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Abstract—This paper presents a cross layer iterative decoder
for irregular Low-Density Parity-Check (LDPC) coded system by
using Cyclic Redundancy Check (CRC) codes. The key idea of the
decoder is to use the correctly decoded frame to help correcting
the left erroneous ones. To accomplish this, the decoder digs the
useful information between layers by using the cross layer design
method and an iterative decoding architecture. Moreover, the
Unequal-Error Protection (UEP) of irregular LDPC is exploited
and both multiple-error detection and single-error correction
capability of CRC code are used. Simulation results show that the
proposed decoder outperforms the pure Sum-Product Algorithm
(SPA) decoder by a considerable gain while the complexity
increase is moderate. Furthermore, the error floor of irregular
LDPC in high Eb/N0 can be lowered effectively. The proposed
cross layer iterative decoder can be used for any irregular LDPC
coded wireless system to boost the performance and lower the
error floor.
Index Terms—Low-Density Parity-Check, Cyclic Redundancy
Check, Iterative Decoder, Forward Error Correction, CrossLayer Design

I. I NTRODUCTION
Low-Density Parity-Check (LDPC) codes, which are originally invented by Gallager [1] and then rediscovered by
Mackay and Neal [2], are widely used in wireless systems
to achieve extremely low error rate transmission in physical
layer [3] [4]. Irregular LDPC achieves better performance than
its regular counterpart under the same code rate and block
length [5]. However, it exhibits higher error floor than that
of the regular codes. So extra methods are used to reduce
the error floor of irregular LDPC coded system in wireless
communications, e.g. BCH codes are used in DVB-S2 to
obtain low error rate in high SNR [3].
Cyclic Redundancy Check (CRC) codes—-one of the most
powerful error detection codes—-are used in Data Link Layer
(DLL) to detect erroneous frames. The service data, which
is delivered by the physical layer in the form of frame after
channel decoding, is usually fed to the CRC error detecting
circuit. And the system accepts the frame if it passes the check.
Otherwise, a frame retransmission is requested by the receiver.
Conventionally, the LDPC decoding in physical layer and
the CRC error detecting in data link layer are performed
separately. But this processing strategy does not fully exploit
the information that could be used for error recovery. In
contrast, cross-Layer Design (CLD) methodology, which gives
up designing protocols at different layers independently, aims
digging as much useful information as possible by exchanging

information between layers and optimizing the parameters
jointly [6].
Unlike the conventional system in which the channel decoding in physical layer and the error detecting in data
link layer are independent, this paper presents a novel cross
layer iterative decoding architecture for irregular LDPC coded
wireless system. The demodulated signal is firstly decoded by
Sum-Product Algorithm (SPA) in physical layer. The decoded
bits are then delivered to the data link layer frame by frame.
Later CRC processing in DLL is performed and the corrected
frames are fed back to the SPA decoder and then another
LDPC decoding try is turned on. The whole decoder iterates
until the termination condition is met.
The cross layer iterative decoder is based on the following
theoretical backgrounds:
Firstly, any code that has the minimum hamming distance
dmin ≥ 3 can at least correct a single bit error. And most of the
standardized CRC codes have dmin ≥ 4 with a wide range of
block length [7]. Therefore, the CRC codes can correct singlebit error besides detecting multiple-error.
Secondly, irregular LDPC under SPA decoding exhibits
Unequal Error Protection (UEP) property. According to the
Gaussian approximation analysis of SPA decoder, the average
bit error probability after ` iterations is formulated by [8,
p.664]
!
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where λi is the fraction of degree-i variable nodes; s is
equivalent to the mean of the channel LLR supposing allzero codeword is transmitted; t` is equivalent to the mean
of the external LLR about the variable node; Q (·) is the Q
function and dl is the maximal degree of the variable node
in the factor graph [9, p.619]. (1)indicates that the bit error
p
(s + i · t` ) /2 , i.e., the
probability of degree-i nodes is Q
bits corresponding to higher degree variable nodes are better
protected by the codes.
According to the above two properties of CRC and irregular
LDPC, the DLL frame that consists of higher degree variable
nodes can be corrected by CRC codes with higher probability.
The proposed decoder uses the correctly decoded frames to
help to correct the left ones by using cross layer design and
an iterative architecture.
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Data structure used in the irregular LDPC coded system

