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I. Introduction

The electromagnetic and hadronic calorimeters designed for LHCb are lead-scintillator sandwiches employing the “Shashlick” technology, and iron tilecal technology respectively (1(. The output of plastic fibers is equipped with phototubes. The readout system will have to deal with 6000 channels for the ECAL and 1500 channels for the HCAL.

32 channel boards offer the complete front-end and readout electronics for every channel including original shaping, 12bit-40MHz ADC, digital filtering and latency for level 0 and level 1 triggers. The clipped PM input signal is integrated within 25ns, but also delayed then subtracted to itself 25ns later. This makes the circuit insensitive to pile up from successive beam buckets. 

II. Requirements

The main requirement for LHCb electronics is the pile-up rejection. Indeed, to ensure a satisfactory independence of successive sampling, the residue of a signal 25 nsec after the sampling time is required to be less than a few % (2(. This implies to shape the PM signal. Shaped data has to be sampled at 40MHz on 12 bits then to undergo digital filtering for rejecting LF noise and to be transcoded into energy over 8 bits for trigger data and 12 bits for readout data. The latter has to be buffered during the L0 latency, (4 (sec)[3] to be derandomized and then rebuffered for the level 1 latency.  After the level 1 trigger, an extended zero suppression has to be performed before sending the formatted event to the DAQ.

III. Front-end elements

The purpose of those elements is to shape the PM pulses in less than 25ns to avoid electronics pile-up. The characteristics aimed for are the following : 

· At the input : the PM maximum current is 20mA over 25 ohms to stay within the PM linearity region.

· At the output : the ADC input dynamic range is 1V under 250 ohms.

· The residue after 25ns should be smaller than 1%. 

· The sampling time should cover +- 2nsec with less than 1% voltage variation. 

· The RMS noise should be < 1 ADC count (250uV).

· Because of the shaping and limited integration time, the fluctuation on the useful number of photoelectrons is increased compared to the case of a full integration. This increase should remain smaller than a factor 1.414.

1. PM signal clipping
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Fig 1 : PM output pulse

To fulfil the above requirements, two problems have to be solved. The first one concerns the PM signal. If one looks at Fig 1, which shows an idealized PM signal, the PM output current has a fast rise time but a slow decay that goes over at least the two consecutive samples at 40 MHz. It thus needs to be pulled to zero well before 25 ns to ensure the zero pile-up requirement. The remaining area is on the order of 60% of the original one.
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Fig 2: Front-End Electronics

To perform this cut on the signal, the clipping circuit on the left of Fig 2 will be used. It consists in a short 1 meter cable located at the output of the PM base. It sends part of  the signal towards a variable network which will send back a inverted part of the signal. As both the source and reflected signals are negative exponentials, their superposition leads to zero, as shown on fig 3.

Various implementation of this first shaping are still being studied: a capacity in parallel with the resistive load at the end of the clipping cable can speed up the fall time of the clipped pulse; alternatively the 10 meter cable transporting the signal can be terminated at the PM end, and the clipping can then be done just at the entrance of the front end card. In this case an emitter follower is necessary to present a high impedance at the entrance of the card.
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Fig 3 : simulated input and output pulses of the integrator

2. Analog chip description

Now that the input signal has been shaped, we have to measure the energy deposited in the calorimeter. The corresponding information is the area of the PM signal. The best way to measure it without deteriorating too much the statistic fluctuation is to integrate this signal in a capacitor (Cf). The difficulty then becomes to empty this capacitor. Two ways are possible :

· Use a switch mounted in parallel but this system induces a dead time when the capacitor is being emptied. Therefore this implies the use of two integrators in parallel and a multiplexor.  But due to the inevitable injection of charge from the switches, pedestals are generated which can be the sources of drifts at the 0.1% level.

· Subtract in a linear way the signal to itself thanks to a specific configuration.

The latter is the chosen solution. The configuration appears in the middle of Fig 4. The input signal of the analog chip is diverted, delayed by 25ns, then subtracted to itself thanks to the differential buffer. The latter has also in charge the division of the input current to adapt it to the small value of Cf. This solution is the one already proposed in the technical proposal [2].

