns to 5 ns increases resolution by ~ 10 um, can be improved by using time slew correction), limited by technology (CMOS) and stability considerations, noise.

· Shaper bipolar: In order to avoid active base line restoration circuitry and programmable pole/zero ratios, bipolar shaping scheme. Return-to-baseline after < 500 ns. (est. max background hit rate: 2.5 us/400 kHz). Multiple hits (up to 3 hits/signal) are rejected by artificial deadtime. (To avoid increasing readout bandwidth/capacity by factor 3, event builder could handle the multiple hits). 

· Input impedance optimized for noise performance (tradeoff power consumption), ENC of 6000 electrons (dominated by tube termination resistor 380 Ohms, 4000).

· Channel-to-channel crosstalk under 1 %, differential signal path throughout.

· Single power supply, low power consumption obligatory.

[4] Analog channel – block diagram

This picture shows the block diagram for one analog channel.

[5] Wilkinson Charge ADC

The only component in this scheme which could require some further illustration is the Wilkinson cell:

This picture shows a simplified schematic, or better the principle of a Wilkinson type charge ADC. The signal is integrated during a given time window onto a capacitor. The capacitor is than discharged at a constant current, yielding a charge-to-time relation. The end of a conversion cycle is triggered by a discriminator sensing the ramp signal undershooting a certain threshold. The time information can than be converted into digital form by a TDC. 

In ADC mode, the output pulse of the ASD will contain the timing information in the leading edge and the charge information in the width of the pulse. 

The charge measurement will mainly be used for correction of the time slew error; that is the variation of the threshold crossing time due to differing slew rates of the pulse at the discriminator caused by different signal amplitudes (cause: finite gain, non-zero threshold because of noise). Other applications, however, are conceivable like for example chamber diagnostics and monitoring or particle identification by dE/dx measurements.

The plot on the right hand side shows a Spice simulation of the Wilkinson operation. It shows the integration gate, the “run-down” gate and the internal ramp signals. The output pulse is composed of the OR-disjunction of the two gate pulses.

[6] Calibration/test pulse injection

This picture shows a block diagram of the calibration injection system. It consists of two banks of eight switchable 50 fF capacitors (50 – 400 fF) which are fed by differential LVDS pulses, giving a input charge range of 10 – 80 fC. There is a mask register for selecting single channels to pulse. The time constant of switch ON-resistance and capacitance is small, giving a fast response (a couple of 100 ps) and therefore a negligible CH-CH timing variation.

[7] Programmable parameters I

The parameters that need to be adjustable and therefore are programmable, are:

· Threshold and Hysteresis of the main timing discriminator. The threshold is settable in a wide range from zero to approx. five times nominal with fine resolution. (- go through specs). It is adjusted by a 8-bit dual resistor divider Voltage DAC. The hysteresis is wide-range adjustable. This feature reduces the probability of multiple threshold crossings in the tail of the MDT signal and also improves system reliability by removing ambivalent states of the discriminator due to signals or signal fluctuations close to the threshold level. The hysteresis is applied through a 4-bit scaled transistor current source DAC.

· Integration gate, “rundown current” and discriminator threshold of the Wilkinson cell – (go through specs). The gate is programmable from 8 to approx. 45 ns with 4-bit resolution. A gate of  ~15 ns (like the rise time) is the nominal value. This setting is meant to give a good correlation of rising-edge charge to total signal charge. Very long integration times are not feasible due to the bipolar shaping scheme. The “rundown” current is adjustable in order to accommodate the TDC dynamic range and thus maximize the resolution of the pulse width conversion. The variation of the discriminator threshold of the Wilkinson cell does not influence the output pulse width on a large scale. It is introduced for trouble-shooting and fine-tuning purposes mainly.

