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Abstract—Spin-torque transfer magnetic random access 

memory (STT-MRAM) has emerged as a promising non-

volatile memory (NVM) technology, featuring compelling 

advantages in scalability, speed, endurance, and power 

consumption. In this paper, we focus on large-capacity stand-

alone STT-MRAM, and investigate the channel capacity and the 

viability of applying low-density parity-check (LDPC) codes 

with soft-decision decoding to correct the memory cell errors 

and improve the storage density of STT-MRAM. We propose to 

use LDPC codes with short codeword lengths, with the 

reliability-based min-sum (RB-MS) algorithm for decoding. 

Furthermore, we propose to use the capacity-maximization 

criterion to design the quantizer and minimize the number of 

quantization bits. Simulation results demonstrate the potential of 

applying short-block-length LDPC codes with soft-decision 

decoding to improve the yield and push the scaling limitation of 

STT-MRAM.  
 

Index Terms—Spin-torque transfer magnetic random access 

memory (STT-MRAM), non-volatile memory (NVM), discrete 

memoryless channel (DMC), channel capacity, error correction 

codes (ECCs), low-density parity-check (LDPC) codes, 

quantization. 

 

 

I. INTRODUCTION 

Spin-torque transfer magnetic random access memory 

(STT-MRAM) is a promising candidate for the next 

generation non-volatile memory (NVM) technologies 

which features high scalability, nanosecond 

writing/reading speed, virtually unlimited endurance and 

zero standby power [1], [2]. Each STT-MRAM cell has a 

magnetic tunneling junction (MTJ) as the storage element 

and an nMOS transistor as the access control device. The 

MTJ includes two ferromagnetic layers, namely, the 

reference layer and the free layer, separated by a 

tunneling oxide layer. The magnetization of the reference 

layer is fixed, while that of the free layer can be changed 

by passing a driving current polarized by the reference 

layer. The MTJ is in a high resistance and a low 

resistance state, respectively, when the relative 

magnetization directions between the reference layer and 

free layer are anti-parallel and parallel, respectively. 
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However, in STT-MRAM, the reliability of data is 

seriously affected by various factors, such as the variation 

of the MTJ resistances due to the process-induced 

statistical parametric variations [3], [4], the write errors 

due to switching current distributions of the MTJ and the 

insufficient write current caused by variations of the 

nMOS transistor, as well as the read errors due to the read 

disturbance and memory sensing inaccuracy [5]. Simple 

single-error-correcting Hamming codes are usually used 

to correct the cell errors of STT-MRAM. However, the 

codes need to be designed to handle the worst-case 

scenario, and this may result in a significant loss in 

memory storage efficiency. To further improve the 

storage density, a dual-error correction coding (ECC) 

scheme has been proposed [6], which involves a weak 

ECC (e.g. a high rate Hamming code) to protect the 

memory words with single cell errors, and a strong ECC, 

such as the BCH code, to deal with the worst-case 

scenario where the memory words have many cell errors. 

Furthermore, an ECC mode lookup memory is used to 

store the information which indicates whether each 

memory word is to be protected by the weak ECC, the 

strong ECC, or is error free. The corresponding 

information can be obtained by built-in self-test (BIST) 

during the memory post-fabrication stage. In this way, the 

memory storage efficiency loss due to ECC can be 

reduced while the memory read access latency can be still 

kept small. The effectiveness of the dual-ECC scheme 

has been demonstrated by a 256Mb STT-MRAM testing 

chip at 45nm node. 

In this paper, we focus on large-capacity stand-alone 

STT-MRAM, where the achievable storage density is 

critical. Based on a resistance distribution based generic 

channel model, we first compute the channel capacity of 

STT-MRAM, which indicates the theoretical limit on the 

achievable memory storage efficiency. We then explore 

the viability of replacing the conventional BCH code with 

hard-decision decoding with low-density parity-check 

(LDPC) codes with soft-decision decoding in the dual-

ECC scheme proposed for STT-MRAM. To be 

compatible with the fast read access time of STT-MRAM 

and reduce the implementation overhead and latency, we 

propose to use LDPC codes with short codeword lengths, 

with the reliability-based min-sum (RB-MS) algorithm 
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for decoding. Furthermore, we propose to use the 

capacity-maximization criterion to design the 

quantization scheme for STT-MRAM and minimize the 

number of quantization bits required for soft decoding of 

the LDPC codes. Computer simulations are carried out to 

evaluate the performance of the proposed schemes. The 

computational complexity of the RB-MS decoder is also 

compared with that of the hard decoder of the BCH code. 

