L11: Analog Building Blocks

(OpAmps, A/D, D/A)

Acknowledgement: Dave Wentzloff
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Introduction to Operational Amplifiers

DC Model
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+ Typically very high input

resistance ~ 300KQ

*+ High DC gain (~10°)
* Output resistance ~75Q
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The Inside of a 741 OpAmp
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Simple Model for an OpAmp

VCC

Reasonable
approximation

-100pV

ot Ve = 10V

: Ve = -10V

¢ = 100pV

Linear Mode

+ +

Vig ) <+> aVid \{out

If -Vee < Vour < Vee

Negative Saturation

+ +

Vid O-Vee Vout

Vig <=-¢€

Positive Saturation

+ +

Vid CD'FVCC Vput

Very small input range for “open loop” configuration
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The Power of (Negative) Feedback

Rl R2 Rl Rz

<~ * |

< ~
Vi TV Ve tVi _ g v = Vo vm:_vw{1+a+1}
R R, 47 3 R, a|R R, R,
Vv R a R, /.
ot — - z——(lf a>>1)
v, (@+aR+R, R

= Overall (closed loop) gain does not depend of open loop gain

= Trade gain for robustness

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

Voltage Follower (buffer) Non-inverting
Vii— 1+
Vin— t B 1 Vout
_ Vout R,
i VAA

/. R+R
Vout = Vin Vout 1;1 “Vi
Differential Input
R W Integrator
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Use With Open Loop

Analog Comparator:
Is V+ > V- 2 The Output is a DIGITAL signal

Analog Comparator: Analogto TTL
LM 311 Needs Pull-Up

LM311 uses a

single supply
voltage v
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Data Conversion: Quantization Noise

A/D Conversion D/A Conversion
O — — o '
g S v -
gl : o = .
0L | Sl 1
o L Z L | |

00 Ve Ve 3V = > 0« ! |

0 = = =5 Vg 00 01 10 11
Analog Input Binary code

digital

code

V., —» A/D —— DIA
V._ .
J% Quantization noIse
> nose |
LSB
*  Quantization noise exists even

with /idea/ A/D and D/A S
converters

Viee  Viet
4 2 ref
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Non-idealities in

Offset - a constant voltage offset that appears

at the output when the digital input is O
A
COD Offset //
< error /.
c s/
< 7 Ideal
. >
Binary code

Integral Nonlinearity - maximum deviation from
the ideal analog output voltage

Integral
nonlinearity gl

Analog

Binary code
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Data Conversion

Gain error - deviation of slope from ideal value

of 1
A
.
//
S’ Gain e
© error /.~
c //
< 27 ldeal
/
/
/
4
74
|
Binary code

Differential nonlinearity - the largest increment

in analog output for a 1-bit change

|

Analog

Non-
monoticity

Binary code
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R-2R Ladder DAC Architecture

R R R R

% % % | e % vDI.ll
Ri 2R 2R im 2R iﬂ
V¢ Y9 97¢
z I 1

Bit0  Bitl Bit N-1 tef

1 1 1 1
Vﬂllt =6 VI‘Ef [B7+ EB6+ ZBS-I_ see T ESBO ]
" Note that the driving point impedance (resistance) is
the same for each cell.
* R-2R Ladder achieves large current division ratios
with only two resistor values
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DAC (AD 558) Specs - Used in Lab 3

(LsB) DBo [1]* 18] Vout
DB1 [2] [15] Vout SENSE
pez2 [3 4] Vout SELECT
pea[2] ADS558 [13 enp
DB4 E {NTDTI:.GE;E;TE} EI GND
DB5 [6] 1] *Vee
DBs [7] 10] cs

(MsB) DB7 [&] (5] cE

Input Logic Coding

Digital Input Code Output Voltage

Binary Hexadecimal | Decimal | 2.56 V Range | 10.000 V Range
0000 0000 00 0 0 0

0000 0001 01 1 0.010V 0.0390V
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 4961V
1000 0000 80 128 1.280 V 5.000V
1100 0000 Co 192 1.920V 7.500V
1111 1111 FF 255 255V 9.961V
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8-bit DAC
Single Supply Operation: 5V
to 15V

Integrates required
references (bandgap voltage
reference)

Uses a R-2R resistor ladder
Settling time 1us

Programmable output range
from

OV to 2.56V or OV to 10V
Simple Latch based interface
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Chip Architecture and Interface

