ESE 3400: Medical Devices Lab

Lec 6: October 11, 2023

Data Converters

L) L
.
Srrenn
Penn ESE 3400 Fall 2023 — Khanna



Lecture Outline

DTFT vs DFT
Sampling Examples
SQNR
Oversampling

ADC Architectures
s Flash ADCs

= SAR ADCs

= Delta-Sigma ADCs

U O O O O
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ADC

Analog to Digital Converter

o 40
S 'enn
[
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Anti-Aliasing Filter with ADC

_____________________________ ADCAD .

¢ Anal sampler —
CEﬁ»[Anti-r.1‘5ﬁi¢'(;1)§‘3ingw : )[ Wx[n] xc(nT)»[ Quantizer}
Filter HLp(jQ) : t = ’n,TJ 5

--------------------------------------------------------------------------
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Aliasing

o If Q>Q./2, x.(t) an aliased version of x (t)

----------
-’ ~

o [ TXLGR) i [0 <02
Xr(58) = { 0 otherwise
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Anti-Aliasing Filter with ADC

T C(t) Analog 1
-3 Anti-Aliasing

..........................................................................

sampler Wa:[n] = z.(nT)

Filter HLp(jQ) t=nT J
and (), < 2
) S N )
o S ) - - VTl Q52 ______
Rl RN // \»’/ Syt N
l, \\ ,I ,I \\ ,,i\\ \\
<€ - o > < o >
Xc(GQHp(jQ) X (jQ)
----- —> e ——— o av2
? \i I,, h 1 . \r’ ~\\\
<€ > <! L i
-Qn N On
QT;z
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: DTFT Vs. DFT

DTFT:

DFT:

Penn ESE 3400 Fall 2023 - Khanna

0

X(e’”) = E x[kle /™"

k=—00

x[n]= fX(er)eﬂ” dw

1 N-1
zln] = > XKW

k=0

N-1
Xk = z[n] Wy

n=0



: DFT vs DTFT

0 Back to example

sin(z’nk)
viz1_ W\ Wnk_,,_j%k \/5
1 £k
\10 )

“6-point” DFT
“10-point” DFT

1 : Use fftshift
0 \ \ | | | to center

; : 2 3 4 5 6 7 around dc
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Sampling/Reconstruction Example

o
]
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Sampling/Reconstruction Example

15 .
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Sampling/Reconstruction Example
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ECG Example
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ECG Example
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ECG Example
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Oversampled ADC

T (t) Sharp Analoa;
—>| Anti-Aliasing

Filter HLp(jQ))

z.(t) |Simple Analog

............................. ADCAD o,
CD )
x[n] = x(nT
> T Quantizer
J
Oversampled ADC A/D

c/D Sharp Digita

Anti-Aliasing
Filter J

Penn ESE 3400 Fall 2023 - Khanna

Anti-aliasin _
- L1 ) filter - ’ Quantizer
: M Qn o

M

---------------------------------------------------------------------------
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Sampling and Quantization

x.(t) >‘ C/D ’x[n] :a;c(nT)’ ’

AVTN
- Y

Penn ESE 3400 Fall 2023 - Khanna

16



Sampling and Quantization

o For an input signal with VPPZF SR with B bits

_ FSR
-

A

FSR 9

Penn ESE 3400 Fall 2023 - Khanna
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Ideal Quantizer

0 Quantization step A

0 Quantization error has
sawtooth shape
= Bounded by -A/2, +A/2
0 Ideally infinite input
range and infinite
number of quantization
levels

Penn ESE 3400 Fall 2023 - Khanna

q (quantizer output)

e (quantization error)

q

Transfer Function

———————————————————— .~—~——T———~~'—————'~—~~7V_-
| | | | ’/
---------- R e L s S
I R IS N TS —_—
! 1 1 1 v !
--------- mmmpm e ——— -
————————— ‘—————'—-————/ - - - - - - - - - -
R = ¥ ->| A
—————————————— L R M i ol SRR SRR
______ _: /:’____:____ I N N SN
R |
————— e - - - - L - - - L e e R
\—/’ : I
X (inppt)
Errore(=q-x
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Ideal B-bit Quantizer

0 Practical quantizers have a limited input

range and a finite set of output codes — T T T
0 E.g. a 3-bit quantizer can map onto 5 1(1)(1) I S S ey Tt
2°=8 distinct output codes 3100} b
F Ot b g A
Sonf o AR
Q 001 o T S S ey
LY s T S S T S A

0 Quantization error grows out of Analog Input

bounds beyond code boundaries

a0 We define the full scale range (FSR) as

the maximum input range that satisfies
[eq|=A/2
= Implies that FSR = 28- A

T +A/2

-4+ -Al2

q

e (quantization error)