The rest of the paper is organized as follows. A 

resistance distribution based generic channel model for 

STT-MRAM is proposed in the next section. In Section 

III, we compute the mutual information and the capacity 

of the STT-MRAM channel by quantizing the channel. In 

Section IV, we propose short-block-length LDPC codes 

with RB-MS decoder to improve the error rate 

performance of STT-MRAM. We further propose the 

capacity-maximizing quantization scheme for soft 

decoding of the LDPC codes. Simulation results and the 

computational complexity comparison between the RB-

MS decoder and the hard decoder of the BCH code are 

presented in Section V. Finally, Section VI concludes the 

paper.  

II. CHANNEL MODEL 

In this work, we propose a resistance distribution based 

generic channel model to describe the distributions of the 

low and high resistances of the MTJ and their broadening 

[3], which are mainly caused by the parametric variations 

induced variation of the static state resistances, the write 

failures due to the switching threshold current distribution 

of the MTJ and the process-induced variations of the 

nMOS transistor, as well as the read errors caused by the 

read disturbance [5]. As an example, we take from 

literature the testing results of Grandis's work [7]. 

According to [7], the distributions of the static resistances 

of a 14 Kb STT-MRAM testing chip integrated with a 90 

nm CMOS are shown in Fig. 1.  

 

Figure 1.  Distributions of the low and high resistance states across an 

STT-MRAM chip sub-array [7]. 

Observe that the distributions of the low and high 

resistance states approximately follow Gaussian 

distributions. Their mean values are μ0=2.0625 kΩ and 

μ1=4.1250 kΩ, respectively, and the standard derivations 

are σ0=0.0825 kΩ and σ1=0.1238 kΩ, respectively. Thus, 

we have a tunneling magnetoresistance (TMR) [1] of 

100%, with σ1=1.5σ0 and σ1/μ1=0.75σ0/μ0. Note that in 

general, the relationship between the relative spreads of 

the two resistance states (i.e. σ1/μ1 versus σ0/μ0) does not 

change significantly in the lithography process. Note also 

that Fig. 1 shows only the distributions of the static state 

MTJ resistances, and the variation of resistances due to 

write and read failures is not included. Therefore, in this 

work, we further widen the resistance distributions by 

enlarging σ0/μ0 (and hence σ1/μ1) to account for the 

enlarged spread of resistances due to write and read 

failures, as well as more process imperfections in the 

memory fabrication practice. 

The above proposed channel is essentially a binary-

input asymmetric memoryless channel whose 

characteristics are determined by the STT-MRAM chip. 

Note that due to the various factors stated at the 

beginning of this section, the low and high resistances 

may not always be Gaussian distributed.  

III. CHANNEL CAPACITY 

 In this section, we propose to compute the capacity of 

the STT-MRAM channel by quantizing the channel. The 

quantizer converts the above presented continuous 

memoryless channel into a discrete memoryless channel 

(DMC). With the increase of the number of quantization 

bits, the computed capacity approaches the exact capacity. 

The quantization-based approach is especially useful 

when the resistance distributions are not Gaussian, where 

it is difficult to derive close form expressions to calculate 

the channel capacity. Furthermore, the proposed capacity 

calculation can be used to directly guide the design of the 

quantization scheme for STT-MRAM, and the 

corresponding details are presented in Section IV-C. 

We consider an STT-MRAM channel with probability 

density functions (pdfs) of the resistances given by 

p(yk|xk=i), with i=0, 1. Here, xk and yk are the kth input 

user data and the corresponding unquantized memory cell 

resistance value, respectively. Without loss of generality, 

we associate the low resistance state with xk=0 and the 

high resistance state with xk=1. We also consider a q-bit 

quantizer with L=2q quantization levels, which maps the 

unquantized resistance value yk into quantized values ky . 

