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! Ideal D/A converter

B, | DIA - Vout

Digital signal Analog signal

Vref 4

Fig. 15.1 A block diagram representing a D/A converter

* B,, : N-bit digital signal * Vour : @nalog signal

- - _N
Bin :b12_1+b22_2 +...+bN 2N (15.1) Vout :Vref (b12 1+b22 ’ +"'+bN2 )

:Vref Bin (15.2)
* b;: 1 or 0, binary digit * Vg : LSB (least significant bit)
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-li fundamentals
-1 ldeal D/A converter

Example 1

What is the V_,, and V,¢z when B,,=101101007?
Assume that V = 5V, 8bit DAC

Bin =10110100
B,=2"+27+2"4+2° (155
By mune| DA [ Vou
Vi =V B, =5-0.7031~3.516V (156)

ut — ref ~in
Vref +
Vref 5

Fig. 15.1 A block diagram VLSB = 2N = =19.5mV (15.7)

representing a D/A converter 56




! ldeal A/D converter

Vi ——p] AD Do

Analog signal Digital signal
Vref *

Fig. 15.3 A block diagram representing an A/D converter
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« V. : analog signal | i 1
in g sig : _EVLSB va =< EVLSB
V. (b2'+b 27 +...+b 27" ' L
ref (bl ,¢_\2 N ) : I=> Quantization error(V cp)
— ; \ |
V"l,__,}tk\!_x,«i'\ : Range of input values that produce
> e I the same digital output word

r1 1, | |
] _EVLSB <V, SEVLSB ] (15.8) :
- - / [
I
I

a1



fundamentals
eal A/D converter
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Fig. 15.2 Input-output transfer curve for an
ideal 2-bit D/A converter

D-A converter

» Not quantization error
» Maximum value of VOUtinef

\ = Vref (1_2N)

out ,max
:Vref _VLSB

(o2}

Input-output transfer curve

B A VLSB=1/4=1LSB .

out .

Vref e
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01T I—
o' Vln
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0 4174 1/2 4 3/4 1 ref
V01/Vref V11/Vref

Fig. 15.4 Input-output transfer curve for a 2-bit
A/D converter

A-D converter

» quantization error (1V cp)
> Quantizer Overload

Quantization error >1-V,
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eal A/D converter

Quantization noise

B V,
Vin » AD =Pl D/A
+

—_— VQ
P Tt
Fig. 15.5 A circuit to investigate quantization noise behavior |VQ :VLSB —
1 T 1
AVg L"".".'""."
A Vip.--. > Quantization noise

1 4
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V, — 2
t
(Time)
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2 -V
>t 2 LSB 4_|—_;
(Time)
(a) (b)
Fig. 15.6 Applying a ramp signal to the circuit in Fig. 15.5
Vo=V, -V, (159 V, =V, +V, (15.10)




! | SQNR & SNR

Signal-to-quantization noise ratio (SQNR)

Vin(rms)
SONR =20log (15.15)

V
Q(rms) .

__________________________________________________ = Assume V;, = Sin wave ----_
// { i 12 ¢ \\ ',' - v 5 1/2 \‘
;’ =|= Vzdt}h(v =V ‘) b _| L] Ve :
i Q(rms) |:-|- j_ /2 Q Q LSB T i i Vin(rms) = T I—le 5 sinwt | dt i
| 1/2 i ! L :
i B 1 e122 Y , ([t 2 - i i _ o o 1/2 i
i B ?J-le( LSB) ? i i _ ivref —iSiHZWt i
i 1/2 | ! T 8 4w -T2 i
| 2 3 [1/2 Lo - - I
i | Vis v _ Vi (15.11) Lo \V i
\ = 3 3 a \/— . I '\‘ __ref I,'
N L T ________ ey :1'_2_ _____________ J \\_______ _2_:/12 _______________________________ S

Vin rms \ /2\/5

SNQR = 20log| ™) | — 2010g| —F~ =

VQ(rmS) VLSB / \/E

3 (15.16)
= 20log EZN =6.02N +1.76 dB

SQNR = Best possible SNR(signal to noise ratio)
8




-li fundamentals
.3 _Ideal A/D converter

Example 2

Find the V. SQNR for full-scale, half-scale sine wave.
Assume that 10-bit A/D converter, V = 2V.

Vo(rms) using (15.3) and (15.11),

V.. 2 v Vi _19531mv
Vig= SN =50 =1.9531Imv  (15.17) ams) = frp 2

=0.564mV

SONR for full-scale sine wave Using (15.16),

SONR=6.02N +1.76 dB =6.02-10+1.76 =61.96dB

SONR for half-scale sine wave Using (15.16),

RMS of half-scale is half of full scale,
in(rms)

v
SONR = 20log| —2— | = ZOlog[ inrme) ] —~20log(2)
Q(rms) Q(rms)

= SONR —6.02 =61.96 - 6.02 = 55.94dB

9
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! Example 2 (Cont'd)

Find the number of bits when SQNR = 80dB for full-scale, half-
scale sine wave. Assume that 10-bit A/D converter, V, = 2V.

