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The QIE10 is the latest addition to the family of QIE devices.  It is targeted for CMS and ATLAS upgrades.  QIE10_P3 is the third prototype submission but is the first “full chip” in the QIE10 development cycle.  The first two prototypes were a front-end amplifier/splitter/integrator and an ADC.  The first two prototypes worked as expected, so the chances of success for the first full chip are good.  QIE10_P3 will not be the final chip used by CMS or ATLAS – several design modifications (e.g., serial outputs) must still be added to arrive at the final design.  However, the success of this first full-chip prototype is crucial and will prove the concept.
QIE10 differs from earlier QIE designs in several ways.  Many different operational parameters can now be programmed via a serial program shift register (optional, since the register is set to default values upon power-up).  A timing discriminator with programmable threshold has been added, providing information about the input pulse arrival time.  The digital outputs can deliver true LVDS, as opposed to the “pseudo-LVDS” outputs on the QIE8.  The FrontEnd (integration) and BackEnd (digital readout) clock inputs have been separated so that they can be independently adjusted.  Also, a programmable charge injection feature has been added.
QIE10 is the first QIE chip to be designed in the AMS 0.35u SiGe BiCMOS process.  This process has several obvious advantages over the AMS 0.8u BiCMOS process that was used for QIE8.  The transistors are of course smaller and faster.  The nominal supply voltage is 3.3V, although 5V transistors are available.  There are four levels of metal instead of two, and the top metal is thick for low resistance.  Much of QIE10 is designed to operate with a 3.3V supply (the digital section and much of the analog sections), which helps to limit power dissipation.  However, a 5V supply is still required for the integrators in order to obtain enough headroom.   The 3.3V analog and 3.3V digital supply pins should be able to use the same regulator, so only two power supply regulators (3.3V and 5V) will be required.
QIE10 integrates input charge pulses in 25 nS buckets over a large dynamic range and digitizes the result with approximately constant resolution over the entire dynamic range.  It accomplishes this by simultaneously integrating the input charge on four different ranges which are scaled by factors of 8.  Based on the signal magnitude, just one of these ranges is selected for digitization.  The appropriate integrator output is fed to a custom on-chip pseudo-logarithmic FADC.  The FADC bin size doubles several times over its full range, so that the bin size at the top of the FADC is 8 times the bin size at the bottom of the FADC.  Since the 4 integrator ranges are also scaled by a factor of 8, the end result is that the QIE resolution (the FADC bin size divided by the signal magnitude) is held between 0.7% and 1.4% over the entire dynamic range of the QIE (except at the low end, of course). 
This scheme essentially provides a floating point digitization of the input charge every 25 ns.  The QIE10 digital output consists of 6 bits of mantissa (FADC outputs) and 2 bits of exponent (range code).  The QIE operation is pipelined with 4 phases to allow deadtimeless operation, so a 2-bit “CapID” code is also provided to indicate which phase is associated with each result.  Ideally, each phase or CapID has identical response, but in practice there can be small differences in the pedestal at the low end.  The ability to adjust the pedestal of each phase is provided via the program shift register.  The digital output result for a given integrated input pulse has a 4 clock period latency.  Since the QIE10 is pipelined with 4 phases, it is integrating the input charge for the CapID0 phase while outputting the digitized result of the previous CapID0 integration.  This operation is guaranteed when the BEck and FEck are tied together.  If desired, the FEck can be independently phased from the BEck over a certain range in order to adjust the relative delay of the integration gate.
QIE10 has two independent input amplifiers, one inverting and one non-inverting, so that either polarity input signal can be accepted.  The user must select which input amplifier will be used, by powering and biasing the appropriate one and grounding the VDD pin of the amplifier which will not be used.  The non-inverting input is meant to accept a fast negative current PMT signal driven down a cable of significant length.  It is therefore designed to have nearly constant input impedance over the entire range, in order to properly terminate the cable.  The non-inverting input impedance is nominally 20 ohms, so a 30 ohm series resistor must be added in order to terminate a 50 ohm cable.  The inverting input (positive input current) is not intended for PMTs with long cables, and has lower input impedance (~ 10 ohms).  In addition, this impedance changes somewhat as a function of input amplitude.
The nominal sensitivity of QIE10 is 3.2 fC/count at the low end.  The gain of any particular chip can vary from this nominal value due to process variations, so each chip must be calibrated.  The nominal maximum charge that can be digitized is approximately 340 pC, yielding a nearly 17-bit dynamic range.  The following table shows the ideal mapping of input charge to output code, assuming nominal values and a low-end pedestal of 0, and ignoring some intentional built-in range overlap.  In reality, each range will require a gain and offset calibration constant.

