EE247
Lecture 13

» Data Converters

— Data converter testing (continued)
* Dynamic tests
— Spectral testing (brief review)
— Relationship between: DNL & SNR, INL & SFDR
« Effective number of bits (ENOB)
» D/A converters: Various Architectures

— Resistor string DACs (Serial charge redistribution
DACs

— Charge scaling DACs
— R-2R type DACs
— Current based DACs
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Data Converter Testing
(So Far)

e Data Converters

— Static Tests:
* Measuring DNL & INL (continued)
— Servo-loop
— Code density testing (histogram testing)

— Dynamic tests:

— Spectral testing> Reveals ADC errors associated with
dynamic behavior i.e. ADC performance as a function of
frequency

* Direct Discrete Fourier Transform (DFT) based
measurements utilizing sinusoidal signals

+ DFT measurements including windowing
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Spectral Testing: DFT Considerations
Integer Cycles versus Windowing

« Sinusoidal input with integer number of cycles within the
observation window:

—Signal energy for a single sinusoid falls into single DFT bin
—Requires careful choice of £, :

» # of cycles > integer

* N/cycles = £, /f,, non-integer
—Ideal for simulations
—Measurements - need to lock f;

©, 1o f. (PLL)- not always possible
* Windowing
—No restrictions on f;, > no need to have the signal locked to
> Good for measurements w/o having the capability to lock 1, to /.

— Signal energy and its harmonics distributed over several DFT bins —
handle smeared-out harmonics with care!

—Requires more samples for a given accuracy

—Note that no windowing is equal to windowing with a rectangular
window!
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Relationship INL & SFDR/SNDR

ADC Transfer Curve
OUtpLIt A Output
Real +*
= L 4 INL Input
—
Quadratic shaped transfer function: Cubic shaped transfer function:
-> Gives rise to even order harmonics - Gives rise to odd order harmonics

EECS 247 Lecture 13: Data Converters- Testing & DAC Design © 2009 Page 4




Amplitude [dBFS ]

-120

Frequency Spectrum versus INL & DNL

N=131072 SNR=61.9dB SDR=57.7dB SNDR=53.5dB SFDR = 57.8dB % 0
—
0 » A=-0.0dBFS 5 \___/
&
20 _0.03| Good DNL and poor INL
suggests distortion
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Relationship INL & SFDR/SNDR

» Nature of harmonics depend on "shape" of
INL curve

* Rule of Thumb: SFDR = 20log(2B/INL)
— E.g. 1LSB INL, 10b-> SFDR=60dB

» Beware, this is of course only true under the
same conditions at which the INL was taken,
i.e. typically low input signal frequency
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SNR Degradation due to DNL

£(t)
+1LSB

:ll/‘ﬂ /| ‘MMAAA .
jvl/ /o WVVVVVL

-1LSB
P(e) .
[Source: lon Opris]

1/LSB

1 T
-1 LSB +1LSB

» Uniform quantization error pdf was assumed for ideal quantizer
over the range of: +/- A/2
+ Let's now add uniform DNL over +/- A/2 and repeat math...
— Joint pdf for two uniform pdfs = Triangular shape
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SNR Degradation due to DNL

» To find total noise > Integrate triangular pdf:

— +A 62 Az
=2 (1—e)de="=- = SNR=6.02- N —1.25 [dB]

0 A 6

_ _ 3dB
» Compare to ideal quantizer:

—  +A/2,2 A2 = SNR=6.02-N +1.76 [dB]

e” = J —de=—

At 12

—>Error associated with DNL reduces overall SNR
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SNR Degradation due to DNL

* More general case:
— Uniform quantization error £0.5A
— Uniform DNL error £ DNL [LSB]
— Convolution yields trapezoid shaped joint pdf
— Overall SQNR becomes:

2
1[2Va
2 2
SONR=——*
A~ DNL
12 3
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SNR Degradation due to DNL

