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Abstract—In this paper, we propose a new type of code
called Trellis-based Quasi-Cyclic (TQC)-LDPC convolutional
code, which is a special case of protograph-based LDPC con-
volutional codes. The proposed TQC-LDPC convolutional code
can be derived from any QC-LDPC block code by introducing
trellis-based convolutional dependency to the code. The main
advantage of the proposed TQC-LDPC convolutional code is that
it allows reduced decoder complexity and input granularity (which
is defined as the minimum number of input information bits the
code requires to generate a codeword) while maintaining the same
bit error-rate as the underlying QC-LDPC block code ensemble.
We also propose two related power-efficient encoding methods
to increase the code rate of the derived TQC-LDPC convolu-
tional code. The newly derived short constraint length TQC-LDPC
convolutional codes enable low complexity trellis-based decoders
and one such decoder is proposed and described in this paper
(namely, QC-Viterbi). The TQC-LDPC convolutional codes and
the QC-Viterbi decoder are compared to conventional LDPC
codes and Belief Propagation (BP) iterative decoders with respect
to bit-error-rate (BER), signal-to-noise ratio (SNR), and decoder
complexity. We show both numerically and through hardware
implementation results that the proposed QC-Viterbi decoder out-
performs the BP iterative decoders by at least 1 dB for same com-
plexity and BER. Alternatively, the proposed QC-Viterbi decoder
has 3 times lower complexity than the BP iterative decoder for the
same SNR and BER. This low decoding complexity, low BER, and
fine granularity makes it feasible for the proposed TQC-LDPC
convolutional codes and associated trellis-based decoders to be
efficiently implemented in high data rate, next generation mobile
systems.

Index Terms—LDPC convolutional coding, spatially-coupled
LDPC, decoding complexity, WiGig, Viterbi decoder.

I. INTRODUCTION

LOW DENSITY Parity Check (LDPC) codes that were
originally introduced in the sixties [1] have received a

great deal of attention in recent years due to their ability to
achieve performance close to the Shannon limit [2]. Their code
structure is suitable for fast and efficient parallel decoding
[3], [4]. Consequently, many of the current telecommunication
standards, such as IEEE 802.11ac [5], IEEE 802.11ad (WiGig)
[6], IEEE 802.15.3c [7], and DVB-S2 [8], utilize LDPC codes
in their physical layer channel coding scheme.
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In current high data rate wireless communication systems,
the power consumption of the baseband modems is significantly
affected by the channel decoder complexity, especially when
LDPC codes are used (∼30% of the total power of the modem is
for decoding). The LDPC codes that are currently implemented
in commercial standards are block codes which operate on non-
overlapping blocks of bits independently. The block size affects
the bit error rate as well as the processing latency, which is
defined as the number of current and future bits (or L block
of bits in block latency) required to decode a current bit (block
of bits). In block codes it is required to have N bits to decode
N bits, hence the latency is N bits or L = 1 block of N bits.
Hence, increasing the block size, leads to a decrease in the bit-
error-rate (BER). However, a larger block size also increases the
latency since block codes are non-instantaneous and fragments
of the encoded/decoded block cannot be used before completely
processing all the bits in the block. In many wireless standards,
code ensembles with multiple block sizes are defined to provide
flexibility to satisfy different application block sizes, latencies
and BER requirements. However, the plurality of block sizes,
in certain standards, significantly increases the encoding and
decoding complexity of the block code and specifically the
LDPC code in hardware (HW), leading to an increase in the
overall power consumption of the baseband modem. Common
LDPC decoding techniques that are currently employed, such
as Belief Propagation (BP), require multiple decoding iterations
(e.g., 8, 16, or even >100 iterations) to achieve the desired BER
at low Signal-to-Noise Ratio (SNR). The overall LDPC decoder
complexity increases linearly with iterations, while simultane-
ously reducing the SNR required to achieve the desired BER.
Moreover, due to the matrix-based structure of the LDPC block
codes, any attempt to increase the LDPC block decoder pro-
cessing rate by using a technique such as pipelining will result
in no decrease or even an increase of the overall LDPC code
power consumption due to the extra registers that are required.
Recently introduced Time-varying LDPC convolutional codes
[9] and Spatially-Coupled LDPC codes [12] achieve low BERs
by effectively increasing the block size while retaining the input
granularity (which is defined as the minimum number of input
information bits the code requires to generate a codeword).
However, the current LDPC convolutional codes still require
high iteration BP-based decoding (i.e., >100 iterations) [27] to
achieve low BER which results in large latency, high complex-
ity, and high power consumption.

In this paper, we propose a new type of code called Trellis-
based Quasi-Cyclic (TQC)-LDPC convolutional code, which
is a subset of protograph-based LDPC convolutional codes.
The proposed TQC-LDPC convolutional code can be derived
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from any QC-LDPC block code by introducing trellis-based
convolutional dependency to the code. The main advantage of
the proposed TQC-LDPC convolutional code is that it allows
reducing the decoder complexity and input granularity while re-
taining the error-rate performance as the underlying QC-LDPC
block code. The main contributions of this paper are as follows:

• The new TQC-LDPC convolutional code is derived from
a given (QC)-LDPC block code by inheriting the LDPC
block code parameters that determine the performance
of the code. The proposed TQC-LDPC convolutional
codes offer eight times finer input bit granularity and
lower structural latency, as defined in [25], [26], than
the underlying LDPC block codes. Moreover, the TQC-
LDPC convolutional codes with the associated trellis-
based decoders have lower decoding complexity than
existing LDPC convolutional codes [9]–[12] with the
corresponding BP-based decoder.

• In addition, we propose two encoding techniques (single-
row encoding and multi-row encoding) that efficiently
increase the code rate and the constraint length (CL) of
the TQC-LDPC convolutional codes while reducing both
encoder and decoder complexity. The single-row encod-
ing method diagonalizes the LDPC block code parity
sub-matrix of the parity check matrix (PCM) to create
non-overlapping rows, and uses these non-overlapping
rows to create a larger constraint length high code rate
TQC-LDPC convolutional code. The multi-row encoding
method leverages the overlapping of the parity bits in
the LDPC block code PCM to increase the constraint
length and code rate of the TQC-LDPC convolutional
code. These techniques essentially provide efficient ways
to reduce BER by utilizing the overlap in the underlying
block code. These techniques can be applied to a large
class of TQC-LDPC convolutional codes.

• We leverage the structure of the new code to design
and propose a low complexity, non-iterative trellis-based
QC-Viterbi decoder. In contrast to iterative BP decoding
methods and MAP decoding methods, we believe this is
the first non-iterative decoder for LDPC codes that can be
applied to low power high data rate systems.

• We also theoretically derive the complexity (formally
defined in Section V) of the proposed QC-Viterbi decoder
and compare it with state-of-the-art Min-Sum iterative
decoders. Numerical results show that the proposed TQC-
LDPC convolutional code with the associated QC-Viterbi
decoder with CL (λ = 10) outperforms the conventional
BP iterative decoders by at least 1 dB for a given com-
plexity and BER. Equivalently, the proposed trellis-based
decoder has three times lower complexity than conven-
tional iterative decoders for a given SNR and BER.

