Mismatch and Noise in

Modern IC Processes




Copyright © 2009 by Morgan & Claypool

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted in
any form or by any means—electronic, mechanical, photocopy, recording, or any other except for brief quotations in
printed reviews, without the prior permission of the publisher.

Mismatch and Noise in Modern IC Processes
Andrew Marshall
www.morganclaypool.com

ISBN: 9781598299410 print

ISBN: 9781598299427 ebook

DOI: 10.2200/S00171ED1V01Y200901DCS019

A Publication in the Morgan & Claypool Publishers series

SYNTHESIS LECTURES ON DIGITAL CIRCUITS AND SYSTEMS #19
Lecture #19

Series Editor: Mitchell Thornton, Southern Methodist University

Series ISSN

ISSN 1932-3166 print
ISSN 1932-3174 electronic



Mismatch and Noise in

Modern IC Processes

Andrew Marshall

SYNTHESIS LECTURES ON DIGITAL CIRCUITS AND SYSTEMS #19

é}é: MORGAN&; CLAYPOOL PUBLISHERS




iv

ABSTRACT

Component variability, mismatch, and various noise effects are major contributors to design limita-
tions in most modern IC processes. “Mismatch and Noise in Modern IC Processes” examines these
related effects and how they affect the building block circuits of modern integrated circuits, from
the perspective of a circuit designer.

Variability usually refers to a large scale variation that can occur on a wafer to wafer and lot to
lot basis, and over long distances on a wafer. This phenomenon is well understood and the effects of
variability are included in most integrated circuit design with the use of corner or statistical compo-
nent models. Mismatch, which is the emphasis of section I of the book, is a local level of variability
that leaves the characteristics of adjacent transistors unmatched. This is of particular concern in cer-
tain analog and memory systems, but also has an effect on digital logic schemes, where uncertainty
is introduced into delay times, which can reduce margins and introduce ‘race’ conditions. Noise is a
dynamic effect that causes a local mismatch or variability that can vary during operation of a circuit,
and is considered in section II. Noise can be the result of atomic effects in devices or circuit interac-

tions, and both of these are discussed in terms of analog and digital circuitry.

KEYWORDS

semiconductors, silicon, integrated circuits, variability, noise, mismatch, analog, digital,

SRAM, MuGFET, silicon on insulator, reliability



Preface

Component variability, mismatch, and various noise effects are major contributors to design limita-
tions in most modern integrated circuit (IC) processes. In this book, we take a look at these related
effects and how they affect the building block circuits of modern ICs. The term variability usually
refers to a large-scale variation that can occur on a wafer-to-wafer and lot-to-lot basis and over
long distances on a wafer. Mismatch, which is the emphasis of Part 1, the first seven chapters, is a
local level of variability that lives the characteristics of adjacent transistors mismatched. Noise is a
dynamic effect that causes a local mismatch or variability that can vary during operation of a circuit
and is considered in Chapters 8-12.

Chapter 1 discusses where noise, mismatch and process meet. It also contains a brief review
of process and metal oxide semiconductor (MOS) components, discussion of process variability and
its affect on leakage; and review of complementary metal oxide semiconductor (CMOS) gates, ring
oscillators, and delay chains.

Chapter 2 takes a closer look at mismatch and variability in digital systems with analysis of
mismatch effects, race conditions, and statistical modeling and with consideration of interconnect
effects.

Chapters 3 and 4 consider mismatch in analog systems including in current mirrors. Cascod-
ing, advanced mirrors mismatch effects, and minimization in current mirrors are scrutinized. Op-
erational amplifiers (op-amps) mismatch effects and minimization in op-amps are discussed, along
with circuit-induced mismatch. Memory systems are also considered.

Chapter 5 looks at reliability-induced mismatch from negative bias temperature instability
(NBTT) and hot carrier injection (HCI), which are considered in both digital and analog systems.

Chapter 6 discusses nonconventional processes and circuits, in particular, silicon on insulator
(SOI) and their impact on variability and mismatch.

Chapter 7 looks in detail at mismatch correction circuits and methods, including body bias,
alternating current (AC) op-amps, test-and-fuse for leakage, power reduction, process control, and
yield improvement.

Chapter 8 begins the discussion of noise at the component level. System noise, temperature
effects, soft error rate (SER), jitter, and noise in digital systems are considered. Gate count impact

on noise is also covered.
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Chapter 9 considers the impact on noise on digital systems, while Chapter 10 studies noise
effects in analog systems.
Chapter 11 takes a look at circuit and component design to minimize noise effects.

Chapter 12 concludes the book with a look at noise in nonconventional processes [SOI, fin-

shaped field effect transistor (inFET), and multigate FET (MuGFET)].
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CHAPTER 1

Introduction

1.1 SEMICONDUCTOR MATERIALS

Silicon is by far the most popular semiconductor for today’s IC technologies; it is cheap, plentiful,
and relatively easy to work with. The most versatile silicon IC process is the CMOS process, where
field effect transistors (FETs) are created in the silicon by diffusion or implantation of various
doping impurities. An n-channel MOS (NMOS) is constructed with source and drain diffusions,
a gate region, and a substrate tie (Figure 1.1). MOS is misnomer; it originally stood for the way
the transistor was constructed. Early designs used a metal gate, yet currently, MOS semiconductor
structures use a polysilicon gate (self alignment). However, there are moves back toward metal-type

gate in some leading edge technologies.

1.2 NMOS OPERATION

The name NMOS stands for n-channel MOS device. N-type diffusion, often phosphorous, is used
to create the n-type source and drain regions (nsd). The polysilicon gate is laid down before the
source and drain and masks the nsd diffusion, making the gate “self-aligned” to the source and drain
for improved efficiency. There is a gate dielectric (often a grown oxide but high K dielectrics are
becoming more available) between the silicon and polysilicon gate. The area under the gate is called

the channel and generally is lightly doped to adjust the threshold voltage of the component within

IL DRAIN legeo -E -lﬁ -E

POLY Lg

Substrate Tie

P-type
Substrate

SOURCE

FIGURE 1.1: From /ef? to right are simplified cross-section of an NMOS, plan view of NMOS, and
symbols used for NMOS devices.
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9l onset of Increasing Vgs 4
Saturation,/ s
o dtran
/  Saturation !
Linear
Idlin
/
//
/ g zero gate voltage
Vds Vds

FIGURE 1.2: NMOS characteristics, showing linear, saturation, and onset of saturation regions. These
correspond to specific operating states in the MOS device. The right-hand curve also shows the “off-

state” curve.

the required range—this is the 7} adjust. Transistor characteristics are shown in Figure 1.2. The
electrical characteristics of the transistor can be split into two regions, the “linear” and “saturation,”

with a third region, between these two, called “onset of saturation” (Figure 1.3).

1.2.1 Linear Region
Occurs when V>V, and Vyo<(Ves—Vin)-

The transistor is on, and a more or less linear channel is created which allows current to flow
between the drain and source (because the potential difference between the gate and the channel is
approximately the same along the whole channel). The FET acts like a resistor, controlled by the

gate voltage relative to the source/drain voltages. The current from drain to source is modeled as:

I3= p,Cox(WIL)[(Ves—Vep) Vas—(Vas*/2)]

Substrate Tie NMOS Substrate Tie NMOS Substrate Tie NMOS

channel channel channel

e

P-type P-type Ptype —  F
Substrate  aepietion Substrate  acpletion Substrate  aepletion

region region region

FIGURE 1.3: Linear, onset of saturation, and saturation operating conditions of a typical NMOS.
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where L1, is electron mobility, W is the gate width, L is the gate length, and Cyy is the gate oxide
capacitance per unit area. Vg, is the potential between drain and source, V is the gate-source po-
tential, and Vi, is the MOS device threshold voltage, the point where it begins to turn on.

When Vy, is much smaller than VgV, the equation is simplified to:

I4= constant x Vg, (Ohm’s law)

1.2.2 Saturation Region
Occurs when Vge2Viy and V> Vgs—Vin.

In this mode, the drain voltage is higher than or equal to the gate voltage, part of the channel
is off. The onset of the off part of the channel is pinch-off. The drain current then becomes rela-

tively independent of the drain voltage, and the current is controlled by the gate—source voltage:
I3= (11, Cox/ 2)(WIL) (Vs Vi)
When V>V, the equation is simplified to:

I = constant x Vsupply2 (i.e., a constant current)

1.2.3 Channel Modulation

In reality, channel modulation adds a nonlinear trend, as there is a resistance associated with the
channel, which becomes smaller the higher the drain voltage applied. As voltage gets higher, the
channel gets further reduced in length and so does resistance. As resistance goes down, current
continues to increase.

Output resistance approximates to:
R=(Vas— V)14

where 7, is an empirical voltage sometimes termed the Early voltage, after a similar effect in bipolar
devices, and is defined by the voltage obtained when the saturation /= curve is extrapolated to the
X-axis (Figure 1.4).

1.2.4 Subthreshold Mode (Cutoff)

When V<V, the transistor is off, and there is no channel conduction between drain and source
(Figure 1.2). Ideally, there should be no current flow, except there is some due to the Boltzmann
distribution of electron energies: that is, for NMOS devices, some electrons in the source have

enough energy to enter the channel and flow to the drain, resulting in a subthreshold current that
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Id

Increasing Vgs

Vds

FIGURE 1.4: Extrapolation of the saturation curve back to the X-axis to determine the ¥, voltage.

is an exponential function of the gate—source voltage. Thus, even at V=0, there is a weak inversion

current. Inversion current can be reduced further by putting a negative voltage on the gate.

1.3 PMOS DESIGN

PMOS stands for p-channel MOS device. These are similar to NMOS, except that a deep n-type
diffusion (Nwell) replaces substrate as the body region and p-type source—drain (psd) replaces nsd.
PMOS devices have lower drive currents per micron than NMOS in most process nodes as carri-

ers are holes, rather than electrons, which have reduced mobility. PMOS cross-section is shown in
Figure 1.5.

1.4  VARIABILITY AND MISMATCH

The point where I-drive (Is, or any other chosen operating point) is measured gives us a single
data point of operation. Figure 1.2 shows the Iy,y, Liiin and Iy, points on a standard 1=V curve. In
real life, we can do this check on many devices and get slightly different results for each device. We

NMOS PMOS

P-type
Substrate

FIGURE 1.5: Simplified NMOS and PMOS cross-sections, showing how a PMOS differs from an
NMOS.
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have looked at nominal drive current with process node as well as strong and weak models. Strong
and weak models, sometimes called fast and slow, (and those in between) result in a continuum
of possible values, generally with a close to Gaussian distribution (Figure 1.6). Most circuits are
designed to the weak and strong limits, which are approximately the +3 sigma performance points.
Some designs can use just the so-called corner models of weak, nominal and strong. Others require
design using statistical models.

In reality, the design space or window must include limits on leakage and operating current
as well as performance over a range of voltages and temperatures. The statistical models account
for global variation and are applied globally across every component in the circuit. Mismatch, on
the other hand, is a local phenomenon, which affects every component in the circuit individually.
Combining global variability and local mismatch results in a model range that encompasses both
effects. Let us assume the global distribution lies at “nominal” process corner—device-to-device
variation (local variation) lies around that nominal point—same with a global distribution that lies
at weak or strong, local distribution will lie around that point. Figure 1.7 shows global variations
and local variations centered on weak, nominal, and strong corners (-3, 0, and +3 sigma points,

respectively).

1.4.1 How Do They Happen?

Variability and mismatch are the result of anything that can be different from device to device, or
anything that is made to operate in a different way due to circuit design. Systematic variability is
variability that is always the same—often caused by circuit design or repeatable differences in layout,

for example:

[e] |

Vds

FIGURE 1.6: Demonstration of the difference between weak, nominal, and strong models (lower, mid-
dle, and upper curves, respectively), and the statistical representation obtained at the Iqs, point using

statistical models.




MISMATCH AND NOISE IN MODERN IC PROCESSES

Cistribution
(# Units) Vieak Nom Strong

Device
Performance

(ldsat f um]

FIGURE 1.7: Demonstration of mismatch distributions superimposed on the variability distribution.

1. A transistor placed deep in an array of transistors often has a different gate length, and
hence electrical characteristics, than a similar transistor at the edge of an array (especially
in digital and memory circuits);

2. A mismatched circuit can result in uncertainty within the circuit to where a balance point

is between matched devices (especially in op-amps).

Random variability is mismatch that can change within a device and results in variability
within circuits; for example, a matched pair of transistors within an operational amplifier can lead
to a circuit-to-circuit variation in the input offset. Mismatch can occur in digital circuits resulting in
race conditions, or in memory circuits resulting in data loss. A transient form of mismatch can occur

in certain SOI processes, where the switching history can affect delay time or offset.

1.5 CLASSES OF VARIABILITY
Physical—Device and interconnect—time scales 10-100 years (time zero effects, unlikely to
change).
Functional—Changes in characteristics due to operation (device aging) (days to years).
Environmental—Changes in supply, temperature, body effect (10E-09 to 10s of seconds).

1.5.1 Random Dopant Fluctuation

Mismatch can be the result of random dopant variation within the device. A typical channel region
contains just a few hundred dopant atoms, and the number of dopant atoms scales at approximately
as L. As processes shrink, therefore, mismatch due to dopant fluctuation increases. Further-

more, the location of any atom is important, and the delta V; increases as delta [V decreases.
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1.5.2 Line Edge Roughness
Line edge roughness or line edge variation is a result of variation in source—drain doping, nonuni-

formities in photoresist, and polysilicon randomness; it affects the gate width and length.

1.5.3 Variability and Mismatch

This can be split into global, where wafer-to-wafer variation dominates, or batch to batch, or even
wafer fab to wafer fab. There is also within-wafer and within-reticle variation (the block of silicon
that is stepped across the wafer usually as a block of several chips that is still considered ‘global’
providing it does not affect the matched circuitry within a chip). Mismatch is local variation between

adjacent devices and may be physical process-induced, circuit-induced, or environment-induced.

1.5.4 Temperature-Induced Variability/Mismatch
The effects of change in temperature on variability are evident from Figure 1.8. This is also a voltage-
dependent variability, in that a change of temperature has a much higher effect on Iy, at higher

voltages and lower voltages than at the nominal conditions. This can be a global effect (if the whole

Idsat vs supply over temp (NMOS)

6.00E-04
5.00E-04 w0
-20
4.00E-04 0
//
/ 20
5 E-04 4
2 3.00E-0 40
/ 60
2.00E-04 ——80
100
1.00E-04 120
0.00E+00 : / :
0.0 05 1.0 15 2.0
Supply

FIGURE 1.8: Effect of temperature on Iys, of an NMOS. Note the difference in effect over supply, due

to the conflicting physical mechanisms which dominate at different voltages.
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Idrive vs leakage
-10.6

-10.8 /
11 w
/ / m logleakn
-11.2
/ / + logleakp
114 —— Linear (logleakn)

/ / —— Linear (logleakp)
-11.6 u

oy /
] /

'12 T T T T T 1
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04

Idrive

Leakage

FIGURE 1.9: Leakage effects as a function of I-drive.

chip is heated) or a local effect (if some local on-chip source of heat affects one of a matched pair

of devices than another).

1.5.5 Leakages and I-Drives

T4, performance of the transistors vs. log of leakage has a more or less linear correlation. As a result,
a small change in performance can significantly affect leakage. This is not good when leakage power
has to be considered. In the example in Figure 1.9, a PMOS I-drive increases 50% for a 10x increase
in leakage, and NMOS I-drive increases 60% for a 10x increase in leakage. If variability allows a
variation of 50% in I-drive, the leakage varies by about 10x. In Figure 1.10, the same is shown for

mismatch, where an 8% change in performance causes a 35% change in leakage.

1.6 CMOS GATES

Static CMOS is the dominant logic gate technology in digital ICs. CMOS logic uses a combination
of PMOS and NMOS devices to implement logic gates and other digital circuitry in computers,
telecommunications, etc. NMOS devices generally used as pull-down devices and PMOS generally
act as pull-up devices. Figure 1.11 shows circuit diagrams of inverter, NAND, and NOR CMOS
logic gates.
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FIGURE 1.10: Leakage effects as a function of I-drive—mismatch effects.

The simplest gate is the inverter. Its performance is defined by the component and intercon-
nect parasitics of the turn-on switching devices and is directly a function of I-drive and capacitance.
If variability and mismatch affect transistors, they therefore equally affect more complex circuits.
To test CMOS gates, it is normal to connect groups of inverters or other gates as chains or rings in

order to be able to analyze the average performance of such gates.

FIGURE 1.11: From /ef? to right are schematics of typical CMOS inverter (sometimes called a NOT
gate), NAND, and NOR gates.
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1.7 RING OSCILLATORS AND GATE CHAINS

Ring oscillators and chains are used to check logic performance. Some of the things they can check

leakage, power dissipation, and reliability verification.

are optimal layout, the effects of proximity of other features on performance (dense and sparse
layout). Rings are more versatile and easier to work with than chains as they do not need external
switching signals. Ring oscillators need to have an odd number of inverting logic gates, and since
frequency is too high to take out to external measuring devices directly, they are connected to a
divider, which can then measure the frequency. A simple multiplication of the output frequency
then leads back to the ring frequency and the gate delay. The ring can be made of any type of gate,
although most often any given gate will contain all or mostly one type or combination of types of
gate. Similarly fan-out (i.e., the number of devices that any gate drives) can be chosen for any given
ring oscillator, as can other characteristics such as interconnect loading (Figure 1.12). The things

that can be determined from a well-designed ring oscillator are switching speed/logic performance,

Divider

f— Output

ool

~

o

o

: Vdd

1
1
L

Divider (Fan-out 1)

L— output (Fan-out 1)

Interconnect
Loading

FIGURE 1.12: Representation of a ring oscillator, showing how placements of interconnect, loading,
and differing gates can be incorporated into a ring oscillator (normally a ring oscillator contains only one
device type or fan-out). The ‘hold’ function is added to check off-state leakages.



CHAPTER 2

Variability and Mismatch in
Digital Systems

2.1 EFFECT OF INTERCONNECT

Interconnect capacitances and resistances are significant. They can cause frequency of test configu-
rations and circuits to drop by 50% or more. As a result, any variability or mismatch that occurs in
the interconnect has a direct impact on the overall circuit performance. Mostly, interconnect can be
simulated with resistor-capacitor (RC) networks (Figure 2.1). Complexity of the resulting circuits,
however, is formidable, and as a result, analysis of circuits with full parasitic extraction is limited to
relatively small circuits or subcircuits that have suspect or unknown performance. Logic is often not
analyzed as a spice subcircuit at all, but with Verilog or some other digital simulator—this is be-
cause of the huge quantities of logic in most ICs. A lumped parasitic may be added into the digital
simulator without a big increase in simulation time. Analog circuitry, however, often requires the

full parasitic extraction, combined with an analog simulator.

