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Abstract-- This paper presents a design and implementation 
of FPGA based Bose, Chaudhuri and Hocquenghem (BCH) 
codes for wireless communication applications. The codes 
are written in VHDL (Very High Speed Hardware 
Description Language). Here BCH decoder (15, 5, and 3) is 
implemented and discussed. And decoder uses serial input 
and serial output architecture. BCH code forms a large class 
of powerful random error correcting cyclic codes. BCH 
operates over algebraic structure called finite fields and they 
are binary multiple error correcting codes. BCH decoder is 
implemented by syndrome calculation circuit, the BMA 
(Berlekamp-Massey algorithm) and Chien search circuit. The 
codecs are implemented over cyclone FPGA device. 
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I. INTRODUCTION 
The most commonly implemented finite field operations are 
multiplication and addition. Multiplication is considered to 
be a degree of magnitude more complicated than addition 
and a large body of research has been carried out attempting 
to reduce the hardware and time complexities of 
multiplication. Finite field adders and multipliers can be 
classified according to whether they are bit-serial or bit-
parallel, that is whether the m bits representing field 
elements are processed in series or in parallel. Whereas bit-
serial multipliers generally require less hardware than bit-
parallel multipliers, they also usually require m clock cycles 
to generate a product rather than one. Hence in time critical 
applications bit-parallel multipliers must be implemented, in 
spite of the increased hardware overheads. 

 What is Finite Fields? 

Error control codes rely to a large extent on powerful and 
elegant algebraic structures called finite fields. A field is 
essentially a set of elements in which it is possible to add, 
subtract, multiply and divide field elements and always 
obtain another element within the set. A finite field is a field 
containing a finite number of elements. A well-known 
example of a field is the infinite field of real numbers. 

 Field Definition  

The concept of a field is now more formally introduced. A 
field F is a non-empty set of elements with two operators 
usually called addition and multiplication, denoted ‘+’ and 
‘*’ respectively. For F to be a field a number of conditions 
must hold [2, 5]:  

 Closure:  1)
For every a, b in F 

c = a + b;  d = a * b;              (1) 
Where c, d   F. 

 Associative:   2)
For every a, b, c in F 

a + (b + c) = (a + b) + c    and     
a * (b * c) = (a * b) * c.         (2) 

 Identity: 3)
There exists an identity element ‘0’ for addition and ‘1’ for 
multiplication that satisfy 

0 + a = a + 0 = a and   a * 1 = 1 * a = a (3) 
 For every a in F. 

 Inverse: 4)
If a is in F, there exist elements b and c in F such that 

a + b = 0  a * c = 1.  (4) 
Element b is called the additive inverse, b = (-a), element c 
is called the multiplicative inverse, c = a-1 (a0).  

 Commutative:  5)
For every a, b in F 

a + b = b + a  a * b = b * a. (5) 

 Distributive: 6)
For every a, b, c in F 

(a + b) * c = a * c + b * c.   (6) 

The existence of a multiplicative inverse a-1 enables the use 
of division. This is because for a, b  F, c = b/a is defined as 
c = b * a-1 . Similarly the existence of an additive inverse (-
a) enables the use of subtraction. In this case for a,b  F, c = 
b - a is defined as c = b + (-a). 

It can be shown that the set of integers {0, 1, 2, ... , 
p-1} where p is a prime, together with modulo p addition 
and multiplication forms a field [6]. Such a field is called 
the finite field of order p, or GF(p), in honour of Evariste 
Galois [7].   

II. POLYNOMIAL, DUAL AND NORMAL BASIS 
REPRESENTATIONS 

 Definition 1 [3]  A.
A set of m linearly independent elements  ={0 ,1,..., m-1} 
of GF(2m)  is called a basis for GF(2m). 

 Definition 2 [3]  B.
Let p(x) be the defining irreducible polynomial for GF(2m). 
Take  as a root of p(x), then A = {1,,...m-1} is the 
polynomial basis for GF(2m). 
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 Definition 3 [3]  C.
Let {i} and {i} be bases for GF(2m), let f be a linear 
function from GF(2m)  GF(2), and  GF(2m), 0. Then 
{i} and {i} are dual to each other with respect to f and  if 

 f
if i j

if i j
i j( )

.
  









1
0

  (7) 

In this case, {i} is the standard basis and {i} is the dual 
basis. 

