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1. Introduction 

This paper proposes the adaptive codeword ECC (Error Cor-

recting Code) for NV-RAM (Non Volatile RAM) and NAND 

flash memory integrated SSD to improve the memory cell relia-

bility by 3.6-times. In the proposed SSD, NV-RAM such as 

RRAM, PRAM and MRAM is used as write buffers (Fig.1 and 

Table 1). 16 NAND channels operate at the same time while sin-

gle NV-RAM chip operates. The NV-RAM write buffer compen-

sates the 10-100 times performance gap [1] between the NAND 

flash memory and the SSD interface (Fig.2) and realizes the 

10Gbps write. During the write, data are first stored in NV-RAM 

at 10Gbps. Then, data in NV-RAM are transferred to NAND with 

a sustained write speed of 2.6Gbps (Fig.1(b)). During the read, 

data output from NAND to the controller by bypassing NV-RAM 

(Fig.1(c)). At 10Gbps, the proposed SSD decreases the power 

consumption by 97%. DRAM is not suitable for write buffers 

since data in DRAM are lost in case of the power outage. In the 

proposed ECC, errors of both NV-RAM and NAND are corrected 

without circuit area overhead by sharing ECC circuits. The ECC 

codeword, the data unit where ECC is performed, is adaptively 

optimized for NV-RAM and NAND. The ECC codeword is 

32KByte for NV-RAM and 2KByte for NAND. The acceptable 

raw bit error rate before ECC increases by 3.6-times without ECC 

circuit area/power consumption penalty. 

2. Power Consumption Comparison 

In the conventional SSD, the write speed is enhanced by in-

creasing the number of channels (NNAND), that is, the number of 

NAND chips written/read in parallel (Fig.3) [2]. A high-speed 

NAND interface, 16IOs with 40MHz DDR is assumed. The write 

speed of the conventional SSD is determined by the memory cell 

write and is not accelerated by increasing IOs. In contrast, in the 

proposed SSD, the write speed is enhanced by increasing the 

number of IOs of the single NV-RAM (NIO) (Fig.4). Fig.5 com-

pares the SSD power consumption, PSSD. In the conventional SSD, 

PSSD_Conventional = NNAND x 50mA x 3V. Single NAND chip con-

sumes 50mA with 3V power supply. In the proposed SSD, 

PSSD_Proposed = NIO x 29mA x 1.5V where 1.6GHz DDR3 interface 

without a refresh is assumed. At 10Gbps, in the conventional SSD, 

NNAND is as many as 68 because the single NAND speed is as low 

as 0.16Gbps. In contrast, in the proposed SSD, NIO is only 7. As a 

result, PSSD_Conventional and PSSD_Proposed are 10.2W and 0.3W. The 

power consumption of the proposed SSD decreases by 97%. 

3. Integrated ECC for NV-RAM and NAND 

Single ECC Scheme 

This paper proposes the integrated ECC for NV-RAM and 

NAND which corrects errors of both NV-RAM and NAND. In 

the high density NV-RAM such as MRAM [3] and PRAM [4] 

memory cell errors are inevitable and ECC is required. The pro-

posed ECC is implemented in the NV-RAM/NAND controller 

(Fig.1). This paper compares three ECC schemes (Fig.6-8 and 

Table 2). In the single ECC (Fig.6), the error correction is per-

formed only once with 2KByte codeword. The ECC encoding, 

that is, the parity generation operates before data is written to 

NV-RAM. In the ECC decoding, errors are corrected for data 

output from NAND. ECC is required for each memory channel 

[5]. For 16 NAND channels, 16 ECC circuits are required. 