Do Do Do Do

FIGURE 2.1: Interconnect can generally be simulated with RC arrays, which are extracted from the
layout by special CAD tools.

13
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switching diagram
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FIGURE 2.2: Switching of input and output. The slowing of the switching of the input is a result of

Miller capacitance during output switching.

2.2 RING OSCILLATOR SWITCHING CHARACTERISTICS

The input to each gate stage switches (from 0 to 1 or from 1 to 0), followed at some time later by the
output (switching the other way), is dependent upon transistor sizes, loading, temperature, and sup-
ply. At any given moment during the switching, there is a gate and drain voltage for the PMOS and
NMOS. Switching performance (delay) is determined by every point on the curve. Capacitance is
not a constant here, being defined by all the fixed capacitances of the dielectric capacitances (inter-
connect), the junction capacitances (drain to body), and Miller multiplication of capacitance across
the gate. Figure 2.2 shows the switching of the input and output. The slowing of the switching of

the input is a result of Miller capacitance during output switching.

2.3 DIGITAL CORRELATION

Referring to Figure 2.3 [1,2], consider the input (yellow) rising from V (time ‘A’) to the time the
output (blue) just begins to turn on—this is the delay through the gate. The instant that the output
begins to switch is the same point that the PMOS current and NMOS current are in balance. The
input voltage at which that occurs is defined by the difference between the Vi, of the NMOS and
the Vyin of the PMOS, or:

Voltage threshold rise (Vi) = Vigan + 0.5(Vad—Visatn=Vitinp)»
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FIGURE 2.3: Input and output waveforms of an inverter in a ring oscillator, showing the time A-B

voltage

GN

time
(C-D), where the input is rising (falling) ahead of the output that is beginning to switch.

and the falling input voltage (delay C-D) is:
Voltage threshold fall (Vf) = Vigaep + 0.5(Vad—Viesatp—Vlinn)
when measured as a voltage swing from supply. Or the above equations can be expressed as:
Ve=(Vaa—Vinp + Visarn) /2 and
Ve = (Vaa—Vitinn + Visarp) 12
The time from start of input rise and output fall are:
t, = Vic/pt and
tr = Vic/nt,

where ¢ is the capacitance and is approximately the same for rising and falling slopes, 77 for Igann
and p# for Iyiranp are average values of the Iy of the NMOS and PMOS during switching.
Thus, total delay (one rise and one fall) is:

Dela}’ = [C(Vdd_Vdinp + stam)/zpl‘] + [C(Vdd_ thinn + statp)/znl‘]x
and the frequency is:

FfequeﬂCY = 2Pl‘7’lf/ {C [712‘( Vdd_ V’dinp + statn) + Pt( Vdd_ V’dinn + Vtsarp)] }
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2.3.1 Defining Ijy,, Voltage

From Figure 2.4, the output start switch to next output start switching is:
Vgs min~( Vdd_thinp + Visatn)/2, Vgs max~0.95V yq.

The maximum Vg during this time is V34, and the min Vy, is approximately (Vaq—Viinn +
Visap)/2. The first order average value of Vo= Vg is:

= [Vaa+(Vaa—Vetin+ Vesat)/21/2=0.75Vq+0.25(Vegar—Vi1in) 70.75Vaq
We have shown that:
Dela}’ =[c(Vaa— Klinp + Visam) /ZPf] + [c(Vaa—Vtinn+ Vtsatp) /nt]

Let us look at variability in digital systems—assume that I, varies, first in a global manner.
For the purpose of this exercise, let us say Igs, is the same as Igyan (722, p£), and all other variables

stay the same, then:
Delay fall = K,Ij(N) ! and
Delay rise = Kp, Ijsse (p)L.

A 1% increase in Igg, (equivalent to a 1% local mismatch increase) reduces delay by approximately

1%,
9.5e-1 ?7
7 5e-1
5 5e-1 /\
3.5e-1 \
150-1] / \
-5.09-2-4/ -4/

time

voltage

FIGURE 2.4: Switching response to determine average input and output conditions during perfor-
mance defining part of switching response.
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Combining using sum of squares will get:
Average delta delay (ADD) = [(K,I dsat V2 + (K Ly P7H?10°
If K=Ky, and Iy, N=14s, P:
ADD = sqrt(2)K/ Ljsys.

Thus, if we have an inverter made of two transistors of equal variability, then our delay vari-
ability will be 1.4x the individual transistor variability (i.e., if the variations are 100% independent
of each other). For example, channel doping is completely independent.

However, if the variability of the transistors is identical, such as oxide thickness, we cannot
combine the variations using sum of squares, and variability becomes 2x the individual transistor

variability.

2.4  SIMULATION OF STATISTICAL AND MISMATCH EFFECTS

As shown in Figure 1.7, the development of a statistical or mismatch model is generated as follows.
First, a nominal model is created. From that corner, weak and strong models are created. These are
like nominal, but a few select parameters are modified to weaken or strengthen the model. A statis-
tical model is created by applying globally (to all devices in the circuit) the same offset—these are
the standard deviation (snd) parameters. Mismatch is an additional parameter that can be applied

to individual transistors, designated “mm” parameters.

2.4.1 Variability and Mismatch Parameters
Statistical analysis methodology applies weighing to generate process performance under different
physical conditions, weak and strong models are specific process corners. For MOS devices, several

variables can be used for modifying the component characteristics:

« L, (gate length)
W, (gate width)
+  Cyx (gate oxide capacitance)
Ny, (NMOS flat-band voltage)
+ Py, (PMOS flat-band voltage)

Flat-band voltage (vfb) in MOS devices refers to a voltage at in the band diagram where the
energy bands of the semiconductor are flat.
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Additional model variables may include channel doping variation and mobility variation.

Mismatch uses a subset of these variables, which can vary by process but usually includes a
gate length and/or width variable and a channel doping variable.

Plotting statistical analysis of a delay chain against supply (Figure 2.5) shows that the delay
spread increases with lower voltage, indicating a high dependence on V; variation. In this graph
showing an older technology node, nominal, weak, and strong models are shown to be in good
agreement with mean, +3 sigma, and -3 sigma corners at high voltages, but they diverge at lower
voltages.

Another important aspect of any circuit design is leakage current. The spread here is shown
in Figure 2.6, where at the higher voltages leakage is higher, as expected. However, since this is
the high-voltage corner of the process, the correlation between statistical and conventional ‘corner’
models is reasonable.

Correlation is improved at low voltages with the introduction of the concept of current cor-
relation coefficients (Figure 2.7). By modifying individual coefficients to match with the trends of
the corner models over supply voltage, temperature, or any other variable of interest, the models are
made to match in performance and leakage over the same variable.

Where do we need statistical models? Where variation of every transistor/component/intercon-

nect on a chip varies by same amount—ideal for absolute timing, absolute performance and where

local mismatch can be averaged out.

Delay

1000
300 - .-.'. +de| str
= ) —m—del nom
< 600 - — & del wea
E 400 - —e—del mean
—a—del +3s
200 1 e del-3s
0 1 ] | 1 1

1 14 1.8 22 26 3
Supply V

FIGURE 2.5: Process delay spread with voltage for nominal, weak, and strong models and mean, +3

sigma, and —3 sigma corners.
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Current
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@
§ 249 —a— | wea
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FIGURE 2.6: Circuit leakage spread with voltage, for nominal, weak, and strong models and mean, +3
sigma, and —3 sigma corners.

Current Correlation Coefficients
06

04 I

0.2 -

0 T T T —— TOX
020 1 2 3 - pVFB

-04 - —a— LINT1
-0.6 -

-0.8 - W

-1

Coefficient

Supply Voltage

FIGURE 2.7: Example of the way correlation coefficients of the model can be linearized over supply
voltage to give improved matching between corner and statistical models (after linearizing).
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Where do we need mismatch analysis? Where local variation is important—SRAM cell, race
conditions in short paths, amplifiers.

But, what is the definition of where we can neglect local mismatch in real circuit design?
Since mismatch is completely random as the number of components or logic gates increases, the
relative effect of the mismatch is reduced (delay increase is linear, mismatch is the square root

function). Assuming that we have a gate delay D, with a mismatch delay delta of 4, the gate delay
will be:

Gate delay=D - D' £ 4.
For circuits with two gates, the average delay is:
Average delay = D + sqrt(2)4/2,
while for cicuits with N gates, the average delay is:

Average delay = D + sqrt(V) d/N.

mm wrtsqrt gates, nomW, 0p8v, <40deg

6.00E-01

5.00E-01
‘jg 4 00E-01 “i —4— mm3sig
E 300E01 +4——F—— -4 glog-siy
Z all3sig
£ 200E-01 “— carner

1.00E-01 =

]
0.00E+00 *

0 & 10 15 20
sqIt gates

FIGURE 2.8: Mismatch, global, corner, and combined mismatch as a function of gate length of a logic
chain.
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If 4is 10% of D and we need the effect of d to be < 1%, then we would need sqrt(2V)=10 or
N=100. If dis 10% of D and we need the effect of 4 to be < 5%, then we would need sqrt(2V)=2 or
N=4.

Considering Figure 2.8, we see how mismatch averaged over the number of gates in the chain
quickly reduces to the point where overall mismatch (local and global variability) reduces below that
of the corner model, thus permitting simpler corner model circuit analysis for all, but short chains

and specific other circuits.

2.5 VERIFYING RANDOMNESS

One way to check for mismatch is to use an addressable FET array (Figure 2.9). Here, it is possible
to place a large array of transistors in an array and select the one(s) of interest, with a switching
matrix. This is good for most on-state measurements, but does not work well for leakage measure-

ments, as there are several leakage paths.
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FIGURE 2.9: Representation of a switching matrix and the signal path to determine device character-

istics.







CHAPTER 3

Variability and Mismatch in
Analog Systems I

3.1 CURRENT MIRRORS

NMOS and PMOS current mirrors are arguably the simplest analog circuit and are widely used in
integrated circuits. A single current source acts as an input and mirrors multiple identical currents.
Matching is typically about 1% and can be optimized with component and circuitry design and
layout techniques. A simple current mirror is shown in Figure 3.1.

The current mirror concept is simple: If all the voltages on an output device are the same as

on an identical input component, then all the currents flowing through the devices are also identi-

cal. Then:

Input current = Output current

So what is reality?

*  What effect does global variation have on a current mirror?

*  What effect does local mismatch have on the current mirror?

Iinﬂ I1aﬂ I2aﬂ |3aﬂ I4aﬂ 152
o N Iy My ey Ny

FIGURE 3.1: Basic current mirror with an input (left-hand component) and five outputs. The circuit is

# GND

used to ‘mirror’ an input current, allowing multiple matched currents to be used in different circuits or

areas of a circuit.

23
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Well, it depends, but let us start by assuming that we are using minimum gate length and width

components, similar to those used for the best, fastest, lowest power digital circuits.

3.2  GLOBAL VARIATION

Figure 3.2 shows how a current mirror varies as a function of global variability (where all compo-
nents change the same). Here, the voltage on the input (reference gate and drain) shifts with model
strength, but output current at the same output drain voltage is constant. Away from this singularity,
significant variation can occur even when there is no local mismatch.

An analysis of Figure 3.3 demonstrates that when mismatch is applied to the circuit in Fig-
ure 3.1, there is significant difference in the current. Some of the outputs match fairly well at the
balance point, but others are off by up to 80%. This begins to highlight a problem with the use of
minimum size transistors, which are so ideal for digital purposes but are not so good for analog
purposes. Note that this is a snapshot. The next time a mismatch analysis is simulated, since this is
a statistical process, we might expect different results, which could be better or worse.

To improve this, we can reduce variability of mismatch parameters Lint (m), width (m),
NCH (N-type channel doping). In the case of NCH, the channel doping, this is a process effect,
which is difficult to change except when a process is being developed. However, an increase in width

and length of transistors is readily achieved. An increase in length might initially appear to improve

I mirror - global

8.00E-05
7.00E-05
6.00E-05 — | in
— Weak
g 5.00E-05 ‘
= nominal
4.00E-05 - strong
3 3.00E-05 — 1 0uweak
¢ / ~—\10unom
2.00E-05 / —— v10ustr
1.00E-05 /
0.00E+00 4 ,

0.00E+00  5.00E-01 1.00E+00 1.50E+00 2.00E+00 2.50E+00

drain voltages

FIGURE 3.2: While the balance point remains basically the same, stronger or weaker models result in
a change in the output current mirroring under conditions away from the point where all voltages are

the same.
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I mirror - global
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FIGURE 3.3: Plot of the output currents of Figure 3.1, showing significant potential for mismatch-
induced error even at the normal matched current point.

matching, but this is happening as a result of saturation of the transistor, so the matching improve-
ment cannot be relied upon if mirror currents or temperature effects are introduced (Figure 3.4).

Increase in width will improve the mismatch somewhat, but can lead to higher mismatch
outside the matching voltage point (Figure 3.5). This is because voltage V; is reduced (the input
device is wider, thus, the voltage needed across its gate/drain is lower to maintain the same current).
This causes more mismatch as Vgaee—V; is reduced.

One thing we might do is try increasing both width and length of the transistors. This is
advantageous as mismatch is reduced, and it can be designed such that the other electrical charac-
teristics, such as voltage Ve, can be raised out of the region where mismatch becomes serious. The
resultant design is simulated as shown in Figure 3.6. The resultant output current over the operating
range of 0.5-2 V gives an output current range of over 2:1, thus, it is better but still not as good as
we would like.

Hence, theory matches results, and we can increase /#/ and L to get improvement in current
mirror matching. This is termed component optimization, but in terms of actual silicon, we have a
need to do several additional things to optimize the mirror. We can add dummy devices surround-
ing the mirror components, which improves matching as the end devices are no longer edge devices,
where the photolithography tends to pattern the gate differently, resulting in devices with somewhat
different gate lengths (Figure 3.7). Transistors should also all be aligned in the same orientation,
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FIGURE 3.4: Graph showing matching of longer channel devices. The matching improvements seen

here are not reliable because they are dependent upon the individual transistor characteristics, not the
circuit.
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FIGURE 3.5: Although mismatch is reduced at the mismatch point due to increased width devices, at
higher voltages, the matching is reduced because the lower diode voltage causes more component vari-

ability.
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FIGURE 3.6: Increasing width and length gives further improvement to mismatch, but better matching
is needed in many systems.

. inlinlinl
D1 D2 D3 D4 D5 D6

FIGURE 3.7: Layout of current mirrors, showing transistor alignment and dummy devices.




28 MISMATCH AND NOISE IN MODERN IC PROCESSES
Current Mirrors - matching - NMOS
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FIGURE 3.8: Representation of matching when there are an inadequate number of dummy devices
around the reference device.

i.e., all the drains to the left and all the sources to the right of the component, in this example. This
reduces variation due to global process variation. An additional layout optimization that should be
done is resistance matching of interconnect.

With inadequate mismatch correction at layout, we can see results that look similar to Fig-
ures 3.8 and 3.9. In Figure 3.8, there is inadequate compensation for mismatch due to the edge
effects, i.e., insufficient dummy devices. The result is that current for the output devices within the
array are lower due to the outer devices having a lower V; than the inner devices. Device number
5 (D5), another edge device, has a slightly higher current due to its closer matching to the input
reference device.

Current Mirrors - matching - PMOS
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o 1-02E400
€ 1.00E+00
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9.60E-01 - : : : - .
1 2 3 4 5
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FIGURE 3.9: Representation of matching as a function of distance from the reference device.




VARIABILITY AND MISMATCH IN ANALOG SYSTEMSI 29

Figure 3.9 shows the effect of reduced matching with distance from the reference device. For
critical applications, it is normal to place the reference device in the middle of the array; thus, the

best averaging is achieved.

3.3 CASCODE CURRENT MIRROR
We have looked at simple current mirrors and some layout techniques for optimization, but we do
not have as good matching as we would like or is often required. Using circuit design techniques,
can we improve performance (current mirror matching) by modifying the circuit in some way?
Fortunately, yes. Let us simplify by modifying the circuit to just one input and one output
(Figure 3.10). Using what is known as cascoding techniques, we can apply a circuit that gives a
simple reference voltage that is approximately equal at the input and output. In Figure 3.10, this
corresponds to nodes nc and np. If nc and np are equal, we operate at the same voltage for the
input and output of the mirror. Under these conditions, we operate near the matched current point
throughout the operating range. The simple current mirror in this case gives a variability of 7.5-15
uA (Figure 3.11), but if the operating range of the output of the mirror transistor has a restricted
voltage range, the variability is reduced further to 7.5-13 puA. This gives us a mirroring ratio of bet-
ter than 1:2, which is within the usable range, for many requirements. Figure 3.12 shows a typical
circuit configuration which achieves the voltage regulation of Figure 3.10.

Iref + *Imirror

na nb

M1:||L||:M2

nc nd

g [ —

GND

FIGURE 3.10: Circuit showing a cascoded configuration. This restricts the maximum operating range

of the mirroring transistor and improves matching.
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FIGURE 3.11: The output current range of a noncascoded mirror is defined by the minimum current at
the lowest voltage and the maximum current at the highest operating condition. With a cascoded mirror,
the maximum current is defined by the current of the source voltage of the output cascode.

Iref + *Imirror

na nb

w JA—][

nc nd

g [ —

GND

FIGURE 3.12: Typical simple cascode circuit, using the input source to provide the nc and np reference
voltages.
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FIGURE 3.13: Optimized simple cascode current mirror, simulated with mismatch models. This indi-

cates approximately 4% accuracy can be obtained with good layout, even with mismatch.

FIGURE 3.14: Super Wilson current mirror. This design has some matching advantages over the cas-
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32 MISMATCH AND NOISE IN MODERN IC PROCESSES

Optimization of this simple cascode circuit and application of mismatch simulation leads to
an output current range of 9.64-10.4 uA or 1:1.079 (or £4%) (see Figure 3.13).