* Degradation in dB:

1
_ _ § Valid only for cases where with
SONR _deg =1.76-10log 1 DNI2 @ no missing codes
—+
12 3
8
6
SNR
Degradation
[dB]
2
0
0 0.2 0.4 0.6 0.8 1
[IDNL| [LSB]
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Summary
INL & SFDR - DNL & SNR

INL & SFDR DNL & SNR
* Type of distortion depends on Assumptions:
"shape” of INL i« DNL pdf >uniform

* No missing codes
* Rule of Thumb:

N o)
SFDR = 20 log(25/INL) I(M]
; 2
SONR =— 5
— E.g. ILSBINL, 10b A DNE
> SFDR=60dB 12 3
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Uniform DNL?

N
A
o

N

o

o
T

# of occurrences
> o
o o

a
o

-05-04-03-02-01 0 0.1 02030405
DNL

» DNL distribution of 12-bit ADC test chip
* Not quite uniform...
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Effective Number of Bits (ENOB)

* |s a 12-bit converter with 68dB SNDR really a 12-bit
converter?

» Effective Number of Bits (ENOB)-> # of bits of an ideal
ADC with the same SQNR as the SNDR of the non-ideal
ADC

SNDR —1.76dB
6.02dB

ENOB =

_68-1.76
6.02
- > Above ADC is a 12bit ADC with ENOB=11bits

=11.0Bits
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ENOB

« At best, we get "ideal" ENOB only for
negligible thermal noise, DNL, INL

* Low noise design is costly = 4x penalty in
power per extra(ENOB-) bit or 6dB extra
SNDR

* Rule of thumb for good performance /power
tradeoff: ENOB > N-2
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ENOB Survey

, o o AVerage difference = 1.43 bits
3 - °
T I
. ® - .
2 * s .
% .. L] * e * : ‘. .-
% 1+ o'.'. . LI .
] - FEd .
.. . L) . o .
é ° . «* o %ea .
o
o -1
2 ideal
a2
3|
4 " . »
1E+4 1E+6 1E+8 1E+10

Sample Rate (Samples/s)

R. H. Walden, "Analog-to-digital converter survey and analysis," IEEE J. on
Selected Areas in Communications, pp. 539-50, April 1999
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Converter Testing
Practical Aspects

* Equipment
requirements

+ Pitfalls
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Direct ADC-DAC Test

Device Under Test (DUT)

Signal | Vi Vout  |Spectrum
Generator] /\/ ADC bAC /\/ Analyzer
Clock
Generator

* Need a very good DAC (be ware of sinc droop of the DAC)
» Actually a good way to "get started"...
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Direct ADC-DAC Test

Device Under Test (DUT)

Bandpass, /

Signal oo Yo " apc DAC }NOtCh

Generator | | Lowpass Filter

Filter /\/

Clock Spectrum
Generator Analyzer

*Issues to beware of:
— Linearity of the signal generator output has to be much better than ADC linearity
— Spectrum analyzer nonlinearities

- May need to build/purchase filters to address one or both above
problems

— Clock generator signal jitter
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Example: State-Of-The-Art ADC (2001)

0.35micron technology & 3V Supply

Resolution 14 bits [W. Yang et al., "A 3-V 340-mW
Conversion Rate 75 MSPS 14_1-b 75-Msample/s CMOS ADC
Input Range 2V, differential with 85-dB SFDR at Nyquist

- input," IEEE J. of Solid-State
SNR @ Nyquist 73dB Circuits, Dec. 2001]

—) SFDR @ Nyquist 88 dB

DNL 06LSB
INL 20LSB

» Testing a high performance converter may be just as
challenging as designing it!

» Key to success is to be aware of test setup and
equipment limitations
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Example: ADC Spectral Tests
95

90 _k’\\‘—\ SIFDK
85 A L.

