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Abstract—This paper presents the first silicon-proven stochastic
LDPC decoder to support multiple code rates for IEEE 802.15.3c
applications. The critical path is improved by a reconfigurable
stochastic check node unit (CNU) and variable node unit (VNU);
therefore, a high throughput scheme can be realized with 768
MHz clock frequency. To achieve higher hardware and energy
efficiency, the reduced complexity architecture of tracking fore-
cast memory is experimentally investigated to implement the
variable node units for IEEE 802.15.3c applications. Based on the
properties of parity check matrices and stochastic arithmetic, the
optimized routing networks with re-permutation techniques are
adopted to enhance chip utilization. Considering the measurement
uncertainties, a delay-lock loop with isolated power domain and
a test environment consisting of an encoder, an AWGN gener-
ator and bypass circuits are also designed for inner clock and
information generation. With these features, our proposed fully
parallel LDPC decoder chip fabricated in 90-nm CMOS process
with 760.3 K gate count can achieve 7.92 Gb/s data rate and
power consumption of 437.2 mW under 1.2 V supply voltage.
Compared to the state-of-the-art IEEE 802.15.3c LDPC decoder
chips, our proposed chip achieves over 90% reduction of routing
wires, 73.8% and 11.5% enhancement of hardware and energy
efficiency, respectively.
Index Terms—Error correction, IEEE 802.15.3c, iterative

decoding, low-density parity-check (LDPC) code, stochastic de-
coding.

I. INTRODUCTION

L OW-DENSITY parity-check block codes (LDPC-BCs)
are powerful linear block codes with near-capacity per-

formance. It was introduced by Gallager [1] in the 1960s and
forgotten for decades until rediscovered by Mackay [2]. An
LDPC-BC is defined by a sparse parity-check matrix which
can be mapped to a bipartite graph composed of check nodes
and variable nodes. The reason of its excellent performance
is based on iteratively belief-propagation (BP) on the graph,
also known as message passing algorithm. To simplify the
decoding complexity, offset min-sum (OMS) algorithm [3] and
normalized min-sum (NMS) [4] algorithm were introduced to
make a trade-off between hardware cost and performance.
Due to the parallelism characteristic, LDPC-BC decoders

have a great potential to perform high decoding throughput.
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A fully parallel architecture means all of check nodes and
variable nodes are implemented, while these nodes operate
in parallel. Hence, it has higher decoding throughput but
larger area. In contrast, a partial parallel architecture, such
as row-based layered scheduling or column-based shuffled
scheduling architectures, shares the check node units (CNUs)
or variable node units (VNUs) to achieve smaller area, but the
decoding throughput would be reduced. Hence, it has become
popular in academies and industries to design a high speed and
also area efficient LDPC-BC decoder. Nowadays, LDPC-BCs
have been adopted by several standards such as IEEE 802.16e
(WiMAX), IEEE 802.3an (10GBASE-T), and IEEE 802.15.3c
(WPAN) for its better performance and data rate. The IEEE
802.15.3c wireless personal area network (WPAN) standard
is designed to support wireless communication at the 60-GHz
(millimeter wave) frequency band. As the indoor data com-
munication such as uncompressed video, conference ad hoc
and kiosk file downloading [5], high data rate (over 5 Gb/s)
is required for an LDPC-BC decoder. In this work, we im-
plemented an LDPC decoder of four irregular quasi-cyclic
LDPC-BCs (QC-LDPC-BCs) provided by the high-speed
interface (HSI) mode in this standard. The structural properties
of four QC-LDPC-BCs are based on a rate 7/8 base matrix.
The parity-check matrices can be divided into 32 groups, each
one is a 21 21 zero matrix or cyclic shift identity matrix.
Moreover, the matrices can be split into four layers in horizontal
direction. By extending the matrix of rate 7/8, rate 1/2, 5/8, and
3/4 matrices are derived, as shown in Fig. 1. Based on these
characteristics, the simplified implementations are discussed,
such as configurable architectures, layered decoding algorithm
and message permutation networks [6], [7].
For LDPC-BC decoders, the major design challenge is the

