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Chap 18a — V/Q/T to Digital MICHGAN STATE

Final step in traditional pulse processing: convert analog (V) signal into a digital word.
[ Third step in Digitial DAQ (detector, preamp, Ato D Conversion) |

The input signal can be a voltage, charge, or time difference and is compared to a reference

voltage (or charge) by a variety of techniques. The choice of comparison circuit (procedure)

generally determines:
Resolution, Non-linearity (integral and differential), and Conversion time

Resolution: the resolution of an ADC is specified in terms of both the (voltage) range and the
digital range (number of bits, N).

The voltage associated with the least significant bit (LSB), V|, sz = (Vmax — Vimin ) / 2N

Perfect device sorts the data into 2N bins of equal width =1V, g5

S

e

0al I Example: V range = 0to0 0.5V, 4-bit ADC
I N=4, 2N=16 V, 4z=0.03125

0.2 | I

01| o Peakinbin
ST Decimal: 12 Binary: 1100, Hexadecimal: C

0 5 10 15 20
© DJMorrissey, 2019



MICHIGAN STATE

Analog to Digital: conversion time UNTVERSITY

The input circuit can sometimes scale the input voltage signal into the accepted range.
The number of bins and the conversion time (or input rate limit) are generally linked.

The following table is from the manufacturer Analog Devices (www.analog.com)
High-Speed ADC Finder

Precision and General Purpose ADC Finder

ADC Throughput Rate (SPS) ADC Throughput Rate (MSPS)
plution Resolution (Bits)

v (12) v (11) v (14) v (2) -~ 109 b/S
v
@y | @ | VIO | VOO V@ | 46 vie veo | ven ve
12-13 v v v v ~
(;’7) (1‘;) ¥ (39) +(22) «(31) + (29 : &1 =) e i 1 nS/b
v (13) ¥ (20) v (23) v (5)
v ¥
10)  (13) v (42) «(12) «(51) «(61)  (5) + (10) v (9) v (5)

SPS — samples / second

The algorithm used to convert the signal is generally
correlated with the speed and resolution. Most
modern devices (for sound, etc. processing) are used
in a nearly continuous mode, rather than in a pulse
processing mode.

ADCresoludon (EMOB)

Typical Nuc Phys Hi Res device 13b/6 ps ~ 2x10° b/s
Typical “digital electronics” device 12b@100MHz ~ 1x10° b/s
© DJMorrissey, 2019
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Analog to Digital: aside on ADC history MHCHICAR S1AL

4
10" . —
: 5 © ADMS Design AB, www.admsdesign.com
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10-15J/1.6x1019J/eV = 6.2x103 eV
DSM - Delta-Sigma Modulation

Nyquist — frequency sampling device
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MICHIGAN STATE

Analog to Digital: aside on signal size PR oI
T
Power (pJ) “On Chlp” Source: http:/converterpassion.wordpress.com
needed to process event .
1983
=S _
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Presently a “plateau” near: “Effective Number of Bits”
1023/ 1.6x10-®J/eV = 6.2x10°eV = L09, [Vruiscate in ! (F *Vapcrms-noise) ]

Thermal slope from shot-noise variation with power

Walden slope is an empirical rule.
© DJMorrissey, 2019



Analog to Digital: Linearity MICHIGAN STATE

UNIVERSITY
The devices are expected to be linear — thus the small deviations are quoted in

terms of the integral and differential non-linearity (INL & DNL).
——[SAlgorithm

—[PreAmp—(SAmp/— (Histogram)

INL =[(Vp -V,) / V, ss] - DataWord

All Bits On

MNonlinearity
Referred to End f_,f”’
FPoints e

\ -~

Output Code

/

‘;‘ \ Ideal Straight
/ Line Transfer
/ Function

All Bits Off & -
-FS in +FS in

See alternate version:

i rd Ath
© DJMorrissey, 2019 Fig. 18.6 Knoll, 3'9, 41" Eds.