	      Range (Exp.)
	     Input Charge
	ADC Code (Mant.)
	 Sensitivity (Q/bin)

	
	
	
	

	                0
	 0 fC – 48 fC
	          0  –  15
	       3.2    fC/bin

	                0
	 48 fC – 170 fC
	         16  –  35
	       6.4    fC/bin

	                0
	 170 fC – 426 fC
	         36  –  56
	       12.8  fC/bin

	                0
	 426 fC – 580 fC
	         57  –  63
	       25.6  fC/bin

	
	
	
	

	                1
	 580 fC –  964 fC
	          0  –  15
	      25.6   fC/bin

	                1
	 964 fC – 1937 fC
	         16  –  35
	      51.2   fC/bin

	                1
	 1937 fC – 3985 fC
	         36  –  56
	      102.4 fC/bin

	                1
	 3985 fC – 5214 fC
	         57  –  63
	      204.8 fC/bin

	
	
	
	

	                2
	 5214 fC – 8286 fC
	          0  –  15
	      204.8 fC/bin

	                2
	 8286 fC – 16.1 pC
	         16  –  35
	      409.6 fC/bin

	                2
	 16.1 pC – 32.5 pC
	         36  –  56
	      819.2 fC/bin

	                2
	 32.5 pC – 42.3 pC
	         57  –  63
	      1638  fC/bin

	
	
	
	

	                3
	 42.3 pC – 66.9 pC
	          0  –  15
	      1638  fC/bin

	                3
	 66.9  pC – 129 pC
	         16  –  35
	      3276  fC/bin

	                3
	 129   pC – 260 pC
	         36  –  56
	      6552  fC/bin

	                3
	 260   pC – 339 pC
	         57  –  63
	      13.1   pC/bin



The QIE10_P3 will be packaged in a 64 pin TQFP.  The metal die pad inside the package serves as “system ground,” and all of the chip ground pads are bonded directly down to the die pad inside the package.  The die pad ground is then bonded out to a number of package ground pins in various locations (see the “QIE10_P3 pinout” figure).  On the PCB, there should be an “input” analog ground plane and an “output” digital ground plane.  These two planes should not be connected on the PCB, and are only connected through the QIE package itself (see the “Recommended PCB layout for QIE10_P3” figure).  This configuration is analogous to the commonly recommended practice for mixed-signal systems of connecting analog and digital grounds together only at the ADC.  
Each input that is routed to the QIE10 on a PC board should ideally be routed on an inner layer and fully enclosed by analog ground planes and traces.  These ground planes should come up to the input side of the package, where they must connect directly to all 6 ground pins on the input side of the package.  No other “analog ground plane” is needed on the PC board.  Supporting digital circuitry on the PC board should be placed on the other side of the QIE10 near the output edge, completely away from the input edge.  There should be a “digital ground plane” for all digital circuitry on the PC board.  This digital plane should be connected to the QIE10 only at pins 3 and 46.
Analog and digital power pins (vdd and vddd) can be driven by a single 3.3V supply regulator.  However, the pins should not be tied to a “power plane.”  Separate traces which are only tied together at one point close to the 3.3V regulator should be used to supply these pins.  Future tests should show where to reference the 3.3V regulator ground and if it matters.  The regulators should most likely be referenced to analog ground.
The non-inverting and inverting input amplifier sections each have their own analog supply pins (vddNI and vddInv).  Only one amplifier is intended to be used at a time (although theoretically both could be used simultaneously).  The unused amplifier should have its vdd pin tied to ground.  
The gnd pins on the left edge of the package do not need to be connected to “ground plane.”  They simply provide return connections for bypass capacitors.
A digital power supply (vddd) bypass capacitor is required, but must NOT be connected to any ground plane.  It should simply be connected between the vddd and dig_byp package pins, as tightly as possible.
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QIE10_P3 pins


1.  Exp1b:  Exponent1 output complement.  (all digital outputs are LVDS).

2.  Exp1:  Exponent1 output (LVDS).

3.  gnd:  connection to the PCB digital ground plane (optional??).

