EE 435

Lecture 32

« Parasitic Capacitances
« String DACs



Review from Last Lecture

R-String DAC

n X
VRFF 2 IN
i n
-
Binary to
S Thermometer
Ré Decoder
) 82
R% Vour
SN-2
S
SN-1
R
Sn
N4

Basic R-String DAC including Logic to Control Switches



Review from Last Lecture

Nonideal Effects of Concern

Matching

Parasitic Capacitances
(including Charge injection)
Loading

Nonlinearities

Previous code dependence

Code-dependent settling
Interconnect resistors
Noise

Slow and plagued by jitter

Temperature Effects

Aging

Package stress



Review from Last Lecture

Data Converter Design Strategies

« There are many different DAC and ADC architectures that have been
proposed and that are in widespread use today

« Almost all work perfectly if all components are ideal

« Most data converter design work involves identifying the contributors to
nonideal performance and finding work-arounds to these problems

« Some architectures are more difficult to find work-arounds than others

« All contributors to nonidealities that are problematic at a given
resolution of speed level must be identified and mitigated

* The effects of not identifying nonidealities generally fall into one of two
categories

— Matching-critical nonidealities (degrade yield)

— Component nonlinearities (degrade performance even if desired matching
is present)



Review from Last Lecture

Parasitic Capacitors in
MOSFET

(initially assume saturation and consider two: Gate-channel and diffusion)

T Cgs T Ceap

 Diffusion capacitances nonlinear (dependent upon voltage)
« Many more actually present
« QOperating region may affect parasitics




Review from Last Lecture

Size of Capacitances

2

B 3

Af——

4\

Gate-Channel Capacitance = 6A* x 2.47fF/p* = 1.33fF

Source Diffusion-Substrate Capacitance =
1202 x .424fF/p? + 14A x 315fF/p =
461F + 1.321F =1.78fF

Note Sidewall Capacitance larger than Bottom Capacitance

Are these negligible?



Reminder !!

|dentifying Problems/Challenges and Clever/Viable Solutions

« Many problems occur repeatedly so should recognize when they occur
« Identify clever solutions to basic problems — they often are useful in
many applications

Don’t make the same mistake twice !

The problem:

The perceived solution:

The List !
The List Keeper!




Types of Capacitors

1. Fixed Capacitors
a. Fixed Geometry
b. Junction

2. Operating Region Dependent
a. Fixed Geometry
b. Junction



Parasitic Capacitors in
MOSFET

Fixed Capacitors



Parasitic Capacitors in
MOSFET

Fixed Capacitors

&

Cepo —

Overlap Capacitors: Cspo, Caso




Fixed Parasitic Capacitance

Summary
D
Can |
T 1=
G T ”_’. B
CGS'Y
S
Cutoff Ohmic Saturation
Ces CoxWLp CoxWLp CoxWLp
Cep CoxWLp CoxWLp CoxWLp

L, is a model parameter



Parasitic Capacitors in MOSFET
Fixed Capacitors

/

T Cesi T Cgpy

Junction Capacitors: Cgq, Cyp;




Parasitic Capacitors in MOSFET
Fixed Capacitors

Overlap Capacitors: Cspo, Caso
Junction Capacitors: Cgq;, Cgp;




Fixed Parasitic Capacitance

Summary

D
Cgp

CGD-JI= :
| -
G — II__., . B

CGS I
!
Cgor and Cg,, are model parameters S
Cutoff Ohmic Saturation

CGS CoxWLp CoxWLp CoxWLp
Cep CoxWLp CoxWLp CoxWLp
Cgc
CBS Cgs1 = CgotAs*+CswPs Cgs1 = CgotAs*+CswPs Cgs1 = CgotAs*+CswPs

CBD Cgp1 = CotAp+CswPp Csp1 = CotAp+CswPp Cgp1 = CeotAp+CswPp



Parasitic Capacitors in
MOSFET

Operation Region Dependent



Parasitic Capacitors in MOSFET
Operation Region Dependent -- Cutoff

/

Conca

Cutott Capacitor: Cpco




Parasitic Capacitors in MOSFET
Operation Region Dependent -- Cutoff

*

CGBCO

Note: A depletion region will form under the gate if a positive
| Gate voltage 1s applied thus decreasing the capacitance density

