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Pixel Sensor Readout Cable Options

Statement of need

We are developing the HFT Pixel readout system. We need to provide an electrical readout path for the sensor outputs and control/clock signals from the ten sensors on a ladder to the buffer chips located on end of the ladder. We also need to provide sufficient power and ground paths to power the sensors without compromising the sensor performance. This path is in the low mass region of the detector and is required to have as low a radiation length as is practical, consistent with meeting the connection and conductivity requirements. This task is usually accomplished by developing a low mass kapton based flex printed circuit board. Some of the constraints of the prototype and production cables are not yet known with a high degree of accuracy. We are working on a cable development path that will ascertain these parameters with a reasonable level of confidence. This development path is shown here http://rnc.lbl.gov/hft/hardware/docs/Phase1/Development_PXL_flex_cable.doc. The constraints imposed by the task are listed below.

Signal path requirements

The signal list with associated conductor count is shown below:
	Signal
	# of traces
	type
	Width (0.005” t&s)

	Sensor output (PH-2)
Sensor output (Ultimate)
	10 x 4 x 2 = 80
10 x 2 x 2 = 40
	LVDS
LVDS
	0.800” (20.32 mm)

0.400” (10.16 mm)

	CLK
	2
	LVDS
	0.020” (0.51 mm)

	CLK_RETURN*
	2
	LVDS
	0.020” (0.51 mm)

	Marker
	1
	CMOS
	0.010” (0.25 mm)

	START
	1
	CMOS
	0.010” (0.25 mm)

	SPEAK*
	1
	CMOS
	0.010” (0.25 mm)

	JTAG + RSTB*
	5
	CMOS
	0.050” (1.27 mm)

	TEMP
	2
	analog
	0.020” (0.51 mm)

	Total (Phase-2)
Total (Ultimate)
	94
54
	
	0.940” (23.88 mm)

0.540” (13.72 mm)


*- these signals are required for prototyping and testing but can be removed on final production boards.

Note that for the Ultimate sensor, the number of signal outputs are reduced to two per sensor for a total of 40 signal traces. The trace and space widths are shown for standard manufacturing processes in copper conductor flex PCB. It is desired to keep the trace resistance below 4 ohms to preserve signal amplitude. The sensor output and clock trace pair impedance should be approximately 100 ohms but 63 ohms has been shown to work satisfactorily in a similar data path design (the LVDS data path test, results may be found here http://rnc.lbl.gov/hft/hardware/docs/LVDS/LVDS_test_report_1.pdf ). A trace resistance calculator may be found here http://www.referencedesigner.com/cal/cal_05.php. A pair impedance calculator may be found here http://www.mantaro.com/resources/impedance_calculator.htm 
As an example, a 12” long 0.005” trace 0.0007” (1/2 oz. Cu or 17um thickness) has a resistance of 3 ohms and a differential impedance ( 0.005” spacing over 0.002” dielectric (4.7))of 63 ohms.
Geometrical requirements

The cable width is fixed by the geometry chosen for the detector design. There is the possibility of some range of mechanical redesign, but the expected width constraint is not expected to change significantly. The cable width in the current design is 23.08mm. If one is to minimize the radiation length, it would be desirable to keep the signal and power services on the cable limited to the top and bottom sides of a single kapton layer in order to keep additional kapton and adhesive/pre-preg layers from contributing to the radiation length. This design parameter is still available for optimization, however, if the advantages of a multi-layer (>2) design are compelling for ease of manufacture, etc. The cable length is a more flexible parameter and is neglected for this analysis.
Power and ground requirements

The power and ground stiffness requirements are not yet well known and these are some of the parameters to be determined in the infrastructure testing stage of the cable development process. If we make the assumption that we wish the resistive loss in the RDO cable power supplied to each sensor to be kept to 50mV, the conductor requirements are shown below:
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Figure 1 Scale drawing of required widths of the power and ground paths assuming a 50 mV resistive voltage drop to each sensor.
The cable width is 23.08 mm. of which 16.154 mm is already taken with power and ground traces (the widest parts of the trace structure are required to be at the same x position on the cable).
	Power trace 
	Width at thickest part 

