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Abstract

Higher speed and higher density are the main thrusts of CMOS technology and are
achieved by device miniaturization. In deep submicron geometries, the supply voltage is
scaled down to prevent reliability hazards such as oxide breakdown and hot carrier effects
and also to reduce energy per operation of digital circuits. Lowering the supply voltage
directly reduces the signal swing, which in turn makes the design of high-speed wide
dynamic range mixed-signal SC circuits a challenge. It is also desirable to implement SC
circuits in a standard digital CMOS process, where double-poly capacitors are not
available, because the driving forces behind the CMOS technologies are DRAMs and

microprocessors which do not require linear capacitors.

This thesis demonstrates that analog circuit design can track projected digital technology
until at least the year 2010. It addresses the design of low-voltage and high-speed SC
circuits and also explores the feasibility of using MOSFET capacitors in a linear SC
circuit. The thesis describes an experimemhtsl CMOS process implemented as a subset
of a 0.5 um dual ri/p* poly gate process using natural MOSFETsL X experimental
SC sigma-delta modulator is presenrtdtie lowest supply voltage reported so far for SC

>A modulators. Also described is a high-speed fourth-order SC bangfpassdulator

and a novel fourth-order double-sampled SC bandpAssodulator together with their
experimental results. Finally, a fourth-order bandpass>8CGnodulator designed in a

digital CMOS process using pMOSFET capacitors is described.
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Chapter 1

Introduction

1.1 Motivation

Higher speed and higher density are the main benefits of CMOS VLSI technology and are
achieved by shrinking the feature size of the MOSFET devices. In the past, Constant
\Voltage (CV) scaling has been used for CMOS (dowrD.t® um) to achieve higher
performance and to maintain supply voltage compatibility. However, as MOSFET
miniaturization reaches to deep submicron siZ&$ (um and below), supply voltage
scaling based on Quasi-Constant Voltage (QCV) scaling must be adopted to assure
reliability [Kakumu90]. Hot carrier effects and gate oxide breakdown are the two
important reliability factors determining how high power supply voltage can be. The
Semiconductor Industry Association (SIA) roadmap (Table 1.1) predicts a supply voltage

of 0.9 V for semiconductors by the year 2010 [SIA94].

Year 1995 1998 2001 2004 2007 2010
Feature sizeym) 0.35 0.25 0.18 0.13 0.1 0.07
Power supply voltage (V 3.3 2.5 1.8 1.5 1.2 0.9

Table 1.1: SIA semiconductor technology roadmap

The move toward lower supply voltages is also fueled by low-power battery powered
portable devices [Thomas93]. An ideal power supply for a battery powered system is a
single-cell .2 V -0.9 V) off-the-shelf battery.
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Integrated circuits are moving increasingly into the mixed-signal world where more parts
of a system are implemented on a single chip. Performance and density of digital circuits
are expected to follow the famous Moore’'s law—achieving a 2X increase in circuit
density and a slower rate of (1.4-1.2)X increase in circuit speed every three years. Energy
per operation in digital circuits(0 cV? ) is also reduced due to supply voltage scaling in
deep submicron CMOS. However, lowering the supply voltage directly reduces the signal
swing in analog circuits, which in turn makes the design of wide dynamic range mixed-

signal circuits a challenge. This raises the following question:
»  Will mixed-signal supply voltage follow the digital supply voltage down to 1 V?

In deep submicron CMO3.(< 0.5 um), the charge carriers’ velocity will be saturated at

the pinch-off point in the channel and as a result the classical quadratic saturation current
becomesldsatD(vGS—Vt)a , wheree = 1.3 td.4 instead &f [Hu94]. Therefore,
1.4X circuit speed improvement every generation will slow down to about 1.2X, leading to

another question:
* What are the circuit techniques to maintain a high dynamic range at high speed?

Analog circuits are usually implemented using Switched-Capacitor (SC) techniques
because of their high circuit accuracy. Traditionally, SC circuits are implemented in
analog CMOS processes where linear double poly capacitors are available. However, the
driving forces behind the CMOS technologies are DRAMs and microprocessors which do

not require a double-poly process. The next question is:
» Can linear SC circuits be implemented in a standard digital CMOS process?

These questions form the core of the research conducted in this thesis.
1.2 Thesis Objectives

This thesis is concerned with the three key issues mentioned above, namely: low voltage,
high speed, and the implementation of linear SC circuits in a digital CMOS process.
Through analysis and some preliminary experimental circuits it will be shown that SC

mixed-signal circuits will scale down tbV

Low voltage: To demonstrate the feasibility &fV ~ mixed-signal circuits, low-threshold
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MOSFET transistors are required. JAV CMOS process technology is developed as a
subset of @.5 um n'/p" dual poly gate CMOS process. In this process, natural threshold
voltage MOSFETSs are optimized to hav€,a  of al#fi@ mV . A first-order voice-band

SCZA modulator is implemented in this process and operated/at power supply.

High speed Low-voltage operation is known to compromise speed unless the technology
shrink is in proper relation to the supply voltage. Two new high-speed bandfiass
modulators are implemented i8av 0.5 um CMOS process to verify their performance

and functionality.

Linear SC design in a digital CMOS processMOSFET capacitors biased in strong
inversion or accumulation regimes can be used to replace linear capacitors. A telescopic
opamp with different input and output common mode voltages is shown to be suitable for
this purpose. Also described is the design of a fourth-order SC barkipasedulator

using pMOSFET transistors, biased in strong inversion, as linear capacitors.

The benchmark circuits are chosen tozldemodulators for the following two reasons.

First, aZA modulator is a typical mixed-signal circuit with enough complexity to test the
technology and to demonstrate the achievable performances. It contains important analog
cells such as opamps, comparators and switches as well as some digital gates including
inverters, NORs, and a D-type flip-flop. Seco2dy modulators are widely used as
precision Analog-to-Digital (A/D) converters and are becoming popular in A/D
conversion of narrow-band signals at Intermediate Frequencies (IF) in radio receiver

circuitry.
1.3 Contributions

Contributions of this work include:

« Proposed and verified suitability of low: ~ natural MOSFETsIfof mixed analog/

digital applications.

» Compared Switched Capacitor (SC) and Switched Current (Sl) analog techniques for

low-voltage applications.

+ Analyzed low-voltage SC circuits using low}- MOSFETS.
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Proposed low-leakage series transmission gate and composite switches.

» Demonstrated a technique for exploiting the short-channel effects to obtain low-

voltage switches.
* Implemented a high-speed architecture for bandpaAssodulator.
* Developed a novel double-sampled bandpa@smodulator.

» Designed a fourth-order SC bandpa¥s modulator in a standard digital CMOS

process.
1.4 Thesis Outline

Chapter 1 provides an introduction.

Chapter 2 starts with an examination of CMOS scaling in deep submicron geometries
which require supply voltage scaling down 1oV . Theoretical limits on low-voltage
digital and analog CMOS due to circuit topology are discussed and some recent work in
this area is reviewed. Oversampling and noise-shaping are then briefly overviewed and a
simple mapping of lowpasEA to bandpassA [Jantzi] is described. High-speed SC
bandpassA modulator techniques are also presented. Next, the Switched-Current (Sl)
analog circuit technique [Hughes89] is introduced and methods of implementing SC
circuits in a digital CMOS process are discussed. Finally, a comparative study of SC and
S| for low-voltage applications is presented. It is concluded that the SC technique is

preferred in low-voltage circuits from a dynamic range point of view.

In Chapter 3, low-voltage SC circuit design using lowi ~MOSFETSs is considered. First,
two methods of achieving low; MOSFETSs in current CMOS processes are proposed.
The impact of subthreshold leakage current on the accuracy of the SC circuit is then
analyzed. Methods of reducing the subthreshold leakage through analog switches are
discussed next and two new switch topologies (series transmission gate and composite
switch) addressing this problem are presented. Finally, two experimental circuits, a
2.25 V ZA modulator using short-channel MOSFETs ardd\a ZA modulator using low-

V, natural MOSFET are discussed.

Chapter 4 begins by examining motivations for a high-speed bandpassodulator. A
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high-speed fourth-order SC bandpadsmodulator is discussed, followed by presentation
of a double-sampled SC bandpas®d modulator. Fully differential circuit
implementations of both modulators in &V 0.5 um analog CMOS process are

described and measured results are presented.

Chapter 5 describes a SC circuit technique employing MOSFET capacitors biased in
strong inversion as linear capacitors. Distortion caused by capacitor non-linearity in a SC
amplifier is analyzed. Then, the design of a fourth-order band@assodulator using a

PMOSFET transistor as a linear capacitor is described.
Chapter 6 draws the thesis conclusions and proposes future work.

Appendices which provide some additional information on MOSFET equations used in

this thesis and measured characteristics of natural MOSFETSs are also included.



Chapter 2

Impacts of CMOS Scaling on
Performance of Mixed-Signal Circuits

2.1 Introduction

The scaling of CMOS technology in the deep submicron regime is expected to continue
providing faster and denser devices. In section 2.2, CMOS scaling is reviewed along with
the fact that, for device reliability, the supply voltage is being scaled down in deep
submicron technologies. The power supply voltageOdf um CMOS technology is
expected to be abodtV  [Davari95]. Along with the power supply, the threshold voltage
of MOSFETs must be scaled down to achieve high-speed circuits. Limits on supply
voltage scaling for mixed-signal circuits are considered in section 2.3; some current
research in the area of low-voltage digital and analog circuits is also presented. The impact
of reducing the supply voltage on power dissipation of digital and analog circuits is
discussed next. In section 224 modulators, which are the benchmark circuits in this
thesis, are introduced and high-speed bandpass/S@nodulators reported in the
literature are discussed. Most advanced CMOS processes are developed to support
memory and digital circuits. Thus, mixed-signal circuits that are realizable in a standard
digital CMOS process are desired. Analog Sl and SC circuit techniques that allow mixed-
signal circuits to be implemented in a digital CMOS process are discussed in section 2.5.
Finally, a comparative study of SC and S| sampled-data analog circuit techniques is
presented in section 2.6. It will be seen that SC has advantages over Sl for low-voltage

design.
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2.2 CMOS Scaling

The scaling of CMOS technology is achieved by reducing the dimensions of MOSFET
transistors by a factor & ke 1 ). The original Constant Electric-field (CE) scaling law
proposed by Dennard [Dennard74] involved supply voltage scaling as well as scaling all
the device dimensions to preserve the same electric-field in the scaled-down device. A
constant electric-field in the substrate is obtained by increasing device-well doping
concentrations in the smaller devices. The CE scaling scheme improves the device density
by k2, reduces the gate delay ky , and lowers power dissipatik% by  thus maintaining

a constant power density.