4.  PGmode:  Program mode input.  3.3V CMOS level, high = Program mode.  When in Program mode, the serial data at the Serial_In pin is shifted through the program register with each positive-going transition of the BackEnd clock.  If the BackEnd clock continues after data is shifted in, the data will be shifted out and appear at the Serial_Out pin.

5.  CImode:  Charge Inject mode.  3.3V CMOS level, high = Charge Inject mode.  When in Charge Inject mode, a positive-going transition of the Reset input injects the appropriate polarity charge to whichever input (non-inverting or inverting) is active.  The magnitude of the charge is controlled by 3 bits in the program register.  Later, the negative-going transition of the Reset input will inject the opposite polarity pulse at the input, and the QIE will then be effectively disabled for some period of time while it recovers.  The recovery time will depend on the magnitude of the injected pulse. 

6.  Serial_In:  CMOS (3.3V) serial data input to the program register, shifted through with BEck (the BackEnd clock).

7.  vdd:  3.3V analog power supply for the on-chip FADC.  Connect a 0.1uF bypass capacitor from this pin to pin 8 (gnd).

8.  gnd:  die pad ground for return of the vdd bypass capacitor (0.1uF).

9.  gnd:  die pad ground for return of the vdda bypass capacitor (0.1uF).

10.  vdda_byp:  vdda bypass capacitor pin.  This pin has approximately 5 ohms in series to vdda, which helps to lower the Q of the bypass tank circuit.  Connect a 0.1uF bypass capacitor from this pin to pin 9 (gnd).

11.  vdda:  5V analog supply for bandgap reference and FADC.

12.  vdda:  5V analog supply for the integrators.

13.  vdda:  5V analog supply for integrator clamps.

14.  NI_Iset:  DC bias current setting for the non-inverting input feedback amplifier.  The actual amplifier bias current is 30 times larger than the value set at the pin.  The nominal pin bias current is 200 uA out of the pin, and the nominal pin voltage is 1.82V (with a 3.30V analog supply). Therefore use a 9.1K resistor to ground.  This bias current can also be completely set by the program register, in which case no external resistor is required.  The non-inverting input impedance (typically 20 ohms) is affected by the value of NI_Iset, therefore the program register can be used to tweak the input impedance if desired.  If NI_Iset is determined by an external resistor, then this resistor should be 1% tolerance for best impedance control.  The default program register setting is for an internal NI_Iset bias of zero, in other words NI_Iset is completely determined by the external resistor value.

15.  NI_Idc:  DC bias current setting for the input splitter.  The actual splitter bias current is 4 times smaller than the value set at the pin.  The nominal pin bias is current is 72 uA into the pin.  This bias level is appropriate for the nominal clocked integration period of 25 ns.  The nominal pin voltage is 1.04V, therefore use a 31K resistor to 3.3V.  This bias current can also be completely set by the program register, in which case no external resistor is required.  The splitter bandwidth is determined by the value of NI_Idc, therefore the program register can be used to tweak the bandwidth to some extent.  However, the bandwidth should not need to be set with high accuracy, so tweaking is probably not necessary.  The default program register setting is for an internal NI_Idc bias of zero, in other words NI_Idc is completely determined by the external resistor value.

16.  vddNI:  3.3V analog supply for the non-inverting input feedback amplifier.  Connect this pin to the supply only when using an input source that supplies negative current (i.e., current out of the input pin) applied to the non-inverting input.  Otherwise, vddNI should be grounded.

17.  Clamp:  Internally generated bias voltage used by the non-inverting input amplifier.  This pin must be externally bypassed with a 1uF capacitor to ground, using the lowest inductance (shortest) connection possible.  Not required if the non-inverting input is disabled (VddNI grounded).

18.  gnd:  Analog input ground. 

19.  NI_InRef1:  Non-inverting reference input #1.  This reference input ideally will have a cable or interconnect attached to it which looks identical to the signal input (although the reference input should actually have no signal applied to it).

20.  gnd:  Analog input ground. 