complex interconnection. For high code rate LDPC-BCs, more
edges are connected to a check node such that large sorters
are required to find the minimum value in the NMS algorithm.
Furthermore, a fully parallel design causes large silicon area
and low chip density owing to a large amount of messages ex-
changing between CNUs and VNUs in one iteration. In [8], it
reported the size of decoder is determined by routing conges-
tion and not by the computation logic gate count in the past
years. Moreover, higher hardware cost and more complicated
routing network are obstacles to support various code rates in
an LDPC-BC decoder. For example, the IEEE 802.15.3c ap-
plications requires four code rates, where irregular degrees and
different connections in parity-check matrices make the routing
network more complicated. In [7], it shows the chip utilization
is only 73%.
Stochastic decoding is an alternative method for imple-

menting decoders of error control codes. In this approach,
messages are converted to stochastic bit streams instead of
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Fig. 1. Parity-check matrices of rate 5/8 and 7/8.

probabilities. As a result, the hardware could be carried out
by simple logic circuits and the computation delay will be
reduced such that a higher operating frequency and throughput
feature can be accomplished. Because of its bit-serial property,
the message between processing units is only 1-bit. Based on
these advantages, the stochastic decoding is suitable for imple-
menting a high throughput LDPC-BC decoder. Furthermore,
considering a multi-rates scheme in the future communica-
tion system, interconnections will become more complicated.
Stochastic decoding cleverly provides a routing efficient and
compact solution for LDPC-BC decoders. Early stochastic
computation is only applied on short block codes [9]. It had
been also considered to decode the trellis-based Hamming code
and turbo block code [10], [11]. The first stochastic decoding
with near-optimal performance for a practical LDPC-BC
was proposed in [12]. After that, an FPGA-based stochastic
LDPC-BC decoder was shown to provide over Gb/s throughput
[13], [14]. Recently, a post-layout simulation in [15] showed
that a high-throughput design for IEEE 802.3an applications
could be provided. However, these works only support a single
parity-check matrix with easier interconnections. Multi-rate
LDPC codes seem to be a best candidate of error correcting
codes for IEEE standards to support different modulation
schemes in the near future.
In this paper, we propose an energy and hardware efficient

fully parallel stochastic LDPC-BC decoder chip for IEEE
802.15.3c applications. A reconfigurable CNU with concealed
syndrome checking and a reconfigurable VNU with the re-
duced complexity architecture of tracking forecast memory
(RCA-TFM) are proposed to deal with four code rates. Hence,
the longer critical path caused by various degrees is shortened
such that the proposed LDPC decoder achieves maximum
data rate 7.92 Gb/s under clock frequency of 768 MHz. The
less storage requirement and combinational circuits of the
RCA-TFM lead to better energy efficiency. Based on the
parity-check matrices, the input reallocation and the layer
spreading techniques are adopted to alleviate the congestion of
routing networks. To our best knowledge, the chip with 90%
utilization is the highest design for IEEE 802.15.3c applica-
tions. For the purpose of high speed operation, a delay-locked
loop is designed to generate a higher clock signal for decoder.
Therefore, the speed limitation of I/O pad and testing equipment
is solved. Finally, considering the functional test, an encoder
and an AWGN engine are integrated into the chip.
The rest of this paper is organized as follows. In Section II,

the stochastic LDPC decoding as well as its state-of-the-art
works are introduced. The proposed decoder architecture and
each functional block are discussed in Section III. Section IV

Fig. 2. Overview of stochastic LDPC decoding.

shows the chip implementation, measurement results and
comparisons with other works. Finally, a conclusion is given in
Section V.

II. STOCHASTIC LDPC DECODING

In the stochastic decoding, channel values are translated to
stochastic streams. Then iterative decoding between VNUs and
CNUs is executed. The decoding procedure is illustrated in Fig.
2. First, channel values are transformed into probabilities. As-
sumed the condition is binary phase shift keying (BPSK) trans-
mission over additive white Gaussian noise (AWGN) channel
with a power-spectral density , the log likelihood ratio (LLR)
value converted from channel value and the corre-
sponding probability form are (1) and (2), where is the
transmitted bit.