Penn ESE 3400 Fall 2023 - Khanna 19



FEttect of Quantization Error on Signal

a Quantization error 1s a deterministic function of the
signal

= Consequently, the effect of quantization strongly depends on the
signal itself

0 Unless, we consider fairly trivial signals, a
deterministic analysis 1s usually impractical

= More common to look at errors from a statistical perspective

= "Quantization noise”

Penn ESE 3400 Fall 2023 - Khanna
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Quantization Error Statistics

0 Crude assumption: e (x) has uniform probability

density

0 This approximation holds reasonably well in
practice when
= Signal spans large number of quantization steps
= Signal 1s "sufficiently active”

s Quantizer does not overload

ple,) Mean 2: J' Ede=0
1/A —A/2
_AR AR e, _ 4A/2 2 y:
Variance e’ = _[ e—de = —
A 12

Penn ESE 3400 Fall 2023 - Khanna
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: Quantization Noise

a0 Figure 4.57 Example of quantization noise. (a) Unquantized samples of the
signal x[n] = 0.99cos(n/10).

Penn ESE 3400 Fall 2023 - Khanna
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(Quantization Noise

0 Figure 4.57(continued) (b) Quantized samples of the cosine waveform in part (a) with a 3-
bit quantizer. (c) Quantization error sequence for 3-bit quantization of the signal in (a). (d)
Quantization error sequence for 8-bit quantization of the signal in (a).

REIAICON )
RERY RS

p—

S

0 50 100 150 n
(d)
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Signal-to-QQuantization-Noise Ratio

0 Assuming full-scale sinusoidal input, we have

SNRq = 6.02B + 1.76 dB

B (Number of Bits) SQNR
8 50dB
12 74dB
16 98dB
20 122dB
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Signal-to-QQuantization-Noise Ratio

0 For uniform B bits quantizer

o

2

+2
0-6

Penn ESE 3400 Fall 2023 - Khanna
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. Signal-to-Quantization-Noise Ratio

0 For uniform B bits quantizer

52

Zr

€
12 . 22B 2

FSR?
FSR\ Quantizer range
SNRg = 6.02B + 10.8 — 20log;, ( )
9z /rms of amp
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Signal-to-QQuantization-Noise Ratio

0 Assuming full-scale sinusoidal input, we have

Quantizer range
SNRg = 6.02B +10.8 — 201og;, (F SR)
Oz Jr

ms of amp

Penn ESE 3400 Fall 2023 - Khanna
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Signal-to-QQuantization-Noise Ratio

0 Assuming full-scale sinusoidal input, we have

SNRq = 6.02B + 1.76 dB

B (Number of Bits) SQNR
8 50dB
12 74dB
16 98dB
20 122dB
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Quantization Noise Spectrum

0 If the quantization error is "sufficiently random", it also
follows that the noise power is uniformly distributed in
frequency

} N ()

—f /2 f 2

0 References

= W. R. Bennett, "Spectra of quantized signals," Bell Syst. Tech. ., pp.

446-72, July 1988.

= B. Widrow, "A study of rough amplitude quantization by means of

Nyquist sampling theory," IRE Trans. Circuit Theory, vol. CT-3, pp.

266-76, 1956.
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Oversampled ADC

T (t) Sharp Analoa;
—>| Anti-Aliasing

Filter HLp(jQ))

z.(t) |Simple Analog

............................. ADCAD o,
CD )
x[n] = x(nT
> T Quantizer
J
Oversampled ADC A/D

c/D Sharp Digita

Anti-Aliasing
Filter J

Penn ESE 3400 Fall 2023 - Khanna

Anti-aliasin _
- L1 ) filter - ’ Quantizer
: M Qn o

M

---------------------------------------------------------------------------
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Quantization Noise with Oversampling

Qj [n] + e
C/D » LPF M
u xd [n] =

:L'dn —I—edn

QNM

/

Xe(752)

Penn ESE 3400 Fall 2023 - Khanna
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ADC Architectures

LUF S Cr L

' ® ‘
Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann 00 e I l I I
EE315B, Stanford



Nyquist ADC Architectures

a0 Word-at-a-time
= H.g. flash ADC

s Instantaneous comparison with 28-1 reference levels

0 Multi-step
= H.g. pipeline ADCs
= Coarse conversion, followed by fine conversion of
residuals

0 Bit-at-a-time Speed
= H.o. successive approximation ADCs

= Conversion via a binary search algorithm

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford
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ADC Survey (ISSCC & VLSI 1997-2013)

Data: http://www.stanford.edu/~murmann/adcsurvey.htm|

| |

4 Flash

> Folding

¢ Two-Step

A Pipeline

® AX

m SAR

4 Other

..... 1000fs__ Jitter
rms

——— 100fs Jitter
rms

Fions [HZ]

