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Abstract—In existing soft decision algorithms, a soft BCH
decoders provides better error correcting performance but has
much higher hardware complexity than a traditional hard BCH
decoder. In this paper, a soft BCH decoder with both better error
correcting performance and lower complexity is presented. The
low complexity feature of the proposed architecture is achieved
by dealing with least reliable bits. By compensating extra one
error outside the least reliable set, the error correcting ability
is improved. In addition, the proposed error locator evaluator
evaluates error locations without Chien search, leading to high
throughput. As compared with the traditional hard BCH decoder,
the experimental result reveals that our proposed improved soft
BCH decoder can achieve 0.75db coding gain for BCH (255,239)
code. Implemented in standard CMOS 90nm technology, it can
reach 316.3Mb/s throughput at 360MHz operation frequency
with gate-count of 4.06K according to the post-layout simulations.

I. INTRODUCTION

The Bose-Chaudhuri-Hocquenghen (BCH) [1] codes are
popular in storage and communication systems, such as flash
device, DMB-T [2] and DVB-S2 [3] broadcasting systems. Re-
cently, soft decoding of BCH codes has aroused many research
interests. Forney developed the generalized-minimum-distance
(GMD) [4] to generate a list of candidate codewords and
choose a most likely codeword from the list. Other algorithms
with similar concept, such as Chase [5] and SEW [6], are
also widely used in many applications. Moreover, Therattil
and Thangaraj provided a sub-optimum MAP BCH decoding
method with Hamming SISO decoder in 2005 [7].

In general, the complexity of a soft BCH decoder is much
higher than a hard BCH decoder for decoding an entire code-
word. Nevertheless, soft BCH decoders with lower complexity
can be revealed by focusing on the least reliable bits instead
of the whole codeword. A soft BCH decoding algorithm
using error magnitudes to deal with the least reliable bits was
developed in 1997 [8]. However, Fig. 1 shows that there is
about 0.25 db performance loss at BER = 10−5 in AWGN
channel as compared to hard decision BCH decoder for BCH
(255,239) code. For the existing soft decision algorithms, the
soft BCH decoder provides either better error correcting per-
formance or lower hardware complexity than a traditional hard
BCH decoder. In this paper, a soft BCH decoder which has
similar concept as [8] and enhances the correcting performance
by compensating one extra error while maintaining the low
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Fig. 1. Simulation results for BCH (255,239)

hardware complexity is presented.
The conventional BCH decoding contains three major steps

: syndrome calculator, key equation solver, and Chien search.
For long block length BCH decoders, the decoding latency
is dominated by the syndrome calculator and Chien search.
Unlike conventional algorithms using parallelism Chien search
to enhance throughput [9] [10], an error location aimed
architecture to eliminate Chien search is also proposed in this
paper.

This paper is organized as follows. Section II describes the
proposed improved soft BCH decoding algorithm. The corre-
sponding architectures are presented in section III. Based on
the proposed method, Section IV demonstrates the simulation
and implementation results. Section V concludes the paper.

II. PROPOSED COMPENSATION SOFT BCH DECODING

The proposed soft BCH decoder shown in Fig. 2 includes
three major steps: syndrome calculator, error locator eval-
uator, and compensation error magnitude solver. From the
received polynomial R(x), the syndrome polynomial S(x) =
S1 + S2x

1 + · · · + S2tx
2t−1 is expressed as

Sj = R(αj) =
v∑

i=1

(αj)ei =
v∑

i=1

(βei )
j (1)

for j = 1, 2, · · · , 2t, where α is the primitive element over
GF (2m). Notice that ei is the i-th actual error location and
βei = αei indicates the corresponding error locator.
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Fig. 2. Soft Decision BCH Decoding Block Diagram

With soft inputs, error locator evaluator can choose 2t least
reliable inputs and evaluate their corresponding error locators
to form the error locator set B = [βl1 , βl2 , . . . , βl2t ]T . Also, the
error location set, L = [l1, l2, . . . , l2t]T , can be calculated with
B because the error locator of the li-th location is βli = αli .

The relation between B and the syndrome vector, S =
[S1, S2, . . . , S2t]T , can be formulated as

⎡
⎢⎢⎢⎣

βl1 βl2 · · · βl2t

β2
l1

β2
l2

· · · β2
l2t

...
... · · · ...