• We confirm the complexity reduction by implementing
and synthesizing the proposed QC-Viterbi decoder in
hardware. Implementation of the various decoding mech-
anisms on FPGA/ASIC confirm that the TQC-LDPC
convolutional QC-Viterbi decoder hardware logic cost is
three times smaller than the iterative Min-Sum decoder
for a given bit precision.

Fig. 1. WiGig LDPC rate 1/2 parity check matrix (PCM) and Protomatrix
(colored).

The remainder of this paper is organized as follows. In
Section II we briefly review conventional LDPC block and con-
volutional codes. In Section III we describe the proposed TQC-
LDPC convolutional code structure and elucidate differences
with conventional LDPC codes. In Section IV we propose new
methods for increasing the code rate while also controlling the
constraint length to reduce BER. In Section V we describe the
decoder algorithms and derive their complexity. In Section VI
we provide numerical results for the proposed TQC-LDPC
convolutional codes using QC-Viterbi decoder and compare it
with conventional LDPC codes.

II. OVERVIEW OF LDPC CODES

In this section we provide a brief overview of LDPC block
and convolutional codes. These codes will be used as a refer-
ence for the proposed TQC-LDPC convolutional codes.

A. LDPC Block Codes

The close-to-Shannon performance of the LDPC block codes
is obtained only at large block sizes (typically greater than
1000 bits). These large block sizes result in high latency, coarse
granularity and low flexibility in terms of plurality of block
sizes (e.g., WiGig has only one single block size [6]). In con-
trast, the Turbo codes employed in the 3GPP/LTE/A standard
[13] offer 188 different blocks sizes between 40–6144 bits.

Fig. 1 depicts the WiGig Nb = 672− bit block size, Rate
1/2 parity check matrix (PCM) and a matrix representation of
the protograph [14], [15] (namely protomatrix) as an example
of an LDPC block code. The PCM in Fig. 1 is divided into
2 sub-matrices: the systematic sub-matrix Hsys and the parity
sub-matrix Hpar.

The entries are arranged in groups of Z Quasi-Cyclic bits,
where Z is the protograph lifting factor (in Fig. 1, Z = 42).
The numbers in each PCM entry denote the Z-based cyclic
shifts of the Z × Z identity matrix connecting each group of Z
input and parity bits to the corresponding parity check equation.
The shaded boxes in Fig. 1 denote the protomatrix. Using the
protomatrix we can locate the column entries (Variable Nodes
- VNs) for each parity check equation (Check Node - CN). The
(−1) in the PCM depicted in Fig. 1 denotes no VN connection
to the corresponding CN. The lower triangular parity check
sub-matrix enables a back-substitution encoder that has lower
complexity. This compact representation of the PCM is enabled
by employing quasi-cyclic shifts on the Z (lifting factor) bit
grouping which provides the code its name: Quasi-Cyclic (QC)
LDPC block code.
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B. Spatially-Coupled LDPC Codes

Similar to LDPC block codes, LDPC convolutional codes
[9] are codes defined by sparse parity-check matrices or equiv-
alently sparse syndrome former matrices. A regular LDPC
convolutional (ms, J,K) code [9] is defined by a syndrome
former matrix (i.e., transposed parity check matrix HT ) with
memory ms, exactly J ones in each row and K ones in each
column. The syndrome former matrix HT has a structure that
can be represented as,

HT =

⎡
⎢⎢⎢⎢⎢⎢⎣

HT
0 (0) · · · HT

ms
(ms)

HT
0 (t1) · · · HT

ms
(t1 +ms)

. . .
. . .

HT
0 (tk) · · · HT

ms
(tk +ms)

. . .
. . .

⎤
⎥⎥⎥⎥⎥⎥⎦
. (1)

In (1) the elements HT
i (t), i = 0, 1, . . . ,ms are binary c×

(c− b) sub-matrices. The rate, R, of the LDPC convolutional
code is R = b/c. The syndrome former HT of a convolutional
code becomes sparse by merely increasing one or both of (c−
b) and ms, while setting J � (c− b)ms. As noted before, a
regular HT has J ones in each row and K ones in each column
starting from the ms(c− b)-th column. The syndrome former
memory ms is determined by the maximal number of nonzero
HT

i (t) sub-matrices in a single set of c rows of the matrix HT ,
and the associated constraint length vs = (ms + 1)c.

To achieve near capacity performance, an LDPC convolu-
tional code must have a large value of vs. The LDPC convo-
lutional codes in [11] typically have large constraint lengths;
therefore, the use of trellis-based decoding algorithms is not
feasible. Hence, iterative Belief Propagation (BP) techniques
are used to decode the convolutional code. In [9] a method is
proposed to allow the parallelization of I iterations by employ-
ing I independent and identical processors that simultaneously
work on different regions of the convolutional code. This par-
allelization has equivalent complexity as a single LDPC block
decoder of size Nb = vsI . Hence, it is required to have Nb =
vsI bits to decode vs bits which implies processing latency of
Nb bits (or L = I blocks of vs bits). In [10], [16] methods
are given to terminate the convolutional code to reduce the
BER. Moreover, it was recently shown that regular terminated
Spatially-Coupled LDPC (SC-LDPC) codes [12] which are a
set of LDPC convolutional codes can achieve capacity.

In this paper, we propose a new type of code called Trellis-
based Quasi-Cyclic (TQC)-LDPC convolutional code, which
is a special case of protograph-based LDPC convolutional
codes. Similar to [22], the TQC-LDPC convolutional codes
can also be derived from QC-LDPC block codes [10], but
unlike the methods described above, these codes have short
constraint length and support fine input granularity (δ) that is
on the order of the lifting factor (Z) which is smaller than the
underlying block size (c). Such codes are not limited to BP
iterative decoding but also enable trellis-based decoding (e.g.,
Viterbi decoder, Maximum A posteriori Probability (MAP)
decoder, etc.) with high processing rate, reduced latency, and
low complexity encoder/decoder architectures. In Section III,
we describe the proposed TQC-LDPC convolutional codes.

III. PROPOSED TQC-LDPC CONVOLUTIONAL ENCODER

Our main motivation for the new TQC-LDPC convolutional
code is to achieve fine input granularity, low latency and low
complexity decoding with minimal or no increase in the BER.
To have a low complexity LDPC encoder and decoder, there
is a need to first carefully design the LDPC code [17] (i.e.,
the parity check matrix). In this section we describe the basic
procedure for deriving the TQC-LDPC convolutional code from
an underlying QC-LDPC block code.

Let Z be the lifting factor (also called circulant) of the QC-
LDPC block code. Let b and c represent, respectively, the block
message size in bits and codeword size in bits (c = Nb). Let

Rb =
b
c = B̂

Ĉ
be the code rate of the QC-LDPC block code

where B̂ = b
Z and Ĉ = c

Z . Let Wc � (c− b) be the maximum
column weight, and Wr � c be the maximum row weight of
the QC-LDPC block code PCM (H). We also define δ as the
input granularity in bits to the encoder; the granularity refers
to the minimum number of input information bits the code
requires to generate a codeword. In the case of QC-LDPC block
codes δ = b; however, the derived TQC-LDPC convolutional
code can have a much finer input bit granularity 1 ≤ δ ≤ b.
For complexity reduction reasons, we also require that δ � 1.
Hence, we set δ = qZ where q = 1, 2, 3, . . . , B̂.