~ie
Se ‘.
So '~
So '~
~
Ss
-~
~
~
~
~
-~
~
~
~
~

§~~
-~
~
-~
~

4

10 ' '

4

4%‘ S e 0 @P®e %W oo
r A l :
6 70

1 |
20 30 40 50 8% 90 100 110 120

SNDR, _[dB]

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford
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Flash ADCs

Penn



Flash ADC

0 Fast
= Speed limited by single comparator plus encoding logic
0 High circuit complexity (28-1 comparators), high input
capacitance

= Typically only use for resolution up to 6...8 bits

Vrcf \:’in 2B_ 1
; Comparators —

Vn~ | D
% Ay Encoding U out
Va . Logic
% /\: vin
% Ay - ~ J '
{7 28-1 Decision Levels

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford 36



Flash ADC

0 B-bit flash ADC:

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann

DAC generates all possible
251 levels

251 comparators compare
Vi to DAC outputs
Comparator output:

s Vo e < V21

s IfVppoe >V 20
Comparator outputs

form thermometer code

Encoder converts
thermometer to binary code

EE315B, Stanford

VREF

O>» 0

VI N

Js

I

2B-1->B .
Encoder, >8:J%|;t)?1|t
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Flash ADC

Example: 3-bit Conversion  7,,,

\/ 20y
Vees| ) Viv Veer  f ode "
REF|=========== === = - mmmm— - " l
0 [
uE
I Binary
o B-bits
] 5 [
| 38 L
T 8 [ °
| LU 1
I 1
I
T 1
1
I

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford
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Multi-channel Bio-potential Recording

[ Ch-M
(r 23 g
otlri o\ ) >
E/L(,Z/()(/L./\L Ch-1 >
E/e(:fmdé.—7 AAF AR N >
—>| LNA PGA e iDC 7 >
—= Digital signal
7/ ’ processing
( ch- >
& = Z
Electrode-M ( Ch-1) S — A A N
<18 %F < igg 7>
Electrode-1 | PGA ] < = —— Digital signal
C processing
» X

Penn ESE 3400 Fall 2023 - Khanna
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SAR ADC Architectures

D/A

Minimize

D

out

0 Most ADC architectures (other than flash) are based on minimizing

(reducing) the error between input and a D/ A signal approximation

= Pipeline uses distributed DAC

= SAR ADC uses comparator to sense error

= Sigma-delta ADC minimizes error via integration and feedback

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann

EE315B, Stanford
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SAR ADC

CONVERT
START

-

-

ANALOG COMPARATOR

EOC,
DRDY,
OR BUSY

APPROXIMATION
REGISTER

(SAR)

INPUT
DAC ‘-—1“{—f—-

ouTPUT

Penn ESE 3400 Fall 2023 - Khanna

a Key features:
o High resolution

0 Fast response and low
latency

0 Power varies with
sample rate

41



Pulse Oximetry Example

0 LTC23606 1s part of a tamily of tiny ADCs sampling from
100KSps to 3MSps

0 ADCs dissipate only 7.8mW at 3MSps, 1.5mW at 100KSps

and 0.3 microwatts in sleep mode
0 LTC23606 features no data latency through the ADC

Penn ESE 3400 Fall 2023 - Khanna
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Successive Approximation Algorithm

IN

Start

v

Signed input

Sample Vin, Voia

=0,i =1

\J

Veer— DAC
i A .....
Control
Logic
Clock

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann

EE315B, Stanford

A

V.

n

> Vo

No

Yes

b =

1

i+ i+1
Vo= Vo + Vie/2 1 Vo= Vou— (V72"

:

i—=i+1

No

Yes

Stop
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Successive Approximation Register ADC

DAC REF
V,—> 1 4
- J’ |12 3/4 5/8 11116 21/32 41/64
VREF_’ DAC > 3/4 | "
' ) B e e e = = )
w—~
Control - I | | I I
Logic | _ : : : :
CIOCk . 1 - >
Time

0 Binary search over DAC output
0 High accuracy achievable (16+ bits)

= Relies on highly accurate comparator

0 Moderate speed (1+ Mhz)

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford



SAR ADC Block Diagram

Clock ] SAR —— EOC
Dy.i| | Dna DD, | Dy
\AR / Yy VvV VY
VREF DAC
[ Comparator
VN S/H >

a0 Sampling phase: Sample input with Sample-and-Hold
0 Bit-cycling: Compare with DAC output, adjusting the SAR with

Vref

Vin1

3Vref/4

Vref/2

Vref/4

each clock cycle as bits are determined

Penn ESE 3400 Fall 2023 - Khanna
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Multi-channel Bio-potential Recording