Cutott Capacitor: Cpco




Parasitic Capacitors in MOSFET
Operation Region Dependent and Fixed -- Cutoff

Overlap Capacitors: Cspo, Caso

Junction Capacitors: Cgq;, Cyp,
Cutoft Capacitor: Cspco




Parasitic Capacitance Summary

D
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Cutoff Ohmic
CoxWLp
CoxWLp

CoxWL (or less)
CgotAstCswPs

CeotAp+CswPp

Saturation



Parasitic Capacitors in MOSFET
Operation Region Dependent -- Ohmic

=

CBCH

| Note: The Channel is not a node in the lumped device model so can not
directly include this distributed capacitance in existing models

Note: The distributed channel capacitance is usually lumped
and split evenly between the source and drain nodes

Ohmic Capacitor: Ccy > Cgen




Parasitic Capacitors in MOSFET
Operation Region Dependent and Fixed -- Ohmic

Overlap Capacitors: Cspo, Caso

Junction Capacitors: Cgq;, Cyp,
Ohmic Capacitor: Cscy s Cpen



Parasitic Capacitance Summary

D
Cap
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Cutoff Ohmic Saturation

CoxWLp CoxWLp

CoxWLp CoxWLp
CoxWL (or less)
CeotAstCswPs Ces1 = CgotAs+CswPs
CgotAp*+CswPp Cap1 = CeotAp*+CswPp - a—e o



Parasitic Capacitors in MOSFET
Operation Region Dependent -- Saturation

Note: Since the channel is an extension of the source when in saturation, the
distributed capacitors to the channel are generally lumped to the source node

Saturation Capacitors: Ccy s Cacn




Parasitic Capacitors in MOSFET
Operation Region Dependent and Fixed --Saturation

Overlap Capacitors: Cspo, Caso

Junction Capacitors: Cgq;, Cyp,
Saturation Capacitors: C;cy, Cgen




Parasitic Capacitance
Summary

D
CBD
|
CGDJ_ ||_
L ’
C
BS
“T_ 15
|
S ICBG
|
Cutoff Ohmic Saturation
CoxWLp CoxWLp + 0.5CoxWL COXWLD+(2/3)CO)(WL
CoxWLp CoxWLp + 0.5CoxWL CoxWLp
CoxWL (or less) 0 0

CgoTtAst+CswPs

CgotAp*+CswPp

CgotAs+CswPs+0.5WLCgorcH CeotAstCswPs +(2/3)WLCgorcH

CgoTtAp+CswPp+0.5WLCgoT1cH CgotAp*+CswPp



Parasitic Capacitance Summary

D
Cap
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L .
CBS
|

CG
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Cutoff Ohmic Saturation

CoxWLp CoxWLp + 0.5CoxWL CoxWLp+(2/3)CoxWL

CoxWLp CoxWLp + 0.5CoxWL CoxWLp
CoxWL (or less) 0 0
CgotAs+CswPs CgotAs+CswPs*+0.5WLCgotcH CrotAs*CswPs +(2/3)WLCgotcH
CgotAp*+CswPp CgotAp*+CswPp+0.5WLCgotcH CgotAp*+CswPp



R-String DAC

Tree-Decoder Layout/Architecture

Each intersection is a reserved site for a switch

XIN
VRer n )I
Decoder
bs bs b, by by by
R-String Vour

MUX Decoder (Analog MUX)



Uncontacted Row-Column Structure




Row-Column Structure with Contacts Added
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Programmed entirely with the contact mask



R-String DAC

VREF n><£N
‘ Decoder
bs bs b, b b1 by
7 1 K
17 1 i
7 S I
RString 1|1 A7 ifi Vour
A 1T
i B 7
B G
i 17 17

MUX Decoder

Parasitic Capacitances in MUX Decoder

(for convenience have not shown non-contacted transistor effects)



R-String DAC

Veer S
Decoder

bs bs b, by b1 by
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Rsting || I Vour
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MUX Decoder

Previous-Code Dependent Settling
Assume all C’s initially with OV
Red denotes V., black denotes 0V, Purple some other voltage



