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Abstract

In this thesis, we present an FPGA implementation of parallel-node low-density-parity-
check convolutional-code (PN-LDPC-CC) encoder and decoder. A 2.4 Gbit/s rate-1/2
(3, 6) PN-LDPC-CC encoder and decoder were implemented on an Altera development
and education board (DE4). Detailed power measurements of the FPGA board for various
configurations of the design have been conducted to characterize the power consumption
of the decoder module. For a E,/Ny of 5 dB, the decoder with 9 processor cores (pipelined
decoder iteration stages) has a bit-error-rate performance of 107!° and achieves an energy-
per-coded-bit of 1.683 nJ based on raw power measurement results. The increase in Ej/Ny
can effectively reduce the decoder power and energy-per-coded-bit for configurations with
5 or more processor cores for E,/Ny < 5 dB. The incremental decoder power cost and
incremental energy-per-coded-bit also hold a linearly decreasing trend for each additional
processor core. Additional experiments are performed to account for the effect of the
efficiency of the DC/DC converter circuitry on the raw power measurement data. Further
experiments have also been conducted to quantify the effect of clipping thresholds, bit
width for each processor core on bit-error-rate (BER) performance, power consumption,
logic utilization of the decoder. A “6Core” decoder with growing bit-width log-likelihood
ratios (LLRs) has been found to have a BER performance near that of a “6Core” 6-bit
decoder while consuming similar power, and logic utilization to that of a 5-bit “6Core”

decoder.
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Chapter 1

Introduction

1.1 Motivation

The goal of forward error control is to minimize the net error rate of a communications
channel and to improve the overall efficiency of data transmission over noisy channels by
adding redundancy to data to avoid complete data retransmission. Low-density parity-
check (LDPC) codes, in particular, are a class of linear error correcting codes which were
first proposed by Gallager in 1962 [3]. LDPC block codes (LDPC-BC) are characterized
by a seemingly random parity-check matrix, known as the H matrix, with mostly 0’s
and a small fixed number of 1’s. However, despite its high performance, the decoding of
LDPC codes was impractical to implement due to limitations imposed by the processing

capabilities available at the time.

After being forgotten, LDPC codes were rediscovered by MacKay and Neal [1]. Through
the use of a probabilistic decoding algorithm, LDPC codes were proven to perform substan-

tially better than standard convolutional codes could, and their performance approaches



Shannon’s theoretical channel capacity limit [5]. Since then, LDPC codes have become
one of the most intensive research areas in coding theory. There has been a lot of research
done to analyze the behaviour and performance of LDPC codes over different channels (e.g.
binary erasure channel, binary symmetric channel, additive white Gaussian noise channel)
and under various constraints. Various approaches have been taken to design and construct
good LDPC codes to achieve channel capacity-approaching performance [6]. LDPC codes
have since been widely adopted in numerous digital communications standards, such as the
10GBase-T Ethernet (IEEE 802.3an), wireless-N network standard (IEEE 802.11n), IEEE
802.16e, DVB-S2, an enhanced specification for digital video broadcasting, and wireless
personal area network (802.15.3c). Numerous designs of LDPC block code decoders have
been shown in recent literature to achieve a decoding throughput in the range of multi-

Gb/s through optimizations in decoding algorithms, architecture, and code construction
[ Y Y ) Y 7 Y 7 ]'

Turbo codes are another family of popular error-correction codes with capacity-approaching
performance, which were first introduced in 1993 [15]. In parallel with the development of
LDPC codes, there has also been a lot of active research done in the area of turbo codes.
They have been incorporated in 3G and 4G mobile telephony standards such as HSPA,
EV-DO and LTE, as well as in other standards, such as WIMAX standard (IEEE 802.16),
and DVB-RCS, a specification for interactive satellite communication system. Numerous

turbo decoders with Gbit/s performance have been reported in literature [16, 17, 18, 19].

LDPC convolutional codes (LDPC-CC), on the other hand, were first proposed in [20] as
a convolutional variant of the original LDPC codes, and past studies have shown that well-
designed LDPC-CCs have the same capacity-approaching BER performance as LDPC-BCs
[20, 21]. The flexibility to handle frames of arbitrary lengths, a characteristic shared with

convolutional codes, makes LDPC-CC a suitable candidate for practical implementations



of communication scenarios, such as video streaming and packet-switching networking.
LDPC-CCs have been incorporated in the next-generation High Definition Power Line
Communication (HD-PLC) specification [22], and it has also been proposed for use in
Global Navigation Satellite System (GNSS) along with its block-code variant [23]. The
implementation of LDPC-CC encoding has also been shown to be simpler than its block-
oriented counterpart [21, 25]. Recent literature on LDCC-CC-based decoders has also

demonstrated the ability to achieve Gbit/s decoding throughput [26, 27, 25].

Past implementations of LDPC decoders have mostly used Field Programmable Gate
Arrays (FPGA) as an intermediate tool to prototype their designs instead of targeting it as
the final platform [29, 30, 31], because of its relatively slower clock speed, larger area and
higher power consumption compared to full-custom application-specific integrated-circuit
(ASIC) implementation. However, FPGA does provide much faster turnaround time than
ASIC. Therefore, it would be interesting to consider the feasibility of using state-of-the-art
FPGAs as final design platform. Recent literature on LDPC decoders implemented on
FPGAs has shown improvements in decoding throughput and some of them have even
been shown to achieve throughput in the range of several Gigabits per second (Gbit/s)
[32, 33, 31, 34]. However, the lack of reported power measurement figures from existing
FPGA implementations of LDPC decoder designs has made it difficult to analyze the gap in
power consumption between FPGA implementations and ASIC implementations of LDPC

decoders, and to explore FPGA-specific architectural tradeoffs.

This thesis presents an FPGA implementation of a parallel-node low-density-parity-
check-convolutional-code (PN-LDPC-CC) decoder and a set of detailed power measurement
data conducted using a simple power measurement set-up. This work verifies the ability

of an FPGA-based PN-LDPC-CC decoder to achieve decoding throughput in the Gbit/s

range while consuming a reasonable amount of power, which demonstrates the feasibility



of using FPGA as a final design platform. Architectural tradeoffs of the PN-LDPC-CCs
are further investigated, and further experiments have also been conducted to quantify the
effect of clipping thresholds, bit width for each processor core on BER performance, power
consumption, logic utilization of the decoder. A “6Core” decoder with growing bit-width
LLRs has been found to have a BER performance near that of a “6Core” 6-bit decoder

while consuming similar power, and logic utilization to that of a 5-bit “6Core” decoder.

1.2 Thesis Organization

This thesis is organized as follows. Chapter 2 includes the background on LDPC-BC as well
as LDPC-CC, and the gap between FPGA and ASIC implementation, and a summary of
performance results from the existing ASIC and FPGA LDPC decoders. Chapter 3 presents
a background on the PN-LDPC-CC encoder and decoder architectures as well as the other
system modules implemented in our experiment. Chapter 4 provides a description of the
power measurement method employed for further power characterization of our system.
Chapter 5 presents the measurement results of our FPGA implementation and the resulting
discussion. Chapter 6 presents the results from a performance optimization of the decoder
by varying the clipping threshold, precision of each decoder processor core. Conclusions,

contributions, and further research directions are presented in Chapter 7.



Chapter 2

Background

This chapter first presents a description on LDPC, decoding of LDPC and LDPC-CC
codes respectively in Section 2.1 to 2.3. Then a general background on the gap between
FPGA and ASIC implementation is outlined in Section 2.4 along with a summary of the
performance results from existing ASIC and FPGA implementations of LDPC decoders.

2.1 LDPC Definitions

Low-density parity-check (LDPC) codes are a class of linear error-control codes, which
were first introduced in 1962 [3]. An LDPC code is a linear block code of rate R =k / n,
characterized by a sparse (n - k) by n parity-check matrix, H. The length of the code
is denoted by n, the number of message bits is denoted by k, and (n — k) is the number
of the parity (redundant) bits in the codeword. An example for a rate-1/2 LDPC code
with n = 16 and k = 8 is shown in Figure 2.1. All the valid codewords x of an LDPC

code must satisfy the constraint Hz? = 0. An LDPC code can also be represented by



a bipartite graph, known as the Tanner Graph [35]. The corresponding Tanner Graph for
the H matrix in Figure 2.1 is depicted in Figure 2.2. Each codeword bit corresponds to a
variable node, labeled v;, and each parity bit corresponds to a check node, labeled ¢;. Each
entry h;; of 1 in the H matrix corresponds directly to an edge (or connection) between

variable node ¢ and check node j in its graphical representation.

The H matrix of a regular LDPC code contains a fixed number of of 1’s in each column,
denoted by d,, and a fixed number of 1’s in each row, denoted by d.. In other words, for
a regular LDPC code, the number of edges connected to a check node and the number of
edges connected to a variable node are constant. An irregular LDPC, on the other hand,
has nodes of varying degrees defined by a degree distribution. Although LDPC codes are
block codes, there also exist LDPC convolutional codes (LDPC-CC), which are further

described in Section 2.3.

(1 1010000100110 0 0
011010001 1000°010
0011010001000T1°0 1
L0001 101001101000
000011010000T1T1T10
1 0000110101000 0 1
01000011000100T11
1 0100001001101 0 0

Figure 2.1: Example of H matrixz for a rate-1/2 LDPC code with n = 16, k = 8



Figure 2.2: Tanner graph representation of the H matrix in Figure 2.1. Variable nodes are

shown on top, and check nodes at the bottom

Noise, n

Encoder Decoder

: ; A\ ; ;
Source Channel \I/ Channel Destination

Channel

Figure 2.3: Basic Communication System. Channel modulator and demodulator are not shown

in the picture.

2.2 LDPC Decoding

In a basic communication system, as depicted in Figure 2.3, an information message @ is
encoded by the channel encoder to a coded sequence & with added redundancy to provide
error protection. The coded sequence Z is then modulated by the modulator to allow
transmission through the channel, where it gets distorted by noise. At the receiving side,
the received signal is demodulated by the demodulator. The demodulated sequence y then
goes through the channel decoder, where it gets decoded into received encoded message,

v, and sent to destination.

For an LDPC decoder, the received channel messages are expressed in the form of



log-likelihood-ratios (LLRs), which represent the scaled and quantized channel samples of
original encoded data with added noise scaled according to a Ej /Ny, the ratio of the energy-
per-transmitted bit versus the spectral noise density. An LLR is defined by Equation 2.1,
where P(z; = 0/1|y;) is the probability that z; is zero or one respectively knowing the value
of y;, for an additive white Gaussian noise (AWGN) channel based on binary phase-shift
keying (BPSK) modulation scheme. Equation (2.4) describes the operation at the variable

node that computes the final decoder outputs.

LLR;(y) =In (2.1)

LDPC codes can be iteratively decoded using the Sum-Product Algorithm (SPA),
which is a general-purpose algorithm for probabilistic inference based on factor graphs
[36]. The variable-node and check-node operations of SPA can be generalized in Equa-
tion (2.2) and (2.3), where L? represents the initial received LLR at variable node i, \;_;
represents an LLR from variable node 7 to check node j, L,_,; represents an LLR from check
node j to variable node i, d. denotes degree of the current check node, and d, denotes the

degree of the current variable node.

dy

k=1
k#j




Let y; denote the received message at variable node i, i € {1,d,}, from an AWGN
channel. The SPA decoding procedure can be described as the following steps, where
the extrinsic principle of excluding self-message is applied at both the check-node and

variable-node operations:

1. Set n = 0. Initialize LLR L} as U%yi for each variable node 7, where oy is the noise
N

No

variance and o% = 52, where Ny is the noise power spectral density.

