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Abstract—One of the key factors underlying the popularity of
low-density parity-check (LDPC) code is its iterative decoding
algorithm which is amenable to efficient analog and digital im-
plementation. However, different applications of LDPC codes
(e.g. wireless sensor networks) impose different sets of constraints
which include speed, bit error rates (BER) and energy efficiency.
Our previous work reported an algorithmic framework for de-
signing margin propagation (MP) based LDPC decoders where the
BER performance can be traded off with its energy efficiency. In
this paper we present an analog current-mode implementation of
an MP-based (32,8) LDPC decoder. The implementation uses only
addition, subtraction and threshold operations and hence is inde-
pendent of transistor biasing. Measured results from prototypes
fabricated in a 0.5 gm CMOS process verify the functionality of
a (32,8) LDPC decoder and demonstrate the trade-off capability
which is realized by adapting a system hyper-parameter. When
configured as a min-sum LDPC decoder, the proposed imple-
mentation demonstrates superior BER performance compared
to the state-of-the-art analog min-sum decoder at SNR greater
than 3.5 dB. We show that an optimal configuration of the same
MP-based decoder can also deliver up to 3 dB improvement in
BER compared to the benchmark min-sum LDPC decoder.

Index Terms—Analog decoders, current-mode circuits,
error-correcting code, low-density parity-check (LDPC) decoder,
margin propagation (MP), piecewise-linear (PWL) approxima-
tion.

I. INTRODUCTION

OW-DENSITY parity-check codes [1] constitute an

important class of capacity approaching error-correcting
codes which has seen widespread acceptance in emerging
communication standards [2]-[4]. One of the key factors
behind the success of LDPC codes is its iterative decoding
algorithms [5]-[8] which are scalable and hence can be easily
mapped onto digital [9]-[12] and analog [13]-[16] hardware.
As LDPC codes are applied to a wide range of applications
from digital video broadcasting (DVB) [2] to wireless sensor
networks (WSNs) [17], each of these applications imposes a
different set of constraints on the LDPC encoding and decoding
algorithms and hence demands different performance specifi-
cations. For instance, a DVB application might require a lower
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Color versions of one or more of the ficiency,

however, at the expense of different BERs. In this paper, we

present a current-mode implementation of a CMOS analog

MP-based LDPC decoder. Like other analog LDPC decoders

pm standard CMOS process. The measurement results
validate our previously hypothesized ability of analog MP-de-
coders to adapt its BER and energy efficiency by adjustment of
a system hyper-parameter. We show that, when configured as a
min-sum decoder the BER performance of the proposed imple-
mentation outperforms a benchmark state-of-the-art min-sum
decoder [14] at SNR levels greater than 3.5 dB. Also, when an
optimal value of the system hyper-parameter is chosen, the pro-
posed decoder outperforms the benchmark min-sum decoder by
more than 3 dB.

The paper is organized as follows: Section II introduces
the conventional LDPC decoding algorithm and describes the
basic operational principles underlying the proposed MP-based
LDPC decoding technique. In Sections III and IV, the architec-
ture and circuit implementation of the basic decoder modules,
namely, the check node module and the variable node module,
are described. In Section V, we describe the experimental setup

[14], [15], [21], [22], MP-based decoders can also demonstrat®018-9200/$26.00 © 2011 IEEE

superior power/speed ratio and lower switching noise compared
to their digital counterparts [9]-[12]. Also, the use of analog
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Fig. 1. Tanner graph corresponding to a 32-bit (3,4) LDPC code.

and measurements obtained from fabricated decoder proto-
types. Finally, Section VI concludes the paper by discussing
new directions and extensions of the proposed architecture to
emerging low-voltage technology.

