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Growth of High Density NAND Flash 
• More and more data storage are shifted to flash-based systems, i.e., SSD

• 3-bit MLC (TLC) or QLC products begin to dominate the SSD industry
• High Density
• Low Cost
• Low Performance/Reliability => High ECC Requirement
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Endurance Rating
• One way to rate endurance is by P/E cycle

• To meet P/E cycle requirement (e.g. 1000), the ECC requirement is getting higher as 
the bit per cell increases

• In JESD218[1] (Presented by JEDEC Standard in 2010), Tera-byte written 
(TBW) is used to rate the endurance of SSD
• The number of terabytes that may be written to the SSD during their guaranteed 

lifetime

3[1] JEDEC Standard https://www.jedec.org/document_search?search_api_views_fulltext=jesd218A

Samsung SSD Specifications

Require strong ECC
that can correct
higher BER

One major factor that affects TBW is how data writes are
managed in NAND flash

• Complex hardware
design

• High cost

https://www.jedec.org/document_search?search_api_views_fulltext=jesd218A
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Traditional Page Programming
• For TLC, each memory cell should be 

able to be programmed into eight 
states to store 3-bit information

• Incremental step pulse 
programming (ISPP) is commonly 
used to gradually program memory 
cells to their associated voltage

• For QLC, the number of 
programming steps will be more
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Rewriting Page Programming
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TBW for TLC-based Flash Storage Systems

• Enabling page-rewritable capability, the amount of data that can be 
written is theoretically increased to K/3
• K depends on memory technology
• Previous work show that K could have a higher value than 6 [2]
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Spage: size of a physical page

WAF: write amplification

K: the maximum number of rewrites

[2] Realizing Erase-free SLC Flash Memory with Rewritable Programming Design CODES/ISSS’16



Write-Hot Data Impact on TBW
• Previous work showed characteristics of write-hot data in most of applications

• The amount of write-hot data is much smaller than that of write-cold data
( ~ 1% of data are write-hot data )

• Write-hot data contributes majority of write requests
( > 90% of the write requests are for write-hot data)

8[2] WARM: Improving NAND Flash Memory Lifetime with Write-hotness Aware Retention Management @MSST’15

We will focus on how write-hot data are written in NAND flash since
they have large impact on TBW
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System Architecture
• FTL Layer

• Hot/cold separation
• Disturbance 

detector/handler

• Rewrite Functions
• Page-rewritable 

read/program/erase 
functions

• Normal blocks
• Store write-cold data

• Page-rewritable blocks
• store write-hot data
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Page Data Mapping in a Normal Block
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Page Data Mapping in a Rewritable Block
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Write request sequence:
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Program Disturbance Issue
• In a rewritable block, the page writing order is unpredictable and 

uncontrollable
• We have to prevent rewritable pages from taking too much program 

disturbance from neighbor pages
• Programming page B3 has a negative impact on C1 (effective disturbance)
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Disturbance Handling
• Two Approaches

1. In-place rewrite
2. Page Migration

• We give each rewritable page a limited quota Q
• A disturbed page can be corrected by approach 1 for at most Q times
• When a page is running out of quota, we have to apply the second approach  

(write this data to another page) to correct its program disturb

• The value of Q is related to the value of TD
• TD, denoting  the number of times of effective disturbance

• Effective disturbance: a page with a lower number of rewrite was disturbed because of 
rewriting a page with a higher number of rewrite in the same block

• We’ll show the impact of Q in experiment results
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Experiment Setup
• Experiment metrics

• Durability Evaluation
• The data amount that can be written into SSD

• Overhead Evaluation
• The ratio of rewrite operations used for page migration due to disturbance.

• Baseline (TLC, 3-bit per cell)[5]

• Flash size = 128 GB
• Block size = 3 MB ; Page size = 8 KB (384 pages per block)
• PE cycle = 1000

• Our model (Initial 10% of the blocks are configured to rewritable block)
• Capacity = 128 GB (some capacity loss due to rewritable block), block size = 3 MB, page size = 8 KB
• 384 pages per normal block, 128 pages per rewritable block
• PE cycle = 1000

17[4] Samsung V-NAND 1st Generation

Parameter configurations:
• K : Number of available rewrite for a rewritable page (6, 8)
• Q : Rewrite quota (0, 2)
• TD: Threshold for number of disturb (2, 4)



Durability Evaluation

• The blue line is the baseline, where the termination condition is set to when the 
first block reaches P/E cycle 1000
• With our proposed model, we can reach the same TBW as baseline within smaller 

guaranteed PE cycle, which means that the ECC strength can be largely decreased!
• (K=8, Q=2, TD=4) intercepts with the baseline when P/E are 850, 800, and 500
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Overhead Evaluation

• A larger ratio value means that more extra rewrites required for handling the disturbance.

• Quota Q Selection
• A “weaker” flash memory suggests to use small Q
• A “stronger” flash memory suggests to use large Q
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(a) TD = 2 (weaker disturbance resistance) (b) TD = 4 (stronger disturbance resistance)



Summary
• We proposed a durable management design through enabling page 

rewrite capability to achieve writing more data on multi-level-cell flash 
memories (TLC in this study)

• Experiment results showed that 
• When we use a rewritable block to store write-hot data, the endurance of the 

overall flash system is improved
• To reach the guaranteed TBW, the PE cycle requirement can be largely decreased
• The PE cycle requirement is relaxed, so the ECC strength can be reduced, and the 

overall ECC hardware cost can be reduced as well
• Our design can improve the total amount of data written up to 2.14x the baseline
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