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FEE Requirements For Mu2e-II ? 

• Experience from Mu2e  
• Read out straw signals on two sides, 

time division, ToT 
• Requirements for digitizer: 

! Amplitude readout: waveform digitization 
@ ~50 MS/sec 

! Resolution >7 ENOB 
! Time division: σ(Δt) < 70 psec,                
σ(t) < 500 psec 

! Deadtime ? Mu2e requirement:        
deadtime < 20-200 nsec 

! Reliability and power 
o Digitizer power spec: <~150 mW/straw 
o Reliability: digitizer MTBF > 175 years.   

~x10 TID compared to Mu2e

�2

  Mu2e Conceptual Design Report 

Fermi National Accelerator Laboratory 

9-12 

High voltage to each straw passes through a “fuse” that can be blown remotely to 
isolate broken wires without the need for an access. The fuse consists of a miniature 
beryllium-copper spring with one side soldered to the PC board using a low-temperature 
solder. To blow the fuse, that joint is heated by a resistor till the solder melts. A layer of 
Teflon over the connection prevents splattering of molten solder without preventing the 
spring from pulling back. Current to each heating resistor is controlled by an addressable 
switch with a unique address. To avoid accidentally blowing fuses, power for this circuit 
is separate from the preamp power and is normally locked out. 

Figure 9.13. Flow of signals through the tracker readout chain. 
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Challenges

�3

• Excellent time resolution and stability 
• High channel count 
• High tolerance to neutron-induced SEUs, radiation hardness 
• Cost (development) 
• Mu2e has pivoted from ASIC baseline to COTS in 2014; 

DRAC has now successfully demonstrated performance 
(well, almost :)  

• This experience has been very valuable 
• Would COTS scale to Mu2e-II environment ? 
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Total Ionizing Dose

• Reduction with new geometry of ST 
• Typical safety factors ~12, 5 years of running: ~200 kRad 
• x10 for Mu2e-II: ~2 MRad.  
• Could be more (e.g. new muon wedge design ?) 
• Will need to leverage LHC experience and R&D 
• COTS (FPGA) may not work: turn back to ASICs ? 

�4

FEE mu2e Tracker/Vadim Rusu 2/8/2017

TID requirements

• Based on Vitaly’s MARS study
- can we get a cross-check from Offline?

• Safety factors:
- x5 (years of running), 3 (sim), 2(low dose rate), 2(lot variation) = 60

• Test to 540kRad (BTW, that’s a hell of a lot)

2

Mu2e requirements (from docDB-8938)
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ASIC Development for Mu2e

• ASIC digitizer was the baseline until 2014 
• Developed a prototype (POM 1.0) 

! Demonstrated ADC, TDC, shaper, discriminator specs, including 
SEE and (neutron-induced) dose  

! Had issue with clocking (understood) 
! Development terminated in 2014 (schedule requirements) 
! Performance documented in JINST 10, P06007 (2015)

�5

Low-power 8 bit  
pipeline ADC

!5

32-phase ring  
oscillator TDC (16bit)

Figure 4: POM frontend preamplifier design.

Figure 5: POM ADC design.

(DASC), an analog subtractor, a sample-and-hold amplifier (SHA), and a gain
stage. In each stage, a coarse digital estimate of the analog input voltage is
made by the ADSC, converted back to the analog domain by the DASC, and
subtracted from the input voltage. The resulting residual voltage is amplified by
the interstage amplifier and passed to the next pipeline stage for finer conversion.
The key feature of a pipeline ADC is that the SHAs allow each stage to operate
concurrently on residues that correspond to di↵erent input samples, resulting

8

Low-noise preamp
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Mu2e ASIC Digitizer Prototype
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POM1.0: a full 2-
channel prototype
Analog buffer to 
receive preamp 
signals
2 discriminators/
TDCs per straw
One 8-bit ADC
Digital signals to 
ROC

1875 µm

1875 µm

Functional prototype 
in TSMC TinyChip 
submission



POM 1.0

1875 µm

1875 µm

C. Grace
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POM 1.0

�8Figure 3: Two examples of POM configuration, (a) using internal preamplifier,
and (b) using external preamplifier. The short and long dashed lines represent
on-board connection between POM channels and analog signal line from a straw
or external preamplifiers, respectivey. The arrows represent the direction of
signal flow. The parts that are not used in each configuration are not shown for
the purpose of clarity.