R-String DAC

Transition from <010> to <101>

Veer S
‘ Decoder

bs bs b, by by by
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RSting [ i il Vour

i A i
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i | R i
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MUX Decoder

Previous-Code Dependent Settling

Assume all C’s initially with OV
Red denotes V;, green denotes Vg, black denotes 0V, Purple some other voltage



R-String DAC

Transition from <010> to <101> White boxes show capacitors dependent
upon previous code <010>

Vrer . T B
‘ Decoder
bs bs b, by by by
i i T
3 i i3
“TIE i R
Rstring || i il Vour
i 6 i
R I R i
i i A
] R I A B

MUX Decoder

Previous-Code Dependent Settling

Assume all C’s initially with OV
Red denotes V;, green denotes Vg, black denotes 0V, Purple some other voltage



R-String DAC

Vour  Vpp Decoder
b3 E b2 E b1 E

st
ISFETTIL,
EEEEEEE

MUX Decoder -
Tree-Decoder in Digital Domain
Single transistor used at each marked intersection to form PTL -AND gates

Do the resistors that form part of PTL dissipate any substantial power?
No because only one will be conducting for any DAC output



R-String DAC

Analog MUX with Tree Decoder

XIN
VRer n )I
Decoder
b1 E b, Fz b3 E
R-String Vour

Tree Decoder
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DAC8560

SLAS464C —DECEMBER 2006-REVISED JANUARY 2018

DAC8560 16-Bit, Ultra-Low Glitch, Voltage Output Digital-to-Analog Converter
With 2.5-V, 2-ppm/°C Internal Reference

1 Features

« Relative Accuracy: 4 LSB
« Glitch Energy: 0.15 nV-s
* MicroPower Operation: 510 pA at 2.7 V
* Internal Reference:
— 2.5-V Reference Voltage (Enabled by Default)
— 0.02% Initial Accuracy
— 2-ppm/°C Temperature Drift (Typical)
— 5-ppm/°C Temperature Drift (Maximum)
— 20-mA Sink/Source Capability
« Power-On Reset to Zero
= Power Supply: 2.7 Vto 5.5V
« 16-Bit Monotonic Over Temperature Range
« Settling Time: 10 ps to £0.003% FSR

*« Low-Power Serial Interface With Schmitt-
Triggered Inputs

« On-Chip Output Buffer Amplifier With Rail-to-Rail
Operation

« Power-Down Capability

« Drop-In Compatible With DAC8531/01 and
DACB8550 /51

+ Temperature Range: —40°C to +105°C
* Available in a Tiny 8-Pin VSSOP Package

3 Description

The DACS8560 is a low-power, voltage output, 16-bit
digital-to-analog converter (DAC). The DAC8560
includes a 2.5V, 2-ppm/°C internal reference
(enabled by default), giving a full-scale output voltage
range of 0 V to 2.5 V. The internal reference has an
initial accuracy of 0.02% and can source up to 20 mA
at the Vgrer pin. The device is monotonic, provides
very good linearity, and minimizes undesired code-to-
code transient voltages (glitch). The DAC8560 uses a
versatile 3-wire serial interface that operates at clock
rates up to 30 MHz. It is compatible with standard
SPI, QSPI, Microwire, and digital-signal-processor
(DSP) interfaces.

The DACB8560 incorporates a power-on-reset (POR)
circuit that ensures the DAC output powers up at zero
scale and remains there until a valid code is written to
the device. The DAC8560 contains a power-down
feature, accessed over the serial interface, that
reduces the current consumption of the device to
12pAatsVv.

The low-power consumption, internal reference, and
small footprint make this device ideal for portable,
battery-operated equipment. The power consumption
is 2.6 mW at 5 V, reducing to 6 pW in power-down
mode.

The DACS8560 is available in an 8-pin VSSOP
package.