Simulation results show that the cross layer iterative decoder
outperforms the conventional one (pure SPA decoder) considerably in most SNR at the expense of moderately increasing
the complexity. Moreover, the error floor in high SNR is
lowered markedly. The frame retransmission rate is reduced
due to the reduction of frame error rate and therefore the
overall bandwidth efficiency is improved by the proposed
decoder. The proposed decoder does not add extra redundancy
but exploits the useful information effectively.
The rest of the paper is organized as follows: in Section
II, the end-to-end diagram and the data structure is firstly
described. Then the keynotes of the coded system is addressed.
In Section III, both the details of the proposed cross layer
iterative decoder and the decoding complexity analysis are
presented. And then the simulation results are shown in
Section IV. Finally, discussions are carried out and some
conclusion remarks are drawn in Section V.
II. S YSTEM M ODEL AND K EYNOTES

Fig. 2.

B. Selection of CRC and DLL Frame Length
The criterion for CRC code selection is to ensure the
undetected-error probability sufficiently low. And almost all
of the standardized CRC codes with parity length r ≥ 16 can
meet this requirement.
Another concerned issue of the CRC code is about the
optimal length of DLL frame. Suppose the error detection
based on CRC is perfect and the error probability of each
bit Pb within a DLL frame is equal. Let n = h + L + r be the
frame length (Figure.1), Given h, r, the frame error probability
n
can be written as Pf = 1 − (1 − Pb ) . The average bandwidth
efficiency η in link layer is formulated by:
L
(1 − Pf )
n
Take the partial derivative of η with respect to n:
η=

∂η
∂n

(2)

∂P

=
=

A. End-to-End Diagram and Data Structure
Figure.1 depicts the data structure. According to the figure,
n, k, h, L and r denote the code length, information length,
header length, payload length and parity length of the DLL
frame, respectively. The (NLDPC , KLDPC ) LDPC codeword
contains m DLL frames.
Figure.2 shows the end-to-end diagram of the irregular
LDPC coded system. According to the seven-layer open
systems interconnect (OSI) model [10, p.20], parts of the
data link layer’s functionality are to serve the Network Layer
(NL) and deliver the structured data to the physical layer
(Phy). To accomplish these, Data link layer maps the network
packets to DLL frames by adding headers and appending CRC
checksums. Then the resulted frames are delivered to physical
layer. Total m DLL frames make up of a LDPC encoding
block and the block is encoded according to the irregular
parity check matrix. Before being fed into the channel, the
LDPC codeword is modulated. At the receiver, the received
signal is firstly demodulated and then the resulted Logarithm
Likelihood Ratio (LLR) is injected to the cross layer iterative
decoder. The decoder performs LDPC decoding and CRC
error correcting/detecting jointly and iteratively. It outputs the
decoded bits frame by frame and the resulted DLL frames are
mapped to network packets.

End-to-End diagram of the irregular LDPC coded system

≈
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where ∂nf = (Pf − 1) ln (1 − Pb ). ln (1 + x) ≈ x for small
∂η
x is used in (5). Set ∂n
= 0, then one can find the optimal
frame length n as the function of Pb :
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where round(x) is the function of getting the nearest integer
of x. (6) shows that nopt decreases with Pb monotonously.
C. Parity Check Matrix of Irregular LDPC
Given a degree distribution pair (λ, ρ) of irregular LDPC,
where λ and ρ are polynomials defined in [9, p.620], the
parity check matrix (PCM) can be generated randomly or by
specified method, e.g., the Progressive-Edge Growth (PEG)
algorithm [11]. If the PCM obtained looks like the form in
Figure.3(a), in which the columns with relative high weight
are called slightly heavy col while the other columns are called
light col, then we perform columns permutation according to
column weight to obtain a new PCM in which the column
weight is descending, i.e., it looks like the form in Figure.3(b).
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Fig. 3. Original and desired parity check matrix of irregular low-density
parity-check codes