Next, we derive the corresponding basic TQC-LDPC convo-
lutional code from the block code specified before. Consider
an input message bit stream Φin to the LDPC convolutional
encoder that is grouped in Z bits groups. Hence, the n-th group
of Z input message bits I(Zn) is defined as:

I(Zn)1×Z ≡ Φin (nZ : (n+ 1)Z − 1) ,−∞ < n < ∞,

which effectively represent the input bits from bit Φin(nZ)
to bit Φin((n+ 1)Z − 1). The LDPC Block code PCM (H),
which is a (c− b)× c matrix, is separated into two sub-
matrices [Hsys,Hpar] where Hsys is a (c− b)× b matrix and
contains the systematic part of the related PCM, and Hpar

is a (c− b)× (c− b) matrix that contains the corresponding
parity portion in the PCM. Similar to the grouping of the
message bits, we also group Hsys and Hpar in Z × Z sub-
matrices as:

Hzsys
(i, j)=Hsys (iZ : (i+1)Z−1, jZ : (j+1)Z−1)

and Hzpar
(i, j)=Hpar(iZ : (i+1)Z−1, jZ : (j+1)Z−1) ,

(2)

where 0 ≤ i ≤ Ĉ − B̂ − 1 and 0 ≤ j ≤ Ĉ − 1. For LDPC
block codes, we know that any valid codeword satisfies:

[I, P ]HT = [I, P ][Hsys,Hpar]
T = 0̄1×(c−b), (3)

where I1×b denotes the b input message bits and P1×(c−b)

denotes the corresponding (c− b) parity bits. We then apply
(3) on the TQC-LDPC convolutional code over L concate-
nated blocks. Consider a lower triangular Hpar as shown in
Fig. 1; the resulting TQC-LDPC convolutional coded group of
Z parity bits P (Zn,m)1×Z corresponds to input message bits
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I(Zn) and the m-th group of Z rows (namely Z-row m) can be
obtained as (over GF(2):

P (Zn,m)HT
zpar

(m,m)

=

LB̂∑
j=0

I(Zn−j)H
T
zsys

(
(n− j)mod B̂,m

)

+ u(m− 1)

m−1∑
s=0

P (Zn,s)H
T
zpar

(s,m), (4)

where 0 ≤ m ≤ Ĉ − B̂ − 1, (n− j)mod B̂ denotes (n− j)
modulo B̂, L denotes the desired encoding latency in blocks
and u(m) is the unit step function. For non-systematic code,
the output I ′(Zn+LB̂) = I(Zn+LB̂) + I(Zn) replaces the sys-
tematic output I(Zn+LB̂). From (4) we realize that for δ = qZ,

where q = 1, 2, 3, . . . , B̂, input message bits there are (Ĉ −
B̂)Z parity bits. Hence, the new code rate is R = q

Ĉ−B̂+q
.

Clearly, R ≤ Rb with equality when δ = B̂Z = b with the
same input granularity as the underlying LDPC block code.
The new constructed convolutional code has the following
parameters derived from the original block code:

1. Syndrome Former Memory: ms = L.
2. Maximum Systematic Row Weight: K = Wrs, and Col-

umn Weight J = Wc.
3. For δ=qZ, R = q

Ĉ−B̂+q
= 1

Ĉ−B̂
q +1

≤Rb, q=1, 2, . . . , B̂.

Hence, by making the analogy to the conventional binary
convolutional code in [20], we can define the effective con-
straint length of the TQC-LDPC convolutional code as λ =
LK + 1. We confirm that λ � (ms + 1)c, which is the effec-
tive constraint length of the LDPC convolutional code [9].

A. Example 1: TQC-LDPC Convolutional Encoding

As an example to illustrate the application of the procedure
explained above, a TQC-LDPC convolutional code is derived
from the Rb =

1
2 LDPC block code of size Nb = c = 672-bits

specified in the WiGig standard [6] whose PCM is described
in Fig. 1. As depicted in Fig. 1, the entries are arranged in
a fixed Z = 42 lifting factor which yield B̂ = NbRb

Z = 8 and
Ĉ = Nb

Z = 16. From Fig. 1 it is also clear that the maximum
row weight Wr is 8 and the maximum column weight Wc =
J = 4. However, the systematic portion of the code (the left
half of the PCM in Fig. 1), contains only 4 non-zero entries,
hence the systematic row weight Wrs = K = 4.

Next, the systematic part is separated from the parity part in
the PCM. For a rate 1/2 code, this separation is achieved by
splitting the PCM columns in half. Then, the systematic part
(left half) is repeated to create the semi-infinite systematic flow,
and the parity part (right half) is repeated for every δ = qZ of
input message bits. Fig. 2 illustrates the method for constructing
the new code (q = 2).

From Fig. 2, it is clear that the systematic part is encoded as
a parallel convolutional code with δ = 2Z of new bits at time
n replacing the corresponding group of 2Z bits that entered at

Fig. 2. New TQC-LDPC convolutional encoder method (δ = 2Z, L = 1).

time n′ = n− LNbRb/(2Z). In the WiGig example above, the
block code rate Rb = 1/2 while the derived convolutional code
rate is R = 1/5 for input granularity δ = 2Z = 84. The equiv-
alent constraint length of the proposed LDPC convolutional
code is λ = LK + 1 = 5(L = 1). Hence, by using the method
explained above we have managed to: 1) Create a finer input
message bit granularity than LDPC block code (δ = qZ ≤ b);
and 2) Employ a short constraint length λ. However, the code
rate R is directly impacted by δ, and for δ = qZ with q � B̂ it
yields R � Rb. Hence, the code rate of the derived code still
needs to be increased. The increase in the code rate will be
discussed in Section IV, where we introduce new methods to
effectively increase the code rate.

IV. INCREASING THE CODE RATE

In this section, we describe two new methods to increase
the TQC-LDPC convolutional code rate. As explained in
Section III, the new code rate R = 1/( Ĉ−B̂

q + 1) (i.e., R = 1/5
in the earlier example with q = 2) is much lower than the
underlying LDPC block code rate Rb = B̂/Ĉ (i.e., Rb = 1/2).
Increasing the code rate to R = 1/2 means that for every δ =
qZ input bits with q < B̂, the encoder will output only qZ <
B̂Z parity bits. Random puncturing will increase the code
rate but will not reduce the decoder complexity since all the
PCM rows are still employed in the encoding process. Hence,
new encoding methods, that employ a structured puncturing
process, are proposed in this section, that reduces the decoder
complexity and increases the code rate.