Y

m 80 \/’\

] SDR AW
70 L 4 '—N’
65 SNR
60 T T T T T

0 20 40 60 80 100 120
Frequency (MHz)

|+ SFDR (dB) * THD (-dB) - SNR (dB)|

Ref: W. Yang et al., "A 3-V 340-mW 14-b 75-Msample/s CMOS ADC with 85-dB SFDR
at Nyquist input," IEEE J. of Solid-State Circuits, Dec. 2001
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Signal Source

 Typical $40k signal source spec.s:

e f=100kHz...3GHz
» Harmonic distortion
(’>1MHz): -30dBc !

» Still need a filter to
elliminate harmonic
distortion!
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Filtering Out Harmonics

BP Filter
Amplitude

L S S

o f 2f 3f 4f .. f

n n

» Given HD=-30dBc, we need a stopband
rejection > 65dB to get SFDR>95dB
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Available Filters

Elliptical Function Bandpass Filters 1kHz to 20MHz

, or
Stopband to Passband Bandwidth Ratios
Series Number BWR “Stopband Attenuation
Q34 4.0:1 -40dBc
Q40 4.0:1 -40dBc
Q36 10.0:1 -60dBc
Q54 2.5:1 -40dBc
Q70 3.5:1 -60dBc
Q56 3.5:1 -60dBc
» Fixed frequency filters!
* Want to test at many frequencies > Need to have many
different filters!
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[unable Filter
K&L Model Frequency Range |Passband Insertion Loss|  Length Width Height
(MHz) Inch/mm Inch/mm Inch/mm
5BT-30/76-5-N/N 30-76 1.3 dB Max 9.80/249 5.38/137 2.75/50
5BT-63/125-5-N/N 63-125 1.3 dB Max 9.80/249 5.38/137 2.75/50
5BT-125/250-5-N/N 125-250 1.3 dB Max 9.80/249 5.38/137 2.75/50
5BT-250/500-5-N/N 250-500 1.0 dB Max 9.80/249 5.38/137 2.75/50
5B1-375/750-5-N/N 375-750 1.0 dB Max 9.80/249 5.38/137 2.75/50
5BT-500/1000-5-N/N 500-1000 1.0 dB Max 9.80/249 5.38/137 2.75/50
5BT-750/1500-5-N/N 750-1500 1.0 dB Max 9.80/249 5.38/137 2.75/50
5BT-1000/2000-5-N/N 1000-2000 1.0 dB Max 7.38/187 2.88/73 2.75/50
5BT-1200/2600-5-N/N 1200-2600 1.0 dB Max 7.38/187 2.88/73 2.75/50

EECS 247 Lecture 13: Data Converters- Testing & DAC Design © 2009 Page 24




Filter Distortion

also introduce distortion

Beware: The filters themselves could

Distortion is usually not specified, need
to contact manufacturer directly!

Often guaranteed: HD<-85dBc,
Don't trust your filters blindly...
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Filtering Input to Spectrum Analyzer

Prevent Signal Distortion Incurred by Spec. Analyzer

:-:Notch (Band Reject) Filter

DAC
Output Signal
Amplitude : * * *
0 f, 2f, 3f 4f, Cf
Spectrum
Analyzer
Input
Signal
Amplitude 4 * * * .
0 f 2f. 3f,  4f f
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Clock Generator

* The clock signal controls sampling instants — which
we assumed to be precisely equi-distant in time
(period T)

 Typically, clock signal generators output signal have
some level of variability in T called:
— "Aperture Uncertainty" or "Aperture Jitter "

+ Variability in T causes loss of performance in Data
Converters

* How much Jitter can be tolerated? (later)
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D-to-A Converter Design
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D/A Converter Transfer Characteristics

* An ideal digital-to-
analog converter:
— Accepts digital inputs
b]'bn
— Produces either an
analog output voltage