[8] Programmable parameters II

In addition, we need a programmable dead time of up to 750 ns to avoid multiple hits and output pulses corresponding to the same event due to multiple threshold crossings of one signal (bipolar shaping). The nominal value of 750 ns corresponds to the expected maximum drift-time in the MDT tube with the baseline gas (ArCO2 93/7). Possible use of different gases (at low and high luminosity e.g.) or changes in gas properties make an adjustable dead-time desirable.

The calibration injection system was discussed earlier (- go again through specs), also the two modes of operation and the channel modes. All these features are programmable through the serial data interface.

The interface consists of a 53-bit shift register, the same amount of  shadow register, control logic for the data flow. The protocol allows to download and read back the contents of the active working registers. The units are “daisy-chain” able. Thus it is possible to form a JTAG type closed data loop.

[9] Layout slide

To put all that for 8 input channels (tubes) on silicon yields a small chip of 3.2 times 3.7 mm in a 0.5 um technology. Standard CMOS with analog option (linear caps, high-value poly resistors, silicide blocked) Explain floorplan, some features of process.

[10] Sensitivity

Now we look at the performance of the fabricated prototype:

This plot shows scope traces of the shaper signal at the threshold coupling point (discriminator input). In order to translate the peak voltage levels into the transfer curve in the right hand side plot, one has to account for a 10:1 probe attenuation and a factor two for single-ended to differential conversion. The measurement represents a very careful calibration with precisely known input charge. The resulting sensitivity at shaper output amounts to approx. 10mV/fC. The linearity is very good over the specified range.

[11] Bipolar shaper

This slide shows another scope trace of a shaper pulse plus its integral. We see that the bipolar pulse returns to baseline at approx. 400 ns. For an expected maximum background hit rate of 2.5us (corresponding to 400 kHz), baseline shift should be a matter of no concern.

[12] Time slew

This plot is measured discriminator time slew versus input charge. The maximum time slew for the expected range of input charge (15 – 80 fC) is of the order of 2 – 3 ns. To reach our goal of spatial resolution, we need to correct this to below 1 ns using the Wilkinson charge measurement. 

The small plot shows discriminator time walk vs. signal charge. The curve is produced by the effect that small signals drive the discriminator from one state to the other slower than large signals do. The effect is much smaller than the time slew (by at least a factor 10) and is only present at very small signals. It can be measured by simultaneously sweeping threshold and input pulse amplitude so that the threshold always stays at e.g. the 50% point of the pulse leading edge.

[13] Charge measurement: Wilkinson ADC

We see the measured response of the Wilkinson converter versus input charge for four different integration gate widths from the minimum (8 ns) to the maximum (45 ns). The non-linear (compressive) transfer characteristic (charge-to-time relation) has the advantage that for small input signals, that need more accurate slew correction, we get higher resolution in the charge measurement while exploiting the same dynamic range of the TDC. 

Due to changes of the Wilkinson transfer curve after adjusting parameters as well as due to inevitable channel-to-channel variations, calibration of each individual channel (tube) will be required in offline data analysis. (Software people told us that this would be the case anyway. We ask for additional 3 to 4 calibration constants per channel, add. 2 – 3 MB for the whole system).

[14] Charge measurement II

Scope traces of the Wilkinson ramp signal is shown. The integration gate width is swept over its full range (from 8 to 45 ns). Note that for longer gate widths, the shape of the integrated pulse becomes visible. 

[15] Main threshold DAC

The left plot shows the transfer characteristic of threshold DAC combination. It is very linear. The differential non-linearity, defined as the difference of actual and nominal step width, has maximum 0.25 mV, which is roughly one tenth of the LSB (2 mV).Good!

[16] Noise behaviour and non-systematic measurement errors

The two functions of the system, precision timing and charge measurement, are impaired by electronic noise (in ASD and AMT) and quantization errors (in AMT). The AMT offers a bin width of 780 ps for pulse edge timing measurement. The ASD-AMT combination acts as a 7-8 bit resolution charge ADC. The quantization error for a time measurement with 780 ps bins amounts to 225 ps (for two measurements 320 ps).