Proposed Shared ECC Scheme 

In the proposed shared ECC (Fig.7), ECC is performed twice 

for NV-RAM and NAND. The 1
st
 ECC encoding is performed 

before data input to NV-RAM. When data in NV-RAM are trans-

ferred to NAND, errors of NV-RAM are corrected in the 1
st
 ECC 

decoding. The 2
nd

 ECC encoding is performed before data are 

written to NAND. As data output from NAND, errors of NAND 

are corrected in the 2
nd

 ECC decoding. Because errors of 

NV-RAM and NAND are corrected independently, twice as many 

errors are allowed compared with the single ECC. The 1
st
 and the 

2
nd

 ECC encoding may operate simultaneously if the input data 

are more than the capacity of NV-RAM. Thus, two separate ECC 

encoders are required. On the other hand, the 1
st
 and the 2

nd
 ECC 

decoding do not happen at the same time because the SSD read 

and write do not occur simultaneously. Thus, the ECC decoder is 

shared. The circuit area of the ECC encoder is less than one-tenth 

of the ECC decoder [5]. In the shared ECC, even if ECC encoders 

doubles compared with the single ECC, the circuit area of the 

overall ECC, encoders and decoders, increases less than 1%. 

Proposed Adaptive Codeword ECC Scheme 

This paper also proposes the adaptive codeword ECC (Fig.8). 

Similarly to the shared ECC, the error correction is performed 

twice for NV-RAM and NAND. The ECC codeword of NV-RAM 

is larger than that of NAND to achieve a higher reliability. As the 

ECC codeword is larger, the acceptable raw bit error rate before 

ECC is larger (Fig.9). As a drawback, the circuit area and the 

power consumption of the ECC decoder increase. Thus, the ECC 

codeword is maximized to enhance the reliability under the con-

straint of the circuit area and the power consumption [5].  

For the ECC of NAND, because 16 NAND channels operate 

to achieve a 10Gbps read, 16 ECC circuits are required. The code- 

word of NAND is 2KByte. On the other hand, in the ECC of 

NV-RAM, only one NV-RAM chip operates because the required 

speed is 2.6Gbps which is restricted by the 16 channel NAND 

write (Fig.8). For the ECC of NV-RAM, only one ECC circuit is 

required and thus 16-times as much circuit area and power con-

sumption are allowed compared with the ECC of NAND (Fig.10). 

The codeword of NV-RAM is extended to 32KByte. As a result, 

the acceptable raw bit error rate before ECC of NV-RAM in-

creases by 2.6-times (Fig.9). The total acceptable raw bit error 

rate before ECC of NAND and NV-RAM increases by 3.6- and 

1.8-times compared with the single ECC and the shared ECC, 

respectively. The ECC circuit area overhead is negligibly small 

because the same ECC decoder is used for NV-RAM and NAND. 

4. Conclusions 

   An adaptive codeword ECC is proposed for the NV-RAM and 

NAND integrated SSD. Errors of NV-RAM and NAND are most 

efficiently corrected and the reliability improves by 3.6-times 

without circuit area overhead. By using NV-RAM as write buffers, 

the 10Gbps write is achieved with a 97% power reduction. 
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Fig.1 (a) Proposed NV-RAM & NAND-integrated SSD. 16 NAND channels operate at 
the same time while single NV-RAM chip operates. (b) Write operation. First, the write 
data is stored in NV-RAM at 10Gbps. Then, data are transferred to NAND at 2.6Gbps. (c) 
Read operation. Data are directly read from NAND to the controller at 10Gbps. 

(c)  

Table 1 Characteristics of the proposed SSD. 

Fig.3 Trend of number of NAND chan-
nels. As many as 68 NAND channels 
operate to write NAND chips at 10Gbps. 

Fig.4 Trend of number of IOs of NV-RAM. 
DDR3 interface with 1.6GHz is assumed. Only 7 
IOs are required to write NV-RAM at 10Gbps. 

Fig.5 Power consumption trend of SSD. 
At 10Gbps, the proposed SSD decreases 
the power consumption by 97%. 

Fig.6 Single ECC. The error correction is 
performed only once with 2KByte codeword. 

Fig.8 Proposed adaptive codeword ECC. The ECC 
codeword for NV-RAM and NAND is 32KByte and 
2KByte, respectively. 

Table 2 Comparison of single ECC, 
proposed shared ECC and proposed 
adaptive codeword ECC.  

Fig.9 Bit error rate after ECC vs. acceptable 
raw bit error rate before ECC. In the pro-
posed adaptive codeword ECC, the accepta-
ble raw bit error rate before ECC of 
NV-RAM increases by 2.6 times by increas-
ing the codeword from 2K to 32KByte. 

