Digital to Analog Converter

Analog to Digital Converter

DAC - ADC
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Digital to Analog Converter

Function: converts binary input number in analog output;

fDACN_)R

Parameters:
o Conversion type: unipolar, bipolar;
o Binary code (offset binary, two’s complement, etc.);

U

U

U

Output type (U, 1);
Outputrange AU=U; e =Up in  AI=1; =15 in
Resolution - output variation for LSB variation of input code
oU =U,,, =AU /(2" 1)
- number of bits used for binary cod (n)

Settling time - interval between an input command and the time
when the output reaches its final value;
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Binary representation (positive fixed point)

of numbers (n,+n,+1 bits): N=)> b2 ; be{01};
Binary coding (sub-unitary, N<1)™"
o Natural binary (unsigned)

N=>0bp2" N, =0 N_=1-2" §sN=2"
k=1

o Offset binary (signed)
]\]:Zbkz_k_z_1 Nmin :_l Nmax :l_z—n 5N:2_n
k=1 2 2

o Two’s complement (signed)
1 1

N:(—z—l)-bl+;bk2—k Nuw == Npy=5-2" SN=2"



EIM Chap 2- Digital to analog converter

Binary coding (cont'd)
o Sign — Magnitude (signed)

min

N=(-1)"-Ybp2* N, =-2"+2" N, =2"-2" §sN=2"
k=2

o Binary coded decimal (BCD) — 4 bits (nibble) used to
represent one digit ;

o Gray — the difference between codes of two successive
number is 1 bit;

o One’s complement (signed);
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Unipolar Codes

N (natural) | Fraction ( subunitar nr) NB BCD Gray
0 0 0000 0000 00

1 1/16 0001 0001 00

2 2/16 0010 0010 00

3 3/16 0011 0011 00

4 4/16 0100 0100 0110
5 5/16 0101 0101 0111
6 6/16 0110 0110 0101
7 7/16 0111 0111 0100
8 8/16 1000 1000 11

9 9/16 1001 1001 11
10 10/16 1010 - 11
11 11/16 1011 - 11
12 12/16 1100 - 1010
13 13/16 1101 - 1011
14 14/16 1110 - 1001
15 15/16 1111 - 1000
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Bipolar Codes

N Fraction | SM C1 C2 oB*
+3 +3/8 011 011 011 11
+2 +2/8 010 010 010 10
+1 +1/8 001 001 001 01
+0 +0 000 000 000 00
-0 -0 100 1 - -

-1 -1/8 101 1 111 11
-2 -2/8 110 1 110 10
-3 -3/8 111 1 101 01
-4 -4/8 - - 100 00
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Binary codes conversion

! i

Two's
complement

¥

No change 11 1

No change

3 r

One's complementJ

rComplement MSL‘

9

Complement
other bits

1

Add

.01

-8

[ Sign magnitude J

One’s

complement

i

No change

No change

Complement
other bits

1 y

Two's complement ]

b

Sign magnitude J

No chanw 00 01

l Offset binary J
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Binary codes conversion

Sign
magnitude
N Y N Y
@ @ Complement MSB
) New
Complement Complement
Bd change other bits No change other bits MsB =0?
Au Complement
000. .. 01 No change other bits
Add
000...01
1 1
Two's complement | One’'s complement | Offset binary
Offset
binary
[ complement Ms8 | [ complement msg |
Add Complement
ﬁomplement MsB | No change 1.1 No change other bits
Add
000...01
Y y A & ‘
Two's complement ] F)ne's complement J I Sign magnitude J

(d)
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Ideal characteristic for unipolar DAC :

b,...b,
X U
U(N)=U,-) b2" Su=U,6-27"=—25C_
(¥)=U,- 3 e = TV SR,
U_. =U(N=0.0h)=0V -
. V(N)
Umax — U (N — FFh) — UR (1_ 2 ) — UCS L
Ideal characteristic for bipolar DAC
(offset binary code) V MSBT
JURRD Ve "y
- — —n g § E g 8 2 = = 3
[]min:_[]R.21 l]max:l]R.(Zl_2 ) m [aa 5 é
2 ? £ Z
oU = UR 27 0 1/8 4/8 7/8
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Non-ideality errors
o Static errors

Offset error — analog output response to an input code
corresponding to output zero;

Gain error — difference between slope of actual and ideal
transfer function:;

Full-Scale error - difference between the actual and the ideal
output maximum value (offset error + gain error) ;

Integrated nonlinearity error (INL) - deviation of an actual
transfer function from a straight line (after nullifying offset and
gain errors);

Differential nonlinearity error (DNL) - difference between the

ideal and the measured output responses for successive
DAC codes;

o Dynamic error: overshoot, undershoot (during settling time)

10
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D/A converter - traditional data converter at Nyquist
rate (f>2f)

Y, |Nyquist Rate y(t)
yi(t) Ysn(t) e ——»
S T >
DI/A S&H Droop correction
Binary Number (Ideal)

10001000111... Ylf)

Yif)
] i \ Il."r g _.I:I-. \
Quant. noi T J qh' fi l L
uatt. foise Ly et At S LS B “""".'.I" e ] e o R e P =
| II ) i | ._ | ! .IF I'I: i ._ | 1 .l/’u‘ “-h\"s il ._
frm fs fi fs 2Ms fm fs 2Ms

2fs m

- LPF is antialiasing filter (for extinction of image signal on fs) ;

- Droop correction means inverse “Sinc” function ;
- The S/H is a “deglitching” circuit and could be eliminated for
small glitches;

12
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D/A converter — mathematical representation:
Pulse Amplitude Modulation

y (1) P L)
v, (0= {Z y —nT } ®p(t) hold
et o pt)}

f{ysh(t)}:f{z y(nTy )8(t—nT; )} f{p(t)} tTs
o HY (s )|
Y, (f ):Tif_j”f “sinc(zf -T)ZYk( f-nf.) /\/\
S n=—c0 )
For w = T (practical DAC converter) 5 7
| 1Y, (f )1

Y, ( f)—smc(Zﬂ f j DY (f

Nn=—oo

—I’lf M /
P eV N
.fs/-fm

l\f\fs 1/t 4
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Types of DAC’s

- Binary Weighted Resistor Network
* R-2R Ladder Network

« Stochastic

« Multiplying DAC

14
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Binary-Weighted Resistor DAC

Using Tellegen’s theorem:

