D/A E A/D
CONVERTER
for DAQ BOARDS



m D Converters

n bit

digital

lines
N =2n
levels

range  IN

analogic
voltage
of input

10/7/16

>

POLITECNICO
MILANO 1863
out 1 wire
D/A , Lwir
converters analogic
line
voltage v, is
quantized
n bit or
OUT, N levels
A/D
converters

DAC e ADC per DAQ

numeric
value of
output



onverter .o

meter or A/D (

It ‘s an instrument receiving as an input an analog
voltage and digitizes it (first: discretizing it in time
domain and then in the amplitude domain):

ADC
op(ty)
Z):(t) v(tk) amplitude :
—> Sample & Hold > quantizer :
| time amplitude |
I discretization discretization !

————————————————————————————————————————————————————

In particular, the quantization in the time domain
takes place with a resolution T =1/f, (period [s]
and frequency [Sa/s] of sampling)
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_Discretization process

Analogic V(t) signal
vV
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iscretization process (2/3 POLITECNICO
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Signal V(t,) discretized in time
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| iscretization process

Vi(t,) signal discretized

different values \6’ in amplitude (quantized)
of analog -y ;
voltage is by \‘/: 6 DIGITAL
encoded with = ‘ - 5
thesame " SIGNAL
numeric value. i o
You lose ¥ Vs -
information! Ves/b
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_Amplitude quantizzati =\
POLITECNICO

The quantization in amplitude occurs subdividing theanose:
dynamic of measure (range of values of the input analog
voltage measurable) in N subintervals (levels) of constant
width AV=D/N (resolution)

AV D
< >

1 2 3 4 ... 1 .. N-2 N-1 N levels
¢ >

1 2 3 coo l coe N-2 N-1 threshold

0 1 2 3 .. i1 .. ™WASe¢ N-3 N-2 N-1

The analog voltages that fall in the range i associates a
numerical value corresponding to the i-1 integer (from 1 to
N-1) that identifies the interval.
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~ Vartance and

. . . POLITECNICO
quantization uncertainty MILANO 1863

The variance associated
with the finite resolution

: Av Y
i ) :
Uq =U, = 0

The result comes from the calculation of
variance o2 for a PDF uniform probability
range with full width AV

-----------------------------

The quantization uncertainty is u =0 =—
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S in converters: quantiza ion

= Ideal characteristic
o after 2 bit offset
o

110 — IDEALE

(AN
ERRORE DI
OFFSET
Characteristic with

uniforms steps and
without "2 bit offset

001 S AV= (1/8) Vs
“—

000 !

| | | |
O O O O O
- = ~ =

011 —

4

=
o
|

v

—

1/16 <
/16 —
<

.,
>

LIVELLI ANALOGICI

T NN CNCN
a2 NN N N N N NN

ERRORI DI QUANTIZZAZIONE

v

LLSB
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_Errors in conv. A/ D: offse

POLITECNICO

M1l ANIO 1843

A ) Actual Yt
) Diagram o /
/,/ 5 /" ‘
011—— Input Pl A 3 - .
o Ramp L i < ~
= 1 Py ! L 7 ,
) Ideal \ L ! 3 , P
o . WV ! < ' ‘
= Diagram e ! > 4 p
= P ! s p ‘
= 00— pommme e g2—— .
— L | S P
5 i = v Ideal
--5J ,//1 : Acnlal ':_—3 ‘,l [,/ Diagralll
- i Diagram ~ ZE
/ | ! = < .
001 ——  pommopimed  —— 1—i .
iv i - Actual | Offset Error
S KT T D
(I) I Ai oAl 000 001 010 011
. 1alog Output Value o it
Nominal Actual Ic\)gtfl‘utngl - Digital Input Code
Offset Point Offset Point setrom

| g
| Offset Error
(+1 1/4LSB)

ADC DAC
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_Errors in converters: gain