The column permutation corresponds to the variable node
permutation in the factor graph and does not modify the
edges connectivities. It does not alert the code performance,
but it makes each of the resulted DLL frame containing the
variable nodes having almost the same degree. Thus, we finally
obtain some elite DLL frames which consist of slightly heavy
degree variable nodes. The elite frames have lower frame error
probability than the others and can be used to help to correct
other erroneous frames if they are correctly decoded.
III. P ROPOSED C ROSS L AYER D ECODING M ETHOD
Figure.4 presents the architecture of the cross layer iterative
decoder. It mainly consists of a CRC sub-decoder in data link
layer, a SPA sub-decoder and a bit LLR updating module in
physical layer. The whole decoder works as:
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though the SPA is well known, it is briefly described in order
to make this paper self-contained.
Let Ĥ = [Ĥmn ] be the desired PCM obtained in Section
II-C. The set of check nodes connected to variable node n is
denoted by M (n), and M (n) \m is denoted as the set M (n)
with check node m excluded. Similarly, the set of variable
nodes that participate in the m-th parity check equation is
denoted by N (m), and N (m) \n is denoted as the set N (m)
with variable node n excluded. Let u0 (n) be the demodulator
output LLR of the n-th symbol, then the SPA decoder works
as:
initialization: for each index pair (m, n) such that Ĥmn =
1, set umn = u0 (n), where umn is the LLR sent from the bit
node n to the check node m.
Horizontal step: for each m, n, compute


u 0 
Y
mn

(7)
vmn = 2 tanh−1 
2
0
n ∈N (m)\n

where vmn is the LLR of bit n which is sent from the m-th
check node to the n-th bit node.
Vertical step: for each m, n, compute
X
umn = u0 (n) +
vm 0 n
(8)
m0 ∈M(n)\m

decision step: for each n, compute the LLR of bit n
X
zn = u0 (n) +
vmn

FLAG

Proposed corss layer iterative decoder for irregular LDPC coded

1) Initialization: connect SW to 0;
2) SPA sub-decoder starts working as described in Section
III-A, then the decoded bits is delivered to the data link
layer frame by frame;
3) CRC sub-decoder starts to decode the DLL frames as
described in Section III-B. Then it outputs the decoded
frame and the associated FLAG, which indicates whether
the frame is successfully decoded or not. After all the m
frames are decoded, it performs the termination conditions
checking. If any of the condition is met, go to step 5),
otherwise go to step 4);
4) The bit-LLR updating module updates the channel LLR as
described in Secion III-C. Connect SW to 1 and the new
LLR is fed into the SPA sub-decoder, go to step 2) to start
the next iteration;
5) Exit the decoding procedure.
A. SPA sub-decoder
The standard SPA [12] (also known as Belief Propagation
(BP) algorithm) is used for irregular LDPC decoding. Al-

(9)

m∈M(n)

dec-out

Make hard decision and obtain x̂ = [x̂1 , x̂2 , · · · , x̂n ] which
satisfies x̂i = 1 if zi < 0 and x̂i = 0 otherwise. If the
parity check equation Ĥx̂T = 0 is satisfied, then the SPA
terminates. Otherwise go to the Horizontal step to continue
the next iteration until the check equation is satisfied or the
maximum number of iterations is reached.
B. CRC sub-decoder
Conventionally, CRC codes are only used for error detection
[13] [14]. In fact, most of the CRC codes have the minimum
hamming distance dmin ≥ 4 under a wide range of block
length [15]. According to the coding theory, these codes can
correct at least 1-bit error. Very rare system employs the CRC
for error correction except the ATM [16].
Let g(x) be the generator polynomial of a CRC code C
with parity length r, usually it can be decomposed by:
g(x) = (1 + x)g1 (x)

(10)

where g1 (x) is a primitive polynomial of GF(2M ) and M =
r − 1. [15, Theorem 4] shows that C can detect all single,
double and triple errors if the code length n ≤ 2M − 1.
Therefore, dmin (C) ≥ 3 can be satisfied, which results that
C can correct all single-bit error by some decoding method.
Let V (x), c(x) and e(x) be the polynomial of received
vector, codeword and error pattern, respectively. Denote S(x)
as the remainder of V (x) divided by g(x). According to
V (x) = c(x) + e(x), we have S(x) = e(x) mod g(x).