Let t0, t1, …, tL with t0=−∞ and tL=+∞ be the boundaries 

of the quantization intervals, Nj=(tj, tj+1), with 

j=0,1,…,L−1, be the jth quantization interval, and 
0 1 1, , , L

k k ky y y    be the possible quantized resistances 

within each of the L quantization intervals. The transition 

probability Pij, which denotes the probability that the 

resistance value yk falls into the jth quantization interval 

of  Nj, is given by 

 
 

Pr |

| .
j

ij k j k

k k k

N

P y N x i

p y x i dy

  

 
                          (1) 

Note that for Gaussian distributed pdf p(yk|xk=i), the 

probability Pij given by (1) can be computed analytically. 
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For p(yk|xk=i) with arbitrary distributions, the value of Pij 

has to be calculated numerically. 

A block diagram of the equivalent channel of an STT-

MRAM channel with quantized output is given by Fig. 2. 

As can be seen, quantization of the output of the STT-

MRAM channel with q bits produces an equivalent DMC 

channel with 2 inputs and L=2q outputs. The mutual 

information of the equivalent channel of Fig. 2 is defined 

as 
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Figure 2.  The equivalent channel of an STT-MRAM channel with 

quantized output. 

     ; |I X Y H Y H Y X                        (2) 

where H(Y) is the entropy of the channel output given by 
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Furthermore, H(Y|X) denotes the conditional entropy of 

the channel output given channel input and is given by 
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The channel capacity is the maximum mutual 

information, where the maximization is over the channel 

input probability distribution {Pr(xk)}. That is, we have 

  
 

Pr
max ; . 

kx
C I X Y For memoryless channels with finite 

input and output alphabets, the channel capacity can be 

computed by using the Blahut-Arimoto type algorithms 

[8], [9], [10]. For a binary-input channel as the STT-

MRAM channel proposed in this paper, we have 

Pr(xk=0)=1− Pr(xk=1). Therefore, I(X;Y) is simply a 

function of Pr(xk=0), and hence we obtain the channel 

capacity given by     

 
  

 
Pr 0
max ; . 

kx
C I X Y


                               (6) 

In Fig. 3, we illustrate the capacity of the STT-MRAM 

channel based on Grandis's testing data, over a wide 

range of the resistance spread σ0/μ0 (and hence σ1/μ1). In 

the figure, Curve 1 is obtained by using the quantization-

based approach presented above with the quantizer being 

designed using the capacity-maximization criterion (see 

Section IV-C), while Curve 2 is based on the exact 

calculation since we assume Gaussian distributed 

resistances for the testing data. The capacity calculation 

for the STT-MRAM channel with Gaussian distributed 

resistances is presented in the appendix. As can be seen 

from Fig. 3, with a properly designed 4-bit quantizer, the 

computed capacity matches very well with that obtained 

from exact calculation.  
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Figure 3.  Capacity of the STT-MRAM channel versus resistance 

spread. 

IV. SOFT-DECISION DECODING OF LDPC CODES 

A. Short-Block-Length LDPC Codes 

Unlike the LDPC codes proposed for the flash memory 

which can have codeword lengths up to 64K bits [11], to 

be compatible with the fast read access time of STT-

MRAM and reduce the implementation overhead and 

latency, we propose to use LDPC codes with short 

codeword lengths. As an example, we construct a short-

block-length LDPC code based on the three-dimensional 

Euclidean Geometry [12], [13] EG(3, 22) over GF(22). 