2. Variable node LLRs are passed along all edges to the connected check nodes as

inputs:\;,; = L, where j € {1,d.}.

3. At the check node, the outgoing LLR sent from the current check node j along the

edge to each connected variable node i is computed using Equation (2.3).

4. At the variable node, the outgoing LLR sent from the current variable node i to each

connected check node j is computed using Equation (2.2).

5. The result for the current decoding iteration n is A, ;, the sum of the result of the

variable node computations, computed using the Equation (2.4).

satisfies the constraint \*.. - HY = 0 or a fixed number of iterations are

6. If A% r
reached, terminate decoding and output the current result. If neither condition is

met, set n = n 4+ 1, return to Step 2 to start the next iteration.

However, while being capable of achieving excellent bit-error-rate (BER) performance,
the implementation of the SPA has been shown to be rather demanding of hardware re-
sources, because it is an iterative numerically intensive algorithm that performs arithmetic
operations on real-valued information of large blocks of data. However, the SPA is an inher-

ently parallel algorithm. A good alternative to SPA is the Min-Sum algorithm [37, 38, 39],

9



which is an approximation of the SPA that offers reduced complexity. The simplification of
the SPA is achieved by approximating the check-node operation depicted in Equation 2.3
with the operation described in Equation 2.5 instead, where the magnitude of the outgoing
message on edge ¢ is the minimum of the incoming message magnitudes excluding the one
from edge 4, and its sign is the XOR of the signs of the incoming messages except the one

from edge i.

its inherent parallelism,

dc
Lj ;= H sign (Ag—;) | % k:rnmd | Ak (2.5)
= i

This approximation eliminates the use of LUTSs to implementation tanh calculations,
which in turn reduces the complexity in hardware implementation. However, a loss of
up to 1.03 dB is observed in decoding performance after the application of the min-sum
approximation [10]. There also exists a number of modifications proposed for the original
min-sum approximation, such as the offset min-sum algorithm and the normalized min-
sum algorithm, which both perform very close to the ideal sum-product algorithm or even
outperform that in some cases, but have hardware complexity closer to that of min-sum

algorithm [39].

2.3 LDPC-CC Definitions

LDPC convolutional codes (LDPC-CC) were first proposed in [20]. An LDPC-CC bears the
same characteristics as conventional convolutional codes, where a current code bit depends

on present and previous information bits only. An LDPC-CC can be characterized by
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Figure 2.4: H matrixz for LDPC-CC. Note the diagonal band structure of non-zero elements.

a parity-check matrix, H. However, unlike LDPC block codes (LDPC-BC), which have
finite-length parity-check matrices, the parity-check matrix for LDPC-CC in infinite in
length. Like LDPC-BC, all of the valid codewords w of an LDPC-CC must satisfy the
condition, where wH? = 0. The transposed form of the H matrix for an LDPC-CC with
the rate R = b / ¢ (b < ¢) is shown in Figure 2.4, where the HX(t) (i = 0,1,...,m,)
represents the periodic time-varying sub-matrices of size ¢ x (¢ —b) and the parameter
mg is called the code memory. For a finite code period Ty, H = HI (t + T,) for all
tand t. If Ty, = 1, the LDPC-CC is considered time-invariant, else time-varying. The
overall constraint length of the rate -b / ¢ LDPC-CC is defined as v =¢ x (m; +1).
For reqular LDPC-CCs, both the column weight (K) and the row weight (J) of H are
constant, and such a code can be referred to as an (mg, J, K) LDPC- CC code. For a
(ms, J, K) code, the column weight (K) defines the number of LLRs entering check-node
from the variable-node, while the row weight (.J) defines the number of LLRs entering each
variable-node from the check-nodes. While the LDPC decoding algorithms described in
Section 2.2 still apply for LDPC-CC, the iterations are realized as pipelined “processor
cores”. Additional parallelism can be achieved through design of the LDPC-CC code to
allow the encoding and decoding of p information bits per cycle, as demonstrated in [20],

where p is defined as the parallelization ratio.
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2.4 State-of-the-art LDPC Decoders

An LDPC decoder can be implemented in a digital Application-Specific Integrated Circuit
(ASIC) or Field-Programmable Gate Array (FPGA). There have also been analog imple-
mentations of LDPC decoders [11, 12]. Digital ASIC implementation is usually preferred as
it provides higher clock frequency, smaller area and lower power consumption than FPGA
implementation. In a recent paper, Kuon and Rose presented experimental measurements
of area, speed, and power consumption to analyze the gap between ASICs and FPGAs
[13]. They suggest that by making use of the available hard heterogeneous blocks (such as
memory, DSP blocks) on FPGAs, the resulting gap in area can be narrowed, as can the gap
in power consumption. However, they also suggest that the possibility of narrowing the
gap in clock speed performance would depend largely on how well the designs are tailored

to the functionality of the DSP block.

The performance of several state-of-the-art ASIC-based LDPC decoders that is reviewed
in Section 2.4.1. Preference is given to designs with reported power measurements to

demonstrate the trend of power consumptions of ASIC-based LDPC decoders. A summary

of several Gbit/s FPGA decoders is also provided in Section 2.4.2.

2.4.1 ASIC-based LDPC Decoders

An LDPC decoder that supports four code rates of IEEE 802.15.3c applications is pre-
sented in [13]. The proposed decoder utilizes row-based layered scheduling, and achieves
a maximum throughput of 5.79 Gbit/s at a clock frequency of 197 MHz. Darabiha et al.
introduced a highly-parallel decoder architecture with low routing overhead and proposed
a method to detect early convergence of iterative decoder to allow reduction in dynamic

power [9]. A bit-serial fully-parallel LDPC decoder employing the proposed architecture
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and optimization is reported to achieve a total throughput of 3.3 Gbit/s. A Reed-Solomon-
based LDPC (RS-LDPC) decoder suitable for I0GBASE-T Ethernet is presented in [14].
The resulting decoder delivers a throughput of 47.7 Gbit/s at a clock frequency of 700
MHz, and is capable of achieving a BER of 107! at SNR of 5.5 dB with the use of a
post-processing algorithm. to Lastly, an LDPC-CC decoder fabricated in a 90-nm process
is reported to achieve 2.37 Gbit/s at a clock frequency of 198 MHz [28]. The proposed de-
coder employs the on-demand variable node activation scheduling to improve convergence
speed, and a node-level optimization to increase decoding throughput. A summary of the

results from the aforementioned ASIC-based LDPC decoders is included in Table 2.1.

2.4.2 FPGA-based LDPC Decoders

Darabiha et al. introduced a bit-serial decoding scheme that addresses the issue in in-
terconnect complexity in fully parallel implementations of LDPC decoders, along with
a simplified check node architecture [29]. The reduction in interconnect complexity is
achieved by allowing the multi-bit messages to be communicated between variable node
and check node over single wires. The viability of both ideas is demonstrated on a fully
parallel FPGA implementation of a (480, 355) Reed-Solomon-based LDPC decoder, which
has been shown to achieve a decoding throughput of 650 Mbps at a clock frequency of
61 MHz. A fully parallel LDPC decoder based on revised stochastic decoding was pre-
sented by Tehrani et al. [30]. The method of noise-depending-scaling (NDS) and the use
of edge memories (EM) have been applied to the original stochastic decoding scheme [11].
The resulting decoder has been shown to achieve a decoding throughput of 706 Mbps at
a signal-to-noise ratio of 3 dB. In addition to the methods of NDS and of EM, internal

memories (IMs) are used for each subnode in the high-degree variable nodes to reduce the

13
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occurrence of the hold state in a high-degree variable node [32]. A 1.66 Gbit/s fully par-
allel stochastic decoder based on the irregular WiMAX (1056, 528) LDPC code using the
aforementioned techniques has been shown to achieve a BER of 107® at an FEj/N, of 4.25
dB. In [33], an FPGA-based decoder based on the 1200-bit rate-1/2 LDPC code using a
modified min-sum algorithm has been shown to achieve a decoding throughput of 6 Gbit/s.
Chandrasetty et al. proposed a modified 2-bit Min-Sum Algorithm (MMS2), which is im-
plemented on an FPGA-based LDPC decoder that achieves an average throughput of 10.2
Gbit/s at an E,/N, of 4dB [31]. The difference between the proposed MMS2 algorithm
and the traditional Min-Sum algorithm lies in the variable node operation. In MMS2, the
variable node operation involves an additional mapping step that maps the computed sum
in higher precision to a 2-bit message to be passed to the check node. The mapping is

based on a threshold value obtained from Monte-Carlo simulations.

FPGA-specific architectural techniques named wvectorization and folding are proposed
by Chen et al. in [34] for quasi-cyclic LDPC decoders. Vectorization takes advantage of the
configurable data width of embedded memory on FPGAs by packing multiple messages
into the same physical word, which is loaded and stored simultaneously. However, to
concurrently process the messages delivered in each memory access and to take care of the
data alignment and addressing, additional logic resources are needed. The extra required
hardware resources may result in degraded performance, or it may not even fit on the FPGA
due to the alignment logic and interconnect complexity. An additional tool, named QCSyn,
which synthesizes a vector architecture for a given quasi-cyclic code, is also developed to
ensure high resource utilization. Folding, on the other hand, is a memory virtualization
technique that allows large LDPC codes to be implemented on commercially-available
FPGAs with a small number of available block RAMs by mapping messages corresponding
to multiple sub-matrices in the same physical block RAMs.
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Results of all the aforementioned implementations based on FPGAs are presented in
Table 2.2. None of the included implementations have reported any power values with
the exception of the vectorization-based implementation [34], which has not identified how
power values were obtained. Therefore, this thesis focuses on the power characterization
of an FPGA-based LDPC-CC decoder. The next chapter describes the architecture of our
FPGA implementation of the PN-LDPC-CC, and detailed power measurement set-up is

provided in Chapter 4.
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Chapter 3

FPGA Implementation

This chapter first provides a brief summary on Parallel-Node Low-Density Parity-Check
Convolutional Codes (PN-LDPC-CCs) in Section 3.1. Then a detailed description on the
architecture of the PN-LDPC-CC-based encoder and decoder implemented is provided in
Section 3.2 and 3.3. Lastly, an overview of the remaining modules of the system imple-

mented on FPGA is presented in Section 3.4.

3.1 PN-LPDC-CC

Architecture-aware PN-LDPC-CCs were initially developed by Chen et al. [20]. Both
implementation-oriented constraints and performance-oriented constraints are applied in
the construction of PN-LDPC-CCs to allow parallelism in the encoder and decoder architec-
ture and to also ensure BER performance of the code. For PN-LDPC-CC, the parity-check
matrix H” is organized into groups of sub-matrices H (') of size p x p, where p is defined

as the node-parallelization factor, for parallel processing. The code period Ty and code
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Figure 3.1: Sub-matrice H. (t') for PN-LDPC-CC

memory m, are also measured in terms of such groups, where the group period, 77, is
defined as the ratio of Ty /p, and group memory, m/, is defined as mg/p, hence, T and m
must be multiples of p by design. The phase parameter, ¢, ¢ € [0, Ty), refers to the specific
row in the parity-check matrix, is also used to specify check constraints at each instant
in time. Additionally, for PN-LDPC-CC, a new parameter group phase, ¢/, ¢ € [0,7)) is
introduced. The mapping from H! (t) to H} (') is shown in Figure 3.1.

In [1], it is shown that p can be increased significantly with little impact on the BER
performance, and the main factors affecting BER performance are code period (T) of the

code and the decoding algorithm.