Charged Coupled Device (CCD) readout [10].
Pipeline ADCs can provide both high speed and accuracy through the use

of concurrent processing. The ADC accuracy depends on precision analog sig-
nal processing [11]. In particular, high speed, high gain, and high accuracy
operational amplifiers are required for interstage amplifiers. While Successive
Approximation Register (SAR) ADCs can also achieve POM requirements in
terms of sampling rate and power dissipation [4], they are not easily expandable
to the number of bits required for POM.

A block diagram of the ADC implemented in POM is shown Fig. 5. It
consists of 7 identical stages, each of which contains a low-resolution 1.5-bit 1

analog-to-digital subconverter (ADSC), a 1.5-bit digital-to-analog subconverter

1Two bits produced by each stage are combined in a combinatorial logic to form the ADC
output, using e↵ectively only 1.5 bits from each stage, to provide redundancy in the analog
decision levels of the ADC. This redundancy can be used to make the converter tolerant to
o↵set errors in its comparators and amplifiers. See Ref. [11] for details.

7

2 modes of operation: internal vs external preamps 
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POM 1.0 on Test Board

�9
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Test Board V2

�10

POM	in	package
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Pipelined	ADC

ASIC ADC R&D: HIPPO

�11

Pipelined	12-bit	ADC	based	on	65nm	process:	compact,	low	power	
LBNL	design,	Mu2e	shared	resources	with	BES	(HIPPO)	and	ATLAS	
Verified	performance,	radiaYon	hardness



ADC calibration

!12

ADC resolution limited  
by known design issue 

Simulation study hits  
limitation when scaling  
down the ADC design  
(from precursor design). 

Transfer function is  
extracted from hitmap,  
applied to waveform 

Effective number of bit = 6.8 
Possible to improving ADC response by calibration

M.J. Lee  docDB- 4091



HIPPO ADC result
The original 12bit ADC design is baseline of 
POM2.0 

More power consumption (3.5 → 60mW/ch) 
Total power (1.5kW) less than power requirement  
(10kW cooling capacity) 

Better / proved performance : linearity, resolution

!13

Noise measurement 
(w/o frontent)Integral nonlinearity

Raw resolution  
   σ~1LSB 
Calibratable further

M.J. Lee  docDB- 4091



― Normal chip 
― 2x1014 n/cm2 irradiated chip

~0.04mV

RMS noise

Neutron Radiation tolerance (ADC) 
HIPPO chip is irradiated with 2x1014 n/cm2 
neutrons. 

UC Davis McClellan reactor 
x100 Mu2e lifetime neutron  
dose at tracker electronics 
ADC is the major part of POM 
Data taken with seesaw  
signal input, fit/data compared  
to get noise level 

Irradiated HIPPO ADC worked fine 
~0.04mV (< 1LSB) noise increase observed.

!14M.J. Lee  docDB- 4091



TDC linearity, resolution in test mode

!15

LSB ~39ps

Black : TDC data,  
Red : linear fitTD

C 

Absolute TDC 
σ ~2 LSB (80ps) 

Δt (=tdc0-tdc1) 
σ ~0.5 LSB (20ps) 

TDC [LSB]

TDC [LSB]

Absolute time resolution ~80ps 
Intrinsic Δt resolution ~20ps 

LSB of TDC measurement = 39ps/TDC
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M.J. Lee  docDB- 4091



Fine scan on TDC (analog mode)