This geometry consists of 64 points and 336 lines, which 

can be grouped into 21 parallel bundles. The incidence 

matrix of each parallel bundle is a 16×64 matrix with 

column weight 1 and row weight 4. By stacking column 

wise all 21 incidence matrices, we form a 336×64 matrix 

with column weight 21 and row weight 4. The null space 

of the transpose of this matrix gives a (336, 285) EG-

LDPC code with rate 0.848 and minimum distance at 

least 5. Note that the rate and data word length of the 

code are designed to be close to the (292, 256, 4) BCH 

code used in the dual-ECC scheme [6] to facilitate a fair 

comparison. 
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B. Reliability-Based Min-Sum Decoder  

The application of LDPC codes in STT-MRAM is not 

straightforward as conventional hard ECCs, as soft 

reliability information other than hard decisions obtained 

from the channel output is needed during decoding. The 

conventional sum-product algorithm (SPA) or the MS 

algorithm [15] takes as input the log-likelihood ratio 

(LLR) for each data bit. For the case of the STT-MRAM 

channel with a quantizer as described in Section III, the 

LLR of a memory input bit xk can be expressed as 

   
 

 

Pr 0
log

Pr 1

kj

k ch k

k

y
x

L x L
x


 


  

where log is the natural logarithm. The channel LLR is 

given by 

 
 
 

0
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Pr | 0
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j
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x P
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. 

In order to reduce the computational complexity and 

latency of the LDPC decoder, in this work, we propose to 

use the RB-MS algorithm [14], which takes the integer 

index of the quantization interval that the received signal 

belongs to, rather than the LLR described above, as the 

input of the LDPC decoder. Therefore, unlike the SPA or 

the MS algorithm, the RB-MS algorithm requires only 

integer/logical operations and hence has a much lower 

computational complexity. On the other hand, the RB-MS 

algorithm passes integers rather than binary messages 

along edges of the code graph, which results in better 

performance and faster convergence rates as compared 

with the simplest bit-flipping algorithms [16]. Note that 

different from the work in [14], we use the extrinsic 

information instead of the a posteriori information in 

check node operations so as to improve the error rate 

performance. 

Let us denote the size M×N parity check matrix of the 

LDPC code by H. Let M(k)={l: Hlk=1} denote checks in 

which bit k participates, and N(l)={k: Hlk=1} denote bits 

that participate in check l, l=0,…, M−1 , k=0,…, N−1. Let 

N(l)\k represent the exclusion of k from N(l), while M(k)\l 

represents the exclusion of l from M(k). Let λk denote the 

a priori information of bit k, which is an index of the 

quantization interval in the range of [−2q-1−1,…, 2q-1−1], 

for an q-bit quantization. Let l k   denote extrinsic 

message passed from the lth check node to the kth bit 

node, Let k l   denote extrinsic message passed from the 

kth bit node to the lth bit node, ξk denote the a posteriori 

LLR of bit k and the superscript J denote the Jth decoding 

iteration, respectively. For every position (l, k) such that 

Hlk=1, we initialize  0
0l k   and  0

k k  . 

The RB-MS decoding algorithm consists of three steps: 

(a) Check-Node Operation: For each l and for each 

 k N l , the decoder updates all check-to-bit messages 

based on extrinsic information obtained from the (J−1)th 

iteration, 

    
   

  1 1

\\

sign min
J J J

l k k l k l
k N l kk N l k

  
 

   


       (7) 

where the input bit-to-check message from the previous 

(J−1)th iteration is given by 

     1 1 1
.

J J J

k l k l k  
  

      

(b) Bit-Node Operation: For each k, compute the a 

posteriori LLR as, 

   

 

J J

k k l k
l M k

    


 
   
 

                 (8) 

where δ is a normalization factor used to compensate for 

performance degradation, δ <1, and „[]‟ denotes the 

operation of rounding the nearest integer to the variable. 

(c) Hard Decision: Make a hard decision 

 110
ˆ,,ˆ,ˆˆ

 Nxxx x  of the LDPC codeword, 

 
 

1 0,
ˆ

0 otherwise

J
J k

kx
 

 


                               (9) 

The decoder stops once all M syndromes are zeros; 

otherwise, it returns to step (a) until the maximum 

number of iterations Jmax are reached. 