(1)

(2)

Subsequently, the conversion of probabilities to stochastic
streams are realized by comparators. A stochastic stream is
generated by comparing a -bit probability with a -bit random
number generated by a uniform-distributed random number
generator (RNG). The occurrence of 1's in the stochastic stream
is equal to the probability to be represented. The locations of
1's in the stochastic stream are trivial, so the stochastic stream
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may not be unique for the same probability. For instance, both
0110001011 and 1100101010 can stand for a probability of 0.5.
After that, the decoding process on the bipartite graph will

be activated. In the stochastic LDPC decoding, each 1-bit mes-
sage exchanging round between CNUs and VNUs is called a
decoding cycle (DC). The messages continue to be updated be-
tween CNUs and VNUs until maximum DC is reached or the
syndrome is zero. According to the massage passing algorithm,
CNUs and VNUs of a 2-inputs case update its messages by (3)
and (4) in each DC.

(3)

(4)

Accordingly, a CNU is mapped by an XOR gate directly and
a VNU is designed to a flip-flop and control logics. The above
equations could be implemented and extended to higher degree
cases easily based on stochastic computation.
Finally, in order to gather information from a variable node,

an up/down counter is used for computing the statistical prop-
erty. If a “1” is received from the neighboring VNU, the counter
increases by one; otherwise, the counter decreases by one. After
certain decoding cycles, the decoder will decode an attempted
codeword according to the status of counters. When the counter
is equal to or greater than zero, the decoded bit is 1. On the other
hand, the decoded bit is 0.
At the beginning of stochastic decoding, the main challenge

was performance loss. The reason is the existing cycles of the
graph lead to the lower switching activities. This phenomenon
is called latching problem [10] since the nodes are stuck in a
fixed state because of the correlation of stochastic streams. In
[12]–[16], a noise-dependent scaling (NDS) method and prob-
ability tracking units (PTUs) were proposed to overcome the
problem. The NDS method was proposed to provide the same
switching activities for different SNR conditions. As shown in
(5), channel values are scaled by a factor , where is a
selective factor based on the best BER performance of the de-
coder and is the maximum magnitude of the channel value.

(5)

For the stochastic VNU process in each DC, a hold state
means the input bits from neighbouring CNUs are different, and
a regular state means the input bits are equivalent. In this re-
spect, an output bit generated by this VNU could be separated
into two categories: a regenerative bit produced in the regular
state, and a conservative bit produced in the hold state. Origi-
nally, the VNU transmits the regenerative bit to the neighboring
CNU for a regular state, but it uses the previous output bit during
a hold state condition, as shown in (6).

if regenerative bit
otherwise

(6)

This updating rule prevents the decoder from converging to-
ward a correct codeword and degrades performance. Therefore,
a PTU is designed to memorize regenerative bits in the regular
state condition and generate a reliable bit based on its statistics
in the hold state condition. The first mentioned PTU is an edge
memory (EM) [13]. It is composed of shift registers assigned to
each edge of variable nodes and updated by regenerative bits.

Fig. 3. Proposed decoder architecture.

Fig. 4. Proposed CNU architecture.

As long as the hold state condition is detected, a random bit is
chosen from the EM as an outgoing bit to prevent performance
degradation.
However, as the block size increases, the area occupied by

the EM becomes larger. To reduce this overhead, both tracking
forecast memories (TFMs) [16] and majority-based tracking
forecast memories (MTFMs) [15] were proposed. The TFM
measures the probability of regenerative bits and updates itself
based on successive relaxation [17]. The updating criterion
provides an exponential time-decaying dependence on regen-
erative bits. The strong dependence on recent regenerative bits
and gradual forgetting older regenerative bits enable the TFMs
to track changes of probabilities. As the same as the EM, the
TFM is only updated in the regular state. In the hold state con-
dition, the TFM is not updated; instead, the probability stored in
the TFM is compared to a random number. The outgoing bit is
“1” when the probability is larger; otherwise, the outgoing bit is
“0.” In order to enhance the area efficiency, all of edges shares
only one centralized TFM as the PTU instead of assigning one
TFM per edge in the MTFM method. Assumed some of edges
are in the regular state and the rest edges are in the hold state
for a VNU. The rule is to compute the majority of regenerative
bits, then to update the TFM by this majority bit. If the edge
is in the regular state, the regenerative bit produced by itself is
transmitted to the corresponding CNU. Otherwise, according
to statistics of majority bits, the centralized TFM generates an
outgoing bit.