Drawbacks of CE scaling are the departure from standard power supply voltage, problems
with MOSFET threshold voltage scaling, and degradation in analog signal swing.
Therefore, in the past (down @5 um technology) a Constant Voltage (CV) scaling rule

has been used for CMOS to maintain a supply voltage\of and to achieve higher circuit
performance; gate delay is reducedlbzy in a CV scaling. However, in CV scaling the
higher electric field causes a reliability hazard due to hot carriers and gate oxide
breakdown. A higher electric field in deep submicron devices also brings about carrier
velocity saturation, which causes speed improvement to become linearly proportional to
(similar to CE scaling). Another drawback of CV scaling is an increase in power

dissipation density which is proportional k%

A compromise between CV and CE scaling schemes is a general scaling theory called
Quasi-Constant Voltage (QCV) scaling. In a QCV scaling, power supply voltage is
reduced at a slower rate of approximatgly . In Table 2.1, various scaling schemes and

their effects on MOSFET device characteristics are summarized.

Studies of CE, CV, and QCV scaling for mixed-signal circuits in high-micron [Wong83]
and submicron [Sano88] CMOS technologies have shown that QCV scaling is close to an

optimum scaling scheme.

2.2.1 CMOS Scaling in the Next Decade

Recently, Davari published a guideline for CMOS scaling in the next decade for digital

circuits [Davari95]. A summary of this guideline is produced in Table 2.2. Two different
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Parameters CE Cv QCv
Lateral dimensions (L) 17k 1/k 1/k
Gate oxide thicknessy) | 17k /k 1/.Jk
Doping concentration k K2 K
Supply voltage (V) 1/k 1 1/(Jk)
Electric field 1 k 1
Current (1) 1/K k 1/k
Area (A) 17K 1K /K
Capacitance (C=#it,,) 1/k 1/k /K-
Gate delay (VC/I) 1/k 1K 17k
Power dissipation (V) 1K k k-
Power density (VI/A) 1 K Jk
Energy dissipation (C¥) | /K’ 1/k K>S

Table 2.1: CMOS scaling schemes

power supply voltages are recommended for each generation of deep submicron
technology: one for high-performandd® ) circuits and another one for low-pboWer ()

circuits.

Year 1995 1998 2001 2004

Supply voltage iP/LP )V | 3.3/2.5 2.5/1.5 1.5/1.0 1.2/1.0
Channel lengthp(m) 0.35 0.25 0.18 0.13
Oxide thickness (nm) 9 6 3.5 2.5

Table 2.2: A guideline for CMOS scaling

This guideline is in agreement with the SIA technology roadmap for semiconductors
presented in Chapter 1. By the ye#i04 | the power supply voltage is predicted to be

scaled down td..2 V for high-performance circuits and for low power applications.

Supply voltage scaling in CMOS, undertaken to maintain reliability, causes severe speed

performance degradation unless the MOSFET threshold voltdge () is scaled down.
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Circuit speed suffers because it is proportional to transconductgpce () and for a fully
turned- on MOSFET (i.ev5q = Vpp ) the transconductaneg, |81V -V,

2.2.2 \ Scaling Issues
A MOSFET transistor biased below threshold voltaggd< V, ) operates in the weak

inversion mode where drain current is exponentially dependent on the valdg eV,
(Appendix A). The subthreshold off-current (fagg = 0 ) is given by the following

simplified equation:

. W, -V/S

whereS is the subthreshold swing and is given by

S= rl‘aTm(m) (2-2)

and typicallyn=1.4 .
Non-Scalability of Subthreshold Swing

As can be seen from (2-2), subthreshold swing does not scale with technology scaling.

Therefore, the main limitation &f,  scaling is due to the non-scalabili§ of

At room temperatureS has a typical value 8F mV/decade  for bulk CMOS, and
increases to aboutt00 mV/decade aB5°C . Reducing the threshold voltage of
MOSFETs by100 mV increases the subthreshold off-current by an order of magnitude.
Higher off-current increases the standby power dissipation in digital circuits and limits the

accuracy of the analog SC circuits.

Digital circuits: In digital CMOS circuits the total power consumption expression is

> . .
> = Po_ 1fC Vpp tiosVpp TiscVpr (2-3)

wherep, _ ; is the activity factof, is the clock frequenCy, is the load capacitance,
Vpp is the supply voltage, arid. s the short circuit current during each input transition
when both nMOSFET and pMOSFET are temporarily on.

Lowering theV, increases the off-current and the second term in the above equation will
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rise. However, low/, MOSFETs allow operation at a lowgy, without sacrificing
speed performance. A reduced, decreases the dynamic power consumption, the first
termin (2-3).

Several studies [Liu93] [Burr91] have shown that a significant power saving is achieved
by operating at very low supply voltages (as lon2@8 mV ) usingMpw-  MOSFETSs,

while preserving circuit speed.

Analog circuits: Analog switches in SC and Sl circuits must exhibit a low on-resistance
when closed and very low leakage current when opened. At a low supply voltagé, low-
MOSFET are suitable as switches due to their low on-resistance. Howevev, low-
switches are leaky and limit the precision of the analog circuits. In Chapter 3, the impact

of leakage through analog switches is analyzed and some solutions are proposed.

A sharper subthreshold slope (i.e., a lower valug of ) is obtained by reducin§ ,or ,or
both in (2-2). The lowest possible value for is achieved in a CMOS on Silicon-on-
Insulator (SOI) process where= 1 . The corresponding vali& of57.6 mV/decade

at room temperature. Low-Temperature (LT) CMOS is another method of scaling the
subthreshold swing. Operation at liquid nitrogen temperatdve ( K) redtices by a

factor of four to aboul4.5 mV/decade.

Both SOI and LT-CMOS furnish a bett®;  scaling and are promising technologies for

very low-voltage deep sub-1 um CMOS processes.
Threshold Voltage Fluctuation

Another limitation ofV, scaling is based on the fundamental variability of the threshold
voltage due to process variations. FluctuatioV n is mainly due to random dopant and
channel length variations. For a normally distributed threshold voltage, the standard

deviation due to random dopant concentration variation is

N
_q PT_A -3/8 1/4 ]
oV, = 2C 2 (WL) (Xp) , (2-4)

where N, is the doping density,  arf are the channel length and width of the

transistor, anKy is the depletion width [Keyes75].
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Recent studies based on measurements [Mizuno93] and simulations [Nishinohra92]
[Wong93] show thal/, variation due to dopant fluctuation is proportiona téL , in
agreement with (2-4), and increases as channel length is reduced. In [Nishinohra92], 2-D
and 3-D simulations indicate tha{AV,) Is expected to increase IftbmV 1, [fion

technology, to abou80 mV  for @.1 um technology.

Temperature variation also changes¥he by approximatgly mVFC [Chen90]. For
an industrial temperature range €50°C 8°C , the total threshold shift due to

temperature alone is abolift0 mV

In low-V, processes, threshold voltage changes due to process variations and temperature
have a big impact on speed and standby power dissipation. For instance speed
performance variation (based on quadratic equation formulae given in Appendix A) due to
a+100 mV change iV, is abod2.5 % in@V  process With= 0.8 V , and rises to
+12% inalV process withV; = 0.2V . Assuming,g = 1 pA ats = V, and

S = 100 mV/decadethe highest off-current in the above example would @@ fA for

the 5V highV, andlOnA for thd V IoWw, processes, respectively. Such a large
impact on speed and standby power dissipation due to threshold variation inva low-
scenario is intolerable and circuit techniques to address this problem are discussed briefly

here.

Multi-threshold voltage: A process with multiple threshold voltage transistors offers
circuit design flexibility at the cost of additional threshold adjust masks and an implants.
Low-V, transistors can be used for circuit speed and Wigh-  transistors can be used to

reduce the leakage current [Shinichiro93].

Back-bias V, adjusting: Threshold voltage can be held constant by adjusting the
substrate voltage. Figure 2.1 shows negative feedback circuitry which generates a
substrate voltage to kee&p[IO equal to a constqpt [Shoji92] [Bazarjani95d]. The
amplifier in this circuit operates with supply voltaged/gf g whgre Vo is
the positive supply (generated by a charge-pumped circuit) to keep source/drain and bulk

junctions reverse biased at all times.

A self-substrate-biasing circuit technique is also reported in [Kobayashi94] to reduce the
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Vbp

WI/L=A
& Y
Vop-Vref — |- P

Vsub

Figure 2.1: A negative feedba®kadjust circuit

V, fluctuation. In [Kuroda96], a back-bias feedback circuit that adMsts 0.1t/ in
active mode and.5V in the standby mode is discussed. A complete study of
adjusting circuits in SOI through back-bias along with the charge pump circuitry is under

investigation [Soreefan96].
Summary

Supply and threshold voltages of future deep submicron CMOS technologies are being
scaled down. Reducing the threshold voltage increases the off-current due to non-

scalability of subthreshold swing, , limiting the minimum
2.3 Low-Voltage Mixed-Signal Design

Low-voltage micropower circuit techniques were developed in the late 1960s and early
1970s for electronic wristwatches. These circuits had to operate from a sindle36ell

mercury orl.5V silver oxide battery. The operating frequencies of these circuits were
typically a few kHz and their total power consumption was bdlquwV. Other low-power
applications include calculators, hearing aid devices, and pacemakers. In all these systems,

the required speed performance of the circuit is low, typically lessltiHAz

The technology of choice for low-power applications has been CMOS due to its very low
static power dissipation. Techniques to build low threshold voltage MOSFETs with
V,00.5- 0.8V were developed in the late 1960s [Nagane69][Leuenberger69] and
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methods of adjusting the threshold voltage by doping implants were successfully

demonstrated by Swanson [Swanson72].

In this section, limitations to low-voltage digital and analog designs due to circuit
topology are discussed and some recent research in the area of low-voltage digital and
analog circuits is presented. Finally, the impact of supply voltage scaling on power

consumption of digital and analog circuits is considered.