	Analog power 
	0.220” (5.588 mm) 

	Digital power 
	0.098” (2.489 mm) 

	Ground 
	0.318” (8.077 mm) 

	Total 
	0.636” (16.154 mm) 


The above widths assume ½ oz copper traces (17.5 um thickness). A more detailed description can be found here http://rnc.lbl.gov/hft/hardware/docs/Phase1/cable_power_gnd_trace_optimization.doc. 
Conductor attributes, radiation length and manufacturing constraints

The electrical conductivity of copper is 59.6 × 106 S·m-1. 

The electrical conductivity of aluminum is 37.8 × 106 S·m-1. 
The radiation length of copper is 1.43 cm.
The radiation length of aluminum is 8.9 cm.

It is clear from a radiation length versus electrical conductivity comparison that aluminum is the preferred conductor. For measurement significance and data volume concerns, the effective radiation length per cable should be no more than approximately 0.2% giving a total radiation length of ~ 0.5% per layer. 
Standard commercially available manufacturing techniques in copper based flex PCB allow for trace and space (t&s) widths of 0.003” to 0.005”. The 0.003” t&s is the lower limit and is much more expensive due to the lower yields seen with these small feature fabrications. The availability of vendors that will accept jobs in this feature size is also significantly reduced. The 0.005” t&s is the current limit of standard easily available commercial processes.
To our knowledge, there are very few commercial vendors that will attempt to manufacture flex PCBs with aluminum conductors with vias. The vendor capabilities are mostly unknown. The vendor that we have been in communication with has stated that they can do aluminum traces with vias at any thickness and have successfully produced aluminum conductor flex cables with t&s of as low as 0.003” albeit with limited yield. We have not yet submitted a test fabrication and have seen no samples from the vendor. It is our intention to make a procurement of a sample design with this vendor to assess fabrication capabilities and quality.
Design approaches considered

Several basic approaches have been examined to address this need. Some of these are listed below. 
Multi-layer single sided with aluminum conductor – This type of solution addresses two of the main criteria for the cable, the use of aluminum as a conductor material and the difficulty of fabrication of aluminum cables with vias. This cable design would not use vias, instead etching individual contiguous traces on single surfaces of kapton. An initial simplified design concept is part of this radiation length calculation http://rnc.lbl.gov/hft/hardware/docs/pixel_rad_length.pdf. A more optimized but ambitious straw-man design based on this concept is shown below:
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Figure 2 Concept design for a single sided aluminum conductor design cable without via connections (not to scale) shown in end view. The sensors are shown in red at the top. Each layer consists of an aluminum conductor layer ( 25um thick), an adhesive layer (25um thick) and a kapton layer (25 um thick). The layers are glued together with an adhesive/pre-preg layer of 25 um. Bond wires are shown in green. The distance X is constrained by the mechanical design at 2.9 mm.
We estimate that it will require 2 layers to provide for the required sensor connections. 

Layer 1 – Power, GND, SPEAK (bonded to power) – ΔX = 0.015”
Layer 2 – signal outputs, Clock, Clock return, marker, start, JTAG, RSTB, temperature monitor – ΔX = 0.150”
Using 0.005” trace and space, the X distance required to fit the sensor connections with appropriate spacing from the sensor (~1mm to first bond wire landing) and from the previous layers is shown above. The estimated total summed distance in X is 0.204” (5.18 mm). This exceeds the space available by ~ 2.28 mm. If we neglect the width needed for Clock return and RSTB signals as would be the case for the production runs, the X width required is 0.174” (4.42 mm), exceeding the available space by ~ 1.5 mm. 
The radiation length, given that the conductor load in aluminum should be the same as estimated in the hybrid design analyzed here http://rnc.lbl.gov/hft/hardware/docs/iphc_2009_06/Flex_Cable_Development_LG.ppt, can be estimated.
The total radiation length for this design is estimated to be ~0.13%. 