C. Bit LLR updating

V

The bit LLR updating module updates the channel LLR
according to the decoded DLL frame and its FLAG. Let
unew
(i) be the new LLR of the i-the bit bi in the frame and
0
u0 (i) the original one, then the updating rule is formulated
by:

if FLAG=1
(14)
(−1)bi · MAX,
new
u0 (i) =
u0 (i),
if FLAG=0
(15)

Calculate CRC
syndrome S

Y
S==0 ?

Output V, FLAG=1
& exit

N
Look-Up Table
find j s.t.
S = = TAB(j)

j∈ ∅ ?

Y

where MAX is a large positive number (e.g., MAX=20).
(14) reveals that the bit LLR is set to be large enough to
indicate highly reliable if the DLL frame is correctly decoded.
Otherwise, it is not updated according to (15).

Output V, FLAG=0
& exit

N
Flip V(j), FLAG=1
& exit

Fig. 5.

D. Complexity Reduction Strategies

CRC sub-decoder architecture

Suppose e1 (x) = xi and e2 (x) = xj , where 0 ≤ i, j < n ≤
2M − 1. Then
xi
j

xi + xj

x

=

q1 (x)g(x) + S1 (x)

(11)

=

q2 (x)g(x) + S2 (x)

(12)

=

[q1 (x) + q2 (x)]g(x) + S1 (x) + S2 (x) (13)

S1 (x) = S2 (x) if and only if i = j. Because if S1 (x) = S2 (x)
under i 6= j, then (13) becomes [xi + xj ] mod g(x) = 0,
which indicates C cannot detect any double errors. This
conflicts with the conclusion of [15, Theorem 4]. So every
S(x) corresponds to an unique single-bit error pattern. The
decoder produce a table TAB which maps S to the error
location, then it can correct any single-bit error very fast by
using Look-Up Table (LUT).
In order to indicate whether a frame is correctly decoded
or not, the CRC decoder designate a FLAG to each frame. It
is set to 1 if the associated frame is correctly decoded and 0
otherwise.
The diagram of the CRC sub-decoder is depicted in
Figure.5. The decoder firstly compute the syndrome S of the
input V . If S = 0, which indicates V is correct, it outputs
V and sets FLAG=1 before exit. Otherwise, it finds the error
location j by LUT. If j is empty, which indicates the error
pattern contains more than one bit error, it outputs V and sets
FLAG=0 before exit. If the error location j is successfully
found, it flips V (j) and outputs the resulted vector and sets
FLAG=1 before exit. Essentially, the CRC decoder is of the
coset-leader decoder [17, p.42-43] or the Minimum Distance
Decoder (MDD)
Admittedly, error pattern e(x) containing multiple errors
may also produce the same S(x) as that of the single-bit error.
In this case, it cannot be corrected by CRC code and the MDD
treat it as the single-bit error pattern.

In order to reduce the computational complexity, the cross
layer iterative decoder performs termination conditions checking in step 3). The decoder exits if any of the following
conditions is met:
i) The maximum number of iterations is reached;
ii) All of the DLL frames are correctly decoded;
iii) None of the DLL frame is corrected, i.e., FLAG=0 for all
frames;
iv) No new frame is corrected in the current iteration.
The reason for condition iii) is that the bit LLR would not be
updated according to (14) and (15), so there would not be any
improvement if the iteration goes on.
E. Complexity Analysis
Compared with SPA, the amount of computation of CRC
decoder is neglectable since it only needs XOR based logical
operation. (14) and (15) show the bit LLR updating module
is extremely simple, so SPA dominates the amount of com¯
putations needed. Define the average number of iterations (`)
taken by SPA to decode one LDPC block by:
#total iterations taken by SPA
`¯ =
#decoded LDPC block