2.3.1 Limits on Digital CMOS Supply Voltage Scaling

A lower limit on the supply voltage of digital circuits is set by the requirement that the
voltage gain of a logic gate must be greater than unity. This condition is necessary to

obtain regeneration of logic levels at the output of each gate.

In [Swanson72], MOSFET equations in weak inversion are derived and low-voltage
operation of a CMOS inverter circuit is analyzed. Voltage gain of the CMOS inverter at
mid-rail is found to be: (Vyp/2)(g9/(nkT)) . Thus, the minimum required supply
voltage for digital CMOS is

2nkT
VDD| > : (2-5)

min q

This is the theoretical lower bound for the supply voltage of a static CMOS inverter
circuit, about50— 70 mV at room temperature. Some experimental circuits that have
demonstrated the validity of the above limit includetd mV 11-stage ring oscillator
[Swanson74], a 7-stage ring oscillator operating7atmV at room temperature and
27 mV at77 °K [Burr95].

The present supply voltage 833 V  for CMOS is a facto#0f  larger than the theoretical
limit of 70 mV found in (2-5). Therefore, a large margin for supply voltage reduction
exists for CMOS.

In CMOS logic, a certain energﬁ:Vz/Z ) is stored on the gate capacitance to represent
logic 1. This stored energy must be greater than the thermal noise in that capacitor. The
mean thermal noise energy in a capacitdTig 2 and in [Stein77], it is shown that for an

error rate oflO_19 the minimum energy required per operaticl6isk T . Considering

this energy requirement and the minimum supply voltage of (2-5), a logic operation
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involves only118 electrons.

At this point, it would be interesting to see what are the minimum required supply voltage
and logic swing for a bipolar circuit. A similar study for a Current Mode Logic (CML)

gate, Figure 2.2, shows that exceeding unity gain requires the logic swing to be [Gray93]

2kT
VSWing> T (2-6)

Vee

Vb1 {Q3
L

Figure 2.2: A basic CML inverter-buffer gate

At room temperature, the lower bound of logic swing for bipolar circuits is &fbatV

The lower limit of the power supply voltage for this CML gate is determined by the

voltage required to turn on the input transistors Q1 and Q2 which is

Ve| = VBet Vswing™ Vee: (2-7)

Assuming a turn-oWge 00.75V , 80 mV  logic swing, and a minim\Miyae of

0.2 V, the minimum required supply voltage for the CML gate is athout

Existing 3V CML gates, with a logic swing &0 mV , operate close to the limits of
1 V power supply (higher by a factor of 3) abd mV logic swing (higher by a factor of
4).

Thus, there is a very narrow margin for supply voltage reduction of bipolar CML gates.
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2.3.2 Limits on Analog CMOS Supply Voltage Scaling

This section is an investigation into the lower limit of the supply voltage for an opamp,
analog switch, and current mirreithe three basic building blocks commonly used in

analog SC and Sl circuits.
Operational Transconductance Amplifier
Consider a simple single-stage fully differential opamp circuit, as shown in Figure 2.3.

The minimum input common-mode voltage required for the proper operation of this

Vbob

e

Von VOD

ol e

Vo | N3

Figure 2.3: A fully differential CMOS Opamp

amplifier is determined by the voltage needed to turn on the input differential pair
MOSFETS, transistors N1 and N2, as given by

Vicm = thl + Vonl +Vpsa: (2-8)
min
Here, V., is the input common-mode voltagé,,; is the threshold voltage of the
transistor M1vpg; is the drain-source voltage of the transistor N3vangl is the gate

to source overdrive voltage of the transistor N1 which is defined as
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The minimumvy o5 required to keep the transistor M3 in saturation is

VDS3|min = Vons = Vess— Viz- (2-10)

If equal threshold voltag¥; and overdrive voltagg, is assumed for all the transistors
and also assumed th¥t,>V,..,  (i.e., charge-pump techniques are not used), from
equation (2-8) the lower bound on the supply voltage of the opamp is

VDD|min =V

(F2V, (2-11)

The minimum required drain-source saturation voltage depends on the MOSFET mode of
operation. If the device is in weak inversion, the minimum saturation voltage required is
about (4—-6)kT/ q [Vittoz94], which is100— 150 mV at room temperature. However,
the minimum drain-source saturation voltage of MOSFETS operating in strong inversion
is about200 mV .

In a typical0.5 pm CMOS process, with a threshold voltageDdd V', and assuming an
overdrive voltage 00.2 V , the minimum supply voltage of this opamp &6 . In this
calculation, we ignored, variations due to process fluctuation, temperature changes and

back-bias voltage as well as constraints on input and output common-mode levels.

In a low-V, process, the minimum supply voltage of the opamp (Figure 2.3) may be
determined by the drain-source saturation voltageM(gx ) and the required output

voltage swingV . Assuming equal gate to source overdrive voltage for all the

out(swing
transistors, the minimum supply voltage is

=3V ,+V (2-12)

VDD out(swing -

min
For V,, = 0.2V and an output voltage swing 6f4 V , the minimum power supply
voltage is1 V .
Analog Switch

An analog switch must have a full rail-to-rail signal handling capability with a low on-
resistance. An nMOSFET transistor used as a switch operates in triode mode with on-

resistance of approximately
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R = L (2-13)

on W :
HCoxf (Ves=Vin)

A parallel NMOSFET and pMOSFET switch (transmission gate) has a rail-to-rail signal
swing capability if the supply voltage is

Vbp = th, et th, et 2Von (2-14)

The effective threshold voltageé,, . a‘mg) o are given by
Vie = Vip(Max) + AV (T) + AV (vgp) - (2-15)
V(Max) is the3o upper value of threshold voltage due to process varialldh§T)

and AV (vgp) are the threshold voltage changes due to temperature, and the back bias

respectively and are given by

AV(T) = a(25-T) (2-16)

AV, (vgp = Y(,[2Pg +Vgp—,/2®p) . (2-17)

Here, T is temperature in degrees Celsius, and “ " is the slope of threshold voltage as a
function of temperature, which is abolit-2 mV/°C . Other parameters are the body

effect coefficienty = 0.5 , the bulk potentidi; , and the source to bulk voltage

The on-conductance of a transmission gate switch as a function of signal level is shown in

Figure 2.4 for three different values of power supply voltages [Vittoz93]. In this figure the

Vss Yon
b
T ‘
VDD j »Vin
Vbp
(@) (b)

Figure 2.4: Complementary transmission gate switch on-conductance for
(a) Vpp<2V4, (b) Vpp=2V;, and (c)Vpp>2V;
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threshold voltages of NMOSFET and pMOSFET are assumed to be eyfyal to

In a0.5 um process with effective threshold voltage®d& V , a supply voltagesof is

required to turn the transmission gate on with a minimum overdriQe20¥ at mid-rail.

Current mirror

A current mirror circuit is a current gain cell that provides a weighted output copy of an
input current. This circuit forms the foundation of Sl signal processing and is also widely
used to provide bias currents in such blocks as opamps and comparators. A simple current
mirror circuit is shown in Figure 2.5. The voltaye, generates a curgent in the
transistorP which is fed to the diode-connected transiStor . Since trandigors and

N1 have the same gate and source potential, their drain-source currents are related by

I, (W/ L)y,

I, (W/Dpq (218)

vBﬂ P I~ g
oy Y
v

Figure 2.5: A simple current mirror cell

If N1 and N2 are identical transistors,  will mirrbg . For accurate operation, all the
transistors in the circuit must be in the saturation regime. Trandisior is diode
connected and when it is turned on it will be in saturation with a gate (or drain) to source
voltage ofV, +V . . Assuming the same overdrive voltagdg ( ) for all the MOSFETS,
transistorP requires a drain to source voltage of at ¥égst to be in saturation. Thus, the

minimum required supply voltage for proper operation of the simple current mirror is

Vpp >V, +2V,, (2-19)
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which is identical to the minimum supply voltage expression obtained for a simple opamp
(2-11). Comparison of (2-11), (2-19) and (2-14) shows that switches are the bottleneck for

low-voltage SC and Sl operation.

2.3.3 Previous Work on Low-Voltage Digital Circuits

A low-voltage digital design using standard CMOS technology, by A. Chandrakasan at
Berkeley University, is described first. Then, a theoretical analysis by Dake Liu at
Linkoping University, showing power savings achieved by supply voltage and threshold
voltage down-scaling, is discussed. Finally, an experimental encoder-decoder system

operating aR00 mV , by Jim Burr at Stanford University, is presented.
Berkeley

Power optimization at different levels of technology, circuit style, architecture, and supply
voltage scaling is considered in [Chandrakasan92]. The most efficient logic family was
found to be CPL (Complementary Pass-transistor Logic) if low threshold nNMOSFETSs are
available. Logic gates must be designed for the lowest acceptable speed to save

unnecessary energy loss.

In a2 um CMOS technology, a power supply b6 V  is found to be the optimum for a
large variety of cases. At such a low voltayg,{ = 2V, ), circuit speed may become
unacceptably low for some applications. In such cases, techniques such as parallel
architecture and pipelining can be used to obtain lower latency and higher throughput

rates.
Linkoping

An extensive study of the impacts of supply voltage and threshold voltage scaling is
reported in [Liu93]. Reducing the supply voltage decreases the power consumption in
CMOS logic PO fCVZ). However, speed performandel] (VDD)/(VDD—Vt)2 is

degraded unless the threshold voltage is scaled down.

In a 0.25 um CMOS technology it is shown that a factor 409 reduction in power
dissipation is possible, without any speed loss, by reducing the supply voltagd ¥fom
to 0.48 V and properly optimizing the MOSFETs threshold voltages ftbihV to
Vip = 0.1V andVtID = -0.01V.



Chapter 2—- Impacts of CMOS Scaling on Performance of Mixed-Signal Circuits 20

Stanford

Low-power research at Stanford University [Burr91] focuses on the use of near zero
threshold voltage (300 mV ) MOSFETs and selecting a power supply voltage of
Vpp = 3V,. The threshold voltage is fine-tuned by applying a back-bias potential.

Low threshold voltage devices allow reduced power supply voltage, which in turn
decreases AC power dissipation quadratically. However, DC power consumption, due to
the subthreshold leakage, increases exponentially. The minimum total power dissipation is
obtained at a supply voltage where the AC component of the power dissipation and the DC
power dissipation are equal. In2Zapum CMOS technology200 mV is shown to be the
optimum supply voltage for digital circuits with a logic depthl6f and an activity ratio

of 0.1. An experimental CMOS Encoder/Decoder circuit is demonstrated in [Burr94] to

operate aR00 mV supply voltage.