POLITECNICO
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_ Measured _
Best Fit Gain o
) Straight " e
A A Line
py P =) .
011 Input I Lo © 33— .
5 Ramp b J < o
- | , [ L ’
3 Ideal \ | R 2 -
O - Il’ {’ < [ ) ’ .
= Diagram e /1 Measured > ” ‘
=¥ S /1 Gain i Measured
= 010—— i o B £ 27 o Data
O : /’I E /" 5 /’/, ,”l! ‘
= ! \ Best Fit =0 e Ideal
D A ¥ > < 7 Diagr
= . e Straight 2 lagram
001— - A — L Line <1 s
EV :* \ Actual g
| e Diagram
000 &——|¢— — 0¢ | | —
0 L 2 3 000 001 010 011
Analog Output Value Digital Input Code
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_Errors in converters:
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Integral Non-Linearity error
nnl———-——————— ™ i e it -
a 2
010—— Ir_:_/hl : 6 ’ ,,. :
Ideal I/%/ : ,(,/’ :
Transition < ~ - o
o 10— \7@_ i 25 R E
S Actual iy = o
~ Transition ) { : 3 ///’ :
= 100—— e INCE e !
=3 Loy -~ ,’i
5 \i /:( At Transition : § , } /s At Step :
= 011—— —— 011/100 | =3 /e 011(1/2LSB) |
! : ! / (172 LSB) : o ¢ v f — :
= | ,'/ 2 < |
I/ i I - ¢ I
010—— P T I g2 v @ End-Point Lin. Error I
i1 End-Point Lul Error I < ’ |
4 .
001 M7 At Transition / : 1 ”/ ,® L/g(;fgﬂ LSB) :
! 001/ 010( 1/4LSB) | e ,
et I A NS I IS O I
000 m | | | | | | 0 & | | | | | |
0 1 2 3 4 5 6 7 000 001 010 011 100 101 010 111
Analog Input Value (LSB) Digital Input Code

ADC DAC
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Differential Non-Linearity error
Digital
O}ltput Analog Output
Code Value (LSB)
A A
0...110—— 6 ——
0...101—— — 5 —— 1LSB
i
0...100 —— 1_E 4 —— <Different1al
H Linearity Error
) (-1/4 LSB)
0..011— T_: Differential 3 ——
o : Linearity Error }
| 1LSB (1/2LSB) 1LSB

0...010—— — 2

1 | i

1 —_— K

i Differential kS It\Differential Linearity
0..001—7— ! 1LSB Linearity Error 1 —— I Error (+1/4 LSB)

i (-1/2LSB)
IR B T R I N . I R N R
| | | | | 0...000 0..lo10 0.l100
0 1 2 3 4 5
0...001 0...011 0...101

Analog Input Value (LSB)

Digital Input Code

ADC DAC
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mpling (1/:

Shannon theorem
To be able to reconstruct a signal with limited
bandwidth, you are required sampling frequency
f.>2f,. withf,, maximum frequency (bandwidth) of the
signal
Otherwise aliasing phenomena occurs, which make
losing important information and do not allow the
correct reconstruction of the signal by low-pass
filtering. In fact, the discretization in time induces a
periodicity in frequency: there must be no overlaps

(alias) between spectral replicas

10/7/16 DAC e ADC per DAQ 14

POLITECNICO
MILANO 1863



a Sampllng POLINICO

CASE I: f; > meax [Correct Sampling] MILANO 1863
Signal t
ignal spectrum g y\
o : . f:

Spectrum of -

the sampled /\ A / N\ /\ /\

signal . 4 o IH(m 2 o f
Spectrum of the sampled Nyquist frequency
signal reconstructed by ——
filtering
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_Signal sampling

P iarG 1865
CASEIl: f.<2f_ .. [downsampling]
Signal spectrum "=y 501
5 j -f/ \+me j 7

Spectrum of | | 501 . |
the sampled T~ I T T

. -2f. f fa Hou  f o f
signal

2 T ey o6 f

/ “aliasing
Spectrum of the sampled

signal reconstructed by
filtering
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jitter of T.) PONLANG togs

Imagine that we are digitizing a sine wave x(f) = Asin2mfpt. Provided that the actual sampling time uncertainty due to the clock jitter is Af, the error caused by this phenomenon can be

estimated as [, < |x'(t)At| < 2AmfoAt.

One can see that the error is relatively small at low frequencies, but can become significant at high frequences.

This effect can be ignored if it is relatively small as compared with quantizing eror. Jitter requirements can be calculated using the following obvious formula: Af < 51 f ,where g is a
TJo
number of ADC bits.
\
Input frequenc
\ ADC resolution il il
\ 44.1 kHz |192 kHz [1 MHz |10 MHz |100 MHz
ju \%\ 8 28.2ns [B.48ns |1.24 ns|[124 ps |12.4 ps
¥ Ao 7.05ns [1.62ns [311 ps [31.1 ps [3.11 ps
Oy Q AV /
v ] 7 12 1.76ns 05 ps 7.7 ps|7.77 ps 777 fs
2
h \ // 14 441 ps  |101 ps |19.4 ps|[1.94 ps 194 fs
\ / 16 110 ps |25.3 ps [4.86 ps |86 fs |48.6 fs
\\ // 18 R75ps [B32ps [121ps1216s [1216s
NS R4 30fs 9881 [19.01s 190 [190 as

O:
This table shows, for.’e.xample, that it is not worth using a precise 24-bit ADC for sound recording if we don't have an witra Jow jitter clock. One should consider taking this phenomenon into
account before choosing an ADC.
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__B/A Converter

n bit
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digital

lines
N =2n
levels

10/7/16
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onverter of weightec