A series of circuit optimizations to the PN-LDPC-CC encoder/decoder architecture
presented in [26] and the corresponding synthesis results in terms of energy-per-encoded-
bit versus throughput and area versus throughput for each improvement are reported by
Brandon in [I]. The throughput for both the encoder and the decoder is be defined as
the product of clock frequency and node parallelization factor, p, divided by the rate of
LDPC-CC code, R, as shown in Equation (3.1).

Jek X
Nenc/dec Throughput — R P (31)

Our implementation of the PN-LDPC-CC encoder and decoder is based on a pre-
existing PN-LDPC-CC architectures by Brandon [!], which are described in details in
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Section 3.2 and 3.3.

3.2 PN-LDPC-CC Encoder

A high-level architecture of the PN-LDPC-CC-based encoder implemented in our studies is
depicted in Figure 3.2. The input data[p-1:0] is connected to each register bank regX[p-1:0],
X € {0,T!} of the T encoder nodes, where 77 is the group period of the PN-LDPC-CC,
and p is the parallelization ratio of the code. An example of a single encoder node based
ona Ty =192, p = 16, rate-1/2 (3, 6) PN-LDPC-CC is shown in Figure 3.5. The data in
the encoder node is updated according to the regPhase[T’-1:0] signals, but remains in the
flip-flop until it gets replaced in the next period. The parity output, v(t), is then actively
chosen from one set of the 77 encoder node registers based on the regPhase signals, as
shown in the parity output circuitry in Figure 3.4. For a given rate-1/2 PN-LDPC-CC
code with p = 16, the encoder outputs 16 information bits, u(t), and 16 parity bits, v(t),

per clock cycle.

The group of phase signals, regPhase, is shown in Figure 3.2 and 3.5, which control
the “info” and “parity” updates, are created with one-hot encoding logic, where only one

register is being set upon the reset of the encoder, as depicted in Figure 3.3.

As shown in Figure 3.5, the register bank inside each encoder node is implemented as
a circular buffer, where it is constrained so that it becomes the next register bank in the
next phase, and the input data accepted by the constrained register bank is unique to each

phase.

The output parity vector, v(t), is multiplexed out from one of the T register banks

with width of p based based on the phase specified by the regPhase signals, as shown in
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Figure 3.2: A high-level block diagram of the implemented PN-LDPC-CC' encoder. An example
of a single encoder node is shown in Figure 3.5. The one-hot encoding of the phase signal is

shown in Figure 3.3. Figure 3.4 depicts the parity output circuitry.

D Q a D Q_a°°‘ _D Q a D Q a
«Q Q «Q «Q
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D D D [¢]
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Figure 3.3: One-hot encoding of the phase signal for the Ts = 192, p = 16, rate-1/2 (3,6)
PN-LDPC-CC, group period Th =12. [1]
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Figure 3.4.
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Figure 3.4: Parity output circuitry for the Ty = 192, p = 16, rate-1/2 (3,6) PN-LDPC-CC,
group period T, =12. [1]

The presented encoder node shown in Figure 3.5 includes two optimizations by Bran-

don [1], which are outlined in Section 3.2.1 and 3.2.2.

3.2.1 Gate-Swapping

The technique named “gate-swapping” is applied to the design of the encoder node. It
conditionally swaps the 3-input XOR with a simpler 2-input XOR and a 2-input OR gate
when the phase-gated data (“info”) and register (“parity”) updates inside an encoder node
do not occur in the same phase [1]. In Figure 3.5, an encoder node that meets the require-
ment for “gate-swapping” is depicted. The “gate-swapped” area shown in Figure 3.5 is
where the swapping takes place. It can be seen that the regPhase signals, which control
the “info” updates in this depicted encoder node are regPhase[5], regPhase[8], and reg-
Phase[10]. The signals that control the “parity” update are regPhase[l] and regPhase[9].
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Figure 3.5: A single encoder node from the implemented architecture in this thesis for the

Ts =192, p = 16, rate-1/2 (3,6) PN-LDPC-CC. [1]
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In this case, the phase signals controlling the “info” and the “parity” updates in this en-
coder node are different; so this allows these phase-gated data and register updates to be
combined with a 2-input OR gate, and the result of that is then fed into a 2-input XOR
gate. However, in the cases, where the “info” and “parity” updates are controlled by the
same phase signals, the 3-input XOR cannot be replaced by a 2-input OR gate and a 2-
input XOR. The number of occurrence of simultaneous “info” and “parity” updates varies
among all PN-LDPC-CCs. A consistent small reduction in power and area is observed
by Brandon among the implemented encoders based on various PN-LDPC-CCs with the

application of this technique in [1].

3.2.2 Clock-gating

Latch-based clock-gating [15] is applied to the encoder node design. As depicted at the
bottom portion of Figure 3.5, the regPhase phase signals associated with for that particular
encoder node are ORed together and the result is latched. The clock is ANDed with the
output of the latch to form a new clock signal that controls the encoder-node registers.
Brandon noted in [1] that the phase signals have switching rates of 1/2-T7 per clock cycle
and the clock switches once per cycle, so gating the clock with the phase signals can lead
to a reduction in dynamic power. A significant reduction in power consumption for all

PN-LDPC-CCs using the resulting architecture is observed [1].

3.3 PN-LDPC-CC Decoder

The decoder implemented in our design is formed by cascading identical decoder processors

in series. A single decoder processor consists of 2p variable-node (vnode) units, p check-
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node (cnode) units and multiple memories for storage purpose. Figure 3.6 depicts a high-

level architecture of a single decoder processor for a rate-1/2 (3, 6) PN-LDPC-CC.

The operation of a decoder processor can be described as follows: as shown in Fig-
ure 3.6, the processor takes in channel LLRs or the information and parity LLRs from a
previous decoder processor and stores them in the respective info and parity registers. The
information/parity input databus has a initial bit-width of 4pq, where 4 represents the
degree of the variable node, p is the node parallelization factor and ¢ is the bit-width of
the LLRs. With the application of TMS, the LLR bit-width of storage elements is reduced
by 1 bit by dropping the LSB, with the exception of the channel samples, as denoted in
Figure 3.6. LLRs from the info and parity registers are read and routed to the appropriate
check-node units in each phase. The processed LLRs from the check-node operations are
then written back to the same registers that they were read from, with the exception of
one of the parity LLRs, which is routed directly to a variable-node unit. Simultaneously,
the variable-node units obtain the processed LLRs from the info and parity registers. The
output LLRs from the variable-node units become the outputs of the decoder processor,
which are fed into the subsequent decoder processor for another decoding iteration, or they
become the input of the hard-decision slicer to form a stream of decoded info bits. The
info and parity registers used for storage all have a common clock-gated structure, which

is shown in Figure 3.7.

The depicted architecture includes a series of optimizations suggested in [l], which

are summarized in the following subsections with their effects on the performance of the

PN-LDPCOCC design.
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Figure 3.6: A single decoder processor. [1]
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3.3.1 Truncated Min-Sum Check Sum Operation

Brandon [I] has employed a technique named truncated min-sum check sum operation
(TMS) for the design of the check node unit. The TMS technique conditionally subtracts
a constant value from the check-node LLR magnitudes when the least-significant-bit (LSB)
of the LLR is set. This subtracted constant is equal to the maximum value that the LSB can
represent. The application of TMS has demonstrated an decrease in energy-per-decoded-

bit and area [1].

3.3.2 Removal of Reset Circuitry in Check-Node

Due to the nature of LDPC-CC decoder being deterministic in that the order of operations
only depends on the code and not the data, the values in uninitialized registers are unim-
portant. With this knowledge, the maximum LLR magnitude can be multiplexed into
the check-node instead of allowing the LLR values from uninitialized memory locations
into the check-node. This is achieved by keeping each input into the check-node at the
maximum magnitude until a predetermined phase is reached. The LLR values from the
memory are used as inputs to the check-nodes once this predetermined phase is reached.
Using this method allows the reset circuitry /memory initialization to be eliminated from
the design. Although the effect of the removal of the reset circuitry is minimal on the

energy-per-decoded-bit based on simulation results, it does further reduce area [1].

3.3.3 Removal of Saturation Bit

The removal of the saturation bit in the sign-magnitude representation of LLRs is achieved

by approximating the function of the saturation bit using the maximum LLR magnitude.
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This modification has been shown to have an advantage of reducing power consumption
and area [!]. However, the removal of saturation bits also results in a small loss in BER

performance [1].

3.3.4 Clock-gated Registers

The technique of clock-gating is applied on the info and parity registers. An example of
how a register is clock-gated with the phase signal is depicted in Figure 3.7. This technique

does not only further reduce area, but it also reduces the energy-per-decoded-bit [1].

3.4 System Design

The design, LP4, is written in Verilog HDL, compiled using Altera Quartus II Version 11.0
for the FPGA implementation on DE4, which is an Altera development and education
board that features a Stratix IV 45GX230 FPGA. An encoder and decoder based on a rate-
1/2 (3,6) PN-LDPC-CC with Ty = 192, p = 16 [20] are implemented using a verified version
of the sample HDL code provided by Brandon [1] for the resulting encoder and decoder
architectures described in Section 3.2 and 3.3 along with an additive white Gaussian noise
(AWGN) channel model based on binary phase-shift keying (BSPK) modulation, a random
pattern generator, a first-in first-out (FIFO) buffer, and a simple error counter on the
DE4. The overall operation is controlled by a counter-based unit that enables/starts the

operation of different modules based on their known latency.

In this design, p test bits are generated by the random number generator, which is
implemented as a conventional linear feedback shift register (LFSR) with configurable

seed value. A copy of the p test bits is fed into the encoder module and the FIFO buffer.
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For every p info bits entering the encoder, it generates p code bits. The noise output from
the AWGN generator of the channel module is scaled according to the desired E,/Ny value
and added to the info and code bits generated by the encoder. The sum of the signal and
noise is then scaled by a linear function and quantized to 4-bit LLRs, where each LLR
consists of one sign bit and three fractional magnitude bits. The quantized LLRs are then
fed into the decoder module. The decoded data is then compared with the original data
from the FIFO that was previously fed to the encoder. The error counter keeps track of
the number of information bits and detected errors until a pre-defined target number of

errors is reached. The overall signal flow is shown in Figure 3.8.

A total of 11 configurations of the design containing different numbers of decoder pro-
cessors have been implemented at a fixed clock frequency of 75 MHz using the default
compilation options on Quartus II to maintain consistency of the experiment. To avoid
the need to re-compile each configuration for every combination of the parameters such as
the predefined Ej,/Ny and target number of detected errors, a JTAG interface [16] system
allows for the flexibility of modifying registers after a design is compiled and downloaded
onto the FPGA. The BER data gathering process is simplified with this JTAG interface
since the values in the registers that store the total error counts and the elapsed clock cycle

counts can be read for every combinations of Ej,/Ny and target number of detected errors.
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Figure 3.9: Interaction between LPJ core on the FPGA and computer Tcl terminal

A simplified version of the interaction between the FPGA and the computer Tool Com-
mand Language (Tcl) terminal is shown in Figure 3.9. Programmable registers storing
parameters such as Ej,/Ny ratio, target number of errors (target nErr), clipping threshold,
and a soft reset (ext_rst) are mapped to pre-defined memory locations to allow read/write
access from the JTAG memory-mapped (JTAG-MM) interface. On the other hand, regis-
ters that get updated by the LLP4 core and its counter-based control unit such as actual
number of errors (nfrr), number of clock cycles required to detect the target number
of errors (nClkCycle), and a flag that indicates the completion of data gathering pro-
cess (fin_flag), are mapped to neighbouring memory locations to allow access in a single
memory-read operation by the JTAG-MM interface. Doing so ensures that the nClkCycle
value corresponds exactly to the nErr value, which are then used to calculate BER off-chip

using Equation 3.2.

nErr
BER = 3.2
nClkCycle x p (32)

The fin_flag register is constantly being monitored by the Tcl terminal, where the values
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innFErr and nClkCycle are read and recorded to a text file when actual nErr is equal to the
predefined target nErr. Details and example code for configuration of this JTAG interface

are included in Appendix A.