 Definition 4  D.
A normal basis for GF(2m) is a basis of the form

B
m




{ , , , }  2 2 1

 where   GF(2m). For every 
finite field there always exists at least one normal basis 
[6].BCH code 

To generate a codeword for an (n, k) t error-
correcting BCH code, the k information symbols are formed 
into the information polynomial i(x) = i0 + i1x +...+ ik-1xk-

1where ij GF (2) and generator polynomial g(x). Then the 
codeword polynomial c(x) = c0 + c1x + ... + cn-1xn-1 is 
formed as 

c(x) = i(x)*g(x)     (8) 
For any positive integer m  3 there exists binary BCH 
codes (n, k) with the following parameters: 

n = 2m - 1 length of codeword in bits 
t  the maximum number of error                       

bits that can be corrected 
k   n - m * t number of information bits in a codeword 
dmin 2*t + 1 the minimum distance.  

III. INTERLEAVED BCH DECODING 
The interleaving parameter may simplify the design of 
codecs for interleaved BCH codes of the form (in, ik) ([8] 
chapter 9) because the received data is clocked every i-th 
clock cycle. Accordingly, i synchronised decoders can 
receive data every clock, but a decoder will clock data every 
i clock cycles. The circuit for a decoder with interleaving 
parameter equal to 2 is shown in Fig.1. The flip-flop 
(feeding the signal reset2) is to synchronise the decoders. 
Consequently the first decoder clocks received data on clock 
cycles 1, 3, 5, ...  and the second decoder on clock cycles 2, 
4, 6, ... With this approach each decoder has its own control 
system, but the design may be changed to use a common 
control system for all decoders. Fortunately this control 
system is not complex, and does not require much hardware. 
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Fig. 1: A decoder for interleaved BCH codes with 

interleaving parameter 2[33]. 

IV. DECODING BCH CODES  
As a general rule, decoding can be broken down into three 
separate steps [8]: 

Calculating the syndromes 
1. Solving the key equation 
2. Finding the error locations.  

In addition, a syndrome rearranging circuit, a buffer and 
control blocks are also required. The block structure of a 
BCH decoder is presented in figure 2. 

 Calculation of Syndromes A.
Let 

 c(x) = c0 + c1x + c2x2 + ... + cn-1xn-1 

 r(x) = r0 + r1x + r2x2 + ... + rn-1xn-1  

e(x) = e0 + e1x + e2x2 + ... + en-1xn-1   (9) 

be the transmitted polynomial, the received polynomial and 
the error polynomial respectively so that 

 r(x) = c(x) + e(x)    (10) 

The first step of the decoding process is to store the received 
polynomial r(x) in a buffer register and to calculate the 
syndromes Sj (for 1  j  2t -1). The most important feature 
of the syndromes is that they do not depend on transmitted 
information but only on error locations, as shown below and 
so if no errors occur, the syndromes will all be zero. 
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Fig. 2: Block diagram of the decoder circuit [12] 

S ej i

i j

i

n

 





 
0

1

 for (1  j  2t) (11) 

V. SOLVING THE KEY EQUATION 
The second stage of the decoding process is finding the 
coefficients of the error location polynomial (x) = 0 + 1x 
+ ... + txt using the syndromes Sj (1  j < 2t). The 
relationship between the syndromes and these values of j is 
given by ([2], p.168) 

St i j

j

t

j 



 
0

0  (i= 1, t) (12)  

and the roots of (x) give the error positions. The 
coefficients of (x) can be calculated by methods such as 
the Peterson-Gorenstein-Zieler algorithm [2, 10] or Euclid’s 
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algorithm [11]. In this thesis the Berlekamp-Massey 
Algorithm (BMA) [1, 9] has been used as it has the 
reputation of being the most efficient method in practice [2]. 

 Berlekamp Massey Algorithm [1, 9, 13].   A.
The Berlekamp-Massey algorithm has 5 basic parameters: 

 The error locator polynomial Λ(k)(x) and also, it 
indicated as  (x). 

 The connection polynomial T(x). 
 The discrepancy Δ (k) and also, it indicated as dr . 
 The number of coefficients of errors L that is to be 

detected (e.g. length of a shift register). 
 The indexing variable k and also, it indicated as r.  

The steps of Berlekamp-Massey algorithm is given as 
below: 

First step is to calculate error syndromes Sj. 

1. Initialize the k = 0, Λ(0)(x) = 1, L = 0 and T(x) = x 
2. Assign k = k + 1 and then the discrepancy Δ(k) is 

then calculated as follows: 

 
3. If the value of Δ (k), 2L ≥ equals 0, then go-to step 

7. 

