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(OpAmps, A/D, D/A)
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mir  Introduction to Operational Amplifiers

DC Model

+ Rin a . V|d ROUt

Vid il;@—w— Vout

LM741 Pinout
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U The Inside of a 741 OpAmp M

Reprinted with

Current Source' Additional

provides large
drive current

oot | Differential P o Outout Stagei
gzngrzductor E i or DIas I N g a| N tag e E . i
Corporation. i InpUt Stage i I‘J LI I‘J E vt E

E 08 E I Q9 m:/i T ma; y E

' ! E NDutput deyices

1
1
3 Z1INVERTING
MON=INYERTING' -
Q1 0z ! RS
INPm:‘i {INPUT 2 0k

2
I

— C1
30 pF

s s

Bipolar version
has small mput

Bias current < I: . I\ |
i i !
MOS OpAnps .
o
' :l—v—Ell

> R9
325

.

& OUTFUT
ERI 0
30

have ~ 0 input
current ' a5

OFFSET NULL — 5_OFWSET

P R N R e ———

__________________________________________________________ QE00O34 1o - =

Gain is Sensitive to Operating Condltlon
(e.g., Device, Temperature, Power supply voltage, etc.)

Reprinted with permission of National Semiconductor Corporation.
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T Vee

Ay

Reasonable
approximation

CC

Simple Model for an OpAmp

-100pV

e 1 Voo = 10V

= Ve = -10V

Linear Mode

+ +

Vid aVid \{out

If -V < Vout < Vec

Negative Saturation

| +

CP-VCC Vput
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Vig

Vig<-¢&

Positive Saturation

| +

CPWCC Vout

+

Vid

Vig > €

Small input range for “Open” loop Configuration
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i The Power of (Negative) Feedback i

Rl RZ
V +
V- + out ) é)
X6 — * 0 W Qan W
. +
—T |
N4 N
VotV VotV _g o Vo vi:_vou{1+a+ 1}
R R, 4 g R, a |R R, R,
Vv R a R, ..
out _ __ 2 z——z(lf a>> 1)
v, (1+a)R, +R, R,

* Overall (closed loop) gain does not depend on open loop gain

* Trade gain for robustness

= Easier analysis approach: “virtual short circuit approach”
v, =v_=0if OpAmp is linear
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Basic OpAmp Circuits

Mir Mir
Voltage Follower (buffer) Non-inverting
s
Vm— + " — out
_ Vout " R,
L AAN
R] Rl + R2
Vout R, Vin
Vour = Vin
Differential Input
Integrator
R, “'p I
Vit 2 c
- out V. —
V., in ~VVV/ s
R R out
i + .
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e Use With Open Loop

Analog Comparator:

IsV+>V- ?
The Output is a DIGITAL signal

Analog Comparator: Analogto TTL
LM 311 Needs Pull-Up

LM311 is a single supply
comparator
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n;r  Data Conversion: Quantization Noise  ;r

A/D Conversion D/A Conversion
A
+— 3Vref //
5 171 [ a 4 | /_/_T
8 5 Vref // :
10 : SRR I A
> | P !
AU g Ty
o o Z - | |
00 | | = > 0 « ! B
0 fr o Zey, 00 01 10 11
Analog Input Binary code
digital
code
V, —» AID —— DIA
V )
+¥Y  Quantization noise
> noise )
LSB
m Quantization noise exists even with

ideal A/D and D/A converters > \/.

In

Vref Vref 3Vref
4 2 4 Vref
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Offset — a constant voltage offset that appears
at the output when the digital input is 0

Analog

A

Non-idealities in Data Conversion i

Offset
error

/
/

/

7/
/
/
/

/
/

Ideal

/

’
/

Binary code

Analog

Gain error — deviation of slope from ideal value

Binary code

Integral Nonlinearity — maximum deviation from Differential nonlinearity — the largest increment

the ideal analog output voltage

Analog

Integral

nonlinearity -~

Binary code
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in analog output for a 1-bit change
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@) Ideal :l
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Binary code
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e R-2R Ladder DAC Architecture e