III. PROPOSED DECODER ARCHITECTURE

The architecture of proposed fully parallel decoder is shown
in Fig. 3. In the beginning, the probability conversion circuits
convert channel values to probabilities. Then, probabilities are
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Fig. 5. Reconfigurable VNU. (a) Degree-2. (b) Degree-3. (c) Degree-4.

TABLE I
LAYER PARTITION OF PARITY CHECK MATRICES

sent to comparators to generate stochastic streams. After that,
the iterative process between all of VNUs and CNUs is acti-
vated. At the same time, counters capture the outputs of VNUs
to gather the statistics. The C-to-V and V-to-C routing networks
deal with permutation of wires among four code rates. Finally,
after certain decoding cycles, the counters generate an attempted
codeword. The details of each block will be discussed in the fol-
lowing subsections.

A. CNU With Concealed Syndrome Checking

In the normalized min-sum algorithm, a CNU requires sorters
to find the 1st min, 2nd min, and index of 1st min. The sorting
process becomes complicated since the number of rows and row
degrees are irregular among four code rates. For instance, there
are 336 check nodes with a maximum degree of 8 in (672, 336)
LDPC code; while in (672, 588) LDPC code, the parity check
matrix is composed of 84 check nodes with a maximum degree
of 32. Furthermore, larger sorters cause longer critical path and
lower operating frequency.
To solve the problem, a reconfigurable 32-input stochastic

CNU is proposed. Fig. 4 shows the CNU architecture. The parity
checking process is implemented by XOR gates to reduce the
critical path. Moreover, it is observed one 32-input XOR gate
can be decomposed into four 8-input XOR gates. Therefore,
one degree-32 check node in (672, 588) LDPC code and four
degree-8 check nodes in (672, 336) LDPC code can share the
same CNU. In this way, we divide the parity check matrix into
four layers, the corresponding check nodes are shown in Table I.
The overall number of CNUs is 84, so there are 21 CNUs in each
layer. In addition, the proposed CNU architecture includes the
functionality of syndrome checking. Either a min-sum or a sto-
chastic decoder, the decoded codeword is sent to a termina-
tion block to check syndrome . For a stochastic LDPC
decoder, is calculated by hard decisions of the counters. Since
the inputs of CNUs move toward a correct codeword to satisfy
the check equations when the decoding cycles are elapsed, the
syndrome checking can be concealed inside the CNUs by com-
bining outputs of CNUs as the approximate syndrome at every
decoding cycle.

Fig. 6. Reduced complexity architecture of TFM.

B. VNU With RCA-TFM-Based PTU
In the proposed decoder, a fully parallel and reconfigurable

stochastic VNU is implemented to deal with irregular variable
node degrees, as shown in Fig. 5. For a stochastic VNU, unequal
inputs induce the hold state condition. Therefore, the more in-
puts, the higher opportunity to stick in the hold state and the
poorer decoding performance. To reduce the chance of unequal
inputs, an output of VNU would be cascaded by 2-input sub-
VNUs. Hence, the output should be computed through three
stages for a degree-4 variable node. In order to support the lower
degree cases, the 1st stage of VNU will be disabled for those
degree-3 variable nodes and the 1st, 2nd stages of VNU will be
disabled for those degree-2 variable nodes. During the process
excluding the final stage, an internal memory (IM) composed
of 1-bit register is embedded to provide a previous regenerative
bit once hold state condition is detected. Moreover, in order to
maintain decoding performance, a PTU is assigned to the final
stage of VNUs. To track the statistic correctly, a PTU needs
area-consuming registers as the EM or complicated computa-
tion as the TFM in previous works. In the EM approach, the
selected probability of each bit is the same such that EM should
be as large as possible to achieve higher precision. On the other
hand, the TFM approach requires less storage compared to EM
since the probability of regenerative bits is calculated, but it has
longer delay and extra combinational circuits. Consequently, the
decoder area is dominated by the complexity of PTUs. In this
respect, providing an area-efficient PTU without degrading de-
coding performance is important.
Considering the degrees of variable nodes are low in parity

check matrices of IEEE 802.15.3c, the MTFM method based
on majority vote mechanism is not suitable for this work. As
shown in Fig. 6, we introduce the reduced complexity architec-
ture of TFM (RCA-TFM) [15]. It is also composed of shift reg-
isters and measures the statistics of outgoing stochastic stream.
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Fig. 7. V-to-C routing network of rate 1/2.