2.3.4 Previous Work on Low-Voltage Analog Circuits

Work on low-voltage analog circuits started in bipolar technology in the 1970s. Some
reported 1V circuits in bipolar technology include: a bandgap voltage reference
[Vittoz77], operational amplifiers [Widlar78] [Huijsing85], an active lowpass filter

[Tanimoto91], and an analog current mode multiplier cell [Chan95].

Low-voltage analog circuits in CMOS (the focus of this work) started in the late 1970s
[Vittoz77] and early 1980s [Vittoz80] [Krummen82]. Low-voltage analog circuits are
implemented using Switched-Capacitor (SC), active-RC, and Switched-Current (SI)
techniques. This section starts by describidg\a ZA A/D converter using an active-RC
technique. A1.2 V ZA converter implemented with the Sl technique is then discussed.

Finally, three papers dealing with low-voltage SC filters are presented.

2.3.4.1 Low-Voltage Active-RC Circuits

A 1V second-ordeEA modulator, implemented in 8.5 um multi-threshold voltage
CMOS technology, is reported in [Matsuya94]. Integrators in 3hemodulator are
implemented using an active-RC technique, as shown in Figure 2.6. For an oversampling
ratio of 16, this modulator has a SNDR 51 dB  and a dynamic rands3afB . The
modulator operates at a clock frequency6df4 MHz (signal bandwidttBafkHz )
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and consume$.56 mW atlBV  power supply voltage.

Cs
||
||

Vip

———— Vop

Figure 2.6: An active-RC integrator

Since subthreshold leakage current throughNqw-  analog switches was the main source
of concern in this design, SC implementation was ruled out. In Chapter 3 of this thesis, the
impact of leakage current through analog switches on the accuracy of SC circuits are

discussed and methods of reducing the subthreshold leakage are also presented.

A drawback of integrated active-RC circuits is inaccuracy in the RC time constant,
because monolithic resistors and capacitors have a tolerance of motelthan % and do
not track each other. For lowpasd modulators, variations in the RC time constant

causes a gain variation and is not critical.

2.3.4.2 Low-Voltage Switched-Current Circuits

Recently [Tan95], a low-voltage second-order 2 modulator was reported which
operates afl.2 V . The circuit, however, is not a tiu2 VvV part because the switches

operate from a higher external supply voltage.

The circuit is implemented in@8 pm digital CMOS process using a fully differential S
memory cell with a common-mode feed forward circuit. This modulator is clocked at
1 MHz and consume®.78 mW . The measured SNDR and SNR for an oversampling
ratio of 64 are55 dB andbl dB respectively. Ideally, this modulator should achieve a
SNDR of more thar80 dB . The low performance of this Sl circuit is attributed (by the

authors of the original paper) to circuit noise generated by the first current copier cell.

A review of Sl technique is provided in section 2.5. In section 2.6 it will be shown that SC

has some advantages over Sl for low-voltage applications.
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2.3.4.3 Low-Voltage Switched-Capacitor Circuits

In CMOS, SC is the dominant technique for implementing analog circuits due to its high
circuit accuracy and low distortion even at low supply voltages [Castello91]. For low-
voltage applications, the most critical component in a SC circuit (and a Sl circuit) is the
transmission gate switch, which requires a gate voltage of atd@gst for proper full
swing signal handling. In SC circuits, few switches usually require rail-to-rail signal
swing. For instance, in the non-inverting SC integrator of Figure 2.7 only the input switch
(S1) needs to be implemented with a transmission gate, an nMOSFET and an pMOSFET
in parallel. All the other switches are connected to analog gr\dggelc Vpp/ 2 and thus

can simply be nMOSFET transistors.

— %

Ly, — T

S3 op
+
‘ ( Analog Ground = Wp/2

YR | vl op %
829I T

Figure 2.7: A non-inverting SC integrator and its associated 2-phase
non-overlapping clock

In general, to achieve full signal transmission through a MOSFET switch with acceptable
on-resistance, either the gate voltage must be increased (e.g., clock voltage multiplication)
or the threshold voltage of MOSFETs must be reduced. A third solution would be to
eliminate the need for switcB1 . In the following section, the above methods of low-

voltage SC design are described.
(1) Clock Voltage Multiplication

If the supply voltage is less thaVv, , the MOSFET switches will not be able to conduct
when biased at the mid-rail. Clock voltage boosting is an effective way of increasing the
conductance of the MOSFET switches. This is the most commonly used technique in low-
voltage SC circuits [Krummen83] [Callias89] [Castello91] [Wayne92] [Grilo96] [Au96].

A biquadratic SC lowpass filter operating as V is reported in [Castello91] for
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telephony applications. This filter uses a fully differential architecture and is fabricated in
a 0.8 um BICMOS technology. The clock frequency447 kHz  and the measured THD
is =70 dB for al.5 Vpp signal.

This technique requires extra circuitry for voltage multiplication, may need an off-chip
capacitor, and is noisy. Another drawback of voltage boosting is that in deep submicron
modern processes, the higher electric field of clock voltage is a reliability hazard and is not

acceptable.
(1) Low-V{MOSFETs

Reducing the threshold voltage of MOSFETs will reduce the on-resistance of the
switches. In [Adachi90], a lower threshold voltage nMOSF¥T £ 0.2 V ) is fabricated
by adding an extra mask for threshold adjust implant to a doublezp@iyn CMOS
process. A 7th- order Chebyshev SC lowpass telephony filter, implemented in this process,
operates afL.4 V and consum@gl9 mW . This filter is clocketilatkHz and has a
cutoff frequency of3 kHz . The in-band noise for an input signal with\gp signal is
measured to be67 dBm . This performance is comparable to the SC filters operating at
5V.

This method may require process modification. However, in multi-threshold processes
[Sun92] [Mutoh93], lowV, MOSFETSs are available at no extra cost. A low-cost method
of fabricating lowV, devices in a dual poly gate process is also discussed in Chapter 3.
An advantage of this approach (i.e., the My-  MOSFET switch) is compatibility with the
future of CMOS technology and low-power digital design [Liu93][Burr94] because power
supply scaling is forciny, down-scaling.

(111) Switched-Opamp Circuits

In a SC circuit most switches are connected to analog (or virtual) ground. By selecting an
analog ground which is very close¥g,g , NMOSFETSs that conduct well can be used as

switches. The input switch that requires full signal swing, swth in Figure 2.7, can be

replaced with a switched-opamp as shown in Figure 2.8.

A second-order lowpass filter implemented using a switched-opamp is described in

[Crols94] and operates dt.5V  while consumihg0 pW. This biquadratic filter is



Chapter 2—- Impacts of CMOS Scaling on Performance of Mixed-Signal Circuits 24

Ciy
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Figure 2.8: A switched-opamp SC integrator
clocked at115 kHz and has a cutoff frequency o6 kHz . For an output swing of
0.55 Vpp, the total harmonic distortion is measured to-6¢ dB . The dynamic range of

this filter is abou9 dB .

In a SC circuit, the very first input switch is not driven by an integrator and therefore can
not be replaced with a switched-opamp. One solution is to implement the first stage of the
circuit using an active-RC technique. This causes a gain error, which may be acceptable,

while all the loop time constants are determined by SC topologies.

2.3.5 Impact of Voltage Scaling on Power Dissipation of Mixed-Signal Circuits

Power dissipation in a circuit must be studied in relation to other performance parameters
of the circuit. For instance, in digital circuits there is a trade-off between power dissipation
and speed of the circuit. In general, one is interested in reducing power consumption while
not sacrificing speed. This means reducing the energy consumption of the circuit. In
analog circuits, power minimization must be considered along with the speed and dynamic
range of the circuit. In this section, the effects of supply voltage scaling on energy
dissipation of digital circuits and power dissipation of analog circuits (for a fixed speed

and dynamic range) are investigated.
Power Dissipation in Digital CMOS

In general, power dissipation is caused by two types of current: a dynamic current and a
static current. A CMOS inverter, Figure 2.9, is used to illustrate various components of the

power dissipation in static CMOS logic.

The static power dissipation is caused by MOSFET subthreshold leakage and leakage
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Figure 2.9: CMOS inverter

currents through reverse-biased junctiorg, ). When switching, charging and
discharging of the load capacito€ ( ) is the main source of power dissipation which is
guadratically proportional to the supply voltage. During each input transition, there is also
a short circuit (crowbar) current(. ) flowing directly from the power supply to ground
when both nMOSFET and pMOSFET are temporarily\op € V;, <Vpp —th ). The

total power consumption is
> = ligaVpp * fCV5p +1sVpr (2-20)

Dynamic power dissipatioriCVZDD is usually the dominant term in (2-20) [Burr91].

Energy dissipation is a measure of the power-delay product, which is

E=CVap. (2-21)
Supply voltage scaling reduces the energy dissipation in digital CMOS circuits
guadratically.

Power Dissipation in Analog SC Circuits

The SC integrator shown in Figure 2.7 is considered for the study of power dissipation in

analog SC circuits.

Just as for digital circuits, there are two types of power dissipation: dynamic and static.
Leakage currents, DC bias currents in bias circuitry, and opamp bias currents for class A

operation will all contribute to static power dissipation.

I:)static = IIeakVDD + (l bias+ IA)VDD ( 2-22 )
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Dynamic power is dissipated by the clock generator, charging and discharging MOSFET
switches, as well as by amplifiers charging load capaciogs (- Cand ). The dynamic
power dissipated in clock drivers due to the gate capacitance of MOSFET switches is

P, = f

2
SwW C|OCkCSWVDD' (2-23)

The average power dissipated in driving the load capacitors is given by the following

equation [Castello85]:

_2
°c = ]—-[ViVDDCsfclock (2-24)
Here,V, is the peak amplitude of a sinusoidal signalfapg. Is the clock frequency. In

analog circuits an important figure of merit is dynamic range (DR), which is a measure of

circuit accuracy and is given by

DR = Slgrr]l:iKS;ms — _irms (2-25)
[kT/ Cg
Vi rms is the RMS value of the input sinusoidal signkl= 1.38x 10_23(JIK) is the

Boltzman constant, an@l  is the temperature in degrees Kelvin. If we assume that the
input is a sinusoidal signal and can swing between supply rails, the RMS value of the input
is
Vv
DD
V. = —. (2-26)
I, rms 2/\/—2
Equations (2-24), (2-25), and (2-26) can be combined to describe power dissipation in the

sampling capacitor as a function of dynamic range and clock frequency. The resulting

equation is

_ DR

p. = 2=
C 2T

(KT) f (2-27)

clock:

This equation shows that for a given dynamic range the power dissipated in driving the

load capacitor is independent of the power supply voltage.
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Thus, in the limit, when DC power dissipation and power dissipated due to the switches
are negligible compared to AC power dissipation in driving the load capacitors, reducing

the power supply will not change the power dissipation in the analog circuitry.