β2t
l1

β2t
l2

· · · β2t
l2t

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

γ1

γ2

...
γ2t

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

S1

S2

...
S2t

⎤
⎥⎥⎥⎦ (2)

where Γ = [γ1, γ2, . . . , γ2t]T is the error magnitude set
corresponding to B, and the 2t × 2t matrix in (2) is defined
as β-matrix B. Let Δ = [δ1, δ2, . . . , δ2t]T be defined as

Δ = B× Γ + S (3)

From (1) and (2), it is evident that if all the errors are in
the error location set, the exact γi value can be determinated
and Δ will be all zero; otherwise, this decoding approach
fails to correct errors. There are at most 2t error locations can
be determined. However, it is very likely that only one error
outside L but the decoder can’t solve any error. To improve
the error correcting ability, we additionally check whether Δ
is a geometrical sequence or not to make a compensation
for an error location outside L. A geometrical sequence
Δ = [βlloss

, β2
lloss

, . . . , β2t
lloss

] means an error location lloss

can be found, where βlloss
= αlloss . For example, if there

are four errors in 1st, 3rd, 5th and 9th locations for a BCH
(255,239) decoder which can correct 2 errors, S is expressed
as

S =

⎡
⎢⎢⎣
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β2
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9
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⎤
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T

In the case that the decoder collects B = [β1, β3, β6, β9], and
Γ = [1, 1, 0, 1], Δ becomes

Δ =
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= [β5, β
2
5 , β3

5 , β4
5 ]

Then not only errors at 1-st, 3-rd and 9-th locations but
also an error at 5-th location can be corrected. Therefore, the

proposed compensation soft BCH decoder can correct at most
2t+1 errors. The compensation error magnitude solver (CEMS)
shown in Fig. 2 is used to solve (2) and (3) to get Γ and Δ.
For those γi equal to 1, the corresponding li and lloss are the
exact error locations. The codeword polynomial C(x) can be
obtained by inversing values at error locations in the received
polynomial R(x).

To obtain the γi value in (2), the Gauss Elimination method
is the most intuitive way but the complexity is O(n3). In BCH
codes, the valid error magnitude in (2) is either 0 or 1, so the
problem can be formulated into checking all combinations of
γi over GF (2) instead of calculating real error magnitudes.
A 2t-bit counter is used to do a heuristic search for all binary
combinations. Since S2

1 = S2, S
2
2 = S4, . . . , S

2
t = S2t in BCH

codes, the even part of syndromes check can be eliminated to
simplify (2) as :
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⎥⎥⎥⎦ (4)

The complexity can be significantly reduced for only half size
matrix, Bodd and Sodd, used in (4).

Following steps illustrate the details of the efficient Imple-
mentation of CEMS.

Input : B , Sodd and Γ = 0

1) Construct the β-matrix Bodd with B
2) Δodd = Bodd × Γ + Sodd

3) if Δodd is a geometrical sequence

Go to 4)

else

if Γ == 22t − 1
Failed Decoding

else
Γ = Γ + 1
Go to 2)

4) Find lloss with Δodd

Output : Γ and Lloss

By iteratively counting Γ value, a heuristic search for all
binary combinations can be completed. At each iteration, the
solver can verify whether the geometrical sequence check
stands or not.

III. VLSI ARCHITECTURE FOR THE COMPENSATION

SOFT BCH DECODER

A. Error Locator Evaluator

As shown in Fig. 3, error locator evaluator architecture
includes the reliability part, the error locator part and the
error location part. The upper part is the reliability part
which stores the reliabilities of 2t least reliable candidates
Rl1 , Rl2 , . . . , Rl2t . The medium part is the error locator part
to construct the error locator set B. Because the error locator
of the i-th location is αi, the error locator of (i+1)-th locations

3942



is α times the error locator of i-th location. The error locator
can be computed by multiplying α−1 with register REG if the
input is serial in from the highest degree coefficient of R(x).
Thus, the error locator part can use a constant multiplier to
calculate the error locator of each input. Notice that register
REG initially contains the error locator of the first input.
The bottom part is the error location part. The decoding
method focuses on the least reliable bits instead of the whole
codeword, so the error location part uses a counter to compute
the error location li corresponding to each Rli for serial input.
Hence, the Chien search procedure is no longer required and
a lot of redundant decoding latencies can be eliminated.

l l l

l l l
α-1

1 2 2t

l l l

1 2 2t

1 2 2t

1 2 2t

1 2 2t

Fig. 3. Error Locator Evaluator Architecture for Serial Input

Error locator evaluator classifies the soft inputs to
choose 2t least reliable inputs as the candidate reliabilities
Rl1 , Rl2 , . . . , Rl2t . Their corresponding error locators βli and
error locations li are also calculated and stored in registers.
Error locator evaluator compares the soft inputs with Rli ,
and then generate the select signals SELi to control the
multiplexers. In the i-th stage, if the input is smaller than
Rli−1 , the i-th stage value is updated with (i-1)-th stage value.
If the input is greater than Rli−1 and smaller than Rli , the i-th
stage value is updated with the input value. Otherwise, the i-th
stage holds its current value.

B. Compensation Error Magnitude Solver (CEMS)

The compensation error magnitude solver (CEMS) in Fig. 4
is employed to evaluate (4) while given Sodd and B. Totally
2t2 registers are used to store each entry in the Bodd matrix.
The initial value of registers in each row is set as B so that

the output of the SQUARE will always be β2
li

for first t-
1 cycles. Iteratively multiplied by β2

li
, the bottom registers

generate β2j+1
li

for i = 1 ∼ 2t and j = 0 ∼ t-1. Thus, totally
only 2t multipliers are used for Bodd calculation. After t-1
cycles, Bodd is constructed and the registers will stop update.