A. Single-Row Convolutional Encoding Method

The TQC-LDPC convolutional encoder described in
Section III can be treated as a linear combination of Nb(1−
Rb) convolutional encoders. Each convolutional encoder
processes a single row in the PCM. Each row convolutional
encoder has constraint length λ = LK + 1 (i.e., λ = 5 for
L = 1 and K = 4). Moreover, each row convolutional encoder
still preserves the original code rate Rb = B̂/Ĉ. A random
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puncturing of the TQC-LDPC convolutional code implies
enabling the parity output of only a portion of the row
convolutional encoders at a time while the rest of the parity
outputs are punctured. However, since the parity matrix, Hpar,
is lower triangular, each row convolutional encoder output is
still dependent on one or more upper row encoder outputs.
Hence, puncturing one or more upper row parity outputs still
requires the decoder to process all rows thus retaining its
complexity. Therefore, to reduce the decoder complexity while
increasing the code rate, we apply the single-row convolutional
encoding method which operates as follows: First, we need
to eliminate the parity bits overlapping between all the rows.
Hence, we diagonalize Hpar by zeroing all non-diagonal
Hpar elements as:

P (i)(Zn,m)HT
zpar

(m,m)

=
LB̂∑
j=0

I(Zn−j)G
(i)
m,jH

T
zsys

(
(n− j)mod B̂,m

)
, (5)

where G
(i)
m,j is the row m expanded (to LB̂ + 1 length skip-

ping HT
zsys

((n− j)mod B̂,m) = 0 columns) convolutional
encoder generator polynomial i of order j. Next, we find a
basis set made of M Z-rows. Let M ≤ Ĉ − B̂ be the number
of mutually exclusive (i.e., non-overlapping) rows mi where
mi ∈ [0 : Ĉ − B̂ − 1] and i ∈ [0 : M − 1] in the LDPC block
code PCM where,

Hzsys
(mi, 0 : B̂ − 1) ∩Hzsys

(mj , 0 : B̂ − 1) = 0, ∀ {i �= j}

∈ [0 : M − 1], and {mi �= mj} ∈ [0 : Ĉ − B̂ − 1]. (6)

Let the M non-overlapping rows form a basis set which also
means:

∀j ∈ [0 : B̂ − 1]∃i ∈ [0 : M − 1]

such that Hzsys
(mi, j) �= 0z×z. (7)

Once the basis set is identified, we can form multiple sets of
modified PCM to support the single-row encoding. The first set
preserves the constraint length λ = LK + 1 with input gran-
ularity of δ = qZ, q = 1, 2, 3, . . . , B̂ where the input message
stream Φin is divided into M parallel (q/M)Z-input message
streams each processed by a different row mi. The equivalent
PCM is defined in (8), shown at the bottom of the page.

The first set H ′
1 can also yield higher code rates for the TQC-

LDPC convolutional single-row encoder R = q/(q +M) ≥
q/(q + Ĉ − B̂). If multiple (L) row sets are applicable as bases
then these L row sets can be used to increase λ to LK + 1. If

Fig. 3. Diagonal R = 1/2, λ = 5, 9 TQC-LDPC convolutional encoders.

mutually exclusive rows cannot be identified, then select a set
of rows that forms a complete set with minimum systematic
row overlapping. We discuss the impact of systematic row
overlapping on the decoder architecture in Section V.

The second set of modified PCM H ′
2 combines all M rows

into a single row. This set modifies the constraint length to λ =
MLK + 1 with input granularity δ = qZ and R = q/(M) and
the resultant H ′

2 is:

H ′
2 =

[
M−1∑
i=0

Hzsys
(mi, 0 : B̂ − 1) Hzpar

(m0,m0) . . .

Hzpar
(mM−1,mM−1)

]
. (9)

Hence, using H ′
1, and H ′

2 we have increased the code rate.
To support even higher rates, some puncturing methods need

to be applied, which will be discussed later in this section. Once
the PCM is formed, the polynomials used can be selected based
on the optimal convolutional codes given in [18] to reduce
BER. Fig. 3 illustrates two examples of the proposed single-
row encoding method. The corresponding encoder polynomials
are depicted in their octal form.

The upper part of Fig. 3 is an example of the proposed
first set (H ′

1) single-row encoding derived from WiGig [6]
PCM with rate R = 2/4 (q = M = 2), constraint length λ = 5
(L = 1, and K = 4) and input granularity δ = 2Z = 84 bits.
In this example, Z-rows 1 and 3 are non-overlapping (with
diagonalized Hpar) and create a complete set and thus form
a basis set. The lower part of Fig. 3 is an example of
the second set (H ′

2) single-row encoding where the two

H ′
1 =

⎡
⎢⎣

Hzsys
(m0, 0 : B̂ − 1) Hzpar

(m0,m0) . . . 0
...

...
. . .

...
Hzsys

(mM−1, 0 : B̂ − 1) 0 . . . Hzpar
(mM−1,mM−1)

⎤
⎥⎦ (8)
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non-overlapping rows are combined into a single row with λ =
9 (q = 1,M = 2) and δ = Z = 42 bits. Increasing the TQC-
LDPC convolutional code constraint length λ from (LK + 1)
to (MLK + 1) significantly reduces the BER of the TQC-
LDPC convolutional code. However, the trellis-based decoder
complexity and power consumption also increase by a fac-
tor of 2(M−1)LK . Decoder complexity versus BER tradeoff
is discussed in detail in Section V. Other constraint lengths,
λ, between (LK + 1) and (MLK + 1) can be derived by
appropriately reducing the number of inner stages.

Additional single-row methods that involve further modifica-
tions of the original block code can be applied. One option is
to use only the first Z-row to encode the bits by eliminating
the gaps (represented by −1’s in the PCM in Fig. 1) in the
first Z-row. This elimination process results in a compression
of Hsys. However, the code periodicity is doubled due to
the compression of Hsys, which will decrease the effective
constraint length and increase the BER. The code periodicity
can be decreased by either increasing L as explained before
for multiple sets, or adding a constant shift to all the entries
in the adjacent Hsys in the concatenated code, or shuffling
the columns in the adjacent Hsys. In summary, the single-row
encoding offers a significant advantage if a single row of the
PCM is already a basis set. However, if a single row of the PCM
is not a basis then significant PCM redesign using techniques
such as Hpar diagonalization, column shuffling, and shifts
adjustments are required. In such situations it may be beneficial
to employ the multi-row encoding, which is discussed next.

B. Multi-Row Encoding

The multi-row encoding method generalizes and further en-
hances the TQC-LDPC convolutional encoding by leveraging
the lower triangular form of the parity matrix Hpar to enable
a higher constraint length and reduced BER, compared to
the single-row encoding, while also maintaining smaller code
latency (i.e., L = 1 as block codes). The multi-row encoding
method does not require diagonalization of Hpar which also
implies lower processing cost.

Similar to the single-row encoding method, the multi-row
encoding uses a subset of the original PCM to form a basis
set. However, unlike the single-row encoding, the multi-row
encoding preserves the lower triangular form of Hpar as shown
in (4). Since the rows are now overlapping due to the non-
diagonal Hpar (overlapping parity rows), we can find a basis
set based on M systematic non-overlapping rows and apply the
lower triangular form to these M systematic non-overlapping
rows. Hence, the first set H ′′

1 will be (10), shown at the bottom
of the page, where H ′′

1 preserves the same constraint length λ =
LK + 1, input granularity of δ = qZ, q = 1, 2, 3, . . . , B̂, and

R = q/(q +M) as H ′
1. The input message stream Φin is also

divided into M parallel (q/M)Z-input message streams each
processed by a different row mi but with minimal modifications
to the original PCM. The second set H ′′

2 which involves row
combining can further increase the constraint length and rate.
However, the multi-row encoding requires combining overlap-
ping rows (non-diagonal Hpar). In Section IV-B1 we discuss
how to efficiently combine the overlapping rows.