From a single constant reference voltage (V,) are taken n

weighted currents through n switches S, S, ... S, 4

POLITECNICO
MILANO 1863

On each switch S; it is placed a resistence r=20*D-R

10/7/16 DAC e ADC per DAQ 19



onverter of weightec

The switches s; are controlled by binary digits b; of the
number to be converted in voltage, with weights:

b, = LSB Least Significant Bit
b,, = MSB Most Significant Bit

ek

4) POLITECNICO
MILANO 1863

The operational amplifier ZR ZIR
acts as a weighted adder :
of the currents which 10 gl vl
pass through the switches TTs, 12
and converts the resulting by | -:
current 1, through the
feedback resistor R,, into

an output voltage v,

|

1

— — v —

10/7/16 DAC e ADC per DAQ 20



onverter of weightec
o

The weighted currents are k3R 3R TR
" "'\ ki M} g i : —2
. . ‘l . "; ’ ; ‘ R =Z
i- — Vref — 21 Vref — 21 I | ".g-ji.sl' Q,ls‘, ;1 5.,%" .5.4. ?
1 mi . -
20-D-iR  20-DR 3

with1=0,1, ..., n-1 (like the digits)

4) POLITECNICO
MILANO 1863

The total current through the closed switch (S; is
closed — dx position — when b=1) e

Vi (bo +2b, +...+2"%b _, +2"" bn—l)

T

G

10/7/16 DAC e ADC per DAQ 21



onverter of weightec

4)

POUECNCO
The output voltage is: 7

U, = (b +2b 4. +2"" lb_l);f

(b +2b bt 2 AV =k AV
W1th k integer number, within 0 e 2!
UO max / 2"
. . o =20

The accuracy of DAC is releted I D

with V_, single resistence r; and

the quality of the switches

7P
v
The values of analog output ’ Yo
voltage V5, coming from digital
samples at n bit, have
a resolution of AV=v, . /2" Vo™ AV =v, /2"
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Converter A/D MILANO 1863

n bit or
range  IN OUT, N levels
, | converter
analog A/D
mput numeric
output
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_Vottmeter - Flash converter(

POLITECNICO
MILANO 1863

It is the fastest A/D converter with T ~ 1 T,

meas
and conversion frequency up to 40 GSa/'s

The circuit complexity (and the expense) increases
exponentially with the number of bits (as 2") and
then it works at low resolution:

n ~ 8 bit

10/7/16 DAC e ADC per DAQ 24
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N resistors
Veee i iN-1} - {m}
Viy O0—p—du=
Ve Yo D
S \
G
N-1 C
threshold \ 7
TA
AL
e

S~a -
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Voltmeter - Flash converte

POLITECNICO
N resistors same values AV AV MILANO 1863
V oV
[=-rf y_jRI)=i= j=1,.. N-1
NR N N
——  N-1 threshold

First and last resistors are different

[ = Vref _ Vref
2R+(N-2)R NR
V. = [R+(i—1)R}I=(i—l)Vref N -1 threshold
2 2] N

With the network of resistors 3/2 R and R / 2 the threshold for
the 15t level is halved in amplitude which is useful to have no
offset in the characteristic of conversion and to convert bipolar

Signals. 1t and Nth levels are

different
10/7/16 DAC e ADC per DAQ 26



_ Exetcise (Flash converter

POUECNCO
Broadband digital oscilloscope
RangeD=+10V  n=8Dbit f,,=1GSa/s
2
AV =7 AV=2= OVsSOmV
2" 256
AV
o, =u\V)=" V)=""—=23
p=ulV)=? (V)= =23 my

fx,max =7 fx, max =fSample / 2 =500 MHz
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%@e&qgi ve approximations
Voltmeter (1 POLITECNICO
Digital approach to the potentiometric method

An analog voltage is changed until the V, ~) CLOCK
value at ADC input is reached

bm-lbi bi bo
MSB LSB

10/7/16 DAC e ADC per DAQ 28



“essive approximations
Voltmeter (2

POLITECNICO
MILANO 1863

e 1 bit D/ A converter
Comparator and control logic
Clock (timing of the system)

e With the BISECTION method are “tested” all the

bit (value=1) starting from the most significant (MSB)
up to the less significant (LSB)

For each comparison with V_ it is decided wheter to
keep the bit “1” or reset it to “0”

P N
/ L2

A VA
DAC output:V,, ‘= Zis[l?)n_12”'1 +...+D0,2+D,
AV ==

10/7/16 DAC e ADC per DAQ 29
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With only #n comparison it is achieved a
resolution 6 = 1/N = 1/2"
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Voltmeter (4/6)  poutecnico