Analog to Digital: Linearity MICHIGAN STATE

UNIVERSITY
The devices are expected to be linear — thus the small deviations are quoted in

terms of the integral and differential non-linearity (INL & DNL).

——[SAlgorithm
Ramp 1 Ref, —PreAmpg —+{SAmp— (Histogram
in
Generator INL =[(Vpaa —Vo) / V| sg] — Dataword

All Bits On

Nenlinearity

“ “ Heferreﬁ to End f,ﬂf’
Points
| ﬁw

. Dataword /

- [ ™\_ ideat Straight
iy Line Transfer

r&"’\ “‘*r lullm J“-W f Function

300

200

100

Output Code

200

100

| l‘[ All Bits Off

-
V, Vpata +FS in

| |
U si@ 62 712 32 DNL =(AV;/V, ) -1
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Analog to Digital: Flash ADC T o R

A Flash ADC is the fastest device: the input is compared
to a set of reference voltages simultaneously.
Uniform conversion time.

Vdd

L Hardware intensive: 2N comparators
oy L Nonlinear: resistor chain & comparators can vary

. . encoder
V input lies here L Binary output

o Use in nuclear physics growing, digital signal recording
" of the pulse waveform (aka: trace)

— + Vo Latch register
and encoder

Via Comparators

—“:Cb— |
Example with continuous 1/0 — =1 output

TT— i 1

Time —

Digital ——— Vet
output —

Fig. 17.31 Knoll, 3" Ed.
17.42 in 4t Ed.

Time —

© DJMorrissey, 2019



Analog to Digital: sub-ranging ADC MICHIGAN STATE

UNIVERSITY

Caution: Example is not Binary Encoding A Sub-ranging ADC compares the input
REFT (2V) iﬁn (0_@ signal to the voltage on a resistor chain
KN i using several banks of comparators in
i sequence.
b
0 -L ] - - -
e Uniform conversion time.
b > o Hardware requires switching banks
0 —<1 :; : seyeral_ comparators. o
V input lies here R Linearity & Resolution again limited by
i resistor chain and comparators
B Example with Binary Output (16 resistors in chain):
Tf‘— V sg = 2V/16bits = 0.125 V
3 0.8 V (2V range) — 40% (FS is 24)
REFB (0V) 0.4* 16 =6.4, expect Byecims = 0110y,
Sample . .
and hold | Alternate device determines the upper
Vio R, o) E}_{g’gg@ - range and then subtracts it away with a
S| NARET L F DAC signal ... 15 comparators in the
N f+,|'§a'£'ct g subranging ADC to process t_he signal_
s compared to 28 comparators in an 8-bit
flash ADC.

© DJMorrissey, 2019



Analog to Digital: successive approximation —BESa=erelal

Vdd Vdd . . .
T 1T A successive-approximation ADC
UL —Puar =3 DAC compares the input signal to a digitally
NIy o5 | generated signal (usually) starting at the
- 5¢6g¢cg midpoint of the range.
Done Lo
55656675
T T
. - -
Vdd
T
SRG |-
vV, u
— Binar¥
—  outpu TEST ASSUME X = 45
> R IS X = 327 YES —» RETAIN 32 — 1
b Lo
ISX = (32 +16)? NO — REJECT 16 — 0
DAC
output
111 1ISX=(32+8)? YES — RETAIN 8 — 1
ISX = (32 +8 + 4)7 YES -+ RETAIN4 — 1
[T] I1ISX=(32+8+4+2)? NO — REJECT2 =0
] ISX=(32+8+4+2+1)? YES— RETAIN 1 — 1

