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§ NVM Technology Overview 

§ NVM Chip Block Diagram 

§ Key Circuit Concepts Differentiating from SRAM 
–  Array Architecture 
–  Voltage Boosting and Charge Pump Techniques 
–  Write Driver Design 
–  Sensing Schemes and Circuit 

 

§ NVM Interface and Applications 

Lecture	
  Objec7ves	
  
 1) Understand technology, design, and application interaction 
 2) Learn fundamentals to pursue self-study and research 

References are listed in the back for further study. 

Lecture	
  Outline	
  

1st	
  half	
  
2nd	
  half	
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Semiconductor	
  Memory	
  

RAM	
  

DRAM	
   SRAM	
  

Floa:ng	
  Gate	
   Nitride	
   Emerging	
   ROM	
  &	
  Fuse	
  

Ferro-­‐electric	
   Magne:c	
  	
   Phase	
  Change	
   Polymer	
  

Vola:le	
  
Non-­‐

Vola:le	
  

“NV	
  Ram”	
  

“Unified	
  Mem”	
  

Courtesy Intel 
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1970	
   1980	
   1990	
   2000	
  

Bipolar	
  ROMS/PROMS	
  

ààLate	
  60’s	
  

EPROM	
  

1971	
  

EEPROM	
  

1980	
  

	
  NAND	
  Flash	
  

1985	
  

	
  NOR	
  Flash	
  

1988	
  

	
  MLC	
  NOR	
  Flash	
  

1995	
  

	
  AND,	
  DiNOR	
  Flash	
  

1990’s	
  

Ferro-­‐electric	
  1988	
  

MRAM,	
  Phase	
  
Change,	
  Polymer	
  

2000’s	
  

	
  MLC	
  NAND	
  Flash	
  

1996	
  

MLC	
  =	
  Mul:-­‐Level	
  Cell	
  Courtesy	
  Intel	
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Key Properties: 
 Cell size:  Area defined in units of minimum feature (F) 

 

 Access time:  Read / write latency. Also impacts bandwidth (bits/s) 
  

 Access mode:  Random byte or block access. Impacts bandwidth. 
  

 Endurance:  # of writes, program, erase, or read cycles. 
 

 Retention:  Length of time memory bit holds the state. 
 

 Power/Energy:  Write energy can be a concern.     
 

 Cost per bit:  Has many facets including area, technology, test… 
 

 Non-volatility:  Non-volatility and underlying storage mechanism 
  

 Scalability:  Key to large density memory and cost reduction. 
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Source Drain 

Si Substrate 

Control Gate 

Floating Gate 
Oxide 

Oxide 

e- e- Very low density of trapped electrons  
MOSFET Vthreshold low 
Memory state: Logic 1 or high 
Erased cell 

Source Drain 

Si Substrate 

Control Gate 

Floating Gate 
Oxide 

Oxide 

e- e- e- e- e- 

Very high density of trapped electrons  
MOSFET Vthreshold high 
Memory state: Logic 0 or low 
Programmed cell 

MOSFET device with floating gate 

IDS 

VGS 

1 0 

ΔVth = - Q/CFG 

I-V Curve for fixed VDS 

Ref. 1, 3 
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Single-­‐Level	
  Cell	
  (SLC)	
  vs.	
  Mul7-­‐Level	
  Cell	
  (MLC)	
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–  Take	
  advantage	
  of	
  the	
  threshold	
  voltage	
  
difference	
  between	
  the	
  erased	
  and	
  
programmed	
  states	
  of	
  the	
  single-­‐level-­‐cell	
  
case	
  
•  Two	
  levels	
  =	
  1	
  bit/cell	
  
•  Four	
  levels	
  =	
  2	
  bits/cell	
  
•  In	
  general:	
  n	
  bits/cell	
  =	
  log2(#levels)	
  

–  Need	
  addi7onal	
  reference	
  cells	
  for	
  program	
  /	
  
read	
  
•  One	
  read	
  reference	
  cell	
  for	
  1	
  bit/cell	
  
•  Three	
  read	
  reference	
  cells	
  for	
  2bits/cell	
  
•  N-­‐1	
  reference	
  cells	
  for	
  n	
  bits/cell	
  
•  Corresponding	
  reference	
  cells	
  for	
  program	
  

1

10

100

1000

10000

100000

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
    

N
um

be
r 

of
 C

el
ls

Erase

Program

Data = 1 0

Count	
  

R2	
   R3	
  R1	
  

11	
   00	
  01	
  10	
  

P3	
  P2	
  P1	
  

SLC	
  

MLC	
  

Courtesy	
  Intel	
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NAND Array Equiv. Circuit 