C. Capacity-Maximizing Quantization 

Unlike the conventional ECCs which work with the 

simple hard-decision memory sensing scheme (with one 

quantization bit only), in the practical applications of 

LDPC codes, the LDPC decoder must operate on finite 

precision quantized data. The design of the quantizer to 

minimize the number of quantization bits is critical for 

the application of LDPC codes in NVM. This is because 

on the one hand, the quantization scheme directly affects 

the accuracy of the channel LLRs which the LDPC 

decoder typically works on and hence its error rate 

performance. In our proposed RB-MS decoder, the design 

of the quantizer is even more critical as the quantization 

interval index is directly fed into the decoder as the soft 

reliable information. On the other hand, in order to be 

compatible with the high read access of NVM and 

especially STT-MRAM, the number of quantization bits 

must be minimized. Quantizer design based solely on 

simulations is tedious and cannot simulate low error rate 

regions. The minimum mean-squared error (MMSE) 

based quantization [17] is also not optimum for soft-

decision decoding as it minimizes the MSE only. As 

shown in Section III, for the design of the quantizer for 

the STT-MRAM channel with given resistance 

distributions p(yk|xk=i), the number of quantization bits q 

and the boundaries of the quantization intervals are the 

parameters to be selected. Based on these parameters, 

integer index of the quantization interval that the memory 

readback signal belongs to can be determined and sent to 
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the RB-MS decoder. We notice that a fundamental 

quantity that is modified by the choice of these 

parameters is the capacity of the quantized channel. 

Therefore, in this work, we propose to design the 

quantizer by maximizing the capacity of the quantized 

STT-MRAM channel, and we evaluate its effectiveness 

over short-block-length LDPC codes.  

With t0=−∞ and tL=+∞, a quantizer divides the 

quantization range [t1, tL-1] uniformly into 2q−2 

quantization intervals. Without loss of generality, we 

have t1=μ0+ασ0 and tL-1=μ1−βσ1, where the values of α and 

β are not necessarily positive. By using the numerical 

search, we can determine the optimum values of q, α and 

β which maximize the capacity of the corresponding 

quantized channel. We remark that within [t1, tL-1], we 

have also explored the non-uniform quantizer and we 

found that the loss of uniform quantization compared to 

nonuniform is negligible.  

We now investigate the effectiveness of the above 

proposed capacity-maximization criterion over the STT-

MRAM channel. In Figs. 4(a) and 4(b), we show the 

computed channel capacity and simulated bit error rate 

(BER) and block error rate (BLER) of the STT-MRAM 

channel with the (336, 285) EG code, the quantizer, and 

RB-MS decoder, respectively, as a function of q. In 

computing the capacity, for each q, the corresponding 

values of α and β are selected by using the capacity-

maximization criterion. As can be seen, the tendency of 

capacity coincides with that of the BER and BLER. Fig. 4 

clearly shows that a capacity-maximizing quantizer with 

3 to 4 quantization bits is sufficient to obtain near 

optimum error rate performance. We remark that a 3 or 4-

bit quantization can be implemented in the memory chip 

without introducing significant area and latency penalty, 

for example by using a successive approximation register 

(SAR) or flash analog-to-digital converter (ADC) [18]. 

For a q-bit quantization, the SAR ADC consists of one 

sensing amplifier with q successive reads, while the flash 

ADC requires 2q−1 parallel sensing amplifiers with one 

read only. 
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Figure 4.   (a) Channel capacity and (b) BER/BLER performance of 

LDPC-coded STT-MRAM channel as a function of q, with σ0/μ0=0.17. 

We further illustrate in Fig. 5 the computed two-

dimensional capacity as a function of α and β, for 

σ0/μ0=0.17 and q=3. Observe that the maximum capacity 

C=0.9677 is obtained with α=1 and β=1.6. Note that the 

obtained values of α and β are positive, which coincides 

with our intuition that more errors may occur near the 

overlapping region of the two resistance states, and hence 

quantization should be concentrated around this region. 

We further carried out computer simulations to evaluate 

the performance of the LDPC-coded STT-MRAM 

channel with a 3-bit quantizer, and over different choices 

of α and β. We found that α and β around the values 

obtained using the capacity-maximization criterion 

indeed lead to the best BER and BLER. Similar 

observations have also been obtained with other values of 

σ0/μ0 and q as well. The above results reveal the 

interesting finding that capacity-maximizing quantizer, 

which is optimum in the case of capacity-approaching 

codes, is effective for the short-block-length LDPC codes 

as well.  