21.  NI_InRef2:  Non-inverting reference input #2.  An external resistor must be connected between this pin and NI_InRef1.  The value of this resistor should be equal to the value of the resistor between NI_InSig2 and NI_InSig1.

22.  gnd:  Analog input ground. 

23.  NI_InSig1:  Non-inverting signal input #1.  Accepts negative input charge only (current out of the pin).  The signal input trace should be connected directly to this input, and should be completely encased with ground planes and traces right up to the pin.

24.  gnd:  Analog input ground. 

25.  NI_InSig2:  Non-inverting signal input #2.  An external resistor of 18 ohms (1%) should be connected between this pin and NI_InSig1.  This value results in a 20 ohm input impedance.

26.  gnd:  Analog input ground. 

27.  Inv_InSig:  Inverting signal input.  The input trace should be completely encased with ground planes and traces right up to the pin.

28.  gnd:  Analog input ground. 

29.  Inv_InRef:  Inverting reference input.  This reference input should have an interconnect attached to it which looks identical to the signal input (although the reference input should actually have no signal applied to it).

30.  Vcas:  Internally generated bias voltage used by the inverting input amplifier.  This pin must be externally bypassed with a 1uF capacitor to ground, using the lowest inductance (shortest) connection possible.  Not required if the inverting input is disabled (VddInv grounded).

31.  vddInv:  3.3V analog supply for the inverting input feedback amplifier.  Connect this pin to the supply only when using an input source that supplies positive current (i.e., current into the input pin) applied to the inverting input.  Otherwise, vddInv should be grounded.

32.  Inv_Idc:  DC bias current setting for input splitter.  The actual splitter bias current is 4 times smaller than the value set at the pin.  The nominal pin bias current is 84 uA out of the pin (4 * [18uA for the splitter plus 3uA for NPN follower base current]).  This bias level is appropriate for the nominal clocked integration period of 25 ns.  The nominal pin voltage is 1.846V, therefore use a 22K resistor to ground.  This bias current can also be completely set by the program register, in which case no external resistor is required.  The splitter bandwidth is determined by the value of Inv_Idc, therefore the program register could be used to tweak the bandwidth to some extent.  However, the bandwidth should not need to be set with high accuracy, so tweaking is probably not necessary.  The default program register setting is for an internal Inv_Idc bias of zero, in other words Inv_Idc is completely determined by the external resistor value.

33.  Inv_Iset:  DC bias current setting for inverting input feedback amplifier.  The actual amplifier bias current is 30 times larger than the value set at the pin.  The nominal pin bias current is 165 uA out of the pin, and the nominal pin voltage is 2.153V (with a 3.30V analog supply). Therefore use a 13K resistor to ground.  This bias current can also be completely set by the program register, in which case no external resistor is required.  The default program register setting is for an internal Inv_Iset bias of zero, in other words Inv_Iset is completely determined by the external resistor value.

34.  Rref:  Reference resistor for the timing discriminator.  The value of this resistor sets the timing discriminator threshold DAC bit size.  The pad voltage is internally held to approx. 400 mV.  Use a 10K resistor from the pad to ground to set a 40 uA reference current, which gives a DAC sensitivity of 0.156uA/bit (which translates to 24 X 0.156 uA, or approx. 3.7 uA, at the QIE10 input).  This “current” threshold sensitivity depends only on the value of Rref  resistance, but transposing it to a “charge” threshold  of course depends on the pulse shape.  If a triangular input pulse shape has an input rise time of 3 ns and a fall time of 10 ns, then an LSB of the threshold DAC corresponds to an input charge of about 24 fC.
Instead of an external resistor, an internal Rref resistor can be selected with the program register, in which case an external resistor is not required.  However, if absolute accuracy is required, an external 1% resistor should be used.

35.  DiscOutb:  Timing discriminator output complement (LVDS).  

36.  DiscOut:  Timing discriminator output (LVDS).  A rising digital transition is observed here when the QIE10 input current exceeds the threshold set by the timing discriminator threshold DAC.  The output falls when the input current goes back below the threshold.