Fig.10 (a) Circuit area of ECC decoders vs. ECC code-
word. (b) Power consumption of the ECC decoders vs. 
ECC codeword. As the ECC codeword is larger, both the 
circuit area and the power consumption of the ECC de-
coder increase. In the single ECC or the shared ECC, the 
optimal codeword is 2KByte. In the adaptive codeword 
ECC, the optimal codeword is 32KByte. 

(a)  (b)  

Read Buffered Write Sustained Write

Speed 10Gbps 10Gbps 2.6Gbps

Fig.2 Performance trend of SSD inter-
face and NAND flash memory [1]. 

Fig.7 Proposed shared ECC. ECC is per-
formed twice for NV-RAM and NAND, re-
spectively with 2KByte codeword. 

Host I/F

NV-RAM

Write Buffer

NAND
NAND
NANDNAND

Flash

NAND
NAND

NANDNAND

Flash

NAND
NAND

NANDNAND

Flash

NAND
NAND
NANDNAND

Flash

…..

…..

…..

…..

NAND
NAND

NANDNAND

Flash

NAND
NAND
NANDNAND

Flash

C
P

U

Channel 0 Channel 1 Channel 7

Channel 8 Channel 9 Channel 15

NV-RAM/NAND

Controller

SRAM

Architecture of  the Proposed SSD

…..

…..

…..

…..

NAND
NAND

NANDNAND

Flash

NAND
NAND
NANDNAND

Flash

NAND
NAND

NANDNAND

Flash

NAND
NAND

NANDNAND

Flash

NAND
NAND

NANDNAND

Flash

NAND
NAND
NANDNAND

Flash

Host I/F

(1)

(2)

NV-RAM

Write Buffer

(3)

10Gbps

10Gbps

160Mbps

2.6Gbps

160Mbps 160Mbps

160Mbps 160Mbps 160Mbps

Channel 0 Channel 1 Channel 7

Channel 8 Channel 9 Channel 15

(4) NAND 16ch. Parallel Write

NV-RAM/NAND

Controller

SRAM

Write Path

…..

…..

…..

…..

NV-RAM/NAND

Controller

NAND
NAND

NANDNAND

Flash

NAND
NAND
NANDNAND

Flash

NAND
NAND
NANDNAND

Flash

NAND
NAND

NANDNAND

Flash

NAND
NAND

NANDNAND

Flash

NAND
NAND
NANDNAND

Flash

SRAM

Host I/F

NV-RAM

Write Buffer

(Not in use)

(2)10Gbps

625Mbps 625Mbps 625Mbps

625Mbps 625Mbps 625Mbps

10Gbps (1) NAND 16ch. Parallel Read

Channel 0 Channel 1 Channel 7

Channel 8 Channel 9 Channel 15

Read Path

0

2

4

6

8

10

12

14

16

18

20

8 512 32768

ECC Codeword (Byte)

C
ir

c
u

it
 A

r
e
a

 o
f 

E
C

C
 D

e
c
o
d

e
r
 (

m
m

2
)

16ch. Decoder

(NAND Flash)

1ch. Decoder

(NV-RAM)
Circuit Area

Constaint

32KB2KB

64 4096

0.1

1

10

100

2006 2008 2010 2012 2014 2016

W
r
it

e
 S

p
e
e
d

  
(G

b
p

s)

Year

SSD Interface

NAND Flash

x 10-100 

Performance 

Gap

0.1

1

10

100

2006 2008 2010 2012 2014 2016

0

5

10

15

20

25

30

35

40

Year

W
r
it

e
 S

p
e
e
d

 (
G

b
p

s)

Number of IOs

of NV-RAM

SSD Interface

N
u

m
b

e
r
 o

f 
IO

s 
o
f 

N
V

-R
A

M
, 

N
IO

10Gbps

7 IOs

0.1

1

10

100

2006 2008 2010 2012 2014 2016

0

50

100

150

200

250

300

Year

W
r
it

e
 S

p
e
e
d

 (
G

b
p

s)
SSD Interface

Number of

channels

10Gbps

68 ch.