NOR Array Equiv. Circuit 
Bitline 

Wordline 

Sourceline 

Bitline 

Sourceline 

Wordline 
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e e e  

S D 

20V 

0V 0V e e e  

S D 

0V 5V 

Program 

NAND NOR 

e e e  

Fowler-Nordheim (FN) 
Tunneling (low current) 

e.g. 1 cell = 5nA 

12V 

e 

Channel Hot Electron 
High current  

e.g. 1 cell = 0.1mA 

e e e  

S D 

0V 

20V 20V e e e  

S D 

12V float 

Erase e e e  

Uniform FN Tunneling 
(can also float S,D and raise B to ~20V) 

0V 

e 

Local FN Tunneling 
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Example Micron Flash Memory Products 

Access Time 
 
Access Mode 

Retention:  Bit flipping due to leakage, radiation. 
 

Endurance:  Fail mechanism is oxide forming electron traps with cycling.  
  ~106 cycles. Apply wear leveling and ECC to increase lifetime.  

 

Scalability:  Tunnel oxide thickness scaling is the limit.  
  Multi-level cell and new materials for scaling. 
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Phases:     Crystalline    Amorphous 
 
Resistance:      Low (kΩ)    High (MΩ) 
Logic state:      Logic 0    Logic 1 
Programming      Set current pulse         Reset current pulse 
Methods:              Anneal Tcrys<T<Tmelt    Melt->cool fast 

Top electrode 
Phase change  

material 

Insulator 

I-V Curve H
ea

te
r 

Top electrode 

Chalcogenide sandwich 
  Ge2Sb2Te5 : GST 

Germanium Antimony 
Tellurium 

Vth Switching  
voltage threshold 

Read and Write pulses 

<<100ns 
100 – 120ns 

500 - 620oC 

100 - 150oC Read 

Set 

Reset 

Ref. 4, 5 
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Endurance:  Stuck open or short due to stress and void formation at bottom 

interface upon cycling. 109--1012 cycles of endurance  
 
Retention:  Bit flipping due to thermal disturbance. 10 years retention of  `

  crystalline state requires operation below 110oC. 
 

Scalability: 

ΔT=P × Rth 

ΔT    temperature rise for writing 
P      joule heating power 
Rth     thermal R to metal sink 
VGST  voltage across GST cell 
IGST   current through GST cell 

P = VGST × IGST 
IGST = ΔT  / (VGST × Rth) 
where 

Therefore 
Rth α  contact area 

Write current reduces with 
smaller geometry !! 

Thermal disturbance is a 
scaling limit. 

ΔT  and VGST are physical 
quantities that do not scale. 

Constant VGST  can be a CMOS 
reliability limit. 
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Basic	
  Idea:	
  	
  
•  Normally	
  insula:ng	
  dielectric	
  (metal	
  oxide)	
  is	
  made	
  to	
  conduct	
  through	
  a	
  filament	
  

formed	
  by	
  applying	
  a	
  sufficiently	
  high	
  voltage.	
  	
  	
  	
  

• 	
  Filament	
  is	
  reset	
  or	
  broken	
  for	
  high	
  resistance	
  

• 	
  Filament	
  is	
  set	
  or	
  formed	
  for	
  low	
  resistance	
  
	
  

Metal	
  Insulator	
  Metal	
  
MIM	
  structure	
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Oxygen vacancies are created by hot electrons. Conductive filament is made of 

Oxygen vacancies. 