( Ch-M
C 3
E/cclrodc—./\if( Ch-1\2 >
AAF N >
Electrode-1
R INA PGA — SRR LS >
—= ) Digital signal
\ I= processing
( Ch-M)
( . 2‘3\..
E/ectrode—./w_f Chat)
K >
Electrode-1 >
| LNA PGA CTDSM >
' ) Digital signal
4 -/ processing

Penn ESE 3400 Fall 2023 - Khanna
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Quantization Noise with Oversampling

Qj [n] + e
C/D » LPF M
u xd [n] =

:L'dn —I—edn

QNM

/

Xe(752)

Penn ESE 3400 Fall 2023 - Khanna
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Oversampled Converters Baseband Noise

m] _ S
fi

Sp :SBO(
M
where M =

Js
2f5

2X increase in M
—> 3dB reduction in Sg
- " bit increase in resolution/octave oversampling

=oversampling ratio

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford
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First Order Sigma-Delta Modulator

E(z)
X(2) 1 :Z{? _ Yo

) z-1 N
‘."\.. ......
DAC
Ji
1 z—1
Y(z):E(z) 7 +X(z) 7
1+ 1+
z—1 z—1

= E(z)(] - Z_I)-’r X(z)z_l
0 Output 1s equal to delayed input plus filtered quantization

noise

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford
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NTF Frequency Domain Analysis

H,(z)=1-z"

Ideal Digital
Lowpass Filter

2
.ol ol -7
—2¢ 2 jsin(w—T) =2sin(w—T)e 72
2 2
sin(iri]
s

o "First order noise Shaping”

H,(jo)=(1-c7")= 2e—ij/2[eij/2 —e_jwm}

Noise Shaping Function

H,(f)=2sin(#T) =2

Frequency

= Quantization noise is attenuated at low frequencies,

amplified at high frequencies

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford 50



Decimation Filter

Xin(t) X(1) Xsn(t) Xgsm(N) Xip(N) X
Anti- Sample AS Digital

—pj aliasing—p| and P Mod ——» low-pass [P l OSR .
filter hold |fs | M9 |, . filter f, :

; : Decimation filter ,

Analog i  tecescacecessssssescassses

Digital

Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford



°
: . . . s %t Xer(t) Xan® W x,(N)
° Anti- Sampl : Digital :
) DGClmatlon Fllter —>aliansi|ng—> aar:ge—b I\Aﬂzd } Iovsllg-];):ss — lOSR '—’
° filter hold | fs od ¢ . filter fg Lo,
o Anal : Decimation filter
naog ‘Digital T
4 %O Xen(1) X(h)
m » t T t » f
b " "
Xsh(f)
A X4sm(N) = £1.000000... -\ N f
f, f,
xdsm(('))
™ >
21‘Cf0/fs 27
le((‘))
, M.
2nfy/fg 2n
X (w)
IR WA VA \VA\VAAVA VA
12 I n "n 2n  4n 67 8t 10=n 121 "
Time Frequency
Penn ESE 3400 Fall 2023 - Khanna adapted from Murmann
EE315B, Stanford
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Compressed Sensing Front End for ECG Monitoring

[ 196
r( 12 )’ \_>
| Visua'(t) - »| Memory
Vin' (¥ > 025 | Incremental 1,0H < &P2S [
V.t AX ADC Vi
Veua(t) A A

(D, Pp) Dynamic Bias

%:

0 Compressive sensing allows fewer samples to
recover signals exactly if signal is sparse.

Penn ESE 3400 Fall 2023 - Khanna



Lab 6 — Data Converters

0 The nRF52 family includes an adjustable
'successive-approximation ADC' which can be
configured to convert data with up to 14-bit
resolution (0..16383), and the reference voltage can
be adjusted up to 3.6V internally.

Penn ESE 3400 Fall 2023 - Khanna
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Big Ideas

o DTFT vs DFT

= The DFT characterizes the spectral content of the desired signals
o SONR

= SQNR determined by bit resolution, B
= ENOB determined by SNR

0 Oversampling

= Enables reduction in quantization noise and reduces stress on AAF.

More next lecture...

0 ADC Architectures

= Flash ADCs - Word-at-a-time for high speed, low resolution
applications

= SAR ADC - Bit-at-a-time for low speed, low power applications
= Sigma-Delta ADCs - Usually for low speed, low power applications

Penn ESE 3400 Fall 2023 - Khanna
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Admin

0 Monday: Data Converter Lab
0 Wednesday: Quiz 1

= Designed for an hour, but you have the full 1.5 hour
= Covers Lec 1-5 and Labs 1-5

Penn ESE 3400 Fall 2023 — Khanna
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