V (N) —+ =V. > — be{0,]
g( )(Zle 2nRj RZle le{ }

=1 =l

VM)V Sh2 VN

V. in=V,(0...00)=0V &V, =V,(0...1n)=2""V,

g_min

V, =V, (F...Fh)=V,(1-27")

g_max

After source passivization:

— R(N)=R

Z2’1’2 2”R R

OVR
1
=0 n 2"R
O
0
—0 S8R
b3
10’
pb——o0 4R
b2
0 /O—:I- R(N)
O
15 o 2R
/c  — o Ve(N)
——»o

15
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Binary-Weighted Resistor DAC (cont’d)

Steady state voltage command
Vo(N)=V,(N)

8

Dynamic regime (Laplace transform) @: T°

voltage command

— VN V)

1 1 1 1 —
Vo (s)=Vg (s): ==V (S)'(—— j ROV =
SRC,+1 s § s s+l/T . @:TQ’ED_G _
. I VINE-Vg )
I 1
Viot)=V, {1—e * -O'(t) , = current command
0% T8 { j R(N)C, .
(n+1) — "\,
I 2"V, (N) ; 0
‘Vo(fs)_vg (v )‘SEW = tszz'-ln[ v, v o () T
Steady state current command
R
Vo(N)==—"=V,(N)==V,(N)

R(N)

16
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Binary-Weighted Resistor DAC (cont’d)

Disadvantages:

- Resistance Values Require Great Accuracy:
e.g. Tolerance of R must be < 1/2"

« Often limited to 4-Bit conversions because of the limited current
range possible with resistors;

« Larger bit numbers difficult due desired current changes being
close in magnitude to noise amplitudes (for less significant bits);

« Hardware difficult realization for large bits number (due the weight
inaccuracy for the large range);

17
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R-2R ladder network DAC

R n
(N=0...0n)=0V Vo min(N=F ..o Fh)== =, (1-27")

6V =V,(N=0...1h)=— I;r V2

VO(N)

Convertor I - U

18
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R-2R ladder network resistor DAC (cont’d)

« Maintains constant current through all branches = no voltage

transients;
 Less hardware constrain (easy to find R-2R resistor pair

values);
* Faster response time due to lack of voltage transients.

19
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Stochastic DAC (without resistor network)

NUM

R

C,..(1)=A, +iAkcos(k2T—7zt+¢kj ‘
k=1

Cy out
sow e Y
———» out C
n unused ];
T=(2"-1)T 5
N
Cy out /o0
1 1 1 1 L
f = ; ‘: = —
(1) I+ j27 fRC 1+f2 Ir 2IRC T | t
Ir Te @)y
T N 2"E < _ Cy out(w)
V(N)=A =—E=—L\F= N=V.>p2* Y
(N)=a === sz_; ‘ R

N sub-unitary number (N, supra-unitary )

1A
170 \ A
/ \ 2
! \
! \ L

0" 2n/T  4wT o

/
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Multiplying DAC

UOUt (Z)

* slow time varying external U l
URef — Uin (t) | :

Uout (t) 1

dr <<2-t /\

111

/\mmI
111

V. . = constant

1

/\ V., =Asinor
-

max conv

\/

\V4

e binary code on digital input — command for controlled amplification /

attenuation;

* U, () must preserve DAC functionality;
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DAC applications

- Industrial Control Systems
e.g. motor speed & valves;

- Digital Audio
e.g. CD player;

- Digital Communications
e.g. digital telephone and video systems;

« Waveform Function Generators
e.g. direct digital synthesizer (DDS);
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Example 1: Digital to analog converter (8 bits) - DAC 08

] iy

K T B, - MSB B,—L3B
lk = 2 . I Supply circuit =
n L |L L, L, |L; L L, i
I'O(N):Zl'k_ ‘ I | | | | | é $:§0
k=1 oo L o0 L oo L o 0 _
) e B e s B fene fene e
LIy LIy Ly Ly Lle Ly LiE L
IO(N):ZIk = [
k=1 Iy

ZRE ZRE ZR; ZRE ZR; ZRE 2R2 ZRQ
R R R R R
Ay A Ay A Ay

weighted current netwark

fe—F |
V V
I'O mln(N:FFh):O . (1_2_8) 51'0:_ ko7
- Rref Rref
% %
Iy min(N=00h)=0 B (1-27)  SI=+—2-2
- Rref Rref

23
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Example 2: Inversion amplifier with digital adjustment gain

R
\ | |
/ DAC - 08 > > \ /
Vout :_RI(N) o 4 ~ T Vout
N sy o
Vour (=10, (1) ==Y b, 27" = A, (N ), (1)

24
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. . s(t) n
Analog to Digital Converter 2 apc i>{ }

Function: converts input analog signal into a digital signal;
ADC conversion comprises :

o Time sampling: samples are taken from the analog signal
(sampling frequency) and its values are maintained for a certain
time interval;

o Quantization : rounding off of the sampled value to the nearest of
a limited number of digital values;

o Binary coding: conversion of the quantized value into a binary
code;

Sampling and quantization operation may lead to loss of information.

Under certain conditions ADC loss can be limited to an acceptable
minimum;

25
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Analog to Digital Converter

"L Apc j}m

Mathematical representation of ADC function:

fADCZR—>N
Parameters:
o Conversion type: unipolar, bipolar;
o Quantization type: truncate, round, round-ceiling;
o Binary code (natural, offset, two’s complement, etc.);
o Input type (U, );
o Input range;
o Resolution - the smallest change required in the ADC analog input to

surely change its output code by one level;
- number of bits used for binary cod (n);

Conversion time - required time before the converter can provide valid
output data

Accuracy of conversion - the difference between the actual input voltage
and the full-scale weighted equivalent of the binary output code

26
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Parameters (cont'd)

o Converter Throughput Rate - the number of times the input signal can be
sampled maintaining full accuracy
- Inverse of the total time required for one
successful conversion
- Inverse of conversion time if no S/H
(Sample and Hold) circuit is used;
ADC Interface Signals :
o Data: Digital 1/0 pins the ADC uses to supply data
Parallel output — n+1 pins (fast transmission, short distances)
Serial output — 2 pins (for long distances, need a internal shift-register)
o Start: Pulse high to start conversion (input)

o EOC (End of Conversion): Typically active low — low level of pulse
indicate complete conversion (output value can be read);

o Clock: Clock used for conversion (for synchronising ADC sub-blocks, for
internal FSM);

27
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A/D Converter — traditional data converter at Nyquist rate

(f,>2f,,)
__— AD )
X(t X,(t Xey(t) Xt . X
L.. Low Pass| i(t) S&H su(t Quantizer alt) Digital | ™n
Filter Encoder Binary Number
X(f) X,(f) X5 () [%,(1)] 10001000111...
\ i =, s ™, s ",x-\_. / \". g
| \". I". .'I I'-, ,.' II". ." ", ."I
H\ﬁ.__ T II'-I T I"-I . T I'-.I I-"I 1 ----II'-I- TIL'I"IIT"-'E"J“ Quant. noise
f Tm F T m ks 2  m s 2 S

Successive operations for AD conversion process.