R R R R
My A My | "er My \

R S SR SR OSRK SR SR "

N AV
?iff} t?it.'} i 31 Ri ‘
Vv Bit0  Bitl o .t ref
1 1 1
V{]]_lt 6 ref [B + EB6+ EB 5+ we + T3 128 ]

" Note that the driving point impedance (resistance) is the same
for each cell.

m R-2R Ladder achieves large current division ratios with only
two resistor values
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Ut DAC (AD 558) Specs 1 Hy

(LSB) DBo [1]* g 18] Vour

DB1 [2] [15] Vgut SENSE

pB2 [3] 14 Vour SELECT m 8-bit DAC

pe3[4] ADS558 [if enp _ _

el mﬁﬂﬂﬂ T3 oND m Single Supply Operation: 5V to 15V

Vi .
ﬁgz '_j %%:: = Integrates required references
= (bandgap voltage reference)
(MSB) DB7 [&] (9] cE
m Uses a R-2R resistor ladder
m Settling time 1us
Input Logic Coding
Digital Input Code Output Voltage . Programmable OUtPUt range from

Binary Hexadecimal | Decimal | 2.56 V Range |10.000 V Range OV to 2_56V or OV to 10V
0000 0000 00 0 0 0 . .
0000 0001 | 01 1 0.010'V 0.039 V m Simple Latch based interface
0000 0010 02 2 0.020V 0.078 V
00001111 OF 15 0.150V 0.586 V
0001 0000 10 16 0.160V 0.625V
01111111 7F 127 1.270V 4.961V
1000 0000 80 128 1.280V 5.000 V
1100 0000 Co 192 1.920V 7.500 V
11111111 | FF 255 2.55V 0.961V

Image courtesy of Analog Devices. Used with permission.
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e Chip Architecture and Interface e

—P LATCH —> Table I. AD558 Control Logic Truth Table
CONTROL  DIGITAL INPUT DATA (BUS) D[7:0]
INPUTS e
— S = @ ¢ @ @ L L Latch
onp Cs celsB® £ 8 @ @@ @ @NSB Ly (‘) (i) Input Data | CE CS DAC Data Condition
o 0 0 0 0 “Transparent”
CONTROL 1L LATCHES CE CS 1 0 0 1 “Transparent”
tocic liss| | | [ | | | 0 g 0 0 Latching
8-BIT VOLTAGE-SWITCHING 1 g 0 1 Latching
L D-TO-A CONVERTER Vour 0 0 g 0 T
AMP VourSENSE A 1 0 g 1 Latching
CITTR VourSELECT X 1 X Previous Data | Latched
REFERENCE X X | Previous Data | Latched
AD558 %7 GND
NOTES

X = Does not matter.
g = Logic Threshold at Positive-Going Transition.

—t [t
DATA = -l : l—_ﬂ 2.0V
INPUTS & tbs { | |
0.8V /) 4 - INPUT DATA _/—\ | /-\_/—
CS ORCE 2%V Outputs are noisy
0.8V— . . —
| rywp— when input bits settles, CE
_ - _ | _  soitis bestto have inputs
DAC 112w stable before latching &5 /
. |
v ouTRUT the input data l
|—— tseTTLING —-| DAC DATA |
tw = STORAGE PULSE WIDTH = 200ns MIN I I
thH = DATA HOLD TIME = 10ns MIN

ths = DATA SETUP TIME = 200ns MIN
L LR LSO AL Dl LR R A Figure 6. AD558 Control Logic Function

Image courtesy of Analog Devices. Used with permission.
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Setting the Voltage Range

7

Convert data to
Offset binary
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i Al Very similar to a

16} Vour 16}—>Vour non-inverting amp

15k Vout SENSE 15 jv(:T SENSE

13V Vour SELECT 1zl voursetect | Strap output for

T oo B9 onp different voltage

L L ranges
a. 0Vto 256V Output Range |b. 0 Vto 10 V Output Range
Input Logic Coding
Digital Input Code Output Voltage

Image courtesy of Analog Devices. Used with permission. Binary Hexadecimal | Decimal | 2.56 V Range |10.000 V Range