Matrix multiplication is evaluated in the following 22t

cycles. By counting Γ value, a heuristic search for all binary
combinations can be completed. At each iteration, each βj

li
value will be calculated with γi, and the solver can verify
whether the geometrical sequence check stands or not. If Δodd

is a geometrical sequence, then δi × δ2
1 = δi+2. CEMS uses

t multipliers to check the relation and uses a look up table
(LUT) for looking for lloss from δ1.

1

2t-1

&

&

&

2t-1
l1

1

3

2t-1

γ
1

loss

3
l1

SQ
U
A
R
E
R

&

&

&

&

SQ
U
A
R
E
R

&

&

&

&

SQ
U
A
R
E
R

& 3

2t-3

2t-3

2t-3
l1

l1 l2 l2t

γ
2

γ
2t

3
l2t

3
l2

2t-3
l2

2t-3
l2t

2t-1
l2

2t-1
l2t

SQ
U
A
R
E
R

Fig. 4. Compensation Error Magnitude Solver Architecture

C. Architecture Comparison

The architectures of a hard BCH decoder and the proposed
soft BCH decoder are compared in TABLE I. In finite field
operation, the complexity of a multiplier is much higher than a
register. Because of fewer multipliers, the proposed soft BCH
decoder with more registers and additional LUT has similar
hardware complexity as the hard BCH decoder with inver-
sionless Berlekamp-Massey (iBM) algorithm [11] Moreover,
searching error locations at error locator evaluator procedure
leads to a lot of latency saving. Therefore, the proposed soft
BCH decoder can provide higher throughput with almost the
same hardware complexity as compared to the traditional hard
BCH decoder. For example, for BCH (255,239) code, the
proposed soft BCH decoder has 20 registers, 1 LUT and 5
multipliers while the hard BCH decoder has 12 registers and
9 multipliers. Furthermore, the proposed decoder also has only
53% latency as compared with tranditional hard BCH decoder.
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TABLE I
COMPARISON TABLE FOR A (n, k, t) BCH CODE

(n,k,t) (n,k,t) (255,239,2) (255,239,2)
Hard BCH Soft BCH Hard BCH Soft BCH
with iBM Proposed with iBM Proposed

register 5t + 2 2t2 + 6t 12 20
multiplier 3t + 3 3t − 1 9 5
constant

3t t + 1 6 3
multiplier

square 0 2t + 1 0 5
LUT 0 1 0 1

latency 2n + 2t
n + 22t+ 514 272

t − 1

IV. SIMULATION AND IMPLEMENTATION RESULTS

Simulation and implementation results for our proposed
soft BCH decoder are presented in this section. Fig. 5 shows
the performance comparison for 2-error-correcting (255,239)
BCH code under BPSK modulation in AWGN channel. The
achieved coding gain is about 0.75dB over the hard BCH
decoder at BER = 10−5. Our proposed decoder can outperform
0.35dB and 0.2db coding gain as compared with GMD [4] and
sub-optimum MAP [7] respectively.

The BCH (255,239) decoder is implemented with hard
decision and soft decision methods and demonstrated in TA-
BLE II. The hard BCH decoder uses iBM algorithm to solve
key equation and needs Chien search to get error locations.
Computing error locations without Chien search, the soft BCH
decoder has almost half latency of the hard BCH decoder.
Hence, the soft BCH decoder has much better throughputs
than the hard BCH decoder. According to the post-layout
simulations, the soft BCH decoder saves 47.1% clock cycle
latency with similar gate count and operation frequency as
compared with the hard BCH decoder in standard CMOS
90nm technology.

V. CONCLUSION

This paper provides an improved soft BCH decoder which
performs better performance and comparable hardware com-
plexity as compared to the conventional hard BCH decoder.
The complexity is reduced by dealing with the least reli-
able bits, and the error correcting ability is enhanced by
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Fig. 5. Simulation results for BCH (255,239) code

TABLE II
SUMMARY OF IMPLEMENTATION RESULTS

Hard BCH (255,239) t = 2 Soft BCH (255,239), t = 2

Technology 90nm 90nm
Architecture iBM + Chien Search CEMS w/o Chien Search
Operation 360MHz 360MHz
Frequency (Post Layout) (Post Layout)
Core Area 14400µm2 13225µm2

Gate Count 4.38K 4.06K
Latency 514 272

Throughput 167.4Mb/s 316.3Mb/s

compensating an extra error outside the least reliable set. In
addition, Chien search can be eliminated with a counter that
evaluates error locations in the proposed error locator evaluator
procedure. Thus, a lot of redundant decoding latencies can be
eliminated and higher throughputs can be achieved without
parallelism.

From the experimental results of BCH (255,239) code, the
proposed soft decoder can give 0.75dB coding gain over the
hard BCH decoder at BER = 10−5. Also, it can achieve
316.3Mb/s throughput while reducing 7% gate-count as com-
pared with the 167.4Mb/s traditional hard BCH decoder in
CMOS 90nm technology.
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