Detailed power measurements have been conducted using the FPGA implementation
presented above with the measurement steps described in Chapter 4. The BER perfor-
mance and power measurement results obtained from the implementation are then pre-

sented and further discussed in Chapter 5.

32



Chapter 4

Power Measurement

This chapter, first discusses the available methods for determining the power consumption
of the LDPC-CC decoder in Section 4.1. Section 4.2 describes the chosen power measure-
ment method. The limitations of the chosen method are then presented in Section 4.3
along with the estimated lower and upper bounds of the DC/DC efficiency presented in
Section 4.3.1. Furthermore, Section 4.3.2 described an additional experiment to analyze

the efficiency of the DC/DC converter circuitry and presented the relevant results.

4.1 Available Power Measurement Methods

In this section, we describe several power measurement methods available for the charac-
terization of the decoder power on an FPGA board. In order to characterize the power
consumption of the LDPC-CC decoder, it is necessary to capture the total power consump-

tion of the Stratix IV FPGA on Altera DEA4.

The first power measurement method makes use of PowerPlay, which is an power ana-
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lyzer tool provided in The Altera Quartus II Development Software [17]. PowerPlay gives
a detailed breakdown of the total power consumed by all the modules in the design us-
ing captured signal activities from full post-fit netlist timing simulation. The estimation
from PowerPlay power analyzer has an uncertainty of +15% from actual power consump-
tion when used with accurate design information [18]. From the PowerPlay report, the
estimated power consumption of the LDPC-CC decoder can be extracted. Although the
signal activities from the full post-fit netlist timing simulation (gate-level simulation) on
ModelSim can be used by PowerPlay to give the most accurate power estimation, its long
simulation time [17], and the difficulty of incorporating SNR info in the simulation, are
two of the main disadvantages of this method [19]. As the size of the design grows, its
gate-level simulation time also increases; the requirement for computer resources such as
processing power and memory also increases. For the LDPC-CC decoder design with 10
processor cores, signal activity data cannot be generated because ModelSim is unable to
start the gate-level simulation due to a memory error. Therefore, PowerPlay Analyzer can
only be used to provide an accurate power estimation for our design of LDPC-CC decoder

with less than 10 cores.

The manufacturer of the Altera DE4 FPGA board, Terasic, also provides a power
measurement tool that makes use of a Nios II processor to facilitate the use of the onboard
power measurement circuitry, which consists of two multi-channel differential 24-bit Linear
Technology L.T2418 delta-sigma analog-to-digital converters (ADC) with sense resistors to
measure the small voltage drop across the resistors. This method is capable of reporting
the total power consumed by the FPGA chip in real-time. However, in our experiments, a
consistent discrepancy of over 90% is observed between the average decoder power based
on PowerPlay results from configurations without the Nios II measurement unit and that

from the Nios I method, as shown in Table 4.1. One of the possible causes for the observed
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Table 4.1: Comparison of average decoder power results from various methods for various num-
bers of decoder cores for the Ts = 192, p = 16 rate-1/2 (3, 6) PN-LDPC-CC code with 4-bit LLRs
at Ey/No = 2 dB running at a clock frequency of 75 MHz on Altera DE/J. Values from columns
labeled “PowerPlay”, “Ppoardraw’s “PBoardmapped” are based on configurations without the Nios
1I power measurement unit. Three sets of measurements are taken at different time instants for

each calculation of Pgoerq value.

nCore PowerPlay Estimation (W] | Pgoardraw (W] | PBoard,mappea’lW] | Nios II Results®[W]
1 0.174 0.668 0.393 0.000755
2 0.509 1.09 0.618 0.001264
3 0.956 1.666 0.896 0.001097
4 1.419 2.187 1.118 0.001788
5 1.849 2.693 1.307 0.002074

1 . —
PBaard,raw' PDec - PTotal Board,raw — PTotal Boardw/o Dec,raw

2 . —
PBoaTd7mapped- PDec - PTotal Board,mapped — PTotal Boardw/o Dec,mapped

3 Ning . —
Nios II Results: Ppe. = Protal Chip — Pryar Chipw/o Dec

discrepancy is that PowerPlay estimations are only performed on configurations without
the Nios II unit due to the inability to perform gate-level simulation with the inclusion of
the Nios II unit. Therefore, an alternate method is employed to provide more reasonable
power measurements in order to determine the power consumed by the decoder core in our

design, as well as to provide an alternate method for comparison with the Nios II results.

The next power-estimation method involves taking the board power measurements for
the design with various numbers of decoder cores, and the board power measurement for
the configuration with no decoder core is also recorded as the base case. By subtracting the

base case, the decoder power is obtained. Power measurements using this method are also
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obtained for our comparison, as shown in Table 4.1. It can be seen that the average decoder
power values from this method agree with the PowerPlay estimations with a difference of
around 50% for configurations with 4 or 5 cores, which is slightly closer to the +15%
difference reported in [18]. The difference is likely caused by the fact the decoder power
values from the column “Ppgograrew are based on raw power measurements, which do not
take into account the effect of DC/DC converter efficiency. However, the differences for
the configurations with 1 to 3 cores are much greater, which are likely to be a result
of measurement errors in our method, in addition to the influence from the efficiency of
the DC/DC converter circuitry. An additional experiment has been done to model the
DC/DC efficiency, which is described in details later in Section 4.3.2. By mapping the
board measurement data to the results obtained from the method in Section 4.3.2, the
influence from the DC/DC efficiency is reduced, the difference between the mapped data
and the PowerPlay estimation results is further reduced. The results reported in Table 4.1
focus on using the PowerPlay estimations as a reference for comparison, which may not
be a fair comparison for results obtained from the Nios II method. Therefore, the board
measurement method along with the mapping step described in Section 4.3.2 are also used
to obtain power measurements from the configurations containing the Nios II measurement

7

unit, which are then summarized in Table 4.2. The “raw” and Nios II data are also plotted
in Figure 4.1, where they are then fitted linearly. The “raw” and “mapped” values reported
in Table 4.2 are largely different from the ones reported in Table Table 4.2, which were
measured from the configurations without Nios II unit. This suggests that the Nios II
unit may not have been correctly incorporated into our design. Additionally, while it is
suggested that our design may not have been configured properly to work with along with

Nios IT unit, it is interesting to note that the Nios II reported values are roughly an order

of magnitude smaller than the “mapped” values in a consistent manner. This also suggests
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Table 4.2: Comparison of decoder power results from various methods for various numbers
of decoder cores for the Ts = 192, p = 16 rate-1/2 (3, 6) PN-LDPC-CC' code with 4-bit LLRs
at Ey/No = 2 dB running at a clock frequency of 75 MHz on Altera DE/. All measurements

are performed on the configurations with the Nios II unit.

Number of Cores Ppoard.raw' W] | PBoard.mappea’lW] | Nios IT Results?[W]
1 0.0106 0.00713 0.000755
2 0.0154 0.0103 0.00126
3 0.0201 0.0135 0.00110
4 0.0236 0.0158 0.00179
) 0.0378 0.0253 0.00207

1 . —
PBoard,Taw~ PDec — PTotal Board,raw — PTotal Boardw/o Dec,raw

2 . —
PBoard,mapped- PDec - PTotal Board,mapped — PTotal Boardw/o Dec,mapped

3 N3 . . —
Nios II Results: Ppee = Protal Chip — Protal Chipw/o Dec

that there may be one or more factors incorrectly specified in the calculation steps used

by the Nios II unit.

Since we are unable to configure the Nios II unit to give values that are closer to that
of the PowerPlay results at this point, we end up using the board measurement method
together with the mapping step described in Section 4.3.2 for the rest of our experiments.

A detailed description of this method is provided in the following sections.

4.2 Board Power Measurement Method

In order to determine the power consumption of the decoder module, we have chosen to

measure the total power consumed by the entire FPGA board. The power measurement of
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Figure 4.1: Decoder power obtained on configurations of 1 to 5 cores with Nios II unit in-

corporated using board power measurement method with mapping step and Nios II measurement

unit

+ -
VRpsl
FLUKE 189 I
Rpsl
Rpsl_ldeal =0.01Q ps
IRpsZ
RpsZ_IdeaI =0.01Q
+
12V DC Output V
Rps2
from _ + b - Vveei2_con DE4
Power Supply Agilent U1252A FLUKE 85

Figure 4.2: Power Measurement Set-up
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DE4 is made possible by inserting a custom unit that consists of a pair of 8-pin Molex power
connectors and necessary wire connections between the Molex receptacle of the AC/DC
power supply and the matching Molex header on the FPGA board. The custom unit allows
two 0.01-Q (1% tolerance) current sense resistors to be put in series with the 12-V power
rail, where the voltage drops measured across these resistors can then be used to calculate
the total current drawn by Altera DE4 board, and an additional digital multimeter is
used to measure the input voltage, Vi ccio.con for the FPGA board. Detailed circuit
connections are shown in Figure 4.2. The total power consumed by the FPGA board is
calculated using Equation (4.1). Three sets of current and voltage readings are captured
at different time instants to calculate the total power, and the average of that is considered

as the board power consumption for that case.

PrpcaBoarda = (Irpst + Irps2) X Vvccia.con (4.1)

The 12-V supply powers several components and DC-DC converters, which in turn
power several more components. All power consumption on the FPGA board is kept con-
stant, except for varying the number of decoder cores. Therefore, the measured power of the
“0Core” configuration that contains all the modules except the decoder, Pgoqrd, g, /No,0C0re;
for every different Ej, /Ny value can be used as the base case for that particular Ej, /Ny, which
is then subtracted from the corresponding total measured board power, Pgogrd,E,/NonCore
to calculate the decoder power, Ppec. g, /Ny nCore, as shown in Equation (4.2). Since the clock
frequency for all our experiment is fixed at 75 MHz, the resulting coded throughput of all
configurations is 2.4 Gbit/s, using Equation (3.1). The energy-per-coded-bit is calculated
using Equation (4.3).
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PDec,Eb/No,nCore - PBaard,Eb/No,nCare - PBoaTd,Eb/No,OCore (42)

PDec,Eb/No,nCore
Coded T hroughput

Energy — per — coded — bitg, /Ny ncore =

4.3 DC/DC Converter Efficiency

4.3.1 Estimation Based on Data Sheet

The power measurement setup described in Section 4.2 has assumed an efficiency of 100%
for the DC/DC converter on Altera DE4. Based on the detailed schematic of DE4 [50] given
by their manufacturer, Terasic, a 3-phase buck converter with three LTM4601 regulators
is used to convert the ideal 12-V supply voltage down to a 0.9-V supply voltage for the
FPGA core. This 3-phase buck converter topology is capable of providing a maximum load
current of 36 A at an output voltage of 0.9 V. Under ideal condition, the output current
for each phase, LTM4601, is the total output current divided by 3, the number of phases

in this particular setup.