CONTROL DIGITAL INPUT DATA (BUS)
INPUTS N
—

GND CS CE LSB

™
o - © =+ w w0 ~
m @ 0 oo m mMSB
a o o oo o o

121
CONTROL

12L LATCHES

LOGIC

tse| | |

8-BIT VOLTAGE-SWITCHING
D-TO-A CONVERTER

CONTROL
AMP

+Vee

BAND -
GAP
REFERENCE
AD558 67
| [ o
DATA N\ N-/— 2.0v
INPUTS tos ! '
0.8V — N\
I | [
CS ORCE — 2.0V

1/2LSB
DAC

V QUTPUT

f——— tSETTLmG—-I

tw = STORAGE PULSE WIDTH = 200ns MIN

tpH = DATA HOLD TIME = 10ns MIN

ths = DATA SETUP TIME = 200ns MIN

tseTTLING = DAC OUTPUT SETTLING TIME TO +1/2 LSB
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D[7:0] LATCH

Outputs are noisy

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

the input data

Table I. AD558 Control Logic Truth Table

Latch
Input Data CE CS DAC Data Condition
0 0 0 0 “Transparent”
1 0 0 1 “Transparent”
0 g 0 0 Latching
1 g 0 1 Latching
0 0 g 0 Latching
1 0 g 1 Latching
X | X Previous Data | Latched
X X | Previous Data | Latched
NOTES

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

INPUT DATA / —\ L/-\_/_

CE

cs

DAC DATA l \l

Figure 6. AD558 Control Logic Function

/|
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Setting the Voltage Range

OUTPUT T OUTPUT ..
AMP AMP Ver'y S|m||0r' o a

Vour 16k Vour non-inverting amp
Vout SENSE 15} Vo1 SENSE
Vour SELECT 12k Vour SELECT S'l'r'ap OU"'pU"' for‘
D T enp different voltage

- L ranges
a. 0Vto256 YV Output Range |b. 0 Vto 10 V Output Range

Input Logic Coding

Digital Input Code Output Voltage
Binary Hexadecimal | Decimal | 2.56 V Range |10.000 V Range
0000 0000 00 0 0 0
0000 0001 01 1 0.010V 0.030V
0000 0010 02 2 0.020V 0.078 V
/ 0000 1111 0F 15 0.150V 0.586 V
0001 0000 10 16 0.160V 0.625V
01111111 7F 127 1.270V 4.961V
Conver'f da'l'a 'ro 1000 0000 80 128 1.280 V 5.000 V
1100 0000 Co 192 1.920V 7.500V
Offse"‘ binary 11111111 FF 255 255V 9.961V
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Another Approach: Binary-Weighted DAC

R
Switch binary-weighted

! : : l - Ve, currents
7 bgl b2I b1I bo + - MSB to LSB current ratio
! 2 273 A is 2N

v.. =—IR(b, +1b, +3b +3b,) | s wem AD9768
{10) ({5 ——(1)~
t AMPLIFER 250
Analog Devices 0 AD9768
AD9768 uses TWO Ruer () 12 RETURN
banks of ratioed oo | et T
currents ﬁ}(} [[;?
Additional current 0
division performed by ,} ,} : 1@43mm~%Tm~
750 Q resistor St s Ul s ,&
5) e (s . Firy () () ’
between the two gOpumS O—O—O0—0—\
banks Reference current source
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Glitching and Thermometer D/A

- Glitching is caused when
switching times in a D/A .
are not synchronized Binary | Thermometer

+ Example: Output changes O O|0O O O

from 011 to 100 - MSB
switch is delayed

- Filtering reduces glitch but
increases the D/A settling

o 10 O 1
1 0|0 1 1
1 1 1 1 1

time
- One solution is a R
thermometer code D/A - — N

requires 2N - 1 switches
but no ratioed currents

Vour ¥ 011100 7

>t Vout:_IR(T0+T1+T2)
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Successive-Approximation A/D

= 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

Vin code

L
D/A

Comparator
out
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A
2

-+ code = 100

output \“
0.5V \

| t=1
| code = 010
|
|

t=2
code =011 —»| 010

V. —» -
in 1
T | |
0 ! ! > 1
Comparator output |
! | |
0 ' > !

| !