In the above analysis, limitation on the unity gain bandwidih () was not included. A
more realistic approach is to relate power dissipatiddRo  ognd . Power dissipation in

driving the load capacitor is
P = Vppl. (2-28)

The speed of a SC circuit is determined by the unity gain bandwidth of the opamp which is

(@]

W, = = (2-29)
Here, g, is the transconductance of the opamp which has the following relation with the

guiescent current:

v
| = gm%‘. (2-30)

Combining equations (2-25), (2-26), (2-28), (2-29) and (2-30), the power dissipation can

be expressed in terms of dynamic range, speed, and supply voltage as
Von O
PO DRkTw® %/—0”5. (2-31)
‘VppO

Thus, reducing the supply voltage, if accompanied by an increase in load capacitance to
compensate for dynamic range loss, will increase the total power dissipation in analog
circuits. ScalingV,, with the supply voltage would give constant power dissipation but
would require process scaling to correct for the reduced trangjstor , which is inversely

proportional to channel length squaréd,] VvV / L2

If supply voltage scaling does not require increasing the load capacitor (and consequently
increasing the quiescent current), power dissipation will be reduced linearly with supply
voltage down-scaling. This happens when the value of the capacitor is determined by other

considerations such as stability or matching, and is higher than the required value due to
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kT/ C noise.
Summary

Limits to low-voltage digital CMOS circuits indicate that there is a large margin for
supply voltage down scaling. A review of the literature in the area of low-voltage circuits
suggests that digital circuits using IoWy- MOSFETs achieve a great saving in power
dissipation. In analog SC circuits, if the process is fixed lowering the supply voltage will
increase the power dissipation in driving the load capacitance. On the other hand,
technology scaling allow¥ ; to be scaled down along with the power supply without
sacrificing device, . In this case, power dissipation for a given dynamic range and unity

gain bandwidth will remain unchanged.
2.4 Oversampled Sigma-Delta Modulator Overview

OversampledA modulation is a noise shaping technique that converts an analog input
signal into a simple digital code (typically 1-bit) at a sampling frequency which is much
higher than the Nyquist rate. A block diagram of a general Bfbihodulator comprising

a loop filter, an n-bit A/D, and an n-bit D/A in a negative feedback loop is shown in Figure
2.10.

+ u(t . t
X(® Loop Filter 4>( ) n-bit A/D »y( )

n-bit D/A <&

Figure 2.10: A block diagram ofZa\ modulator

The loop filter shapes the quantization noise out of the band of interest. If a lowpass filter
is placed in the loop, the quantization noise will be highpass filtered and if a bandpass
filter is chosen as loop filter, the quantization noise will be band-reject filtaracgigma-

delta A/D converter, the out of band quantization noise is removed by a digital filter that

also performs decimation.
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>A is becoming the method of choice for high-precision low- or medium-speed A/D
converters. This is because compared to other techniques, such as flash and pipelined A/D,
the analog circuitry in &A modulator is simple and relatively insensitive to circuit
imperfection and component mismatch. Also, due to the oversampling, the antialiasing
filter at the input of &A A/D converter has relaxed requirements compared to that of a
Nyquist rate A/D converter. HoweveEA modulators require a large digital signal
processing unit for the decimation filter. Both simplicity of analog circuits and extensive
use of digital circuits irEA modulators are highly compatible with scaled-down CMOS

technologies.

In Figure 2.10, if the transfer function of the loop filter is denoted# &3 and the n-bit
A/D (multilevel quantizer) is modeled as an additive noi@€z) , the equivalent linear

feedback system of Figure 2.11 is obtained.

Q(2)

X@) P I C)

Figure 2.11: Equivalent linear system of Figure 2.10

The expression for the outpat -transform in terms of the signal transfer furkeficr)

and noise transfer functioﬁQ(z) is
Y(2 = Fx(9X(9 +Fo(2)Q(2) . (2-32)

The signal transfer function and the noise transfer function are respectively

Fy(2) = __1T(HZgZ) (2-33)
_ 1
Fo(2) = 1+H(2) (2:34)
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2.4.1 Lowpass Sigma-Delta Modulators
A simple first-ordeZA modulator is obtained by letting the loop filter be a discrete-time
integrator and also allowing the quantizer to have only two levet&\ g z-d@lbmain
transfer function of a unity delay integrator is

1

1-771

H(2) =

(2-35)

Substituting the abovéi(z) into equations (2-33) and (2-34) will give the corresponding

signal transfer function and noise transfer function, as follows:

1

Fy(2) =z (2-36)

Fo(2) = 1-7% (2-37)

The signal transfer function is simply a unit delay and the noise transfer function is a first-
order differentiator which behaves like a highpass filter. Slﬂse has a zero at DC, the

guantization noise is reduced at low frequencies and is pushed to high frequencies.

If the quantization error is assumed to be white noise with a mean square \ta?udﬁf ,

the quantization noise in the signal bardf < f is approximately [Candy92]

TU
3 TOST (2-38)
where OSR is the oversampling ratio defined as the ratio of the sampling freqyency to

the Nyquist rate of the signaf 5

Increasing the@OSR by a factor of 2 reduces the quantization noise, in the firskArder
modulator, byd dB which add$.5 bits to the resolution.

A second-order noise shaping is achieved by allowing a double differentiator noise

transfer function as defined by
Fo@ = (1-2 17 . (2-39)

This noise transfer function has a double zero at DC. The corresponding single loop filter
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transfer function is obtained by substituting (2-39) into (2-34) and doing some simple

algebra. The second-ordeA modulator loop filter transfer function is

2_1(2 - z_l) _

(1-z7)

H(z) = (2-40)

The in-band power of quantization noise at the output of a seconddxdeodulator is
[Candy92]

TT
155 OSH (2-41)

Doubling the OSR reduces the quantization noise I5ydB , ad@irg bits to the
resolution of a second-ordEA modulator.

2.4.2 Bandpass Sigma-Delta Modulators

The basic principle of noise shaping can be extended by placing the quantization noise
nulls at an arbitrary center frequerfgy . Then, the quantization noise will be pushed away

from the signal bandBW ) at the desired center frequency.

A simple way of designing bandpalS4 modulators is to perform a lowpass to bandpass
transformation. One such transformation in the discrete-time domain is achieved by the

following change of variable,

zZ -7 . (2-42)

This transformation maps the zeros of the lowpass prototype from DEf $o4
Therefore, noise in the resulting bandpass modulator is suppressed arotiptithe and
the3f /4 frequencies. The stability and SNR characteristics of this bandpass modulator

will be identical to that of the lowpass prototype [Jantzi].

In the following, the above transformation, equation (2-42), is applied to a first-order
lowpasszA modulatorHIIOl . The resulting bandpass modula’fbdp2 , Is a second-order

modulator as expected from (2-42).
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_ —Z _Z
Hp1=——= -~ Hop = ——= (2-43)
1-z z

The above mapping is illustrated in Figure 2.12.

BW
R
Lowpass Bandpass
BW
n * 0 m 0
OSR={/2BW OSR=f2BW
(a) (b)

Figure 2.12: Pole/zero placement of (a) a first-order lowpasd (b) a second-
order bandpas®A derived byz* - 22 transformation

For a bandpassA modulator with center frequendy, located gt4 , the oversampling

ratio is simply2f,/BW .

The second-ordeXtA modulator represented by (2-40) can also be transformed to a fourth-

order bandpassA modulator as follows:

-1 -1 —2 —2
-7 (2—122) ~ pr4(z) _z (2+z 2)
(1-z7) (1+z7)

Hipa(2) = (2-44)

The stability of this fourth-order bandpasA modulatoerID4 Is assured due to the

stability of the second-order lowpass prototmﬁ2

2.4.3 High-Speed SC Bandpass Sigma-Delta Modulator

Bandpas&A modulators allow A/D conversion to be performed on narrow-band signals at
IF (Intermediate Frequency) frequencies. These A/Ds are useful in some communication
systems, such as AM radio, digital radio, and in high speed modems. Digitizing the analog

signal at a high IF and processing the signal in the digital domain is desirable due to the
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robustness of digital circuits.

High-speed analog signal processing will be dominated by continuous-time Gm-C
[Shoaei94] or LC based circuits. These circuits typically require tuning circuitry which is
non-trivial. Recently, a high-speed bipolar sampled-data ban@pas®dulator has been
reported [Varelas96]. Here, we focus on high-speed SC implementation of bakdpass

modulator using standard CMOS processes.

In the following, monolithic bandpag&® modulators reported in refereed publications are

discussed and their performances summarized.

The first reported monolithic bandpass modulator was a fourth-order SC circuit with
optimally placed zeros for noise transfer function [Jantzi92]. This modulator was
implemented in a3 um, £5V, double-poly analog CMOS process. It operated at a
1.82 MHz clock and achieved @3 dB  SNDR for signals1&6 kHz IF withOakHz
bandwidth.

Another fourth-order SC bandpasA modulator operating atA2 MHz  clock frequency
was reported in [Longo93]. This modulator has a transfer function similblrbbg in
equation (2-44) and is implemented inlapm double-poly CMOS technology. The
resonators are built using two SC delay cells in a negative feedback loop. 8v&iHa
bandwidth centered 4.8 MHz , the measured SNDF5isIB . This modulator operates
at5V and consume$0 mW.

A high-speed second-order S@ modulator operating at a clock frequency4@f8 MHz

was described by Singor and Snelgrove in [Singor94]. This modulator was implemented
in a0.8 um, double-poly BICMOS technology. The transfer function of this modulator is
identical tOprz in equation (2-43) and the resonator is implemented using LDI and FE
SC integrators. A performance 656 dB  SNDR was achieved 20GkHz bandwidth
centered ail0.7 MHz , while dissipatir@ mW  fronbav  power supply.