0000 0000
0000 0001
0000 0010
0000 1111
0001 0000
01111111
1000 0000
1100 0000
11111111

00
01
02
OF
10
7F
80
Co
FF

0

1

2
15
16
127
128
192
255

0
0.010V
0.020V
0.150V
0.160V
1.270 V
1.280 V
1.020V
255V

0

0.039 V
0.078 V
0.586 V
0.625 V
4961V
5.000 V
7.500V
9.961V
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lllir Another Approach: Binary-Weighted DAC Iilir

m Switch binary-weighted
currents

%" = MSB to LSB current ratio is 2N

V,, =—IR(b, +3b, + b +1b) s wumm ADO768

o
—o—©

REFERENCE
‘:E>mmpﬂ 250
REFERENCE AW
GENERATOR
ADS768

m Analog Devices AD9768
uses two banks of
ratioed currents R

MGITAL
GROUND

ANALDG
RETURN

12

14) T
13) Iy

m Additional current
division performed by
750 Q resistor between
the two banks

:" "‘
& .
. ~4-(37) COMPENSATION
. .
200 " 100 .'ED
* N

Fry) ey iy { i ey Py f)
Image courtesy of Analog Devices. Used with permission. _t':}a - U, o 3 2 (2) . ';EB \

Reference current source
L10: 6.111 Spring 2006 Introductory Digital Systems Laboratory 14



e Glitching and Thermometer D/A Ul

m Glitching is caused when
switching times in a D/A are not

synchronized Binary | Thermometer
= Example: Output changes from 0 0)]0 0 O

011 to 100 — MSB switch is o 1[0 o0 1

delayed 1 o lo 1 1
m Filtering reduces glitch but 1 111 1 1

increases the D/A settling time

m One sollution is a thezl'{lno[lneter R
code D/A - requires 2N — A
switches but no ratioed
currents >
V A — Vout
ottt 011100 v 4
N
> 1 = —IRT,+T,+T,)
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e Successive-Approximation A/D e

= D/A converters are typically compact and easier to design. Why not A/D convert
using a D/A converter and a comparator?

= D to A generates analog voltage which is compared to the input voltage
= If D to A voltage > input voltage then set that bit; otherwise, reset that bit
= This type of A to D takes a fixed amount of time proportional to the bit length

A
V o —4— t=0 t=1 t=2
Vin code ref |
-+ code = 100 | code = 010 | code =011 —|—> 010
\I/ D/A x_ | |
output | |
0.5Vref |

i
|
|
|
|
v, —r— — —|— —! —
!
i
|

\/

0 |
Comparator output
Comparator I T '| |
out 0 >

Example: 3-bit AID conversmn 2LSB<V, <3LSB
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i Successive-Approximation A/D i

., Data
DIA b . Successive
N Approximation
Converter Generator
L |- ‘ Done
Vin Sample/ . Control _
| Hold | Go

m Serial conversion takes a time equal to N(tp 5 + t.,)
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Successive-Approximation A/D

(AD670)

RW FORMAT BPOUPD

I_I[—II—ITII_I

=Wy HI E w .J
:E;:}—' CONTROL
- W LOW | 17 LOGIC s | sTATUS
o Wy HI Eﬁu
W LOW |18 ~
3 D7 IM3B]
E. B, | THREE | 8 .
(] wnonmanon [ St Y1
oac 7| AEGISTER T sureer | © Y1 e
1| DO IL58)
VOLTAGE
REFEREMNCE
ADBTO
[ B
POWER GND W
INPUT RANGE/
BPO/UPO FORMAT OUTPUT FORMAT
0 0 Unipolar/Straight Binary
1 0 Bipolar/Offset Binary
0 1 Unipolar/2s Complement
1 1 Bipolar/Zs Complement
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Unipolar (BPO =0)

ik

W + D *

1h

%
Sk

17

16

Keg

ADET0

2a. O Vo 255 V(10 mV/L5B)

Bipolar (BPO =1)