37.  Resetb:  QIE reset input complement (LVDS).  

38.  Reset:  QIE reset input (LVDS).  The QIE10 Reset input has several functions, depending on the setting of the mode bits.  If PGmode and CImode are both low (QIE10 “normal” mode), a Reset pulse sets the ring counter to capID3 (when Reset transitions from high to low).  If PGmode is high (QIE10 “program” mode), a Reset pulse sets all bits of the program register to default values.  If CImode is high(QIE10 “charge inject” mode), the positive-going transition of Reset injects charge into the input (whichever of the inverting or non-inverting inputs is active).  The value of this charge is determined by a 3-bit code in the program register.  The negative-going transition of Reset injects an opposite-sign pulse into the input, which will de-bias the QIE10.  Some recovery time will then be required, depending on the charge injection magnitude.  A Reset pulse is not required after powering up the QIE10, since an internal power-up reset circuit automatically sets the ring counter to capID3 and the program register values to default.

39.  FEck:  QIE FrontEnd clock input (LVDS).  This clock input controls the integration gate and other internally clocked analog functions.  The nominal frequency is 40 MHz (25 ns integration gate).  The default configuration is to hardwire the FEck in parallel with the digital output clock (BEck) at the chip package inputs.  However, FEck can be independently supplied, allowing adjustment of the relative phase of the integration gate.

40.  FEckb:  QIE FrontEnd clock complement.
41.  BEckb:  QIE BackEnd clock complement.
42.  BEck:  QIE BackEnd clock input (LVDS).  This clock input controls the parallel digital readout of 6 mantissa bits, 2 exponent bits, and 2 bits of CapID.
43.  Serial_Out:  CMOS output (3.3V) of the program shift register.  When daisy-chaining chips, connect this output directly to the Serial_In of the next chip.
44.  dig_byp:  Return for the external vddd bypass capacitor.  Connect a 0.1 uF capacitor directly between this pin and vddd (pin 45).  Do not connect this bypass cap to a ground plane or anywhere else.
45.  vddd:  Digital power supply (3.3V).  The same regulator can be used to supply both the digital and analog 3.3V supply pins, but a separate traces should be used that meet only at the regulator output.
46.  gnd:  connect to the PCB digital ground plane.
47.  CapID0b:  CapID0 output complement. 
48.  CapID0:  CapID0 output (LVDS).
49.  CapID1b:  CapID1 output complement. 
50.  CapID1:  CapID1 output (LVDS).
51.  Mant0b:  Mantissa0 output complement. 
52.  Mant0:  Mantissa0 output (LVDS).
53.  Mant1b:  Mantissa1 output complement.
54.  Mant1:  Mantissa1 output (LVDS).
55.  Mant2b:  Mantissa2 output complement.
56.  Mant2:  Manissat2 output (LVDS).
57.  Mant3b:  Mantissa3 output complement. 
58.  Mant3:  Mantissa3 output (LVDS).
59.  Mant4b:  Mantissa4 output complement. 
60.  Mant4:  Manissat4 output (LVDS).
61.  Mant5b:  Mantissa5 output complement. 
62.  Mant5:  Mantissa5 output (LVDS).
63.  Exp0b:  Exponent0 output complement. 
64.  Exp0:  Exponent0 output (LVDS).
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QIE10 modes of operation
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QIE10_P3 serial program shift register bit assignments

The 64 bits are given in the order that they are to be presented at Serial_In for downloading.

0-1:  Spare 0-1:  Spares (unused).  The default setting is Spare0 = 1 and Spare1 = 0.

2-3:  P0b, P1b:  LVDS output mode and trim bits.  If P0b = P1b = 0, then LVDS outputs terminated in 100 ohms will see 400 mV transition amplitudes.  If P0b = 1 and P1b = 0, then the terminated output amplitude is 350 mV.  P0b = P1b = 1 is intended for un-terminated (open) outputs.  In this case, the outputs are driven with LVDS-level voltage sources.  This can save power and may be desirable if output trace lengths are short.  The default setting is P0b =1 and P1b = 0.

4-11:  TimingThresholdDAC<0:7>:  8-bit threshold DAC for the timing circuit.  The magnitude of the LSB is determined by the Rref resistor (pin 34), and is nominally 0.156 uA at the timing circuit, or 3.74 uA referred to the QIE10 input.  For a triangular input pulse with rise time of 3 ns and fall time of 10 ns, the nominal LSB is then equivalent to a charge of ~24 fC.  The DAC has a 1-LSB offset, so that for a DAC setting of all zeroes, the charge threshold sits at 24 fC.  The maximum threshold (all ones) is then 6120 fC.  The default setting is all zeroes.

