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Lecture Objectives

¢ Understand pulse-width modulated (PWM) DAC

¢ Understand how a weighted-resister DAC can be used to convert
numbers with binary or non-binary bit weightings

¢ Understand the meaning of the terms used to specify DAC accuracy
¢ Understand resistor string based DAC architecture

¢ Understand how an R-2R ladder can be used to convert both unsigned
and signed binary numbers

¢ Understand multiplying DAC

References:
e “Data Converter Architectures” in Data Conversion Handbook by Analog Devices
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Analogue Pulse-width Modulated (PWM)
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» Simple idea: PWM signal is
v generated by comparing a
triangular reference signal
with the input data value
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Digital Pulse-width Modulated (PWM) as DAC

Sawtooth value generated by a wrap-around counter
Load pulse latches data_in and stores it in register
When input value is reached by counter, comparator output changes state (H to L)

Lowpass filter provides analogue output voltage proportional to the duty cycle of
PWM signal
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CTR f COMP pwm_out
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data_in ﬁ REG ﬁ B Filter output
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PWM DAC in SystemVerilog

module pwm # (parameter WIDTH = 10) (
input logic clk,

input log WIDTH-1:0 data_in,
input logic load,
input | WIDTH-1:0 max,
output | pwm_out
);

logic [WIDTH-1:0]

je clk)
logic [WIDTH-1:0]

if (load == 1'bl) d <= data_in;

initial count = {WIDTH{1'b@}};

always_ff @ (posedge clk) begin
clk o> RAMP . if (count == max
generator count <= {WIDTH{1'b@}};
Digital | o\m_out else
_ > Data . +Comparator B count <= count + 1'bl;
Q231N oy register
load —— if (count >=d

pwm_out <= 1'b@;
else
pwm_out <= 1'bl;

end
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Simple DAC

¢ A DAC converts a binary number into a voltage proportional to its value:

X3 1 V3 R:3=1/G3 VOUT
(V3 - VOUT)G3+‘ . -+(Vo - VOUT)GO =0
a (A Voo V.G, +V,G, + VG, +V,G,
a [ v ® our— G, +G,+G,+G,
e B
1
X0 VO RO RThevenin —
T — G, + G, + G, +G,

¢ Hence 1,,;is a weighted sum of 7, ..., ¥, with weights proportional to the
conductances aG,, ..., G,.
e If X3:0 is a binary number we want conductances in the ratio 8:4:2:1.
o \ery fast: gate slew rate > 3 V/ns.

e We can scale the resistors to give any output impedance we want.
¢ You do not have to use a binary weighting

e By using other conductance ratios we can choose arbitrary output voltages for up to
five of the sixteen possible values of X3:0. May need additional resistors from
VOUT to the power supplies.
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Improved DAC with Output Op-Amp

X3 1 vy3 R3=1/G3 RF

X2 1

X1 1

X0 1 vo RO = - RF

L Vour :R—XV :_RF(V3G3 +V,G, + VG, +V0Go)

Thévenin

Thévenin

¢ Adding an op-amp:
— The voltage at the junction of all the resistors (the virtue earth node) is now held
constant by the feedback
* Hence current drawn from V5 is independent of the other voltages V., ..., V,
* Hence any gate non-linearity has no effect = more accurate
— Lower output impedance
— Much slower: op-amp slew rate ~ 1 V/us

+ Hard to make accurate resistors covering a wide range of values in an
iIntegrated circuit
— Weighted-resistor DAC is no good for converters with many bits
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Further Improvement with reference voltage

source
Vref
X3 1 |
li v3 R3=1/G3 RF
X2
1 /- (vo R
X1 - VOUT
1 R1 :
(v B
X0 1
1 — ( vo RO =
—+ ~
(ANALOG)
v REFERENCE
. . DD INPUT
¢ Use digital signal to control analogue Veer
switches
¢ Switching Vref on/off the resistor network DIGITAL
INPUT DAC O ANALOG
. .. OUTPUT
¢ Clear separation between digital control and

analogue voltages — much better accuracies l
AV
. . Vss
¢ General DAC block diagram: ooy SROUND Ly
CONNECTED TO V)
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DAC Specification Jargon