|
|
|
|
|
|
|
|
|
!
|
|
|

Example: 3-bit A/D conversion, 2 LSB < V, < 3 LSB
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Successive-Approximation A/D

Data
DIA . Successive
N Approximation
Converter Generator
5| - ‘ Done
Vin Sample/ N Control .
Hold Go

Serial conversion takes a time equal to M7, + 7,,,,)
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Successive-Approximation A/D (AD670) -
Used in Lab 3

10us conversion time

AW FORMAT BPOUPD

[ [ [

IN-AMP
INEUT COMPA

BUFFER

RATOR

L CONTROL 'J

LOGIC g l STATUS

3 D7 IMSBI
,1 B, | successive | By | THERE L Bypdr
APPRONIMATION QUTPUT 1 =
N7 | REGISTER 7 CUFFER F .
bac I‘ Do [LS8)
VOLTAGE
REFEREMNCE
ADETO
[ [
POWER GND F Wi
INPUT RANGE/
BPO/UPO FORMAT OUTPUT FORMAT
0 0 Unipolar/Straight Binary
1 0 Bipolar/Offset Binary
0 | Unipolar/2s Complement
1 | Bipolar/2s Complement
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Unipolar (BPO =0)

ik

08 + 255V
--r

II'H'

ADETO

2a. 0 Vio 255 V{10 mVv/58]

Bipolar (BPO

:1)

1k
—*]
Gk
+ 1K
=128V i—E
. fik
T
:FI-

ADGTO

Ja. £1.28V Range
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AD670 operation

STATUS _\

STATUS :L;
tnt:_l"i b -%
| |
- T\
& -
|
— SRS e
BPO/UPD '
T oo

Figure 8. Write/Convert Start Timing
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|
a T
OUTPUTS _,_ e

Figure 9. Read Cycle Timing
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Simple A/D Interface FSM

clk cs_b CS
— CE
reset r_w_b —
N FSM RW  AD670
sample » status STATUS
—_—
/ .
7 Data[7:0]
| dataavalil
) /
< Q D

Status should be
synchronized: why?

status

Courtesy of James Oey and | stat
Cemal Akcaba
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Example A/D Verilog Interface

module AD670 (clk, reset, sample, // State declarations.
dataavail, r_wbar, cs_bar, status, state); parameter IDLE = O;
parameter CONVO = 1;
// System Clk parameter CONV1 = 2;
input clk; parameter CONV2 = 3;
// Global Reset signal parameter WAITSTATUSHIGH = 4;
// assume it is synchronized parameter WAITSTATUSLOW = 5;
input reset; parameter READDELAYO = 6;
parameter READDELAY1 = 7;
// User Interface parameter READCYCLE = 8;
input sample;
output dataavail; always @ (posedge clk or negedge
reset)
// A-D Interface begin
input status; ifT (Ireset) state <=IDLE;
reg status_dl, status_d2; else state <=nextstate;
output r_wbar, cs_bar;
output [3:0] state; status _dl1 <= status;
status_d2 <= status dil;
// internal state
reg [3:0] state; r_wbar <= r_wbar_int;
reg [3:0] nextstate; cs_bar <=cs_bar_int;
reg r_wbar_int, r_wbar;
reg cs bar_int, cs bar; end
reg dataavail;
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Example A/D Verilog Interface (cont.)

always @ (state or status_d2 or sample)
begin
// defaults
r_wbar_int = 1; cs _bar_int = 1;
dataavail = O;

case (state)
IDLE: begin

iT(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 = 0O;
cs _bar_int = 0O;
nextstate = CONV2;
end

CONV2:

begin
r_wbar_int
cs_bar_int
nextstate = WAITSTATUSHIGH;

0;
0;

end

WAITSTATUSHIGH:
begin
cs_bar_int = 0O;
if (status_d2)
nextstate = WAITSTATUSLOW;
else nextstate = WAITSTATUSHIGH;
end

WAITSTATUSLOW:
begin
cs _bar_int = 0O;
if (Istatus_d2)
nextstate = READDELAYO;
else nextstate = WAITSTATUSLOW;

end

6.111 Fall 2004
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Example A/D Verilog Interface (cont.)

READDELAYO:
begin
cs _bar_int = 0O;
nextstate = READDELAY1;
end

READDELAY1:
begin
cs _bar_int = 0O;
nextstate = READCYCLE;