!16

Delay setting Delay setting

Delay setting

Raw TDC0 resolution Raw TDC1 resolution

Effect of  
Outlier

Red : with operation clock 
Black : without clock 
Green : Random trigger 
with clock 
Blue : Random trigger 
without clock

Clock feed-through to 
TDC (same as test mode) 

Verified by turning off clock 
Same effect on random 
triggering events

20ns (1phase of 50MHz)

Δt resolution

M.J. Lee  docDB- 4091
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ASIC Motherboards Concept for Mu2e

�17

Compact	packaging	(12	~1x1”	packages	or	~3x3mm	flip	chips)	
Separate	boards	for	digiYzers	and	ROC:	simplicity	and	reliability	
Plenty	of	space	for	ROC,	voltage	regulators	for	preamps,	diagnosYc	
connectors,	uYliYes.	Good	gas	flow	and	cooling	
Careful	rouYng:	separate	digital	from	analog	signals	and	grounds	
Flex	PCBs	(3-4	layers)	for	connecYons	to	ROC	and	POMs	
Interboard	connector	to	preamp	board:	no	need	for	bulkhead	
connector	through	the	gas	seal

ROC BOARD
ANALOG 

FROM 

PREAMP

POM

2-sided

Far hit LVDSx

6
ANALOG FROM PREAMP

To ROC To ROC
AnalogAnalog Digital Digital
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Comments for Mu2e-II
• Raw FEE specs could be achieved by either COTS or ASICs 
• SEU tolerance could be achieved by either  

! Mu2e: Altera → MicroSemi  
• Experience with COTS says that achieving >MRad TID 

tolerance will be a challenge 
! Mu2e: SF2 → PolarFire, OK to ~600 kRad. What happens then ?  
! DACs, ADCs, BJTs tested to ~600 kRad. Found weak points and 

replaced. Possible with COTS, but slow process.  
! Could leverage HI-LHC R&D (often to GRad levels), but it is primarily 

focused on ASICs (65 nm now common) 
• May need to be prepared for custom solutions 

! Digitizer would be fairly straightforward: POM, LHC experience  
! What do we do with ROC ? May need to be a custom solution, or look 

for rad-hard solutions (Xilinx ?)  
! Also consider auxiliary systems (DC-DC, optical links, …)

�18
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Backup

�19
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ASIC Motherboard: Packages
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Analog Digital Two-sided	board:	6	ASIC	
chips	on	each	
144	or	192-pin	package	
Analog	signals	from	the	
high-density	“interposer”	
connector		
Digital	signals	to	ROC	and	
the	other	POM	board	
through	high-density	
connectors	and	flex	
cables	
8-10	layers,	inexpensive
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08/29/2018 Yury	Kolomensky	-	ASIC	4	Mu2e-II

ASIC Motherboard: Flip Chips

�21

7.5 cm

8.
5 

cm

Analog Digital One-	or	two-sided	board:	6	ASIC	
chips	on	each		
Analog	signals	from	the	high-
density	interposer	connector		
Digital	signals	to	ROC	and	the	
other	POM	board	through	high-
density	connectors	and	flex	cables	
8-10	layers,	inexpensive

Flip Chip
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Diff pair

Diff pair

Ground

Connector layout

High-density, low-profile connectors
No need for a bulkhead connector 
through the gas seal 
Analog decoupling: separate diff 
pairs to reduce analog crosstalk
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LBNL ASIC Experience

• Chip designers in Engineering Division (Henrik von 
der Lippe, et al) 
! Extensive expertise in ASIC design, first to adapt 65nm 

process in HEP 
o  BaBar (ELEFANT, trigger), CDF (SVX), ATLAS (pixels, FE-I4), 

SNAP, etc. 
o  One of the largest production and testing facilities among DOE 

labs

�23

SVX2	
1.2μm

SVX3	
0.8μm

SVX4	
0.25	μm	
6.3x9	mm2

SVX	
3μm FE-I3

FE-I4	
130	nm	
2x2	cm2