1) Multi-Row Combining: Consider R = 1/2 PCM H with
lower triangular parity matrix, Hpar, where each row encoder
is dependent on the parity bits from the upper rows. Consider
also a dual-row (M = 2) basis set and systematic row weight
K with L = 1. In this case, the dual-row convolutional encoder
generator, G, can be described as:

G=

[
1+DK 0 1+D+D2+· · ·+DK 1+D+D2+ · · ·+DK

0 1+DK 0 1+D+D2 + · · ·+DK

]
.

(11)

The single stream equivalent encoder generator G2 with half
the required rate (R′ = R/2 = 1/4) is given as:

G2=

[
1+D2KD+D2K+1 1+D2+D4+· · ·+D2K

2K+1∑
i=0

Di

]
.

(12)

The single stream equivalent encoder generator G2 enables a
single input bit stream, convolutional encoder with four polyno-
mials. Let π = 1−R′/R be a puncturing factor to achieve final
rate R, then for R = 1/2 the encoder output is punctured by
π = 1/2. However, the constraint length is now λ = 2(K + 1).
The same process can be applied to M multi-row encoding
with original M input bit streams and rate reduction by M to
create a single stream R′ = q/2M and then puncturing by π. In
the general case for M multi-row encoding rows with latency
L and systematic row weight K, the final constraint length
is λ = M(LK + 1) with R = q/(2πM). The system can be
expanded to Z parallel multi-row encoders to form the final
input granularity δ = qZ where q = 1 to avoid R ≥ 1 cases.

2) Generator Polynomial Selection: Even though the fi-
nal constraint length is increased from λ = LK + 1 to λ =
M(LK + 1), the BER will not decrease since we only per-
formed matrix transformations to create a single bit stream
from M independent bit streams. Hence, we will modify the
polynomials to include both the 1 and D2k+1 (for M = 2)
terms. The new modified polynomials are:

G′=

[
1+D2K+D2K+1 1+D+D2K+1 1+D2+D4 +

· · ·+D2k +D2K+1
2K+1∑
i=0

Di

]
. (13)

H ′′
1 =

⎡
⎢⎣

Hzsys
(m0, 0 : B̂ − 1) Hzpar

(m0,m0) . . . 0
...

...
. . .

...
Hzsys

(mM−1, 0 : B̂ − 1) Hzpar
(mM−1,mM−0) . . . Hzpar

(mM−1,mM−1)

⎤
⎥⎦ (10)
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A further decrease in the BER is possible by replacing the
generator polynomial in (13) with the optimum generator poly-
nomials with the same λ [18]. For example, in the case of λ =
10, R = 1/2 convolutional encoder (L = 1, K = 4, M = 2),
the optimum generator polynomials G′′ in octal representation
are given [18] as:

G′′ = [g0, g1, g2, g3] = [1467, 1751, 1325, 1173], (14)

where the four outputs are punctured with π = 1/2. Numerical
results given in Section VI quantify the reduction in BER
using these optimal generator polynomials. Hence, the general
encoding equation is given as:

P (i)(Zn,1)=
∑M−1

m=0

∑LB̂

j=0
I(Zn−j)G

(i)
m,jH

T
zsys

(
(n−j)modB̂,m

)
,

(15)

where i = 1, . . . , 2M is the generator polynomial i.
The multi-row encoding method described above can sup-

port any λ. However, the associated decoder complexity also
increases exponentially with λ (trellis-based decoder) due to
the number of the corresponding trellis states Ts = 2λ−1 =
2(LK+1)M−1. A tight upper bound for M is related to the code
girth g and is given as M < g/2. A looser upper bound for M
equals one more than the maximum number of non-overlapping
systematic Z-rows, to ensure no repetitive systematic bit is input
to the encoder. We numerically observed that the BER of a
constraint length λ = (LK + 1)g/2 TQC-LDPC convolutional
code is a lower bound on the BER of the underlying Nb = 672
block code (with L = 1, g = 6, K = 4, which yields λ = 15).
Other encoders with (M − 1)(LK + 1) < λ < M(LK + 1)
can be derived from the M(LK + 1) TQC-LDPC convolu-
tional encoder similarly as explained for λ < 9 single-row
encoders. In the general case, for irregular codes with M multi-
row encoding, it can be shown that the constraint length, λM, is
given by,

λM =
M∑
i=1

⎛
⎝
⎛
⎝ Li∑

j=1

(Ki,j)

⎞
⎠+ 1

⎞
⎠ , (16)

where Li is row i latency (in blocks), and Ki,j is the systematic
weight of row i block j. Hence, H ′′

2 preserves the cyclic shifts
of the underlying PCM rows but with equivalent polynomials.

C. Example 2: Multi-Row Encoding

The multi-row TQC-LDPC convolutional encoding is de-
scribed in the following example. We use the same WiGig
[6] PCM and again we process only Z-rows 1 and 3 (q =
1, M = 2, L = 1, and K = 4 resulting in λ = 10). To skip
Z-row 2, we modify the PCM by replacing systematic Z-row 2,
with Z-row 3. Fig. 4 describes the equivalent encoder using
the optimum R′ = q/2M = 1/4 polynomials (14) punctured
by π = 1/2. One example of π = 1/2 puncturing is the fol-
lowing 16-bit puncturing pattern: 1101,0100,1011,0010, where
1 denotes a transmitted output and 0 denotes a punctured
output. Other puncturing patterns with different periodicities
need to be studied in future work.

Fig. 4. TQC-LDPC convolutional encoder with R = 1/2, λ = 10.

Fig. 5. R = 13/16 WiGig PCM.

D. Example 3: High Code Rate TQC-LDPC
Convolutional Code

The method explained in the above sections can also be
applied to other block code rates. In the case of WiGig [6]
Rb = 13/16 PCM which is illustrated in Fig. 5, Wr = 16 and
the related single-row constraint length is λ = 14. In this case,
the single-row method can be applied since any single Z-row
(M = 1) is already a basis set. The original R = 1/2, λ = 14
convolutional encoders are employed by alternating the Z-rows
with a puncturing factor π = 10/16 (i.e., 1100, 1100, 1100,
1111) to provide final rate R = 12/15. The performance of this
code is discussed in Section VI.

Hence, we can summarize the code rate increase in the
following algorithm: For a given QC-LDPC block code PCM
H = [Hsys,Hpar] with lifting factor Z and code rate Rb, find
a minimum set of (preferably mutually exclusive) Z-rows that
form a basis set. If a single Z-row (e.g., WiGig R = 13/16
PCM case) is already a basis then perform single-row encoding.
Otherwise, (e.g., WiGig R = 1/2 PCM case) perform multi-
row encoding as explained above. Finally, the TQC-LDPC
convolutional encoding algorithm is summarized as follows:

1. Consider LDPC Block code (Rb,Z and H)
2. Separate H Systematic part from the Parity part:

a. H = [Hsys,Hpar]

b. Define Z-based sub matrices as (i = 0, . . . , Ĉ − B̂ −
1, j = 0, . . . , B̂ − 1):

Hzsys
(i, j)=Hsys(iZ : (i+1)Z−1, jZ : (j+1)Z−1)

Hzpar
(i, j)=Hpar(iZ : (i+1)Z−1, jZ : (j+1)Z−1)

3. Select the TQC-LDPC Conv. Encoding method (basic,
single-row, multi-row) based on H (select M basis), δ =
qZ input granularity and desired code rate R:
a. Basic method R′ = 1/( Ĉ−B̂

q + 1), (m = 0 . . . , Ĉ −
B̂ − 1):
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Systematic code output: I(Zn+LB̂),
Non-systematic code output: I ′(Zn+LB̂) =
I(Zn+LB̂) +I(Zn).