Between the buffer and the integrator, there is an external AC coupling that allows to separate the DC levels. The integrator has a fast rise time and offers a satisfactory plateau at the top of the signal.  (see bottom plot of Fig  3.)
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Fig 4 : Linear subtraction solution schematic

Fig 4 shows the schematics of the analog chip. It consists of a differential input buffer which supplies the two opposite charges to the integrator. The buffer is linked to the integrator by an AC link, more precisely a filtering network. The integration capacitance value is 4pF and the  feedback resistor is a dynamic circuit that provides a high resistance.
3. Input Buffer
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Fig 5 : Input buffer schematic

Fig 5 shows the schematic of the input buffer. This buffer consists in a bipolar differential pair with emitter degeneration. It aims to reduce the input charge in order to provide 1.4V dynamic at the output with a small integration capacitance. Re value results in a compromise between gain and noise. Rc value results in a compromise between noise and DC voltage on the bipolar collector. This resistor is used for replacing a 1.5mA current source that would never match exactly the half of the emitter source current and produce more noise with the same power supplies than the resistor. Finally Ibuf depends on a compromise between linearity and DC voltage on the bipolar collector.

. 

4. AC external coupling

To reduce the low frequency noise from the buffer, the AC coupling to the integrator is done with a high pass RC filter, as shown on fig 6.
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Fig 6 : Filtering network

5. Integrator
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Fig 7 : Integrator   schematic

Fig. 7 shows the schematics on the integrator. It is based on a cascode amplifier. Its open loop gain is high (65dB), it is fast as there is no Miller effect on the input PMOS, and it produces very low noise. On the other hand, there is a need for an emitter follower at the output not to degrade the gain by the charge impedance. In our case, as the charge is only 350 ohms, another follower has been mounted on the board using discrete elements. The decay time of the integrator is linked to the 2K resistor which leads to a nominal value of 4.5us.

The 350 ohm charge is composed of 250 ohms which is the ADC input impedance and a serial 100 ohm resistor. The latter prevents the ADC saturation at 1V from affecting the integrator. The resulting effect is a division of the signal and the noise by a factor 1.4.

Vcasc has a critical role in the integrator polarization. It has to be high enough in order not to cut off the current source dedicated to the input PMOS. If not we get a problem of dynamic range deficit, as it can be seen on fig.8.
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Fig 8 : Vcasc effect on output voltage

It can be noticed that the current source which refers to Ibias is a wilson one. This circuit has been chosen to implement a very high-impedance current source.

6. Feedback resistor circuit

A circuit called icon acts as a “virtual” high value resistance. This resistor goals to stabilize the integrator DC level and define the decay time constant.
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Fig 9 : Icon schematic

IconPol is also very critical in the polarization of the circuit. If the integrator output DC level is to high, the current source ( adjusted by Ibias on fig.7) doesn’t work any more in a saturation mode. Therefore the equivalent resistance Req which provides the integrator charge decreases. As A0 # gm x Req, A0 decrease also until the integrator become unable to keep the voltage on Cf.  This has two consequences linked together:

· Lower dynamic range

· Bad Linearity 
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Fig 10 : IconPol effect on output signal

IV. Simulation and test results


Simulation results
Test results





Dynamic range
1,4V                  1,5V
1,4V                  1,6V





Non linearity
+/-0,5%               +/-1%
+/-0,4%               -1%





Residue after 25ns
<0,5%
<1%





RMS noise after subtraction
130uV over 250 ohms
220uV over 250 ohms





Integrator gm
31mA/V
18mA/V





Fall time
5.5us
2us





Rise time
4ns
6ns





Integrator Rin
190 Ohms
270 Ohms





Integrator Open Loop gain
65dB
65dB





Crosstalk
<0,4%
<0,6%





Power Consumption
40mW / channel
57mW / channel





Fig 11 : simulation and test results

These results show a good adequation  between simulation and real circuit, except for the gm of the input transistor. This is probably due to simulation models and also explains the mismatches in the rise time, fall time  and input impedance of the integrator.

