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Introduction to Analog Decoding

Digital Source | U

Source Encoder

Digital Source | U
Sink Decoder

———

this soft-information enhances the performance of the decoder.

Channel X
ncoder » Modulator )
Noisy
Channel
Hard — Y De- |
Decoder Nl modulator
Soft Decoder has probabilities as inputs (instead of bits);
Channel X » Modulator
Encoder |
Noisy
Channel
I Soft VA De- |
— Decoder modulator

April 10,2006

Digital Source | U

Source Encoder

Digital Source | U
Sink Decoder

Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich

7iad

'™

e ——

w Tl e
vl g
'-"":"'s..;_a th.-I-il-.. et

—=




Eldgendssische Technische Hochschule Zirich

W':‘ L .;' 5 ‘ L7 5 lr

N Ars (e 3] e . ¥ % [ & -———-|—4-F‘ |
- Al P - Y .
Swiss Federal Institute of Technelogy Zurich > s, ] AT IATE ST

o pemtroduction to Analog D.ecoﬂingJ

Softgates vs. Logic Gates

Example: SoftXOR D

S~~~ IN 2
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X
X
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Analog Decoding: !

I7—0 )
r N
P lz=0+1z= 1 Softgates
Probabilities Pzout(0)=pxin(0)) - Pyin(0)/F\Pxin Yin ( can easily be
are represented |mplemented
_ bycurrents PZout 1)—pX1n Y1n =+ Xm Y1n with simple

analog circuits
—p(Z = analog current summatlon \ o

—p(Z =0

analog current multlpllcatlon
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Examples of Analog Decoders
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Discrete Hamming

Decoder

(8,4,4) Hamming
Decoder Chip

(16,5,8) Reed-Muller
Decoder Chip

Analog Coprocessor
Chip
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Comments on the Measurements

= Analog Decoders are robust, but not entirely immune to
transistor-mismatch.

= The performance of the decoder depends on the decoding time;
the bit-error rate depends on the desired performance.

= The error-correction capability may improve with an increased

current level,

by moving from weak to moderate inversion.

= Analog Decoders (in subthreshold CMOS) can be operated at
low supply voltages and at very low power levels.

April 10,2006
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Measurements:
Effects of Non-ldealities on Softgate-Characteristics
= Scattering of 150 measured gate characteristics

1t Generation Softgates 2"d Generation Softgates

inl n?2 inl n?2

—— ideal softEQU characteristic —— ideal softEQU characteristic
- — 10 and 90 percentile (150 measured softEQU) : : - — 10 and 90 percentile (150 measured softEQU) J
_4 | | I I I I I J _4 I I I I I
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2! -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
log, [P, ;(0)/p, (1] log, [P, (0)/p, ,(1)]

in1: x-Axis, in2: parameter, out: y-Axis. all values represented as LLRs: log(p(0)/p(1))
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1 Softgate-

Jate charact

m | | | | — | | | N
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LLR=0 g LLR=0_ _
===c=========-=---=—= S| OfFE===——— e —
e & N
R 5 , \\\ X
S \;x - 2 0.5+ :’ M
NI . _LLR=-1 L’ AN LLR = -1
NS ~ ~ - -~ ~
N\ e > PX V3 N ~ o
N N S S —— e m—— - - o’ ~ ~-~ o
O N _1 = = , SNy T e L
~ ~ - ’ ~ N
SNCLLR = -2 s .7 s LR=-2
~ ~ - 7 ~
~ ~ d ’ ~ N
N o S~ -1.5F ’/’,’ \\ >
e — ideal softXOR characteristic N e - — ideal softXOR characteristic S
- — 10 and 90 percentile (150 measured softXOR) g 1 l - - l10 and 99 percenti!e (150 m?asured sttXOR) 7
-2 1 1 T T T T T ] -2
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
log, [P, (0, (1]

109 3fP,1 0Py, (1)]

in1: x-Axis, in2: parameter, out: y-Axis. all values represented as LLRs: log(p(0)/p(1))
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Measurements:
Effects of Non-Idealities on Error Rate Curves

1t-Generation 2nd-Generation
Discrete Hamming Decoder Discrete Hamming Decoder

Frame and bit error rate
Frame and bit error rate

[~ measured block error rate (10 decoders) —©— measured block error rate (10 decoders)

| —— ideal (simulated) block error rate —— ideal (simulated) block error rate
Ll —=— measured avg. info-bit error rate (10 decoders) —=— measured avg. info-bit error rate (10 decoders)
_,| L—— ideal (simulated) avg. info-bit error rate .| L—— ideal (simulated) avg. info-bit error rate
10 I I I I I I I | | 1 0_ I I I I I I I | |
-4 -3 -2 -1 0 1 2 3 4 5 6 -4 -3 -2 -1 0 1 2 3 4 5 6
SNR [dB] SNR [dB]

= Analog Decoders are robust, but not entirely immune to
transistor mismatch.