The feasibility of this design needs to be worked out, particularly with respect to the highly segmented power and ground supply lines. If the manufacturing yields permit, we could envision moving to smaller t&s to decrease the width.  If this design concept required 4 layers, and the kapton from each layer extended under the sensors, the radiation length would be the same as the copper conductor based hybrid cable at ~0.25%.
Simple multi-layer PCB – This design is a standard PCB layout using aluminum conductors with vias. This design is similar to the optimized hybrid design shown below, but harder to fabricate given that it would be a multiple (>2) layer design. A design based on this concept has been superseded by the optimized hybrid design shown below.
Hybrid aluminum and copper PCB - This is the current design concept. It uses a single two sided aluminum conductor flex PCB with vias joined to a multi layer copper conductor flex PCB using bond wires. A diagram of this conceptual design is shown below. 
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Figure 3 Hybrid aluminum and copper cable design concept Aluminum conductor is shown in gray, copper conductor is shown in red. The independent cables are glued together and electrically connected using bond wires.
A presentation on this design concept can be found here http://rnc.lbl.gov/hft/hardware/docs/iphc_2009_06/Flex_Cable_Development_LG.ppt.

Multi-layer single sided with aluminum conductor with cable on top of sensor - This type of solution addresses both the aluminum via manufacturing issue and the cable X width but does require the addition of part of the cabling infrastructure to be located on the top of the sensors. This would partially obstruct the sensors for both view and touch probe location measurements. This design concept follows the simulation results that show that the impact of increased radiation length is a much larger factor for physics measurement significance than the tightness of the known pixel position envelope. A diagram of this concept (not to scale) is shown below:
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Figure 4 End view of a cable design with two single sided aluminum conductor cables. One cable is located under the sensors and the other is bonded to the 
In this concept design, the power is arranged as busses and run on a cable that is located on the top of the sensors. The clock and Temp are also distributed along the top cable. 
Top cable – VDD, VAA, GND, clock, temp, SPEAK (bonded to power) - ΔX distance not relevant, but should be minimized 

Bottom cable – signal outputs, Clock return, marker, start, JTAG, RSTB – ΔX = 0.105” (2.67 mm)

The width X would be only along the bottom cable and would be 3.67 mm exceeding the existing envelope by 0.77 mm. If we neglect the width needed for Clock return and RSTB signals as would be the case for the production runs, the X width required is 0.113” (2.88 mm), which meets the current mechanical envelope. 

In this arrangement, the highly segmented power and ground distribution required for the power cable in the previous via-less aluminum cable design is replaced with busses, a significant simplification.
Proposed technology assessment and development path

We have three possible design candidates that can meet the radiation length requirements. One does not meet the current mechanical width requirement. The second is known to be very difficult to fabricate. The third meets the width requirement and should be less challenging to fabricate but obscures part of the sensors and can impact our measurement of pixel position. Producing a copper conductor based cable should be technically feasible with existing fabrication techniques, but exceeds the desired radiation length. The cable development path is documented here http://rnc.lbl.gov/hft/hardware/docs/Phase1/Development_PXL_flex_cable.doc. Based on this path we propose that the following technology assessment steps be adopted.
1. Complete the infrastructure testing phase and establish the operating envelope for sensor infrastructure. Use this information to optimize the design of the initial fr-4 based cable prototype using the base design.
2. Analyze the mechanical impact of increasing the width of the cable by up to 2.4 mm.

3. Analyze the mechanical impact of mounting a cable on the top of the sensors.

4. Submit the prototype optimized FR-4 design to the aluminum conductor flex cable vendor(s) as a test fabrication to assess vendor capability and quality. If proof of principle is required before this step is reached, we could submit a simple capability design not based on our readout concept for fabrication earlier.
5. Locate possible vendors for a single sided cable fabrication. Submit test capability designs for fabrication.
6. Select design candidate and fabricate prototype.
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