 
	
  

0	
  

Form	
  

Reset	
  (high	
  R	
  ==	
  1state)	
  

Set	
  (low	
  R	
  ==	
  0	
  state)	
  
Bipolar	
  switching	
  
Set	
  /	
  Reset	
  pulse	
  widths	
  are	
  
5-­‐100ns	
  

Volt	
  

Time	
  (ns)	
  

Ref. 14 
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Rambus RRAM Status [14]: 

Bipolar	
  RRAM	
  Devices	
   Repeatable	
  Results	
  

Write	
  Voltage	
   <2.5V	
  

Write	
  Current	
   ~20-­‐100uA	
  

Switching	
  Time	
   <10ns	
  

Endurance	
   10	
  6	
  	
  (1010	
  reported	
  in	
  IEDM)	
  

Data	
  Reten:on	
  at	
  85C	
   1	
  year	
  with	
  20-­‐50uA	
  
10	
  years	
  with	
  100uA	
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•  Sandwich of magnetic (CoFeB ) fixed 
and free layers with oxide (AlO or MgO) 
barrier in between  

 

• Magnetic Tunnel Junction (MTJ) with 
Anti-parallel: Logic 1 – high resistance 
Parallel: Logic 0 – Low resistance 

•  Spin Transfer Torque (STT) current 
based switching between logic states 

•  Direct torque transfer (Logic 1 to 0 switch) 

•  Reflective torque transfer (Logic 0 to 1) 

•  TMR (tunnel magnetoresistance) read 

 

0

01

R
RRTMR −

=

Free Layer 
Barrier 

Fixed Layer 

Typical TMR with MgO 
barrier is >100% 

R-I Curve 

MRAM Bitcell 

Fixed 

Fixed 

I1 

I0 
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Circuit	
  

Cross-­‐sec7onal	
  view	
  

MRAM 
module 

No Impact 
on CMOS ! 

Magnetic Tunnel 
Junction (MTJ) 

MTJ Layers 

MTJ R vs. V 
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Current	
  Genera:on	
  MRAM	
  uses	
  a	
  magne:c	
  field	
  for	
  switching	
  
LLiimmiittss  ssccaalliinngg  dduuee  ttoo  ccoonnssttaanntt  mmaaggnneettiicc  fifieelldd!!

	
  

Next	
  genera7on	
  MRAM	
  enables	
  scaling	
  to	
  Gb	
  densi7es	
  

Toggle Write
 Spin-Torque Write
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Advantages:  
•  Switching current scales with smaller cell size. 
•  Lower write current (100s uA instead of >10mA per 
axis in Toggle MRAM)  

AP-to-P Switching (Write 0) 
Direct Spin-torque transfer 

P-to-AP Switching (Write 1) 
Reflected electron  

Spin-torque transfer 

Bi-directional current through the MTJ 

Zhu et al. materialstoday 9, 36 (2006) 

Current flow Current flow 

electrons 

Fixed  
Layer 

Free  
Layer 

Tunnel 
Barrier 

Fixed  
Layer 

Free  
Layer 

Tunnel 
Barrier 

electrons 
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Endurance:  Stuck-at low due to time-dependent dielectric breakdown. >1012 

  cycles of endurance expected. Need separation between Vc and 
  Vbd distributions 

 
Retention:  Bit flipping due to low energy  

  barrier to switching, Eb.  
 
Scalability:  Smaller A à lower Vc à lower Eb à wider RMTJ distributions 

State 

k b
T 

Free layer  
thickness 

6F2 cell is possible with scaling to for increased Eb Research 

Ref. 6,7 
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Emerging technology: ReRAM (resistive switching in metal-insulator-metal)   Ref.  2 
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§ NVM	
  Technology	
  Overview	
  

§ NVM	
  Chip	
  Block	
  Diagram	
  

§ Key	
  Circuit	
  Concepts	
  Differen7a7ng	
  from	
  SRAM	
  
–  Array	
  Architecture	
  
–  Voltage	
  Boos7ng	
  and	
  Charge	
  Pump	
  Techniques	
  
– Write	
  Driver	
  Design	
  
–  Sensing	
  Schemes	
  and	
  Circuit	
  
	
  

§ NVM	
  Interface	
  and	
  Applica7ons	
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Bitcell Array 
(2N x 2M) 

Column  Mux, Write 
Drivers, Senseamps 

R
ow

  D
ec

od
er

s 
W

or
dl

in
e 

D
riv

er
s 

. 
2N 

. 

. 2M . 

Row Addr (N) 

Column Addr (M) 

Datapath 
(w/ BIST) 
(w/ ECC) 

Chip 
Interface 
(Parallel, 

SPI, DDR, 
LPDDR…) 

Bias System 
(Charge pump, 
trimm circuits, 

reference V or I 

Chip is very similar to a 
System-on-chip (SOC). 

