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Sensing Challenge for Non-Volatile RAM
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NAND Flash NOR Flash PRAM FeRAM MRAM
Density 

(Mb/mm2) 216 20.6 5.86 1.47 0.502

CMOS node 32nm 65nm 90nm 150nm 130nm

Timescale of 
bitcell

1.89ms 
(prog.)

70ns (read)
435μs (prog.)

78ns (read)
430ns (write)

70ns 
(read)

32ns (read)
70ns (write)

Endurance ~105 ~105 >105 >1013 >1015

Energy per 
written bit 1.4nJ(prog.) — 9.8nJ 50pJ 253pJ

Citation Lee ’11 JSSC Villa ’08 JSSC Lee ’08 JSSC Kang ’06 VLSI Sugib. ’07 JSSC

Time-to-digital sensing for low-energy FeRAM

• Technology scaling: mismatch 
tolerance and low voltage operation

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

Sensing 
considerations



Non-volatile Ferroelectric Capacitor (FeCap) 

3

Remnant 
charge



Non-volatile Ferroelectric Capacitor (FeCap) 
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Read “1”

Extracts remnant charge onto 
floating bitline capacitance



Non-volatile Ferroelectric Capacitor (FeCap) 
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Read “0”

Traces non-hysteretic linear 
capacitance



1T1C FeCap Cell Signal Characteristics
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Conventional

This work



Simplified Schematic of TDC Read Path
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Long bitlines connect 
1024 1T1C cells with 
platelines routed in 
parallel



Simplified Schematic of TDC Read Path
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Single current 
source and 
comparator support 
a 16-bitline segment



Simplified Schematic of TDC Read Path
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Daisy chain of OR gates 
implements 128:1 column 
multiplexing of signal 
delay

lower 64 
columns

3 adjacent 
16-bitline 
segments



Simplified Schematic of TDC Read Path
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5bit subtraction TDC 
compares signal delay to 
a reference delay



Simplified Schematic of TDC Read Path
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TDC slice contains:
- Dynamic delay element 
- 8T CCMOS register
- Feedback NOR 



Implementation of Time-to-Digital Sensing

Area of 
four bits

32 TDC Subtraction Slices

32-input dynamic OR + DQ register

Bitline Peripheral 
Circuits

16:1 Column 
MUX

TDC 
Control 
Circuits
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Time-to-Digital Sensing: Read 0

13

00000000000000000000000000000000
00000000000000000000000000000000

Z[0:31]:
TQ[0:31]:



Time-to-Digital Sensing: Read 0
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Time-to-Digital Sensing: Read 0
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Time-to-Digital Sensing: Read 0
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Time-to-Digital Sensing: Read 0
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Time-to-Digital Sensing: Read 1
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Time-to-Digital Sensing: Read 1
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Time-to-Digital Sensing: Read 1
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Time-to-Digital Sensing: Read 1
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Time-to-Digital Sensing: Read 1
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1Mb FeRAM Prototype Architecture
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1Mb FeRAM Prototype Architecture
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Decode 
and level 
shift



1Mb FeRAM Prototype Architecture
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Decode 
and level 
shift

220 1T1C cells multiplex to eight 110μm2 5bit TDCs

66.4% Array Efficiency



Measurement of Energy Scaling
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Exploration of 
references and timings 
with: 
• Alternating 

checkerboard 
patterns

• 30 min. power-down 
between write and 
read (VDD shorted to 
GND)

Measurement points 
correspond to zero fails 
in 1Mb chip.



Significance of Time-to-digital Sensing
1. Area-efficient way to 

compensate analog 
offset with digital circuits

2. Such digital circuits 
scale in voltage, 
consume less static 
power, and improve with 
technology scaling.

3. Representing the signal 
as a delay better serves 
the essential 
multiplexing operation 
of a memory.
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End
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Timing Diagram – Read Cycle
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LPL is 
pulsed with 
floating BL.

Either LPL or 
BL is pulsed 
based on 
sense data.

Write-back latch 
is cleared.

Initiation of two delay 
measurements for TDC

TDC circuits 
are reset

WL asserted 
after address 
setup.



The problem of imprint and midpoint reference

• Imprint reduces “read 1” (switching) charge 
• For on-pulse sensing: Imprint also changes relative voltage of both 

V0 and V1 bitline voltages
• For after-pulse sensing: It is not expected that V0 is increased 

significantly because of imprint. 30

Figure courtesy of 
[Inoue 2001 TED]
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