To obtain a rough estimate for upper and lower bounds of the efficiency of the LTM4601,
the currents drawn by the FPGA core in both cases need to be calculated. Among all the
board power measurements data obtained for the LP4 designs at 110 configurations with 0
to 10 cores at SNR of 1 to 10 dB, the maximum measured board power is 14.97 W, and the
minimum measured power is 9.69 W. Both measurements contain the total power consumed
by all the onboard components powered by the 12-V supply. In order to isolate the power
consumed by the FPGA core, the total power for the base case, where the FPGA core
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only contains the programming for the control logic of the onboard PLL, is also measured.
This is to ensure that all the other components on the DE4 board are operating under the
same conditions as the cases where the other other power measurements of the design are
taken. The FPGA core power can then be obtained by subtracting the power measured
in the base case from the maximum and minimum measured power. The calculated values
for the maximum and minimum FPGA core power here are considered to be the inputs of
the DC/DC converter circuitry. To calculate the maximum and minimum currents drawn
by the FPGA core, which are on the output side of the DC/DC converter, the efficiency
of converter must be again assumed to be 100%, in which case the output power of the

DC/DC converter is equal to the calculated input power described above.

Using the assumption above, the maximum and minimum currents drawn by the FPGA
core can then be obtained by dividing the respective calculated power by the ideal FPGA
core supply voltage, 0.9 V. Using the calculated current values for both cases, an estimate
for their respective efficiency can be obtained from Figure 4.3, which shows the efficiency
curve from the LTM4601 data sheet [2]. However, since the efficiency curve for 0.9-V output
voltage is not provided in Figure 4.3, the efficiency for the 0.9-V output is estimated by
subtracting 40% of the difference between the efficiencies for that of 0.6-V and 1.2-V from
the efficiency value for 1.2-V output voltage. The 40% difference is chosen based on the
overall decreasing trend in Figure 4.3. The measured power consumptions and respective
estimated efficiency are summarized in Table 4.3. Since the load currents are calculated by
assuming the efficiency is 100% and the output voltage is fixed at 0.9 V, the actual load
currents in the two cases are expected to be lower than the calculated values, which means

the reported efficiencies in the Table 4.3 are also over-eastimated.

Using the estimation method above, it can be concluded that the efficiency of the

DC/DC converter circuitry is below 50% for the case with the minimum measured board
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power, and is upper-bounded by 73% for the case with maximum measured board power.

However, this only gives us a range for the DC/DC efficiency from data sheet, which does

not provide the DC/DC efficiency for each different value of the output current. In order to

provide a more accurate way to account for the effect of the DC/DC efficiency on our power

measurement data, we decided to perform an additional experiment, which is described in

Section 4.3.2.
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Figure 4.3: Efficiency versus Load Current with 12-V Input for LTM4601 Regulator. (Taken
from the LTM4601 data sheet [2])

4.3.2 Estimation Based on Experimental Results

From the maximum and minimum calculated FPGA core power values shown in Table 4.3,

the equivalent resistance values can be calculated by assuming the DC/DC efficiency to be
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Table 4.3: Summary of measured board power result, deduced output current and efficiency for
each LTM4601 under various conditions. The FPGA core power is calculated by subtracting the
measured power for the base case with having only PLL control logic on the FPGA core from the

measured board power for the cases with the full design on the FPGA core.

Base Case (with only | Pyrer Measured | Ppri Measured
PLL control logic)
Total Board Power 9.142 W 14971 W 9.667 W
FPGA Core Power - 5.829 W 0.525 W
Estimated Current Drawn | - 6.477 A 0.583 A
by FPGA Core
Output Current of Each | - 2.159 A 0.194 A
LTM4601
Estimated Efficiency - 73% <50%

100% and the output voltage to be constant at 0.9 V. The calculated values are shown in
Table 4.4. Using the calculated resistance values, a range of resistence values are selected

between 0.1 © and 1.6 © for our DC/DC efficiency experiment.

Table 4.4: Calculated equivalent resistance for the FPGA core power listed in Table 4.3 with the

assumption that Viyccopg remains constant at 0.9 'V

Maximum | Minimum

Calculated FPGA Core Power, P [W] 5.829 0.525
Calculated Resistance [(] 0.139 1.543

In our experiment, the FPGA chip is programmed with a configuration containing the
minimum amount of logic so the total input power to the DC/DC converter circuitry is

kept at a minimum to allow wider range of dissipated power of the varying resistance to
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Figure 4.4: Schematic for DC/DC efficiency experiment

be observed. A wire is soldered to the Vi,ccopy node to allow a varying resistance to be
put in parallel with the FPGA chip, and the current going through the varying resistance
is measured with an ammeter put in series with the varying resistance. The experiment
set-up is depicted in Figure 4.4. In our experiments, while we are aware that Vyccia.on
is connected to other DC/DC converters that power other components on the board, no
variation in these other loads was detected. It is also assumed that the dissipated power on
the varying resistance is equivalent to the difference between the power consumed by the
logic of the design programmed on the FPGA and the power consumed by the FPGA with
minimum configuration, in which case, the latter is assumed to remain constant. Based on
this consumption, the power consumed by the varying resistance is plotted in Figure 4.5
against the input power, which is simultaneously measured on the input end of the DC/DC

converter circuitry as the resistance is varied from 0.1 €2 to 1.6 2. The data plotted in
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Figure 4.5 is then curve-fitted to Equation (4.4), with a maximum percent error of 3.14%.
While a quadratic fitting is not physically meaningful here, it does provide an analytic

approximation so long as it is not used for extrapolation.
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Figure 4.5: Input and output power measured for the DC/DC' converter circuitry on the Altera
DE/ using the setup denoted in Figure 4.4

y=—0051 x2° +1.6 x x — 11 (4.4)

The measurements from this experiment has indirectly depicted the efficiency of the
DC/DC converter circuitry. By mapping the existing set of 110 power measurement values
described in Section 3.4 using Equation (4.4), the resulting values have then taken into

account the efficiency of the DC/DC converter circuitry. An example of the mapped values

45



of decoder power with different number of cores are shown in Table 4.5 to be compared
with the PowerPlay estimated results shown in Table 4.1. By taking the efficiency of the
DC/DC converter circuitry into account, the percentage difference calculated with respect
to the PowerPlay estimation for the “4Core” and “5Core”’ configurations are reduced from

around 40% as mentioned in Section 4.1 to 22%.

Table 4.5: Comparison of mapped power measurement values with estimated values from Pow-
erPlay of decoder power of different number of processor cores for the Ts = 192, p = 16 rate-1/2
(3, 6) PN-LDPC-CC code with 4-bit LLRs at Ey/No = 2 dB running at a clock frequency of 75
MHz on Altera DE/,

nCore | Mapped Power Mea- | PowerPlay Estimation | % Difference (w.r.t.
surements [W] [W] PowerPlay Values)
3 0.965 0.956 0.85%
4 1.212 1.420 -14.61%
5 1.449 1.849 -21.66%

The input voltage Vi ccoopy is also measured again at the the minimum and maximum
parallel resistances used in the experiment above, and it turns out that the voltage does not
remain constant when the resistance is varied from 0.1 2 to 1.6 2, as shown in Table 4.6.
This is most likely due to the finite output resistance of the AC power adapter, which is
the external power supply and the DC/DC converter circuitry in this case. While this
observation is indeed different from our earlier assumption made on the value of Vi,ccopy
for the calculation of the equivalent resistance, it does not seem to have affected our results

plotted in Figure 4.5.
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Table 4.6: Measured input voltage for FPGA chip at various parallel resistances

Resistance [Q] | Start-up (Non-configured) | Configured

0.1 0.6386 V 0.641 V
1.6 0.879 V 0.8786 V

4.4 Chapter Summary

In this chapter, we have discussed the available power measurement methods with the
chosen FPGA board and explained why the chosen method has been employed. A further
experiment has been developed and performed to model the efficiency of the DC/DC
converter circuitry, and its results are applied on the existing set of power measurement

values. Further discussion on the resulting values are presented in Chapter 5.
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Chapter 5

Measurement Results and Discussion

The performance of our LDPC-CC decoder is evaluated based on its power consumption,
energy-per-coded-bit, BER performance, area, throughput, and clipping threshold, c,
which is a threshold value chosen to clip the received channel values during quantization
so that the received values are uniformly quantized into sign-magnitude representation in
the range [-cu, ¢in]. BER performance depends on several factors: the LDPC code that
the decoder is based on, the number of iterations (each implemented as a physical decoder
processor core in the case of LDPC-CC), the bit-precision of LLRs, as well as E}, /Ny, which

is the normalized signal-to-noise ratio (SNR) per bit applied in the channel.

5.1 BER Performance

As previously mentioned in Section 3.4, our design is based on the Ty = 192, p = 16 rate-
1/2 (3, 6) PN-LDPC-CC code, where each decoder core has a constant bit-width of 4 for
the LLRs. A constant clipping threshold, ¢, of 1.33 is used in the quantization operation
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for all configurations. The resulting FPGA implementations with 1 to 10 decoder cores
all run at a constant clock frequency of 75 MHz and a constant coded throughput of 2.4
GHz, where 75MHz is a common maximum frequency achieved by different configurations
of the implementation. The BER performance of the FPGA implementation is plotted in
Figure 5.1, based on the measurement results from the DE4 board. It can be seen that
the improvement in BER performance gained from additional cores gradually decreases.
At an Ej,/N, of 6 dB, the “6Core” configuration is able to achieve an BER of 10710, If the
number of cores is increased to 9 or 10, the same BER performance can be achieved at a
lower Ej,/Ny of 5 dB. Table 5.1 summarizes the maximum reported clock frequencies on
Quartus IT and the corresponding calculated coded throughputs for configurations with 1
to 10 decoder cores. Configurations with 1 to 3 cores have slightly higher maximum clock
frequency, while configurations with 4 or more cores all have maximum clock frequency

around 80 MHz.

5.2 Power Measurement Results

The decoder power consumption and energy-per-coded-bit for each configuration is plotted
against F,/Ny in Figure 5.2 and against the number of decoder cores in Figure 5.3. For
both figures, the top plot, labeled “Raw”, is based on the raw measurements obtained using
the method described in Section 4.2, while the bottom plot, labeled “Mapped”, is based on
the mapped data, which has taken into account the effect of the efficiency of the DC/DC
converter circuitry using the method stated in Section 4.3.2. The difference between the
two plots in Figure 5.2 and 5.3 is caused by the efficiency of the DC/DC converter circuitry,
where the raw data has assumed an efficiency of 100%, while the processed values in the

bottom plot are mapped to the experimental values determined in Section 4.3.2, which
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Table 5.1: Maxzimum achievable clock frequency and maximum coded throughput for configura-
tions with 1 to 10 decoder processor cores based on reported values for “slow 900mV 85C model”

on Quartus II using default compilation options for an assigned clock constraint of 75 MHz

nCore | finae [MHz] | Max. Coded Throughput [Gbit/s]
1 85.5 2.74
2 83.1 2.66
3 83.5 2.67
4 79.6 2.55
5 79.3 2.54
6 80.2 2.57
7 79.3 2.54
8 80.3 2.57
9 79.6 2.55
10 79.6 2.55
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model efficiency.

On both plots in Figure 5.2, the power consumed by the decoder and the energy-per-
coded-bit gradually decrease as E,/N, increases, as has been observed for other LDPC
decoders in the literature [19, 51]. In particular, in Figure 5.2a, the decrease in decoder
power and energy-per-coded-bit caused by the increase in E,/N, are more obvious for
configuration with 4 or more processor cores until E,/Ny reaches 6 dB. While the same

trend can be observed in Figure 5.2b, the effect of FEj,/Nj is less significant.

In Figure 5.3, the decoder power and energy-per-coded-bit show a close-to-linear rela-
tionship with the number of processor cores in raw data, while a gradually increasing trend
can be observed in the plot with mapped values. The later decoding stages, implemented
as physical copies of decoder cores, in the decoding chain, can be said to consume less
power than the earlier decoding stages. This implies that less work is being done in the
later stages of the decoding process, which also agrees with the trend of the BER perfor-
mance observed in Figure 5.1, where improvement in BER performance is less significant

for configurations with 6 or more cores.