ADC introduces a non-compensable quantization noise.

28
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Sampling process (remember)

- continuous signal conversion into a discrete time samplers sequence

(ideal sampling, natural sampling, flat-top sampling);
Amplitude

= |deal sampling

x(t)—>x, (t)=x[n]=x(nT, )eR

“+oo

x,(£)= 22 x(t)(e=nTy) = x(¢):5,. (¢)

n=—oo

5Ts (t)=L i e

jz_ﬂ-t

A

\

ik

<‘/Analc:g signal

Time
—

- \J\Ll—-lf

AXO) -

.fm) \ £ 7
X ()
—t M mfmmm
7oA g !

29



EIM Chap 2 — Analog to digital converter

Sampling process (cont’d)
*Natural sampling

AP®

x(t) = x,(¢)=x(r) Pr, (1) —‘

pTS (t): Z })n.e T 0z Ty
nl_ T —j27mt
_ T
P”_Ts _([pTS (r)e dt
S 2§TZT sing %%
TS TS
FOSSOTDS Y ETEr
n=—oo S

Amplitude

A
. = /Analog signal
\
AN
KTS 2T, 3T ‘w | IJJ_ Ll'r

/\{/‘\Wf N

ARy 7
' X5
-7 hﬁ S Sinc function
f’\ &
M LM T
/ s
'fS 'fm fm fS
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Sampling process (cont’d)

*Flat-top sampling . G
Analog signal
x(1) %X { n;o5 t_nT }®p( ) —‘ Time 1—| ﬂ H Time
0 Ts - ) #L__I.r
)=F{p(t)}=T-e ™™ sinc(z £ T) m\m -
XS(f):e_j”fTS-SiﬂC(?Z'fTS)-iX(f ]’} ] £ .
n=—co S : LX)
M
o it
Sampling rate is given in Samples/s o A AT
J
(S/s, kS/s, MS/s, GS/s); I \fs

31
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Quantizing process

- analog signal approximation to the nearest discrete value:

x[n]— xq[n]zqk: k,

kel,M ,

q4.€Qy
(aM x,(1) \
/N b
Quant. | / \
thresholds | / Co\ g—k
<ak.1 o
N—E
a; N |/E E
@ L
1T o[ ™ ]

Quantization of non-sampled signal (continuous)

Quantized
> values
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Sampling & quantizing process

SN .
[ — 1 1 1 1 1
. N =" A — \
- m——— i i i q— k
. . Ay 1 1 1 o 1 | ; U 1
Quantization = i - i i E— 91— K-1| Quantized
thresholds < — b values
a, [ | | | R I 1 PO 1
- P e e e
Ny, (1) L
Quantization 729 }J """ F Sy iniuiinks e s i i o
noise V) }m ______ e A st s R N ;
lllllllllllll Analog Signal

—_—— Sampled signal (sample & hold)
_— Quantized signal

« Quantization — uniform (constant step) — linear ADC

— non-uniform (variable step) — nonlinear ADC
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Quantization
Truncating quantization 4. =a.,  ouiput code
u,=U, Z 27'h, = 5UZ 2""bh. = N,0U o
Quantization noise t p(ny) 2
nqt :U_th :Uref Z 2_ibi > ;TTT
i=n+1 0 +0 n, 0110
Noise mean value
)
1 o
B, )= | plnyngin, =[n, 5, =5
Error
Noise variance (power) L
52 2—2n
a; — E{an} E{nq,}] IR Ufef

o101 e
oLag e
o011 T
0010 [

L

Y

|Ideal characteristic

Input

E Input
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Quantization (cont’d)

Rounding quantization ¢,,,= 5

&] bn+1 +U Uref( n+1 +Zz b j

=(N,+b_,)0U=N.6U , b {01}

Quantization noise
n,=U-U,=U, (-2"""b + Z 27'b)

i=n+2

p(nq A

Noise mean value -0/2 +6/2 n,

+0/2
1

En,}= | n,—dn, =0
-0/2 5

Noise variance (power)

a,ta,

02 = E{n,’}-[E{n, ) = =

Output Code
A

1111
1110
1101
1100
1011
1010
1001

1000
0111
0110
0101
I
0011 [F——
0010 e

0001 H

0ooo

Input

-
Lo
.
T

Error |
11L5B
e V...V,

1/21SB

"\ FSR
> Input

Ideal characteristic

52 2—2n U2

1 2 ref

12
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Quantization (cont’d)
Round-ceiling quantization ¢, =¢
U, =0U+U,=U,Q2"+>27"h)

= (N, +1)dU = N, U
Quantization noise

n,=U-U,=U,, (=27"+ Z 27b)

i=n+1
Noise mean value p(ny)
0
1 o
E{nqm}zinqmgdnqm:_z -0 0
Noise variance (power)
- ‘5;2 B :2;—211 )

o, = E{n, }-1E{n,,}]

== = U
12 12

Output Code

1111
1110
1101

1100
1011

1010
1001
1000
0111
0110
0101
0100
poil
oolo
0001
0000

Erron
O
-1LER

}n[‘-'.ll.