3.4  WILSON CURRENT MIRROR

On the quest for more precision, we appear to be closing on the limit with the traditional and
cascoded current mirror. Can we do better with a different design? One other standard mirror
structure is the Wilson current mirror (Figure 3.14). The Wilson mirror by itself has some of the
disadvantages of an un-cascoded conventional mirror, but, using a ‘super Wilson’ mirror, we get bet-
ter matching—what can we expect?

A super Wilson mirror is supposed to give better matching; with the optimized conventional
scheme, MM is 9.64-10.4 uA (1:1.079 or £4%), but with the super Wilson, MM is 9.08-10.23
uA (1:1.13 or £6.5%). Looking closely at the output waveform (Figure 3.15), we notice that at
the low-end voltages, the current is dropping off faster. If we look instead at a low corner point of
0.7 V instead of 0.5 V, the optimized conventional scheme, MM is 9.78-10.4 pA (1:1.063), whereas
the super Wilson, MM is 9.67-10.23 pA (1:1.058). Thus, under slightly restricted operating condi-

tions, the Wilson mirror is indeed an improvement over conventional designs.

mismatch
lout 1
1.20E-05 lout:2
——lout 3
1.00E-05 - ; — = S ——lout 4
‘J/'— ——lout 5
8.00E-06 ! —lout 6
- ! ——lout 7
g i
£ 6.00E-06 ‘ lout 8
3 lout 9
4.00E-06 | lout 10
| lout 11
2.00E-06 ! lout 12
| lout 13
0.00E+00 L . ; ; lout 14
0.00E+00  5.00E-01 1.00E+00 1.50E+00 2.00E+00 2.50E+00 | ot 15
voltage lout 16

FIGURE 3.15: Matching using a supper Wilson current mirror. At 0.5 V output, the currents have
already begun a steep drop; this is below the voltage where reasonable matching can be expected.
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41 OPERATIONAL AMPLIFIER
The basic CMOS operational amplifier (op-amp), as shown in Figure 4.1, requires a matched input

pair, the tail current is balanced with the output current, the PMOS mirror acts as a balance for
transistor Ms pull-up. In addition, there is an RC high-frequency filtering to improve stability.

The matched current sources are generally generated from current mirrors (Figure 4.2); usu-
ally, a simple current mirror is used. This simple circuit already has some circuit-matching issues,
even under ‘balanced’ conditions; M7 and Mg drains are not likely to be the same voltage, and with
a simple current mirror, currents will therefore not be the same. Currents are V;,-dependent; hence,
if Vi, is close to Vyq, better balance is achieved. Likewise, M3, My, and Ms drain voltages are not
likely to be equally balanced.

FIGURE 4.1: Basic op-amp, showing the input pair. The input pair is the part of the circuit most sensi-
tive to mismatch.

33




34

MISMATCH AND NOISE IN MODERN IC PROCESSES
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Vin Ilout
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FIGURE 4.2: Op-amp, conventional with current mirror current sources.

4.1.1 Input Pair Matching

Standard practice in precision op-amps is to cross-couple the inputs; hence, the noninverting input,

for example, in Figure 4.3, would be the ‘@’ and ‘d’ devices, and the inverting input would then be the

‘b’ and ‘¢’ devices. The sources are all common, and the drains of a’ and ‘d’ and ‘b’ and ‘¢’ are common,

(a)

(c)

FIGURE 4.3: Representation of input pair cross-coupling, used in precision op-amp input pairs.

(b)

(d)
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as well as the gates. The sources and drains are all aligned, so if any processing misalignment was to
occur, all devices would be equally affected. In high-precision designs, dummy devices surround the
active devices. In addition to processing mismatch, the cross-coupled design gives some immunity

to environmental mismatch, in particular, thermal or stress mismatch.

4.2 IDEAL OP-AMP

For circuit design, we generally use a simplification and assume an ideal or close-to-ideal amplifier.
Figure 4.4 shows that the main part in an amplifier is the dependent voltage source. This increases
as a function of the voltage drop across Ri,, amplifying the voltage difference between V* and V™.
The ideal op-amp has infinite open-loop gain, infinite bandwidth, zero input current, zero offset

voltage, infinite slew rate, zero output impedance, and zero noise.

4.2.1 Open-Loop Gain

The amplifier’s differential inputs consist of V* input and a V™ input, and generally the op-amp
amplifies only the difference in voltage between the two. This is called the ‘differential input volt-
age.’ This configuration is generally used to build a comparator function, where a change in voltage
of the input pair (say as one input voltage terminal switches from being less than the other to more
than the other) causes a full rail swing on the output, say from Vi to Vgq. In open-loop mode, any

input offset is amplified. In the ideal case (Figure 4.5a):

Vin

v+

R'"% Vi*Gain
V-

Vinbar

FIGURE 4.4: Op-amp block diagram—this simplification is often used for circuit design. Mismatch
can be applied to the ideal op-amp circuit.
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Ry R,

(b)_'T_ time
FIGURE 4.5: (a) Simple comparator waveform. When the rising input meets the voltage of the steady

input, switching occurs at the output. (b) Negative feedback schematic and representation of op-amp
output for a system with controlled gain such as a negative feedback system.

Vout = (Vin_ Vinbar)gain-

4.2.2 Negative Feedback Operation

By applying resistive feedback, the gain can be controlled. This configuration is generally used to
build a linear amplifier, where the output voltage is a small multiple of the difference in input volt-
age pins. In this mode, any input offset is amplified, but only by the gain defined by the negative
feedback. In the ideal case (open-loop gain=infinite), i.e., Vip+=Vi,—, thus:

Vour=Vin (Ra+R1)/Ry.
Feedback and output waveform are shown in Figure 4.5b.
4.2.3 DC Imperfections in Op-Amps

Gain of the amplifier is not infinite. Finite gain affects all systems where feedback aims for a gain
that is higher than about 10% of the actual gain of the amplifier.
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Output resistance becomes a factor when driving low-resistance loads and low-resistance
teedback loops.

Input bias current. Not usually a problem in CMOS op-amps, but any input current, however
caused, tends to generate an input offset, which is gained up through the amplifier and can result
in systematic offset.

Input offset voltage. This is the voltage required across the op-amp’s input terminals to drive
the output voltage to zero.

Nonlinear common mode gain. Manifests itself as an input voltage dependency.

Temperature effects. All parameters change with temperature. Temperature drift of the input
offset voltage is especially important.

Finite input resistance puts an upper bound on resistance of the feedback circuit. Some op-
amps have circuitry to protect inputs from excessive voltage which can have a resistance to a supply

voltage.

4.3  FINITE GAIN
A typical MOS op-amp may have a gain in the order of 500-50,000.

Vout/ Vin = Gol Gres/ ( Gres+ Gol)y
where:

Gies (gain defined by feedback loop)=(R1+ R;)/Rj1, and

G, (open-loop gain)=V¢,,/(V =V 7).

Hence, if G, is infinite and G,.s=100, V=100V, but if G;;=500 and G,.,=100, V,,+=83.3V;,, or if
Go1=50 and Gy=200, Vo, =40V,

With an expected gain of 100 but an amplifier gain of 500, instead of infinite, the actual gain
is only 83.3. Meanwhile, if the amplifier gain is only 50, but a gain defined by the resistance feed-
back is 200, the actual gain observed is only 40.

4.3.1 Nonzero Output Resistance
Generally, we consider the output impedance as infinite; however, it usually is not. For direct current

(DC) purposes, we only need to be concerned about resistance. When M is off (Figure 4.6), the
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Vad

wlprdm [

& o

FIGURE 4.6: Output resistance effects and loading of a real op-amp.

output resistance will pull down to ground, thus no difference there, but when M5 is on, we have a
resistive divider.

Under comparator operation, the output voltage will only rise to:
Vout: VddRout/ (Rout+RM5 ))

neglecting the current through Ms.

Under ideal conditions ¥, is in the middle of its switching operation when ¥, and Viypar
are equal. Under conditions of finite output impedance, offset will be modified. If current through
R,y=current through Mg: then an offset is needed on M, (gate voltage of My>M,) for the output

to balance.

4.3.2 Input Bias Current

A small current (typically picoamperes for CMOS designs) flows into the inputs. Some low-voltage
MOS gates have enough leakage that gain may be changed, but most do not; in general, op-amps
use higher-voltage devices for matching reasons. High-voltage components have thicker gate oxides,
hence have lower leakage. One potential area where gate leakage is important is in sample and hold
circuits (Figure 4.7), where leakage means faster refresh is necessary. In addition, electrostatic dis-

charge (ESD) protection circuitry usually added to external pins can leak, causing errors (Figure 4.7).
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Vad

o[ l_o|f

FIGURE 4.7: Sample and hold (/f?) is sensitive to any input leakage that may be present and ESD
protection circuitry (righs) induces leakage.

4.3.3 Input Offset Voltage
Input offset voltage is the voltage required across the op-amp’s input terminals to drive the output
voltage to zero. This is mismatch/variability of components viewed from the point of view of a
circuit black-box. The simplest way to view this is as an equal but opposite voltage source on the
input (Figure 4.8).

As show in Figure 4.9, the offset voltage, in reality, is a combination of four offsets: system-
atic (circuit design, V.q), systematic (layout, ), global random (global variability, V), and local

Vdd

V)—

Rout

< . e Vout
2 Vin*gain :— VvV

Vin

FIGURE 4.8: The simplest way to consider input offset voltage in the op-amp model is as an external
voltage supply.
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FIGURE 4.9: Overall offset voltage, showing the combination of offsets that results in the total offset.

random (local mismatch, V). The systematic offsets can be designed outside, to a large extent.

Component sizing can help with the random offsets, but these are much more difficult to design.

4.4 COMMON MODE GAIN

A perfect op-amp amplifies only the voltage difference between its two inputs, completely rejecting
all voltages that are common to both. Simple op-amps such as those in Figure 4.2 are not good at re-
jecting the common mode voltage, as current alters through the input pair with supply, but remains

unaltered through the output device. This mismatch causes a drift in output voltage with input.

Common-Mode effects

5.0
4.5
4.0 < -
3.5 ¢ - __.-l"'
3.0 l..!.. —e—m1le-7v
2.5 ..l"... e —m— Zerov
20 Ll M ple-7v
1.5 o
1.0 u”

: [
os M
00 T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

input voltage

output voltage

FIGURE 4.10: Effect on gain of the common mode, for an input offset of —0.1 mV, 0 V, and +0.1 mV.
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This is demonstrated in a 5 V op-amp of the design of Figure 4.2, when input is ramped
from 0 to 5 V, while input bar ramped either with 0 or £0.1 mV. The perfect amplifier would show
no voltage swing with input variation, but Figure 4.10 demonstrates a variation, say at an out-
put of 2.5 V, where a 0.2-mV input offset is equivalent to an input voltage range of 1.2-4.8 V or
3.6V.

Sanity check. As input voltage increases (Figure 4.2), the balance point where current M3, My,
and M5 is equal increases. Since the balance point current is higher, there will be a stronger pull-up.
As a result, V. is pulled higher, as more current flows through Ms. Therefore, what we are observ-

ing does make sense.

4.5 REDUCING THE COMMON MODE EFFECT
The most significant impact on common mode offset is the quality of the current mirroring, which
was dealt with in Chapter 3. We can apply the lessons learned from there to improve the current
mirroring of the op-amp we are now optimizing. We might start by lengthening Mg, My, and Mg
(in this case, from 1 to 5 um). The result is a much flatter curve and reduced common mode effect
(Figure 4.11), although we have added a systematic offset, due to limitation of the output current,
thus moving the balance point up closer to the PMOS 7.

Long channel helps the common mode rejection, but based on previous results for current

mirrors, we can expect better results from cascoding. A modified circuit (Figure 4.12) shows the

common-mode effects

4.50E+00
4.00E+00 ...._/_
3.50E+00 W

v
" M
3.00E+00 !

[
o] | f
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T>> 2.50E+00 ] f —m— 5um mirror
g 2.00E+00 L —+—std
3 1.50E+00 /“

1.00E+00 7y

5.00E-01

[ |
0.00E+00 : : : : : |

0.00E+00 1.00E+00 2.00E+00 3.00E+00 4.00E+00 5.00E+00 6.00E+00
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FIGURE 4.11: Variation of output balance point with a relatively short gate length (1 pm) current mirror

and long channel (5 pm) current mirror.
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FIGURE 4.12: Addition of cascoded current mirroring to the op-amp gives an improved common

mode rejection.

common-mode effects
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FIGURE 4.13: Cascoded current mirroring to the op-amp gives an improved common mode rejection,

over about 1.5 V.
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Delta Thermal and common-mode variation
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FIGURE 4.14: Difference in offset between room temperature and 125°C and —40°C as a function of

input voltage, for a conventional op-amp.

simplest cascoded circuit. This would not be expected to perform well at low voltages, but should
give a good rejection at higher voltages. As expected, this looks much better, once we are above the

mirror operating point (Figure 4.13).

4.6 TEMPERATURE EFFECTS

Component characteristics change with temperature. Of most importance in op-amps is the varia-
tion of V4, which will impact the input pair source voltage. In amplifiers with conventional current
mirror sources, this, at any given input voltage, will affect the tail current. In effect, as temperature
rises and V; reduces, this will increase the input pair voltage, acting as a common mode offset. Figure
4.14 shows the difference in offset between room temperature and hot and cold limits (125°C and

—40°C) as a function of input voltage, for the conventional (noncascoded) op-amp.

4.7 AC OP-AMP NONLINEARITIES

Under alternating current (AC) conditions, mismatch can still be an issue. The most significant
AC characteristics are bandwidth and gain frequency characteristics. If gain remains high as phase
difference between input and output reduces at higher frequency, the result can be a high-frequency
oscillation. Internal frequency compensation is built in to some commercial op-amps to increase the

phase margin. This gives an intentional reduction in bandwidth, but maintains output stability.
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FIGURE 4.15: Circuit schematic showing typical placement of RC feedback. The RC not only reduces
the maximum operating frequency but also, if properly designed, minimizes the variation in frequency

cutoff. The graph shows with and without compensation frequency performance.

With increased frequency, gain reduces as a function of the intrinsic transistor characteristics
and any additional parasitic component (capacitor and resistor) that make up the circuit layout. Be-
cause the circuit characteristics can easily be defined, it is typical to add compensation as part of the
circuit design (Figure 4.15). This guarantees op-amp performance at the cost of reducing perfor-
mance. The maximum frequency of operation is then defined by relatively stable RC combination,
rather than the much more variable transistor and parasitic values.

The addition of an RC feedback path results in a lower bandwidth and a much more precise
bandwidth. This is important as the phase difference between input and output can lead to oscil-

high gain limit with feedback
low gain limit w/o RC

gain / phase

with RC feedback

frequency

FIGURE 4.16: Graph showing with and without compensation frequency and phase performance.
Note that only with the RC feedback does this configuration guarantee stability.
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lation (Figure 4.16). If gain is still greater than 1 and the phase between input and output is 0, this

results in positive feedback and oscillation.

4.7.1 Mismatch Issues in SRAM

Mismatch is of special concern in static random access memory (SRAM) cells. Each six- transistor
(6-T) cell is self-contained and contains two PMOS and four NMOS devices. Being such a small cell,
it is highly sensitive to mismatch. This is made worse since the cell itself is designed to be as small as pos-
sible. A small cell means that the transistors’ widths and lengths are small, and mismatch is proportion-
ally higher. There are three operational states for an SRAM cell: standby, read, and write (Figure 4.17):

Standby. If the word line is low, access transistors Ms and Mg disconnect the cell from the bit
lines. The cross-coupled inverters formed by M;—My will continue to reinforce each other as long
as they are disconnected from the outside world.

Read. Assume a 1 is stored at Q. Read cycle starts by precharging both bit lines to 1, then
asserting word line WL, enabling both the access transistors. The values at Q and Q are transferred
to the bit lines by leaving BL at its precharged value and discharging BL through M; and M; to a
logical 0. On the BL side, the transistors M4 and Mg pull the bit line toward VDD, a logical 1.

Werite. Apply value to be written to the bit lines. To write a 0, we apply a O to the bit lines, i.e.,
setting BL to 1 and BL to 0. WL is asserted and the value to be stored is latched on. (This works

WL

Vdd

M;];,_ _{MS
) L

BL = BL

FIGURE 4.17: Conventional 6-T SRAM cell. The entire cell is made as small as possible, with the cell
design generally centered around minimum size NMOS pull-down devices, long, but narrow PMOS,

and pass-devices that are strong enough to overcome the pull-down of devices M1 and M3.
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FIGURE 4.18: Cell area as a function of process node.

as the bit line input drivers are designed to be much stronger than the relatively weak transistors in
the cell). Careful sizing of the SRAM transistors is needed to ensure proper operation.

Many SRAM arrays are up to or larger than 32 MB in size; hence, minimizing area is impor-
tant. The smaller the SRAM cell size, the smaller the entire array. However, with such a large area
of SRAM cells, we need to consider not only the local mismatch but also the sense amplifiers and
read/write conditions must be set for variability variations. SRAM cell size and from that the indi-
vidual component size is reducing approximately logarithmically with process node (Figure 4.18).
As a result, over six process nodes of an area of an SRAM cell has reduced by a factor of 40. While
the final data point on the curve does not follow the same curve as the previous six, there may still
be further cell development at the 22 nm node that will improve the sizing of this cell.

Within a cell global variation is unimportant, providing the PMOS and NMOS devices vary
at approximately the same rate; hence, if when NMOS devices are strong, PMOS devices are also
strong (Figures 4.19a and b). The problem arises when PMOS and NMOS characteristics vary
asynchronously, when the signal-to-noise margin is reduced (Figure 4.20) [3].

If we apply local mismatch to nominal models, we begin to see the effect of one-, three-, and
six-sigma mismatch on the SRAM characteristics (Figure 4.19a). In normal circuitry, we only need to

design using three-sigma, but SRAM is different. Regular circuitry averages several mismatches. In
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SRAM transfer curve
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FIGURE 4.19: (a) Variation of the SRAM transfer curve showing little difference between SRAM cells
when all models are weak, nominal, or strong at the same time (i.e., nominal NMOS, weak PMOS,; or
weak NMOS with nominal PMOS). (b) Variation of the SRAM transfer curve showing significant dif-
ference between SRAM cells when all models are not strength-matched.
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FIGURE 4.20: SRAM characteristics as a function of one-, three-, and six-sigma models, showing the

reduction in the noise margin with increased sigma.