Wi =

1k
L Y.
—x} 9k
m
ik
v
Gk
16 —S—

ADGTO

Ja. £1.28V Range

Image courtesy of Analog Devices. Used with permission.
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Single Write, Single Read Operation

v (see data sheet for other modes)

R/W L
. Write
CE, CS Rand
Status e | t
tC ™ Dl \I
Data |{ Valid Data Valid )

t, (write/start pulse width) = 300ns (min)
tyc (delay to start conversion) = 700ns (max)
t. (conversion time) = 10us (max)

t-5 (Bus Access Time) = 250 (max)

tyr (Output Float Delay) = 150 (max)

= Control bits Eﬂ]d &E\ﬂ be wired to ground if A/D is the only chip driving the bus
= Suggestion: tie CE and CS pins together and hardwire BPO and Format
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Ut Slmple A/D Interface FSM i
clk cs_b cs
— CE
el e S RW  ADG70
sample status STATUS
/ Data[7:0]
| dataavail
/ QD
I
Status should be
synchronized: why?
Courtesy of James Oey and
Cemal AkCaba Figure by MIT OpenCourseWare.
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I"lii Example A/D Verilog Interface I"lii
module AD670 (clk, reset, sample, dataavalil, /] State declarations.
r_wbar, cs_bar, status, state); parameter IDLE = 0;

parameter CONVO =1,

Il System Clk parameter CONV1 = 2;

input clk; parameter CONV2 = 3;

I/l Global Reset signal, assume it is synchronized parameter WAITSTATUSHIGH = 4;
parameter WAITSTATUSLOW = 5;

input reset; parameter READDELAYO = 6;
parameter READDELAY1 =7,

/I User Interface parameter READCYCLE = 8;

input sample;

output dataavail; always @ (posedge clk or negedge reset)
begin

Il A-D Interface if ('reset) state <=IDLE;

input status; else state <=nextstate;

reg status_d1, status_d2;

output r_wbar, cs_bar; status_d1 <= status;

output [3:0] state; status_d2 <= status_d1;

Il internal state r_wbar <=r_wbar_int;

reg [3:0] state; cs_bar <=cs_bar _int;

reg [3:0] nextstate;

reg r_wbar_int, r_wbar; end

reg cs_bar_int, cs_bar;

reg dataavail,
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Example A/D Verilog Interface (cont.)

always @ (state or status_d2 or sample) begin
/I defaults
r wbar_int=1; cs _bar_int =1; dataavail = 0;

case (state)

IDLE: begin

iIf(sample) nextstate = CONVO;
else nextstate = IDLE;

end

CONVO:
begin
r wbar_int =0;
cs_bar_int=0;
nextstate = CONV1;
end

CONV1:
begin
r_wbar_int =0;
cs_bar _int=0;
nextstate = CONV?2;
end

CONV2:
begin
r wbar_int =0;
cs_bar_int=0;
nextstate = WAITSTATUSHIGH,;
end
WAITSTATUSHIGH:
begin
cs_bar _int=0;
if (status_d2) nextstate = WAITSTATUSLOW;

else nextstate = WAITSTATUSHIGH;
end

WAITSTATUSLOW:
begin
cs_bar_int=0;
if ('status_d2) nextstate = READDELAYQO;
else nextstate = WAITSTATUSLOW,;

end

L10: 6.111 Spring 2006
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Example A/D Verilog Interface(cont.)

READDELAYO:
begin
cs_bar_int=0;
nextstate = READDELAY1];
end

READDELAY1:
begin
cs_bar_int=0;
nextstate = READCYCLE;
end

READCYCLE:
begin
cs_bar_int = 0;
dataavail = 1;
nextstate = IDLE;
end

default: nextstate = IDLE;
endcase // case(state)

end // always @ (state or status_d2 or sample)

endmodule // adcInterface

L10: 6.111 Spring 2006
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Ut Simulation i

On reset, present state goesto O r_w_b must stay low for at least 3 cycles (@ 100ns period)