II. LDPC CODES AND DECODING ALGORITHMS

A. LDPC Codes and Tanner Graph

The structure of an LDPC code can be graphically repre-
sented using a Tanner graph [5], an example of which is shown
in Fig. 1. It consists of variable nodes vi., k =1, ..., N which

are connected to check nodes c;, 1 = 1,..., M using edges.
From Fig. 1, it can be seen that the LDPC code consists of 32
variable nodes and 24 check nodes. The number of variable
nodes can be interpreted as the length of the codeword trans-
mitted in a communication system. In this paper, the number of
edges associated with each check node and variable node (also
known as the degree of the node) will be denoted by d.. and d,,.
If each check(variable) node has the same d.(d, ), the LDPC
code is deemed as a regular LDPC code, otherwise, it is an ir-
regular one [24]. A regular LDPC code can be expressed with
the degrees (d,,. d..). Thus, the LDPC code represented by Fig. 1
is a 32-bit (3,4) LDPC code, or a (32,8) LDPC code.

Let V; denote the set of check nodes connected to the variable
node v; and V.. ; represent the set of check nodes other than c;
that are connected to variable node v;. Similarly, let C; denote
the set of variable nodes connected to the check node ¢; and
C,~.; represent the set of variable nodes other than the node v;
connected to c;.

B. Conventional LDPC Decoding Algorithms

Conventional LDPC decoding algorithms are either based
on (a) the sum-product formulation [25] or it’s approximation
commonly referred to as (b) the min-sum formulation [6] or its
variants like (c) the normalized and offset min-sum algorithms
[26]-[28].

In a sum-product based decoding algorithm, each check
node c; receives messages (log-likelihood ratios) from its set
of neighbors C; (denoted by L(v, — c¢;)) and computes
messages to be sent to the variable nodes v; € C; (denoted by
L{c; — v;)) according to

Lic; = v;) = 2tanh !

1

L(vk — ¢j)

tanh {| ————~
v €Cjs ( 2 )
(D
where tanh{x) = (exp(z) — exp(—z))/(exp(x) + exp(—z))

and equivalently tanh () = log((1 + )/(1 — z)).
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Similarly, each variable node v; receives messages from its
neighboring check nodes ¢; € V; and re-computes messages
that will be sent to the check node ¢; (denoted by L(v; — ¢;))
according to

L(v; — (:j) =L(v;) + Z L{cy — v;) (2)
chEVin

where L{v;) denotes the initial value of the message computed
using the noisy signal-levels (corresponding to transmitted bits)
received over the communication channel.

Equation (1) is typically considered the most computation-
ally intensive part of the LDPC decoding algorithm and several
approximation techniques have been proposed in the analog and
digital VLSI literature to reduce the computational complexity.
One such approach is a min-sum based LDPC decoder which
approximates the L(c; — v;) in (1) according to

H sign (L(vi — ¢;5)) | L(vi — ¢;)
VJECjNi
3)

Lic; — vi) =

where k = argminy, ec,., [L(v; — ¢;)|.

G

C. MP-Based LDPC decoding

Margin propagation (MP) provides a lower message sparsity
and yet a more accurate approximation to the (1) [19]. MP ap-
proximation has been described in detail in [29] and in this sec-
tion, we provide a brief outline to support the hardware descrip-
tion provided later in this paper. Given a set of scores L; € IR,
1,..., N, MP approximation computes a normalization
factor z according to the constraint:

7 =

N

i=1
where[-] = maxz(-,0) is a rectification operation and v >

0 represents a hyper-parameter of the approximation. For the
sake of consistency, we will express z to be the output of a MP
function M (L,~y) whose inputs will be the set of scores £ =
{L;},i=1,...,N of size N and the hyper-parameter ~.

In [19], we proved that the MP function is a piecewise-linear
(PWL) approximation to a log-sum-exp function according to

N
2" = M(L,~) ~ log (Z ef%) : (5)

i=1

which is illustrated graphically in Fig. 2 for a two-input
MP-based function which is compared against an equivalent
two-input sum-product and min-sum function. In [19], we
showed that the parameter v controls a theoretical measure
of energy efficiency of an MP-based LDPC decoder. This is
shown in Fig. 3 which is obtained using a three-parameter
Monte Carlo simulation of a 1000-bit (3,6) LDPC code. It can
be seen that for a fixed SNR, there exists an optimal value of
v (hence energy efficiency) that yields the best BER perfor-
mance. This indicates that a correct choice of v could provide
an optimal performance in terms of energy efficiency and
BER performance. Also, Fig. 3 could be used as a calibration
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Fig. 3. Effect of adapting hyper-parameter v on BER performance (for dif-
ferent AWGN channel conditions).

curve for designing adaptive LDPC decoders with varying
specifications of energy efficiency.