SRAM, basic cell has to be fully functional; the averaging is on very small devices. With an SRAM
memory of 32 MB, we have 2%, or 33,554,43p2) cells, and nearly all have to be functional (re-
pair schemes that can be used for a small number of bits typically <100). Taking a look at the sigma

corners:

Three-sigma=approximately 66,800 defects/MB (2 million/32 MB),
Four-sigma=approximately 6,210 defects/MB (200,000/32 MB),

6sig mm, 3 sig var

2.50E+HI0

2.00E+I0

—e— Series]
—=— Series?

0.00E+HID
0.00E+00 500E-01 1.00EH0 150E400 2.00E+00 2.50E+I0

vl

FIGURE 4.21: Combined effect of six-sigma mismatch and three-sigma global variability, showing that
it is still possible to discern the SRAM state.
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Five-sigma=approximately 230 defects/MB (7,500/32 MB), and
Six-sigma=approximately 3.5 defects/MB (110/32 MB).

Therefore, six-sigma cell performance is needed if we are to keep the performance adequate for the

entire SRAM array.

4.7.2 Mismatch and Variability

A 64 MB SRAM has an area of about 8 mmx8 mm. As a result, across die variations affect variabil-
ity and within the cell variations are local mismatch effects. What we have looked at above is mis-
match on a nominal process, but as we saw earlier, corner models have an impact on performance.

Figure 4.21 shows what happens when we combined the effects.







CHAPTER 5

Lifetime-Induced Variability

5.1 END OF LIFE IN DIGITAL SYSTEMS

During the operational life of a microchip, transistors and interconnect are stressed in various ways.
Some stresses do not have a significant impact until a catastrophic failure occurs, others can have
a significant effect even in the early stages of degradation. The main transistor stresses that cause
circuit degradation, ahead of catastrophic failure, are mismatch caused by negative bias temperature
instability (NBTT) and stresses resulting from hot carrier injection (HCI) or channel hot carrier
(CHC). Lifetime-induced stresses, where variation can occur in a circuit, are time-dependent forms
of variability and/or mismatch.

These have to be handled in a similar way to mismatch, except that they are more difficult
because, at time 0, there may be little or no mismatch; however, as time goes on, additional mis-

match occurs.

5.1.1 Hot Carrier Injection

HCI is where an electron or hole gains enough energy to overcome the potential barrier between
silicon and oxide, thus becoming a “hot carrier.” Hot carriers can degrade the dielectric causing
electron and hole trap formation; increase leakage modify the threshold voltage, prior to failing.
HCI occurs when both gate and drain voltages are significantly higher than the source voltage. In
digital circuits, this is a transient condition, but can be a DC condition in some analog circuits. The
phenomenon results in high electric fields near the drain. These accelerate channel carriers into the
drain’s depletion region. HCI mostly affects NMOS devices. Most of the mismatch effects caused
by HCI and NBTT are similar; however, HCI generally affects NMOS devices, while NBTT affects
PMOS devices. As a result, we consider the effects in detail only for NBTT.

5.1.2 Negative Bias Temperature Instability
NBTT affects PMOS devices, particularly during negative gate stress (when the device is on, i.e., in

linear operation). NBTT is the result of generation unsaturated silicon dangling bonds which form
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Vygs

FIGURE 5.1: Representation of pre- and post-stress PMOS Iy. V7 is affected significantly by NBTI,
which also affects the Iy, current.

interface traps. NBTT causes an increase in the threshold voltage and a decrease in drain current and
transconductance (Figures 5.1 and 5.2a). There is some level of recovery the moment the stress is
removed, depending on the length of stress; the longer the stress, the less the recovery.

Vi, on the other hand, has a more prominent and immediate effect, which is a concern for
analog schemes. A 30-min stress has an approximately 5% degradation effect on Vig, and a 60-
min stress increases the degradation by a further percentage point (Figure 5.2b). This indicates that
NBTT stress has a more significant initial effect, which is a concern as this can lead to earlier failure
than a linear or a late occurring catastrophic failure.

Although the effect of stress is significant (most analog circuitry relies on 7; matching to
better than 1 or 2 mV), actual stresses in most analog circuits are significantly lower than the stress
condition applied in NBTT stressing. Digital circuits are more significantly stressed, but they are less
susceptible to performance reduction as their performance is a function of drain current, not V;.

Effects on digital circuits of NBTI. What conditions are most significant for digital circuits
resulting from NBTT stress? From Chapter 2, we have effective digital logic frequency:

Frequency = 2ptnt/c[nt(Vad — Vitinp + Visatn) + p#(Vad = Vitinn + Visarp)]-
However, only the PMOS is stressed by NBTT, hence:
Frequency ocpz/ [nt(Vad = Vitinp + Visatn) + 22 (Vad = Vitinn + Visarp) ]-
At high voltages, Viq>> Visat— Vitin, thus:
Frequency ocp/(nt + po),

where pt= I giranp, ¢ = I derann- Hence, at high voltages, frequency is independent of V. If nz~pz (at

time 0), the effect of 3% change in p# on frequency is about 1.5%.
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FIGURE 5.2: (a) NBTT stress effect on I-drive as a percentage plotted against supply. (b) NBTT stress
effect on Vtsat as a function of supply voltage.

At low voltages:
Frequency OCPZ‘”I‘/ [nt< Vdd - thinp + Vtsatn) +Pt(Vdd - thinn + Vtsatp)]-

If nt~pr (at time 0), Vijin = Visar= 0.3 V, V44= 0.8 V, and an increase in V; in PMOS is 20 mV. If
nt =1 mA, starting p# = 1 mA and ending pz = 0.9 mA. Hence, the starting frequency is a1E-3/
[2(0.8)]=6.25E-4 and the ending frequencyis @ 9.0E-4/[1(0.78)+0.90(0.82)]=5.928854E-4, obtain-
ing a frequency reduction of 5.138%.

Which is the largest effect: Vi shift or Ly, shift? Assume first an Iy, shift only. If nz~p# (time 0),
starting p#=1 mA and ending p7=0.9 mA, thus:

Frequency occpent/(nt + pt),

53
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with starting frequency «c1E-3/2E-3 = 0.5 and ending frequency «9.0E-4/1.9E-3 = 0.474, a
frequency reduction of 5.2%.

Next, assume just V4 shift. If at time 0, Vigjn=Vs=0.3 V, V44=0.8 V, and increase in 7} in
PMOS 1s 20 mV at end of life, thus:

FrequenCy o1/ [( Vaa— thinp + Visa) + (Vad = Vitinn + Vtsatp)]a

obtaining starting frequency oc1/(0.8 + 0.8) = 0.625 and ending frequency = a1/(0.82 + 0.78) =
0.625, a frequency change of 0%.

Hence, substantially all NBTI-induced performance hit in logic circuitry is due to Ijeran
changes, and V; shifts may even marginally improve frequency. (This is due to threshold shifts
that reduce the switching threshold for PMOS turn-on, partly compensating for the lower current
switching).

52  EFFECTS ON CIRCUITS OF NBT1: CURRENT MIRRORS

We saw in Chapter 3 that 7 shift can make a big difference in the matching current of basic current
mirrors. Referring to the PMOS current mirror schematic in Figure 5.3, NBTI stressing of current

mirrors causes mismatch between devices.
1a(M)/Iy(My) = [(WMy/ LM)(VgMy = Vir2)*1/[(WM1/LMy)(VsM1 = V1)1,
If Wand L are the same and Vy are also the same:

Ta(M)/1g(M) = (VgsMa = Vi) (VsM1 = Vi)

M1 M2

FIGURE 5.3: PMOS current mirror schematic. Generally, the drains will be at different voltages, so
stress levels will vary.
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A variation in V; results in Iy changes, dependent upon Vg voltage, assuming that Ve = 0.5, Vipy =
0.3, and Pz = 0.30 at time 0 and 0.32 after stress:

Ii(M,)/I4(M;) = 1 (at time 0), and
Ii(M,)/14(M;) = 0.18%/0.2%.

Hence, Ij(out)/I4(in) = 81% after stress.

The same techniques that give better current mirror matching can be used to achieve a state of
reduced mismatch due to NBTT effects. A cascode current mirror, for example, has input and output
drain voltages that tend to be within about 0.5 V of each other, thus NBTT stress will be similar.

5.3 EFFECTS ON CIRCUITS OF NBTI: OP-AMPS
A simple PMOS op-amp is shown in Figure 5.4. The devices most sensitive to NBTT in an op-

amp are the input pair, where V% shift can make a big difference in the matching. If the input pair
is designated as transistor 1 and transistor 2, then because, at balance, the current in each transistor

is equal, we have:
Constant = (Vg1 — Vin)* + (Vegs2— Vend)*.
If all is balanced before stressing one PMOS, then the before vs. after:

(Vgslb - Vthlb)2 + (VgSZb - Vchb)2 = (Vgsla - Vthla)2 + (VgSZa - Vcha)2y

e

T

®
- —
a1

FIGURE 5.4: PMOS op-amp: the input pair is most susceptible to NBTT.
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and if the before and after are the same for M:
(V s2b — Vth2b)2 = ( v, s2a Vcha)Z;
g g

thus:
Vgst = Vinab = VgsZa = Vina-
If Vi after is 5 mV is higher than 7}, before:
Vesaa— Vegsob=5 mV.

Hence, a linear relation exists for the effects of NBTI-stressed input devices. A 5 mV degradation
of one PMOS input results in a 5 mV input offset.

Notes on offset. An offset of 1-2 mV between the input pair can be enough to prevent correct
operation of a circuit. Consider a 10-bit flash ADC operating at 1 V:

10 bits = 2!° quantization units = 1,024,
1V/1,024 = 0.977 mV/step.

As a result, an error of 2 mV in an input pair could cause 2-3 bits of error in some circuits and so

must be carefully considered in designs.

5.4 EFFECTS ON CIRCUITS OF NBTI: STATIC RANDOM
ACCESS MEMORY

The components in a conventional six-transistor (6-T) static random access memory (SRAM) cell

that are most susceptible to stress are the PMOS pull-up devices (Figure 5.5). NBTT can affect

Lo
o

FIGURE 5.5: Conventional 6-T SRAM cell, showing the two PMOS pull-up devices: the NMOS
drivers and NMOS pass gates.
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these by causing an increase in the Ryson resistance. NBTT stress in an SRAM works in the follow-
ing way:

Assume that the left-hand side of the SRAM (M; and M) has a high input and its output
is low (the PMOS, My, is off) and that the right-hand side (M3 and My) has a low input and its
output is high (the PMOS, M3, is on). Depending on the application, the SRAM cell could stay in
this one state for prolonged periods—stressing M3, but not M;j. Over time, M3 becomes weaker,
allowing the SRAM to gain a “memory” and preferentially switching to the opposite state if noise
or switching events upset the state and increasing the “read failure probability” [4].

Is everything associated with NBTT degradation bad? No and yes. If the circuit still works,
we do end up with a less leaky memory—which is usually considered to be good, but the variability
is increased, which is not good for design. It is generally considered to be bad, but NBTI does not
generally lead to degraded leakage.
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CHAPTER 6

Mismatch in Nonconventional Processes

Most integrated circuit designs use bulk silicon processing. Some other silicon-based processes are
used for some applications, however, and it is worth briefly discussing these for the advantages and
disadvantages they offer with respect to mismatch. We consider, in particular, two classes of process:
partially depleted SOI (PDSOI) and fully depleted SOI (FDSOI).

Recent work from the Device Modeling Group at Glasgow compares the statistical variabil-
ity in state-of-the-art bulk and SOI devices and studies various trapped/fixed charge densities in the
devices. Their conclusion is that statistical variability in SOI is considerably lower than bulk [5,6].

6.1 WHATIS SOI?

SOI [7] is a processing technique which, instead of creating components directly in a silicon sub-
strate (see Figure 1.1), incorporates an oxide layer between the substrate and the area of ‘active’
silicon that contains the circuit components. This is generally considered beneficial as it reduces
capacitance within the circuit and can have a number of other benefits that result in higher-
performance and lower-power circuit designs. Figures 6.1 and 6.2 show the simplest form of SOI
material and how components can be incorporated into the active layer, in what is known as a planar
form.

If the active silicon region is relatively thick, the resultant components are said to be partially
depleted. If the region is thin or if transistors are constructed vertically in the active region, the

resultant components are said to be fully depleted.

P SOl layer
\ Oxide

i Silicon Substrate

- SOl layer
a Oxide

o Silicon Substrate

FIGURE 6.1: Left: A representation of an SOI wafer preprocessing. Right: Adding components (white

areas), separated by oxide (black areas), gives islands or mesas of silicon.
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Sidewall

Active Silicon

Buried
Oxide

| Substrate|

FIGURE 6.2: Image showing a close-up of a planar SOI transistor and a silicon island, surrounded by
oxide.

6.1.1 Partially Depleted SOI
The term ‘partially depleted’ refers to the type of transistor created from a particular process, spe-
cifically, in this case, the fact that a MOS device built in thick active layered SOI has a body region
that generally remains only partially depleted of carriers. Since this is not electrically connected
through a resistive connection to the substrate or N-well, it is termed the floating body. As a result,
there is an area of the body that can store charge. This is a potential problem, but it provides some
benefits. The biggest problem as far as variability and mismatch are concerned is that depending on
the charge in the body region at any given time, the device characteristics can vary. This can lead
to phenomena known as the history effect, bipolar effect, and the kink effect, which are generally
seriously detrimental to mismatch and variability.

Bipolar effect. Due to the parasitic bipolar device of the MOS device (in this case, the parasitic
NPN of an NMOS) (Figure 6.3), where there is a floating, the capacitively coupled base is also leak-
age that affects base voltage. NPN turn-on can occur when the NMOS source and drain are high
(e.g., in a transmission gate). This happens as the body drifts high until source, drain, and body are
at same potential. If gate is low at this time, the circuit is ‘off.” If the source is pulled low, then the
base is pulled down due to base emitter (body source) diode turn-on. The parasitic NPN turns on
until carriers are swept from the base region. This can take many picoseconds, during which current
1s drawn from the drain (collector).

Base charge can result in dynamic body voltage variation, which is a major issue in analog

switching circuits.
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Source NMOS Drain
N\ —I— /

ox n E P BC n ox

Oxide

Si Substrate

FIGURE 6.3: Bipolar effect in PDSOI; the parasitic NPN can turn on, discharging the floating body,

but sourcing current from drain (collector) to source (emitter).

Kink effect. The kink effect refers to a discontinuity or ‘kink’ that can occur in the MOS -V
curve as voltage on the drain is increased. Figure 6.4 shows this effect (the actual effect is often not
so pronounced and can just appear as a steeper slope rather than obvious discontinuity). The dis-
continuity is observed once impact ionization begins and is the result of an abrupt saturation current
increase, which has the effect of raising the body voltage. In digital designs, it has the benefit of
improving circuit performance; however, it is detrimental to most analog design.

History effect. History effect (Figure 6.5) is a gate delay change as function of switching his-
tory. Capacitive coupling and leakage modify the steady-state body voltage. At MOS, turned ‘ON’
body capacitively couples to drain, which is pulled low, possibly even below the source voltage level.
Leakage makes it converge toward a DC value, but this can take several milliseconds. As a result,
the subsequent switching can be based off a DC value or the voltage generated by an immediately
preceding switching event that induced capacitive coupling. As a result, delay varies if next switch-
ing event occurs before body returns to equilibrium and as the input period is changed.

An issue with history effect, not directly connected to performance, is that it can perturb

the expected leakage current. This leads to a temporary increase or decrease in leakage current. To

A lgs

Vds
»
>

FIGURE 6.4: Kink effect in PDSOI: the parasitic NPN can turn on, discharging the floating body, but

sourcing current from drain (collector) to source (emitter).
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History Dependence:

10

I —>o—

FIGURE 6.5: History effect is the variability of a switching signal, depending on the previous history

of the switching signals through a gate or series of gates.

account for this, it is important to delay the measurement of leakage long enough to be sure that
all the body voltages have settled. Usually, 1-10 msec is considered adequate to complete settling
(Figure 6.6).

Calibrating body voltages. The simplest fix for the floating body phenomenon in PDSOI is
to add a ‘body tie’ to components susceptible to mismatch (Figure 6.7). There are three ways to
achieve this. The first is to tie the body to its own source. This can be done in most cases without
requiring extra area (Figure 6.8). The second is to tie the body to the ground potential (for NMOS)
or to supply (for PMOS). This requires additional silicon area in most cases. The third method to
make a body tie is to the bodies of two or more devices. This method is particularly appropriate
for input pairs of operational amplifiers, where matching is more important than absolute device
performance. In this case, if the body voltage rises, the ¥ will reduce on both body-tied devices. The

#o1units
A

Expected Distribution

FIGURE 6.6: Diagram showing the expected shift in leakage distribution of PDSOI immediately fol-
lowing the termination of switching (dashed) and distribution after a long delay (solid).
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By

GND

(a) (b) (c)

FIGURE 6.7: Schematic representation of body tie options. (a) Body tied to its own source; (b) body
tied to ground (or in the case of a PMOS, to supply); and (c) body tied to another body.

body-tied-to-body example is particularly applicable to input pair thermal management schemes

described below.
There are two associated methods of body voltage calibration that do not involve body ties:

precharging and predischarging. In the former, just before a critical measurement is made, the body

Drain

Gate

Contact

Source

FIGURE 6.8: Method to create a body source tie, without additional area allocation for the device. The
body contact is made through a silicided resistive contact to the contacts (square boxes in the diagram).
The body contact is the same diffusion type as the body region, thus makes good ohmic contact to the
body region.
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or bodies are charged to the point where the diode that makes up the body to source voltage becomes
forward-biased. The decay of the body voltage is similar enough between matched devices that for
tens of microseconds, there is no significant difference in the body voltage and hence matching.
Predischarging is the condition where, just before a critical measurement is made, the body or bod-
ies are discharged to the point where the body and source voltages are equalized. Precharging and
predischarging are achieved without an electrical contact to the body by manipulation of the gate,
source, and drain voltages of the FET. While they can be efficient in terms of area, they require

circuitry and design that will allow for possibly substantial calibration timing.

6.1.2 Fully Depleted SOI (FinFET)
There are few concerns of variability of FDSOI that are not also concerns of bulk silicon (already
described) or are considerations of both FDSOI and PDSOI as discussed.

FDSOI comes in two forms:

*  Planar, which is similar in concept to most PDSOI designs, but has a thinner active layer.
Planar FDSOI may have additional variabilities due to difficulty in maintaining high ac-
curacy on the active silicon layer thickness.