TABLE II
EXAMPLE OF INPUT REALLOCATION

Since each digit of the RCA-TFM is a weighted value rather
than a single “1” or “0” in the EM method, the number of reg-
isters can be reduced significantly. To neglect the computation
of probability, the value of RCA-TFMs in the proposed de-
coder is set to 0.5. Therefore, the combinational circuits such as
adders and multiplexers in RCA-TFMs can be removed. When
the state of edge is regular, the most significant bit (MSB) of an
RCA-TFM is updated by regenerative bit and the other bits in-
side the RCA-TFM are shifted to right; Contrarily, if hold state
occurs in the edge, the RCA-TFM stops updating until next re-
generative bit. At the same time, every bit in the RCA-TFM is
given a weighting and combined as the probability :

(7)

In other words, an RCA-TFM in the proposed decoder is
served as a base-2 system where each digit represents a power
of two. Then the probability of regenerative bit is determined
by taking the sum of the products of the binary digits and the
powers of two which they represent. With the convergence
of iterative decoding, the closer to MSB of the RCA-TFM,
the higher reliability of the bit. Consequently, the weighting
of MSB is the highest and other bits are gradually reduced in
the RCA-TFM. For example, the RCA-TFM with the content
of 0110010001 represents the probability .
This probability is compared with a uniform-distributed
random number , and the outgoing bit is generated by

(8)

C. Routing Network
To support four code rates of LDPC codes, the routing net-

works should variably switch variable nodes to its neighboring
check nodes, and vice versa. For example, Table II shows the
possible connections of , where means the 25th
input of and means the th VNU connected to this
CNU. For a single CNU, the original V-to-C routing network
needs a 3-to-1 multiplexer to deal with each input. This network
leads to higher routing congestion since the overall 84 CNUs
need 3-to-1 multiplexers. In order to alleviate
the overhead of interconnections, we introduce a reallocation
method [7] to enhance the routing capacity. The motivation is
to rearrange locations of VNUs such that the inputs of CNU
are fixed for different code rates. According to the standard,
the parity-check matrices can be decomposed into 32 groups, so
each group contains 21 (672/32) VNUs, as shown in Fig. 7. The
numbers in the matrices indicate the permutation amount of an
identity matrix and “ ” indicates a zero matrix. To describe the
method clearly, we define as the th group of the matrices.
The operation of a traditional 32-input CNU is as follows:

(9)

As mentioned in Section III-A, the check node process of
each layer of (672, 336) LDPC code can be separated into four
8-input XOR gates S1 S4. For example, the layer 1 of (672,
336) LDPC code is represented by the following (10a)–(10d).

(10a)
(10b)
(10c)
(10d)

Therefore, a 32-input CNU is decomposed by

(11)

In other words, the CNUs of layer 1 always acquire themessages
from as its 1st input. Since other three LDPC codes can
be derived from the (672, 336) LDPC code, the inputs of each
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Fig. 8. C-to-V routing network. (a) Layer re-permuted. (b) Input reallocation.

CNU are fixed at the same groups for different code rates. Fig. 7
shows the result of input reallocation for each layer. As shown
in Table II, all of 3-to-1 multiplexers are eliminated.
In the C-to-V network, the input permutation is easier for

a degree-4 variable node, but it is not intuitive for a variable
node with lower degree in the stochastic decoding. Generally
speaking, a VNU is designed based on the highest degree