III. IMPLEMENTATION OF MP DECODER CHECK NODES

As shown in (4), MP approximation requires addition, sub-
traction and rectification. Each of these operations can be im-
plemented in a CMOS process using basic conservation laws
(e.g. Kirchhoff’s current summation) which scale across tran-
sistor operating regimes (weak, moderate and strong inversion).
Therefore, the same decoder architecture can be operated at dif-
ferent decoding speeds by scaling the bias current and hence
by scaling its power dissipation. In this section, we describe the
current-mode circuits which has been used for implementing the
check node module of the proposed MP-based LDPC decoder.
A differential topology has been adopted to represent the posi-
tive and negative log-likelihood ratios and for canceling out any
common-mode interference.

We used the check node ¢ in Fig. 1 as an example to explain
the implementation details. ¢; is connected to the variable nodes
v1, Vg, v17, and voy. To avoid long mathematical notations we
will denote the message from ¢ to vay (L(c1 — vaq)) as z°P
and the messages L(v; — ¢1) as Ly, L(vg — ¢1) as Lo and
L(vyi7 — c1) as Ls. The check function, according to (1) can
then be written as:

" — log el + el + els + elai+LatLs 6
z=1og 14 elitle 4 glitls 4 plotls |7 (©)

Min-Sum
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If the log-likelihood ratios L;s are represented by their differ-
ential forms as 1; = L7 — L7, with L}, L; > 0,and i =
1,...,3, then (3) can be rewritten as

sp
it =

| (€L1++L;+L;+8L;+L3+L;+6L;+L;+Lj+eLl++Lj+Lj)
0g

st Fir—g+t — 7T+ N el
(3L1 +L2 +L\; +(3L1 +L2 +L3 +@L1 +L2 +L:s +(3L1 +L2 +L:;

Q)

Once the check function has been expressed in terms of log-
sum-exp functions, we can apply the MP-based approximation
according to the procedure described in Section II-C. The MP
approximate check function (5) is written as

mp __ + —
g =2 — 2 (©))]
where zt and z~ are given by

2t =M(L{+L, +Ly, Ly +L +L;,L;
+L, +L3,L{ +L3 +Lj.7).

z =M (LI + L + Ly, L{ + L, + L], Ly
+Ly + L3, Ly + Ly +Ly,v). ©)

These equations are also applicable for computing messages
L(c; — v1), L(c; — vg), and L(e; — vi7).

Fig. 4 shows the architecture of the check node c; imple-
menting (9). The differential messages generated by the vari-
able nodes are selected and the permutations and summations
are carried out according to the (9). The summation results are
then processed by individual MP units as described in (9). The
output produced by the respective MP units (z© and z~ in (9))
are then propagated to the neighboring variable nodes.

Fig. 5(a) shows the current-mode implementation of the (9).
The currents 7, +(-) in Fig. 5(a) represent the differential vari-

ables Lj'(f) in (9),+ = 1, 2, 3. The hyper-parameter v in (9)
is represented by the current I.,. The circuit has two operational
modes: (a) when the reset signal 257 is set to logic low, tran-
sistor V7 pulls the gate voltage of transistors Ny — Ng low and
the output current I,— is set to zero (implying no message is
conveyed); (b) when the reset signal 25T is set to logic high,
the gate voltage of Ny set to V., which determines the current
1,. At equilibrium, the output current I+ is determined by the
MP condition (4).
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Fig. 4. Architecture of the check node ¢; in Fig. 1.