Vv
//'. X2:0 V
N LT 4
1wse{ | ) g
/</- :/ ‘/';- — .._ - o
| ® “eg i [ R T T memm— e ___
. o//$€ < = — = =———- =3~ — —Accuracy=1.8@X=3 Linearity=—0.7@X=4
B .//’// S 5 Non-monotonic@3—4 Diff Linearity=—1.2@ 3—4
e g (all in units of LSB)
-7 : ) &
0 1 2 3 4 5 & 7 = o Differential Linearity
X0:2

— Worst error in AV when X—X+1
— measures smoothness
¢ Monotonic
— At least A) always has the correct
sign
¢ Settling time

¢ Resolution
— 1 LSB = AV when X—>X+1
= Full-scale range =— (2V-1)
¢ Accuracy
— Worst deviation from nominal line

¢ Linearity o S — Time taken to reach the final value to
— Worst deviation from line joining within some tolerance, e.g. =% LSB
end points
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Thermometer DAC using Resistor String

REF

A A A A A A

VAWM AN AN

A
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3-TO-8
DECODER

€<—0

<€<—0

€«—O

s |
<~
TO
SWITCHES

o

(o}

e}

o

dasdadag

(o]

3-BIT
DIGITAL
INPUT

o ANALOG

OUTPUT

AN

X X

Simple
Inherently monotonic

Needs only IDENTICAL resistors,
good differential linearity

Only two switches operate during a
transition, low output glitch and fast
settling

Low power

Widely use with modern technology
with small feature sizes

Large number of resistors

Useful for low to medium resolution
DAC

Large resistance — resulting in higher
noise
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Resistor String DAC with Op-Amp output

¢ Here the digital code is 3'b101
¢ Decodes to 5/8 VREF

¢ Output Op-amp isolate internal
resistors from output load

VOUT =VREF2 (b|/2|)

+

— LEAST- MOST-
SIGNIFICANT SIGNIFICANT
BIT BIT

1 1
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DAC using R-2R Ladder

We want to

¢ Two 2R resistors in parallel means that the 21,

Nrirrant

21, 2R

generate currents [, 21y, 41, ... %

will enlit aqually and equivalent resistance R
|

L —> & The Thévenin resistances of the two branches at V, both
— equal 2R so the current into this node will split evenly

- We already know that the current into node 1V} is 21, so it
1 follows that 7,=21,

V=V 21, 2R I

¢ We can repeat this process indefinitely and, R I =
using only two resistor values, can generate y E % by N

a whole series of currents where 1,=2"1, : . =

- Fro.m the voltage drop across the horizontal y E % _h, .
resistors, we see that |7 = 2p7 = 2m+IR], ‘ . —

- For an N-bit ladder the input voltage is v E % L .
therefore V =2RI, > 1,2V VR . llo =

L
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Current-Switched DAC

+ Total current into summing 161, Re

junction is X3:0 X [, Vy ———— % -

- Hence V,,=X3:0 X V;,/16R X —R; % 4y, ?T_" 30 x|

¢ We switch currents rather than | = T\?L‘ —> Vour
voltages so that all nodes in S
the circuit remain at a constant v |l ?,
voltage ot =
—> no need to charge/discharge | —> 4
node capacitances =
— faster

¢ Use CMOS transmission gates as switches: adjust ladder resistors to account

for switch resistance
- Each 2-way switch needs four transistors

¢ As required by R/2R ladder, all the switch output terminals are at 0 V.
- ladder outputs are always connected either to ground or to a virtual earth
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Programmable Attenuator (Amplifier)

+ The output of the DAC is proportional to the product of an analog voltage (V)
and a digital number (X3:0)
V.,,=X3:0 X V. /16R X —Rf
¢ |Itis called a multiplying DAC

¢ Can be used as a digital attenuator:

VIN

X7:0 A VRN Vour= X * Viy

N

¢ Here the digital number X7:0 controls the gain of the circuit
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The MCP4921 DAC (used in Lab)

¢ Microchip MCP4921 12-bit DAC
¢ Uses resistor string architecture (earlier lecture)
+ Serial Peripheral Interface (SPI)