7.3.1 Digital-to-Analog Converter (DAC)

The DACB560 architecture consists of a string DAC followed by an output buffer amplifier. Figure 63 shows a
block diagram of the DAC architecture.  =—

ViRer Sk Sk

E2hL)
REF [+) Vaour
DAz L) : )
Register [—/ FlEgFI:I-E‘h::ril:lnrb;

GND
Figure 63. DAC8560 Architecture

The input coding to the DACB560 is straight binary, so the ideal output voltage is given by:

D
Viour = ﬁ * Veer

where D, = decimal eguivalent of the binary code that is loaded to the DAC register; it can range from 0 to
65535. (1)



7.3. l Resistor String

The resistor string section is shown in Figure 64. It is_simply a string of resistors, each of value R. The code
loaded into the DAC register determines at which node on the string the voltage is tapped off to be fed into the
output amplifier by closing one of the switches connecting the string to the ampilifier. It is monotonic because it is
a string of resistors.

To Output Ampilifier
[&x Gain)

o™
R
So—+
R
~o—

Figure 64. Resistor String



Applications

Process Control

Data Acquisition Systems
Closed-Loop Servo-Control
PC Peripherals

Portable Instrumentation

|""I'FII:F

SYNC
SCLK

Device Information("

PART NUMBER

PACKAGE

BODY SIZE (NOM)

DACB8560

VSSOP (8)

3.00 mm = 3.00 mm

(1) For all available packages, see the orderable addendum at
the end of the data sheet.

Functional Block Diagram

2.5V
Reference
16
DAC Reqister
T
i : PWD Resistor
Shift R t
it Regisier Cantrol Network

FB

Vour

T LT e T T



6.5 Electrical Characteristics
oo = 2.7 V 10 5.5 V, 40°C to +105°C range (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
STATIC PERFORMANCE!"
Resolution 16 Bits
. Measured by line passing through DACB8560A, DACBS60C 44 12 LSB
Relative accuracy
codes 485 and 64714 DAC8560B, DAC8560D +4 +8 LSB
Differential nonlinearity 16-bit Monotonic .5 +1 LSB
Zero-code error +5 +12 my
Full-scale error Measured by line passing through codes 485 and 64714. +0.2 +0.5 % of FSR
Gain error +0.05 +0.2 % of FSR
Zero-code error drift +4 pVvirc
Vop=5V +1
Gain temperature coefficient oo ppm ? f
Vpp =27V +3 FSRIC
PSRR Power supply rejection ratio Output unloaded 1 mviv
OUTPUT CHARACTERISTICS?
Qutput voltage range 0 Vrer W
To +0.003% FSR, 0200h to FDOOh, R_ = 2 kQ, 8 10
Output voltage settling time 0 pF < G, < 200 pF us
R, =2 kQ, C_= 500 pF 12
Slew rate 1.8 Wius
e . R == 470
Capacitive load stability pF
R =2kQ 1000
Code change glitch impulse 1 LSB change around major carry 0.15 nV-s
Digital feedthrough SCLK toggling, SYNC high 0.15 nV-s
DC output impedance At mid-code input 1 Q
o Voo =5V 50
Short-circuit current mA
VDD =3V 20
) Coming out of power-down mode Vpp = 5V 25
Power-up time - us
Coming out of power-down mode Vg = 3V 5
AC PERFORMANCE™?
SNR 88 dB
THD T, = 25°C, BW = 20 kHz, Vg = 5 V, fgur = 1 kHz, -7 dB
SFDR 1st 19 harmonics removed for SNR calculation 79 dB
SINAD 77 dB
DAC output noise density T, = 25°C, at mid-code input, fo,r = 1 kHz 170 nViNHz
DAC output noise T, = 25°C, at mid-code input, 0.1 Hz to 10 Hz 50 wWep

(1) Linearity calculated using a reduced code range of 485 to 64714; output unloaded.

(2) Ensured by design and characterization, not production tested.




The DAC 8560

What is the INL performance of this DAC?
ENOB?

What is the spectral performance?
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R-String DAC
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R-String DAC
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R-String DAC

XIN
{
= Nn4:N
n=nqNo 5
~ . \
n4 )
| SN2+1
Re<
SCN1 SN2
T\ RF é
S(:(N1-1) SN2-1
Sk
N R
SC(k—1) 83
.t
S,
Sc4 RFé
T\ 81
ScS -
\IE]+
Sc2
Sc1

VOUT



R-String DAC
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R-String DAC
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Stay Safe and Stay Healthy !