The PMOS diodes P; through P, ensures a unidirectional
flow of current thus implementing the rectification operation
in the (4). The subtraction operations in (4) are implemented
by transistors N> — N5 and the summation constraint is im-
plemented using the Kirchhoff’s current summation at the node
K. However, the diodes introduce a threshold voltage drop re-
quiring a larger supply voltage (> 2V}, + Viser). An alterna-
tive low-voltage implementation is shown in Fig. 5(b) which
consists of a cascode PMOS Pj through P;. The implementa-
tion eliminates the threshold voltage drop but potentially suf-
fers from current leakage between neighboring stages as shown
in Fig. 5(b). This situation could occur when one of the branch
currents is much larger than the other. In the proposed imple-
mentation, we have chosen the circuit shown in Fig. 5(a). Since
the operation of the circuit is based on the Kirchhoff’s current
law, it is functional irrespective of the biasing condition of the
transistors. Consequently, the magnitude of current can vary in
a wide range from pA to A, which only effects the operational
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speed of the circuit. However, the matching between the transis-
tors No — N5 is important because it ensures that the constraint
in (4) is accurately satisfied.

IV. IMPLEMENTATION OF THE VARIABLE NODE

We will use the variable node v; to illustrate the basic oper-
ation as described by (2). The architecture of the variable node
is shown in Fig. 6 and the circuit implementation for computing
the message propagated from variable node vy to check node
cag 1s shown in Fig. 7. The currents Ij’l represent the posi-
tive part of differential message L(v1)(L(v1) = L*(v1) —
L~ (vy)). Similarly, I}, and I | represent the L™ (c; —
v1) and Lt (cg — wv1). These currents are summed at node B
and mirrored through transistors Py and P;. Similarly, the cur-
rent through P» equals the sum of all the negative portion of the
differential message. For brevity, we denote the two summed
currents as /™ and 7/~ as shown in Fig. 7, where

I"=Lf(vi)+ > L'k —va),

crEVi;

I =L (vi)+ Z L (cr — vi).

CLEV

(10)

The two currents I™ and I~ are compared at node A and when
It is greater than ], the current through P5 equals to the pos-
itive part of the differential message propagated from the vari-
able node to the check node. A similar circuit computes the neg-
ative part of the differential message. Thus, we realize the dif-
ferential form of (2) as

It—71, ifIt -1 >0
Lt (v, i 7
(vi—cj) <= {(), otherwise.
- 0, itIT—1—>0
L(vi—¢j) & {]+ — I~, otherwise. (b

Note, the transistors P5 and P in Fig. 7 act as current limiters
where the common-mode current and hence the total power dis-
sipation of the decoder can be limited using the voltage V5.

V. MEASUREMENT RESULTS

Fig. 8 shows a system level schematic of the (32,8) LDPC
decoder corresponding to the Tanner-graph shown in Fig. 1.
Besides the variable node and the check node modules, the
decoder also integrates the following modules to facilitate
output buffering and testing through an external digital inter-
face (FPGA in this paper):

(a) A 6-bit current-mode digital-to-analog converter
(DAC), used to digitally programming initial messages
(currents) in (10). Its MSB of the DAC is denoted by d;
whereas the LSB is denoted by dg. The architecture of
the current DAC (shown in Fig. 8 is based on the popular
resistive divider [30] where the current through each
branch is twice as large as its neighbor. The output as
determined

(b) by the bits dy — dg is a binary weighted sum of currents
which are mirrored into each of the variable node mod-
ules.

(c) Output comparators, which are used to compute the de-
coded bits by comparing the differential variable node
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Fig. 6. Architecture of variable node vy in Fig. 1.
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o
L (e > vy) 3
(9
L (v) S— L (v, - c5) (d) pigital samplg-and-hold input bgffgr is a shift reg-
L (cl - v,) > ister chain which converts the serial input D, to the
L (cyp— ) decoder IC into parallel bit slices that are processed by
- the DAC module. As shown in Fig. 8, there are two sets
L'(n) (> e) of non-overlapping control signals for the shift register
L(cs > vy) o EAERGS chain: ®;/®; and ®,/®P5. ®; and P». In one period,
I (c . ) g when (¢; = 1 and ®» = 0), the previous stage data d; 1
20 ! 3 is sampled; and when (®; = 1 and ®» = 0), the sampled
L(v) g.. L —>e) data is held during while the DAC module processes the
L(cs—>v) M latched bits.
L (cy— ) (e) Digital sample-and-hold output buffer is also a shift

register chain which sample the parallel decoded bits
(from the comparator modules) and convert them into a
bit-serial format Q..