; once a variable node with lower degree is de-
tected, the edges receive the messages from its neighboring
CNUs and the edges are given a zero value in the
min-sum algorithm. On the contrary, the messages of stochastic
decoding are only 0 or 1. To ensure the correctness of VNU
process, either 0 or 1 should not be transmitted on the non-ex-
isting edges.
In this work, layer spreading skill is adopted to decrease the

number of multiplexers and fix the input locations for each vari-
able node with lower degree. In the beginning, we observe that
more multiplexers can be reduced once the input order of VNU
is exchanged, as shown in Fig. 8(a). In other words, the layers of
parity check matrices are re-permuted such as the inputs of each
VNU come from layer 3, 1, 2, 4 in order. However, for some
of VNUs with lower degrees, their inputs will be separated to
discontinuous input locations. Namely, there is a non-existing
input between inputs of VNU, as shown in Fig. 8(b). For
example, the inputs are located in 1st, 3rd, and 4th input loca-
tion for those degree-3 VNUs as shown in Fig. 8(b) by circles.
Then, an input reallocation technique is used to arrange the in-
puts of those VNUs. As mentioned in Section III-B, the inputs
of a degree-3 VNU are located at 2nd, 3rd, and 4th input to skip
the 1st stage. As a result, the 1st input which comes from layer
3 is switched to 2nd input location. Consequently, the inputs are
fixed to 2nd, 3rd, and 4th input location for each degree-3 vari-
able node; the inputs are fixed to 3rd and 4th input location for
each degree-2 variable node.
According to [7], the routing wire amount is proportional to

the number of multiplexers' inputs. Assumed the bit width of
message is 6 bits for min-sum algorithm and the number of
32-input CNU and VNU are and for a fully parallel
LDPC decoder, the original V-to-C network and C-to-V net-
work need 84 and 672 3-to-1 multiplexers, respectively. There-
fore, the overall number of routing wires is

Considering the row-based layered scheduling in [7], the
V-to-C routing network requires wires, where
is the number of sorters. The C-to-V routing network is imple-
mented by
wires. Moreover, the pre-coded routing network needs

wires. The
overall number of wires for routing network is

In the proposed decoder, the flooding scheduling is adopted
and the bit-width of stochastic message is only 1-bit. Based on
the reallocation method, there is no multiplexer in the V-to-C
routing network. Therefore, the number of wires for V-to-C net-
work in the proposed decoder is

For C-to-V network, we adopt the layer spreading technique
consisting of layer re-permutation and input reallocation. For
21th 24th group of (672, 336) LDPC code and 30th 31th
group of (672, 588) LDPC code, their inputs are separated to dis-
continuous input locations after layer re-permutation, as shown
in Fig. 8(b). To deal with these groups, a 2-to-1 multiplexer
is used for switching input location, called input reallocation
(IR). Therefore, the number of wires for C-to-V network in the
proposed decoder is

where stands for the number of VNUs with input realloca-
tion. Hence, the overall number of wires for the routing network
is

According to above discussions, the reduction of routing
wires to a fully parallel min-sum decoder and a layered
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Fig. 9. Chip implementation. (a) Testing circuits. (b) Chip micrograph.

min-sum decoder [7] are 92.7% and 90.7%, respectively. The
proposed decoder achieves the lowest routing wires and en-
hances chip utilization among the state-of-the-art decoders in
IEEE 802.15.3c applications.

IV. CHIP IMPLEMENTATION

In this work, random number generators (RNG), an encoder,
an AWGN engine, a delay-locked loop (DLL), and a proposed
decoder are integrated into a chip, as shown in Fig. 9(a). The in-
formation sequence can be fed from external random sequence
or a linear feedback shift register (LFSR) circuit inside the chip.
A shift-register-adder-accumulator (SRAA) circuit [18] is im-
plemented as the encoder. It simply contains registers, AND
gates, XOR gates, and ROM to finish the encoding process. The
AWGN engine is built-up with Box-Muller algorithm [19]. The
purpose of AWGN and encoder is a backup test plan if malfunc-
tion of IO PAD appears. In other words, if some of IO PADs fail
to work owing to the fabrication defects, we can switch to this
testing mode to verify the functionality of decoder. The channel
values to probabilities transformation is finished by a look-up
table. Moreover, considering the speed limitation of chip testing
equipment (Agilent 93000), an internal clock source of the de-
coder is created by the DLL which can generate 4 clock fre-
quency from external clock source. In order to handle the failure
of each component, the bypass circuits are designed to allow ex-
ternal inputs to test the function of the decoder only.
The RNGs are used for generating the stochastic streams in