*  FinFET, which creates transistor by etching through the active region to the oxide and
leaving ‘fins’ of silicon, over which gate can be formed. If the fins are tall enough and close
enough, it is possible to get a higher effective density of gate width than would be possible
with a planar structure. Figure 6.9 shows diagrams and images of FinFET structures.

79nm Fin hmgh¢
S h

FA#03041505 W#3022413:6N 100nm AK6 Horizontal cleave BOE
| | e e e e
1g-4700-1 2.0kV 3.3mm x150k SE(V) 4/17/03 300nm

FIGURE 6.9: Views of FInFET structure, showing the troughs etched in the active silicon and how the
g g
gate wraps around the silicon fins to create a vertical structure.
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FIGURE 6.10: Representation of gate width achievable when using tall, closely spaced fins, compared
to a planar FET.

FinFET active regions are calculated in a different manner to planar devices. The sidewalls
become the active channel width/length. State-of-the-art fin width is 20-60 nm, while fin gate
height of 50-100 nm is standard. It is possible to get a larger gate width per unit area than with a
planar structure in some circumstances. Assume a fin height of 50 nm, a fin width of 20 nm, and
pitch of 80 nm, then from Figure 6.10, it is evident that 300 nm of gate width can be squeezed into
200 nm silicon width.

6.1.3 Considerations That Affect Both FDSOI and PDSOI

Improved high-temperature operation is possible with SOI; leakage is two to three orders of mag-
nitude lower than bulk at elevated temperatures. This is because leakage is due to lower forward
voltage drop in diodes at high temperatures. As a result, typical bulk processes display reduced

immunity to noise and an increased tendency to latch-up. SOI circuits do not have these parasitic

MUGFET leakage Planar Leakage
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FIGURE 6.11: Leakage of FinFET (MugFET, left) technology and planar technology. Although leak-
age increases at the same rate in both technologies, because the fin technology leakage begins at a lower

value, the devices remain viable to higher temperatures.
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and thus avoid leakage to substrate. As a result, in SOI, the overall leakage is defined by the lowest
leakage component in the circuit and not by some parasitic leakage path. For most applications,
PDSOI can operate to about 250°C, very high temperature systems often benefit from the use of
tully depleted silicon, when operation is possible up to 300°C or higher, while bulk operation is
generally marginal even at 200°C.

NMOS and PMOS fin and planar leakage as a function of temperature is shown in Figure
6.11. Fin leakage increases by around 10x every 100°K temperature increase, with a leakage per fin
of the NMOS device of 1 nA at 300°C. The PMOS has a leakage of 80 pA/fin at 300°C. This gives
an I, /I ratio of better than 6,000, which is a quite acceptable. Bulk planar leakage, meanwhile,
also increases about 10x for every 100°K temperature rise. Its leakage equivalent for the NMOS is
30 nA at 300°C, and the PMOS is 4 nA at 300°C. The resultant I,,,,/I ¢ ratio for bulk is only about
220, which is marginal.

6.2 CIRCUIT EFFECTS OF HIGH-TEMPERATURE
LEAKAGE

Application of the high-temperature operating option to circuits highlights some of the additional
caution that must be taken due to temperature-induced variability. Leakage does not have a strong
effect on digital circuitry until leakage is over 1% of the on-state current, but current mirror match-
ing is a serious issue. Figure 6.12 shows current mirroring of an NMOS mirror. Matching is better
than 3% over all conditions of bias and temperatures, except at very low currents, where mirroring
is affected by leakage at high temperatures. This can be corrected by using a smaller current mirror,

where a lower percentage of the current on the output device would be due to leakage.

NMOS - normalized matching
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FIGURE 6.12: Mismatch of current mirror output as a function of temperature and matching current.
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6.3 SELF-HEATING AND DISSIPATION PROBLEMS
WITHIN A DEVICE

This is a form of variability, or mismatch, depending on the circuit configuration that has a faster
response than lifetime stress degradation effects and slower than body effects of PDSOL. It affects
mostly SOI devices, where removal of heat caused by current flow is not as efficient as in bulk sili-
con devices. The change in temperature in any given silicon island affects 7; and Iy characteristics.
This is most prominent in analog circuits, which tend to have current flow consistently, rather than
digital circuitry, where current flow is generally a transient phenomenon.

Figure 6.13 shows the difference in drive between a DC-driven (dashed) and a pulse-driven
I-V (solid) curve. The DC-driven device heats up during the analysis, especially at high voltages
and resistances, and shows a degraded current capability. While this is only generally a problem
in large-power transistors in bulk material, it can affect all devices in SOI, which is why, in Spice
simulations of SOI circuits, it is important to activate the thermal self-heating model within the
device.

The input pair of an amplifier or a simple current mirror are good examples of where a
matched pair may have different currents, and hence a thermally induced mismatch can occur.
Schemes have been proposed that help to maintain the thermal matching within matched pairs
[8]. In this patent performance, matching of devices in SOI are improved by thermally isolating
matched devices within a continuous body of active material. Matched devices are isolated by an
insulating wall of silicon dioxide (which surrounds the devices) and the oxide layer beneath, and

they are arranged to minimize effects from external thermal sources (Figure 6.14).
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FIGURE 6.13: Drive currents with (dashed lines) and without (solid lines) self-heating. This shows an

approximate 10% possible degradation of performance due to internal transistor heating.
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FIGURE 6.14: Proposed from Ref. [8] to match local temperature effects in SOI input pairs or current

mirrors. It relies on combining all the devices in a single silicon island.

An example of the impact of thermal mismatch can be shown by considering the follow-
ing example. When power dissipated in a current mirror differs between the input and output, for
example:

A 100 pA mirror dissipates ~100 pA of 7;=0.2 V (20 uW) on the input.

A noncascoded mirror device may have a drain voltage of 1.5 V at 400 pA current, dissipating
600 uW at the output.

A local thermal resistance (junction to substrate) of 25,000°C/W results in a local tempera-
ture rise of about 15°C in the SOI island, compared to an insignificant rise in temperature in bulk

material. This can lead to a V; drop of 10-30 mV, which is a significant, transient local mismatch.

6.3.1 DC Heating From Elsewhere on the Same Chip

While the thick oxide around each silicon island makes it difficult for heat generated in one area
of a chip to get to another, in some circumstances, an uneven heating can occur to two otherwise
matched devices. The most likely way for this to occur is through thermal conduction from a ‘hot’
area of the chip to a ‘cold’ area of the chip through interconnect. It is normal practice to include

exclusion zones above sensitive circuitry to mitigate the chances of thermal mismatch.

6.3.2 Transient or AC Thermal Coupling

Thermal time constants for adjacent devices on SOI are around a microsecond. Thermal transients
in the output can affect the mirroring device dissipation and can couple to the reference device.
Thermal gradients can introduce feedback with time constants that are long compared to electrical

time constants.
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A long thermal time constant introduces the possibility of unsimulated instability at frequen-
cies less than 10~100 MHz, thus it is important to simulate thermal coupling in SOI circuits. This
can be modeled in Spice simulation with the BSIM-PD and BSIM-FD models. Spacing devices
further apart reduces intracell coupling; however, when matching for external thermal effects and
process variation, increased separation is undesirable. One way to approach this is to apply the same

scheme as suggested above for matching of local temperature effects.

6.4 DIGITAL CIRCUITS IN SOI

Historically, digital circuitry has rarely needed to consider self-heating effects. With SOI material,
its higher current densities and reduced thermal conductivity of the buried oxide layer thermal ef-
fects are more pronounced, and may need to be considered, but are unlikely to be serious design
issues.

Using the example of a ring oscillator as a simple digital circuit, as body voltage is increased,
V; decreases, leading to higher Iy and leakage. As V; varies, so does switching (typically 5-10% in
PDSOI), as delay of a gate depends on recent history of terminal potentials (history effect). Ana-
lyzing Figure 6.15, however, we see that performance improvement at nominal supply (1.2 V, the
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FIGURE 6.15: Analysis of equivalent ring oscillators in bulk and PDSOI material, showing that even
accounting for an additional 5-10% switching variability due to floating bodies, we still have perfor-

mance improvement.
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third datapoint up each curve) is approximately 15%, meaning that we can design around the ad-

ditional uncertainly in frequency and still achieve a performance improvement.

6.5 ANALOG CIRCUITS IN SOI

Within chip heating effects (from high to low thermal dissipation regions on the same chip) are well
understood. These are likely to have to be considered as major mismatch concerns in SOI, but lay-
out techniques have been described: simulation, including self-heating effects, can be done. These

techniques also work with bulk, in addition to SOL.

6.5.1 Current Mirror: Kink Region Operation
A conventional current mirror in PDSOI has poorer response than bulk due to body voltage and
thence V; perturbation. Figure 6.16 shows a single-stage current mirror and associated waveforms
for a PDSOI and tied gate (bulk equivalent) silicon mirror circuit. The SOI curve is steeper, repre-
senting poorer matching over supply voltage, but curves for both floating and bulk equivalent have
poor mirroring.

Operation away from (in particular, below) the area of the kink discontinuity is especially im-
portant for analog circuits. We can achieve this simply in a current mirror, with the use of cascoding.

A conceptual circuit to maintain the drain voltage at a low value is shown in Figure 6.17.

Single Stage Current Mirror
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FIGURE 6.16: The single-stage current mirror (left) and associated waveforms for a PDSOI floating

and tied gate mirror circuit.
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FIGURE 6.17: (a) The output side of a cascode circuit described in Chapter 2. This has the advantage
of ensuing that the drain of the current mirroring device M does not get high enough to be affected by

any kink discontinuity. (b) Drive transistor operating point.
The result of this cascoding is shown in Figure 6.18, where it is seen that the mirror current

of the floating and tied body cascoded mirrors is very similar. The floating body mirror remains very
slightly worse than the tied body option, but it is likely to be adequately mirrored in most cases.

Iref + +Imirror

Cascoded Current Mirror
na nb o 1.2 T
'g Py Floating I(vnb) d
s = 1 5
- Tied I{vnb)
S = / Floating V(bodm2)
f
nc nd >3 0.4 I
8 ~ 0.2 Floating V(bodm4)-
M3 JI—AIE M4 & o e !
0 0.5 1 15
Output Voltage
(a) GND (b)

FIGURE 6.18: Current and voltage waveforms of PDSOI cascoded current mirror configurations,
showing that circuit design can bypass the effects of the PDSOI floating body region.
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FIGURE 6.19: PDSOI CMOS operational amplifier graphs showing body voltages as a function of

slow and fast input signals.

6.5.2 Operational Amplifier

The basic CMOS operational amplifier (Figure 4.2) requires a matched input pair for all but the
least precision of uses. In PDSOI, supposedly matched devices may not be. As a result, the simple
op-amp is of limited use with PDSOI technology. Figure 6.19 demonstrated the problem graphi-

wWlb—dl™ P-qums

FIGURE 6.20: Operational transconductance amplifier, showing good input pair matching, but with
mismatch on other the current mirrors.
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cally. If the positive input voltage is ramped as it crosses a threshold of the negative input voltage,
then the output switches from low to high. If all is balanced, all voltages are also balanced, and the
body voltage of both sides of the input pair will also be the same. This is approximately the case for
the instance where the input voltage ramp is very slow (/eft-hand side of Figure 6.19), but it is not
the case when the input switches rapidly. The reason is that the body voltage of the positive input is
being capacitively coupled by the rapid ramp. This results in an offset and hysteresis between rising
and falling edges.

6.5.3 Operational Transconductance Amplifier

The basic operational transconductance amplifier design has reasonable component matching for
balanced operation (Figure 6.20). This is particularly useful in SOI applications and for reducing
mismatch in cases where channel modulation effects tend to dominate. In this amplifier type, the
input pair voltages are matched, and under the circumstance where the 7, is equal to the V; of Mg,
the entire amplifier is matched. Generally, however, operation is required over a range of output

voltages, and cascoding the mirrors M3, Mo; My, Ms; and M7, Mg is desirable.
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CHAPTER 7

Mismatch Correction Circuits

Mismatch can come in either circuit-induced mismatch, where matched circuit elements are not
being operated in the same conditions, or random mismatch. Both can be designed around some
area expense, but are generally dealt with in different ways.

Mismatch caused by circuit design has already been discussed for current mirrors and opera-
tional amplifiers in Chapters 3, 4, and 6. Correction for some of these mismatches has also been
discussed. This chapter looks at methods to correct for random mismatch.

Random mismatch is generally detectable at final test either at probe or after packaging.
Several methods have been developed to trim device characteristics to required values. Most of
these developed initially as means to trim out global variation, as in the case of trimming reference

voltages or frequencies into range.

71  TRIMMING METHODS

Trimming methods are generally digital, setting nonvolatile memory elements to a state that sets a
digital or analog circuit to an appropriate level. Examples of circuits that can be trimmed include
access codes, memory bit repair, unique identifiers, voltage trim, frequency trim, and leakage ad-

just. The newest applications include performance trim and leakage power optimization. Typical

Exclusion Zone extends typically 50um

FIGURE 7.1: Plan view of a laser fuse. This can be of polysilicon or metal and is designed in a way that

a short pulse of laser illumination will cut the fuse and change it from low to high resistance.
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VPP
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DATAOUT
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FIGURE 7.2: Fuse state detection is done using circuitry similar to this, where the state of the fuse is
shown as a digital output during the time the init Z line is active.

nonvolatile memory elements used include laser fusible links, electrical fuses, EEPROM trim. and

ferroelectric random access memory (feRAM) trim. These are explained below.

7.1.1 Laser Fuse
A fuse built from either polysilicon or metal can be used as a nonvolatile fuse element in a fuse farm
or fuse array. An example of a fuse is shown in Figure 7.1. This type of fuse is generally restricted
to less than a thousand due to the area requirements. All fusing is done at probe to trim frequen-
cies and voltages. A fuse must be separated from any adjacent circuitry by several 10 sec of microns
because when the laser evaporates the fuse, bits of metal or poly from the fusing process can end up
far away from the fuse itself.

Electrically, the fuse must be measured. This is usually done at turn-on of a circuit, with the
datalatched into a D-latch or SRAM, from where the data is used during operation. The fuse sensing
circuit is then turned off to save power. An example of the circuit used to sense the resistance of the

tuse is shown in Figure 7.2.

7.1.2 E-Fuse Circuit

There are a number of advantages to designing an e-fuse instead of using a laser fusing method, but

there are also some disadvantages to the technique. The e-fuse is beneficial if no laser is available
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on the tester, or if fusing has to be done after packaging is complete. It has disadvantages over the
simpler laser fuse but in the circuit area needed to implement it and also in the reliability of the
blown fuse (Figure 7.3).

The fusing system (left-hand side of the circuit) would, at first viewing, appear to be overly
complex for a simple switch, so why so complex? It all goes back to variability of the fusing NMOS
switch, which, as well as guaranteeing that fusing is done by the weakest possible NMOS, also has
to not inadvertently partially turn on if the transistor is either at the strong corner, or if unpre-
dicted logic switching occurs during turn-on. To prevent this, several protective features have been

added:

1. The three logic inputs are designed to protect against digital input glitches by ensuring that
inhibitions will be in place even if the main logic signal contains glitches.

2. The predrive stack, which separates the logic from the PMOS with a diode-connected
MOS device, is to provide an additional diode drop of safety before the PMOS will turn

VPP

FUSE ELEMENT

M1
MARGIN I‘i
M1
FUS
30 oh
[YRL

ZAP
120.
120
PROG o ve
CELLOUT 3 R 5 DATAOUT
PDATAOUT 1
NV INV2 M
NAND1 4
INITZ
4/10/20 -

FIGURE 7.3: Complete circuit diagram of an e-fuse cell. Not only is the fuse itself needed, there is
a large fusing and measurement circuit associated with the cell. The fusing portion of the circuit is on
the left, and the measurement circuit is on the right of the fuse. The fuse is the block marked with a
flash.
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on. In case all other precautions for the logic fail, it gives a little more safety margin for the
logic to stabilize and reach the expected value.
3. The resistor pull-down is added as an additional precaution—the PMOS not only has to

turn on but also has to turn on with a current higher than that needed for the resistor.

These, while seemingly excessive, have provided the necessary protection to the fuse to ensure

that the large transistor does not create a turn-on voltage glitch with potential to blow the fuse.

7.1.3 Sizing the Fusing Transistor

Assume a typical fuse resistance of 100 Q and a fusing voltage of about 2 V. The fusing device might
be expected to have to be about 10% of that (e.g., 10 Q). For a typical transistor of current capabil-
ity 1 mA/pum (Igar), 10 Q in saturated conditions would be 50 pm wide. This looks good, but the
problem is we actually need the 10 Q in linear conditions (with 0.2 V across the device); thus, the
50 pm may be as much as 500 pm. This is way too big to be reasonable.

Fortunately, physics works in our favor. Because the fuse is much smaller than the transistor,
the fuse heats up faster than the transistor. As the fuse heats up, its resistance increases approxi-
mately in proportion to the temperature in Kelvin.

The net result is that we only need to start in a condition where the fuse heats faster than the
transistor. A safe condition for that is half supply; hence, we need to have our 10-Q condition at 1
V, not 2 or 0.2 V, which means that a 100-um-wide device should be adequate. In practice, because
of variability in components and resistive drop within the chip, the transistor is actually sized to
about 120 um wide.

7.1.4 E-Fuse Sense Circuit

The right-hand portion of the circuit diagram in Figure 7.3 is the fuse state detection circuit. Theo-
retically, all it does is to detect whether the fuse is open or short circuit—something that should be
measurable with a current source and an inverter, so why the complexity? Several things make this

a more critical and difficult circuit to design than a simple voltage level detector:

1. Care must be taken that it can withstand the extra voltage applied during fusing.

2. Pull-down current must be applied, which will detect a fused or nonfused state, and be
switchable, so that once the state is read, the fuse circuitry can be turned off to prevent
operational leakage current and limit the possibility of regrowth of a fuse, which is more

likely to happen if power is applied.
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FIGURE 7.4: Comparison of fuses depending on whether the fusing verification was done with (lower)
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FIGURE 7.5: EEPROM cell, showing the floating gate that is generally lightly charged prior to pro-
gramming and can start in either state.