4. Calculate the Λ(k)(x) = Λ(k-1)(x) - Δ(k) T(x) 

5. Set the value of L = k – L and T(x) is calculated as 

T(x) = Λ (k-1) (x) / Δ (k) 

6. Set T(x) = x.T(x). 

7. If the value of k< 2t , then go-to step 3 

8. Continue for i = 2t – 1 and then End. 

 Finding the Error Location  B.
The last step in decoding BCH codes is to find the error 
location numbers. These values are the reciprocals of the 
roots of (x) and may be found simply by substituting 1,, 


2, ... , n-1 into (x). A method of achieving this using 
sequential substitution has been presented by Chien [4]. In 
the Chien search the sum 

0 + 1
j + 2

2j + ... + t
tj   

Where (j= 0, 1, ... , k-1)   (13) 

is evaluated every clock. It can be noticed that if (j)= 0, 
the received bit rn-1-j is corrupted. Therefore if for clock 
cycle j the sum equals zero the received bit rn-j-1should be 
corrected. 

A circuit implementing the Chien search is shown 
in Figure 3. The operation of this circuit is as follows. The 
registers c0, c1,..., ct are initialised by the coefficients of the 
error location polynomial 0, 1, ... , t. Then the sum 

c j

j

t




0

 is calculated and if this equals zero, the error has 

been found and after being delayed in a buffer, the faulty 

received bit is corrected using an XOR gate. On the next 
clock cycle each value in the ci register is multiplied by 


i(using a constant multiplier), and the sum c j

j

t




0

 is 

calculated again. The above operations are carried out for 
every transmitted information bit (that is k times).  
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Fig. 3: Chien’s search circuit [8]. 

VI. SIMULATION RESULT 
Here, Decoder designed as serial input and serial output at 
rising edged of clock.  

In practice, some extra entities are required such as 
a control system, a buffer and a syndrome rearranging 
circuit for the BMA.  

The input/output interface of the decoder consists 
of the following signals: 

 Reset (input) - to (synchronously) reset the decoder and 
synchronise it with the encoder 

 din (input)- the input data 
 dout (output)- the corrected data 
 clk (input)- the clock signal to clock both the received 

data and the output data 
 vdout (output) - a valid data out signal. A high level on 

this signal indicates that dout should be clocked with clk. 
This signal works as the clock enable signal for the dout 
output. 

 The input/output interface of the decoder is presented in 
Fig.4. 

decoder

din

reset

clk

dout

vdout

 
Fig. 4: The input/output interface of the decoder. 

 
Fig. 5: The Simulation result of (15, 5, 3) BCH decoder 
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The figure 5 shows the output waveform for interleaved (15, 
5, 3) BCH decoder where interleaved index equal to 2. In 
figure 5 input is consider at rising edged of clock and gives 
the interleaved code for data words (10101) and (00010). 
Output is considered when vdout equal to 1. Decoder 
corrects up to 6 bits total but 3 bits for even number of 
inputs and 3 bits for odd number of inputs. For simulation, 
clock period is 20ns in Xilinx.  

Synthesized result for (15, 5, 3) BCH Decoder and 
Interleave equal to 2 for Cyclone Device EP1C12Q240C8 
are described below. 
 Total logic elements – 187/12060 (2%) 

 Combinational with no register – 79 
 Register only – 12 
 Combinational with register – 96 

 Logic element usage by number of LUT inputs : 
 4 input function – 113 
 3 input function – 37 
 2 input function – 25 

 Logic elements by mode : 
 Normal mode – 187 
 Qfbk mode – 1  
 Synchronous clear/load mode - 12 

 Total register – 108/12567 (<1%) 
 Total LABs – 21/1206 (2%) 
 I/O pins – 5/173 (3%) 
 CLK pins – 1/2 (50%) 
 Maximum Fan-out node – CLK 
 Maximum Fan-out – 108 
 Highest non-global fan-out signal – dcount: 

count/vdouts4 
 Highest non-global fan-out - 55  
 Total Fan-out – 812 
 Average Fan-out – 4.19 

VII. CONCLUSION 
Finally this paper shows simulation and synthesized result 
for (15, 5, 3) BCH decoder for interleave equal to 2 for 
EP1C12Q240C8 cyclone FPGA device. The designed 
circuits for serial in and serial out decoder is working as 
expected. This binary BCH decoder correct up to 6 bits total 
but 3 bits for even number of inputs and 3 bits for odd 
number of inputs. Decoder is using 5 i/o pins which is 3% of 
total, 187 total logic elements which is 2% and 108 total 
register which is <1% of total in cyclone device.  
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