To further analyze the relationship between decoder power consumption, energy-per-
coded-bit, Fj,/Ng, number of processor cores, the incremental decoder power and energy-
per-coded-bit values are obtained by subtracting the decoder power and energy-per-coded-
bit values for the (N —1)-core configuration from the decoder power and energy-per-coded-
bit at N-core configuration, and are then plotted against E,/Ny in Figure 5.4 and against
number of cores in Figure 5.5. In Figure 5.4a, the incremental decoder power and energy-
per-coded-bit gradually decrease for every dB of increase in E,/N, with the exception
of the values for the “1Core” and “10Core” configurations. The same trend appears in
Figure 5.4b. While the magnitude of decrease due to the increase in Ej,/Nj is less obvious

after considering the effect of DC/DC efficiency, the difference between the behaviour from
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Figure 5.2: Average measured decoder power and energy-per-coded-bit at various Ey/Ny for
various numbers of decoder cores on DE4 with 4-bit LLRs at a TSMHz clock with coded throughput
of 2.4 Gbit/s for the Ts = 192, p = 16, rate-1/2 (3,6) PN-LDPC-CC code based on three sets of

measurements for each data point.
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Figure 5.3: Average measured decoder power and energy-per-coded-bit at various Ey/Ny for
various numbers of decoder cores on DE4 with 4-bit LLRs at a TSMHz clock with coded throughput
of 2.4 Gbit/s for the Ts = 192, p = 16, rate-1/2 (3,6) PN-LDPC-CC code based on three sets of

measurements for each data point.
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Figure 5.4: Incremental measured decoder power and energy-per-coded-bit for every dB of in-
crease in Ey/Ny for various numbers of decoder cores on DEJ with 4-bit LLRs at a 75MHz clock
with coded throughput of 2.4 Gbit/s for the Ty = 192, p = 16, rate-1/2 (3,6) PN-LDPC-CC code.
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the “1Core” and “10Core” configurations and the rest are much easier to see in Figure 5.4b.
In both of the plots in Figure 5.5, we observe a generally decreasing trend in the incremental
decoder power and energy-per-coded-bit for each additional processor core, which again

agrees with our conclusion drawn from Figure 5.3 above.

In Figure 5.4, the inconsistent behaviour of “1Core” is a result of the measurement
errors for the “1Core” configuration as well as the “0Core” base case, which is also used in
the calculation of the incremental power and energy-per-coded-bit for the “1Core” case. In
Figure 5.4, the behaviour of the “10Core” configuration is mainly caused by the measure-
ment data for the “9Core” configuration, the inconsistent behaviour of the “9Core”’ case
can be better-observed in Figure 5.5. The cause of the “9Core” behaviour can be mainly
explained by the inherent randomness within the CAD methodologies used in Quartus II
for placement and routing. In Figure 5.4, although the overall incremental values for the

“9Core” are lower than that of the other configurations, the curve itself still maintains the

same decreasing trend as the other curves when Ej/Nj is increased.

5.3 Logic Utilization

In Figure 5.5, the full and incremental logic utilization for all configurations on the Altera
DE4 are presented. For the 9" core, the incremental power from the 8 core is significantly
lower than that of the other cores. Furthermore, it can be seen from Figure 5.6 that the
increase in incremental logic utilization at 9" core from the 8 core is significantly greater
than that of the others. The aforementioned behaviours of the “9Core” configuration seem
to suggest that a higher logic utilization can result in lower decoder power and energy-per-
coded-bit, but they could also be just the result of the inherent randomness in the CAD

algorithms used in Quartus II. We verified this by performing additional compilations of

o6



2
5 2
a =
o)
s i
g 3
o
g 0.5 . §
450 @
g 0.45 2
& 5
& 04r g
3 i
8 0357 =
= 5
£ 03f =
g o
3 0.25[ e
[} CA
£ ®
0.2 . . . . . . . X
1 2 3 4 5 6 7 8 9 10

Nth Processor Core

—H— 1dB -—— 2dB —<— 3dB —4& - 4dB —+— 5dB
—*%— 6dB 7dB *— 8dB =— 9dB 10dB|

(a) Raw

Incremental Decoder Power Consumption [W]
Incremental Energy—per—coded-bit [nJ]

0 . . . . . . . . 0
1 2 3 4 5 6 7 8 9 10

Nth Processor Core

—— 1dB -—— 2dB —<— 3dB —A& - 4dB —+— 5dB
—%— 6dB 7dB a 8dB 1= 9dB S 10dB

(b) Mapped

Figure 5.5: Incremental measured decoder power and energy-per-coded-bit for each additional
core at various Ey/Ng on DEJ with 4-bit LLRs at a 75MHz clock with coded throughput of 2.4
Gbit/s for the Ts = 192, p = 16, rate-1/2 (3,6) PN-LDPC-CC code.
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the “8core”, “9core”, and “10core” configurations with different random number seeds
specified at the Fitter stage on Quartus II. The resulting incremental logic utilization and
the incremental decoder power values varied by 11% as shown in Figure 5.7, and 0.362
W respectively with different seeds based on the raw data, and they have not shown any
consistent trend in their relationship, which confirms that the earlier observed relationship
is most likely caused by the randomness in the synthesis tools. This experiment shows that
results (area in the form of logic utilization for the case for FPGA) are dependent on the
random seed generators used during the Fitter stage, but the variation in this experiment
does not fully explain the variation around the results from different runs of the “9Core”

design in Figure 5.7.
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Figure 5.6: Logic utilization and incremental logic utilization for various configurations with

different numbers of decoder processor cores
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5.4 Chapter Summary

We also attempted to measure the encoder power consumption. However, using our power
measurement method, the configuration without an encoder turns out to consume slightly
more power than the configuration with an encoder. We conclude that the power con-
sumption of the encoder module is minimal in comparison to the FPGA power fluctuations
caused by the randomness in the synthesis tools. We will further quantify and explore this

behaviour in future work.

To summarize, we have demonstrated the chosen LDPC-CC code is capable of achiev-
ing a BER of 1071° with 6 or more decoder cores at Ej,/Ny of 6 dB. The trend of increase in
decoder power and energy-per-coded-bit from the increase of process cores slows down for
later cores in the decoding chain, which identifies less decoding work is being performed in

those cores. For 107! BER performance, having an additional core on the* 9Core” config-
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uration would cost an additional of 0.457 W based on the raw data and the improvement
in BER performance is less than 5 x 107, An increase of 0.25 dB or 0.50 dB in E}/N,
would be required for the “8Core”, “7Core” configurations to achieve the same BER per-
formance as well as saving 0.224 W, and 0.350 W respectively, compared to the “9Core”

configuration.

In Table 2.2, the result from this work with 9 decoder cores at a E,/Ny of 4.25 dB
is summarized along with the results of other existing LDPC-BC decoders described in
Section 2.4.2. Our work achieves a higher throughput than both implementations from
[31] on a lower clock frequency. The average incremental energy-per-coded-bit for our
design for 7 to 10 decoder cores at Ej,/Ny dB is approximately 0.15 nJ per additional core.
Using this approximated value, our design with 15 cores at an Ej,/Ny between 4 and 5 dB
consumes around 2.61 nJ per-coded-bit, which is around half of what is consumed by the

first implementation from [34].

A further exploration on the relationship between bit-precision for each core, clipping
threshold and resulting BER performance, decoder power, energy-per-coded-bit using the

6-core configuration is included in Chapter 6.
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Chapter 6

Power-Driven Architectural

Exploration

There are many factors that influence an LDPC decoder’s performance, which can be eval-
uated by its area (in the form of logic utilization for FPGA), BER performance, and power
consumption as well as energy-per-bit. Clipping thresholds and bit width of LLRs are
two of the factors that have been left as constant in the reference design described in Sec-
tion 3.4. Higher bit-precision in LLR is expected to produce better BER performance, but
the improvement comes at the cost of extra hardware in the form of higher logic utilization
for FPGA, and higher power consumption. It has been also suggested that optimizing
clipping threshold, ¢, can lead to improvement in BER performance [52]. Our goal is to
examine the trade-offs between power consumption, logic utilization and bit-precision, clip-
ping threshold. Instead of performing an exhaustive search on all possible combinations of

clipping threshold and bit resolution, the effect of each parameter is examined separately.

The effect of clipping thresholds on BER performance is first examined in Section 6.1.
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Then the rate of saturation events for each core in the 6-core pipelined decoding chain is
then analyzed in Section 6.2. Based on the results from the rate of saturation events, a test
case with varying LLR width for each core in a “6Core” configuration is compared with
the constant 4-bit, 5-bit, and 6-bit implementations with same number of cores. Then
the results of the aforementioned experiment are used to analyze the effects of clipping
thresholds, bit-resolution for each decoder core on the power consumption, energy-per-

coded-bit, and BER performance of the decoder in Section 6.3.

6.1 Clipping Threshold versus BER Performance

A slightly modified version of the reference design, which is called LP4a, is developed
to further simplify the data gathering process. The channel output LLRs, and all the
intermediate output LLRs from each processor core are fed in their respective hard-decision
decoders (decoder slicer), and the outputs of those decoder slicers are compared with the
original copy of their corresponding test data bits. The numbers of detected errors for the
output from different processor cores are monitored by different counters, and stored in
different programmable registers to allow read access from the JTAG-MM interface. Using
this modified model reduces the amount of required individual compilations, and the time
required for data collection for determining BER performance. However, this version is
not suitable for power measurement application since the compiled design contains all the
additional logic to achieve separate monitoring of the numbers of errors as well as all the

decoder cores.

The architecture of LP4a is employed for a design with constant bit-width of 3, and a
design with constant bit-width of 4. The 3-bit version and the 4-bit version of the designs

are swept with a range of clipping thresholds, and the BER performances with 5 to 8 cores
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Figure 6.1: Information BER at Ey/Ny of 2 dB to 8 dB for configurations with 5 to 8 decoder
cores on DEJ with 3-bit LLRs at a 75MHz clock with coded throughput of 2.4 Gbit/s for the
Ts =192, p = 16, rate-1/2 (3,6) PN-LDPC-CC code using clipping thresholds from 1 to 2 during

quantization.

are captured and plotted in Figure 6.1 and 6.2. The purpose of this is to obtain a general
idea on the relationship between clipping threshold and BER performances. The case with

constant bit width of 3 bits is also considered here for reference purpose.

As shown in Figure 6.1, as the number of cores increases, the BER performance of
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Figure 6.2: Information BER at Ey/Ny of 2 dB to 5.5 dB for configurations with 5 to 8 decoder
cores on DEJ with 4-bit LLRs at a 75MHz clock with coded throughput of 2.4 Gbit/s for the
Ts = 192, p = 16, rate-1/2 (3,6) PN-LDPC-CC code using clipping thresholds from 0.8 to 2

during quantization.
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designs with increasing number of cores at the same FEj/N, gradually becomes less sen-
sitive to the change in clipping threshold. It can be also seen that the optimal value of
clipping threshold in each sub-figures in Figure 6.1 decreases at the same Ej/N, as the
number of cores increases. The increase in E, /Ny provides a consistent improvement in
BER performance as expected throughout the change in clipping thresholds. The effect of
clipping thresholds on BER performance at higher E,/N; at lower number of cores is more
significant as their curves are deeper. In Figure 6.2, the same aforementioned characteris-
tics for Figure 6.2 remain applicable. The shape of BER performance curves for the 4-bit
implementation is much less sensitive to the change in clipping thresholds as the curves

are shallower than that of their 3-bit versions.