=+ wave - default Q@@

File Edt Yiew Insert Formab Tools  Window

ZHS JBEA %Eﬂéﬁ@é&%ﬂﬁé@é@@i@@é}
) ~  \\gigigig g gipigipipipip\\pipigiy

J|:,|:|1_ ade/reset e T e T

'::I 'it]j'_:ad'p ;
€ Mb_adc

Cusa 1| Us
* R ¥

101770 ps to 2198901 ps |

Sample pulse initiates
data conversion
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Ut Flash A/D Converter 1 Hy

V., V. = Brute-force A/D conversion
. > = Simultaneously compare the
C > analog value with every
> = possible reference value
o
R + > s —b, m Fastest method of A/D
_ > -p  conversion
o
R > = m Size scales exponentially
C = with precision
(requires 2N comparators)
R Comparators

N\

Can be implemented as OpAmp in open loop
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VRTS

VRT

VRE

VRBS

AVpp VIN

@

COARSE 4

-

FINE COMPARATORS
-

BANK A

- FINE COMPARATORS >
BANK B

SWITCH
MATRIX

|’ » COMPARATORS -

| LSB MULTIPLEXOR I
Y

CORRECTION LOGIC

3-STATE OUTPUT LATCHES

AD 775 - Flash Data Converter

SAMPLE N+2 —
SAMPLE N#1
SAMPLE N —'
— s
VIN W

CLK

— out x DATA N-3 x DATA N-2 x DATA N-1 DATAN
| CLOCK LOGIC | CE
®
AVss CLK DVss

Symbol Min Typ Max Units
Maximum Conversion Rate 20 35 MHz
Clock Period tr 50 ns
Clock High tew 25 ns
Clock Low try 25 ns
Output Delay ton 18 30 s
Pipeline Delay (Latency) 2.5 Clock Cycles
Sampling Delay tns 4 ns
Aperture Jitter 30 ps

L10: 6.111 Spring 2006

Image courtesy of Analog Devices. Used with permission.
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High Performance Converters:

i Use Pipelining and Parallelism!

Pipelining (used In video rate, RF basestations, etc.)

1-oit Anplifier 1t Anplifier
| sample AD DA |/ Sample/ AD DA

Hold TConverter Converter Hold TConverter Converter
-+

_|_

Parallelism (use many slower A/D’s In parallel to build very
nigh speed A/D converters)

e [ISSCC 2003],

Clock —

= B2 BH HH Al Poulton et. al.

I/A PUe SH/L 08
[T
[
1S DAV 08
[T
I
110AUOD) XIPEY 08
[
I
JewIrdd(J 9IS 08
I
[[onuo) WoN 8 |

NV IS LGN T

CMOS - H H HH“ HH :
Buffer Chip — H H — = — = M

SN]SO 2 el 8-bit ADC
from Agilent Labs

NE |
o |IHEHEIHEE BRE Al D ZOGsampIelseC,

l

Figure by MIT OpenCourseWare. Adapted from Poulten, Ken, et al. "A 20 GS/s 8b ADC with a 1IMB Memory in 0.18um CMOS."
IEEE International Solid-State Circuits Conference Paper 18.1, 2003.U
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v New Trend: Eliminate OpAmps! i
(Use Comparators, more digital...)

HASTA LA VISTA, OP AMP...YOU’VE BEEN

m Op amps must achieve high
open-loop gain and fast
settling time under
feedback.

m High gain becomes
increasingly difficult
achieve due to low device
gain.

m Solution: Comparator
based analog Design

m Dramatic power savings 4 \ %

possible /i

1 7 ‘f/ 1—‘ :_.?_.-;,_.Ilu* g 7
oy :
Courtesy of Prof. Harry Lee, ISSCC 2006. Used with permission.
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e Summary of Analog Blocks e

m Analog blocks are integral components of any
system. Need data converters (analog to digital
and digital to analog), analog processing
(OpAmps circuits, switched capacitors filters,
etc.), power converters (e.g., DC-DC
conversion), etc.

m We looked at example interfaces for A/D and
D/A converters

OMake sure you register critical signals (enables, R/W,
etc.)

m Analog design incorporate digital principles
OGlitch free operation using coding
OParallelism and Pipelining!
OMore advanced concepts such as calibration
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