V. SIMULATION RESULTS AND COMPLEXITY 

DISCUSSION 

A. Simulation Results 

In this section, we present the BER/BLER 

performance comparison between the proposed short-

block-length LDPC code in conjunction with the 

capacity-maximizing quantizer and RB-MS decoder, with 

the BCH code with hard-decision decoding over the STT-

MRAM channels. The BCH code is a (292, 256, 4) code 

used in the dual-ECC scheme with a similar rate of the 

 

 

 

 

 

Figure 5.  Channel capacities as a function of α and β,with σ0/μ0=0.17 

and q=3. 

LDPC code. For comparison, we have also simulated 

the performance with the quantizer being designed based 

on the MMSE criterion. The Lloyd-Max algorithm [17] is 

adopted which results in the optimum quantizer in the 

sense of the MSE. The performance of the SPA LDPC 

decoder with full channel soft information is also 

included as a reference. 
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β = 1.6 

C = 0.9677 
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Figure 6.  BER comparison between the LDPC code with soft-decision 

decoding and the BCH code with hard-decision decoding. 

From Fig. 6, we observe that the capacity-maximizing 

quantization results in much better performance than the 

MMSE quantization, even for LDPC codes with short 

codeword lengths. Significant performance gain is 

obtained with a 3-bit capacity-maximizing quantizer, and 

the BER is close to that of the SPA decoder with full 

channel soft information. There is only little performance 

improvement by increasing the number of quantization 

bits to 4 bits. With the proposed short-block-length LDPC 

code, the 3-bit quantizer, and the RB-MS decoder, we 

achieve around two orders of magnitude reduction in 

BER over the BCH code, and the performance gain 

sustains for a wide range of resistance spread. At the BER 

level of 10-6, we obtain performance improvement of 2% 

over the BCH code in terms of the maximum tolerable 

resistance spread. Similar performance gain is obtained 

for the BLER as well, as shown in Fig. 7. 
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Figure 7.  BLER comparison between the LDPC code with soft-

decision decoding and the BCH code with hard-decision decoding. 

Simulation results also show that the RB-MS algorithm 

has an excellent convergent property. As illustrated by 

Table I, throughout the simulated range, the decoder 

needs very few number of iterations to find a valid 

codeword. We have also found that there is little 

performance improvement when the number of iterations 

is increased from Jmax=5 to a much larger number (e.g., 

Jmax=200). Moreover, the actual number of iterations 

quickly decreases to an average of 1 or 2 with decreasing 

relative resistance spread. 

TABLE I. AVERAGE NUMBER OF ITERATIONS REQUIRED FOR THE (336, 285) LDPC CODED STT-MRAM CHANNEL USING THE RB-MS DECODER 

WITH Q=3. 

σ0/μ0 15.5% 16% 16.5% 17% 17.5% 18% 18.5% 19% 19.5%  

Average 
Number of 
Iterations 

 
1.8677 

 

 
2.0887 

 
2.2740 

 
2.5033 

 
2.7951 

 
3.1757 

 
3.6882 

 
4.4589 

 
5.4414 

TABLE II. COMPUTATIONAL COMPLEXITIES OF THE RB-MS DECODER AND THE BCH DECODER. 

Decoder 

Complexity 

Logic 

Operations 

Integer Comparisons Integer 

Additions 

Real 

Multiplications 

Memory 

Size  
 

LDPC Code  

   

   max4 2

54,160

M N J   



 

 

  max2 3
12,480

M J  
 

  

 max2
13,440

J 


 max

(negligible for 

   certain factors )

1680 
N J






 

 

2 2
2144

N M  

 

 

 

 
 

BCH 

Code 

 
2 2 2

2 2

5 45 12

73 24
105,360

(Lower bound)

mnt m t m t

mt t

 

 


 

2 2 2

2 2 2

10 45 20

73 24 4
544,848

(Upper bound)

mnt m t m t

mt t m nt

 

  


 

 

    

 

2 2
400

n tm k 


 

 

 

 