P (Zn,m)HT
zpar

(m,m)

=
∑LB̂

j=0
I(Zn−j)H

T
zsys

(
(n− j)mod B̂,m

)

+ u(m− 1)
∑m−1

s=0
P (Zn,s)H

T
zpar

(s,m)

b. Single-row method R = q
q+m , (typ. q = M ), (i =

1, 2,m = 0, . . . ,M − 1):

P (i)(Zn,m)HT
zpar

(m,m)

=
LB̂∑
j=0

I(Zn−j)G
(i)
m,jH

T
Zsys

(
(n−j)mod B̂,m

)

c. Multi-row method R′ = q/2M , (typ. q = 1), (i =
1, . . . , 2M):

P (i)(Zn,1) =
∑M−1

m=0

∑LB̂

j=0
I(Zn−j)G

(i)
m,j

×HT
zsys

(
(n− j)modB̂,m

)

4. Apply puncturing π for final rate R

V. TQC-LDPC CONVOLUTIONAL

DECODER ARCHITECTURES

In this section, we focus on the complexity of the related
TQC-LDPC convolutional decoder architectures for the codes
described in Sections III and IV. We propose a new Quasi-
Cyclic Trellis-based Viterbi decoder (QC-Viterbi) to decode the
TQC-LDPC convolutional code, and compare the QC-Viterbi
decoder complexity with the two main state-of-the-art LDPC
decoding methods: i) Scaled min-sum flooding decoder, and ii)
Scaled min-sum layered decoder.

We use the decoder complexity, X , as an indication of the de-
coder power consumption and gate area for a given data rate r.
Let DieSize be the number of logic gates which is proportional
to the decoder power consumption in Watts, and let Stages
be the number of logic levels which denote the inverse of the
throughput in bits-per-second (bps). We define the complexity,
X , as the product of the DieSize and Stages (in W/bps or
J/bit units) The power consumption of a coded system is also
influenced by two main parameters for a desired BER and data
rate r: 1) Decoder power consumption, PDEC(X), which is
directly proportional to the decoder complexity, X , and 2) The
transmit PA power, PPA(SNR), which is directly proportional
to the received SNR. The desired BER requirement translates
into an equivalent minimum receiver SNR requirement. The
power efficiency of a system, given the BER and data rate r, is
increased when the total power required to achieve the desired

TABLE I
SCALED MIN-SUM DECODER MIN/NEXTMIN COMPLEXITY (REF.2-TO-1)

BER at data rate r is reduced. The total system power reduction
is achieved by reducing the complexity and/or the minimum
SNR. We first derive the complexity of the min-sum decoders.

A. Scaled Min-Sum LDPC Decoders Complexity

Two scaled min-sum decoders—the flooding and layered
decoders, are typically used for both LDPC block and convo-
lutional codes [22] and are described in [19]. Both the flooding
and the layered decoders are iterative methods that are based
on BP. These decoders find the two minimum variable node
(VN) absolute values (Min1 ≤ Min2) among all VNs that are
connected to a certain check node (CN).

The flooding approach [19] assigns parallel minimum (min)
detection processors each of which operates on a different row
(parity check equation) in the PCM. All CN entries per VN
are summed to produce the extrinsic information for the next
iteration. A key advantage of the flooding architecture is that the
processing rate per iteration is high. However, flooding requires
a larger number of iterations to converge than layered [19] since
all the processors work simultaneously on the extrinsic values
from the previous iteration.

The layered approach [19] requires more cycles per iteration
than the flooding approach since the processing is done for each
row in the PCM sequentially while updating the extrinsic values
in each row before proceeding to the next row. The layered
approach serially processes each row to avoid contention, but
the process can be done in parallel on all non-overlapping rows
in the PCM. The layered approach requires fewer iterations than
the flooding approach to converge to the same BER (typically
33% fewer iterations [19]). Since the layered approach is a
contention-free method, only one CN is used at a time per
VN. Hence, unlike the flooding approach, the layered approach
does not require a summation of all the CN results after every
iteration, thus further reducing the number of logic stages and
reducing the critical path.

The complexity, XMS , of the two min-sum methods, de-
pends on the number of elements over which the minimum
operator is performed to achieve a desired BER for a given data
rate r. Table I describes the detector complexity for computing
Min1/Min2 values based on the maximum row weight Wr.
The numbers in Table I are normalized with respect to the com-
plexity of a single 2-to-2 comparator (n = 1, DieSize(2) = 1
and Stages(2) = 1) and can also be recursively calculated as:

DieSize(2n+1) = 2DieSize(2n) + 3,

Stages(2n+1) =Stages(2n) + 2. (17)
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Fig. 6. QC-Viterbi block diagram.

We obtain the DieSize of a comparator of size 2n+1 from
the DieSize of the comparator of size 2n by applying two such
comparators and comparing between the two Min1 values, and
between the two Min2 values with the loser from the Min1
value comparison. This operation adds three more compara-
tors and two more stages. An optimal complexity calculation
method can be applied with same DieSize as (17) but with
smaller Stages (fewer logic stages):

Stagesopt.(2
n) = n+ �log2 n� ≤ 2n− 1, n ≥ 1, (18)

where n = �log2
(
Nb

Z

)
�. However, since we mainly focus on

n = 4 (16-to-2 Min detection) to support the 16 columns of
WiGig PCM [6], we found that the method we used is only
16% higher than the optimal method that is empirically found
for each n.

Let C = 2n, I be the number of iterations and let the number
of CNs equals Nb(1−Rb). Then, the complexity per bit, XMS ,
is given by:

XMS =
AQCNb(1−Rb)I(2C − 3)(2 logC − 1)

NbRb

=
AQC(1−Rb)I(2C − 3)(2 logC − 1)

Rb
, (19)

where AQC is the complexity (with the associated memories
and linearly related to the bit precision) of a single 2-to-2
comparator. For simplicity, we exclude the complexities of the
sign detection, Min location decision and write-back control
paths. We normalize the complexity to obtain the complexity
per bit, XMS , by dividing the total complexity by NbRb, since
the min-sum decoder works on NbRb systematic bits in parallel.

B. QC-Viterbi Decoder Complexity

In this section, a trellis-based QC-Viterbi decoder is intro-
duced. The QC-Viterbi decoder decodes the proposed single-
row and multi-row TQC-LDPC convolutional codes by em-
ploying Viterbi decoding [20], [21]. The QC-Viterbi decoder
is a Z set of Viterbi decoders operating in the Quasi-Cyclic
shifted domain. Fig. 6 illustrates the QC-Viterbi decoder block
diagram.

