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Analog to Digital (A/D) Conversion:

Electronic and Digital Counters are fundamental devices for Analog to Digital and Digital to Analog Conversion

e Sampling a signal means to “extract”, from

Analog signal
20 e E S the analog continuous voltage signal, a certain
150 Discrete time signal
) number of values (the samples), measured at
J Disgrele data a regular time distance (the sampling period) !
=2 (1) 509
E . 4 « Sampling a signal is always a loss of
—5- ' . .
£ . Y information !
6 -5.9
7 -9.5
e g 28 * The inverse of the sampling period is the
el 10 0 : .
ool Ll 11 sampling frequency : foUT
0 1 2 3 4 5 6 7 8 9 10 -
rime (s e If the sampling fre ucenc Cis not “chosen
Analog and discrete representations of a time-varying signal. P g. q ) y
carefully” the information of the analog
measured signal can be completely spoiled !
V() —| A/D Converter » 011001

* The “sampling” procedure is done by special
electronic devices called A/D Converters




Sampling a signal ...
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Today there are many different types of A/D converters employed in so many appliances of consumer electronics.
We will study the three most important A/D converters for measurement instruments :

The integrating converter or voltage to time

converter is the device which equips all the ® [:n
bench digital voltmeters in the laboratory ! —0°

The analog signal v; must be kept constant for T: mte""r/ comp.
all the time of the conversion; this task is ) —

“
’ |
. 1V rif. I = 1
performed by an external device the sample 1 l —
and hold circuit : unita
logica
P IOMAMENTD reset
l , 4 reset O
INGRESSQ § F—Eé'TA/—/\_\ LI-\ 1
/\/\J\ 0—45 clisck Contatore
7490
I u A B CD
- 1 integrator o
isplay
- 1 comparator 7447
- 1 reference voltage generator RERRRR

a cirtcuit for time measurement



The logic unit connects the constant input signal v; to the *
integrator for a fixed time T, the output voltage v, will be: @o —E"]_—c

T T : integr, -
CR CR CR  CR - =
_T__J,

’--_-l
|
|

unita
logica

| reset
After the fixed time T , the logic unit switches the reset o
integrator input to an internal signal -v,, whose value
L/

clock Contatore
has always the opposite sign of the input signal. A B CD
Both signals v, and -v, are constant and produce two
Display
ramps at the integrator output v, ... o

LTTT T

The integrator output voltage v, at time T reflects the charge accumulated by the capacitor C during that
time, which is also the charge the same capacitor releases during the time t,_, of the descending ramp:

0=V -T=-V -t



AE, Integrator voltage V ] o
Therefore: V. =——--¢ , the device characteristic curve !
Step 1 Step 2 T
(constant time) a (constant slope)
= ue Because v, and T are constant for every input signal v;, the
b signal v; is simply proportional to the measured time t
BIORE S Xt which, in fact, is different for each input voltage v,,, v, ...

Slope « E;
The time t_ is measured by the digital counter, starting when

the logic unit connects the internal reference signal and

- T > ma | | Time  stopping when the “comparator signals to the logic unit” the
! t - :
i s ' integrator output v, has crossed zero !
Step1: E; 'I Integrator fm—= FE (¢)
Ei _ tm
By T
Step 2: E .__' Integrator fm—s=— FE (¢) re

High resolution (sensitivity) due to the electronic counter / Low frequency of acquisition (around 50 Hz) -
The sampling period is at least : T+t



Successive approximation converter

011, = 3/8 kg
1/2kg=0; 1/4kg=1; 1/8kg=1 (left)

101, = 5/8 kg
1/2kg=1; 1/4kg=0; 1/8kg=1 (right)

Yakg+ % kg is
too much

3/8 kg is OK

5/8 kg is OK



Successive approximation converter _
4 bit example

- 1 summing circuit

R
) b
- 1 comparator tVrif. —lo |
- a reference voltage b.d N AAAA
27 1

R {, Yo
> [, e
/ comp.
= Wo—:

unita
clock logica

This converter is based on the summing b.d
Operational Amplifier and the working
principle is based on comparing the input
signal v, with “successively added”
internal reference voltages.

N
gw

=
o

o0
gd

The logic unit operates successively on
the switches b; withi=1, 2, ... 4, which
can assume the value 1 (close) or O

(open).

The characteristic curve of the device is therefore:

V =R b1+b2 +b3 +b4 V=V, b1+b2+b3+b4 Eer b1+b2+b32+b‘;
R 2R 4R 8R 2 4 8 )R 2 20 2




The procedure goes step by step, as in the next example :

The input unknown signal to the device is V;: at the beginning all the switches are open

FS A Vo b, b, b
== o 4. . 2 3 4
the characteristic curveis: V,=V,| b +—+—=+—
2 27 2
the logic unit closes b, : it results the switch remains close: b, =1
v. L 2 the logic unit closes b, : it results Vi >V) the switch will be reopened: b,=0
s I'T the logic unit closes b, : it results Vi <V2 the switch remains close: b, =1
i the logic unit closes b, : it results Vi> V5 the switch remains close: b,=1
Vi>V,
V. --Al-- where V|, k =1...4 is the summing OA output voltage at each step.
At the end of the “successive approximations” procedure we get :
0O 1 1 11 , . . u ”
V,=V,=V, 1+§+2—2+2—3 =§Vr and the corresponding binary code is “101 1
Note that the last step V. =V, =V.! There is a discretization error (&, =V, =V,
0 || The discretization error is due to the limited number of switches (bits) of the A/D

converter, in fact the resolution of the device is equal tothe LSB: V, /2% =2V /16