N
u

m
b

e
r
 o

f 
N

A
N

D
 C

h
a

n
n

e
ls

, 
N

N
A

N
D

0.01

0.1

1

10

100

2006 2008 2010 2012 2014 2016

S
S

D
 P

o
w

e
r 

C
o
n

su
m

p
ti

o
n

  
(W

)

Year

Conventional

SSD

Proposed SSD

97% Power 

Reduction

NAND

EncEncEncoder
DecDecDecoder

NAND

NAND Flash

16 channel

NV-RAM

/NAND

Controller

Write Path

Read Path

Codeword is 2KB.

Host

10Gbps 10Gbps

NV-RAM

1 channel

Data Rate:10Gbps

10Gbps

2.6Gbps

2.6Gbps

SSD

10Gbps

10Gbps 10Gbps

(1)

(2)

(3)

(4)

(5)

(1)

(2)

(3)

Shared

Decoder
Shared

DecoderShared

Decoder
Shared

Decoder

EncEncEncoder

NAND
NV-RAM

1 channel

Data Rate:10Gbps

EncEncEncoder

NAND

NAND Flash

16 channel

NV-RAM

/NAND

Controller

Write Path

Read Path 10Gbps 10Gbps

2.6Gbps

10Gbps

10Gbps
2.6Gbps

For NV-RAM & NAND, 

codeword is fixed at 2KB.
SSD

2.6Gbps

2.6Gbps

10Gbps

10Gbps

Host

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(1)

(2)

(3)

Adaptive Codeword ECC Decoder

NV-RAM: Codeword is 32KB in 1 channel.
NAND Flash: Codeword is 2KB in each 16-channel.

Encoder

SSD

NAND
NV-RAM

1 channel

Data Rate:10Gbps

EncEncEncoder

NAND

NAND Flash

16 channel

NV-RAM

/NAND

Controller

Write Flow

Read Flow 10Gbps 10Gbps

2.6Gbps

10Gbps

10Gbps2.6Gbps

1 channel

10Gbps

10Gbps

2.6Gbps

2.6Gbps

Host

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(1)

(2)

(3)

Single

ECC

Proposed

Shared 

ECC

Proposed

Adaptive 

Codeword

ECC

Acceptable Raw Bit 

Error Rate (NAND)
3.6 x 10-4

3.6 x 10-4 3.6 x 10-4

Acceptable Raw Bit 

Error Rate (NV-RAM)
3.6 x 10-4 9.2 x 10-4

Acceptable Raw Bit 

Error Rate (Total: NV-

RAM&NAND)

3.6 x 10-4

(x 1)

7.2 x 10-4

(x 2)

12.8 x 10-4

(x 3.6)

ECC Codeword

(NAND)

[channel number] 2KByte

[16ch]

2KByte

[16ch]

2KByte

[16ch]

ECC Codeword

(NV-RAM)

[channel number]

2KByte

[16ch]

32KByte

[1ch]

ECC circuit area (mm2)
12.9

(x 1)

13.0

(x 1.01)

13.0

(x 1.01)

(x 1.8)

ECC codeword 2KByte 4KByte 8KByte 16KByte 32KByte

Acceptable raw 

bit error rate 

before ECC 

3.6 x 10-4

(x 1)

5.5 x 10-4

(x 1.5)

7.1 x 10-4

(x 2.0)

8.4 x 10-4

(x 2.3)

9.2 x 10-4

(x 2.6)

1.00E-19

1.00E-17

1.00E-15

1.00E-13

1.00E-11

1.00E-09

1.00E-07

1.00E-05

512B
Codeword

1KB

2KB 4KB

without ECC10-5

Raw Bit Error Rate before ECC

B
it

 E
r
r
o
r
 R

a
te

 a
ft

e
r
 E

C
C

Usable
8KB

10-7

10-9

10-11

10-13

10-15

10-17

10-19

10-5 10-4 10-3

16KB

32KB Codeword

10-2

x2.6 Improved

-1167-

 