V orl

o o

or current Nomenclature:
— Assumption N=itof bits
« Uniform, binary digital Vis= full scale output
encoding A=min. step size— ILSB
* Unipolar output A:@
ranging from 0 to V. N

1% .
or N=log, 5 resolution
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D/A Converters

» Various D/A architecture
— Resistor string DAC
— Charge Redistribution DAC
— Current source type

» Static performance
— Limited by component matching
— Architectures
* Unit element
* Binary weighted
» Segmented
— Performance improvement via dynamic element matching

* Dynamic performance
— Limited by timing errors causing glitches
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D/A Converters

» Comprises voltage or charge or
current based elements

« Examples for above three categories:
— Resistor string = voltage
— Charge redistribution = charge
— Current source type = current
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Resistor String DAC

Voltage based:

* A B-bit DAC requires:

2B resistors in series

* All resistors equal

- Generates 28
equally spaced
voltages ready to be
chosen based on the
digital input word

LsSB

MSB

|

d @
' h

Vref
d d& d q

R ¥ Lo

b3 : ! :
R 4‘- 1 1 : :
R ¢ ' 1 .
R &4 : 1 _:_L

i
R% [ -
R: I 1 { :

3 1

.> 1 ] :
RT ¢ i

3-Bit Resistor String DAC
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Example:

* Input code:
[d2 d1 dO]=101

>V, =5V, /8
* Assuming switch
resistance << R:

7.

settling

- (3R||I5R) x C
~0.23 x 8RC

R-String DAC

Example
LSB
Vref
d & d
7V,/8 pandaal !
T ‘,t
6V,/8 L1
B3 1 !
5V,y/8 \? : i
,,/8 _i_\lL !
> 1
B3 1 !
3V,y/8 ro-eaad \i

20,8 F——

Vref/8 E:—I—I- i—.—.—l—l

R Y R S 1|

out

5v.,./8
C

ref
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+ Advantages:

— Takes full advantage of availability V,ef
of almost perfect switches in MOS

technologies

— Simple, fast for <8-10bits +

— Inherently monotonic

— Compatible with purely digital I

technologies

+ Disadvantages:

— 2B resistors & ~2x2B switches for B
bits > High element count & large

area for B >10bits

— High settling time for high resolution

DACs:

Ret. Tmax = 025X 2°RC

R-String DAC

M. Pelgrom, “A 10-b 50-MHz CMOS D/A Converter with 75-W Buffer,” JSSC, Dec. 1990, pp. 1347

EECS 247 Lecture 13:

Data Converters- Testing & DAC Design

© 2009 Page 34




R-String DAC

*Choice of resistor value:
—Since maximum output settling
time:
Tnax ~ 025 x 22 RC

—Choice of resistor value directly
affects DAC maximum
operating speed

—Power dissipation: function of
V,7/ (Rx25)

- Tradeoff between speed
and power dissipation

LsSB
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R-String DAC

* Resistor type:

— Choice of resistive material
important

— Diffusion type R = high temp.
co. & voltage co.

» Results in poor INL/DNL

— Better choice is poly resistor
beware of poly R 1/f noise

— At times, for high-frequency &
high performance DACs, metal
R (beware of high temp. co.) or
thin film R is used

Vref
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R-String DAC
Layout Considerations

» Number of resistor segments > 25
—E.g. 10-bit R-string DAC 1024 resistors

.- D===E-Twee[

* Low INL/DNL dictates good R matching

 Layout quite a challenge

—Good matching mandates all R segments
either vertical or horizontal - not both

—Matching of metal interconnect and contacts
—Need to fold the string

« Difficult to match corner segments to rest

*» Could result in large INL/DNL

R-String Layout

com®'
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R-String DAC
Including Interpolation

V

Resistor string DAC + Resistor string ref
interpolator increases resolution w/o drastic

increase in complexity

e.g. 10bit DAC-> (5bit +5bit> 2x25=26# of

Rs) instead of direct 10bit>210

Da— Vaut

Considerations:

U Main R-string loaded by the interpolation
string resistors

QLarge R values for interpolating string>
less loading but lower speed

U Can use buffers
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R-String DAC
Including Interpolation
V

ref
Use buffers to prevent \—5—;\~ﬁ
loading of the main N ——
ladder ] N
U N
Issues: 2
N - -
-> Buffer DC offset | T~ |
- Effect of buffer z
) ] |~
bandwidth 2
. . . Mot |
limitations on Il
overall speed = 5——\—
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Charge Based: Serial Charge Redistribution DAC

VRer O———; Ij_
s3 s1 r -
N % =
o T° % E;

Nominally C,=C,

» Operation based on redistribution of charge associated with C1 &
C2 to perform accurate division by factor of 2
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Charge Based: Serial Charge Redistribution DAC

Simplified Operation: Conversion Sequence
s2 T1 ! s T2
VREFO+ 1 : VREFO—-—;

l/ = =
8\3 f: s4 i S3 S1 s4
Cq — C> Vo i B c

) +
I ! va 1 Icz Vo

O =VegrxC & Q=0 OF+0l =08 +08 =(C+Co)7,

= O +0 =VrgrxC, VeerxCp=(Ci+Cy)Vy
: Vo =VrerX
E C] +C2
: Since C;=C, - V0=VREF
i 2
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Serial Charge Redistribution DAC
Simplified Operation (Cont'd)
T1 T2
82 s2
VREFO+ \L
Ij' VREF O— al
? f: rs4 s3 S1 I:-!_
Lt T35 °
Vf1 I Cy 1: C, VS Vf1 =—iC; I Cy VS

» Conversion sequence:
—Next cycle
» If 83 closed V,=0 then when S1 closes V=V, = Vg /4
* If S2 closed V,=Vger then when S1 closes Vi, =V, =Viep/2+V e /4

EECS 247 Lecture 13: Data Converters- Testing & DAC Design © 2009 Page 42




Serial Charge Redistribution DAC

. ; . s2
Conversion sequence: Vogr N
—Discharge C1 & C2-> S3& S4 . . [+
closed N N s
—For each bit in succession d o ke - . V+
beginning with LSB, b,: o1 T o
* S1open-if b=1C1
precharge to Vigg if b=0 VL = My
discharged to GND olD) = 5 Vrer
* S2 & S3 & S4 open- S1 1 by
closed- Charge sharing Yol2) = i(bN“ * T)VREF
C1&C2 .
- Y of precharge on )
C1 +% of charge N b,
previously stored on Yol = [Z ;JVREF
C2> C2 =
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Serial Charge Redistribution DAC
Example: Input Code 101
Vet ‘_.&'SB MSB Vo
by b, by
Vrer VRer OUTPUT
VALID
V4
VRer Vrer g 'ner
2 T2
t S e o b S e ok ¢
1 2 3 1 2 3

» Example input code 101> output (4/8 +0/8 +1/8 )V =5/8 Ve
* Very small area

» For an N-bit DAC, N redistribution cycles for one full analog output
generation > quite slow
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Parallel Charge Scaling DAC

* DAC operation based on capacitive voltage division

_L —T_ i - Vout
Cy Cx C Cx

;[ T l Vout:Cx+Cy+C Vref
4“1—. Vre/.

- Make Cx & Cy function of incoming DAC digital word
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Parallel Charge Scaling DAC

reset

! ! ! Vout
20-1) C J—SC J‘4C J‘2C ‘LC %C
[i (msb) ? "rj E "rz J ‘r, Er” (ist)

- Vref

B-1

* E.g. “Binary weighted” S b2ic
Vou = =0 I/re
* B+1 capacitors & switches T 2BC 4

(Cs built of unit elements
- 2B units of C)
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Charge Scaling DAC
Example: 4Bit DAC- Input Code 1011