Ideal characteristic

[nput
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Quantization (cont’d)
Noise value as: voltage (rms, p-p), LSB (rms, p-p), SNR;

Signal to quantization noise ratio (SNR,)
Considering a periodic signal at input, with period T, having average power:

1o, -
Px:;gx (t)dt—Ux_ef

P U; 12.U? 12-U?
SNR_(n)=10-log| — =10-log( x;fj=10-log{ zxeszlO-log{Zz” —— =L
q (P J S o Uss

n q

q

ref
Total SNR after quantization process:

: : : : 2 2 2
For analog noisy signal, the total noise power is ¢, =0 +0o,

U
:6,02-n+10,8+20-10g{ Ufj [dB]

2

a

2
effective bit number n, =log, ;_—;f =n—log, (1 +?j

T q

J
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Quantization (cont’d)
. . U
Example: a full range sine wave input x(t)=U,sin(ax) U, = ;f
2
Signal power and rms value: P, =—.[x :U_O = U’ ;= ref
T 2 - 8

2

P A’ 6A° 3.U
SNR (n)=10-log| == |=10-1o 10-1o =10-1o ref
6]( ) g[P ] g(zo_jJ g( 5 j g(z 22nU’,2efj

n

q

SNR, (n)=6.02-n+1.76 dB  (for sinwave full range quantization )

Dynamic range: DR = 20-1gxm—alx =20(n—1)-1g22=6,02-n—6.02
X

min

ENOB = (SNR ; ‘dB —1,76 )/ 6.02  bits number for specified SNR,

Example: SNR_ (10 bit) = 62 dB

2

2
total effective bit number. n, =log, U_g +log, 1_ n—log,| 1+—%
o, 3 o,
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Non-ideality errors

o Static errors
Offset error (linear error);
Gain error (linear error);
Full-Scale error (offset error + gain error) ;
Integrated nonlinearity error (INL);
Differential nonlinearity error (DNL);

o Dynamic error:

Aperture error (due to the delay between
the clock signal of S/H block and the effective holding time)

For sin wave input x(t)=Asin(ar) APE&E
dx(t
EA:i)TA<ﬁ = TA:#
dr 2 2'rmf

Aperture
Uncertainty

T_.!L_H

Hold

Sample
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ADC

1
A0 Ao 1
1 1 1 1 r—r~—rF=-r; - T -
i i i i | | | | __ﬁ FULLSG:ELE ERROFR
_— - - F - F - I E— -} -
L bbb -L-b-b-F—f-- 4%‘;‘:%2”“*‘1‘ MEALSURED r I
IDD%RL | et —- - TRANS FER -F-F F - -
I\L $_+_+_____ 0EAL | FUHETION
| o b—4—- \ +—t—t—-
[ — —_d—
| i T QuTPUT N I -I'.'IElilSUHlEI:I—— Vot a —+ 41—
OUTPUT S —4—+—+—- CODE | | weThabsFEs | [ 1 ioew
EOnE r | —+- FUHGTIOH—— ) DG~ —+—+—-
MERSURED- 4+ —— | I T e
*—|TRRHSFER L ——F—4—- —t -
FUHETION— 4 —— e | N R
} T T } } —+——4—- - % R S S S,
L L | | I I I | | | | I I
—q |-|— OFFIET ER ROk = +2 L3E 'ﬁ' — _q l-;
OFFZET ERROR =2 L5E
AMALOG INFUT AMALOG IMPUT
AMALOG INPUT
Offset error .
Gain error
Factor scale error
ADE ADC
I I I I I I 1 I 1
| | | | | | | | |
- F-F-F-F-F-F-#-F-- F-F-F-F-F-F-Fpb-F-
ol me I 1 12T [ '
-~ - F ADE g -k F-F-- - - F - ek - F - F -F-
oSy AT ADE: | |
ot —f—] —t— :
. MEASURED
DIGMTAL ___L_ ! ! !-/ I""l—;-l‘ ;HHE.&SSEEEHD—— DIGMTA L " TRAMSFER ——
EOonE P 28 BT EHDE . FLHETION
__+_ Il 1 1 1 1
|| HRCTY PR PR [ 105 spsten oHLeno= -us 158
F— 7 L t - } t T T t ; T _ T
| -4 I IML= 1 L5E -!-hl ! ! F—:—EL?Eslelp,erri:-r_+=1L$B
| IREEEEEN
ADC IMPUT AMALOG IMPUT
INL error DNL error
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o Effects of static errors and quantizing error (examples)

: : - - An ideal three-bit quantizer, with
An ideal three-bit quantizer, with : , i
N a gain of 1.25 instead of 1.00

ADC error .

ADC ermor

+0.6 LSB offset error
1LSB + ; 3 3 +1 LSB 4 Gail_'_l__grror
g TDI'fset error % i
1 N 3 ] N
-1Lse | . . . . . . . ~ -1LSB + . -. . . . N
4 8 2 -1 0 1 2 3 4 4 3 2 4 o0 1 2 3 4
Analog input voltage Analog input voltage
An ideal three-bit quantizer, with INL An ideal three-bit quantizer, with
error caused by important DNL error INL error and small DNL error
Maximum INL
1LsB 4 Code transition shifts also LSB P el of C
| cause 0.4 LSB INL :;1 g Nt :\ N \\\
ol ] 5 CONONINCNL Y
! | é | N \H lat :
H ] elative accurac
-1LsE 4 | | | | ‘ R -1LSB + . =+1.2,-0.5 LSB?
- 3 4 4 3 2 - 0 1 2 8 4

4 3 2 1 0 1 2

Analog input voltage Analog input voltage
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Improving A/D conversion techniques

Antialiasing

I Signal ilter magine
o Oversampling s\, e
OSR — oversampling ratio noise ‘\
OSR= /s = s
fS min 2.f‘sig SIQ SIQ f/2 s
SNR, (n)=6.02n+1.76+1010g(OSR)
0 Dithering — adding a small amount fig 1, fyg L2 1,
of random noise (maximum = 1/2-3U) Nyquist rate ADC ~ Oversampling ADC
to the input before conversion (for constant
and slow varying analog signal). 1 =1 | i
LSB oscillates randomly between 0 and 1 g ° W@AV%QV&Eﬂ“SB
in the presence of very low input levels. i TN ST
-4 -3 -2 = 0 1 2 3 4

Analog input voltage
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Acronyms for A/D converter

o SNR - Signal to (quantization) Noise Ratio = Signal power to noise
power ratio (usually specified in dB);

o THD — Total Harmonic Distortion (due nonzero INL) = the ratio of the
rms value of the fundamental sinewave signal to the mean value of the
root-sum-square of its harmonics (usually the first five harmonics);
Specified in dBc (decibels below carrier);

o SINAD (dBc) - Signal-to-Noise Plus Distortion ratio (same as SNDR) =
ratio of the rms value of the fundamental signal to the mean value ot
the root-sum-square of its harmonics plus all noise components;

o SFDR - Spurious Free Dynamic Range = the ratio of the rms value of
the signal to the rms value of the worst spurious spectral component
(that may be or may not be an harmonic of the original signal );