B. Comparison of Decoder Complexities 

For the LDPC code, let ρ and γ denote the row weight 

and column weight of the parity-check matrix of size 

M×N, and δ=Mρ=Nγ denote the number of 1 entries in the 

matrix. The RB-MS algorithm requires M(ρ_1)and δ 

binary operations to compute all syndromes and binary 

messages, respectively. In addition, it requires M(ρ_1) and 

Journal of Communications Vol. 8, No. 4, April 2013

©2013 Engineering and Technology Publishing 230



M(ρ_2)  integer comparisons to find the smallest and the 

second smallest magnitude of inputs for all M check 

nodes, respectively. Besides, we need δ integer additions 

to generate the a posteriori information of all N bits. As 

for the normalization operation, we may choose special 

factors of δ, e.g. δ=0.5, 0.75, which can be easily realized 

by linear shift registers.  The memory size required for 

decoding is essentially determined by the number of 1 

entries δ, which is not significant for a short code. The 

complexity of the RB-MS algorithm is summarized in 

Table II, where the BCH decoding complexity is referred 

to [19]. For BCH codes, the parameters t, m, and n denote 

the error-correcting ability, the order of Galois Field, and 

the BCH codeword length, respectively. For a fair 

comparison, each modulo-2 operation is equivalent to 4 

logic operations as in [19]. 

The integer numbers in Table II illustrate the 

complexity comparison between the (336, 285) EG code 

and the (292, 256,4) BCH code, where Jmax is set to 5. If 

6-bit internal precision is used to represent an integer [14], 

the LDPC decoder requires 676,240 logic operations. 

Note that this denotes the worse-case complexity. At the 

BER of 10-6, the average iteration number is 1.9. In this 

case, the LDPC decoder requires 256,971 logic 

operations. Hence, we can conclude that the two decoders 

have comparable complexities for the chosen code 

parameters. The memory size required for the LDPC 

decoder, however, is larger than that for the BCH code. 

For a practical implementation, the memory size can be 

effectively reduced by using layered decoding [20].  

VI. CONCLUSION 

 In this paper, we have investigated the application of 

information theory and ECCs to correct the memory cell 

errors and improve the storage density of STT-MRAM. 

Based on a resistance distribution based generic channel 

model, we have first computed the capacity of the STT-

MRAM channel, which provides the storage efficiency 

bound of the memory. By using a dual-ECC scheme 

proposed for STT-MRAM in the literature as an example, 

we have further explored the viability of replacing the 

conventional BCH code with hard-decision decoding 

with LDPC codes with soft-decision decoding. 

Simulation results have shown that with the proposed 

short-block-length LDPC code, the 3-bit capacity-

maximizing quantizer, and the RB-MS decoder, we 

achieve around two orders of magnitude reduction in 

BER and BLER over the BCH code, and the performance 

gain sustains for a wide range of resistance spread. 

Furthermore, the complexity of the RB-MS decoder for 

the corresponding LDPC code is comparable with that of 

the hard decoder of the BCH code. The above results 

demonstrate the potential of applying short-block-length 

LDPC codes with soft-decision decoding to improve the 

yield and push the scaling limitation of STT-MRAM.  

APPENDIX  

This appendix provides the capacity calculation for the 

STT-MRAM channel with Gaussian distributed 

resistances. That is, when the resistances of the low and 

high resistance states of STT-MRAM are Gaussian 

distributed, we can have an exact calculation of its mutual 

information and capacity with the continuous channel 

output and without resorting to quantization. For a 

continuous channel output, the entropies in (2) are 

replaced by differential entropies h(Y) and h(Y|X) which 

are defined analogously to H(Y) and H(Y|X), with the 

probability mass functions replaced by probability 

density functions and the sums replaced by integrals. 

The entropy of the continuous channel output and the 

conditional entropy of the continuous channel output 

given channel input are given by 

      2

0

logk k kh Y p y p y dy



               (10) 

and 

 

      
1

2
0 0

|

Pr | | log |k k k k k k k
i

h Y X

y x i p y x i p y x i dy






    
(11) 

respectively, with 

     
1

0

| Prk k k k
i

p y p y x i x i


             (12) 

For STT-MRAM channels with Gaussian distributed 

resistances, we have, 
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                     (14) 

Therefore, we obtain the close form expressions of h(Y) 

and h(Y|X), given by, 
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and 
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respectively.  
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