6.2 Rate of LLR Saturation

Before moving to the evaluation of the effect of bit-width on BER performance, we have
chosen to first evaluate the rate of LLR saturation in each decoder cores. Rate of saturation
is defined as the fraction of calculations that lead to a saturation event in variable nodes in
each decoder core. A saturation event is defined as the act of saturating the magnitude of
the LLRs if overflow is detected in the next two higher bit-positions during the summation
step in variable node. For example, in our 4-bit implementation where bit3 of the LLR
represents the sign, and bit2 to bit0 are used to represent the magnitude bits, two extra bits,
bit3 and bit4 are inserted between the sign bit and the magnitude bits for the summation
step inside the variable node, and the sign bit of the sum is temporarily stored in bit5.
If bit3 and bit4 become 1’s during the summation stage, then the output LLR from the
variable node becomes a concatenation of the sign bit of the sum and three magnitude bits

of 1’s to represent the maximum magnitude.
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The LP4a version described in Section 6.1 is slightly modified to include the function-
ality to keep track of the rate of saturation events in each processor core. The rate of
saturation events captured for a “6Core” implementation at FEj,/Ny of 5 dB and 6 dB are
included in Figure 6.3. The ouvflbit1 labeled in the plots corresponds to the aforementioned
bit3, while the ovfibit2 is bit4. The intersection point of the ovflbitl curve and the ovflbit2
curve occurs at the later core in the pipelined chain of decoder processor cores as bit width
is increased, while the increase of E,/Ny has an effect of pushing the intersection point
back to an earlier core in the chain. Beyond the intersection point, the gap between the
rate of saturation events for two of the overflow bits becomes narrower. The intersection
point occurs around 3¢ core for the 4-bit implementation, between 4" and 5 core for
5-bit implementation, and between 5 and 6" core for the 6-bit implementation. This
behaviour suggests a possibility that the BER performance may benefit from an additional
bit in the magnitude bits in the core that the intersection point occurs, and is to be verified

by the experiment described in Section 6.3.

6.3 Results and Analysis

Based on the results from the rate of saturation events presented in the previous section, a
combination of “445566” is chosen as the bit width of the output LLRs of each decoder core
in the 6-core pipelined chain based on the same order specified in the sequence, where the
first “4” is the bit width of the first decoder core in the chain, and the last “6” is that of the
last core. The extra bit in the magnitude bits is generated by saving the first neighbouring
overflow bit of the most significant bit of the magnitude bits during the summation step in
the variable node. The BER performance is obtained for the cases of constant 4-bit, 5-bit,

6-bit and “445566”, as shown in Figure 6.4, over a range of clipping thresholds based on
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Figure 6.4: Information BER at Ey/Ny of 2 dB to 8 dB for configurations with 6 decoder cores
on DEJ with various bit-widths for LLRs at a 75MHz clock with coded throughput of 2.4 Gbit/s
for the Ts = 192, p = 16, rate-1/2 (3,6) PN-LDPC-CC code using clipping thresholds from 0.8
to 2 during quantization. The 5-dB curves are based on a target number of errors of 100, while

the 6-dB curves are based on a target number of errors of 5.
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the same 4-bit quantized output LLRs from a BPSK-based AWGN channel. The 4-bit,
5-bit, 6-bit cases are implemented to provide references for the chosen “445566” case. The
BERs plotted for an E,/Ny of 5 dB are based a target number of errors of 100, while the
BERs for 6 dB are based 5 errors to reduce emulation time. The low target number of
errors, 5, resulted in measurement error at the bottom of the 6-dB curves. However, while
this has affected the locating of the optimal clipping threshold, it has not affected the main
purpose of this experiment, which is to observe the effect on BER from growing the bit
width of the LLRs of consecutive cores. The clipping threshold for lowest BER at the same

Ey/Ny increases as the LLR width increases.

The decoder power measurements and energy-per-coded-bit for the configuration with
the best BER performance in each “6Core” implementation for £,/Ny of 5 dB and 6 dB
shown in Figure 6.4 are summarized in Table 6.1 and 6.2 along with the respective clipping

threshold, ¢;;,, BER, and logic utilization.

Table 6.1: Decoder power measurements and energy-per-coded-bit, for PN-LDPC-CC' decoder
with 6 cores with various bit widths taken at Ey/No of 5 dB at various clipping thresholds. The
target number of error of 100 is used for BER data gathering for all cases. Energy-per-coded-bit,
E/bit, is calculated using Equation (3.1). Results with subscript “raw” are based on raw power
measurement. Results with subscript “mapped” are based on the mapped power numbers using the

results in Section 4.3.2.

LLR Clipping Prow Prapped E/bitrqw | E/bitmappea | BER Logic Util.
Width Threshold | [W] [W] [nJ] [nJ]

4 const. |1 2.92 1.47 1.22 0.613 8.67 x 1072 | 53%

5 const. | 1.4 4.00 1.80 1.67 0.749 1.07 x 1072 | 68%
445566 1.4 4.12 1.83 1.72 0.761 9.16x1071° | 63%

6 const. | 1.4 5.60 2.06 2.33 0.858 8.28x10710 | 82%
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Figure 6.5: Decoder power, energy-per-coded-bit (E/bit), Logic Utilization, BER normalized to
that of the “445566” case. The decoder power and energy-per-coded-bit values are based on the

“mapped” values from the DC/DC' converter efficiency experiment.
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Table 6.2: Decoder power measurements and energy-per-coded-bit, for PN-LDPC-CC' decoder
with 6 cores with various bit widths taken at Ey/No of 6 dB at various clipping thresholds. The
target number of error of 5 is used for BER data gathering for all cases. Energy-per-coded-bit,
E/bit, is calculated using Equation (3.1). Results with subscript “raw” are based on raw power
measurement. Results with subscript “mapped” are based on the mapped power numbers using the

results in Section 4.3.2.

LLR Clipping | Praw Prapped | E/bitraw | E/bitmappea | BER Logic Util.
Width Threshold | [W] [W] [nJ] [nJ]

4 const. | 1 2.86 1.45 1.19 0.605 1.65x 107" | 53%

5 const. | 1.2 3.89 1.77 1.62 0.737 6.65x 10713 | 68%
445566 | 1.2 3.94 1.78 1.64 0.743 1.73x107'% | 63%

6 const. | 1.6 5.29 2.03 2.20 0.845 9.96x10~1 | 82%

The “445566” case turns out to consume similar power as the constant 5-bit implemen-
tation, but has a BER performance that is closer to that of the constant 6-bit implemen-
tation. The “445566” case also happens to have a lower logic utilization than the 5-bit
implementation. These trends are consistent from the tested Ej,/Ny from 5.0 dB to 6.0
dB, but the effect of varying LLR width is more significant for 6 dB, which is the higher
Ey/Ny tested, as depicted in Figure 6.5. The results listed in Figure 6.1 and 6.2 have
demonstrated the “445566” case is more power-efficient and area-efficient than the 6-bit
implementation while having only a slightly worse BER performance. At similar costs in
logic utilization and decoder power as well as energy-per-coded bit, the “445566” case is
a better option than the constant 5-bit implementation, as it provides a better BER per-
formance. The lower logic utilization consumed by the “445566” implementation than the
5-bit implementation is most likely to be a result of the inherent randomness in the CAD

algorithms used on Quartus II.
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Figure 6.6: Decoder power for 4-bit configurations and “6Core” configurations with 4-bit, 5-bit,
6-bit, and “445566” at Ey/Ny of 5 and 6 dB versus sum of core bits, where sum of core bits are

defined as the sum of LLR bit width used in each processor core for each configuration.
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Furthermore, the decoder power values obtained from the four aforementioned cases
of “6Core” at two Ej/N, and the decoder power values for various configurations with
constant 4-bit LLR width from Chapter 5 are plotted against the sum of core bits in
Figure 6.6. The fitted lines in both sub-figures in Figure 6.6 show a gradual increase
in decoder power as the sum of core bits increases. Since only the result from one case
of variable LLR widths are included, the measure, “sum of core bits”, conveys the same
relationship as the measure, number of cores. However, if data for more cases of variable
LLR widths are available, “sum of core bits” is a better measure than the number of cores

for analyzing the behaviour of decoder power.

The results from the “445566” experiment agrees with the hypothesis made at the
end of Section 6.2, which suggested that the increase of bit-width at the core, where we
observe intersection points of curves of overflow bits in Figure 6.3, can lead to a possible

improvement in BER performance.
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Chapter 7

Conclusions

7.1 Summary and Contribution

In this thesis, we presented an FPGA implementation of a rate-1/2 (3,6) PN-LDPC-CC
encoder and decoder with 75 = 192 and p = 16 with a coded throughput of 2.4 Gbit/s on an
Altera DE4 board. The decoder achieves a BER of approximately 107!° with 9 processor
cores, and an energy-per-coded bit of 1.683 nJ based on raw power measurements at an

Ey/Ny of 5 dB.

The set-up and model used to measure the power consumption of the decoder, and
the efficiency of DC/DC converter circuitry on the DE4 board are described in Chapter 4.
The measured power consumed by the decoder with various cores at various Ej/Ny using
a constant bit-width of 4 and clipping threshold of 1.33 is presented in Chapter 5. This

power measurement method can be used for any design implemented on the Altera DEA4.

We observe that, as expected the increase of Ej,/N, is more effective at reducing the

decoder power and energy-per-coded bit for configurations with 5 or more cores before

74



Ey /Ny exceeds 5 dB. A decreasing incremental decoder power cost has also been observed
for each additional processor core. The logic utilization also holds a positive increasing

trend with the increase of the number of processor cores.

The effect of clipping threshold on the BER is analyzed in Chapter 6. The improvement
in BER performance of decoder with increasing number of cores received from the change
of clipping threshold gradually decreases at the same Ej /Ny with constant LLR bit-width
of 3 or 4. The increase of LLR bit-width from 3 to 4 also makes the decoder less sensitive
to the change in clipping threshold. Rate of saturation events of two overflow bits in each
decoder core are monitored for decoders with 4 to 8 cores at bit with LLR bit-width of
4 to 6. The results are used to select a test case with growing LLR width in the order
“445566” for a “6Core” configuration. The results from the chosen test case are compared
with constant LLR bit-width implementations with 4-bit, 5-bit, 6-bit processing quantized
4-bit AWGN channel LLRs.

While the test case is not necessarily using all the optimal parameters, it achieves a BER
performance that is closer to that of the 6-bit configuration, while consuming similar logic
utilization, power, and energy-per-coded-bit to that of the 5-bit implementation at Ej/Ny
of 5, 6 dB. This observation has suggested the feasibility of using increasing LLR bit-width
of decoder cores to improve BER performance without increasing hardware and power
costs. This finding suggests an alternate way to achieve BER improvement without making
further optimizations in decoding algorithms, variable node and check node architecture

designs.
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7.2 Future Research

The presented FPGA decoder is based on a shorter code from the 26 rate-1/2 codes pro-
posed in [26]. The test pattern generator, AWGN channel model, BER error counter and
control logic as well as the JTAG-MM interface can be adapted to examine the perfor-
mance of the other proposed PN-LDPC-CC with minor modifications. With the use of
JTAG-MM interface from Altera, the change in BER performance, power consumption
resulted from clipping threshold, Ej,/Ny, bit-width, target number of errors, and number
of cores can be obtained with reduced amount of required re-compilations. Additionally,
the presented design can also be adapted to an ASIC implementation with minor changes

to allow evaluation of the potential of the PN-LDPC-CC-based decoder.

