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Overview
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Three Options



Upset Mitigation
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Upset Hardening – Two Basic Approaches
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Space Upset Rate Calculation
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Simplifying concepts (or useful fictions)
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Inherently, this is a “single node” calculation
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Results for XQR2V6000 in GEO
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Limits of Upset Mitigation
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Edmonds TMR Equation
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Single-String Design

�
�	����������	�

Conceptually, a design is a string of logic blocks (sequential 
or combinational) bounded by feedback loops.
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TMR Design
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Feedback from the voters corrects state errors inside blocks
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TMR prevents almost all errors
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TMRtool

Designer’s TMR “Burden”

Run the working single-string design through the TMRtool to 
obtain the correct Xilinx-style triplicated and voted design.



Example App  - XQR2V6000 BRAM Scrubber

Given parameters:  T=2 ms, M=48000 Fit parameter:  M2=M3=M4= 250
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Extrapolating to Space Rates
BRSCRUB
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Geometrical RHBD is two-node problem
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Two-node case makes rotation important
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Model to Guide Data Fits
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Directional Upset Response

SRAM 6: 65nm feature size, 2µm epi, 2µm spacing
All 1's pattern, LET = 3.40, Tilt = 75 degrees
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Clearly there is a strong dependence on rotation angle:



Necessary Extrapolation 

Note 
factor of 
4 or 5

 SRAM 6: 65nm feature size, 2µm epi, 2µm spacing
All 1's pattern, LET = 3.40, Rotation = 180 degrees

Tilt Angle (degrees)

0 10 20 30 40 50 60 70 80 90

D
ire

ct
io

na
l C

ro
ss

 S
ec

tio
n 

(µ
m

2 /b
it)

0.00

0.04

0.08

0.12

0.16

data
worst-case model 
nominal model



Model Results
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Data & Model for an LET Sweep
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SRAM 6: 65nm feature size, 2µm epi, 2µm spacing
All 1's pattern, Tilt = 75, Rotation = 180 degrees
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Average Cross Sections 

SRAM6: 65nm feature size, 2µm epi,
2µm spacing, all 1's pattern

LET (MeV-cm2/mg)

0.1 1 10 100

D
ire

ct
io

na
l-A

ve
ra

ge
 X

S
 (c

m
2 /b

it)
 

1e-14

1e-13

1e-12

1e-11

1e-10

1e-9

1e-8
model (conservative) 
model (nominal) 

�����
���
5��	*��	��3
����
�	�
��������
��������	��



Conclusions  - RHBD vs. TMR
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Appendix: TMR System Model
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Designs are likely to be “lumpy”
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