The microphotograph of a prototype MP-based LDPC de-

currents when the decoder has reached equilibrium. For coder fabricated in a 0.5 psm standard CMOS process is shown
example, if 1 ‘+ is greater than I, the output of the com- in Fig. 9. Table I summarizes the main specifications of the chip.
parator (? is logic “high” and indicative of the bit “0” The measurement setup used to evaluate the fabricated chip
being decoded. Note that the comparator needs to be reset  is shown in Fig. 10. The decoder chip is hosted on a daughter
before each comparison is made. board which is then mounted on a test station mother board. A
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Fig. 8. System level schematic of the (32,8) LDPC decoder.

TABLE I
SPECIFICATIONS OF THE MP-BASED ANALOG LDPC DECODER

Fabrication Process
Die Size

Number of Transistors

Standard CMOS 0.5um
3000um x 3000um
11424 (6336 PMOS, 5088 NMOS)
Number of Variable Nodes 32
Number of Check Nodes 24

second mountable daughter board hosts a field-programmable
gate array (FPGA) which is responsible for clock generation
and data synchronization. A sample timing diagram for all the
digital signals used by the LDPC chip (shown in Fig. 8) and
generated by the FPGA are shown in Fig. 11. The FPGA se-
lectively programs the on-chip DACs to emulate data received
over an additive white Gaussian noise (AWGN) channel after
which the FPGA enables the analog decoding core. The output
of the decoder is latched on the comparator after a pre-deter-
mined decoding time and the latched bit-stream is serially re-
trieved by the FPGA. As shown in Fig. 10, the experimental
setup is also controlled through a Visual Studio interface on a

32 VARIABLE NODES
(Includes DAC array, S/H |/O buffers, output
comparators)

INTERCONNECTIONS

i

12 CHECK 12 CHECK

NODES

™\

Fig. 9. Die microphotograph of the chip.

PC. The C script emulates the AWGN channel and generates
6-bit signal values at different SNR levels. These bit patterns are
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Fig. 10. Experimental setup of the chip.

1 period

Dip kDATAO><DATA1><DATA2><DATA(><DATA4>< R

OUT_SR_CLK T

i [1 1

Fig. 11. Timing diagram of digital signals used to control the operation of the
LDPC decoder chip.

-

Time (s)

then stored on the SDRAM of the FPGA which uses the values
to perform real-time decoding. After each noisy transmission,
decoded bits are retrieved from the LDPC chip and stored on
the FPGA’s SDRAM. At the end of each Monte Carlo run, the
Visual Studio interface transfers the data logged on the SDRAM
and computes the overall BER. The MATLAB interface is also
used to adapt the bias voltages of the decoder through a National
Instruments data acquisition card.

Fig. 12 compares the BER performance of a software imple-
mentation of the MP-based decoder and the measured results
obtained from the fabricated prototype. For this experiment the
decoding throughput was set to 320 Kbps and the hyper-param-
eter v was optimally chosen based on iterative experiments as
described later. At low SNR, the hardware implementation out-
performs its software counterpart which could be attributed to
the continuous-time dynamics of the analog decoder. However,
at high SNR the software implementation outperforms its hard-
ware counterpart which could be attributed to the limited dy-
namic range of the programming DACs and due to the offset
and gain errors introduced by the current mirrors.