Specified in dBc or in dBFS;
o ENOB - Effective Number of Bits: , :HSNR [dB] - 10,8 dB_ZO_IOg(UHf B/aozl

Uref

o FOM — ADC Figure of Merit : FOM=Lower [Joule/level resolved|

ENOB
2

S
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0 T
5 Input ,1ﬂ)ne "
S SN (O N N SR 1 20 - input tone
SFDR a0 | i
_30 ORISR NIHRIRUINIE SRS SIRIE N F—————— : i iy =
5 40 | g anf harmonics |
o 100 200 300 400 500 -110 - — —
FFT bin number U 100 :7‘ SUU 2.0
FFT bin number
u}
Other quantization impairments: ™
« SFDR a0 intermodulation products
X Harmonlcs. Mt + M foampre .
intermodulation products -
100
120

u 4.1 = 12.3 6.4 205 14
FREGIUENCY — MHz
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A/D converter structures
o Without integration

Without feedback

o Flash ADC (direct conversion)
0 Folding ADC (Two-step ADC)
o Pipelined ADC (serial ADC) accuracy speed
o Time-interleaved ADC - _
o Charged - coupled device ADC (CCD-/ Snai
o Time-stretch ADC (optical ADC) [N
With feedback i
0 Successive approximation ADC (SAR) ik
2 Ramp-compare ADC $ Lol N e
0 Delta-encoded ADC °|
o With integration ;
o Sigma-delta ADC L
o ADC with intermediate FM stage R s

0 Integrating ADC (single-slope, dual-slope, multiple slope)
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EIM Chap 2 — Analog to digital converter

Flash ADC

* high cost
« applications: video, wideband communications,
optical storage i :

comparators sample the inputs at different instants) /\/

« bank of 2"-1 parallel comparators (high complexity); P
« very fast - GHz sampling rates (limited only by S
delays of comparators and logic network); L
» references — resistor ladder $
- few bits of resolution (4 — 8 bits, rarely 10 bits) [ R B
« high input capacitance Input g | | B| beyr
 expensive power / area (in IC) ° o o
« are prone to produce glitches (clock skew — / g _ %

: Ce

% |

P

clock
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EIM Chap 2 — Analog to digital converter

Flash ADC
u u | ::Eﬁ
Improving technique - track / hold %_ p
 T/H for good dynamic performance % 5
« Offset correction in comparators %—
| »
fad Track / Hold ——F—11"—
Example: AD9066 Dual 6-bit, 60MSPS \ ) / %_:%_ Dour
Flash ADC | |
Key specifications: _
e Input Range: 500mV p-p 2 1 | _

e Input Impedance: 50k || 10pF :
* ENOB: 5.7 bits @15.5MHz Input Offset
* On-Chip Reference coreeTon
e Power Supply: Single +5V

 Package: 28-pin SOIC

e Ideal for Quadrature Demodulation
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EIM Chap 2 — Analog to digital converter

“Interpolating” Flash ADC

a

reduces the number of comparator
preamplifiers at the input of a Flash
converter by a factor of two;

substantially reduces the input
capacitance, power dissipation, area of
flash converters;

preserves the one-step nature of a Flash
architecture ( VLSI technology);

ANALOG
INPUT

vz

DECODE
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EIM Chap 2 — Analog to digital converter

Time-interleaved ADC (TI-ADC)

' o =0 TI-ADC,
« uses M parallel flash ADCs; A A |
I A :
» ADC sample data every M-th cycle of : Tt .
the effective s.arr.lple clock; | '”’;’;I T E:i';i';“"“““’“"
» sample rate is increased M times; 4 M emnd

N e B

1
|
1
Fof M l e=(M-1)% I
1
|
1

« complexity is increased M times;

* requires correction of time-

ADChy |

interleaving mismatch errors; Lo T oo,
« applications: video, wideband 1 2 3 4 1 2 3 4 1
communications, optical storage;
N % N
e
T0/4

49



EIM Chap 2 — Analog to digital converter

Folded Flash ADC (two steps)

. . INPUT | FoLpING ./ FINE

 Folding = technique that reduces hardware CIRCUIT ADC Ne
- maintaining the fast nature of a full Flash l//

: \ A 4
ADC’ _ _ . COARSE // ; DIGITAL ADDER &
* An analogue pre-processing circuit ciol R (5017 el (L
generates a residue which is digitised to Ng VIV
obtain the LSBs; Vi o] ,, DIGITAL OUTPUT

\y © Vou WORD

* The MSBs are resolved using a coarse STTE
ADC that operates in parallel with the folding ‘>@_

circuit;

- increase latency; o__>—

» Folded ADC reduces latches and logic: Folding principle
Nc+Ng bits need 2Ne+2N-2 comparators; J

* First stage determine the output sign;
- At every stage (except the last) the LSB 7= + R e NG
N, bits : h N, bits

is wasted; N,+1 bits
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Serial/Parallel ADC (pipelined)

uses more steps of sub-ranging (with same bits number N,);

* one stage
 a coarse conversion is done
« amplifies the difference of the input signal (determined with a DAC), then go
to next stage

» fast conversion - GHz sampling rates;

» data latency greater than flash, but less than SAR

* high resolution with less complexity;

* ADC overload in next stage need Digital Error Correction;

DAC  —(O— I 2" — ADC - DAC *Q—W—-

N,+1 bits i N, bits N, +1 bits N, bits
\Y4
Nc BITS Nc BITS

HJ~ ~ ADC
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EIM Chap 2 — Analog to digital converter

Serial/Parallel ADC (pipelined)
« Example: AD 9220/9221/9223 12 bits pipelined ADC

- Latency is four cycles;

- 1 bit overlap between adjacent stages B ;&; . __ !

