L12: Analog Building Blocks
(OpAmps, A/D, D/A)
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Introduction to Operational Amplifiers w

DC Model = Typically very high input
resistance ~ 300KQ

. _ L

+ R, AT, R, m High DC gain (~10°)

Vg[S € VWA Vg, = Output resistance ~75Q
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The Inside of a 741 OpAmp
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(e.g., Device, Temperature, Power Supply Voltage, etc.).
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\ _VCC

Reasonable
approximation

Simple Model for an OpAmp

i

Voyt 1 Ve = 10V
-100uV
: Vig
€ = 100pV
-10V

Linear Mode

+ +
Vi d AVid \_/out

- M <Vou < Vee

Negative Saturation

+ +

<JD'VCC Vout

Vig

Vig<- €

Positive Saturation

+ +
Vig CD-'_VCC V_out

Vig > €

Small input range for “Open” loo
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The Power of Feedback w

N N
VotV VetV g = Ve vm:_vo{1+A+1}
R R A R AR RR
RA
= araRer R AT

» Overall (closed loop) gain does not depend on open loop gain.
* Trade gain for robustness.
» Easier analysis approach: “virtual short circuit approach”

»v, =V =0Iif OpAmp is linear
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W Basic OpAmp Circuits N
Follower Non-inverting
Vin T
Vm— + _ 1 Vout
_ Vout R
Vout = Vin Vour = P’“+R2 Vi,
Differential | nput

ANAN— | ntegrator
Vinl J\/R&V — Rz |

- V R c

out \/I _
\/in2 lj_ / n J\A/\/_‘"P>— Vout
( ou ~

V., = V)

vV = R
out Ry in2
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W Use With Open Loop & Positive Feedback w

Analog Comparator: Schmitt Trigger:

IsVH >V 2 | Squares up signals
The Output isa DIGITAL signal.

Theexternal pull presstor is often

forgotten. o
Op Amp as Schmitt Trigger:
Analog Comparator: Analogto TTL

LM 311 Needs Pull-Up
v,
V., —— ‘T’ $ 1]
¥ ln —
out + out
vo-t—. g

LM311lisasingle supply
compar ator.

Output has hysteresis out
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W Data Conversion: Quantization Noise

i
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A/D Conversion D/A Conversion
A
T — e ad
8 5 Vref // :
8 10~ | Cc)n 2 [ ) _/;T |
g0l | g el
E | | < // : : :
00 — > e A R R
0 Y X 2oy, 00 01 10 11
Analog Input Binary code
digital
code
Vi,— 1 AID — D/A Tv
V..
*t¥  Quantization oIS
_’< > * noise | _
LB
m Quantization noise exists even with
ideal A/D and D/A converters. v " Vin




No#r

i

Offset — a constant voltage offset that appears
at the output when the digital inputis O

A
-
//
S Offset 7/
T error /7
c //
< 7 ldeal
//
/
//
/
-
Binary code

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

the ideal analog output voltage

Integral
nonlinearity -~

Analog

Binary code
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idealities In Data Conversion
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Gain error — deviation of slope from ideal value
of 1

Analog
o)
S
AN

Binary code

in analog output for ad htchange
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W R ZRLadder DAC Architecture W
R R R R
Vv Vi VY | wee VY vnut
R S SR SR OSK SR SR
s 4
‘?io ‘?io 27 oee _E?if
v Bit0  Bitl " han e
1 1 1
Yout == G V ref [B + EB6+ ZB5+ e + — 128 ]

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

m R ZARLadder achieves large current division ratios with only
two resistor values.
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(LsB) DBo [1]*

(MSB)

DAC (AD 558) Specs- Used in Lab 3

4] Vout SELECT

~/ 18] Vour
DBE1 [2] [15] Vout SENSE
pe2 [3]
pea[4] ADS558 [13] ano
pe4 [5] TOPVIEW 91 gnp

(Mot to Scale)

DB5 [& [11] *Vec

DB& [7 10] s

BT [&] 8] cE
wling

Input Logic Gk

Dhigital Input Code

Dutput Vaoltage

Binary Hexadecimal  Decimal | 2.56 ¥ Range | 10,000 ¥ Range
P NI s 1 '] {1

I ik il ] (. i W TMETRY

QOO0 B0 2 L0200 Y 0,078 Y

G 1111 aF 15 0.150 Y 0.3%6 Y

GO0 o0 1 I 0160 Y {0.625 Y

O10E 1111 TE 124 1.270 ¥ 4961V

[ D00 M0 B 128 1.280 W 5.000 ¥

1 100 i 103 1.020 % T.5M W

1R 1111 FF 255 . 255V Oga] Y

i

8 DAC
Single Supply Operation: 5V to 15V

Integrates required references
(bandgap voltage reference)