Data Pins 
e.g. 
WE/ 
CE/ 
RAS/ 
CAS/ 
DQ 
CLK 
CLK/ 
 

Control/Timing 
Organized into 

Banks, Sectors, or 
Cores 

Key Characteristics: 
•  Multiple voltage domain 
•  Analog, mixed-signal, and digital  
•  Regular and area efficient layout 
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Cross-point Array 

… 

… 

… 

… … 

Word line 

MOS/BJT select-device Array 

Source 
line 

Bit 
line … 

    PN diode   MOSFET                 BJT 
Bidirectional 
current:            No         Yes      No 
 
Current drive:        8-30 MA/cm2             800uA-1.2mA/um-W           8-30 MA/cm2 
 
Cell size:      ~4F2        17-22F2      5-8F2 

Array density is mostly determined by memory cell selector size !! 
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What determines bitcell size in an array? 
�  Bit dimension and spacing 
�  Access transistor drive strength 
�  Layout spacing rules 

 
How many bitcells on an active bitline / 

sourceline pair? 
�  Isubthreshold of OFF transistors 
�  RC delay of the bitline and sourceline  

How many bitcells on an active wordline? 
�  RC delay of the wordline 

O
ne

 a
ct

iv
e 

w
or

dl
in

e 

One active bitline-sourceline pair 

… 

… 

… 

… … 

Wordline 

Source 
line 

Bit 
line … 

MOS/BJT select-device Array 

Many array design considerations are independent of storage cell technology. 
 
SRAM array design concepts and general techniques can be applied for: 

•  Physical design and layout (exclusive of the storage cell layout) 
•  RC delay modeling of wordline, bitline and sourceline. 
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Bitcell Array 0 

Local column decoder 
R

ow
 d

ec
od

er
 

Bitcell Array 1 

Local column decoder 

Bitcell Array 2 

Local column decoder 

Global column decoder 

Sense amplifier /  
Write driver 

Local 
Columns 

Global 
Column 

Global-local scheme increases 
bitcell array to circuit area ratio 

Schematic of a two-stage  
Column Selection Circuit 

to Sense amplifier or  
Write driver circuits 

Bitline or Sourceline Columns 

Key Characteristics:  
•  Two-stage reduces capacitive load of 

column decode signals and column circuit   
•  Pitch-matched layout with bitcell columns 
•  Prefer NMOS transistor . Why? 

Drawback: higher resistance in column path 

1s
t  s

ta
ge

 
 C

ol
. S

el
ec

t. 
2n

d  s
ta

ge
 

 C
ol

. S
el

ec
t 
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VDD
CC

CVDDV

VCVDDVCQ
VDDCCQ

LB

B
BN

BNLBNBf

LBi

⋅
+

+=

⋅+−⋅=

⋅+=

)(

)(

fi QQ =

Due to charge conservation 
Initial charge = final charge 

VDD 

CB 

CL 

Why need  

 BNA VV ≥
during boost? 
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Boosted voltage and charge pumped voltage are used in row (word line) decoders 
for reading and writing.   

CL CB 

Bitcell Array Row Decoder 

BST 

One shot boost circuit for row decoders: 
•  Find required CB for CL. CB can be large! 
•  Can use local boost circuit per row. 

A boosted voltage supply generator 

CB 

Further study: Ref. 1  
Continuous boost circuit techniques 

CLK 

VPP 

time 

V 

Elevated 
wordline 
voltage 
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Basic Operating Principal: 

Voltage doubler with PMOS output stage 
Key advantages: 
• Cascade to pump to higher supply 
• Simple clock phase generators 
• Can use “low voltage” transistors. Why? 
 

Further study: Dickson charge pump, Ref. 1 
 

CK# 

VA 

CK 

VB 

VDD-Vth 

2VDD-Vth 
VDD 

VDD VDD 

2VDD 

Ph 0 Ph 1 Ph 2 Ph 3 
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§ NVM	
  Technology	
  Overview	
  

§ NVM	
  Chip	
  Block	
  Diagram	
  

§ Key	
  Circuit	
  Concepts	
  Differen7a7ng	
  from	
  SRAM	
  
–  Array	
  Architecture	
  
–  Voltage	
  Boos7ng	
  and	
  Charge	
  Pump	
  Techniques	
  
– Write	
  Driver	
  Design	
  
–  Sensing	
  Schemes	
  and	
  Circuit	
  
	
  