- accuracy of ADC in stages 1-4 needs 4 | g |

bits; 5-th stage needs greater accuracy; ! T N |

- entire ADC accuracy established by 5-th Sl Fr- e

Stage HUTHI- Stage 1 : ;a;e:+ Stage 3 Stage 4 +-Bit flash
Family Members: T it e T s

- AD9221 (1.25MSPS), AD9223 (3MSPS), w0 y3  y3  ys g4
AD9220 (1 OMSPS) Tima Algnment & Digital Emar Cormachion I
» Power Dissipation: 60, 100, 250mW, ¢12

Respectively

« FPBW: 25, 40, 60MHz, Respectively y " nep M3 e

« Effective Input Noise: 0.1 LSB RMS (Span =5V)  Analog ) N

- SINAD: 71 dB neut

- SFDR: 88dBc Clock [ i I [ [

« On-Chip Reference input —} |—

» Differential Non-Linearity: 0.3 LSB

» Single +5V Supply oupt W s X owe X owt X on X e X e

» 28-Pin SOIC Package
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EIM Chap 2 — Analog to digital converter

Serial ADC (1 bit per stage)

* it uses the truncating
quantization in intermediate
ANALOG

. INPUT
stages o sua |— stace [R1) stace [R2__ | srace \;
1 2 N-1 f

VREF

« Example for bipolar case; . o —_— Sl
MSB LSB
DECODE LOGIC AND OUTPUT REGISTERS
,tu
Single stage ADC =
INPUT RESIDUE INPUT
» f;\ /
Obs: don’t confuse with serial
output ADC of other T ——
. - O
technologies (flash, SAR, = o
folded flash, etc ) SWITCH POSITION
WN FOR
NEGATIVE INPUT
BIT OUTPUT

(BINARY CODE)
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Successive approximation register ADC (SAR)

* SAR = Successive approximation register

« DAC = digital-to-analog converter
« EOC = end of conversion Clock — SAR

» EOC

A

* SAR = successive approximation register
« S/H = sample and hold circuit Dy | Dye

D,

¥

y

D,

Vin = |nput Voltage vy v
- Vref = reference voltage VRer

- use a binary search to converge on the
closest quantisation level

Comparator

- Binary search: Vi
- select middle element

- If too high select middle element of lower group
- If too low select middle element of upper group
- Repeat until 1 element remains

- Constant conversion time (n cycles)

>
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EIM Chap 2 — Analog to digital converter

Successive approximation algorithm

z
N
| Clear all bits | ) o
. w .
[Start st M5E | VDAC:A © 5 *Conversion
P “  ocompleted
Nt—=-- -
5 DAC output Clear bit 10”""_""“' - rr - -
W7 back to 0 9+ U
' g8 +4- N
: I I
Go to next Have all bits E bodeod i i
lower bit been checked Volts —_ 1 S b :;__
Conversion [N SO I Y Tl;‘,'
finished, number £ TS C SR B S
in register. FISOE B | IR
.m (N S TR B
S 1
0 ) ‘I.:"I,"'l- ol >
T =nT I TN I B 11 Time
conv CK e _ :
h 4 hLtaty &t
Slower than Flash, but far fewer comparators .
’ P 4 Bit SAC

— allows for higher accuracy



EIM Chap 2 — Analog to digital converter

Delta - encoded ADC (tracking ADC)

« an up-down counter feeds the DAC; : Fon

« CMP compares Uy and DAC output; u, [2]

« CMP drives U/D counter sens ;

Up/]iv

I(N)

<+——< CK
‘sensUP/DOWN

Counter

n-4 n
H N
i<y

/7777

 use a feedback to adjust the counter;
« very wide range and high resolution;

I(N)

< one
Zﬁ ’

» conversion time is dependent of the input signal level (has a guaranteed value

for the worst case);

* introduces granular noise for constant and very low frequency signals;

* can expect overflow error for rapid variable signal;

Ux

au

SR

Granular

noise Overflow

SR

DAC 74

tume .
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Ramp Compare ADC
* A comparison voltage V(N) is ramped up; - -
« When the comparison voltage matches ™ » _LD7> NUM
the sampled voltage (VA) the comparator is f T s
triggered — the sampled voltage has been 7 >N
determined; oo | PAC T/,
2 .
» Variable Conversion Time (depends when o589V
ramp signal matches actual signal): o | L 038V
i I £
- Best case = 1 cycle VN | i ﬂ
| I |
- Worst case = 2" cycles iFL | Il ¥
START | I f
« Slower than SAR, same accuracy; ‘,ﬂ § B [;ﬂ'
| | | !
= — U1
{ 000(:1111 DODIOHOO 000(|J1010 Digital value
L' t3

Computer loads
data into
memory
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Sigma-delta ADC

» the output is in the form of a 1 bit serial
bit stream;

« analog input variation proportional to
the duty of the output digital signal;

» Oversampling (sampling freq 16 — 512
times greater than Nyquist rate);

* low complexity;

* presents “granular’ noise for constants
and possible overflow error for fast
analog input;

« applications: typical low bandwidth
digital transmission 22KHz(voice in digital
telephone network); recently - ADSL
network access, 1-2MHz (multi-bit ADC
and multi-bit feedback DAC ); digital
audio equipment (16-24 bit resolution,
48kS/s);

Difference  Integrator  Comparator

Latch

Oversampling ADC (2-A ADC)

Analogue . Bitstream
In @ b D b Q * Qut
1-Bit DAC
Clock A
D [+
(=)
Sigma-delta ADC of the first order
Sampling
{ Frequency
Desired Freguencies
Input to be
Spectrum  Rejected
Conventional ADC
Sampling
& Frequency
» !
Desired Frequencies Rejected by Design Freguencies
Input to be
Spectrum Fejected
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EIM Chap 2 — Analog to digital converter

Sigma-delta ADC
« Quantization noise is analogue
pushed out of the signal e
band; WRef-
« digital filter eliminates 2 VRefs
out of band noise ; Plerenee MMM
* very high SNR .0

Integrﬂtur MW
Signal Quant. Noise <0

spectrum  spectrum
1

- il AR AR AR AAAAAL
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EIM Chap 2 — Analog to digital converter

S i g m a-d e Ita A D C INTEGRATOR INTEGRATOR CLCCK

* better performances for high order
2-A ADC (second, third, etc.);

» changing LPF (integrator) —BPF we can | ——_ bac [*
reduce the noise mDSP (N,) in band of interest; )
0 > Second order £-A ADC "o
DECIMATOR
mPSD  Spectral noise shaping SNR vs OSR (2-A) i ¢
. 120 THIRD-ORDER LOOF*
21dB | QCTAVE
2ND ORDER -
DIGITAL 30 SECOND-ORDER LOOP
4~ FILTER SNR - 164B { OGTAVE
' 1ST ORDER CCR , e
FIRST-OREER LOCP
248  OCTAVE
40
* > 2nd ORDER LOOPS DO NOT
20 OBEY LINEAR MODEL
o | l 1 i ]
Kfy 4 8 16 . 32 64 128 266