Discretization error can be minimized only adding more bits (switches) to the A/D converter !
Modern A/D converter have at least 12 bits or 16 bits, which means 216 —1 = 65.536 discretization levels |

Note also that successive approximation converters always approximate by defect the analog value, and to
mitigate this problem the characteristic curve is shifted % LSB to the left, as shown below for a 3 bit converter :

"y — The figure show also another unavoidable error the A/D
/i converters do, the saturation error : when all the bits
10 4 - (switches) are set to 1 the approximated output value is 7/8
101 — A of the Full Scale voltage or range : Vi =2V,,.
100 —| ./--i i This problem can be solved only by increasing the range of
o1 ./-/-i i the A/D converter !
010 - e i
/E ! Successive approximation A/D converters have a fixed
001 — /:/ -! i machine time to do the conversion therefore, the sampling
000 I T T ] period is dependent only on the number of successive
0 18 2/8 3/8 4/s /8 f6/8 7/8 Fs=10V approximations (bits) and is relatively short (a few us ),

which makes this A/D converter a relatively fast device !

6.25V-7.3V=-1.05V
1/2LSB=0.625V 7.5V-0.625V=6.875V = 6.875V-7.3V =-0.425V




The fastest A/D converter employed in measurement instrumentation is the FLASH converter :

e 2"—1 comparators
The resistor network operates a “voltage partition” from the

e 20 resistors
"o full range V, to zero. The comparators put to 0 (low) the
3R output if the input signal V; is lower than the partitioned
;ﬂ‘tb inner reference voltage, or to 1 (high) if the input signal V; is
2R " W higher than the corresponding partitioned voltage !
i vsea — The comparators work in parallel and do the comparisons all
. t together. The codifying network reconstructs the binary code
: 6 oxs8  for the corresponding input voltage level !
2R i+
516 ud D
I :D——oanz . .
2R T—+> u3 - Flash comparators are incredibly fast (I_< 1 us) but are
#”‘ - increasingly complicate when the bits increase: an 8 bit
2R 7 " )—mss comparator requires 25— 1 = 255 comparators inside.

ul

I INGRESSO
ANALOGICO




7/16=0.4375

"l 9/16=0.5625 Eg.  Vx=0,45Vg
"L s 7 Then V, > 1/16, 3/16, 5/16, 7/16 Vy
2 But Vy < 9/16 Vg
’ > —> First 4 comparators stay high
916 \ e D_ BINARIA

2R

The comparators give in output: 0001111.

QM58

This is a digital output but needs to be decoded

2R . ) .
5116 into a "3-bit" binary output
u3 :D——oanz
2R 1118 # _4—\ | ] 7 U6 U5 U4 U3 U2 u1[ Binary output
- u2 ] ] 000000 ] 000
2R b~ }OLSB ]o 000 0O 1 ] 001
116 N j__r_l ]o 0000 1 1 ] 010
R + ul ’0 000111 ’ 011
]o 001 1 1 1 ] 100
I INGRESSO ]o 01 1 1 1 1 ] 101
ANALOGICO
]o 111 1 1 1 ] 110
] 11 1 1 1 1 ] 111




AD converter resolution

16-Bit Versus 3-Bit Resolution
(5kHz Sine Wave)
10.00
8.75 111
7'50 110 16-bit
6.25 / 101 .
Amplitude _ 100 S-bit
(volts) ' 011
3.75
250 010
1'25 001
3 bit:273=8 ) - ~_ |
. |
16 bit : 65536 0 50 100 150 200
Time (us)

0-10 V input range = ~150 uV



The velocity of conversion is directly related to the dynamic response of such devices :

If the conversion procedure is fast, the sampling period T, can be short and the sampling frequency f, can be high!

The Nyquist sampling theorem states that the sampling frequency of the A/D converter must be at least double
of the highest frequency of the signal : [ . =22f,, .

If this rule is not observed, the discrete signal will be affected by aliasing:

2 2

NAMMANANAN L RARRRRARAT . .
g, ol i Be advised that, to have a good digital
a Lpbp by bbbyt . ] ]
<1_VVVVVVVVV\} AR SRR EEEE reconstruction of the analog waveform, it is
Dl ol oy good practice to use a sampling frequency at

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Time [s] Time [s] H 1 1 1
leest 10 times higher than the signal highest
(a) Original 10-Hz sine wave analog signal (d) f, =100 Hz
|
) ) frequency !
f, 2107,
L L _ K ax
1 n A a 1 /\ ¢
= AN o ANIVAR ,",,’\ I\ Y
o Hl,’}“",:l+l{\kll‘i', 0 g X {
I HERRU AR N AN
< [} | [ L I
ak v th v Vo aps* A
-2 | | | | -2 | | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time [s] Time [s]
©f,=27 Hz @f,=12Hz

The effect of sample rate on signal frequency and amplitude interpretation.
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Example

* Inputsignal =0-5 Volts
« ADCRange =0-10 Volts
* Gain=2

Amplitude
(volts)

Different Gains for 16-bit Resolution
(5kHz Sine Wave)

Amplified.Signal
Gain.=.2

Your. Signal

Gain.=.1

100

Time (us)

200
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