3. Fused resistance is not generally infinity, as would be ideal, but around 20 k) minimum;
and the maximum unfused resistance is not 0 Q but close to 500 kQ.
4. Because of these limitations, it is also necessary to verify fusing to 20 kQ, but, in operation,

check to a lower value (the margin) in case of regrowth. The operational limit is about 5

kQ.

7.1.5 Importance of Margin

Why is it so important to include margin verification? If we fuse the fuse without verifying the
margin and the test blown and unblown fuse values over an extreme of temperature and voltage
conditions, although there is a tendency of fused structures to be higher resistance, there is no obvi-
ous differentiation of states (Figure 7.4, upper). If, on the other hand, we guarantee fusing to an
additional margin and repeat the same experiment, we see that the differentiation of the states is

clear (Figure 7.4, lower).

7.1.6 EPROM/EEPROM

An electrically erasable programmable read only memory (EEPROM) can be erased electrically,
while an erasable programmable read only memory (EPROM) can be erased with ultraviolet (UV)
light. Both are used for trimming. The EPROM is used when a one time programmation is needed,
while the EEPROM is used when reprogrammation may be needed. Figure 7.5 shows an EE-
PROM cell design.

Unlike most other program cells, the big problem with EEPROM is that they do not start
in a programmed state; hence, local variations can leave them in a ‘0’ or a ‘1’ state and even, in some
cases, leave them in a state where the output can switch between a 1 and a 0. This can lead to some
problems in schemes where a single time write is needed.

State fixing—the problem with EEPROM is that reprogrammation is possible. One way
to prevent this is to use an electrical fuse to disable future programming; once the EEPROM is
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FIGURE 7.6: Block schematic for an e-fuse-controlled serial interface for an EEPROM array.

programmed, the fuse can be blown, which permanently disables programmation of the EEPROM
cells (Figure 7.6). This permits the EEPROM to be programmed through a serial interface, until
a specified data word is programmed into the serial data path that fuses the e-fuse and disables all
future programming.

An alternative approach, suggested in 1995 [9] utilizes a probe pad, accessible only at probe
test (Figure 7.7). This is used to set the EEPROM programming mode. EEPROMs are pro-
grammed, either at probe or final test (once packaged). Following programmation, a different pro-
gram word is entered, which permanently disables the program-enable bit. The advantage of this
scheme is that it does not require a large area e-fuse, and all the high current fusing leads associated

with fusing an e-fuse. Its disadvantage is an extra probe pad is needed.

7.1.7 FeRAM Cell Design

The FeRAM cell (Figure 7.8) is based on a capacitor with ferroelectric (FE) dielectric, which
becomes polarized with supply. This effect leads to charging differences which can be exploited in
memory devices to create a nonvolatile memory (i.e., a memory device that does not lose its state

even after being turned off).
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FIGURE 7.7: Block schematic for an EEPROM-controlled serial interface for an EEPROM array.

Ferroelectric J E

FIGURE 7.8: The Fe-capacitor used for the FeRAM looks like a capacitor, but with FE dielectric.
The polarization (right) acts as a memory structure that can be combined with sense circuitry to act as

a nonvolatile memory.
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FIGURE 7.9: FeRAM latch circuit. This circuit is based around a conventional SRAM cell, but con-
tains Fe capacitors that store a known state even when no power is applied to the circuit.

There are a number of ways that the FeRAM state can be detected, one that is useful for small
quantities of FeRAM is the SRAM latch-based circuit (Figure 7.9). FeRAM—circuit design—
latch is based on SRAM. Here, the ‘plate’ (PL) line is initially held at 0 V. The SRAM state is set
as normal. Once the SRAM is set, the plate line is switched to supply and back. As a result, the
memory cells flip to a positive or negative state during plate switching, giving the change in state
needed by the SRAM for nonvolatility. After this, it is acceptable for power to be removed from the
circuit. The Fe capacitors maintain their state even without power, and when the power is returned
to the SRAM cells (generally at a controlled rate), the difference in state of the two Fe capacitors

causes the SRAM to return to a known state.

7.2 CIRCUITS THAT CAN BE TRIMMED

A few examples of how digital trim can be used to modify analog circuits are shown below.

7.2.1 Frequency

The simplest way to modify the frequency of an oscillator is to adjust its current. This can be
achieved by modifying the pull-up and pull-down currents of a stable multivibrator as shown in
Figure 7.10. In place of a simple current source, say a current mirror, for the pull-up and pull-down

currents, a binary weighted switchable current source controlled from the ROM source is added
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FIGURE 7.10: The simple oscillator can be trimmed most efficiently by adjusting the charging and
discharging currents. This can be done by switching in and out current mirrors that act as charging and
discharging currents.

lout

FIGURE 7.11: Digitally controlled current source. The digital inputs switch in the analog current
sources. This configuration is usually binary weighted.
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(Figure 7.11). Typical untrimmed frequency is accurate to about 10%. With trim, this can be re-
duced to less than 5%.

7.2.2 Voltage Trim

Typical voltage trim from a digital ROM input is shown in Figure 7.12. The digital trim is usually
binary weighted, and trims in what might be a 5% variability to around 1-2%. The current source
for the trim is usually derived from a bandgap circuit, and the resistance across which the reference
voltage is developed is usually mirrored with the resistance in the bandgap to ensure matching of

voltage over temperature.

7.2.3 Mismatch Trimming
Time 0 mismatch in a current mirror can be trimmed in the same way as shown in Figure 7.11,
where transistors are turned on or off to get a closely matched input to output current.

Input pair current matching of mismatched pairs is more difficult because, normally, the
extra circuitry loads down the amplifier to the detriment of its AC performance. A circuit that has
been used for many years that unfortunately also causes significant loss in speed performance is the
switching amplifier or chopper amplifier [10] (Figure 7.13). In the switching amplifier, time is taken
out periodically to compensate the offset. The amplifier input is connected to ground and its polar-

ity is switched between the normal and inverted states before detecting the resulting output DC

b, 4
N e

Vout

FIGURE 7.12: Typical voltage trim from a digital ROM input. The digital trim is usually binary
weighted and trims in what might be a 5% variability to around 1-2%.
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FIGURE 7.13: Switching amplifier of Lloyd Bristol, U.S. Patent 4,495,470.

levels. The difference between such output DC levels is used to generate an offset compensation
signal to be applied to the amplifier.

A more recent technique that holds promise of being able to compensate for offset and not be
detrimental to frequency performance makes use of body biasing. As seen in Figure 7.14, V; can be
adjusted significantly with body bias. In bulk material, this can be used on PMOS input devices or on
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FIGURE 7.14: Variation of V; with body bias suggests another means to adjust for time 0 mismatch.
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FIGURE 7.15: Body biasing of input pair to adjust for mismatch.

Vdd

Vss

triple-well processes that isolate the NIMOS devices. It is applicable to all PDSOI processes. Figure 7.15
shows how a digital trim can be used to modify the body bias and thus ¥; of an op-amp input pair.

7.3 CASESTUDY: POWERIC DESIGN

FORTESTABILITY
This integrated circuit required a voltage accurate to 1% and a frequency accurate to 1.5%. With
the technology available, local mismatches and variability did not permit this level of accuracy, so an
EEPROM trim was used [11]. A serial interface was used to do the programming, as no additional
pins were available on the package. This was achieved by setting an EEPROM-enable bit from a
probe pad during wafer testing to ‘enable’ an array of EEPROM cells to be programmed at both

PN
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FIGURE 7.16: Example of serial input with separate address bits for operation and programming. A
chip select/clock synchronizes the serial input data.
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FIGURE 7.17: Die plot of the integrated circuit discussed in the power IC design for testability case
study.

probe and final test through the serial interface using a different address to that used by the device
for normal operation (Figure 7.16).

Following completion of the final test programming an EEPROM-disable signal is sent to
the chip through the serial interface. This unique signal programs an EEPROM bit with a ‘0’ and
disables all future attempts at reprogramming the bank of EEPROMs. In the case of the oscillator
frequency, the output from a counter-network connected to the oscillator is buffered to an open
drain output and the frequency can be monitored. The chip layout for this is shown in Figure 7.17.
The power outputs are shown in the lower half of the circuit, surrounded by guard-rings to help
minimize substrate noise (see discussion in “Part 2: Noise” of this book). Most of the sensitive ana-

log is in the upper left, and buffering and logic are in between.
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PART 11







CHAPTER 8

Component and Digital Circuit Noise

Noise is found in all integrated circuit processes and is present in all known or likely materials that
may be employed in the future. For the next 10 or more years of expected silicon scaling, noise is
going to be a major design concern [12].

Noise has to be separated into two forms: component and circuit. Component noise is gener-
ated within the component, while circuit noise is a result of coupling between circuits or compo-

nents within a circuit.

8.1 COMPONENT/SILICON-INDUCED NOISE

There are several types of component noise as discussed below.

8.1.1 Thermal Noise

Thermal noise, also called Johnson noise or Nyquist noise, is generated by random thermal motion
of electrons. This was first measured by John B. Johnson in 1928 and explained by Harry Nyquist.
Thermal noise is applicable to any resistive conductive medium, which includes the channel of an
on-state MOS device. It appears as a constant noise with respect to frequency and is the second

most important noise source after 1/f'in MOS devices.

8.1.2 1/f Noise
1/f Noise, also known as flicker noise, is highest at low frequencies and falls off as a function of 1/f.
In MOS devices, it is the result of populating and depopulating defect centers in the gate oxide. It

is the most important noise source in MOS transistors.

8.1.3 Shot Noise
Shot noise is the result of random fluctuations of electric current in a conductor and is the result of
charge being carried in discrete packets of electrons. Shot noise is an issue in bipolar devices, but not

normally considered in MOS devices.

91




92 MISMATCH AND NOISE IN MODERN IC PROCESSES

8.1.4 Burst Noise

Burst noise, also known as popcorn noise, consists of step transitions between levels, with a fre-
pop P

quency lower than 100 Hz. Burst noise may be the result of random trapping and release of charge

carriers at thin film interfaces, but numerous causes have been hypothesized.

8.2 PHYSICAL SOURCES OF NOISE

The channel of a MOS transistor is a significant source of noise. Traps in the oxide fill and empty
randomly, affecting the 7; and current drive. Low-frequency, flicker (or 1/f) noise is not just a
tunneling-related phenomenon but also a thermally activated process. Figure 8.1 shows how the
traps (circles in the oxide) may be distributed. Traps are filled from the channel, and emptying traps
released into the channel region induces noise (Figure 8.2). The energy required for each of these
traps to fill and empty may be different and can depend on the input conditions of the device.

An early empirical analysis of 1/ noise was undertaken in 1969 by Hooge [13]. This analysis
has a tendency to underestimate noise quite significantly. An alternative early model came in 1957
from McWorter [14], whose model was based on surface charge trapping.

Most significant among device noise considerations is MOS transistor noise caused through
impact ionization and oxide traps. Impact ionization effects are caused when the electrons from
the source region (for an NMOS) are accelerated to the point where ionization can occur. Once a
charge unit (electron or hole) has been trapped in the oxide, it can become a noise source, which will
be more or less significant depending upon the trap depth within the oxide, its activation energy,

and the temperature of operation of the circuit.

Substrate Tie NMOS
oX o] P oX
P-type
Substrate

FIGURE 8.1: Demonstration of the random placement of noise centers in the oxide. The noise centers
randomly fill and empty, modulating the channel. The variation in current at a given voltage is the mea-

sure of COl’l’lpOIlCIlt noise.
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FIGURE 8.2: Charges from the channel are trapped and released by the oxide traps, leading to noise.

Only traps close to the Fermi level are likely to be active and thus contribute significantly to
the noise level. As a result, noise varies with temperature. Tunneling of carriers within the oxide is
most efficient when occurring between trap centers that are at the Fermi level energy.

While it is possible for tunneling to occur at other trap levels, any traps far away from
the Fermi level are statistically likely to be filled or empty, dependent upon their energy posi-
tion. Thus, tunneling far from the Fermi level is not significant enough to affect the overall noise
characteristics.

Without successful prediction of noise, many circuits are at risk of being overdesigned. Static

timing and noise analysis tools have demonstrated their importance in verifying digital designs.

8.3  NOISE SIMULATIONS
Spice simulators allow the analysis of noise. The MOS model, BSIM4, which is the most used

Spice MOS model, provides several noise options as discussed below.

8.3.1 1/f Noise BSIM Modeling

BSIM4 has two 1/f noise models [15]. When the model selector foivod is set to 0, a simple flicker
noise model is selected which is convenient for hand calculation. If f;4imod=1, a unified physical
flicker noise model is used.

For the case of fn0iM0d=0, the noise density is:

KFAIRF
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Note that this gives several hints on how noise may be reduced: increase of capacitance (Coy),
increase of effective channel length (L), and reduction in current (Iy).

The unified model, when f;0iMod is set to 1, is based on physical mechanisms of trapping/
detrapping-related charge fluctuation in oxide traps, which results in fluctuations of both mobile

carrier numbers and mobilities in the channel. In general, f;0iMod=1 Would be used for simulations.

8.3.2 Thermal Noise

In BSIM4, there are two thermal noise models specifically to model the channel (there are also
thermal noise models to cover other resistive paths, but these are generally of lower importance than
the channel thermal noise). One of the channel noise models is a charge-based model, the other is

the holistic model. These two models can be selected through the model selector #,piMod:
thoiMod = 0 (charge-based); and
froiMod = 1 (holistic).
For the charge-based model, noise current is given by:

MpTAS NTNOI

.
2ol
I

L
Ry(V)+ ——<&
.ueff | QinW|

where Rys(7") is the bias-dependent source/drain resistance, NTNOI is short-channel fitting factor,
and Oy is a charge-modeling factor.

The ‘holistic thermal noise model” additionally has variables that consider channel thermal
noise through Gm and Gmbs as well as induced-gate noise with partial correlation to the channel

thermal noise.

8.4 JITTERAND NOISE IN DIGITAL CIRCUITS:
CIRCUIT EFFECTS

Component noise can affect circuits, but there are other noise effects also including:

*  supply noise,
* ground noise, and

*  capacitive coupling.

All these, and the device noise can cause circuit impacts that cause a process to perform below

expectations. Considering the inverter in Figure 8.3:
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FIGURE 8.3: Effects of noise signals on switching response of digital inverter.
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1. ‘A’ shows the expected input and output.

2. ‘B’ shows a positive-going glitch superimposed on a rising signal edge. This may be the
result of capacitive coupling from an ‘aggressor’ signal line, and the result is a slightly faster
signal transit time from input to output.

3. ‘C’ shows a negative-going glitch superimposed on a rising signal edge. This may be the
result of capacitive coupling from an ‘aggressor’ signal line, and the result is a slightly slower

signal transit time.

Do o
o Do-

Victim

FIGURE 8.4: When two lines run close to each other, it is possible for one to induce noise onto the
other during switching. The signal line causing the noise is the aggressor, while the line with noise being

induced is the victim.
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FIGURE 8.5: When a ground or supply runs between the victim and aggressor, the induction of noise
onto the other during switching is greatly diminished.

4. ‘D’ shows a positive-going glitch on the supply line on a rising signal edge. The result is a
slightly faster signal transit time. This can be due to an on-chip noise source or an external
noise source.

5. ‘E’shows a negative-going glitch on the supply line on a rising signal edge. The result is a
slightly faster signal transit time. This can be due to an on-chip noise source or an external
noise source.

6. ‘F’ shows a negative-going glitch on the ground line on a rising signal edge. The result is a
slightly faster signal transit time. This can be due to an on-chip noise source or an external
noise source.

7. ‘G’ shows a positive-going glitch on the supply line on a rising signal edge. The result is a
slightly slower signal transit time. This can be due to an on-chip noise source or an external
noise source.

8. ‘H’ shows the effect of noise on a rising signal edge. The result can be either a faster or

slower signal transit time.

So how does a little bit of noise or jitter cause a process to be degraded? While for each of
the noise-induced effects there is both the potential for a speed improvement as well as perfor-
mance degradation, most designs have to be able to demonstrate functionality with either speed

improvement or reduction, meaning extra design margin has to be included if circuit noise cannot

Power surge at circuit 'A’' causes voltage
transient at circuit 'B’

| |
A B

FIGURE 8.6: Voltage supply transients, caused by high-power switching of circuit ‘A, which affects all
circuit supplies beyond the A’ circuitry.
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FIGURE 8.7: Voltage supply transient minimization by bringing a separate power supply for circuit ‘B’
to the bondpad.

be eliminated. The more noise there is, and the higher the voltage of the noise, the more degrada-
tion can occur.

Noise is induced from signal line to signal line by capacitive coupling between a low-impedance
‘aggressor’ line and generally high-impedance ‘victim line’ (Figure 8.4). This can be avoided by
making sure the switching of the aggressor does not occur at a time that may affect the victim line
or by placing a low-impedance, nonswitching line between them like in Figure 8.5.

Noise is induced through the supply line or ground generally as a result of power spikes along
an internal supply rail. Figure 8.6 shows how this typically happens: Circuit ‘A’ is a high-power
consumer, and following a power requirement surge, it can pull the entire supply line down, causing
glitches on the supply at circuit ‘B’ further down the supply line. This is avoided by separating the
supplies and bringing both back to the relatively lower-impedance bondpad (Figure 8.7). This is a
technique used extensively in power-integrated circuits, where currents in the ampere range can be
flowing around a chip at any given time.

In the case of ground noise, an additional mode for the noise to migrate across the chip is pos-
sible, although the method described for noise on the supply is also applicable for ground noise. Un-
less the process being used is an SOI process, it is possible to transmit ground-bounce noise through
the substrate. If the substrate bounces significantly above or below the circuit, ground noise can be

transmitted to any of several parts of the circuit (Figure 8.8).

Aggressor Victim

\_/’l

FIGURE 8.8: Noise coupling through substrate generally affects ground and body voltages. In extreme

cases, it can cause latch-up in the victim circuit.







CHAPTER 9

Noise Effects in Digital Systems

In digital systems, noise manifests itself as phase noise. Another noise effect is jitter, the short-term
variation of a significant instant of a digital signal from its ideal position in time. Both are effects of
waveform-modifying interference on digital systems.

The reason noise manifests itself as phase noise is evident by looking at the effect of noise
on a switching inverter in Chapter 8; noise has its greatest impact on digital performance when it
affects the instant of switching. In 1994, John McNeill [16] presented a paper in “Jitter in Ring
Oscillators.” This covered a differential bipolar ring oscillator, but laid the framework for other
work, notably “Jitter and Phase Noise in Ring Oscillators” by Ali Hajimiri, Sotirios Limotyrakis,
and Thomas H. Lee [17] in 1999.