SQONR using (15.16)
Vin rms V /2 2
SONR = 20log| —2™) 20I09£ ref \/_j (15.16)
Q(rms) VLSB /*/E
=20log (2" )=6.02N +1.76 dB

# of bits for full-scale sine wave Using (15.16),

SONR= 6.02N +1.76 dB = 80dB
N = 13 B 28 _g102

# of bits for half-scale sine wave Using (15.16),
SQNR=SQNR,,, ... —6.02=800B

14
SQNRy =86.02dB, N =14 » 2" =16384

—scale
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! Performance limitation

» High resolution

> Offset error

> Gain error

> INL & DNL

> Monotonic

11
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rformance limitations

Low resolution
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High resolution
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rformance limitations

VOLIt

ref A *
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Fig. 15.9 lllustrating offset and gain errors for a 2-bit D/A converter

I

Offset error(E ) :
I

Y I

Eoff(D/A) - VOUt (15.22) :
LSB B,,=0...0 0

I

V A N\ I

_ la0.o /1) gy (15.23) I

(A/D) VLSB \ ," |
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Offset and Gain error
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INL & DNL

-~
§_ - |NL§Integrated Non-Linearity) - DNL (pifferential Non-Linearity)
5
o Output code Output code
o " &
< -
a DNL= Aact - A == |deal transfer function ; = Ideal fransfer functicn
=== Actual transfer function - = Actual transfer function
Actual ) | PN
| — Ideal P 0.7LSB
o — DNL=-03LSB
| | e .
i | INL 1.5LSB
o —DNL=+0.5L5B
| |
\ » .
n n+l

Analog Input Level
DAC Inpu_ Analog Input Level o0 Inp

INL for D/A converter DNL for D/A converter

DNL (Differential nonlinearity)
= measure of variations in code widths form
the ideal code width

INL (Integral nonlinearity)
= maximum deviation between an actual code
transition point and ideal transition point
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Example 3

Calculate the differential nonlinearity of the 3-bit ADC. Draw the
quantization error, Q_, in units of LSBs. Assume that Vg, =5V.

Digital
output code, D
A

1111 -

1104
101+
(a) 100+
0114

010+

001+ —=
000 L t—rp—f——t—————> —
0 1/3 2/8 3/8 4/8 5/8 6/3 7/8 88 VREF
OcA 1 1 0 0

(N R SR N AL SN S

_1 _______________________________

VIN

S

15

deal step-width — ?

DNL,, = Actual step width — Ideal step width

—> ideal step width

1 V.. -0625/-1SB

= Calculate DNL

DNL, = DNL, = DNL, =0
DNL, = 1.5L.SB — 1LSB = 0.5LSB
DNL, = 0.5LSB — 1LSB = — 0.5LSB

DNL, =— 0.5LSB, DNL,=0.5LSB
DNL, =0 ’
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Example 4

Calculate the Integral nonlinearity of the 3-bit ADC. Draw the
quantization error, Q_, in units of LSBs. Assume that Vg, =5V.

Digital
output code, D
A

INL = difference between code transition point
HiT o tlme AT and straight drawn line
110+ = ’ —-
wd
101+ \ i = Calculate INL
(@ 100 fdeal
ol INL, = INL, = INL; = INL, = INL, = 0
010+ "‘(\ ,/'
ol K INL, = 3/8 — 5/16 = 1/16 or 0.5LSB
5/16 -
000 > INL. = — 0.5LSB
0 1/8 2/8 3/8 4/8 5/8 6/8 7/3 8/8 REE 5~ .
op |11 LTT T
s W N
§~ 0 i L
® = AN Ve
. ¥ INLJ
A J R4
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Example 5

Calculate the differential & Integral nonlinearity of the 3-bit ADC.
Draw the quantization error, Q. in units of LSBs. Assume that

Veer=>V.

Digital

Output code, D
A = Calculate DNL
111 + —
110 + Ideal ""“I'NL5 DNLO =0
101 + \ = B B B )
ook DNL, = DNL, = DNL; = DNL, = DNL;
011 + ‘m.'# Actual = 1.5L.SB - 1LSB = 0.5LSB
010 + =
001 "mf}”.ﬁl = Calculate INL
000 L4 f—t—t——t—t—t—> Vin
0 1/8 2/8 3/8 4/8 5/3 6/8 7/8 8/8 Veer INL. = 0

QeA

3

2> // INL, = 0.5LSB, INL, = 1LSB, INL; = 1.5LSB

7
15
/

: Z ' INL, = 2LSB, INL; = 2.5LSB

0 L p i

e VREF

il
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111 —

T 110 —
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OQutput .
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If the output code always increases when the input increase the
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Non-monotonic ¥
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device is called Monotonic

I
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Sampling rate & Resolution

14

ADC Resolution [bit]
S

Sigma-Delta

\, Pipeline -

1K 10k 100k ™ oM 100M 16 106G
Sampling Rate [Hz]
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