MILANO 1863

o The less significant value (b,) has a WEIGHT
AV=Vg /2" & N=2"
The most significant one (b, ) is equal to Vg / 2

e “Only” n =log, N comparisons ciascuno are
made of lenght T, =mT_ with m included
between 2 and 5

o The acquisition time is set regardless
of V, value and is equal to T, acq. = 1 Teomp.
The sampling frequency is f,., =1/ T,

10/7/16 DAC e ADC per DAQ 31
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instantaneously" to
wrong decisions on the individual comparison and so to

an acquisition
10/7/16 DAC e ADC per DAQ 32
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Voltmeter (6/6)  poumEenico

MILANO 1863

o Real resolution (from 3 to 5 “equivalenti” digit)
is releted with the noise present at the input stages
of the comparator (is not always Vig/2"...)

o Accuracy: it is releted with the internal reference,
the quality of DAC and the comparator noise

o STATE OF ART:
n [bit] 12 16 18 (5% digit)
T .. [us] 2 5 20 (50 kSa/s)

mis
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Per es of
successive approximations voltmeter POLITECNICO

MILANO 1863

These voltmeters are also quite fast while
maintaining excellent resolution (e.g. T,

SO feample = 200 kSa/s with n =16 bit)

=5 Us,

1S

Low pass filter input to limit the "wrong
decisions" due to the noise input so it also
reduces the speed of conversion
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ercise (SAR voltmeter POLTECNICO
Range0-2V n=7bit
fig=1MHz T,  =2T

comp. C

Indicate the total time of measurement, the measured
value V_ .. displayed and its error rate compared to a

voltage to be acquired of V, =1205 mV
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/ SOIUthn 4 POLIENICO

MILANO 1863

confronto
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POLITECNICO

TC —_ 1/fc = 1 l“'“ S MILANO 1863

Tconfr = 2Tc = 2 H S

];cq = Tmis = nTconfr z 70 ksa/S)
ERR% = Vi ;/Vmis 0.1556 %

With onl;ylc 7 bit it is achieved a resolution of:

AV = Y man = 2V =]15.6 mV
2" 128

In a practical case, for example with 12 bits instead of 7, it would gain a

factor of 32 (2°=2!%7) and the resolution would become AV,,,,,=500 uV
10/7/16 DAC e ADC per DAQ 37



POLITECNICO
Architecture: MILANO 1863
VX Er EI‘
’ S/ H : +> S /H ) +> @_’@_’
ADC ADC
—> DAC —»{ DAC
Y v

Recombination logic

~_~

mbit=nxp
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The A/D converter pipeline uses the principle of the assembly line: in
practice, the V_ input signal is converted, in successive steps, by p cascaded
stages. While the first stage processes the current sample of the input signal,
the second stage further processes the sample, already processed by the first
stage in the clock period preceding, and so on, right down to the last stage.

Each of the stages produces an ny, , of m,;, that make up the digital output
word. The pipeline converter, therefore, apart from an initial latency of p
clock periods (pTCK), provides in output a new digital word for each clock
period (TCK), as the flash converter. Each of the p stages of the A/D
converter converts the pipeline in its digital input signal, with a given
resolution (n;, ,), and supplies at the output the corresponding digital word
in n,; , bits, as well as a residue, which must be then converted by the next
stage
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The residue obtained by multiplying for 2" the difference between the input
signal of the stadium and the output n; , signal, converted to analog by a D/A
converter. The residue is, therefore, substantially, the quantization error
introduced by each stage in the A/D conversion to n,; ,, bit. The bits obtained in
output from the different stages are then realigned via appropriate registers, so as
to form the digital output word m, corresponding to each sample of the input
signal. The resolution of a pipelined converter is limited by the accuracy with
which they manage to achieve &, factors, required to generate the residue, as well
as by the precision of the A/D and D/A converters, built-in in the individual
stages typically constituted by flash A/D converters.

The most important stage for the accuracy of the measurement is the first from
which is obtained the most significant bit (MSB). Usually you use a converter
with one bit more than the subsequent.

Performance: The maximum resolution achievable is around 24 bits by a
minimum of 8 bits with frequencies ranging from 1 MSa / s to 200 Msa / s.
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Latency time: is the time required for the first converted sample to be available at
the output of the converter. In the case of A/D pipeline, latency time will be equal
to the time required for the first sample has passed through all the stages, so it will
be equal to the clock period (TCk) multiplied the number of stages.

It is to be noted that the conversion time differs from the latency time, since already
from the second sample I must wait one clock interval (TCk) to have the data
available on the output.

TC/lOCk Tc/ock Tc/ock

12 conv. [—>» 22 conv I > p2 conv

Latency Time= T, X p

Conversion Time= T .,
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