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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best performance for
Tsettling > 20 S

best performance for
Tsettling > 100 S

) e YWY TV LT T e )
—— ideal (simulated] Trarmre-em I ] —— ideal (simulated) Trarre-ex
—8— measured average info-bit error rate (Tsettling = T0OUS..50mMs) ] —&— measured average info-bit error rate (Tseffling = TOUS..50M3)
I igeal (simulated? avg. info—bit error rate‘ | | | | ideal (simulated) avg. info-bit error rate
10 -4 -3 -2 -1 0 1 2 3 4 5 6 10 -4 -3 -2 -1 0 1 2 3 4 5 6
SNR [dB] SNR [dB]
(hominal unit current) (30x nominal unit current)

= The performance of the decoder depends on the decoding time;
the bit-error rate depends on the desired performance.
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(hominal unit current) (30x nominal unit current)

= The error-correction capability may improve with an increased
current level, by moving from weak to moderate inversion.
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Measurements:
Minimal Supply Voltage

Integrated Reed-Muller Decoder
(hominal unit current)

= Hamming Decoder:
= min.Vdd =0.7V (hom.Vdd =1.8 V)

= Average power dissipation = 50 pW

= Energy per decoded info-bit = 150 nJ
210’ 2\, =P Reed Muller Decoder:
: e Irame error rate, xgg:g)gx ‘\'(\\,’\\@ u mlﬂ \/dd = 09 V (nOm Vdd — 18 V)
107" —¢— frame error rate, Vdd=1. o S oy : . '
| Sverage infarmation-ist o rte Vcd=0.0V | = Average power dissipation =~ 50 pW
| - < - average information-bit error rate, Vdd=1.8V ] . .
| ﬁ ideal (gsimulated)tavg. irt1fo—bit ertror rate ‘ | | 1 u Energy per dECOd ed |nf0—b|t =11 nJ
W, 7% 2 4 0 1 2 3 4 5 6

SNR [dB]

= Analog Decoders (in subthreshold CMQOS) can be operated at
low supply voltages and at very low power levels.

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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ecoders: Conclusion$ Dutiook:

Conclusions, Outlook

= 2 generations of softgates and 2 analog decoder ASICs
were implemented successtully.

= Various measurements prove the decoders’ functionality
under different operating conditions.

= Different approaches for analog decoders are possible:
= reprogrammable mixed signal ASIC (analog coprocessor)

= low-power decoder (biomedical applications, sensor networks, etc.)
= high-speed decoder (10Gbit-Ethernet, data-links, etc.)

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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Digitally Corrected Converters
Motivation:

[from www.ti.com, March 2006]

y § Analog to Digital Converters (Data Converters) QuickSearch

Sample Rate

to D to 00 to
cC 10kSPS | 100kSPS | 500kSP!
(@) ) ) 5) 5) )
o — %)
"5 0) 5)
_— 5) 5) 5)
@) ) 5) ) 5) 5) 5)
4 5) 5) 5) 5) 5) 5) 5)
ﬂqﬁJ 5) ) 5) 5) 5) 5) 5)
5) ) 5) 5) 5)
%) ) %) %) %)
Speed g
pee

Trade-off between resolution and speed!

high resolution < small device mismatch < large devices

high speed & small devices
= small and imprecise devices + digital correction

(instead of large and precise devices)

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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only static properties are considered

—|Quantizer——| Encoder ——

Definition: An A/D-Converter (ADC) converts a continuous-amplitude, continuous-
time input signal to a discrete-amplitude, discrete-time signal.

Important: The threshold voltage is defined in the analog domain, the corresponding
digital output is assigned and not fixed.

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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==Digitally Corrected Con\/eﬁfé-_r_s:"w |

Maximizing the Resolution of Non-Ideal ADCs

= Minimizing the rms Quantization Error
Example:ideal and non-ideal 4-bit ADC

digital output

06 08
analog input

0.6 08 06 0.8
analog input analog input

non-ideal uncorrected

non-ideal output-corrected
ideal 4-bit ADC 4-bit ADC 4-bit ADC
Q =138.06 mV Q=79.25 mV Q =33.88 mV
Res = 4 bit Res =1.87 bit = Res = 3.09 bit

April 10,2006
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System Overview for Digitally Corrected ADCs

Ve |
as
Vief, high

VY

WW.

Digital correction tries to minimize
the rms quantization error

DSP/ uP

The output of the LUT can be of
higher bit-order than the
effective ADC-resolution
(similar to Sigma-Delta-ADCs).

Thermometer code to binary code
Look-up table for digital correction

‘/;"ef low

LV&MWW

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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= The effective resolution is only
weakly dependent on the comparator
mismatch (applying output
correction)!

Resolution

e = With 2N low-precision comparators,
T an ADC with Resesf = (N-1) bits can be
. . . . . . . . . . aChieved.