(16)

where one decoded LDPC block contains KLDPC bits. `¯ is used
to evaluate the computational complexity of both the proposed
cross layer iterative decoder and the pure SPA decoder.
IV. N UMERIC R ESULTS
A. Simulation Setups
Two irregular LDPC coded systems (code-A and code-B)
are simulated in this paper. Their parameters are listed in
Table.I. The header length h and CRC parity length r are
set to 48 and 16, respectively. The CRC length are optimized
for Pb = 1 × 10−3 , which results nopt = 287 according to
(6) and finally we select n = 300 to ensure KLDPC can be
divided by n. The maximum number of iterations in SPA
is set to 50 and the maximum number of iterations for the
cross layer iterative decoder (denoted as iter in the following
figures) is set to 3. The CCITT CRC-16 code, whose generator
polynomial is 0x1021, is used for error detection/correction.
The degree distribution pair (λ, ρ) of the custom LDPC in

TABLE I
PARAMETERS OF CODE -A AND CODE -B, THE MEANING OF EACH
PARAMETER CAN BE FOUND IN F IGURE .1
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code-B are optimized according to AWGN channel by using
the online program [18]:
λ(x)

=

0.2295x + 0.3171x + 0.0672x + 0.0486x
2

5

6

+0.0266x7 + 0.3110x9
ρ(x)

= x10

And the PCM is generated via the PEG algorithm [11]. Note
that the identified code rate of the DVB-S2 LDPC in code-A
is 12 , but the real code rate is 49 . The LDPC coded bits are
modulated by BPSK before being fed to the channel. AWGN
channel is considered during the simulation.
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B. Simulation Results and Discussions
Frame error rate (FER) is used for performance evaluation,
because the frame error rate is more directly than the bit error
rate to reflect the bandwidth efficiency according to (2).
Figure.6 shows the FER of code-A over AWGN channel.
Compared with the pure SPA decoder, the proposed CrossLayer Iterative Decoder (CLID) achieves an additional gain
of 0.1 dB in most Eb/N0 after up to 2 iterations. The curves
also reveal that the performance of CLID saturates after up to
3 iterations.
Figure.7 shows the average number of iterations (defined
by (16)) taken by SPA to decode one LDPC block for code-A
over AWGN channel. The curves indicate that the complexity
of the CLID is adaptive. The `¯ of CLID is moderate in low
Eb/N0, compared with that of pure SPA. And they approaches
to the same level when Eb/N0 goes high.
Figure.8 presents the FER of code-B over AWGN channel.
It is shown that code-B with pure SPA decoding exhibits

high error floor. However, it can be lowered effectively by
the CLID after up to 2 iterations and the performance gain is
considerable in high Eb/N0. Figure.9 gives the average number
of iterations needed to decode one LDPC block for code-B
over AWGN channel. The computational complexity of the
CLID after 2 and 3 iterations are moderate in low Eb/N0 and
become almost the same as that of the pure SPA.
The numeric results support the advantages of the proposed
cross layer iterative decoder for irregular coded LDPC system.
The key idea of the CLID is to use the correctly decoded
frames to help to correct the left erroneous ones by the iterative
decoding architecture. And this is well done by employing
the cross layer design method. The CLID does not add extra
redundancy but exploits the useful information in the data link
layer. Moreover, the reduction of the FER improves the system
bandwidth efficiency. Furthermore, the new decoder can lower
the error floor of irregular LDPC effectively.
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V. C ONCLUSION
In this paper, a novel cross layer iterative decoder for
irregular LDPC coded system is presented and evaluated. The
proposed decoder uses the correctly decoded link layer frames
to help to correct the left erroneous ones to obtain better
performance. And this is implemented by using cross layer
design method and an iterative decoding architecture. The
proposed decoder outperforms the pure sum-product algorithm
decoder by a considerable gain at the expense of increasing
the complexity moderately in low Eb/N0. Moreover, the error
floor of irregular LDPC in high Eb/N0 is lowered effectively.
The reduction of the frame error rate results the improvement
of bandwidth efficiency. Considering the above merits, we
can use the the proposed cross layer iterative decoder in
irregular LDPC coded wireless system to improve the overall
performance.
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