Fig. 13 shows the measured BER curves which are obtained
under the conditions: (a) when the system is configured to
operate as a min-sum decoder (v & 0) [19] and the decoding
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Fig. 12. Comparison of BER of the MP-based LDPC decoder using software
simulation and measurements from the fabricated prototypes.
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Fig. 13. Comparison of BERs of the measured MP-based LDPC decoder and
a benchmark min-sum LDPC decoder.

throughput is set to 320 Kbps; and (b) when the MP-based
decoder is configured with an optimal setting of the hyper-pa-
rameter v > 0. For comparison we have included BER results
reported for a state-of-the-art analog min-sum decoder [14].
The results in Fig. 13 show that for v = 0, the performance of
MP-based min-sum LDPC decoder is inferior to the benchmark
min-sum decoder [14] at low SNR, however, at high SNR
(>3.5 dB) the performance of MP min-sum decoder outper-
forms the benchmark. When v > 0, the results show that the
MP-based LDPC decoder outperforms the benchmark min-sum
decoder by more than 3 dB.

Fig. 14 shows the measured BER curves for different values
of the hyper-parameter V.. Again, for this experiment the de-
coding throughput is set to 320 Kbps. As V., increases (7 in-
creases), it can be seen that the BER of the MP-based LDPC
decoder first improves and then degrades, which is consistent
with the BER-SNR-y trade-off previously demonstrated only
using simulation results (shown in Fig. 3).

Fig. 15 shows the measured BER performance (under dif-
ferent SNRs) when the decoding time (inverse of decoding
speed) is varied. For this experiment, V., is held constant at
0.74 V (correspondent to one of the four curves shown in
Fig. 14). It is seen that as the decoding time is increased, the
BER performance improves, which is consistent with the re-
sponse of previously reported analog decoders [14]. When the
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TABLE 11
CMOS DIGITAL (ToP 4) AND ANALOG (BOTTOM 6) DECODERS

Author Code CMOS Core Area Power Through- | Energy Effi-
Technology | (mm?) (mW) put(Mb/s) | ciency(nJ/b)
Digital
Blanksby R=1 N=1024, 0.16 um,
et al. [10] ppC 15V 323 690 300 1.4
Bickerstaff | R=1:11. L 0.18 um
ctal [9] | N=2048.LDPC | 18V 14.3 787 320 2.46
2% 0.13 pm,
Darabiha N=660 12V 7.3 518@A4dB 2440 0.156@4dB
et al. [18] LDPC 06V 398@5.5dB 480 0.12@5.5dB
R=0.84 65 nm
Zhang N=2048 07V 6.67 144 6670 0.0215
et al. [32] RS-LDPC 12V 2800 47700 0.0587
Analog
Gaudet R=1 N=48, 0.35 um,
et al. [31] "i}urbo 33V 132 185 133 139
Winstead | (8,4) Hamming 0.5 um, 0083 1 1 1
et al. [21] Tail-biting 33V ’ (core)
Amat R:%,N:BZ, 0.35 pum, 41 6.8 2 34
et al. [35] Turbo 33V (core)
(8,4) Hamming
Winstead Trellis Graph 0.18 um, 0.002 0.15 3.7 0.04
et al. [15] Factor Graph 1.8V 0.02 0.807 3.7 0.22
Hemati (32,8) 0.18 um, 0.57 5 6 0.83
et al. [14] LDPC 1.8V (chip) ’
1.254 (V, =0.85V) 0.098
Gu et al. (32,8) 0.5 pm, 54 1.683 (V,=0.74V) 12.8 0.1315
this work LDPC 33V ’ 1.914 (V, =0.71V) ’ 0.1495
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Fig. 14. Comparison of measured BER performances for different values of
the hyper-parameter .

decoding time is reduced to less than 2.5 ps (data throughput
12.8 Mb/s), the BER performance starts to decreases rapidly.
When decoding time is as low as 833 ns (data throughput
38.4 Mb/s), the BER (measured at SNR 7 dB) could be
13 times higher than the BER measured at data throughput of
12.8 Mb/s.