My
[ %)

OVERSAMPLING RATIO, K
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Integrating ADC - single slope

similar with ramp - compare ADC, but analog
devices

contain: voltage comparator, digital counter,
sawtooth wave generator

Phases:
0. Reset counter and sawtooth wave generator

1. Start conversion (SC) — start generator and
counter .

2. Finish conversion (FC) — When the comparison
voltage (analog input) matches the output
generator the conversion finish and stop the

counter:
N, =kU,

Variable Conversion Time (depends when ramp
signal matches actual signal):

- Best case = 1 cycle
- Worst case = 2" cycles

LU

START

— % FC

L sTOP
N Xx= kU X

START

Sawtooth
wave gen.

CIK

sC

Counter

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ t

[T:\: —— et —— -
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Integrating ADC — dual slope

----------------------------- - oo
7"1:21’1 TCK ; T2:N"TCK _o:\oi E ezet
T, T+t 4'
1 | 1 Ul x IT
—|U (t)dt =—— | V. dr O
AR ragia ey S
i R @) l ._ — sC
U.(r) ' i O
t ' — n > |
oL N Sy ()=, Y b2 =V, N '
VR T’l 211 =1 emmemessemsreee- e e e el T b el
* Absolute values of R and C don't affect operation |
- Conversion time is given by: ) Ty g x
| | r
T,.=(2"+N)T, <2"'T,, . —
. R i p 1 l
- Digital output word gives average value of U, O S
during first integration phase O
« Can be used to get resolutions exceeding 20 bits N
but at lower conversion rates !
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Integrating ADC — dual slope with auto-zero

 Phase 1 — auto zero

*Phase 2 — unknown
voltage integrating (K,=1,
Ko=1)

*Phase 3 - reference
voltage integrating (K1=2, R O
K2=2) T 12
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EIM Chap 2 — Analog to digital converter

Dual slope ADC application: digital voltmeter

+ = av
gINg® ‘|'||||'
Ry
Ry CECE Rs
R3 Cq DISPLAY
Cq1=0.1pF
a%éﬁﬁxﬁ%x:amﬁmﬁnﬂﬂﬂw Cp = 0.47yF
— = - = Ca=0.22uF
CooBEILEEEIINLEESE328 6 3 e 1000
@ @ o ML e x 0 Z 2 = C4=100pF
0 90 O W o = Cs=0.02uF
b ICL7106 i
4 T T e T oam T = ol OO o e YO e 5 EJI R3=1Dﬂkﬂ
> 0 0O 0 « w O w o O 0 <€ w w o M w w =< o R4='1kﬂ
il | L =IFIFIIEIFIFIFEFNEIE R5 = 1M{2
DISPLAY
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EIM Chap 2 — Analog to digital converter

Functioning principle — ICL71 06

Cym= | REFERENCE %ﬁ Switches Przzsze) 0 | Phase 1 | Phase 2
.
+REFjgm==r == /g 757 - .
o FI 5 " Aedl INPUT open close open
HEUT AUTO ST
o i UI E +REF open open | funct. of
P ; V.. sign
CLOCKM DS i EG‘\ITF!éL LOGIC
jﬁ: \ L -REF open open funct. of
HL P COUNTE CRLAY .
— R Q R —=— [IZPLA Vin S|gn
AUTO- close open open
ZERO

AUTO ZEROD PHASE
SZDUHTS
339 - 1000

SIGNAL INTEGRATE
PHASE FIXED
1000 COUNTS

DE-INTEGRATE FHASE
0 -1993 COUNTS
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ADC with intermediate FM stage

* comprise

* a voltage-to-frequency converter

« a frequency counter to convert
frequency into a digital count

1
V,=V,——|U (t)dt
P 0 RICY'!; x()
uft)
Vo=V, + 1 '[U G,dt—L U (¢)dt - r
¢ 7, RCy v )
oo 1 R
U = —U_ ., T =K- ) | ;
X 71+T2 R2 GI 71 fout Vi
YGr t
| LI
eMmp 0 “ ¢
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EIM Chap 2 — Analog to digital converter
o Example U-f converter LM331

 Longer integration times allow

ONE-SHOT
TIMER

higher resolutions; AMA
* the speed of the converter can be 2 () suroweo
improved by sacrificing resolution; W T
- few analog devices — high accuracy 1 \
- are very popular for low frequency | TSP R
application with remote analog "
sensor; ﬁ>
l_+ ? COMPARATOR
f — ‘/in RS 1 ;
o

“ 209V R, RC,

Viocic

FREQUENCY
ouTPUT
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Application. Remote analog voltage measurement with LM331
(National Semiconductor)

15V = Vg
Rt
6.Bk+1%*

5 +Vg = +15V

1l!|-ﬂk 10%

: 0.01 uF
1 5 V4
-ruvruuscm vy I
Cin I\ 1 10k 10K 8 ?tau por
’ | > 01 1 LM231 10k £10% - 68k , ] ; R

LM331 Viogic
[ k] fout 470pF -
10 kHz 6

FULLSCALE fin —] LM331

+Vg

% * Vour
12k £1%
Rg 12k + 1% _]: 3
T Rs - =
ADJUST 5k
-Vg
(OPTIONAL)
OFFSET ADJUST — — -
Remote transmission
Ux —» Uf b— fu [—» U
V. R 1 o .
in S P Lo
fout <> <> out f 2 09 R C

2. O9V R, R C, Tx Tx to fmetru RS
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Ultra-fast ADC
o Pure electronic ADC: CCD-ADC;

o Optical ADC : Time-stretch ADC.

