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1 Introduction

The next generation of silicon precision tracking in Relativistic Heavy Ion Physics will use high-speed data-driven readout ASICs (in the following called PHX) in conjunction with mini-strip silicon detectors (in the following, the detector is referred to as the FVTX or Forward Vertex Tracker). We would like FNAL to design a new ASIC, based on the FSSR/FPIX technology to be used for these new mini-strip silicon detectors.    This document outlines the design specifications that we would like the FNAL group to meet when designing this ASIC.
2 Cost and Schedule

We have a limited R+D budget so need to make sure that any redesign of the FPIX fits within our budget.  We expect meeting this goal to be an iterative process.
Our current schedule for the FVTX project has the fully assembled detector completely installed into the PHENIX detector by October 2010.  The design and prototyping of the PHX chip is on the critical path so we would like to maintain the delivery of PHX chips to be as close as possible to our current project estimates.  The current schedule has two rounds of design and prototypes, with these two rounds (including testing of the produced prototypes) being completed by December 2007. 
3 FVTX Detector Geometry
Figure 1 shows the baseline layout of the barrel vertex detector (VTX) and forward vertex detector (FVTX) in PHENIX.  The FVTX detector is comprised of the 4 vertical layers of silicon shown on the left and the right of the picture, and it is these silicon layers for which the PHX chip is to be designed. 
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Figure 1 The silicon VTX and FVTX detectors.
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Figure 2 A wedge

Each layer of silicon is made up of 24 wedges and the wedges have 2 silicon sensors on front and two on back, as illustrated in Figure 2.  The silicon sensors have 1 mm of overlap to eliminate dead space.
The e radial lengths of the detectors are nominally 7.0 cm for the first layer and 13.4 cm for the last three layers.  The radial pitch of the strips is to be 75 m, giving approximately ((13.4+0.1)/0.0075)*(2 phi strips/sensor) = 3600 channels within one wedge that are to be covered for the larger layers.  This could be covered by 7 chips with 512 channels each but the number of channels covered per chip can be changed to whatever is reasonable to optimize the readout.  The first layer would have approximately ((7.0+0.1)/0.0075)*2 = 1893 channels.
The vertical wedge bottom dimension at 3.5 cm radius is 6.6mm if you allow 1mm overlap on both sides and at the top at 17 cm is 24.2 mm.  The original PHX dimension was 3.8 mm x 13 mm.

4 Data Sizes/Occupancies
The worst-case occupancies expected in the PHX chip were determined by simulating central AuAu events, with a full GEANT simulation of the FVTX, VTX and other PHENIX detectors and field ON.  All particle “loopers” as well as clustering that comes from particles hitting the detectors at non-normal incidence were taken into account.  These type of events will create the highest occupancies that our detectors will see.  For these events, the occupancy is also highest at the first layer, and increases as you move to smaller radii, but the clustering is smallest at the inner radii and increases as you move out.  The result is that the strip occupancy is approximately flat versus radius as illustrated in Figure 3 where the hit strip distribution is shown.  
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Figure 3 The strip hit distribution for central AuAu events for the first layer, vertical layers.  Note that the distribution is rather flat so we quote the occupancies later averaged over the strips.

For this reason, we will quote occupancies for central AuAu events for the first layer, averaged over strips.  If we are able to read out the chip in this environment then all occupancy-related specs will be met.
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Figure 4 The number of strips on per 880 strip segments for vertical planes, 75 micron strip pitch, central AuAu events.
Figure 4 shows the number of strips that are on in 880 strip segments in layer one for vertical planes, 75 m strip pitch and central AuAu events.  This gives an occupancy per strip, on average, of 24.64/880 = 2.7%.  The tails go up to approximately 7% occupancy, but these are rare events.  We would like the chip to be designed so that it can read out all data in a typical central AuAu event, with 2.7% occupancy, within less than or equal to 4 beam clocks or 424 nsec.  If the unusual event which has 7% occupancy can also be read out within that time constraint without undue strain on the chip design then we would like that too, but this is not an absolute requirement since it is possible, if we need to, to request that PHENIX relax the time constraint of 4 beam clocks for readout.
5 Readout Time Constraints

For all chips we would like to have a goal of having all data from a chip in a Central AuAu event be available in less than 4 beam clocks or <424 ns so that the data may participate in the level-1 trigger (Lvl-1).  Data delivery of the chip should be consistent with this requirement. If this goal can not be met easily, we can revisit whether the goal can be relaxed.
6 Signal and Noise Levels


Table 1
 shows the expected signal for 75 micron wide strips, for planes in a vertical orientation, and for tracks traversing the silicon at 35°, with 50 micron strips shown for comparison.    The angle of 35° has been studied because it gives the tightest constraints on threshold and noise levels because at this angle the charge is spread over the most strips and is thus minimal (and the extra charge deposited because of traversing at an angle does not fully compensate).  We would like the threshold levels to be settable to as low as ¼ of the typical signal and would like to maintain a threshold:noise ratio of at least 5.  Based on this, we require that the thresholds be settable to 2128 electrons and the noise level to be 425 electrons or less for 75 m wide strips.
	Signal and noise corrected for vertical planes

	                                    50 micron         75 micron

	Signal                              5676 e-             8514 e-

	Threshold - ¼ signal      1419 e-               2128 e-

	Threshold-to-noise 5/1 =  284 e-                425 e-


Table 1 Expected signal, threshold, and desired upper limit on noise levels for 50 and 75 micron wide strips.