Table II compares the measured specification of the fabri-
cated MP-based LDPC decoder to the specifications of different
digital and analog decoders reported in literature. The compar-
ison shows that the MP-based LDPC decoder has the second
highest throughput amongst the reported analog decoders. How-
ever, the turbo decoder with the highest throughput [31] has

Fig. 15. Measured BER performances of the MP-based LDPC decoder (1, =
0.74 V) for different decoding times (throughput).

an energy efficiency much lower than the MP-based design.
Moreover, the turbo decoder has a longer codeword length than
ours. The benchmark min-sum LDPC decoder [ 14] has the same
codelength as the proposed MP-based LDPC decoder. However,
the former measured the energy efficiency based on the power
consumption for the whole chip, while the latter based on the
core, which makes the comparison difficult. However, it can be
seen that the throughput of the MP-based LDPC decoder is more
than twice that of the benchmark min-sum LDPC decoder. In
terms of energy efficiency, the MP-based LDPC decoder has the
second highest energy efficiency. Whereas the (8,4) Hamming
Trellis graph decoder, which has the highest energy efficiency,
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has a much lower throughput than this implementation. In terms
of the silicon area, the proposed implementation achieves inte-
gration density comparable to that of [14], considering the dif-
ferences in the respective technology feature size.

The table of comparison also shows that state-of-the-art
digital decoders can also enjoy high energy-efficiencies as
the analog decoders. This is because these implementations
exploit highly parallel architecture [9], [10], early termi-
nation techniques [18], post-processing methods [32] and
aggressive feature and voltage scaling. However, it should be
noted that unlike analog decoders, digital decoders require
an analog-to-digital converter to digitize the analog channel
information. For instance, the digital decoder reported in [32]
requires 4 to 6-bit digital inputs and the energy efficiency
metric (pJ/bit) reported in Table II does not incorporate the
power dissipation of the ADC.

VI. CONCLUSIONS AND DISCUSSIONS

In this paper, we have proposed an implementation of
an analog LDPC decoder based on MP algorithm. The use
of MP-based decoding allows trading off the BER perfor-
mance with respect to the energy efficiency of the decoder
and hence can be adapted to a wide range of applications. A
proof-of-concept prototype has been fabricated in a 0.5 pum
CMOS technology and measured results validate the trade-off
capability of the decoder using a system hyper-parameter.
The measured results show that the BER performance of the
MP-based decoder outperforms a benchmark state-of-the-art
min-sum decoder at SNR levels greater than 3.5 dB and
can achieve energy efficiencies greater than 100 pJ/bit at a
throughput of 12.8 Mbps. Even though we chose the 0.5 pm
CMOS technology for implementing the MP-decoder, we
envision the proposed decoder being attractive for sub-100-nm
CMOS processes. The architecture of the decoder is modular
and hence can be scaled up to implement longer codes like the
ones used in DVB-S2. However, for large analog decoders,
the effect of mismatch and environmental variations could be
significant and has to be considered during the design phase and
ultimately incorporated into the automation and verification
tools. Also, implementing a large scale decoder would imply
longer interconnects which will require larger driving currents.
Hence, maintaining a strict control over the distribution of
currents (or messages) would be the key towards ensuring
energy efficiency. MP-based LDPC decoder allows such a
control through the use of the hyper-parameter . Also, due to
aggressive scaling (feature size and power dissipation) of dig-
ital CMOS technology, low-voltage analog circuits that can be
integrated with low-voltage digital designs are becoming one
of the major requirements [33]. Even though the supply-voltage
has been aggressively scaled, the threshold voltage of the
transistor can not be significantly reduced due to exponential
increase in the sub-threshold leakage power [34]. Therefore,
there is a need for analog computing circuits that can operate
across multiple biasing conditions ranging from weak-inver-
sion, moderate-inversion to strong-inversion regime. Since
the underlying principle of MP decoder is based on current
conservation, the proposed circuits function no matter what
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the operational region the transistors are biased in. Thus, using
the MP-based technique it is possible to implement analog
decoders operating with currents ranging from femtoamperes
to microamperes.
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