V. Irradiation test

Two radiation effects could potentially corrupt the front-end chip: the cumulative dose and the Single Event Latch-up (SEL). At the position of the crates, the calculations predict a radiation dose of 100 rad per year 
 and the electronics shouldn’t experience any damage from the cumulative dose. The SEL, that can be seen as a short-circuit produced by  ionization in the medium of the chip, is mainly caused at LHCb by the interaction of  a neutron with the silicon of the device.

An irradiation test has been performed in June 2001 at the Centre de Proton Thérapie, Orsay (CPO).  Four chips have been exposed to a proton beam of 200 MeV with a flux of 108 cm-2s-1. The cumulative dose received were 22.6, 10.7, 12.3 and 11.7 krad. No degradation of the characteristics of the chips has been observed. By comparing the predicted particle flux and  energy spectrum in the region of the electronics of the calorimeter with the proton beam used for the test at CPO,  the irradiation of the four chips corresponds to a total of 125 years at LHCb  (a year is supposed to be 107 seconds at LHC). No SEL was detected. A note (in preparation) will provide details on the flux calculations at the position of the electronics and on the CPO irradiation test. 

VI. Layout 

As said before, this chip has been designed in the 0.8um CMOS technology of AMS. 

Fig 12 : layout of the 4-channel shaper circuit

It consists of  4 channels which are strictly identical. These channels have been isolated from each other by 2 guard rings: a P ring to Vss and a N one to Vdd. Moreover each channel gets its own Vdd. 

A special care has been brought to ESD protection. Standard input pads to the buffer and to the integrator have been used. These pads include anti ESD diodes but also a 100 ohms resistance in series. Concerning the differential buffer this resistance has no impact although concerning the integration, this resistance increases the input impedance and therefore the rise time. But this last one always remains in an acceptable range.

Concerning crosstalk, the main problem lies in the crossing between one channel integrator output and another channel integrator input. As it is impossible to avoid this crossing, metal paths have been reduced to the minimum width reducing the crosstalk to less than 0.5%.

VII. Pinout

Pin number
Pin name
Definition
Value






1
N.C.



2
In_d3
Delayed input of ch.3


3
In_nd3
Non_delayed input of ch.3


4
Vss

-4V

5
In_d4
Delayed input of ch.4


6
In_nd4
Non_delayed input of ch.4


7
Vddp
Vdd dedicated to anti ESD diodes
+3V

8
Vdd3
Vdd dedicated to ch.3
+3V

9
Gnd3
Gnd dedicated to ch.3
0V

10
Vdd4
Vdd dedicated to ch.4
+3V

11
Gnd4
Gnd dedicated to ch.4
0V

12
B_Bias
Input buffer bias *
620W to gnd

13
Gnd
Gnd dedicated to input buffer bias 
0V

14
To_C4
Buffer output of ch.4


15
Fr_C4
Integrator input of ch.4


16
To_C3
Buffer output of ch.3


17
Fr_C3
Integrator input of ch.3


18
M_P
Ibias **
2.94KW to vss

19
Casc_Pol
Vcasc **
-1.5V

20
Out4
Ch.4 output


21
Vss

-4V

22
Out3
Ch.3 output


23
Icon_Pol
IconPol ***
-3V

24
Out2
Ch.2 output


25
Vss

-4V

26
Out1
Ch.1 output


27
Res_P
Icon output to bias resistor ***
16.2K

28
Res_M
Icon output to bias resistor ***


29
CAB
Integrator bias **
2.15K to gnd

30
Fr_C2
Integrator input of ch.2


31
To_C2
Buffer output of ch.2


32
Fr_C1
Integrator input of ch.1


33
To_C1
Buffer output of ch.1


34
Vdd1
Vdd dedicated to ch.1
+3V

35
Gnd1
Gnd dedicated to ch.1
0V

36
Vdd2
Vdd dedicated to ch.2
+3V

37
Gnd2
Gnd dedicated to ch.2
0V

38
Vssp
Vss dedicated to anti ESD diodes
-4V

39
N.C.



40
In_d1
Delayed input of ch.1


41
In_nd1
Non_delayed input of ch.1
-4V

42
Vss



43
In_d2
Delayed input of ch.2


44
In_nd2
Non_delayed input of ch.2







* : refer to fig.6

** : refer to fig.8

*** : refer to fig.9
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