12-14:  TimingIref<0:2>:  3-bit code selecting an internal Rref resistance value to replace the external Rref resistor (see description for pin 34).  The resultant internal Iref (current through Rref) values are given below, but these can vary substantially (up to 20%) due to internal resistor process variations.  The nominal setting for Iref is 40uA.  Note that for a setting of 000, no internal Iref is generated.  The default setting is 000, in which case Iref must be set with an external Rref resistor.  The highest accuracy is realized by using an external 1% resistor.

	3-bit code
	Iref
	LSB
	LSB at input

	000
	0
	0
	0

	001
	10 uA
	0.039 uA
	0.94   uA

	010
	20 uA
	0.078 uA
	1.87   uA

	011
	30 uA
	0.117 uA
	2.81   uA

	100
	40 uA
	0.156 uA
	3.74   uA

	101
	50 uA
	0.195 uA
	4.68   uA

	110
	60 uA
	0.234 uA
	5.62   uA

	111
	70 uA
	0.273 uA
	6.55   uA




15-20:  PedestalDAC<0:5>:  6-bit code controlling the pedestal DAC, which adjusts the pedestal on the lowest range.  The MSB sets the pedestal polarity (1 = positive, 0 = negative), and the remaining 5 bits set the pedestal magnitude, with an LSB of 2fC.  Therefore the nominal pedestal can be varied from -62 fC to +62 fC.  The default setting is +18 fC (101001).

21-24:  CapID0pedestal<0:3>:  4-bit pedestal tweak for CapID0 (lowest range only).  The CapID pedestal bits are only required if it is necessary to equalize random or systematic pedestal variation between the four phases (CapIDs).  The MSB is the polarity bit (1 = positive, 0 = negative), and the remaining 3 bits set the pedestal magnitude, with an LSB of approximately 0.6 output mantissa ADC counts (~1.9 fC).  Default setting = 0.

25-28:  CapID1pedestal<0:3>:  4-bit pedestal tweak for CapID1.

29-32:  CapID2pedestal<0:3>:  4-bit pedestal tweak for CapID2.

33-36:  CapID3pedestal<0:3>:  4-bit pedestal tweak for CapID3.

37:  FixRange:  one bit to select the ranging mode.  0 = autorange mode, 1 = fixed range mode (where the RangeSet bits determine which range).  Default setting = 0 (autorange).

38-39:  RangeSet<0:1>:  2-bit code to set the range in fixed-range mode.

40-42:  ChargeInjectDAC<0:2>:  3-bit code to set the magnitude of charge injection.  Nominal values are given below.  The overall accuracy is around 10%, but the scaling should be accurate to better than 1%.  The values are arranged so that there are two points on each of the four QIE10 ranges.  The charge injection polarity is automatically determined based on which input amplifier is powered up.  The default setting is 100 fC (000).

	3-bit code
	Charge

	000
	100 fC

	001
	200 fC

	010
	400 fC

	011
	800 fC

	100
	1.6  pC

	101
	3.2  pC

	110
	6.4  pC

	111
	9.6  pC



43-47:  IsetBias<0:4>:  5-bit code to internally set the input amplifier bias level (Iset), nominally 8 uA/LSB with a range of 0 – 248 uA.  This internal bias level is automatically applied to whichever input amplifier (non-inverting or inverting) is powered up, and adds to any current that is set with an external resistor at the NI_Iset (or Inv_Iset) pin.  The total Iset bias can therefore be formed from an external resistor only, from the internally programmed bias only, or from a combination of both.  The default setting is 0 (relying only on an external R).

48-52:  IdcBias<0:4>:  5-bit code to internally set the input splitter bias level (Idc), nominally 4.5 uA/LSB with a range of 0 – 139.5 uA.  This internal bias level is automatically applied to whichever input splitter (non-inverting or inverting) that is powered up, and adds to any current that is set with an external resistor at the NI_Idc (or Inv_Idc) pin.  The total Idc bias can therefore be formed from an external resistor only, from the internally programmed bias only, or from a combination of both.  The default setting is 0 (relying only on an external R).

53-63:  Reserved for future use.
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