Interface Logic

» Rail-to-Rail Output ¢ Power-on
Voo [® 7 T&Vour | * SPI Interface with 20 MHz Clock Support ot Reset
s X TVes | * Simultaneoug Latching of the DAC Output Register
sck 3] g ] Veer with LDA(? Pin :
soim] = [Elipac | @ FastSetting Time of 4.5 us DAC
» Selectable Unity or 2x Gain Output Register
+ External Voltage Reference Input . l
+ External Multiplier Mode VRer String
Symbol Description oAe
Voo Supply Voltage Input (2.7V to 5.5V)
[5 Chip Select Input
SCK Serial Clock Input
SDI Serial Data Input

LDAC DAC Output Synchronization Input. This pin is used to transfer
the input register (DAC settings) to the output register (Vo)

VREE Voltage Reference Input
Vsg Ground reference point for all circuitry on the device
Vout DAC Analog Output
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Serial Peripheral Interface for DAC (SPI)

bit 15 0= Write to DAC register bit 12 SHDN: Output Shutdown Control bit

L = lIgnore this command 1 = Active mode operation. VOUT is available.
bit 14 BUF: VRef Input Buffer Control bit 0 = Shutdown the device.

L = Buffered Vger = 3.3V bit 11-0  D11:D0: DAC Input Data bits. Bit x is ignored.

0 = Unbuffered
bit 13 GA: Output Gain Selection bit

1= 1x(Vout = Vrer * D/4096) Vout = VREF * (D[90]/1 024)
0= 2X (VOUT =27 VREF * D/4096)

bit 11-2 D9:D0: DAC input data bit

>\ / Max SCK frequency is 20MHz
..., 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 (Mode 1,1)
see TP T T L L L L (Mode 0,0
12 data bits »  We use 1MHz due to ADC limits.

[0 XBUFX@XWX‘DQXD8XD7XD6XD5XD4XD3XD2XD1XDOX x ) X

«—— config bits >

SDI

——

Vout settling time = 4.5us, INL= £1LSB, DNL=+0.2LSB - "~"""""°°"

Vout
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Interfacing the FPGA to the DAC

3.3V

| Symbol Description
& Voo Supply Voltage Input (2.7V to 5.5V)
TO DE10 CS Chip Select Input
Voo [1]® =" [8]Vour SCK | Serial Clock Input
DAC_CS meyPl é‘, Fi SDI Serial Data Input
scK [3] o 6] VRer LDAC DAC Output Synchronization Input. This pin is used to transfer
DACSCK g £ the input register (DAC settings) to the output register (Vo)
sDI [4] 5] IDAC
DAC_SDI VREE Voltage Reference Input
Vsg Ground reference point for all circuitry on the device
Vout DAC Analog Output
MAX10 -
FPGA data[9:0]’ >
SDI
_load | spizdac > MCP4921 » Vour
50MHz s, S
—
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Lab 5 — DAC conversion — Prototype Shield

;‘I'~‘ 2 ' : .._"‘..,3 J .
j;l PWM_OUT &= Y e e il [ 5V sockets to power
R (PIN AB5) i pyrir ISy o= se 0 analogue board

Insert the
e i _ prototype
mini N oc e | shield onto the
breadboard HhI R ¢ S DE10 sockets

Leave one socket
free to connect later

Add 3 or 4
header pin for
GND clips of
scope probes
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Lab 5 Task 1 PWM as a DAC converter

10'd999
max
clktick
tick 50k PWM OUT
MAX10 CLK1 50 —»| =+ — »(|load —— -

e 1000 °%% bwm (PIN ABS)

. S clk

SW[9:0] H data_in

bin2bcd_16
BCDO % hexto7seg + HEXO
BCD1 7% hexto7seg > HEX1

X BCD2 7% hexto7seg » HEX2
BCD3 % hexto7seg /7 HEX3
BCD4 t—f— hexto7seg |j—r— HEX4
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Lab 5 Task 2 Using the MCP4921 chip

vas

e
@ |

O] —2
Slo| {4l DAC_SDI AB20 3.3V
o§ s3] DAC_SCK Y19
3.3V e 85 ;Ei DAC_CS AA19
=lal .« <=8 TO DE10 ;
GND :?g - . o VDD[l. NS EVOUT
— 30| - Y -
~519 : : — DAC_CS peF c:»: 7] Vss
e = Y@ sCK [3] & [6]Vrer
L : s 1
- = DAC_SD! [ S]DAC
NO w —

GND
5V |
PWM_OUT ABS

— .
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