The effect in BER performance of the presented “445566” case employing the idea
of growing LLR width can be further verified by setting a higher target of number of
errors to minimize measurement errors, provided more time is given. The idea of growing
LLR bit-width can also be further verified using other proposed PN-LDPC-CC in [20] to
confirm the consistency of its effect on BER performance and power consumption as well

as energy-per-coded-bit.

In our experiments, the coding throughput is kept constant since no efforts have been
made to increase the maximum achievable clock frequency of the design on the Altera DEA4.
Tools such as Design Space Explorer on Quartus II [17] can also be employed to further

optimize the maximum clock frequency and logic utilization of the design.

Architectural changes other than the change of LLR width of each core in the pipelined
decoder chain can be further explored to optimize the performance of the PN-LDPC-CC
decoder on FPGAs.

Finally, the proposed power measurement method can be also used to characterize the
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power consumption of other FPGA-based designs, including LDPC-CC and LDPC-BC

decoders.

7.3 Publication Arising out of Thesis

Si-Yun J. Li, Tyler L. Brandon, Duncan G. Elliott, and Vincent C. Gaudet, “Power Char-
acterization of a Gbit/s FPGA Convolutional LDPC Decoder,” accepted for lecture pre-
sentation of the IEEE Workshop on Signal Processing Systems (SiPS), Québec City, QC,
6 Pages, Oct. 2012
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Appendix A

A Lean Host-FPGA Interface Using
JTAG-MM

This application note explains how to implement low-hardware-cost communication be-
tween an Altera FPGA and a host computer using the JTAG-MM interface, giving the
host read-write accesses to registers created in the FPGA design. A soft-core microcon-

troller is not required on the FPGA, avoiding the associated hardware and power cost.

The main motivation for employing this interface is to allow parameterized experiments
and interrogate internal state, such as in the BER experiments, where parameters like

Ey/Np and clipping threshold can be modified without re-compilations.

We make the following assumptions:

e This tutorial assumes on slight experience on using Quartus II and proper configured

installation of Quartus IT and ModelSim Altera Starter Edition.

e The overall flow should apply to newer versions of SOPC Builder and System
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Console with minor modifications, but please note that this guide is specifically

written for Quartus II 11.0 Build 157.

e Altera is in the process of replacing SOPC Builder with Qsys, while the main idea
of the flow should still apply, there is no guarantee that the steps for SOPC Builder

will work with Qsys.

A.1 Checklist

e Quartus II Version 11.0 Build 157 (I know it would work for Version 10.x as well)

An Altera FPGA board (I used DE4)

An existing Quartus II project with a top-level HDL file that contains all the com-

patible I/O signal descriptions for the target FPGA

my_dut.v included in Appendix B

sw.tcl and hw.tcl included in Appendix C

A.2 Detailed steps for JTAG-MM

A.2.1 Define an SOPC system

1. Open the existing Quartus II project and from the main Quartus II window, go to

Tools > SOPC Builder
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[ |

I" & Create New System | 22 |-

System Name: test |

Target HOL: (@ Verilog
i) VHDL

| ok |[ cancel |
ﬁ

Figure A.1: Create a new SOPC system

Clock Settings
Name Source MHz
clk_0 External 50.0

Figure A.2: Clock settings for SOPC
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. SOPC Builder will ask you to Create New System, as shown in Figure A.1, give
it a name and pick the Target HDL, and click OK. For our simple test case, I'll just
call it “test”, and I'll pick Verilog as the Target HDL.

. Since I will be connecting the SOPC system to a 50MHz clock, I'll just leave the
Clock Settings at default, as shown Figure A.2. I believe this would need to be

modified if you plan to connect your SOPC module to a different clock.

. Under the tab System Contents on the left of your Altera SOPC Builder win-
dow, double-click New component.. under Project to import your pre-written

my_dut.v.

. Under the tab HDL Files on the Component Editor, specify the location of
your my_dut.v file and Top Level Module (if you have included more than one
HDL module). Go through all the other tabs on the Component Editor window
to make sure everything is imported properly. Click Finish when you are done and

Click Yes, Save to save my_dut 1.0 and my_dut_hw.tcl file.

. Under Library, expand Bridges and Adapters and then expand Memory Mapped,
double-click JTAG to Avalon Master Bridge to add that to your SOPC system.
If you plan to test your setup in stmulation mode first, please check the box before
Use PLI Simulation Mode, as shown in Figure A.3. (Leave it unchecked if you
plan to test this on hardware) Click Finish to finish adding the module.

. Under Library, double-click my_dut for that to be added to your SOPC system,
and click Finish to finish adding.

. Connect my_dut_0 to the master_0 as indicated in Figure A .4.
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4 JTAG to Avalon Master Bridge - master_0 | 2 |

%E  JTAG to Avalon Master Bridge
Megaars” altera_jtag_avalon_master

|' Block Diagram |

master_0
clock B=clk master8 avalon
reset®=clk_reset  master_reset®@reset

|' Parameters

Use PLI Simulation Mode

PLI Simulation Port: | spogg

&, Warning: master_0.jtag_phy_embedded_in_jtag_master.resetrequest No synchro

< | 1 | 3

Figure A.3: Configure JTAG to Avalon Master Bridge

Use C.. Name Description Clock Base End IRQ  Tar
JTAG to Avalon Master Bridge
master Avalon Memory Mapped Master clk_0
B my_dut_0 my_dut [clock]
u =0 Avalon Memory Mapped Slave clk_0 0x00000000 |0x000003£E

master_(.master
Connection from master_0.master to my_dut_0.s0

Figure A.4: Connect components for SOPC system.
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9. Save the system.

10. Click on the tab System Generation, check the box before Simulation. Create
project simulator files. Then click Generate at the bottom of your Altera SOPC
Builder window to generate your SOPC system.

11. Under the project folder, open a file named “test_inst.v” (this should have been
generated in the previous step) and copy the content (a sample instantiation of
the SOPC module) to your top level HDL file. (“test” corresponds to the name
I have assigned to this SOPC system in Step 2. ) [ find that master_read and
master_write commands would time out on System Console if the “rst” port of the
SOPC instance is left unconnected. I am not sure if that’s because I've missed any

other intermediate steps.

12. Update the clock and reset signal connections based on your target FPGA. In the case
of DE4, T am connecting clk_0 to OSC_50_BANKZ2, reset n to CPU_RESET n,

as shown in Figure A.5.

test test_inst

{
.clk_0(0SC_50_BANK2),
.reset_n(CPU_RESET_n)
}

Figure A.5: HDL code for connecting SOPC' system

13. Save all the changes and click Compile Design on the Tasks sub-window.
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A.2.2 Simulation Mode

1. Go back to the Altera SOPC Builder window, go to the tab System Generation,

click on Run Simulator to launch Modelsim (Altera Starter Edition).

2. Enter s on the Command window of Modelsim to load the design. If you've done

everything right so far, you should see the message shown in Figure A.6 on Modelsim.

|# Jerver: creating socket at address 127.0.0.1, port 50000. Waiting for client...

Figure A.6: Modelsim message after loading the design

3. Now minimize the Modelsim window, go back to the Altera SOPC Builder win-

dow, go under Tools and select System Console.

4. Under Tcl Console of System Console, load sw.tcl by entering the following com-
mand (you may need to cd into the appropriate directory that contains the sw.tcl

script though):
source sw.tcl
5. Go to ModelSim window, add all signals you would like to verify to the wave

window. Type “run 100 ms” in the command window but do not press enter yet.

(I chose a rather long simulation time here on purpose; feel free to adjust this as
needed. )

6. Return to System Console, enter the following line in Tcl Console:
master_read_32 $cm 0x0 1

(The tcl command above reads one 32-bit number from the memory address 0x0, $cm

is defined in sw.tcl to point to the path of the master bridge). Go to ModelSim
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A.2.

window, now press Enter for the “run 100 ms” command. You should now see
what is shown in Figure A.7 on your System Console.

% mazter read 32 Scm 0x0 1

Figure A.7: Returned value on System Console after a read command

Then we can write to the “test” register defined in my_dut.v using the following

command:
master_write_32 $cm 0x0 OxFFFFFFFF

Assuming you have added the “test” register to the ModelSim wave window, you
should now see the value in “test” being changed from 0x0 to OxFFFFFFFF. Or you
can simply double-check using the same read command in Step 6 , and you should
see the message shown in Figure A.8:

% master read 32 Scm Ox0 1

Figure A.8: Returned value on System Console after a write command

. Exit System Console and ModelSim after you are done. (Note: You would find it’s

impossible to exit from ModelSim without killing the related processes under Windows

Task Manager. I do not have a solution for this. )

3 Hardware Mode

. In Altera SOPC Builder window, right-click the JTAG to Avalon Master Bridge

module in your SOPC system and choose Edit from the menu, uncheck the box for

Use PLI Simulation Mode.
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. Save the change for the SOPC system and click Generate the bottom of the window
to update the script files.

. Go to the main Quartus II window, and Compile Design again.
. Download the updated programming file to your target FPGA.
. Launch System Console from Altera SOPC Builder window.

. For Quartus II v11.0 Build 157, under Tcl Console of System Console, load
hw.tcl by entering the following command (you may need to cd into the appropriate

directory that contains the hw.tcl script though):
source hw.tcl

For Quartus IT v11.1 Build 173, you need to use the following commands instead

of what is included in hw.tcl to connect to the FPGA:
set masters [ get_service_paths master ]

set cm [lindex $masters 0]

open_service master $cm

. The master_read_32 and master_write_32 Tcl commands used in the Simulation
mode can be used here the same way to read from and write to the target register.
Additional available Tcl commands can be found in Analyzing and Debugging

Designs with the System Console document on Altera’s website.
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Appendix B

Verilog Code for device-under-test

module my_dut

(
/* the I/0’s of this module needs to have the following format:
1. prefix: avs_
2. s0_ : this needs to match with the number of the dut slave
assigned on SOPC, use sO_ if you only have one MM slave
3. write, read, address, writedata, readdata: for a full list
of available Avalon-MM signals, please refer to Table: 3-1

on Avalon Interface Specifications document

*/

// clock & reset interface

input csi_clock_clk,
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input csi_clock_reset,

// MM slave
input avs_sO_write,
input avs_s0O_read,

// Width of address can be resized as needed

input [7:0] avs_s0_address,
input [31:0] avs_sO_writedata,
output reg [31:0] avs_s0_readdata

)

reg [31:0] test;

always @ (posedge csi_clock_clk or posedge csi_clock_reset) begin

if ( csi_clock_reset) begin

test <= 0;

end else if (avs_sO_write) begin // if write signal is high
if (avs_sO_address == 0) begin

test <= avs_sO_writedata;

end

end else if (avs_sO_read) begin // if read signal is high
if (avs_sO_address == 0) begin

avs_sO_readdata <= test;
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end

end

endmodule

end
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Appendix C

Tcl Scripts

C.1 Tcl Script for Simulation Mode

#

# The following needs to match with the name of the master bridge
# defined on SOPC

#

set console_master_name "master_0"

#

# The following needs to match with the PLI Simulation Port
# defined on SOPC

#
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set pli_master_port_number "50000"

#

# Obtain service paths from Simulation mode

#

set master_service_paths [add_service pli_master $console_master_name \

$pli_master_port_number]

#
# Open Service
#

open_service master $master_service_paths

#
# Create a shorter variable for master path
#

set cm $master_service_paths
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C.2 'Tcl Script for Hardware Mode

#
# Obtain service path for master
#

set cm [ get_service_paths master ]

#
# Open service
#

open_service master $cm
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