the hold state condition. Since the performance degradation is
negligible when VNUs can share the same RNG, the design con-
siderations will be: 1) random numbers should be different in
every DC to prevent data correlation. 2) output loading of the
RNG should be as small as possible. Based on the constraints,
we design a random number engine with 32 RNGs that each
group of variable nodes shares one RNG. An RNG is composed
of a 10-bit LFSR whose period is larger than the maximum DC.
The outputs of the decoder are decided by 6-bit saturated coun-
ters with a range from 32 to 31. In each DC, the C-to-V
messages and stochastic streams are delivered to the counters.
When the maximumDC is reached or syndrome checking is sat-
isfied, the decoded bits are decided by sign bits of counters.

A. Implementation and Measurement Results
To verify the functionality of proposed decoder, computer

based software simulation and chip fabrication are adopted.
Table III shows the area distribution of modules based on
post-layout simulation result. The impact of the VNU design
over the entire decoder is significant since the VNU module
occupies over half of the area. As mentioned in the previous
sections, we attempt to reduce the overhead of RCA-TFM

TABLE III
GATE COUNT AND POWER PROFILING OF EACH MODULE

CLK tree, input and output buffers

while maintaining the decoding capability. From the viewpoint
of performance, the comparison of RCA-TFM with different
values is demonstrated in Fig. 10. The convergent speed

and data rate of the decoder is higher when is increasing.
At the same time, the error rates of RCA-TFM with different
values are similar. From the viewpoint of complexity, the

combinational circuits such as adders and multiplexers in an
RCA-TFM with is equal to 0.5 can be removed, leading
to higher area efficiency. Based on these considerations, an
RCA-TFM with is equal to 0.5 is chosen to implement the
variable node unit in the proposed decoder.
Fig. 11 shows the bit-error-rate (BER) performance of dif-

ferent code rates for BPSK and 16-QAM modulations. The
simulation environments are AWGN channel, 10-bit input
quantization, 6-bit up/down counter, 10-bit RCA-TFM-based
probability tracking unit with is equal to 0.5, and the max-
imum decoding cycle 1000. In the BPSK modulation, the
performance degradation is acceptable for all code rates under
different SNR conditions. However, the proposed decoder
receives a performance loss in the low SNR region; it reaches
higher convergent speed in the waterfall region and achieves
similar performance with NMS algorithm for 16-QAM mod-
ulation. Based on above observations, we conclude that the
stochastic decoding suffers more performance degradation
than min-sum decoding in the high order modulation scheme.
To improve performance for stochastic decoding, the NDS
factor, which is used for enhancing the BER performance as
mentioned in Section II, should be adjustable for different
SNR conditions. Nonetheless, the SNR condition can not
be obtained on-the-fly during the decoding process without
channel estimation. Since the demanding condition for wireless
communication is usually around , the
NDS factor of our proposed decoder is optimized near this
region. At , compared to floating point simulation
of NMS algorithm with 10 iterations and scaling factor 0.75,
the performance gap is negligible while considering the loss
between floating point and fixed point simulations.
A test chip is implemented in UMC 90-nm 1P9M CMOS

technology. Based on the result of placement and routing using
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Fig. 10. Comparison of different values. (a) Bit-error-rates. (b) Data rates.

Fig. 11. BER performance of BPSK and 16-QAM.

Cadence SOC Encounter, the total gate count of proposed de-
coder is 760.3 K. The die photo of this chip is shown in Fig. 9(b).
The chip core area including the testing circuit is

with 90% utilization. The measurement result of the
chip at SNR of 9 dB under different supply voltages and fre-
quencies is shown in Fig. 12. The result indicates that the de-
coder consumes 437.2 mW under 1.2 V supply at 768 MHz.
Since the decoding cycle is 57, the data rate of proposed decoder
achieves 7.92 Gb/s. Tomeet the information throughput require-
ment of the standard (5.775 Gb/s), the operating frequency can
be scaled down to 560 MHz, where the chip consumes 280.7
mW with better energy efficiency of 48.6 pJ/bit. The Shmoo
plot is shown in Fig. 12(a). We choose the SNR of 9 dB, where
the BER is equal to for (672, 588) LDPC code to simulate
the working range between different supplies and frequencies.