1- Reset phase 2- Charge phase
reset Vout . ) ) ) Vout
J‘ 8C J‘ 4C J‘ 2C ‘L C f C
j b, (1sb) 1|1 ‘ L Ly
' ' ' Rz
y o _2c+2ic+ye, 11,
N AT
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Charge Scaling DAC

J_—] recet I -
J_ J_ Vout

2(Bz)c ‘8C 4 20 FC JI—C
E o fr Jf E(J’ gf w20

“o2c+c,

Vref

+ Sensitive to parasitic capacitor @ output
—If C, constant - gain error
—If C, voltage dependant > DAC nonlinearity
* Large area of caps for high DAC resolution (10bit DAC ratio
1:512)
» Monotonicity depends on element matching (more later)
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Parasitic Insensitive
Charge Scaling DAC
I 1 9

- reset =C, -
‘%ﬂ)c J-SC J‘4C J‘-zc J‘C )
" Vout
E ﬁ] (msb) E r J r g r, J by (Isb) L

Vref
B=1 i
_Zobi2 c 5 ZObZ
Voutz_l_inef . C=2°C —>Vout__l B Vief

» Opamp helps eliminate the parasitic capacitor effect by producing virtual
ground at the sensitive node since C, has zero volts at start & end

— Issue: opamp offset & speed- also double capacitor area
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Charge Scaling DAC
Incorporating Offset Compensation

reset
733 Vos
2('? 2xe 8C —L4C 2C J— reset
f [ ff E ff

Vref
» During reset phase:
— Opamp disconnected from capacitor array via switch S3
— Opamp connected in unity-gain configuration (S1)
— C,; Bottom plate connected to ground (S2)
Vaut~_ V Ed VC1: -V,

* This effectlvely compensates for offset during normal phase
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Charge Scaling DAC
Utilizing Split Array

-[,
(Lreset 8/7C
. . . [l .
i +
CJT o = s LC Lo J‘4C -
= ., 5 3 . . 3 - Vout
ro .."b/ F? zbs T«a r»
‘ ‘ ; ) ) Vref
ZallLSB array C
Cyeries =—C
Zall MSBarrayC

» Split array-> reduce the total area of the capacitors required for high
resolution DACs

— E.g. 10bit regular binary array requires 1024 unit Cs while split array
(5&5) needs 64 unit Cs

— Issue: Sensitive to parasitic capacitor
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Charge Scaling DAC

» Advantages:
— Low power dissipation = capacitor array does not dissipate DC power
— Output is sample and held - no need for additional S/H
— INL function of capacitor ratio
— Possible to trim or calibrate for improved INL
— Offset cancellation almost for free

* Disadvantages:

— Process needs to include good capacitive material > not
compatible with standard digital process

— Requires large capacitor ratios
— Not inherently monotonic (more later)
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Segmented DAC
Resistor Ladder (MSB) & Binary Weighted Charge Scaling (LSB)

* Example: 12bit

DAC Vaer [ ]
— 6-bit MSB DAC~>
R- string = reset
- 6-bit LSB DAC > L Vo
binary weighted J_j'z c _LMC J§C lac JZC J_C _I_Cﬂo
charge scaling .

+ Component count by b, fbs Sy b D
much lower i | | | | | |
compared to full R-
string — e-bit

— Full R string> bin;w weighted

4096 resistors
— Segmented > 64  6bit
R+7Cs (64 unit resistor |

charge redistribution DAC

caps) ladder ~ Switch
Network
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Current Based DACs
R-2R Ladder Type

* R-2R DAC basics:

R
- S.irT.\pIe R network ‘N\Af 7 31/2
divides both voltage |, — 1 v
& current by 2 T 2R 2R %

Increase # of bits by replicating circuit
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R-2R Ladder DAC

)

out

B335

Emitter-follower added to convert to high output impedance current
sources
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R-2R Ladder DAC

How Does it Work?
Consider a simple 3bit R-2R DAC:
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R-2R Ladder DAC
How Does it Work?