Uses a R Rresistor ladder
Settling time 1us

Programmable output range from
OV to 2.56V or OV to 10V

Simple latch based interface
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CONTROL
INFUTS

DIGITAL INFUT DATA [BUSZ)

Emm | 1L LATCHES
Cosic el T [ [ | ]

E-BIT VOLTAGE-SWITCHMG
B-To-& CONVERTER

REFERENCE

v

—ndf =Ty g

OMTH —_\ﬁlr nj-_ 2.0
INPUTS tns -

0BV —/ i —

|

5 OR CE oy

b.av—

! LT .

DAC 12 LER
W OUTPUT

|-—|s|:1'r1m'-—-l

tw = STORAGE PULSE WIDTH = 200ns MIN

111" = [DATE& HOLD TIME =10ns MIN

ins = DATA SETUP TIME = 200ns MIN

taerrLing = DAC QUTPUT SETTLING TIME TO 1172 LSB

— >
D[7:0] LATCH
CE cs

"Iﬂ"J T

Wy BENEE &
¥oySELEET

GHO

Outputs are noisy

when input bits settle,
so it is best to have inputs
stable before latching

the input data.

Chip Architecture and Interface

Table I. ADA55 Control Logic Truth Table

N (. Latch
Input Data | CE CS DAC Data Condition
il i i i *Transparent”
l i i 1 “Transparent”
il g i i Latching
l g 0 | Latching
i 0 g i Latching
1 i g 1 Larching
X I bt Previous Data | Latched
x X 1 Previous Data | Larched
MOTES
X = Dogs pot macter
q = Logie Thresheld ar Posiive-Gaodng Transition
|
INPFUT DATA I

(=3

DG DATA r "1'|

Figure 6. AD558 Control Logic Function
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Setting the Voltage Range

OUTPUT
AMP

16

14

13 vGHD

e

Vour

Vgyr SENSE

Vgyr SELECT

a. 0 Vto 256V Output Range

15" Vqyr SENSE
14k Vgut SELECT
13

Y

b. 0 Vto 10 V Output Range

Dhigital Input Code

Input Logic Coding

Cutput Voltage

1.56 V Range

Binary Hexadecimal 10,000 ¥V Range
OO0 0000 1] 0 0 0

OO0 0001 il | 0010 Y 0.03a Y

QOO0 00140 02 2 0.020¥ 0078 Y

0000 1111 0OF 15 0.150V 0.586 V

(00T Q000 10 16 0160V 0625V
1111111 iF 127 1.270V 4961V

1000 0000 S0 128 1.280 W 5.000 %

1100 Q000 0 192 1.920W 7.500 W
11111111 FF 235 253V 0061 Y
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Very similar toa
non-inverting amp

Strap output for
different voltage
ranges




ratioed currents.

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

W Another Approach: Binary \Wighted DAC w

R
m Switch binary waghted
currents
V .
' m MSB to LSB current ratio is 2N.
v, =—IR[, +1b, +ib +1h,) | e s AD9768
? _\hﬁ}_ HEFERENCE
= Analog Devices AD9768 | e -

uses two banks of | ) ANALOG

RETLRN

14) Ta

MIGITAL
GROUND

lﬁj‘b |
G

W o
EEREE

fa Py fi n! L 3%
- O—0—O—O0—O0—00—0
LSH -
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Glitching and Thermometer D/A W

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

synchronized. Binary | Thermometer
m Example: Output changes from c 0]0 0 0
011 to 100 — MSB switch is o 1]0 0 1
delayed. 1 o lo 1 1
m Filtering reduces glitch but 1 1|1 1 1

Increases the D/A settling time.

m One solution is athermometer
code D/A —requires 2N—-1 R
switches but no ratioed
currents.

Vo 011 - 100

out

> 1

Vo = IR, +T, +T,)
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Vi n code

L
D/A

Comparator
out

A

t=0

| ZL:]

Successive Aproximation A/D

= D/A convertersaretypically compact and easier to design. A successive
approximation A/D usesa D/A converter and a compar ator.

» D to A generates analog voltage which is compared to theinput voltage.
= |f D to A voltage > input voltage, then set that bit; otherwise, reset that bit.
» Thistypeof A to D takesa fixed amount of time proportional to the bit length.