Let QC-Shift(n) be the n-th circulant matrix and
QC − Shift−1(n) is the inverse matrix such that
QC − Shift(n)×QC − Shift−1(n)=IZ×Z∀n. Hence,
the QC-Viterbi decoder depicted in Fig. 6 consists of Z Viterbi
decoders operating in parallel where each processes a bit-wise
row. The QC-Viterbi decoder which is connected to the LLR

Fig. 7. QC-Viterbi decoder vs. scaled min-sum LDPC decode.

input through the QC-Shift(n) block, decodes the Z bits and
sends the Z hard decision decoded bits to the decoder output
through the QC − Shift−1(n) block. The QC-Viterbi
complexity, XQC−V IT , depends on the constraint length λ,
and the number of decoders (Z) which is then divided by Z to
obtain the complexity per bit, which is given by:

XQC−V IT = AQC

(
Z2λ−1/Z

)
= AQC(2

λ−1), (20)

Both flooding and layered decoders support processing of
overlapping rows, which implies multiple decision values per
VN. In this paper, based on the encoding methods explained in
Section IV, we assume the QC-Viterbi decoder does not need to
deal with conflicting decisions due to overlapping rows. How-
ever, the decision path can be modified to support conflicting
decisions. The decision can be done based on random/majority
selection, or soft value methods which will be discussed in
future papers.

VI. PERFORMANCE RESULTS

In this section, BER simulation results as well as hardware
implementation results for the TQC-LDPC convolutional code
with the associated QC-Viterbi decoder are provided. The sim-
ulated channel is Additive White Gaussian Noise (AWGN).
For comparison, the BER of the underlying WiGig standard
[6] (Nb = 672) block code with the associated flooding and
layered decoders is provided. We also provide the simulation
results of the LDPC convolutional code derived from the basic
WiGig QC-LDPC code with the associated sliding-window BP
decoder. Moreover, the BER of the LDPC convolutional codes
in [22] are added as reference.

A. BER Performance Results

Fig. 7 depicts the BER as a function of SNR of the follow-
ing R = 1/2 codes and the related decoders: i) LDPC block
code specified in the WiGig standard with flooding decoder,
ii) the same LDPC block code but with layered decoding, and
iii) TQC-LDPC convolutional code with QC-Viterbi decoder.

The BER of TQC-LDPC convolutional codes with opti-
mum generator polynomials (i.e., [27 31] code) for R = 1/2,
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Fig. 8. R = 13/16 QC-Viterbi decoder vs. scaled min-sum LDPC decoder.

λ = 5, as well as the performance of the TQC-LDPC codes
with constraint lengths λ = 9, 10, and 15 are also illustrated in
Fig. 7. For reference, the R = 1/2 Shannon limit, the BER of
an uncoded system, and the rate R = 2/5 LDPC convolutional
code [22] with input granularity δ = 155 bit, using I = 100
iterations of the sum-product algorithm are also shown in Fig 7.
As expected, the BER of the LDPC block codes with the asso-
ciated BP decoders decreases for a given SNR as the number
of iterations increases. The results confirm that the layered
decoder converges faster than the flooding decoder. However,
the TQC-LDPC convolutional code with λ = 15 outperforms
the flooding and layered decoders after 8 iterations by 0.4 and
0.8 dB, respectively. Moreover, the TQC-LDPC convolutional
code with λ = 15 outperforms the rate R = 2/5 LDPC convo-
lutional code with input granularity δ = 155 bit after I = 100
iterations based on sum-product decoding algorithm [22] by
0.2 dB at a BER of 10−5. Fig. 7 also shows that the optimum
[27 31] code [18] outperforms the [21 37] code by less than 0.4
dB at a BER of 10−5. Not shown here, we also found that the
λ = 10, R = 1/4, π = 1/2 code using the optimal generator
polynomials (14) is only 0.2 dB worse than the optimal R =
1/2, λ = 10 QC-Viterbi at a BER of 10−5 (depicted in Fig. 7).

Fig. 8 depicts the BER of the WiGig [6] R = 13/16
LDPC block code and the derived TQC-LDPC convolutional
code with rate R = 12/15 and constraint length λ = 14.
Fig. 8 shows that the punctured λ = 14 QC-Viterbi decoder per-
formance at BER of 10−5 outperforms the min-sum flooding
decoder and the min-sum layered decoder after 8 iterations by
0.4 dB and 0.2 dB, respectively.

B. Decoder Complexity Versus Required SNR

For the scenario under consideration, both the QC-Viterbi
and Min-Sum decoder complexities are normalized with re-
spect to the complexity of the QC-Viterbi decoder for a con-
straint length of λ = 5. The normalized complexities, X̃MS and
X̃QC−V IT , are thus defined as:

X̃MS=
XMS

XQC−V IT |λ=5
, X̃QC−V IT

XQC−V IT

XQC−V IT |λ=5
. (21)

Fig. 9. R = 1/2 decoder power efficiency chart @ BER = 10−5.

Fig. 9 illustrates the normalized decoder complexity versus
Eb/N0 for a given BER of 10−5 and code rate of 1/2. The
Random Coding Bound (RCB) of R = 1/2, 672-bit block size
is given as reference (from simulation the required Eb/No
equals 1.95 dB at a BER of 10−5). From Fig. 9 it is evident
that the QC-Viterbi decoder with λ = 10 outperforms the Min-
Sum LDPC layered and flooding decoders by 1 dB and 2.2 dB
respectively at a normalized complexity of 32. Alternatively,
the optimum λ = 10 decoder has 3 times lower complexity
than the 8 iterations scaled Min-Sum flooding and layered
decoders (both QC-Viterbi and min-sum flooding decoders at
Eb/No = 3.15 dB). The convolutional LDPC code in [22]
with δ = 155 bit using I = 100 iterations of the sum-product
decoding algorithm (marked as CC in Fig. 9) has more than
2.4 times higher decoder complexity, requires 0.15 dB higher
SNR, and has 10 times longer latency than the proposed λ =
15 QC-LDPC code with QC-Viterbi decoding with traceback
latency of 10 blocks (L = 2). Moreover, our simulations show
that an unterminated sliding-window convolutional BP layered
decoding requires a higher number of iterations to converge
than its underlying block code. It is shown in Fig. 9, that the
unterminated sliding-window convolutional BP layered decod-
ing (denoted as Conv. Layered), with window step of δ = 2Z =
84 bits and window size W equal to its underlying WiGig
LDPC systematic code size W = RNb = 8Z = 336 bits (R =
1/2), requires a multiple of W

δ = 4 iterations per decoded bit
with I = 4t (t = 1, 2, 3, 8, and 16 iterations per window in
Fig. 9). The BER of the Conv. Layered decoder converges
with iterations to the underlying LDPC block code decoder
with input (block) granularity of δ = RNb = 8Z = 336 bit (as
depicted in Fig. 9 for block code Min-Sum decoders). The BER
of the convolutional LDPC Sum-Product (SPA) decoder [22]
was not given for lower than 100 iterations but as quoted in [22]:
“LDPC block code decoders and LDPC convolutional code
decoders have the same computational complexity per decoded
bit and per iteration.” Hence, we can bound the complexity
and SNR of the LDPC convolutional code with 16 to 100
iterations between the performance of the CC, R = 2/5 with
100 iterations and the R = 1/2 Min-Sum Flooding/ Layered
with 16 iterations as shown in the dashed rectangle depicted
in Fig. 9. Fig. 9 also shows that the conventional Min-Sum
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TABLE II
R = 1/2 DECODER PERFORMANCE COMPARISON IN VIRTEX-7 FPGA AND 65 nm ASIC

LDPC decoder SNR/BER performance is lower bounded (for
a given complexity) by the QC-Viterbi SNR/BER performance
since the QC-Viterbi decoding is a Maximum Likelihood (ML)
decoding with λ = 15 decoding as a tight lower bound (for
block size of 672-bit and same girth). From Fig. 9 we also see
that increasing the Min-Sum layered decoder number of the
iterations from 8 to 16, only improves the SNR by less than
0.1 dB, at the cost of doubling the complexity.