In [Song95], a hardware efficient fourth-order bandpass28Cis described which
requires two opamps instead of four. The two opamps conSudne\W R \a
power supply. This modulator is based on a 2-path system and is design@dpma
CMOS technology. The circuit is clocked&iVHz and the measured SNB&RAB in
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a 30 kHz bandwidth.

A 6th-order two stage (4-2) bandpasA modulator is reported in [Hairapet96]. This
modulator uses a pseudo-two-path SC resonator with one opamp. A dynamic range of
72 dB is achieved for this bandpass A/D converter over a bandwid20@®kHz and an
IF frequency of3.25 MHz . This modulator is implemented in08B8 pm CMOS
technology and consum&mw  fron3&/ supply.

In [Norman96], al60 MHz fourth-order bandpasA modulator in a0.8 pm BiCMOS
technology is reported. A dynamic range8df dB is achieved for a signal bandwidth of
2.5 MHz centered ab MHz in a medical ultrasound application. The architecture of this

modulator is based on a SC integrator.
Summary

Oversampled sigma-delta converters are compatible with VLSI technology due to their
architecture which contains simple analog circuitry followed by a complex digital signal
processing unit. A narrow-band signal at IF can be digitized using a bandfiass

modulator. A simple transformation from lowpass to bandpass is achieved by a

-1 ) .
z ~ - -z ~ change of variable.

2.5 Analog Circuit Design in a Standard Digital CMOS Process

As CMOS VLSI technology advances to finer geometries, more analog functions of a
mixed-signal chip find economic solutions in the digital domain. Advantages of digital
circuits over analog include noise immunity, programmability, efficient scaling with
technology, availability of excellent automated design tools, and a systematic test strategy.
The boundary between digital and analog circuits is moving toward minimizing the
amount of analog circuitry. However, interfacing with the physical world requires analog

circuits at least for implementing A/D and D/A converters.

A cost effective implementation of mainly digital mixed-signal circuits requires the analog

circuits to be implemented in a standard digital CMOS process.

In CMOS, analog circuits are usually implemented using SC techniques due to their high

circuit accuracy. SC circuits are traditionally implemented in CMOS processes where
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linear double-poly capacitors are available. Since a standard digital CMOS process does
not offer a second layer of polysilicon, therefore, the double-poly option requires a

process change to the mainstream digital CMOS technologies. In a predominantly digital
mixed-signal chip, the extra cost associated with the special double-poly process option

may not be justifiable.

To address this problem, a new sampled-data analog signal processing technique, called
Switched-Current (SI) was proposed by Hughes [Hughes89]. This technique requires only
MOSFET transistors in a dynamic current circuit configuration to perform analog signal
processing. Thus, it is compatible with baseline digital CMOS technologies. However,
reported performance results for Sl circuits indicate poor accuracy due to settling error
and charge injection. In a recent publication [Nedved95], 11 bits of resolution is measured
over the voice-band for & V ZA modulator operating a1.024 MHz . For the same

modulator, SC circuits have achieved 14 bits.

In section 2.5.1, the Sl technique is described and in section 2.5.2, two high performance
memory cells are discussed. Different techniques for implementing linear SC circuits in a

single-poly digital CMOS process are presented in section 2.5.3.

2.5.1 Sl Circuit Technique

Signal processing in the analog sampled-data domain requires four operations on the
signals, namely: summation, inversion, scaling, and delay [Fiez90]. SC technique uses
MOSFET transistors and floating capacitors as basic components to realize these

operations.

A simple weighted current mirror, Figure 2.13, does the inversion, summation, and scaling

operations. The output curreit s given by
io(n) = —Aliy(n) +iy(n)] , (2-45)
whereA is the aspect ratid/ L ) Nf,  with respect to the aspect railg of

A delay operation is achieved by adding a switch to a simple current mirror to isolate the
gates of the MOSFETN, amdl, as shown in Figure 2.14.

This current sample-and-hold circuit is called a first generation memory cell [Hughes89]
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g
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Figure 2.13: A weighted current mirror

Figure 2.14: A first generation memory cell

and performs a half-delay operation. The transfer fundi¢mn) of this circuit is
_ i5(2) o -1/2
H(z) = e = -z : (2-46)

A non-inverting damped integrator is realized using a full delay cell (two half-delay cells
in cascade) in a feedback loop as shown in Figure 2.15 along with its corresponding 2-

phase non-overlapping clock.
The transfer function of this integrator is

1

Az
1-Bz -

H(z) = (2-47)

which corresponds to the Forward Euler transformatiem(l/T[(l—z_l)/z_l] ) of
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Figure 2.15: First generation Sl integrator

the following continuous time integrator.

a

H(s) = (2-48)

1+
Wy

a, is the DC gain andy, is the cut-off frequency.

The sampled data integrator of (2-47) corresponds to the continuous time integrator of (2-

48) with a phase shif@f_j wT)/2 ) [Battersby93] and
_A L 20-Bf _
% 1B “o~TH.Bd (2-49)

The sensitivity ofx with respect to variationyn is defined as

X _ [y[ox
S|y = D—(m. (2-50)

The sensitivity of the cut-off frequency and DC gain with respect to variatid in s

found to be:
ch B Wy 2B
SINE S| = (2-51)
B 1-B B 1_g2
Thus, the performance of this integrator with a low damping fador (1 ) is very

sensitive to variation in the coefficieBt  which is determined by transistor matching.
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The second generation memory cell [Hughes90], shown in Figure 2.16, solves the
MOSFET mismatch problem by utilizing the same transistor for sampling the signal as

well as holding it.

Figure 2.16: Second generation SI memory cell

A lossless non-inverting integrator circuit constructed using a second generation Sl

e e
Ml[w jlg%[

[

—> i,

Figure 2.17: A second generation non-inverting lossless integrator

memory cell is shown in Figure 2.17. The transfer function of this circuit is

1
H(z) = =2 . (2-52)
1-z

A damped non-inverting integrator is obtained by adding feedback to the lossless
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integrator as shown in Figure 2.18.

T G B
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Figure 2.18: Second generation damped integrator

The transfer function of the above damped integrator is

~1
H(z) = 22— (2-53)
1-Bz
where
__B - _1 ]
A_1+cx B_1+a' (2-54)
Cut-off and DC gain sensitivity with respectdo  dhd are
Q _ Wy _
Sg =1 Sjg =0 (2-55)
g* =1 S| = 2 (2-56)
B B 2+

Both w, anda, exhibit low sensitivity to variationsin  afdd

2.5.2 High Performance Memory Cells

An ideal SI memory cell must exhibit infinite input conductagce  during the sampling
phase and infinite output resistance during the hold phase. However, the simple

memory cell in Figure 2.16 has a finite input impedagge and output resistegice
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The accuracy of a Sl circuit is proportionaldg , = ¢,/dys - There are many circuit
techniques proposed to improve the accuracy of Sl circuits. Here, two prominent methods,

regulated cascode [Toumazou90] aﬁd[EughesQB] are discussed.
Regulated Cascode Memory Cell

The regulated cascode memory cell, illustrated in Figure 2.19, is based on a regulated
cascode current mirror [Sackinger87] that improves the output conductance of the

memory cell by a factor which is higher than that of simple cascoding.

A~

Figure 2.19: Regulated cascode memory cell

This cell operates as follows. During the sampling phase the voltage on the Hfie of
reaches/gg to maintain a drain current g+ i, . In the hold phase, the gdte of IS
isolated and the sampled current is fed to the output. The negative feedback loop formed

by transistordN2 andl3  keeps the voltagg;, constant at a valyeof
The input and output conductance of this circuit are

gm29m3

= ——meTms (2-57)
°  94s1929s3

gi = gml

Compared to a simple current copier, the valug; of for a regulated cascode is higher
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by a factor of (9,,913)” (9g294s3)

S?l Memory Cell

A two-step memory cell, called?Beell, and its associated clock waveforms are shown in
Figure 2.20.

ws T i

%S4, -
i | 8/1 9([)2/ >i°
% s, N

0

Figure 2.20: & memory cell

On phasep, , , the coarse memory transistor  is diode connected and the input current is
sampled. The bias current is provided by transiBtor  during this phase. @yfing , the
gate ofN is opened and its drain-source current will be sustained (pa(%gitic holds the
gate to source voltage). Circuit non-idealities and charge injection from sampling switch
S1 cause the stored currentih  to be different than the input current. The fine memory
transistorP is now diode connected and will sample the difference between the actual
input currenti; and the stored curregt; . This difference is the error current caused
during the coarse sampling phase. On phgse , the stored curréht (in ) is subtracted

from the error current (i? ) and provides an error free output curgent

2.5.3 Linear SC Circuit Techniques in a Digital CMOS Process

As previously discussed, implementation of the linear SC circuits requires linear floating
capacitors. In standard digital CMOS processes, where a linear double-poly capacitor is
not available, parasitic poly-to-metal or metal-to-metal capacitors may be used as linear
capacitors. The parasitic capacitance per unit area is typically 0006 ( umAF/
compared to that of a poly-poly capacitor, whichlis ufﬁ?. The penalty of using

parasitic capacitances is the increase in silicon real estate (by a factor of almost 20) that
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may not be acceptable if the total capacitance used in the circuit is large.

Another type of capacitor available in CMOS processes is the MOSFET gate capacitor,
which is the one exploited in Sl circuits. The capacitance per unit area of a MOSFET gate
capacitor is typically higher (by a factor bf5— 2.5 ) than the capacitance per unit area of

a poly-poly capacitor. However, MOSFET gate capacitance exhibits a non-linear behavior

as shown in Figure 2.21.

Accumulation , Strong inversion

0.4r

0.2

GB Cox
(Normalized gate-substrate capacitance

-5 0 5

vgg (Volts)

Figure 2.21: nMOSFET CV plot

Reported research in the area of employing MOSFET gate capacitance to realize a linear

SC circuit is reviewed in the following section.
Weakly Non-linear MOSFETs

As can be seen from the CV characteristics of an nMOSFET shown in Figure 2.21, a
relatively linear capacitor is achieved by operating the MOSFET in strong inversion
(Vgs>V,) or accumulation \(;<0 ) regimes. Techniques to bias the MOSFETSs in
strong inversion or accumulation to reduce distortion in the SC filter design were first

reported in [Montoro88].