010

'

Comparator output

0
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W Successive Aproximation A/D w
. Data
DIA | . Successive-
N Approximation
Converter T
L 5| - ‘ Done
Vin Sample/ . Control |
Hold | Go

m Serial conversion takes a time equal to N(tps + teomp)-
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Successive

(AD670) —Used In Lab 3

CE RW FORMAT BPOUPD
- W, Hi E vo J
:g}_’ CONTROL ]
-V LOW |17 LOGIC s | sTaTUS
Wy HI E v
£ LOW |18 BUFFER
8 | D7 IM3B]
8 ] ] THREE | & .
C— 7 o g
_ N—— 71 REGISTER T wureer |7 Y] e
Ak I‘ D0 IL58]
o VOLTAGE
RAEFERENCE
ADBTO
[ B
POWER GND Vg
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/2s Complement

m 10us conversion time

Aproximation A/D

i

m We will use the Unipolar
configuration: Pin 11 should

be low.
19
Vin+ 0O I 18
0to +255v 17

;

16

1k AD670

Za. 0V to 265 V(10 mV/LSB)

19

18

0to +255mV

17

16

1k ADGB70

9k

Zb. 0 mVto 266 mV (1 mV/LSB)
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»

Single Write, Single Read Operation
(see data sheet for other modes)

i

RIW w |
’ Write |
CE,CS Read /j/
Status tnc -
L \tTD
Data < Valid

Data Valid J

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

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

t-5 (Output Float Delay) = 150 (max)

= Control bits CE and CS can bewired to ground if A/D isthe only chip driving the bus.
» Good ideato read theresult of the last conversion and compute while waiting for the
current conversion to finish (dueto thelong conversion time).
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W Simple A/D Interface FSM

clk cs b CS
— CE
reset r w b —
, RW  AD670
| R status
sample STATUS
—_—
/ Data[7:0]
| dataavail -
i P _J:.. read
r..e e l.{ﬂala],m e mea
< / ) eyda / bl 7 read
) / Q D sample . M i.{lil 0,
,f” o ] h_"ﬁa
/\ i |"; :I W status
oo ldle -
‘ L | g f},m{ ““\,"
|-I|_ | status | | status
[ -
nmpln) "“%E:i"".! S
! nnnuuﬁl / RANI
Note: status should be < (s Y™
A | Y
. . o % .--__..' \
synchronized: why? NS P
[ﬁmnu'l | T “ ./ status
_ “—-lhnnnuﬂ
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Exam

-- VHDL codefor a/d interface
library ieee;

useieee.std logic_1164.all;
useieee.std logic_unsigned.all;

entity adinterfaceis port(

clk - in std_logic;

-- User Interface
sample - in std_logic;
dataavail : out std _logic;

-- A/D Interface

r wb : out std_logic;

cs b - out std_logic;

status - instd_logic;
-- reset

reset : in std_logic);
end adinterface;

ar chitecture adar ch of adinterfaceis
signal statussync : std_logic;
signal rwinternal : std_logic;
signal csinternal : std_logic;

ple A/D VHDL Interface
courtesy J. Oe

signal present_state : std_logic_vector (3 downto 0);
signal next_state : std_logic_vector (3 downto 0);

constant idle : std_logic_vector (3 downto 0) :=" 0000";

constant convO : std_logic_vector (3 downto 0) :=" 0001";
constant convl : std_logic_vector (3 downto 0) :=" 0010";
constant conv2 : std_logic_vector (3 downto 0) :="0011";

constant waitstatushigh : std_logic_vector (3 downto 0) :=
"0100";

constant waitstatuslow : std_logic vector (3 downto 0) :="0101";
constant readdelay0 : std_logic_vector (3 downto 0) := " 0110";
constant readdelayl : std _logic vector (3 downto 0) :="0111";
constant readcycle : std_logic_vector (3 downto 0) :="1000" ;

begin

clocked: process(clk)
begin
if rising_edge(clk) then
if (reset ='1") then
present_state <=idle
else
present_state <= next_state;
end if;
-- synchronizing inputs and outputs
statussync <= status;
rwb <=rwinternal;
cs b <=cgnternal;
end if;
end process,
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statecomb: process(present_state, sample, statussync)

begin
case present_stateis

when idle =>
rwinternal <='1";
csinternal <="'1";
dataavail <='0";
if sample="1" then

next_state <= convo;
else
next_state<=idle;

end if;

when conv0 =>
rwinternal <='0';
csinternal <="'0";
dataavail <='0";
next_state <= convl,

when convl =>
rwinternal <='0';
csinternal <="'0";
dataavail <='0";
next_state <= convz,

when conv2 =>
rwinternal <='0';
csinternal <='0";
dataavail <='0";

next_state <= waitstatushigh;

when waitstatushigh =>
rwinternal <='0';
csinternal <='0";
dataavail <='0";
if statussync ="1" then

next_state <= waitstatuslow;

ese

/

next_state <= waitstatushigh;

end if;