When considering the noise specifications for the chip, all parts which contribute, from the sensor through the readout chip should be taken into account.  The expected input capacitance is 1.2 pf/cm or ~ 1.5 pf for the longest strip.  In addition the PHX design simulations should include 2-3 mm length wire bonds.
7 I/O Lines
Because we have severe space constraints in the region of the readout chips we would like to minimize the number of I/O lines required for the chip, but be consistent with maintaining the requirement of getting the data out of a chip within 4 beam clocks.  As a minimum requirement, we would like to have the same or fewer numbers of I/O lines as are currently used by an FPIX chip.  

We are expecting LVDS and would like to have a maximum clock rate of data lines of 300 MHz.   A clock should be provided with the data line(s).
8 Pulser and Calibration Requirements

We would like to have the ability to pulse each channel of the chip to calibrate and test the chip.  This should be accomplished by a combination of having the ability to mask off and inject to individual channels and by having the ability to inject a pulser signal from an external pulser.  If it is possible to put an internal pulser capability back into the chip simply, we would like to have that feature as well.
What to Maintain from FPIX Design:
1. Electronics Requirements

The mini-strip electronics must not only satisfy the efficiency requirement, and provide charge sharing information to allow the position resolution requirement to be met, but also must be robust and easy to test, and must facilitate testing and monitoring of the sensors. The electronics design components shall be the same as the FPIX 2 as indicated below except where noted.
• Requirement 1.1 (Dynamic Range): The dynamic range of the front-end amplifier

should cover up to about 1 Minimum Ionizing Particle, or 8500 electrons, as stated in section 6.

• Requirement 1.2 (Noise of Front-end): The design of the system shall be such

that before irradiation, the front-end electronics noise should be less than 425
equivalent electrons and this should not increase significantly after irradiation.  Note, this noise level should take into account the front-end capacitance, noise pickup from wire bonds, etc.
• Requirement 1.3 (Leakage Current Compensation): as silicon sensors get

damaged by radiation, their leakage current will increase. Each channel must

compensate for this increase in leakage current up to 10nA per mini-strip.  (See section 9 for details)  
• Requirement 1.4 (Threshold and Dispersion): Each mini-strip input shall be

compared to a settable threshold. This analog threshold of each readout-chip shall be

settable via digital control. Typical settings shall be from  ~2000 equivalent

electrons at the input, based on Table 1. Threshold dispersion must be low enough that the chip can be operated stably and efficiently at 2000 electrons threshold setting. Typically, the threshold dispersion should be comparable and not significantly larger than the noise of the front-end during its entire operational lifetime. The threshold overdrive should also be low enough so that signal just above the threshold will be correctly time-stamped.

• Requirement 1.5 (Analog Information Availability): Analog information from

each mini-strip shall be available. This helps in improving the spatial resolution, but

more importantly, it helps in monitoring the performance of the sensors. Based on BTeV

studies we conclude that a 3-bit ADC will be adequate both for resolution and monitoring.

• Requirement 1.6 (Masking: Kill and Inject): Each channel must be

testable by charge injection to the front-end amplifier. By digital control, it shall be

possible to turn off any pixel element from the readout chain.

• Requirement 1.7 (Cross-talk): A tolerable cross-talk is such that at no time shall it

exceed the threshold. Based on Req. 1.4, we require the cross-talk to be less than

1000 electrons.

• Requirement 1.8 (Power Consumption): The power consumption should remain near the consumption of the FPIX chip, or about 90 µW per channel.

• Requirement 1.9 (Time Stamp): Each pixel hit must be given a correct timestamp

which identifies the beam crossing number.

• Requirement 1.10 (Control of Analog Circuitry on Power-Up): Upon powerup,

the readout chip shall be operational at default settings.

• Requirement 1.11 (Memory of Downloaded Control of Analog Circuitry):

Changes to default settings shall be downloadable via the readout chip control

circuitry, and stored by the readout chip until a new power-up cycle or additional

change to the settings.

• Requirement 1.12 (Readback of Downloadable Information): All the data

that can be downloaded shall also be readable. This includes data that has been

modified from the default values and the default values as applied on each chip

when not modified.

2. Readout Requirement

The success of the experiment relies critically on the quality of the data provided by the

ministrip system to the Level 1 trigger. The trigger imposes the following readout

requirements on the system:

• Requirement 2.1 (Data Sparcification): The data output from the pixel

detector shall be only of those cells that are above the settable threshold of

Requirement 1.4.