« CCDs - ADC

Charged-Coupled device (CCD) - sampled analog clocked delay line that
memories the input voltage at the clock impulse (analogical memory);

Typically size — 512 stages (samples) and 100MS/s;
An slower ADC quantizes these analogical values;
For greater effective sample rate (400MS/s) are necessary several CCDs

in parallel with staggered clock drive.
Application — digital video signal capturing
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Ultra-fast ADC

CCD matrix scheme

EXPOSURE
CLOCKS
i PHOTO-SITES (PIXELS)

TRANSFER
CLOCKS

—
TRANSFER GATE

RESET
LEVEL

SHIFT

CLOCKS
— ANALOG TRANSPORT

SHIFT REGISTER

SAMPLE VIDEOQ/
SAMPLE RESET
FET SWITCH ' Ry

<

GLITCH
cCcD
OuUTPUT

CCD output waveform

v

-

I
!'(— PIXEL PERIOD ——»;
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Ultra-fast ADC — electronic ADC

- CCD - ADC

Correlated double sampling (CDS) minimise
switching noise at output

METHOD #1
N

NG ouTPUT

-+

SHA 1
CcCD
OuTPUT - RESET CLOCK
|
VIDEO CLOCK
SHA 2
SHA1
CcCcD
OuTPUT F‘TESETJ
Pt QLocK VIDEO

METHOD #2

b
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Ultra-fast ADC — optical ADC

« Electronic (pure) real-time analog-to digital conversion is limited to conversion
rates of few GS/s;
« Communication, image processing and radar applications require extremely
fast real time A/D conversion;
« A way out of this conversion bottleneck may be the use of photonic concepts
for A/D conversion;
Concept for ADC optical conversion:

» Photonic time stretching converter;

« Self-Electro-optic Effect Device based all-optical A/D conversion;

 Optical folding-flash converter;

» Optoelectronic thyristor based photonic smart comparator;
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Ultra-fast ADC — optical ADC (cont’d)

Absolute analog to digital conversion rate limits for a required SNR,

SNR bits

22 o o n. - - —— L W o m—
‘i__L\ - ~ Heisenm
20 { thermal :..;;‘; - aperture e — A rg_
- R R \h\ ‘
18 o ___EL"‘".‘_'-.-_ /7 | B » '1 N[ .

I [ ] ’ N Y .-‘-.‘J%. I 4 . \"\.
18- - '*-,\--'«'-A,:"‘- _.!_ ambugu:ty S -
14 ‘g °1 " 4 D T~ : -

. * e o 'o . \"
12 .._ . g ? * . < :' N M ——
10 — ¢ ADCdata ~ e sale ' it
; aperture (2 ps) J . L ) T
g | --—-apertwe(05ps) | SR Pl
. aperture (0.2 ps) IR | I
8 | - —— ambig.{fT=50GHz) S 1 B
4 |~ ambig(fT=280GHz) | o ] :ﬁ\_\{____
—-~- thermal (50 ohms) .
2 | - ———thermal (2000 0hms)— — = - ST - \\ \‘\\.\.
g [ s Heleenbergioste) | .. .. ... e e \\
1E+4 1E+5 1E+§ 1E+7 1E+8 1E+9 1E+10 1E+11

Sample Rate (Samples/s)
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Ultra-fast ADC — optical ADC

* Time-stretch ADC (TS-ADC) Digitizes a very wide bandwidth analog
signal by time-stretching the signal prior to digitization using a photonic
preprocessor.

BW=1, BW=f./n
Tl[IlE
—> Stretch —>

* Improvements:
- Effective sampling rate increased by M ;
« Effective Input bandwidth increased by M ;
» Reduce jitter noise ;
 Eliminates the need for samples interleaving ;
« Ideal for time-limited signals or fast time-varying signals ;
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= Ultra-fast ADC - optical ADC (cont’d)

« Schematic photonic preprocessor for time-stretching

« Each ADC see the slowed-down signal;

* Full Nyquist sampling by each ADC;
« By allowing for finite overlap between segments, mismatch error can be

estimated from the signal itself;

A N
Digitizer

A N

WDM

- A, . 4/\/\[\,
AN, w Digitizer

>
>

INSTHdd

Time/ wavelength
A
Al . __ "
4 <4 Digitizer
R ‘T’ < > Flash ADCs
Time Stretch 4T or TI-ADCs
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= Ultra-fast ADC — optical ADC (cont’d)

o Photonic Time Stretch System

g Input RF Stretched Signal

: Signa N~
Q
% '

Dispersion = BW chirp

: Dispersion —I
-A@ i L e

! 2
SC Optical Pulse  Chirped Optical Pulse m

Stretch Factor=1+ L,/ L,

Time Aperture = Dx AAXx L,
Baseband BW* = /1/(878,L,)
Time BW Product® = Af, /2Af,,
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Ultra-fast ADC — optical ADC (cont’d)
o Mismatches in TS-ADC Arrays

Tveg
27 & ko,
Offset S(a))—?kz:(:)Fkxé'(a)— ; )
. Mismatch i
Analog Signal . ,{ {Mlbm o) m):|>< . { Jzzk(zz—l)

L
Gain L-1
\/\/\/\/\/\/\/ Mismatch  S(w) =2T—7Z-ZF,< xXo(w— @, — kz)s)

s k=0
Clock 1 & ko
Skew S(@)=— > F x8(w-ay, - )
s k=—co

1[4 2om ] S (N 1)
F=— Eex —jo.r. T )exp(—j X Xexp| — j
k L|:m=0 p( .] 0'm s) p( .] M ):| ] 7Zk p .]
i

L=MxN: the period of distortion pattern
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Ultra-fast ADC — optical ADC (cont’d)
oMismatches in TS-ADC Arrays — Spectrum

Offset Error Gain Error or Clock Skew
Spurs at harmonics of Sidebands at multiples of
Siignat!(MXN) Jsignat/ (MXN) centered at f;,,
signal signal
spurs Jf/(MXN)
1 T it

FI'Cq fsignal Freq

szgnal szgnal

aOverlap between segments
Slight redundancy in sampling could Digitizer 1 (S : pyiic 5 (g0
(time overlaping) significantly improve ) - Digitizer 2 (52) |

the ADC performance; /\/\/\/\/\/\/

>

Overlap
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Ultra-fast ADC — optical ADC (cont’d)
*Time-stretch ADC (TS-ADC)

« ADC SFDR Improvements

e Conclusions:

RMSE SFDR RMSE SFDR

(before) | (before) (after) (after)

Offset 4% -36dBc 0.3% -58dBc

Gain 4% -36dBc 0.35% -57dBc

Clock | ¢4, 26dBc | 0.45% | -51dBc
Skew

* Signal is reconstructed based on segments, instead of the individual

samples;

* In each segment, the sampling is above the Nyquist sampling rate;

» Subject to the similar mismatch as the sample-interleaved counterpart;
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