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
sigma

Simulation for 6-bit to 12-bit ADC’s with
variable comparator mismatch

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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only static properties are considered

— | Quantizer——

Definition: A D/A-Converter produces an analog output A that is proportional
to a digital input D: A = aD

Important: The set of possible analog outputs is fixed, but the assignment
from the digital inputs to the analog outputs can be adjusted.

Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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Minimizing the rms Quantization Error
in Non-ldeal DACs

Example:ideal and non-ideal 3-bit DAC

w-Digitally Corrected ConVeﬁersJ

L S T
oIt T ] v
v
= b = o

-—Flu_—;ﬁ‘

ool ool ooleo 00l oojut ooloy 00|~
T T T T T T T

SNR =18.06 dB 70‘ i SNR =14.97dB r‘ 5| SNR =15.93 dB VOA

Resest = 3 bits '«‘r‘ ] 51 Resefr = 2.48 bits ‘A § Reseff = 2.65 bits '4‘ |

- £ 4 |

e - - |

e 1 &y 1Sy P

Vrrr é% T < 3
- i s
e IR T = I BN B Ry S

Digital input Dlgltal input Digital input

ideal 3-bit DAC
SNR =18.06 dB
Res = 3 bit

April 10,2006

non-ideal uncorrected
3-bit DAC
SNR =14.97 dB
Res = 2.48 bit

™

non-ideal input-corrected
3-bit DAC
SNR =15.93 dB
Res = 2.65 bit

Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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System Overview for Digitally Corrected DACs

Din
|

Digital Mapper

Procedure:

1. Determine the set of all 2" possible

outputs.

2. Forevery Din, find the closest analog

output (from the set of all outputs).

3. Store the switch positions leading to

this analog output in a LUT.

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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Digitally Corrected DACs: Simulation results

12 binary-scaled current-sources nominal size of current-sources:
wuth va rlable m |smatch 1,2,4,8,16,32, 64,128, 256, 512,1024, 2048

72.24

nominal area:
~~160.2 Z= 4095

2 8k A NG e TN TS 14816
o) D '~ SN == )

= : : ~ St o : S~ =

C --—~ ‘‘‘‘‘‘‘ ~ -

o \\ .......... _
5 I %
(o) : : : : : : : e L T =
B Bl f L TR S 86 4D
g wn
O

(0]

D AL 124,08

(0]

max(Reseff) = 12.0 bits

o maSNRZT220B g Effective Resolution decreases
with increased mismatch.

| |
0 0.05 0.1 015 02 025 03 035 04 045 05
sigma

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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Digitally Corrected DACs: Simulation results

12 unit currentsources, sigma=0.25

12 unit current-sources
with variable mismatch

20.6
12 72.24 %
< 04l
10 T —— . - _~-~ 602
’ ~7 - 0.2F
7
N IS 1
) +
5 8 SN E 148.16 ok e
C
% \‘ /, E‘ (‘) O‘.2 014 Oi6 O‘.B ‘;
TUD) sk "/ _36122 Digital input
: 0 = 0.25§ 2
o (p]
>
:
% 4 124.08
ax(Reseff) = 10.4 bits
n SNR) = 62.5 dB | . . .
2 W(SNR) 12.04 R Effective Resolution increases
[ ] [ J [ ]
o o with increased mismatch.
0 0.05 0.1 0.15 . 0.25 0.3 0.35 04 0.45 0.5
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Digitally Corrected DACs: Simulation results

12 arithmetically-scaled current- nominal size of current-sources:
sources with variable mismatch 1.0,1.1,1.2,1.3, 1.4, 1.5,1.6,1.7,1.8, 1.9, 2.0, 2.1

____________________________________ nominal area:
10/T- ————————————————— LT =TT Je02 S -18.6

% 6 -36.12§
k 7 max(Reseff) = 10.4 bits [
2 max(SNR) = 625 B {1204 Effective Resolution increases
= .. )
N with increased mismatch
0 0.05 0.1 0.15 0.2 (_).25 0.3 0.35 04 0.45 0.5 o
sama (but is nearly constant).

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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Conclusions, Outlook

= We presented a way to build converters with low-
precision elements:

= With 2V minimum-sized comparators, a flash ADC with an
effective resolution of approximately N-1 bits can be achieved.

= With N nearly minimume-sized current-sources, a DAC with an
effective resolution of N-2 bits can be obtained.

= Qutlook:

= Practical online (and offline) on-chip calibration
= Similar approach for Successive-Approximation ADCs

April 10,2006 Matthias Frey - Signal and Information Processing Laboratory, ETH Zurich
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= Analog Decoding & Related Topics
= Measurements on discrete analog Hamming decoders

= Integrated analog decoders for

» (8,4,4) extended Hamming Code
» (16,5,8) Reed-Muller Code
» Coprocessor for decoding a UMTS Turbo Code

= Soft Symbol Detection Circuit for PAM, QAM, and related
schemes

= Digitally Corrected Converters
= Integrated flash ADC for static measurements

= Insight: Resolution of digitally corrected ADCs and DACs
is (nearly) independent of mismatch
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