9.1 NOISE IN RING OSCILLATORS

Hajimiri et al. used a five-stage digital ring oscillator (Figure 9.1) to analyze the effect of phase
noise as a function of currents and voltages. They noted that amplitude variation (outside the
switching state) had no long-term effect on phase, but it was irreversible once a phase shift occurred
(Figure 9.2).

Since most ring oscillators contain some kind of divider, it is difficult or impossible to resolve
any amplitude noise on the signal, but phase change is seen at the output. If we assume that phase

change is a single event, it can be measured as an absolute value in time difference between two

Current Injection

FIGURE 9.1: Ring of five oscillators, showing where current may be injected as a transient pulse, to add

amplitude noise or cause a phase change.

99
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Voltage

Time

Voltage

Time

FIGURE 9.2: Upper trace: Noise injected into the nonswitching portion of the oscillator output just
causes amplitude noise. Lower trace: the same noise injected into the switching portion of the waveform

causes a phase change that does not correct itself.

cycles. However, generally, every rise and fall is affected in some way by a certain amount of phase
shift, and so after passing through a divider, the actual phase shift seen will be the result of the sum-
of-squares addition of all the phase shifts that have occurred during the cycle.

In the same way that noise can become averaged over multiple ring stages and divider stages,
noise tends to be less of a problem in longer chains of gates, unless there is a correlation between the

noise effects on the gate chain (caused, for example, by supply bounce).

9.2 DYNAMICLOGIC

Attempts to minimize circuit-induced noise have been around for many years [18]. An early at-
tempt based on a mixed signal chip discusses guard-ringing between digital and analog sections of
a chip. The introduction to ‘low noise digital logic technologies’ states: “The achievable accuracy
of many mixed mode ICs is currently limited by the adverse effects of digital switching noise. The
noise arises from the large overlap current pulse that flows in the power supply lines when a con-
ventional CMOS gate undergoes a state transition. In the layout of mixed signal ICs, it is common
practice to use separate analog and digital power supply lines to minimize the common impedance,
which, in turn, reduces the noise coupling between subsections.” These statements remain valid to
this day.

Historically, there have been several noise-tolerant techniques described in the literature,

based on the use of a keeper for dynamic logic, precharging internal nodes and increasing source
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voltages. With ever-reducing geometries, affecting device leakage, and the capacitance per unit
length of interconnect increasing, causing more noise coupling, there is a developing problem with
dynamic logic circuitry [19]. The two design strategies suggested to address interconnect noise is-

Sue€s are:

1. To reduce the peak noise pulse generated in the interconnections through interconnect
and circuit optimization (such as additional repeater insertion, wire and spacing sizing, and
optimizing driver sizes); and

2. Designing noise-tolerant circuits.

A conventional ‘single-phase clock’ dynamic AND gate building block is shown in Fig-
ure 9.3. This is clocked with the CLK signal, and inputs 4 and B. The fault-tolerant circuit of
Mendoza-Hernandez [19] is shown in Figure 9.4. This works as follows (see Figure 9.5). On the
falling edge of the clock signal, the circuit enters into the precharge state (stage 1). The dynamic
node P; is precharged high, and the output is isolated from the inputs holding its previous value.
After a time determined by the internal delay, the NCLK signal goes high (stage II), turning on
Mn, which, in turn, precharges P; to 734. On the rising edge of the clock (stage III), the circuit is in
transparent mode, allowing signal propagation. Stage 4 isolates the input from internal node.

The major adder to noise immunity in this circuit is that noise on an input line cannot influ-

ence the output outside the transparency window. This is most useful when (1) noise is confined to

4

A

B—|:I |

¥

FIGURE 9.3: Conventional dynamic logic AND gate. 4 and B are the AND gate inputs, clocked by
signal CLK.

CLK -
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FIGURE 9.4: The fault-tolerant dynamic AND gate of Mendoza-Hernandez. This requires 15 com-
ponents compared to 7 in the conventional dynamic logic circuit.

a section of the cycle outside the transparency window and (2) noise is restricted to signal lines and
is not present on supply or ground lines.

Timing uncertainty is the most important noise-related concern in synthesized static CMOS
logic blocks. Noise stability is also of some concern, because the restoring properties of static gates
in the current technology generation tend to prevent propagation of noise. However, there is no
restoring mechanism for delay uncertainties, and delay uncertainty can transform noncritical paths
to timing critical. While designs using older technologies have largely been able to ignore noise in
digital systems, below about 90 nm-technologies, noise in digital circuits has become an important

design factor.

"
NCLK Z \ :

Transparency
window

FIGURE 9.5: Operating, or transparency, window of Mendoza-Hernandez dynamic AND gate.



NOISE EFFECTS IN DIGITAL SYSTEMS 103

This has been considered [20] and resulted in the development of techniques to reduce noise
in synthesized logic (logic that is generated by a CAD tool, not developed manually). Noise at the
gate-level was considered during the net list generation stage using on-chip crosstalk models. The
variation due to noise using a standard synthesis tool was shown to be about 18%. With synthesis
incorporating crosstalk minimization, the uncertainty was reduced to below 3%, although an area
and power penalty of 20% was observed.

The technique consists of driver-sizing limitations to prevent large fan-outs, which are more
susceptible to noise. Placement and routing are done in a standard fashion, without timing or cross-
talk optimization, then after layout RC extraction, static noise analysis is performed to monitor
noise peaks, and noise-aware timing analysis is performed to monitor delay uncertainties. Routing
data can be used for any additional post-layout optimizations. Traditional manual techniques are
unrealistic for large digital circuits, and so this technique shows great promise for the future of deep

submicron technologies.

9.3 INPUT PROTECTION

Signal inputs are usually protected, to some extent, from external noise with the use of input cir-
cuits that have hysteresis. Figure 9.6 shows a ‘noisy’ chip input signal and the output, if there is no
hysteresis. A simple buffer, such as a double inverter (Figure 9.7), has little noise immunity, and so
during switching, it is not unusual for a signal to switch through the threshold and causes multiple-
switching events at the output. This can be alleviated, to some extent, with the use of hysteresis.

Figure 9.8 shows the same input signal, when filtered through a hysteresis (or Schmidt trigger)

MANMAN

FIGURE 9.6: A ‘noisy’ chip input signal (fop ¢race), and the output if there is no hysteresis. The output

of the input buffer switches several times, which can disrupt the internal logic.
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]

FIGURE 9.7: A no-hysteresis buffer symbol and an equivalent circuit diagram.

circuit (Figure 9.9). Here, at the expense of some switching delay, the ‘on’ threshold is delayed until
the voltage is closer to supply, and the turn-off threshold is delayed until closer to the ground.

Another form of input noise that just about everyone must be familiar with is contact bounce.
With contact bounce, a cheap metal contact switch or relay has a tendency to ‘bounce’ as it makes
contact and repeat the requested operation multiple times, whether it is a calculator key, a TV re-
mote, or the time advance on a digital watch. In general, switches take up to about 10 msec to close
completely, during which time it may close and reopen several times (Figure 9.10).

A latch circuit, such as shown in Figure 9.11, is generally used to eliminate contact bounce, if
a two-way switch is available. The latch works as follows: the switch starting state is ‘up,’ this means
input 4 of Ny is low (4,N;=L), which automatically means the output is high (H) and therefore
AN, =H. Also:

MAMAN

FIGURE 9.8: The same input signal, when filtered through a hysteresis circuit.
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FIGURE 9.9: A with-hysteresis buffer symbol and an equivalent circuit diagram.

B,N2 = H, SO B,N1 =L.
When the switch switches to ‘down,’ the state changes as follows:
ANy =H, since B,N; =L, Output = H, and 4,N, = H, thus output Ny=L and B,N; =L

When the switch makes contact with its lower switch B,N,, the node switches low; hence, the
output of N and B,Nj switch are high. With both 4 and B inputs of Ny now high and the output
switches are low, 4,N; then goes low.

With 4,N; low, it does not matter if there is bounce on the low-switching node, as the out-
put has switched low and will stay that way until the switch is returned to the original state. Both
switching directions are debounced.

The two-way switch and flip-flop is an effective way to minimize switch bounce, but it has

the drawbacks of requiring an expensive switch (relative to many of the simple metal-to-metal

FIGURE 9.10: Contact bounce. The gray signal represents when the switch is pressed and the black

represents the output conductance (open circuit to close).
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FIGURE 9.11: Contact bounce elimination using a two-way switch and flip-flop.

switches that are used in portable equipment). In addition, there is always current flow (and there-
fore power loss) in this type of design, another undesirable factor.

To resolve these problems, a monostable debouncer circuit is often used. Here, a monostable
is activated on the first contact and is retained long enough to cover the period of switch bounce.
Consider Figure 9.12: an input signal with bounce enters into a monostable. It also enters into a
delay. The signal that emerges from the monostable is a clean pulse, designed to be longer than the
switch bounce time. The signal that emerges from the delay circuit is the same as the input, but
delayed long enough to ensure that the monostable output is the first signal to reach the OR gate.
This is important because it takes a finite time to activate the monostable, and if no delay is incor-
porated into the initial signal, there is time for several spurious switching event to sneak through
the OR gate before the monostable activates. Either signals into the OR gate being high will make
the output of the OR gate high; thus, the monostable initially causes the OR output to go high.
The input signal through the delay can turn on or off repeatedly before it settles into the on state
and will not count as multiple-switching events. Eventually, the delayed input settles, meaning both
OR gate inputs are high. At some time later, the monostable completes its cycle and turns off, but
by this time, the delayed input has settled into its steady ‘on’ state.

The circuit in Figure 9.12 only provides positive-going debounce protection. The circuit can
readily be modified to give negative-going debounce protection as well, and in most applications,

this is necessary.
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FIGURE 9.12: Monostable-type debounce circuit. This circuit is a one-sided debounce, as it only pro-

vides debounce for the low-to-high transition. The circuit can be modified to give bidirectional debounce

protection.

This circuit has the advantage that only a simple on-off switch is needed. If a resistor is used
as a pull-down and the switch is a momentary press and release type, the only time current is drawn
by the circuit is when the switch is pressed, which is generally acceptable. For switches that need to
toggle, it may be preferable to use a two-way type switch, which switches the input between ground
and supply.
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CHAPTER 10

Noise Effects in Analog Systems

Because analog circuits have much lower signal levels than digital circuits, they are inherently more
susceptible to noise than their digital counterparts. Digital signal noise is generally easier to handle
than analog noise, as it takes more noise to disrupt a digital circuit than an analog one, and some
circuit topologies can help to desensitize certain digital circuits from noise events. However, digital
circuits are more prone to generate noise due to their fast switching and rail-to-rail switching, which
creates much larger voltage swings and higher capacitive coupling and rail swings. The combina-
tion of sensitive analog and high-current digital output circuits in the same chip is the worst design

case.

10.1 SYSTEM ON A CHIP

This merging of technologies was investigated some years ago in a paper “Standard Cell Power IC
Design” [21], where the use of analog standard cells was studied for reducing design time of mixed
signal integrated circuits. A standard cell methodology was used to develop a complex mixed signal
analog and digital power IC. The IC incorporated four-switch mode power supplies, five high-
current full-H bridges, a computer-generated serial interface, and a 26-channel, 8-bit analog-to-
digital converter. The chip is shown in Figure 10.1.

This early power IC process had 5 and 10 V. CMOS logic and 5, 10, and 40 V analog/digital
MOS, 40 V double-diffused MOS (DMOS), EEPROM, and bipolar NPN transistors. The paper
concentrated on the advantages and disadvantages of a standard cell approach to the design process,
but it also discussed the questions and solutions to combining an analog-to-digital converter (ADC)
on the same IC as 10 A power outputs, without excessive switching noise and parasitic affecting the
ADC precision. The path to a solution included an analysis of the timing of the switching of the
power outputs, which operate at about 20 kHz, compared to a 5 psec conversion rate for the ADC.
The ideal solution would have been not to do an ADC conversion during the output switching.
The switching-mode (or switched-mode) power supplies (SMPSs), however, operate at around 200
kHz, which is a similar frequency to that necessary for the ADC, and therefore could not easily be
designed not to switch during an ADC cycle, without introducing significant error into the SMPS
output. Hence, additional guard-ringing was provided to protect the ADC cell and also the use of
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FIGURE 10.1: Standard cell power IC. The logic is shown in the center, with the power switches in the
corners. Each output switch is surrounded by guard rings, but there was no requirement in this chip to

isolate analog and regular logic.

Kelvin ground leads for the ADC to bond pads was implemented. These effectively minimized all

the parasitic to an acceptable level.

10.2 NOISE IN AN OP-AMP
In an ideal noninverting op-amp (Figure 10.2), the equation that describes the output voltage is
given by:

Vouwe=Vin(1 + R¢/Ry). (10.1)
If gain R¢/R; is high, this simplifies to:

Vour= Vm(Rf/Rl) (102)
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FIGURE 10.2: Ideal op-amp: noise analysis.

If 7, has noise associated with it, V;, with noise=V;,+V,, then:
Voun= Vin+ V) (Re/Ry).
Thus:
Voutn = Vour= Vour (noise) = Vy(R¢/Ry), (10.3)

showing that input noise is gained directly in proportion to the circuit gain. Note that this is under
DC conditions and an ideal amplifier, at higher frequencies gain, will reduce and noise will reduce
proportionally.

If the operational amplifier input pair happens to have the same level of noise (Vip) as postu-

lated for the input signal (7,), then equation is similar:
Voutnip — Vour=Vout (nOiSCip) = le(Rf/Rl)- (10.4)

The feedback resistors can also be sources of noise although usually at a much lower level than ac-
tive components.
If there is input noise and input pair noise, these combine as a sum-of-squares combination

if they are uncorrelated; hence, noise would become:

Vout (noisetotal) = (Re/Ryq)sqrt( Vip2+ Vi2). (10.5)
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10.2.1 Effect of Noise Due to Two Cascaded Amplifiers

When two amplifiers are cascaded so that the output of one amplifier is fed straight into another
to get extra gain, what happens to noise? Figure 10.3 shows a cascoded circuit with two amplifiers
each of the same gain.

Assume that for the first stage, we have noise only in the input pair (i.e., the input signal is

noise-free). This, from Equation 10.4 above, has an output noise:
Vine (noiseipa) = Vipa(Rfa/Ria)- (10.6)
Again, from Equation 10.5 above, assume that the second-stage amplification is then:
Vour (noisetotal) = (Rg,/R1p) sqrt( Vipb2 + V). (10.7)
Combining Equations 10.6 and 10.7:
Vour (noisetotal) = (Ra,/Ryp) sqrt {(¥ipy® +[ Vipa(Rea/ R12)1*}- (10.8)

In order to minimize noise is it better to have gain in the first stage or second stage? Consider

three cases:

1. first-stage gain=100, second-stage gain=1;
2. first-stage gain=10, second-stage gain=10; and
3. first-stage gain=1, second-stage gain=100.

All these give an equal DC gain of 100 and assume the same noise per stage, but what about the
output noise?
Consider case 1 and apply to Equation 10.8:

Vour (noisetotal) = sqrt[ Vipz + (100 Vip)z]'

AN——AMNA———
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FIGURE 10.3: Cascaded amplification, demonstrating the effect of noise on a multistage amplifier.
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Hence, Vo (noisetotal) = 10073,
Consider case 2 and apply to Equation 10.8:

Vour (noisetotal) = 10 sqrt[ Vip2+(10 Vip)z].

Thus, Vot (noisetotal) = 100.57,.
Consider case 3 and apply to Equation 10.8:

Vour (noisetotal) = 100 sqrt( Vipz + Vipz ).

Thus, Vyut (noisetotal) = 141.4V5,.

It is clear from these cases that it is better to front-load the gain to minimize the overall noise.
A rule of thumb for any amplifier chain is that the noise is almost completely defined by the first
amplification stage, and so it is generally good practice to make the first stage with higher gain and

lower noise at the expense of later stages in order to minimize noise.

10.3 LC OSCILLATOR

Figure 10.4 shows a typical LC oscillator circuit as used in many radio frequency (RF) and wireless
designs. Phase noise is the biggest noise concern of LC resonant oscillators. The inductor and ca-
pacitor are generally integrated onto the IC, although the quality of the inductors can be quite low.
At resonance of the LC, energy is added to the LC circuit every cycle, as needed, dependent upon

Vdd

[T

FIGURE 10.4: LC resonant oscillator circuit for RF or wireless applications. This type of oscillator
is typically used in wireless or RF applications, where a stable reference frequency is needed of several

gigahertz.
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FIGURE 10.5: LC resonant oscillator waveforms, showing that the resonant circuit has top-up charge
added at the least noise-impactive region of the resonance.

losses in the LC. Most of the energy in each cycle is resonant and transfers between L and C and
back again. Figure 10.5 shows the gate and drain voltages. As can be seen, taking, say the left-hand
device as the example, the transistor is ‘on,’ topping off the resonant charge, when the gate voltage
is at its peak, which is the same time that the drain voltage is at its trough. This means the current

charging of the resonator is at the sine-wave peak. This is a useful condition because it is the point

slolcEsNelsleln
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FIGURE 10.6: Digitally controlled LC oscillator layout: this is used as a performance verification mod-

ule, the inductor is shown at the left, followed by capacitances of the LC oscillator, and cross-coupled
transistor drivers.
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on the cycle where any noise is least likely to impact the phase of the output. This is the same as in
the digital oscillators described in Chapter 8, where noise during switching causes jitter. Figure 10.6

shows layout for this module as a test structure.

10.4 STATIC RANDOM ACCESS MEMORY

In Chapter 5, we examined the effect of variability and noise on SRAM cells. In many ways, noise
has a similar effect to that of mismatch but does not generally show up as an issue at time 0, mean-
ing it can cause issues at random during the life of the part, unless preemptive design takes into
account the limits of noise.

As process technologies have advanced, giving even smaller components, the supply voltage
has reduced alongside. In addition to the reducing supply trend, there are additional power minimi-
zation needs that mean SRAM cells are now routinely required to operate at even lower voltages,
especially in standby states where the cell is not being written or read. Since low voltage operation
reduces the static noise margin (SNM), additional care must be taken in the design and operation
of modern SRAM circuits.

Ultra low voltage operation is crucial for modern SRAM designs especially for mobile and
embedded applications. However, subthreshold current and threshold voltage mismatches devel-
oped in the memory cell are major concerns for low voltage operation.