§ NVM	
  Interface	
  and	
  Applica7ons	
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Applies to wide range of resistive memories:  
 Bi-direction writes in STT-MRAM, ReRAM / Memristor and uni-direction writes in PCM  

NMOS pull-down 

Free Layer 
Barrier 

Fixed Layer 

Sourceline Column Select 

Bitline Column Select 

PMOS pull-up 

V+ 

V- 

I e 

Write from high 
to low R state 

Reverse the voltage 
direction to write from 
low to high R state 

Example Write Driver for STT-MRAM Bitline Column Select Drive strength: 
�  Want Vbitline as close to VDD 

Vbitline = VDD-Vth 

VDD 

VDD 

GND 
However 

Can use PMOS for uni-direction writes. 
Need a solution for bi-direction writes 

�  Charged pumped Column Select 
signals. 

�  Auto-bootstrap 
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2-step Vgate during column selection: 
                  VDD à Float  

Column Select transistor MN I-V Curve: 

GND 

VDD 

VDD 

VDD 

Further study: Ref. 1 
      General bootstrap concept         
      Bootstrapped Output Drivers 

Still do not follow the ideal I-V curve. Why? 
        - Vthreshold increases due to body effect. 

GND 

Bitline or  
sourceline 

Step 1 

VDD-ΔV 

VDD 

GND 
VDD 

Bitline or  
sourceline 

Step 2 

float to ~2VDD 

Cgd 

Cgs 

MN MN 

Can apply in single stage column selection.   
Why not in 2-stage column selection? 

 - Additional Cload to fixed nodes at the gate. 

Without auto-bootstrap 

With auto-bootstrap 

Saturation 

Linear 

sb
oxe

dep
thsbth V

C
C

VVV += 0)(

Ref. 8 
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Basic operating principal: Sense the 
voltage difference from any one of 

1)  a fixed current bias through 
different bit states in for e.g. 
resistive memories. 

2)  voltage swing due to charge 
sharing in for e.g. DRAM. 

3)  differential voltage swing in bitline 
and bitline_b from active driver in 
for e.g. SRAM. 

4)  RC time constants of charging or 
discharging bitcell in for e.g. 
resistive memories   

Example Differential Voltage 
Sense Amplifier 

1) 
Apply fix 

Ibias 

Sense 

V Vhigh Vlow 

Rhigh Rlow 

2) wordline 

bi
tli

ne
 Ccell 

3) 

Sensing DRAM cell 

Sensing SRAM cell 

4) + - Vbl 

Charge/discharge 
time constant, blbit CR ⋅=τ



EE382M-­‐8	
  Class	
  Notes	
  

Fundamental	
  Approach	
  2:	
  Current	
  Sensing	
  

	
  Page	
  37	
  

Basic operating principal: 
•  Apply a fixed voltage bias across 

the bit. 
•  Sense the resulting current.  
•  Resolve the bit state by 

comparison with reference 
current. 

Current Sensing Amplifier Circuit 

Used for sensing in: 
•  Flash memory: fixed drain bias 

for flash cells of different Vth. 
•  MRAM: Control Magnetic 

Tunnel Junction (MTJ) bias for 
high MR and to avoid bit 
flipping. 

•  Any resistive memory for 
controlled bias across the bit to 
avoid stress and bit flipping. 

wordline 

wordline 

MTJ or  
any Rbit 

Flash 
cell 

Column  
Select 

NMOS Source  
Follower 

Iref 

Vbias 

Vout 

Vbitcell 
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Current Sensing Amplifier Circuit 

Column  
Select 

NMOS Source  
Follower 

Iref 

Vbias 

Vout 

Vbit 

Rbit 

PMOS mirror 
current load 

Wordline  
Select 

Vbias-Vth 

IB 

time 

Vbias 

Vbit 

Vout 

IB > Iref (low Rbit) 

IB < Iref (high Rbit) 

0 

Gnd 

Gnd 

VDD 

Vpre 

Standby Precharge Sense 

With very long sensing time, Iref and IB 
equalizes due to Vout stabling to final value. 
 
Design requirements for best sensing margin: 

•  Vpre is the DC voltage for Iref. 
•  Iref is the mid-point of Ihigh and Ilow. Ref. 1 
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�  Referenced Read Scheme 
�  Generate a mid-point reference from high and low bits 
�  Need separation between high and low states 

�  High and low states have distributions due to shape 
and thickness variation. Increases with smaller 
geometry. 