i H = = 10 = 2
© DJMorrissey, 2019 TOTALS: X=32+8+4+1=45 101101



Analog to Digital: successive approximation  fpstaasstt

1 e A successive-approximation ADC
R . DAC compares the input signal to a digitally
N I | ge_nera_ted signal (usually) starting at the
555 midpoint of the range.
EDOHE Te0eees
b L Uniform conversion time.
T vdd Hardware requires accurate DAC
el Linearity: one comparitor and one DAC
v — Resolution usually limited by DAC
" - Binar)(
— outpu ] .
— Very common in nuclear physics but not
S for the highest resolution systems.
b
V r L
DAC Vio | 1T Output
B 0 3 I O O e ==
Time— [T
Digital Example with continuous 1/0 | | | | 1
DUtpUt ._’_‘_’_H_‘_‘—’—O—‘_._‘_._‘_‘—b—‘—h ____________ .
------ time

© DJMorrissey, 2019 Time —



Analog to Digital: Wilkinson Ramp ADC MICLEE AT e

UNIVERSITY

START
N o ﬁ/\?w fasoumsse s The input signal is stored as a charge on a
| COMPARATOR. (STOP (k) capacitor that is discharged by a constant current
o] e T ‘I_i>_ source with a clock (100 up to 400 MHz)
gy
: OF CLOCK PLUEES

TR, S L I Variable conversion time.

_ : ——= LInearity: one comparitor but stretcher
H.Spieler (LBNL) ) s D [ Input rate limited by clock rate

See alternate version: U

s Used for highest resolution devices in nuclear
Fig. 18.8 Knoll, 31 , 4 Eds. S physics, i.e., Ge detectors.

Lirear ‘A
| niput

Signal

Constant slope dQ/dt

Rarmnp [T S 8192 /400 MHZ -~ 20 HS

Conysted Sontoled |‘||‘||‘||‘||‘||‘||‘||‘||‘||—|||
Fulss Trin

© DJMorrissey, 2019



Analog to Digital: the Gatti Register MICHCAN SIATE

The highest resolution ADC’ s generally over-sample the signal using a technique based on
the “Gatti Register” or sliding-scale register [ Cottini, Gatti, & Svelto NIM 24(1963)241 ] to
improve the differential non-linearity by averaging the response of the ADC. The idea relies
on application to large sets of measurements of the same signal (e.g., peaks in spectra).
There is no free lunch, the averaging results in a loss of some dynamic range.

*The counter contains a random

One example of many variations:
number and generates a voltage

N~ o that is added to the input voltage.
. . lL The analog signal is converted to
— _— :> >« a larger number but the value of
the counter is then subtracted.

*The counter is incremented
before the next pulse.

8 bit DAC

8 bit Counter

The net effect for many pulses is
R.Bassini, et al. (INFN-Milano)  See alternate version: to smear out the DNL.
Fig. 18.10 Knoll, 3¢, 4th Eds.

N.B. The voltage step of each bit
Example: 212 = 4096 channels in the DAC must be exactly equal
28 = 256 channels to the step size (LSB) in the ADC.
Values in range 3840-4096 not valid!

© DJMorrissey, 2019



MICHIGAN STATE

Analog to Digital: time to digital e e

Time differences are recorded in two ways:

«Creation of an amplitude signal from the time difference followed by a “normal” ADC

Upper T-hold
(16 x 12)

Chiw linT;i_ﬁje T i
Phillips Scientific 7186 Converter | —

‘ 16:1

Mux | Aq_) Data Memory

- Time-to-
Ch E>ﬂ Amplitude Pedastal |_ |
Converter — d_ﬂ_a-r”” Mem ory Lower T-hold Hit Reqgister
M6 x 12 .
(16 x 12)
Common| Stop

Cormmon Start

Stop L Data Available
— = (- 16 usec
Conversion Delay

5 usec _
J'. ¢ 5375 usec

Ald [ |

Busy ]

(released when Hit Register is empty)

«Counting clock pulses between start/stop signals — generally limited to At =1 ns or
poorer resolution, can read multiple hits before & after start (with appropriate logic)
AKA — multihit TDC