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

default: nextstate = IDLE;
endcase // case(state)
end // always
endmodule // adclnterface
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On reset, present state goes to 0

i1 MAX+ plus Il - c:\documents and settingstananthalmy documents\6. 17 1\eriloghlecture9lad6 70 - [ad670.scf - Waveform Editor]

Simulation

r w_b must stay low for at least 3 cycles (@ 100ns period) —
Don’t need 3 cycles if you use the 1.8432MHz clock

FEX

'g:; Mes+plus I File Edit Yiew MNote Assign  Uklties Options  ‘Window Help - ax
Bif== = 2 OREERL Bk HEE RRET B
Iy Ref  |4.00z Tirne: |3.008us [fteral  |-992.0ns Enable read ﬂl _ﬂop
A —
5| Mame: _Value: i :SDEI.IEIns 1 Dus 2.E!us 2.E:us 3.E!us i 3.E:us 4(
.*I:”{ [} X =)
gl . J Status is synchronized — two register delays
| |m=sample x /
® = status % X \
@: =g 1_whar X | ‘
B =g dataqvail X \
=E0 C5_har b \ \ |_
S state HX D){1}[2>{¥d v 5 N e 7 ¥s8 ) @
[ Walit for ~10us}or status to go Iow
\)
Szl pulse,_ INTUAtes  Notice a one cycle delay since A/D v
¢ data conversion ., . _ L >
controtsignat-detayecthrotghtraregistet
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R

N
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Flash A/D Converter

_|_
>
C =
[
E
S
q')—
e b
(@]
£
* o
C =

Comparators

Another example of
OpAmp in open loop

Brute-force A/D
conversion

Simultaneously compare
the analog value with
every possible reference
value

Fastest method of A/D
conversion

Size scales exponentially
with precision

(requires 2N
comparators)
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AD 775 - Flash Data Converter

AVpp VIN DVpp
AVDp AD775 —
(10) o7 mse) SAMPLE N SAMPLEN+t  SAMPLEN:2 S
_ Y S
” VIN
VRTS 15 COARSE 4 w —
COMPARATORS > = S |“'l03
VRT S 8 3 tew to
] [
'] ) J § ! >
[T o =
w FINE COMPARATORS [5] =
N Bat BANK A - O w 3 CLK ] /_\_/ \
Ix Yls noc =
-l B E ¢ sl S| |= — . —»
25 |53 5 5 fo
VRB FINE COMPARATORS = -
Bt BANK B Rl @ (3) o LsB)
VRBS -
— —_ ouT x DATA N-3 x DATA N-2 x DATA N-1 x DATAN
OE
20 {21 (12) 2 {24
AVss CLK DVss
Symbol Min Typ Max Units
Maximum Conversion Rate 20 35 NMHz
Clock Period tr a0 ns
Clock High ten 25 ns
Clock Low ter 25 ns
Output Delay ton 18 30 1%
Pipeline Delay (Latency) 2.5 Clock Cycles
Sampling Delay tns 4 ns
Aperture Jitter 30 s
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High Performance Converters:

Use Pipelining and Parallelism!
Pipelining (used in video rate, RF basestations, etc.)

Amplifier

1-bit
| Sanplel AD DA |/
Hold Converter| | Converter
4

Sample/
Hold

1-bit Anplifier
AD DA |/ -
Converter| | Converter
-+

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

1 GHz
Clock T | PLL

- e |
: e |l "
: e |
s |Clock ||E 3 3JF 2 I
- :_ :m—-.—U_
' En SO
. | Gen :g.::%:
: e AR e 4
CMOS ! =7 JE ® 4
juffer . = oo i 2=
ip ! — dE= 3

o — =
S3JFs3
= .
2 JF 2 3
= e o
(’f)_-m_.q
== )
O {‘?:
3 HF o 4
€ o = ]
m—.a—.
“ =k B -
5—1 -
= JC S

|
S1aj|0nuog Wapy g
1 1 1 L 1

wvus kg 1
1 1 1 1 1

: 0.18-um CMOS ADC Chip

g = 0 e e [ISSCC 2003],

Poulton et. al.
}, 20Gsample/sec,
s £ 8-bit ADC

from Agilent Labs

--------------------------------------------------------------
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Summary of Analog Blocks

* 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.

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

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

- Analog design incorporate digital principles
- Glitch free operation using coding
- Parallelism and Pipelining!
- More advanced concepts such as calibration
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