/

Example VHDL of A/D interface (ll)

when waitstatuslow =>

rwinternal <='1";
csinternal <='0";
dataavail <='0";
if statussync ='0' then
next_state <= readdelay0;
else
next_state <= waitstatuslow;

end if;

when readdelay0 =>
rwinternal <='1";
csinternal <="'0";
dataavail <='0";
next_state <=readdelayl;

when readdelayl =>
rwinternal <='1";
csinternal <='0";
dataavail <='0";
next_state <= readcycle;

when readcycle =>
rwinternal <='1";
csinternal <='0";
dataavail <="'1";
next_state<=idle;

when others=>
rwinternal <='1";
csinternal <="'1";
dataavail <='0";
next_state<=idle;

end casg;

end process,

end adarch;
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Simulation w

i

r w_b must stay low for at least 3 cycles (@ 100ns period) —
Can bring back high in the waitstatushigh state

Enableread flip-flop
On reset, present state goesto 0. \

\

E adinterface._scf - Waveform Editor
Ref [1.15us \ |[*I*] Time: [0.0ns | |nter;7-1.15us | i’
F.IHEUS

Marne: walu EED.IDnS EEIEI.IEInS .'f'EIII.I 5 1.E!u5 1.2':5u5 1.5|u5 1.?':5u5 2L

= reset 0

= sample 0 |_| / \

= status 1 / y |k \

— 1w b L/ | | \ \'

— c5_b 0 | ] | ] BEE

=g dataavail 0 / \ \ ’_'_‘

@ present_state | D5 | / 0§ 1 Y 2%3 | 4 5 VA7 Y8 ¥ 0 .

[T // X \\ [/
Sample pulseinitiates data conver sion. Wait for ~10us for statusto go low.

Notice a one-cycle delay since A/D control signal is clocked.
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W Flash A/D Converter W
Vi Vin m Brute force A/D conversion
- 3 m Simultaneously compare the

C > analog value with every

P 5 possible reference value.
R< o+ > 5 b mFastest method of A/D

- ® —p  conversion

o
R 3 = m Size scales exponentially
C = with precision
(requires 2N comparators).

R Comparators

N\

Another example of OpAmp in open loop
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VaTS

VRT

Vap

VEhs

AD 775 — Flash Data Converter

ANon Vi OVaop
®
AN D ADTTS
{ (16} o7 s SAMPLE N SAMPLEN+y ~ SAMPLEN# —
" s ¥
15 COARSE 4 ] N * -
COMPARATORS - 3 5 |" tos
< to
— 2l | =
¥ : Y e
] . FIME COMPRRATORS - E E = CLK
= s BANK & E .| E Iuc: /
il 2 E l, =l O o
ws | =3 4 E' .
] FINE n:u;-:::s:lmn-.s - - e
= — out x DATA N-3 X DATA N-2 x DATA N-1 DATAN
-
D20, @ H
AV CLK DVss
Symbol Min Typ Max Units
Maximum Conversion Rate 20) 35 MHz
Clock Period te 50 ns
Clock High ten 25 ns
Clock Low ey 25 ns
Output Delay ton 18 30 ns
Pipeline Delay (Latency) 2.5 Clock Cycles
Sampling Delay tos 4 ns
Aperture Jitter 30 DS
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High Performance Converters: w
Use Pipelining and Parallelism!

i

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

1t Anlifier 1-oat Anplifier
. Sanple/ AD DA Sanple/ AD DA .
Hold TOonverter Conwverter Hold Converter| | Converter
+ +

Parallelism (use many slower A/Dsin parallel to build very
high speed A/D converters)

— — = :

—- - - -~ . Poultonet.al.

T ORI

FEIEREIEHIC IS

SiEesisEsiE 0 20Gsamplefsec,

FEIETETEEIE NP :

ETIE JEFZET I q2mes | 8-bit ADC
ammtnee———— . from Aglent Labs

26
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