[17] Time measurement

The plot shows the measured RMS error of the leading edge time measurement at the output of the ASD as a function of signal charge. The lower curve gives the noise for floating pre-amplifier inputs while the upper curve includes the effect of the 380 ( tube termination resistor. The threshold is set to its nominal value of 60 mV (corresponding to ~ 5 fC). The horizontal axis gives the charge of the input signal applied through the test pulse injection system. Typical muon signals are expected to be in the range of 40 - 50 fC, resulting in a RMS error of the order of 200 ps. 

The time-to-digital conversion in the AMT shows a RMS error of 305 ps, including 225 ps of quantization error Error! Reference source not found.. The resulting total error of the time measurement, covering all noise sources from the front-end back to the A/D conversion, will typically be of the order of 360 ps RMS. 

[18] Charge measurement

Measurement errors in the pulse width at the ASD output are typically below 600 ps RMS, depending on signal amplitude and integration gate width. The left plot shows the ASD Wilkinson noise versus signal amplitude in percent of the measured charge for 3 short integration gate widths. The pulse width conversion (two independent pulse-edge quantizations) in the AMT exhibits a RMS error of 430 ps including quantization error. Hence, the resulting total error, covering all noise sources from the front-end back to the A/D conversion, stays in the range of under 800 ps RMS. This number corresponds to a typical error of well below 1% of the measured charge for the vast majority of signals.

The effect of the tube termination resistor can be seen in Error! Reference source not found.. Contributing about 4000 e- ENC, this termination resistor constitutes the dominant noise source of the read-out system.
[19] Measurement error - summary

All sources of error in the readout electronics other than the ones described before are of a systematic nature. These are for example converter non-linearities but also channel-to-channel and chip-to-chip variations are present. However, all systematic errors can be suppressed by single-channel calibration. 

Due to changes of the Wilkinson transfer curve after adjusting setup parameters as well as due to inevitable channel-to-channel variations, calibration of each individual channel (tube) will be required in offline data analysis. The ATLAS MDT data analysis foresees single tube calibration. We ask for additional 3 to 4 calibration constants per channel, add. 2 – 3 MB for the whole system. 

Automatic calibration runs are supported by the ASDs programmable test pulse injection system.

[20] BMC cosmic ray test stand

A cosmic ray test stand has been set up at Harvard University by the BMC. The system with one Module-0 endcap chamber (EIL "Endcap Inner Long" - type) and a trigger assembly with 4 scintillator stations and a concrete absorber records cosmic muons with energies > 1 GeV. 

The top right photograph shows the endcap chamber with its characteristic step profile. In the lower right photograph, the two superlayers with 4 tube layers each are visible. At the end of the tubes, one can see the closed Faraday cage with the front-end electronics (hedgehog cards-mezzanine cards with ASDs and AMTs) inside. 

[21] Results from the cosmic ray test stand

The top right hand histogram shows a TDC drift time spectrum for single-muon 8-tube events. The maximum drift time is about 1000 TDC channels corresponding to 780 ns. The tracking algorithm uses this timing information (varying diameter circles around the wire center) to search for straight tracks across the tube layers = fit a line to the circle`s circumferences.

From the residuals of the fitted tracks, one can obtain the single tube spatial resolution. The residuals are the distances of the track from the timing circles. The right histogram shows the distribution of residuals of the 6 best tubes out of 8-tube straight line fits. This step rejects delta rays, poor fits for near-wire hits, and large multiple scatters. With no additional data cuts a single tube tracking resolution of about 100 µm (and nearly 100% efficiency) is obtained. This number can be improved to 70 µm by rejecting more rigorously additional multiple scatters and delta rays.
[22] Conclusions

Final ATLAS MDT front-end prototype fabricated and successfully tested - Shows complete functionality, meets all design specifications ( design ready for production (disregarding radiation issues) - ATLAS demand: 50,000 pieces - Automatic PCI bus production tester in preparation. 