B. Comparison With the State-of-the-Art Works
Table IV summarizes the key features of the proposed de-

coder. First of all, compared to stochastic LDPC decoders [15]
and [20] for IEEE 802.3an applications, the data rate of pro-
posed decoder is lower owing to different SNR conditions. In
[15] and [20], the data rates are 51.57 Gb/s and 172.4 Gb/s at
SNR 5.5 dB, but both BERs are smaller than . Under this
condition, the decoding cycle is much smaller and data rate can
be higher. Because of different applications, it is hard to com-
pare the decoders with different code lengths and performance

conditions fairly. To take the code length into account, the com-
paring method of [15], which is throughput per coded bit per
scaled area, is adopted. The corresponding hardware efficiency
of proposed work, [15] and [20] are 5.04 , 4.69

, and 21.42 , respectively. Therefore,
the proposed decoder is more hardware-efficient than [15] but
less than [20]. Although [20] is the most hardware-efficient de-
sign, [20] reported that it suffers the BER performance degrada-
tion of 0.2 dB compared to [15]. Moreover, [15] and [20] don't
provide a DLL for generating a high frequency clock signal such
that a high throughput decoder might not be achieved easily
under a silicon verification.
A comparison with other IEEE 802.15.3c LDPC decoders

is also given. The results of proposed and other designs are
based on (672,588) LDPC code with its maximum operating fre-
quency. To give a fair comparison, performance normalization
is applied to 90-nm CMOS technology, the scaling factor is de-
fined as follows (both technologies are 1 V supply):



LEE et al.: A 7.92 Gb/s 437.2 mW STOCHASTIC LDPC DECODER CHIP FOR IEEE 802.15.3C APPLICATIONS 515

Fig. 12. Measurement result. (a) Shmoo plot. (b) Average decoding cycle and data rate.

TABLE IV
COMPARISON WITH THE STATE-OF-THE-ART LDPC DECODERS

(): normalized to 90-nm technology, 1 V supply
Measured at 1 V supply
BER is below
Scaled data rate per information bit per scaled area

Although the gate count of our decoder is the largest among
three designs, the hardware efficiency is still the best due
to higher data rate. As mentioned in the previous section,
the computation unit is simpler with shorter critical path.
Therefore, the operating frequency can be much higher to
achieve the higher information throughput than other works.
Compared to the other two decoders, the proposed decoder
improves the hardware efficiency from 2.38 [7],
2.9 [6], to 5.04 . From the viewpoint
of power consumption, our decoder only consumes 437.2 mW
such that the corresponding power efficiency is 55.2 pJ/bit,
which achieves 11.5% and 39.6% reduction of [6], [7]. These
benefits come from the bit-serial characteristic of stochastic
computation, simpler and reconfigurable processing units, and
low-power simplified RCA-TFM-based PTU design. In sum-
mary, our proposed work is not only energy-efficient but also
cost-efficient, which is suitable for low power/high throughput
communication systems.

V. CONCLUSION
In this paper, an energy, routing and area efficient LDPC de-

coder chip for IEEE 802.15.3c applications is presented. To sup-

port four code rates and enhance data throughput, a reconfig-
urable stochastic CNU with concealed syndrome checking and
a reconfigurable stochastic VNU architectures are proposed. To
improve area and power consumption, we propose a simpli-
fied RCA-TFM-based probability tracking unit embedded in the
VNU. In addition, to alleviate routing complexity, reallocation
techniques are adopted in V-to-C and C-to-V networks. A chip
fabricated in 90-nm CMOS process occupies 2.67 area
and achieves 90% chip utilization. The measurement results
show that the proposed decoder reaches 7.92 Gb/s at 768 MHz
with 5.04 area efficiency. The power consumption
is 437.2 mW with 55.2 pJ/bit energy efficiency at 1.2 V supply.
Compared to other state-of-the-art works, our proposed design
can realize the best energy and area efficiency among available
LDPC decoders.
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