A similar comparison shows that the derived R = 12/15,
λ = 14 TQC-LDPC convolutional code with the QC-Viterbi
outperforms the R = 13/16 Scaled Min-Sum decoder by
0.2 dB. However, the normalized complexity factor for R =
13/16 is reduced to be only 23% of the R = 1/2 code com-
plexity given in (19). Hence, the normalized complexity of
320 at R = 1/2, is reduced to 74 at R = 13/16. The QC-
Viterbi normalized complexity can also be reduced at high rate
(i.e., R = 13/16), for example by applying the pre-computation
T-algorithm trellis decoding method [23] and reduce complex-
ity by over 90% to 320/10 = 32 with minimal impact on BER.
Hence, the QC-Viterbi decoder achieved less than half the
complexity of the Scaled Min-Sum decoder even at high rates.
As shown in Fig. 9, the QC-Viterbi complexity exponentially
increases with the reduction of the SNR for a given BER and
data rate. Hence, employing QC-Viterbi decoder for Eb/No <
2.5 dB is impractical. Therefore, capacity-approaching TQC-
LDPC convolutional codes with the associated trellis-based
decoding methods need to be derived and applied. However, the
derivation of such capacity-approaching TQC-LDPC convolu-
tional encoders and decoders is beyond the scope of this paper
and will be discussed in future papers.

C. Decoder Hardware Design Results

Both the QC-Viterbi and the Min-Sum decoders are
designed in hardware and implemented on Xilinx Virtex-
7vx690tffg1930-2 FPGA using Vivado tool and also syn-
thesized in TSMC 65nmLP (HVT_125C_worst_case) using
Cadence RTL Compiler tool. Table II describes the comparison

between the Min-Sum and QC-Viterbi Decoder solutions for
TQC-LDPC convolutional Codes on both FPGA and ASIC.
The code rate employed in this table is R = 1/2. Both decoder
designs were optimized for frequency first and then area. For
the Min-Sum decoder, we assume a corresponding block size
related to the number of iterations of 16, and 8 iterations
(16 × 672-bit Min-Sum 1-SMS1, and 8 × 672-bit Min-Sum
2-SMS2, respectively to support LDPC convolutional codes
as in [9]) with 8-bit Log-Likelihood Ratio (LLR) input and
3 cycles overhead between blocks. For the QC-Viterbi, we
implemented the proposed multi-row method supporting Z =
42 parallel processing Viterbi decoders with 16-bit path metric
arithmetic and λ = 10 (512 states), where each Viterbi decoder
processes 4 Add-Compare-Select (ACS) butterflies per cycle
(QC-Viterbi 1-QCV1). The last two rows of Table II represent
the ratio between the QC-Viterbi 1 and Min-Sum 2 in each
category. We employ the power per data rate metric which is
equal to the energy per bit, to quantify the decoder complexity.
We also define a new parameter, namely logic cost, as a metric
for the decoder efficiency. To calculate the logic cost, we use
a modified version of the Space Wattage and Performance
(SWaP) parameter defined by Sun Microsystems [24]. The logic
cost is the product of square root of the dynamic power property
and the square root of the area property divided by the data rate.

From Table II we can see that the critical path that is
represented by the number of logic levels (Stages) of the QC-
Viterbi 1 decoder hardware in FPGA is only 28% of the Min-
Sum 2 decoder logic levels, which reflects the complexity level
ratio between the two. In addition, the QC-Viterbi decoder runs
at over 5 times the operating frequency of the Min-Sum decoder
(250 MHz QC-Viterbi 1 vs. 43 MHz Min-Sum 2). Moreover,
the energy per bit result of the QC-Viterbi 1 is 45% of the Min-
Sum 1 FPGA energy per bit result. From Table II we see that
even though the QC-Viterbi path metric precision is twice the
Min-Sum min detection precision (16-bits vs. 8-bits), the over-
all logic cost of the QC-Viterbi 1 running at 250 MHz is only
34% of the Min-Sum 2 running at 43 MHz (FPGA estimated
area as 20 gates per LUT). In the case of the TSMC 65 nm
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ASIC design, the QC-Viterbi 1 running 4 ACS butterflies per
cycle (per Viterbi decoder) at 333 MHz has 40% of the critical
path logic levels of the Min-Sum 2 and the QC-Viterbi 1 overall
logic cost is only 61% of the Min-Sum 2 logic cost operating at
125 MHz. We can explain the fluctuations of the ratio be-
tween the Min-Sum decoder cost and QC-Viterbi decoder cost
between the 65 nm ASIC and V7 FPGA platforms by the
differences in the technologies, libraries, voltages, routing,
wiring models and capacitance models. In addition, Min-Sum 2
decoder maximum frequency at 65 nm worst case scenario
(w.c.s) could not exceed 125 MHz, while the QC-Viterbi 1
easily reached 333 MHz (higher frequency was not tested).
The memory size of the QC-Viterbi 1 which includes the hard
decision trellis memories for 5× λ trellis depth (the path metric
memory is implemented as registers) is 6.25 times bigger than
the Min-Sum 2 memory size which includes the Check Node
(CN) memories (extrinsic memory is implemented in registers)
times the number of iterations for convolutional decoding [9].
However, as explained above, the memory dimensions shrink
faster than logic with process reduction. In addition, several
reduced state algorithms can be applied to the path metric and
trellis memories to significantly reduce the memory. Consid-
ering the differences in the bit precision (QCV1-16-bit and
SMS1/2-8-bit), both FPGA and ASIC results support our cal-
culations in (19), and (20) regarding the decoders complexities
and show that the R = 1/2, QC-Viterbi decoder at λ = 10 has
at least 3 times lower energy per bit and logic cost than the Min-
Sum decoder with 8 iterations. The energy per bit and logic
cost of QC-Viterbi decoder with different constraint lengths
can be extrapolated from the λ = 10 results shown in Table II.
Similarly, energy per bit and logic costs of Min-Sum decoder
with different number of iterations can be extrapolated from
Table II. We note that with some compromise on the BER
performance, both designs can benefit from cost reduction by
reducing their fixed-point bit precisions. However, bit precision
exploration is beyond the scope of this paper.

VII. CONCLUDING REMARKS

In this paper, a new TQC-LDPC convolutional code is in-
troduced. The proposed code coupled with trellis-based de-
coding architecture allows us to achieve 8 times finer input
bit granularity with significant decoder complexity reduction
over conventional LDPC block and convolutional codes with
iterative BP decoders, while retaining same BER performance
and data rate. Extensions of the proposed TQC-LDPC convo-
lutional codes and decoding architectures, to other capacity-
approaching codes and advanced trellis-based decoders, should
be investigated in future work and their performance must be
studied under different channel models.
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