© DJMorrissey, 2019



Chap. 18a — Analog to Digital: question MICHIGAN STAIL
Problem 18.11 — The following data is part of a gamma-ray pulse height spectrum. It can be
assumed that the data consist of a constant background plus a Gaussian peak.

a) Plot the data, estimate the constant background level, find the net number of counts,

estimate the centroid and FWHM. Ch No Cits

: : . : 711 238

b) Fit the data with a Gaussian function ... 712 241
Problem 18.10 — Plot the second derivative of .. (the data). 713 219
714 227

715 242

716 280

717 409

718 736

719 1190

720 1625

721 1739

722 1412

723 901

724 497

725 308

726 256

727 219

728 230

© DJMorrissey, 2019



Chap. 18a — Analog to Digital: question MICHICAN STATE

Problem 18.11 — The following data is part of a gamma-ray pulse height spectrum. It can be assumed
that the data consist of a constant background plus a Gaussian peak.

a) Plot the data, estimate the constant background level, find the net number of counts, estimate the
centroid and FWHM. [N.B. this was done by the computer for you in PS#3]

b) Fit the data with a Gaussian function ...

Problem 18.10 — Plot the second derivative of .. (the data).

ChNo Cts Sqrt(Cts) Bkg Cts-Bkg Dif Dif(Dif)
711 238 1542725 2245 135 Sum(715/727) 959500 97.95
712 241 1552417 2248 16.2 N_chan 12.00 27
713 219 1479865  225.1 6.1 Avg_lo 22900 223 250
714 227 1506652 2253 1.7 Avg Hi 22450 77 300
715 242 1555635 2256 16.4 Avg BKG 22675 147 7.0
716 280 167332 2259 54.1 N'Bkg 272100 5216 377 230
717 409 2022375 2262 1828  Sum-N'Bkg 687400 11098 1287 910 728
718 736 2712932 2265 5095 SumCh 1295100 267 1980
719 1190 3449638 2268 9633 4537  127.0 Centroid =
720 1625 4031129 2270 13980 Centroid  720.64 4347 190
721 1739 4170132 2273 15117 Width 224 137  -3210
722 1412 3757659 2276 11844 3273 4410
723 901 3001666 2279  673.1 X-bar 72069 5113 -184.0 o
724 497 222035 2282 2688 sigma 1.80 4043 107.0 D (i-Ch)*N,
725 308 1754993 2284 796 1893 2150 Width? = 7t -
726 256 16 2287 27.3 523 137.0 SN,
727 219 1479865 2290  -10.0 373 150 £
728 230 1516575 2293 0.7 107 480
2000 2000.0 —e—Cts
| |==m=Dif

1500 15000 et Dif{DIf)
1000 1000.0
500 \:\‘ 500.0 / \

N e ee 0.0

710 715 720 725 730 o 715 2 o

© DJN
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Chap. 18a — Analog to Digital: question, to0  frsEaassea;

Estimate the minimum conversion time for an Ortec AD811 ADC to
converta 1V pulse.

The AD811 Octal ADC contains eight peak-measuring analog-to-digital
converters packaged in a single-width CAMAC module. The instrument
Is designed to measure positive unipolar or bipolar signals from nuclear
shaping amplifiers in the range of 0 to +2 V. The device uses the
Wilkinson technique with a 50 MHz clock. The AD811 provides 1 mV
resolution with a range of 11 bits (2047 counts) and a 12th bit is
Included in each of the eight data registers for overflow detection.

© DJMorrissey, 2019



Chap. 18a — Analog to Digital: question, three BESEEEsIAL

What is Vg and the conversion time per bit for an Ortec AD413A ADC ?

The AD413A ADC contains four peak-measuring analog-to-digital converters
packaged in a double-width CAMAC module. The instrument is designed to
measure positive signals from shaping amplifiers in the range of 0 to +10 V.
The device uses the successive approximation technique with a 6 ps
conversion time for 13 bits.

© DJMorrissey, 2019