A theoretical analysis of the harmonic distortion caused by the weakly non-linear
MOSFET capacitors biased in strong inversion or accumulation is described in [Behr92].

It is shown that distortions due to these capacitors are technology independent. The
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voltage coefficiento  (called/ .. in [Behr92]) for gate MOSFET capacitor is derived

from

1
Cq

ng

_ 91, (2-58)
dvGB

a =

Wherng is the gate capacitance apg is the gate to bulk voltage. For a MOSFET gate
capacitor biased at;p = Vi , the voltage coefficients in strong inversion and in the

accumulation region are given respectively by

2
al., = I S (2-59)
str (VR_VI)2
2
O(| = ¢ . (2-60)
acc (VR_VFB)Z

Here, @, is the thermal voltage aitp is the flat band voltage. A voltage capacitance
coefficient of17 kppm/V is obtained for a MOSFET with/a @8V , bia&lV in

strong inversion.

A simple damped integrator circuit is used to test MOSFET capacitors. Measured THD
results are in good agreement with computed results showing that approxiddtelid

THD is achievable usingaV  signal swing.

In another study [Schneider94], an explicit formula is derived for the harmonic distortion
in SC circuits with a weakly non-linear capacitor. It is shown that harmonic distortions as
low as—40 dB to—60 dB can be obtained in SC filters using MOSFETSs biased in strong
inversion or accumulation as linear capacitors. A single-ended discrete SC biquad filter is
implemented, using a Motorola P5N40 transistor as capacitor, to verify the theoretical

analysis.
SC Circuits as Linear Charge Processors

In [Bermudez92], the basic operation of a SC circuit is considered as a charge mirror cell
composed of capacitors and an opamp. The charge processing is linear and is independent

of the non-linearity of the capacitors involved.
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A charge mirror is shown in Figure 2.22. A chacge injected at the inverting terminal of

the opamp will appear on capacitor, with the following relationship between charge

and voltage:
dp = Cpofa(v)Vv. (2-61)
Ca
||
|
Oa
7TV
T

Figure 2.22: A charge mirror cell

A non-linear capacito€, is described by [Lee85]
Cy = Cyofx(Vv). (2-62)

The parameteCy, is the capacitance at zero voltage and is proportional to the area of the

capacitor.

The charge on capacit@z , in Figure 2.22, is
dg = Cgofg(v). (2-63)
If capacitorsC, andCg have the same non-linearity function, then

95 _ Cgo _ area( )
da Cpo area(C,)

(2-64)

This is a linear charge mirror and the gain is defined by the area ratio.

A typical SC building block which performs summation, scaling and delay operation on

two charge signals is shown in Figure 2.23.

In the charge domain, the operation is linear from input to output. If the external signals

are in the voltage domain, a linear inpit Q and ou@uv converters are required.
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Figure 2.23: A SC building block

This means any capacitor connected to either inputs or output (voltage) must be a linear

capacitor.
A High-Linearity MOSFET SC Branch

A high-linearity SC circuit branch using MOSFET capacitors, proposed in [Yoshizawa95],
is shown in Figure 2.24. In this circuit, MOSFETS are biased in a weakly non-linear region
(accumulation) and the non-linearity effects are canceled to a first-order, because the two

capacitors are connected in series and back-to-back.

R 2
1= |

input (output) Virtual ground

jVB

Figure 2.24. The MOSFET SC branch

This MOSFET capacitor branch can be used in a SC circuit as shown in Figure 2.25. An
expression similar to (2-61) is used for the weakly non-linear capa€ifors Cgand and
it is assumed tha€,, = Cgy = C . ¥;,/2«Vg , it can be shown that the charge
delivered by the SC branch durigg  is

df

C
Aq = E[f(vB) =y

jvm(n) . (265)
\%
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Since Vg is a constant voltage, the term in the bracket is a constant. Therefore, the
effective capacitance term is a constant And charge is a linear function\gf, {img

voltage.

— Vg

Figure 2.25: A SC circuit using the MOSFET SC branch

An experimental SC amplifier with againb®  was implemented using pMOS capacitors
in accumulation to verify the linearity of the above SC branch [Yoshizawa96]. For
Vg = 1.5V and a400 mVpp input signal at kHz , the largest harmonic W2<iB

below the fundamental of the input signal.
Summary

Sampled-analog circuits can be realized in standard digital CMOS process using Sl or SC
circuit techniques. In SC design, linear capacitors can be achieved using parasitic poly-to-
metal or metal-to-metal capacitors or using MOSFET gate capacitors biased in strong

inversion or accumulation regimes.
2.6 A Comparative Study of SC and Sl for Low-Voltage Applications

Supply voltage down-scaling was shown to be essential in future deep submicron VLSI
circuits to prevent problems caused by breakdown voltage, hot electron effects, and power
dissipation. A reduced supply voltage decreases the voltage signal swing which in turn
makes the design of high-speed wide dynamic range SC circuits a challenge. In Sl circuits,
the signal is in the current domain and this originally led some researchers to believe that
the Sl technique is more suitable for low-voltage analog design [Hughes90a] [Fiez90]
[Battersby91]. Further research [Crawley92] [Temes93] [Bazarjani93] indicated that Sl
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would not benefit from supply voltage scaling. In this section, limits to low-voltage SC
and Sl are explored and it will be shown that SI exhibits no clear advantage over SC for
low-voltage analog function. In fact, analysis of dynamic range (for a given supply

voltage) indicates that SC circuits achieve a higher dynamic range than Sl circuits.

A SC circuit consists of capacitors, opamps, and switches and a Sl circuit comprises
current mirrors and analog switches. In section 2.3, limits to low-voltage operation of the
opamp, switch, and current mirror were investigated. A transmission gate switch requires
a supply voltage of greater th@v, +2V . . Both opamp and current mirror need a
supply voltage of greater thavi, +2V . . Therefore, the minimum supply voltages

required for proper operation of either SC circuits or Sl circuits are the same.

An important performance parameter for low-voltage operation is the maximum
achievable circuit dynamic range as defined by (2-25). For dynamic range comparison, the
SC integrator circuit shown in Figure 2.7 and the Sl integrator circuit shown in Figure 2.17

are considered.

The maximum output voltage swing in the SC integrator is determined by the linear
voltage swing at the output of the opamp. For a two-stage opamp, as shown in Figure 2.26,

the maximum output voltage swing is

Vv Vpp—2V (2-66)

swing( opamp = on’

whereV . is the minimumr, g  voltage needed to keep the output trandibtors P3and
in the opamp (Figure 2.26) in saturation. The noise in a SC circuit is limite@/b¢ and

the circuit dynamic range is

DRlgc = —=. (2-67)

In the SI circuit, during the sampling phase the minimum voltage on the gite of is
V, +V,,, and the maximum voltage on the gateNof  can riség -V, , tolRReep in

saturation. The voltage signal swing on the gatd of is

szinq S) ~ Vbp _Vt_zvon' (2-68)
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Figure 2.26: A two-stage pole-splitting opamp

The minimum stored voltage on the gate capacitance of the nMOSFET traNdistor must
be greater than the thermal nolsg/ Cg , wh@ae is the gate capacitaNde of . The
dynamic range of the Sl integrator is

V=V, =2V
DR|g =~ 00 (2-69)

[(8kT)/C,

g V=06V Vpp =16V ,am,,=02V the
DR of the SC integrator i8 dB  larger than the DR of the Sl integrator.

For example, assuminG, = C

2.7 Summary

In this chapter, CMOS scaling in deep submicron technologies was reviewed and it was
mentioned that supply voltage has started to scale down due to reliability issues. Along
with the supply voltage, threshold voltage must be scaled down to achieve high speed
circuits. Threshold voltage scaling issues due to non-scalability of subthreshold swing
were discussed. Limits to digital and analog supply voltage scaling were discussed and it
was shown that a large margin for supply voltage reduction exists for digital CMOS.

Dynamic power consumption in CMOS logic is reduced quadratically with supply voltage
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reduction factor. A first-order analysis showed that for a given dynamic range and speed,
power consumption of an analog circuit is independent of the supply voltage. Research in

the area of low-voltage digital and analog circuits was presented.

Then,ZA modulators, which are the benchmark circuits in this thesis, were introduced and

reported high-speed bandpassXECmodulators were reviewed.

Finally, analog circuit techniques that allow mixed-signal circuit to be implemented in a

standard digital CMOS process were presented.



Chapter 3

Low-Voltage SC Design with Low-\f
MOSFETs

In Chapter 2, CMOS scaling was reviewed and it was discussed that in deep submicron
technologies the supply voltage is scaling down to assure device reliability. In conjunction
with supply voltage, MOSFET threshold voltage must be reduced to attain high-speed
circuits. However, lowering the threshold voltage of MOSFET transistors will increase the
subthreshold off-current which raises the standby power dissipation in digital circuitry and
limits the accuracy of analog SC circuits. It was discussed that scaling the supply voltage
along with the threshold voltage reduces the total power dissipation in digital CMOS.
Low-voltage analog SC circuit techniques using M-  MOSFETSs are investigated in this

chapter.

Low-V, MOSFETs are available in advancéd pm CMOS technologies. This chapter
starts by presenting two different methods of achievingVgw- ~ MOSFETS in the current
CMOS processes; the first scheme may involves a process change, and the second method
uses circuit techniques. Accuracy degradation in SC circuits due to the subthreshold
leakage current of lows, MOSFET transmission gate switch is analyzed next. Then,
methods for reducing the subthreshold leakage in analog switches are discussed and two
new switch topologies, the series transmission gate and composite switch [Bazarjani94b],
addressing this problem are proposed. Finally, the design and measured results for two
low-voltage SCZA modulators are presented. The first design 2s2& V second-order
>A modulator designed in @&.8 um BiCMOS technology using short-chann8lg pum)
MOSFET switches. This modulator operates attaMHz clock rate and achizdes

50
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SNDR over the C-message weighted telephony bandwidtiHg— 5 kHz ). The second
designis al V first-ordeXA modulator implemented in@5 pm CMOS process using
low-V, natural MOSFETSs. This modulator is clockedlLaiHz andi4adB dynamic

range for an oversampling @28 (voice bahdétHz ) and consumes abouwt\W.
3.1 A Low-V, Process

As channel lengths of MOSFET transistors are shrunR.foum and below, buried-
channel pMOSFET devices with strong short-channel effects (SCEs) must be replaced
with surface channel devices. SCE is a combination of several 2-D phenomena in short

channel MOSFETs and is expresse&¥/as  roll-off due to channel shortening [Tsividis87].