• Requirement 2.2 (Pixel output data content): The pixel hit data must include

the beam crossing number, chip identification number, and the pixel hits for that

beam crossing.   We expect that the bits required to be:

· beam crossing number – at least 6 bits to cover 64 beam crossings.  
· Chip ID – up to 8 bits  (We expect as many as 4 wedges worth of data (14 sensors) to be sent to our readout cards.  Based on this, if there are 512 channels/chip, we expect as many as 92 chips to be going to one card so would need 8 bits to cover chip ID) 

· The pixel channel information – 8 bits?

· Pulse height information for each hit – 3 bits.
• Requirement 2.3 (Minimum Data Rate Capability): The data output from

each channel readout chip shall be data driven, and capable of continuous readout at a maximum rate which is compatible with getting our data out within 4 beam clocks in our highest occupancy events.  See section 4.
• Requirement 2.4 (Graceful Degradation Above Rate Capability): The data

output from the pixel system may be lost for rates well above the minimum rate

of Requirement 2.3. However, the loss should be in a fashion that when the burst

in data rate is passed, the system shall return to normal operation without external

intervention.

• Requirement 2.5 (Readout Abort): The system must have a means of

recognizing and aborting the readout of any chip that has an unusually high

volume of data output (e.g. due to oscillation).

3. Electrical & Magnetic Interference (EMI)

The pixel detector must be shielded electronically from the circulating beam which is a

significant rf source. 
• Requirement 3.1 (Immunity from dipole magnet): All readout electronics and

accessories must not be affected by the presence of the  magnetic field up to 0.9 Tesla

or by tripping of the magnet.
9 Analog Input
The expected input capacitance is 1.2 pf/cm or ~ 1.5 pf for the longest strip.  In addition the PHX design simulations should include 2-3 mm length wire bonds.
9.1 Diode structure 

The simplest and most common processing structure for silicon strip detectors is a p-on-n geometry. Because of the extensive experience that many foundries have with this geometry, it is our preferred choice. The vendor choice would involve a maximum candidate pool. With a reversed bias p-on-n detector, the charge that is collected and input to the front-end amplifier is positive (holes).

We do not exclude, however, the option to use n-on-p technology, in which the charge collected and input to the front end amplifier is negative (electrons). If there are significant issues in the design of the front end that drive the design decision in that direction, we will give consideration to going to an n-on-p process.

9.2 AC or DC
The simplest solution is to manufacture a dc-coupled detector. The FVTX radiation environment is expected to be moderate. To account for beam spills, or other unanticipated dose events, I calculated a leakage current for a 13mm strip, with 500 kRad incident ionizing dose, and used a radiation damage scale factor of 2.5x10E-17/cm at room temperature. The resulting leakage current would be about 7.5nA/13mm strip. This dose rate is an extreme estimate, and so, if a dc coupled amplifier can be designed to compensate for leakage currents on the order of 10nA per input, that should be adequate for all reasonable conditions.

Ac-coupled silicon detector technology is now commonplace. Because it involves some additional process steps such as polysilicon bias resistors, good quality oxide deposition for the capacitive coupling, and spy pads for direct probing of the strip implants, there is a greater emphasis to carefully select the vendor. We have designed and manufactured detectors for PHENIX in ac-coupled technology and with good success. If there is an issue that drives the direction of the design of the front-end amplifier to prefer ac-coupling, we will give that due consideration.

10 PHX, Sensor, HDI Solution Specifications
The integration of the silicon sensor, an HDI and the readout chip must be taken into consideration when designing the chip.  A possible arrangement of sensor-HDI-readout chip, that was discussed previously with FNAL, is shown in Figure 5 but we are not tied to this design.  We are open to alternative designs up to and including the original possibility of having a bump-bonded chip with a bus which is integral to the sensor.  If a wire-bonded solution is to be used, we would like a solution which maintains reasonable length wire bonds.  The ASIC design should be consistent with a wedge solution and possibly take into account keeping cooling and mechanical work associated with the integrated wedge as simple as possible. [image: image6.png]Possible Wedge Arrangement for
Phenix Inner Detector

Need to review polarity of

input signals to the ROC. 30 traces
“P+G
T
> |+ <€——Active detector width = 15 mm
petector— 1| [ [ |:
4o Bypass caps
Detector bond pads —— 3t
Typ. wire bond to detectorﬂf Kapton (multilayer)
T Need to study cooling
| ; of ROC in presence of
Need to study effect of analog AR Rapton loyer an how
bond wires passing over digital
and power traces

2x256 ROC

! : bias connection will be
| [|ROC4 T made to detector

Each chip may require
3-4 bypass caps for internal signals

Typ wire bond to kapton: power,

ground, bypass signals output
ROC3  signals

ROC 2
10 lines (5 differential) for programming
These are bussed between chips
2 differential outputs/chip (4 lines) { ___ Possible connection between
8 (min) power and ground/chip - connections chips to 10 bussed signals if
made directly to kapton at chip necessary.
Therefore traces to the top of kapton ROC 1

20 outputs (for 5 chips)

10 bussed lines

(spacing at top = 15000u/30 = 500 u)
plus power and ground connections

< Width of ROC is critical here:
Is ADC necessary?




Figure 5 Schematic of a possible sensor-HDI-readout chip solution.  
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