�  Used in MRAM, PCM, and Flash memories 
 

�  Self-referenced Read Scheme due to overlapping 
distribution of high and low states 
�  Destructive read:  

a)  Sample and store the bit state variable as voltage on 
cap 

b)  Switch the bit to opposite or a known state 
c)  Resample the bit state variable and compare with a) 

�  Destructive read used in FeRAM and DRAM 
�  Non-destructive read scheme: Sample at two different 

bias voltages and compare the resulting bit state variable 
(e.g. voltage stored on a capacitor).  Ref. 10. 

�  Non-destructive read can be used in STT-MRAM due to 
R-I slope differences in high and low bit states. 

Fu
ll

M
R

0 1 

Resistance 

# of 
bits 

Ref 

MTJ R-I trend 

0 

1 
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2-stage 
Col. Select 

Circuit operation and key characteristics: 
�  Mid-point current reference from 

High and Low reference bits 

�  Self-biasing current load 

�  Low swing differential output 

�  If IB > (IH+IL)/2 
 OUT < OUT_B 

    Bit = low (Logic 0) 
 

�  If IB < (IH+IL)/2 
 OUT > OUT_B 

    Bit = high (Logic 1) 
 

 

Vbias Vbias 

Further study: Ref. 9. 
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O
U

T 

O
U

T_
B

 

Further study: Ref. 11 

LTSA used in SRAM and DRAM sensing. 
 
NEED V(OUT) – V(OUT_B) > LTSA offset  
 
Statistical design for yield and speed: 
Considering NMOS pair (N1, N2) Vth variation 
 
 
 
 
 
Similarly, for PMOS pair (P1, P2) 

 

 
 

 
 

Simplified LTSA Circuit 

Positive feedback system with high gain. 
Circuit operation 

�  Phase 1: CLK low  
   OUT+ = OUT, OUT- = OUT_B 

�  Phase 2: CLK high. Cross-coupled 
inverter pairs latch output. 

VthnVthN

NVthNVthVthN

NthNth VVVthN

σσ

σσσ

⋅=

+=

−=Δ

Δ

Δ

2

2_
2

1_
22

2_1_

VthpVthP σσ ⋅=Δ 2
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O
ffs
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  n

or
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 σ
 

Montecarlo Simulation of LTSA offset 
O

ffs
et

  n
or

m
al

iz
ed

 to
 σ

 

ΔVthN normalized to σ 

ΔVthP normalized to σ 

NMOS pair contribution is dominant due to 
close to VDD bias point of OUT and 
OUT_B. 
 

First order offset model: 
 
 
 
Estimate the sensitivity factors a and b from  

�  Montecarlo simulations 
�  Or spice simulations with Vmismatch voltage 

sources  at transistor gates 

Increase the most sensitive transistor area for  
acceptable offset to desired yield level 
(number of σ)   

 
 

 
 

VthPVthNoffset ba
VthPbVthNaoffset

ΔΔ ⋅+⋅=

Δ⋅+Δ⋅=

σσσ

LW
AV

Vth
⋅

=σ
Tech. parameter 

Transistor area 
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Chip	
  
Interface	
  
(Parallel,	
  
SPI,	
  DDR,	
  
LPDDR…)	
  

Pins 
 

NVM Chip Interface facilities interaction 
between application and NVM technology !! 
 
You can exploit technology strength and hide 
technology weakness by choosing the right 
memory interface and application. 

Asynchronous Interface Pins: 
WE/  Write Enable 
CE/  Chip Enable 
OE/  Output Enable 
DQ  Data Input/Output 
A  Address 
 
Additional Synchronous Interface Pins: 
RAS/  Row Access Strobe 
CAS/  Column Access Strobe 
CLK  Clock 
 
Differential Signals for high speed operation: 
CLK, CLK/ 
DQS, DQS/ 
 

Common NVM Interfaces: 
•  Asynchronous Parallel interface, Ref. 13 
•  SPI (Serial Peripheral Interface) 
synchronous interface, Ref. 13 
•  DDR (Double data rate) synchronous 
interface, Ref. 12 
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Address-driven Read Cycle when Chip Enabled 

Chip Enable Driven Read Cycle 

Read 8-bit or 16-bit data 
(width of DQ bus) in 
response to address or 
chip enable.  
 