Simple 3bit DAC:

1- Consolidate first two%
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R-2R Ladder DAC
How Does it Work?
Simple 3bit DAC-

2- Consolidate next two stages:

I I 1
— _Total _Total _'Total
13—12+11+1T—>13— ,12— ,11—

2 4
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R-2R Ladder DAC

How Does it Work?
Consider a simple 3bit R-2R DAC:

VB r 4AWI” ﬁ:m’r

Ve W ww

In most cases need to convert output current to voltage

Ref: B. Razavi, “Data Conversion System Design”, IEEE Press, 1995, page 84-87
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R-2R Ladder DAC

RTotal
A

Trans-resistance amplifier added to:
- Convert current to voltage
- Generate virtual ground @ current summing node so that output
impedance of current sources do not cause error
- Issue: error due to opamp offset
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R-2R Ladder DAC
Opamp Offset Issue

out _ysin R
Vos =Vos (1+RT0talj

If Rrotar=large,

out in
= Vos =Vos

If Rrotal=not large

N V(&ut _ V,ﬁ? I+ z R Offset
Total Model
Problem:
Since RTotq) is code dependant
—>V,%” would be code dependant
— Gives rise to INL & DNL
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R-2R Ladder
Summary

« Advantages:
— Resistor ratios only x2
— Does not require precision capacitors

» Disadvantages:

— Total device emitter area > A4,ix 25
-> Not practical for high resolution DACs

— INL/DNL error due to amplifier offset
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Current based DAC
Unit Element Current Source DAC

 “Unit elements” or thermometer
 2B-1 current sources & switches
« Suited for both MOS and BJT technologies
* Monotonicity does not depend on element matching and is guaranteed
+ Output resistance of current source - gain error
— Cascode type current sources higher output resistance - less gain

error
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Current Source DAC
Unit Element
+ Vout
—\ S N
o ®, ©, oI,
L iiisunmnnnnnnns

» Output resistance of current source - gain error problem
- Use transresistance amplifier
- Current source output held @ virtual ground
- Error due to current source output resistance eliminated
- New issues: offset & speed of the amplifier
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Current Source DAC

Binary Weighted
2 R
()28'] Iref C) 4 I,~q[ ()2Iref C) [chf

* “Binary weighted”

« B current sources & switches (28-1 unit current sources but less
# of switches)

+ Monotonicity depends on element matching - not guaranteed
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Static DAC Errors -INL / DNL

Static DAC errors mainly due to component mismatch
— Systematic errors
* Contact resistance
 Edge effects in capacitor arrays
* Process gradients
* Finite current source output resistance
—Random variations
* Lithography etc...
* Often Gaussian distribution (central limit theorem)

*Ref: C. Conroy et al, “Statistical Design Techniques for D/A Converters,” JSSC
Aug. 1989, pp. 1118-28.
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Current Source DAC
DNL/INL Due to Element Mismatch

e W W W W S [t
Oy @1, L, ® @ cm,.dlz,ef
1

LAl I, +AI

Vout

+ Simplified example:
— 3-bit DAC
— Assume only two of the current sources mismatched (# 4 & #5)
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Current Source DAC
DNL/INL Due to Element Mismatch

segment[/m]—V[LSB]

DNL[m] =
VILSB] 7IrefR_
DNL[4]=segment[4]—V[LSB] 6 m
V[LSB] s
_(I-AI)R-IR
T 4 _
’DNL[4]=—AI/I[LSB]‘ 3 _
DNL[5]:(I+AI)R—IR 2 N R
IR VR N vt N N N U
R . R e .
’DNL[5] =AI/I[LSB]‘ " /# P11 11 iDigital
s ! ' ! | ! ! ! Input

’—)INL,,W:—AI/I[LSB]‘ 0 “— ———
000 001 010 011 100 101 110 111
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