A Low-Voltage 1Mb FeRAM in 0.13um
CMOS Featuring Time-to-Digital Sensing
for Expanded Operating Margin

Masood Qazi', Michael Clinton?, Steven Bartling?,
Anantha Chandrakasan’

"Massachusetts Institute of Technology
2Texas Instruments, Kilby Labs

1ISSCC 2011



Sensing Challenge for Non-Volatile RAM

NAND Flash | NOR Flash PRAM FeRAM MRAM
Density
(Mb/mm?) 216 20.6 5.86 1.47 0.502
CMOS node 32nm 65nm 90nm 150nm 130nm
Timescale of 1.89ms 70ns (read) | 78ns (read) 70ns 32ns (read)
bitcell (prog.) 435us (prog.) | 430ns (write) (read) 70ns (write)
Endurance ~10° ~10° >10° >1013 >101°
Energy per
written bit 1.4nJ(prog.) — 9.8nJ 50pdJ 253pJ
Citation Lee 11 JSSC | Villa'08 JSSC Lee '08 JSSC \(ang '06 VLSY/| Sugib. 07 JSSC
-~ el
* Technology scaling: mismatch
Sensing tolerance and low voltage operation

considerations

(.

« Area efficiency
« Time scale of cell >> F04 delay

Time-to-digital sensing for low-energy FeRAM




Non-volatile Ferroelectric Capacitor (FeCap)
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Non-volatile Ferroelectric Capacitor (FeCap)
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Non-volatile Ferroelectric Capacitor (FeCap)
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1T1C FeCap Cell Signal Characteristics
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Simplified Schematic of TDC Read Path
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Simplified Schematic of TDC Read Path
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Simplified Schematic of TDC Read Path
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Simplified Schematic of TDC Read Path
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Simplified Schematic of TDC Read Path
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Implementation of Time-to-Digital Sensing
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Time-to-Digital Sensing: Read 0

Simulated Waveforms for Read "0" [V] WL
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Time-to-Digital Sensing: Read 0

Simulated Waveforms for Read "0" [V] WL

K
. MBL 5 ; .
: 0.12 0j3 0:4 D.L5 OjB
start C-l-)
~MBL_V,t1FVos, |
R B B e S S o IVl .
D II ....... I: ..... I ............ ' Vref1 >
0 0.1 0.2 0.3 0.4 0.5 0.6
H , 3 5 S

0 0.1 02 03 04 05 06 TQ TQ, TQj3;
t [normalized] TT 25C d l J

Z[0:31]: 1111l1111111111111111111115000000
TQ[0:31]: 00000000000000000000000003000000
tHos> 14

1d1
14

start in Z,

stop

<
N
¥
4

in Za|




Time-to-Digital Sensing: Read 0

Simulated Waveforms for Read "0" [V] WL
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Time-to-Digital Sensing: Read 0

Simulated Waveforms for Read "0" [V] WL
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Time-to-Digital Sensing: Read 0

Simulated Waveforms for Read "0" [V] WL
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Time-to-Digital Sensing: Read 1

Simulated Waveforms for Read "1" [V]
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Time-to-Digital Sensing: Read 1

Simulated Waveforms for Read "1"[V] WL
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Time-to-Digital Sensing: Read 1

Simulated Waveforms for Read "1"[V] WL
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Time-to-Digital Sensing: Read 1

Simulated Waveforms for Read "1"[V] WL
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Time-to-Digital Sensing: Read 1

Simulated Waveforms for Read "1"[V] WL
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1Mb FeRAM Prototype Architecture
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1Mb FeRAM Prototype Architecture
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1Mb FeRAM Prototype Architecture
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Measurement of Energy Scaling
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Significance of Time-to-digital Sensing

1. Area-efficient way to TMb FeRAM Chip Summary

compensate analog

offset with digital circuits Organization 128k words of 8 bits
2. Such digital circuits Technology 130nm LP CMOS

scale in voltage,

nsume | i -

consume egs static | Full g’lacrﬁ level 0.936 Mb/mm?

power, and improve with ensity

technology scallng.. Opzérgtllqnéj /VSJtLa)ge 1 5V/2.9V 1o 1 OV/1 7V
3. Representing the signal

as a deIaY_better SEIVES  Read Cycle Time 200ns to 730ns

the essential

multiplexing operation Read Power 772uW to 107pW

of a memory.
This work was funded in part by the FCRP Focus

Center for Circuit & System Solutions (C2S2). 27
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Timing Diagram — Read Cycle
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The problem of imprint and midpoint reference

Comple- o Data read-out curve in
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* For on-pulse sensing: Imprint also changes relative voltage of both
V0O and V1 bitline voltages

« For after-pulse sensing: It is not expected that VO is increased

significantly because of imprint. 30
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