Data access time would 
directly translate to 
memory read time 
(sensing time)  
 
 
•  Random data access 
•  Fast access time (for 
e.g. 10 – 40 ns) 
  

Application: Ideal for 
code and non-stream 
data in industry 
automation, automotive, 
computing, networking  
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Address space divided into pages.  
Each page has a row and column address portion 

Chip Enable Driven Read Cycle 

Row 

Column 

Sensing operation of the 
whole page is complete  

Sequential read of the open page 

Random Access 
4 x 8 bits = 4 x tACC = 120ns 
Bandwidth  = 32 bit / 120ns  

 = 266 Mbit/s 

Page Access 
4 x 8 bits = 1 x tACC + 3 x tPACC = 45ns 
Bandwidth  = 32 bit / 45ns  

 = 711 Mbit/s     
                 (almost 3x increase in bandwidth!) 

Key Advantages: 
•  Timing cost of long sensing is amortized with sequential fast accesses. Suitable 
for memory with long sensing time e.g. NAND Flash.  
•  Page or block data access w/ narrow data bus: Ideal for code and stream data 
•  Increased bandwidth. Example bandwidth calculation with tACC=30ns, tPACC=5ns 
and 8-bit wide data bus:   
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Write Enable (shown below) or Chip Enable -driven Write Cycles 

Write 8-bit or 16-bit data (width of DQ bus) in response to write or chip enable.  
Data write access time would directly translate to memory write time 
•  Random data write and fast write time (for e.g. 10 – 40 ns) in MRAM 
•  Write delay needed for Flash and PCM 
 
Application: Ideal for code updates (cognitive computing, security) and non-stream data   
 



EE382M-­‐8	
  Class	
  Notes	
  

Prefetch	
  Architecture	
  for	
  DDR	
  Interface	
  

	
  Page	
  47	
  

•  Prefetch a page (up to 8k) of data from a Bank (8 banks) and store in local cache for 
fast read and write of cache.   
•  Parallel bank accesses for high data bandwidth. 
•  Differential clock (up to 800MHz) and data strobe.   
•  Data at both rising and falling edges of the clock. 
 

Applications:  
•  Main memory (DRAM) in computing systems  
•  High speed buffer (non-volatility application) in storage systems  
 

Sense Amps / Write Drivers 

Bank 7 

Sense Amps / Write Drivers 

Bank 6 

Sense Amps / Write Drivers 

Bank 5 

Sense Amps / Write Drivers 

Bank 4 

Sense Amps / Write Drivers 

Bank 3 

Sense Amps / Write Drivers 

Bank 2 

Sense Amps / Write Drivers 

Bank 1 

Sense Amps / Write Drivers 

Bank 0 

Memory Array 

Bank Address 
Row Address 

Column  
Address 

1 page data 
(up to 8k bits) 

DDR  
Synch. 

Chip 
I /O 

Further study: 
Ref. 12 
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Activate: Open a bank for read or write (row access) 

Read: Read local cache bits using column address (column access) 

Row-to-row delay Row-to-column delay 
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Write: Write to local cache bits using column address (column access) 

Precharge: Close a bank using row address (row access) 
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§  Non-­‐vola7le	
  memory	
  designers	
  need	
  extensive	
  interac7on	
  and	
  
co-­‐design	
  of	
  technology,	
  circuits,	
  and	
  applica7on	
  /	
  market	
  
par7cularly	
  for	
  introducing	
  emerging	
  technologies.	
  

§  NVM	
  chip	
  design	
  is	
  similar	
  to	
  SoC	
  design	
  requiring	
  analog,	
  mixed-­‐
signal,	
  and	
  digital	
  design	
  skills.	
  

§  No	
  one	
  NVM	
  technology	
  (Flash,	
  MRAM,	
  FeRAM,	
  ReRAM,	
  PCM)	
  
has	
  the	
  best	
  of	
  all	
  atributes	
  (area,	
  endurance,	
  reten7on,	
  cost	
  ….)	
  
yet.	
  	
  

§  Key	
  circuit	
  concepts	
  differen7a7ng	
  from	
  SRAM	
  covered	
  in	
  the	
  
lecture	
  are	
  
–  Array	
  Architecture	
  
–  Voltage	
  Boos7ng	
  and	
  Charge	
  Pump	
  Techniques	
  
– Write	
  Driver	
  Design	
  
–  Sensing	
  Schemes	
  and	
  Circuit	
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