The 6-T MOS static memory cell has two transistors and two load elements in a flip-flop
configuration as shown in Figure 10.7. M, and My are the driver transistors, M5, Mg are the pass
gate NMOS devices, and My, M3 are the load PMOS devices. Information is stored in the form
of voltage levels in the flop-flop, which is formed by the two cross-coupled inverters. The flip-flop
has two stable states typically designated ‘1’ and ‘0.’ The memory cell is embedded in an array of
similar memory cells which are accessed by a row decoder which selects the word line (WL) and a
column decoder circuit which selects the appropriate bit (BL) and bit-bar lines. Figure 10.8 shows
a schematic for the 6-T SRAM with noise injection points for noise susceptibility analysis.

Lo
o

FIGURE 10.7: The 6-T SRAM cell cirucit diagram.
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FIGURE 10.8: The 6-T SRAM, showing noise injection points for noise susceptibility analysis.

In logic gates, the noise amplitude and the noise duration are critical for dynamic stability.
Dynamic noise margins are larger than the static ones because larger amplitude noise events can
be tolerated if they persist for a sufficiently short time. Dynamic stability analysis can be applied
to an SRAM cell resulting in an analytical model for evaluating its dynamic noise margin while in
standby. This assumes that the noise source is a current noise pulse injected into the node storing a
‘0. The dynamic analysis assumes that for a given noise amplitude, the minimum pulse duration for

the noise to flip the cell’s state can be determined. This is termed the ‘critical pulse.’

10.4.1 Radiation Hardness in Static Random Access Memory
‘Radiation hardness’ is an expression of the resistance of a circuit to radiation-induced errors. Soft
error rate (SER) is the measure of radiation hardness and is a function of many circuit, material, and
environmental factors, including the type of radiation, supply voltage, and layout details. Memory
cells are particularly susceptible to radiation-induced effects because, unlike many other circuits, a
radiation-induced error results in a changed digital state on the memory cell. SRAM are not im-
mune to radiation-induced effects, and this is normally considered to be a form of a system noise.
The net charge imbalance QCRIT necessary to upset the cell state is equal to CAV, where C
is the capacitance seen at the storage node of the SRAM cell and AV is the cell differential voltage
(supply voltage in a 6-T SRAM Cell). For a 0.5—um technology, the QCRIT is around 25-30 {fC
[7]. Cell size shrinks with technology, and QCRIT also reduces. Due to the presence of buried
oxide, it is very difficult for the alpha particles to get injected into the channel. The reduced cell size
and storage node capacitance improves cell performance due to a reduced number of parasitic. The

sublinear improvement in cell access time is traded against the almost exponential deterioration in
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SER. Alpha-induced SER is expected to surpass the cosmic ray (which is relatively insensitive to
QCRIT, and SER remains relatively constant as technology scales) and become the major failure
mechanisms for technologies 0.15 pm and below [7]. In conventional bulk CMOS, a.-generated
charges are collected mainly by the funneling effect, when particles collide with the drain diffusion
layer. For bulk SRAM, the scaling of the cell and supply voltage reduces QCRIT, and the SER rises

almost exponentially.







119

CHAPTER 11

Circuit Design to Minimize

Noise Effects

In many cases, noise within a circuit or on a chip can be minimized with appropriate design. In
some cases, noise can be averaged out, and chip level noise, caused by coupling through the silicon
or interconnect, can be shielded. When the noise occurs through the substrate, a technique called

guard ringing is often used.

11.1 GUARD RINGING
The methods used to reduce this type of noise are to ensure very close connection of ground and
body connections at a local level. This is usually effective in minimizing latch-up. Another method
that is effective at the cost of some area is the incorporation of guard rings either around the victim
circuitry or around the aggressor circuit. The guard ring is generally connected to higher voltages
than the victim circuit, generating a large depletion region and channeling current flow preferen-
tially to the guard ring (Figure 11.1).

All the prior noise sources are to some extent controllable, and designs can be modified as

the noise sources are either a result of the devices themselves or due to noise coupling from one part

Guard L.
Aggressor  Ring Victim

LA

FIGURE 11.1: Guard ring to minimize the effects of substrate noise. Other techniques used in reduc-
ing the effect of substrate noise are improved victim body/ground contacts.
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Analog

Guard Ring

FIGURE 11.2: Representation of a guard ring view for reducing noise transmission across a chip.

of the circuit to another. There is, however, an additional source of noise that comes from outside
a circuit, which is noise coming in on any connection into the chip. Inputs are usually protected to
some extent with the use of input circuits with hysteresis. Supply noise is often minimized with a
capacitor outside the chip.

A plan view of a guard ring surrounding a power aggressor component is shown in Fig-
ure 11.2.

11.2 NOISE SUPPRESSION THROUGH INTERCONNECT

As discussed in Chapter 8, noise is induced from one signal line to another by capacitive coupling
between a low-impedance ‘aggressor’ line and a generally high-impedance ‘victim line.” This can
be avoided by making sure the switching of the aggressor does not occur at a time that may af-
fect the victim line or by placing a low-impedance, nonswitching, line between them. Electrically,
this looks like the combination view/schematic in Figures 11.3 and 11.4. The addition of a low-
impedance line works because the C—R time contant reduces the amplitude of the signal substan-

tially more than the victim line; the additional separation also reduces capacitance.
signal 1 signal 2 signal 1 signal 2

FIGURE 11.3: Diagrammatic representation of capacitive coupling between interconnect lines, without

(left) and with (right) a ground separator (see also Figures 8.4 and 8.5 for the layout plan views).
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A

FIGURE 11.4: Schematic representation of capacitive coupling between interconnect lines, without

(left) and with (right) a ground separator (see also Figures 8.4 and 8.5 for the layout plan views).

11.2.1  Supply Line Noise

Noise introduced through the supply or ground lines generally was discussed in Chapter 8, where it
was shown that the resistance of the interconnect causes a voltage drop, which can affect circuitry.
A technique that is frequently used was also explained in the same chapter, which is using separate
power or ground lines to a common supply pin. This limits the voltage reduction to one line and the
one circuit that is pulling the excessive current. Another technique that is used is to have specially
designated interconnect layers that devoted to the high-current interconnect. These are usually

placed on the top one or two levels and are of thicker metal.

11.2.2  Substrate Noise Reduction
If noise is introduced into interconnect through the substrate, it can be handled in two ways. The

first and simplest is to implement a vertical version of the aggressor to victim coupling of Figure

(T T

/

FIGURE 11.5: Shielding of signal line from potential ground bounce.
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FIGURE 11.6: Use of differential signals to null out noise.

11.4. This is shown in Figure 11.5 and involves shielding the signal (victim) line, which is on metal
2, with a fixed, low-impedance line on metal 1, reducing capacitance in a similar manner to the
horizontal shielding of the previously discussed noise reduction.

Another method that can reduce the effects of substrate noise, without requiring shielding,
and with some other advantageous properties is the use of a differential signal. Here, two signals
are sent across the chip, substrate bounce couples equally to the two signals, and when the signal is
extracted at the receiving end of the circuit, the spurious noise signal on both signals is nulled out
as the two signals are subtracted. This is particularly useful when designing analog systems (Figure
11.6). The block circuit diagram is shown in Figure 11.7.

This circuit is readily implemented. Assume first that a digital circuit, a single-ended input,
can be converted into a differential input using an inverter. Conversion back to a single-ended signal
can be either digital or can use a differential amplifier. For an analog signal, a single-ended input can

be converted into a differential signal with the use of a unity gain-inverting amplifier, plus the input

VAN

1K 4
4K
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FIGURE 11.7: Circuit diagram showing use of differential signals to null out noise.
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signal to the unity gain-inverting amplifier. The conversion back to a single-ended output is done

with an op-amp.

11.3 REDUCING COMPONENT NOISE

While there are several process-related means to control noise, the control most readily available to
a circuit designer are electrical design characteristics, this includes the operating conditions (cur-
rents and voltages) and MOS device area. Indeed, most of the derivations for 1/ noise generally
show a direct dependence on the square of current and an inverse dependence on MOS width and
length (and an inverse dependence on capacitance). Device area noise dependency is easily under-
stood by considering a single oxide defect-trapping center within a MOS device (Figure 11.8). As
the device gets larger, the effect of the defect center is reduced.

Most noise models include this dependency, allowing the development of optimized noise
reduction. In addition to noise effects, most models also allow statistical variability and mismatch
to be included in order to obtain a comprehensive simulation of the device sizing with all these

statistical effects incorporated.

11.4 CIRCUIT EFFECTS AND NOISE

11.4.1 Smart Sensors

Smart sensors are systems in which sensors and dedicated interface electronics are integrated on the
same chip or in the same package. Examples include torsion/stress measurement, temperature sens-
ing, wind velocity, and magnetic field analysis. Due to the low-level analog output of typical sen-
sors, designing interface electronics that does not impair sensor performance is a challenge, where

inherent precision is limited by 1/f noise and component mismatch. However, since most sensors

I Drain I

Drain

| Gate © Defect
Gate &~ |

- Defect I

Source

Source I

FIGURE 11.8: Demonstration of how a single defect has a larger effect in a small device than in a larger
device.
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are slow compared to the surrounding circuitry, dynamic techniques, such as are auto zeroing, chop-
ping, dynamic element matching, switched capacitor filtering, and sigma—delta modulation can

often be used to achieve higher precision.

11.4.2  Operational Amplifiers

Operational amplifiers are common in analog circuit design, and the methods described in the
literature to minimize or reduce noise are numerous. One method to reduce noise is the use of a
chopper amplifier [22]. Chopper amplifiers are DC amplifiers; however, some small DC (or low-
frequency) signals that need high amplification can be difficult for a DC amplifier to work with due
to inherent DC offsets and noise. It is much easier to build an AC amplifier where the DC offsets
can be nulled. A chopper circuit is used to break up the input signal so that it can be processed as if
it were an AC signal then integrated back to a DC signal at the output. In this way, extremely small
DC signals can be amplified [23].

A chopper amplifier (sometimes called a nulling or auto zero amplifier) works as an ampli-
fier for awhile then corrects its offset voltage and goes back to working as an amplifier again, typi-
cally between 100 Hz and 20 kHz [24]. A chopper amplifier transfers its low-frequency noise and
DC offset to higher frequencies by the use of modulation. Modulation is often implemented with
MOSFET switches that are opened and closed alternately. Thermal noise and low-frequency 1/f
noise are the main limits on low-noise amplifier design, and the shifting of noise from a lower to

OUTPUT

C2

==

FIGURE 11.9: Typical simplified chopper amplifier design. The design achieves the dual advantage of
eliminating mismatch-induced offset and reducing low-frequency noise.
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higher frequency can improve the operating band performance. The use of chopper amplifiers can
both effectively reduce the low-frequency noise of an amplifier and improve local mismatch, but
with the tradeoff of higher operating current and lower bandwidth. Figure 11.9 shows an example
of a simple chopper amplifier [24].

Its mode of operation is as follows: S1 begins in the up position, allowing the input signal to
be amplified to the output of the amplifier. C; does not pass a DC signal, which has the effect of
nulling out DC offsets of the amplifier. C; and R3 act as an RC filter, and as C, charges, the output
rises to the point of the amplified input signal. However, this cannot remain the active state as the
capacitor Gy will discharge and the output will eventually leak to zero, thus periodically S and S,
switch simultaneously. In the state where S is switched to ground, any amplification caused by in-
put offset will be on the left-hand Cj plate. The right-hand plate is then shorted to ground, so the
offset value is stored on the capacitor plate. When S; and S return to their original state, the gain
at the output of the amplifier is the gained input plus the gained mismatch offset, but the output at
S, is the gained signal only, without the offset component. The procedure is repeated at a frequency
that is defined by the input characteristics, power consumption requirements, and component siz-
ing. The switches can be constructed as transmission gates or other appropriate elements, but care

must be taken that the gates used do not themselves introduce additional noise or offset.
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CHAPTER 12

Noise Considerations in SOI

The main differences in the way noise is dealt with between bulk and SOI material is related to the
SOI layer and component to component noise effects. Some of these are beneficial and others are

detrimental.

12.1 SUBSTRATE COUPLING

Coupling is capacitive rather than resistive in SOI, therefore lower frequency noise is attenuated.
This is illustrated in Figure 12.1, which shows both bulk and some SOI parasitic. This clearly shows
that noise coupling generated in the left-hand side device (the aggressor) is connected to the right-
hand side (victim) device in bulk material by an electrical resistance determined by the substrate
resistivity. In the SOI device, the coupling is through a capacitance from the aggressor device to
substrate, then another capacitor from substrate to victim, a much higher attenuation than with the
resistive path.

In terms of equivalent circuit, Figure 12.1 can be represented in several ways, depending upon
how or whether the substrate is connected to ground, but a typical integrated circuit with a resistive
coupling to ground would look like Figure 12.2. As can be seen from the diagram, the noise level is
substantially lower with capacitively coupled noise, and a single-sided noise spike is also converted

from single-sided to bidirectional.

MU\E'M

\am—~ ~ >

FIGURE 12.1: Demonstration of the coupling between aggressor and victim devices in bulk (left) and
SOI (right).
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A~ -

I I

FIGURE 12.2: Equivalent circuit of the coupling between aggressor and victim devices in bulk (left)
and SOI (right).

12.2 SUBSTRATE CAPACITANCE/SUPPLY CAPACITANCE

The V34—V capacitance associated with the Nwell of PMOS devices is virtually absent in SOI, be-
ing replaced by a very low capacitance SOI capacitor. This is a disadvantage for SOI and means that
there is the potential for very much higher supply noise to propagate through the supply line (Figure
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FIGURE 12.3: Cross-sectional and schematic diagrams showing the effect of capacitance due to the

Nwell in bulk silicon (upper) as compared to the relative lack of capacitance from SOI (lower).




NOISE CONSIDERATIONS IN SOI 129

12.3). To compensate for the lack of chip supply to ground capacitance (and resultant increase in
supply noise), it is possible to add junction or gate capacitance in any unused chip areas, or metal
capacitance in zones where there is a low density of interconnect.

The capacitance of Nwell to ground junctions in bulk material is generally useful, but it can
be an issue in circuits that are switched frequently, as every time the supply is turned on or off, the
capacitance associated with the Nwell in substrate has to charge or discharge. In the case of some
low-power applications, this may occur many times per second and can result in a significant aver-
age current consumption. In such cases, the reduced capacitance and power of SOI can be more

advantageous than the increase in noise.

12.3 RADIATION EFFECTS

In addition to improved radiation hardness, the feature sizes of CMOS SOI transistors are readily
scalable to well below 0.1 pm and appear, in principle, to be scalable below the limits of bulk CMOS
bulk transistors. Scaling of CMOS SOl transistors increases the future potentials of CMOS SOI
technology applications not only in radiation hardening but also in general IC processing and
manufacturing.

An important advantage of SOI is improvement in SER mainly because of its long history in
radiation-hardened applications and the presence of buried oxide. Alpha particles from radioactive
elements in packaging are known to induce soft errors and impose design constraints in 6-T planar
SRAM cells.

In conventional bulk CMOS, a-generated charges are collected mainly by the funneling ef-
tect when particles collide with the drain diffusion layer. This is not significant in SOI MOSFETs
due to the presence of buried oxide. Charge collection can only occur in SOI MOSFETs when an
a-particle interacts with the channel region. The amount of a.-generated charges in SOl MOSFET
is less than bulk. The total charge collected at the cell storage node is significantly higher than o-
generated charges due to the parasitic bipolar effect. Alpha-induced bipolar current flows over ex-
tended time periods. Although one would expect significant SER improvement in SOI, it has also
been reported otherwise.

Although use of body contacts reduces parasitic bipolar leakage, density requirements may
not permit such an option. The curve for SER (Figure 12.4) of SOI SRAMs behaves differently
from bulk SRAM as the gate length is scaled. For bulk SRAM, the scaling of the cell and supply
voltage reduces QCRIT, and the SER rises almost exponentially. For SOI SRAM, scaling the sup-
ply voltage reduces the parasitic bipolar effect since the body, which acts as the base of the parasitic,
will be at a lower potential. The reduced parasitic bipolar effect compensates for the reduction in
the QCRIT of SOI SRAM, and the SER remains relatively flat with technology scaling. The noise
currents for SOI and bulk behave differently over time.
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FIGURE 12.4: The 6-T SRAM cell SERs in SOI and bulk SRAM as a function of gate length [25].

The cell size and circuit performance of a SOI SRAM can be further improved by using a cell
layout with abutted n+ and p+ drain regions. The n+ and p+ drains of the inverter output node and
the source/drain region of the NMOS access transistor are connected by abutting Ti-silicided n+
and p+ regions. This removes layout constraint of well spacing in the bulk CMOS technology and
allows a single contact layout for the cross-coupled inverters in the SOI SRAM 6-T cell.

12.4 SOI COMPONENT NOISE

Impact ionization effects are caused when the electrons from the source region (for an NMOS) are
accelerated to the point where ionization can occur. This is similar for bulk and SOI and is demon-
strated for PDSOI in Figure 12.5.

The act of an electron or hole being captured or released by an oxide trap causes noise. This
will be more or less significant depending upon the trap depth within the oxide, its activation en-
ergy, and the temperature of operation of the circuit.

Static noise in PDSOI is higher than in bulk due to additional noise being induced through
the floating body effects and associated leakage current variability. In PDSOI, there is a parasitic
bipolar which can also result in noise. Body potential variability and thus the threshold voltage of
PDSOI devices also affect noise. Transistor level static noise analysis has been shown to be extend-
able to PDSOI technology through the addition of floating body-induced threshold voltage varia-
tion and incorporation of parasitic bipolar leakage.

To establish an initial condition for static noise analysis in PDSOI, a choice must be made

between minimum and maximum body voltages for each transistor. Typically for memory and digi-
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FIGURE 12.5: Electrons from the source and channel region can gain enough energy as they accelerate
across to the drain such that an impact causes an electron hole pair to be generated. The hole tends to

migrate to the gate oxide, where it can be trapped, and become a source of noise.

tal cells, this might result in a worst case condition of strong noise-inducing devices and weak
holding devices. Although noise is normally a problem, one analog device has made beneficial use
of noise. A single-stage operational transconductance amplifier in SOI has been used as a generator
to produce a high level of noise at its output created by the SOI transistors to produce a random

number generator.
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