Fabrication of surface-channel MOSFETSs requires a dual poly gate process technology
where ri-poly is used for nMOSFETs and-poly is used for pMOSFETSs. In such
technologies, the natural threshold voltages of the transistors are set by the well implants

and are given by [Chen90],

Vi = Veg+2¢c +, /208Ny, (20:)/ C, (3-1)

whereV g is the flat-band voltagg: is the bulk Fermi potential,,, is the device well
doping concentration, ar@d,,  is the gate specific capacit&ipee.  @zand are related to

process parameters and physical constants by

Ve = Oys— o> (32)
0oX
kT, ONwO
¢ = —In3—0, (3-3)
Foaq gn o
whereQ is the fixed charge density ands is the gate-to-substrate workfunction. In an

n*/p* dual poly gate CMOS technology, the threshold voltages of the natural MOSFETSs
are symmetric. This is due to the symmetrical gate-to-substrate workfunction of the
MOSFETSs, as shown in Figure 3.1.

The ¢,5 for NMOSFETs and pMOSFETSs are
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Figure 3.1: Gate-substrate workfunction of NMOSFET and pMOSFET in an
n+/p+ dual poly gate CMOS process
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Here, Eg is the bandgap energy which is abbdP4 eV at room temperatuig and is
the charge of an electron thatli$s02x 10_19 C

Example 3.1 Assuming a fixed charge density2k 1010 qﬁmmd device well dopings
of 4 x 1016 g/cnt, the natural threshold voltage of MOSFETS in a typlclpm CMOS
technology with gate oxide thicknessId nm s found td/be= 220 mV

In some dual 7ip* poly gate processes [Sun92], it is possible to mask out the threshold
adjust implant and obtain the low:  natural MOSFETSs. In the next section, device

characteristics of an experimenfaV CMOS process [Bazarjani95b] are described.

Experimental Natural MOSFETSs

Natural threshold voltage CMOS transistors have been fabricated uBibguen CMOS
process. This process does not require any threshold adjust implant (for natural
MOSFETS). Forl V operation, this process can be further simplified by eliminating the
steps required for hot-carrier reduction i.e., Lightly-Doped-Drain (LDD).
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The threshold voltages @.5 pm channel length nMOSFET and pMOSFET devices are
measured to b202 mV ar®7 mV  respectively. Figure 3.2 and Figure 3.3 shqy the |
and G, versus gate voltage for 20 um/0.5um NMOSFET an@0um / 0.5um
PMOSFET biased &/ yg = 0.1 V  respectively.
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Figure 3.2: Measureg)I(A) and G, (A/V) versus \gg (V) for
“natural” nNMOSFET
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Figure 3.3: Measuredy|l(A)| and G, (A/V) versus \gg (V) for
“natural” pMOSFET

Subthreshold slopes are measured tG®enV/decade as illustrated in Figure 3.4.
Summary

Low-V, natural threshold voltage MOSFETs can be fabricated as a by-product of a dual
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Figure 3.4: Measured subthreshold characteristics of natural
NMOSFET and pMOSFET

poly gate CMOS process where the threshold voltage is set by a well implant. The natural
MOSFET is obtained by selectively shielding the threshold adjust implant or removing the
steps for threshold adjust for the whole wafer. Measured resultspférpam technology,
indicate that typical values fow, an8 are ab@@d mv @mV/decade
respectively. These low; natural MOSFETSs are suitable for low-voltdgg (11 V )
mixed-signal design. In a dudl:  process, the \qw-  transistors can be used to achieve
higher speed in digital circuits. In Chapter 5, application of a\low- ~ MOSFET to the

design of a high-swing linear MOSFET capacitor will be discussed.
3.2 Circuit Technique for V; Reduction

If a low-V, process is not available, circuit techniques must be used to reduce the
threshold voltage. In this section, methods of reducing the threshold voltad¥ byV

to 200 mV are discussed.
() Low-Vt Short-Channel Devices: Taking advantage of SCEs

As the channel length of a MOSFET transistor is made smaller than a critical value
(L,yin) several 2-D phenomena known as short channel effects (SCEs) will occur. The

onset of SCEs is empirically given [Brews80] by
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2.1/3

Normally, process engineers select the minimum feature size of the techriglogy () to be
slightly greater tharL ... . One of the characteristics of short channel devices is that
threshold voltage rolls off quickly as channel length is reduced bejow . Figure 3.5
illustrates the threshold voltage as a function of channel length, for a gérenom

CMOS technology, based on the charge-sharing model approximation formula

0 o 2850
V(L) =V, —— . 3-7
() = V-7 [ (37)

Here,V,, is the long channel threshold voltage, is the channel leggth, is the surface

[Tsividis87] given by

potential at the onset of strong inversion which is approximaigly aand is a fitting

parameter.
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Figure 3.5: Threshold voltage as a function of channel length
MOSFET transistors with channel lengths shorter than the minimum feature size of a

given technology (called “short-channel MOSFETS” hereafter), have lower threshold

voltages due to SCE. These short-channel MOSFETs can be used as efficient analog
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switches [Bazarjani94a] due to high¥r, (as a result of lower ), higher aspect
ratio(\W/ L) for the same width, and lower charge injection (based on channel length
reduction). However, undesirable SCEs, such as increased subthreshold conduction and
punchthrough current, set a limit to the minimum channel length acceptable for the short-
channel devices. Subthreshold conduction has been discussed before (section 2.2.2); in the

following punchthrough is briefly discussed.

Short-channel MOSFETs are susceptible to barrier lowering that results in an unwanted
current flow from drain to source. This phenomenon is affected by vgad . Figure
3.6a shows a turned-off NMOSFET switch which is not affected by punchthrough. For
Vps = 0, the peak potential barrier is lowered if the channel length is not larger than the
sum of the two depletion region widths (source and drain to substrate), as shown in Figure
3.6b. The barrier is lowered further fgr >0  (Figure 3.6c) because field lines penetrate
from drain to source [Troutman79]. The resulting punchthrough current has a two
dimensional nature and no analytical model predicting it exists. Two dimensional
computer simulation and experiments show that punchthrough current decregsgs as is
lowered or negative bulk to source voltage is applied. In section 3.3, it will be shown that
in a SC circuit all of the “off” switches have both back bias and a maxiwpyin lower

thanV /2, which helps in reducing punchthrough current.

1] 4 Vo f = Vo L] 2 Vo
Va@Vp/2 ag_vDD/z Vag=VpD/2
<Ptype B > (F’ type B > ( PW >

(@) (©)
Figure 3.6: Turned-off NMOSFET switch exhibiting (a) no punchthrough,

(b) punchthrough due to short channel length, and (c) punchthrough due to
large drain to source potential

Channel length variation due to process fluctuation must be carefully considered for short-

channel MOSFETs. A drawn channel lengthy () can vary by “ " due to error in
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lithography and etching. For channel lengths below the minimum feature size in a given
technology, this variation might be larger. Thus, the optimum channel length must be
selected such that devices with the absolute minimum channel length obtained on silicon

have acceptable subthreshold and punchthrough currents.
(I1) Substrate Forward Biasing

The threshold voltage of MOSFETS is a function of source to substrate voltage, owing to

the body effect and is given by

Vi = Vig+Y(, [0 +Vgp—.[0p)., (3-8)

wherey is the body effect coefficient defined as

2% NA (3-9)

Y = C

0X

Application of a negativegy  in NMOSFET (i.e. forward biasing the well potential with
respect to source) will reduce the threshold voltage. However, junction forward bias

current limits the maximum forward biasing to about V

Example 3.2: Assuming ay 0f0.5 Vl/2 angpg = 0.8V , a forward bias voltage of
0.4 V reduces the threshold voltage by abb8® mV

Summary
In a CMOS process with a normd| , lower threshold voltage MOSFETSs are obtained
using short-channel MOSFETSs or by forward biasing the well.
3.3 Low-V; Transmission Gate Design for SC Circuits
In SC circuits, analog switches are implemented with MOSFET transistors having the
following two distinct modes of operation.
“‘On” State:

In this case, MOSFETSs operate in strong inversion-triode mode with a non-linear signal

dependent on-conductance of approximately
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9on = 2B(VGS_Vt) ' (3-10)
where § = (1/2)(uC,,W/L) .

“Off” State:

A turned-off MOSFET transistovg = 0 ) operates in the weak inversion regime and it

can be modelled as a current source with the following value:

—(vs+ V)
. w S
loff = IDOI 10 . (3-11)

Here, S is the subthreshold swing (the gate voltage change needed to reduce the leakage
current by one decade), ahg, is the value of the drain current when the gate to source

voltage of a unit transistoW\(/ L = 1 )isset¥op  and is given by

2

An analog switch has several requirements, the most important ones being: low on-

resistance, full signal swing handling, and low off-current.

A low on-resistance switch is obtained by using Mw- MOSFETSs. Rail-to-rail signal
swing handling is achieved by using a full transmission gate (TG) switch also known as a
complementary switch—an nMOSFET and a pMOSFET in parallel. Here, we focus on

the behavior of the “off” switches in the context of stray-insensitive SC circuits.

Consider a stray-insensitive non-inverting SC integrator and its corresponding two-phase

non-overlapping clock, as shown in Figure 3.7.

G
|| P
] .

b | vl o ?
SZJ T

ey, — T 1

S3
+
‘ ( Analog Ground = Yp/2

Figure 3.7: A non-inverting SC integrator
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All the “off” switches have the following properties:

» At least one side of any “off’ switch is connected to analog ground, either directly or
through another switch. This is a critical property used in the development of a non-

leaky switch as described later.

+ The maximum drain to source voltage across an “off” switch is lessvggan 2 and

is given by

LJ
Momax = M (Vor/ D=Vl L V| ~(Vpp/2[ 5 (343)

max
Note that during off-state, the drain to source voltages of MOSFET swi&hes S4and
are almost zero. If the signal swing is limitedtg, <v,, <Vpp—-V,,  the maximum
drain to source voltage of switch8% &l will be

Vbp

|VD§max = T _Von' (3-14)

 There is a negative back bias (bulk to source voltage for nMOSFET) on all the

switches. Again, assuming the signal swing is reduced Jy from each supply ralil,
the minimum back bias voltage on MOSFET switcBgés  $hd is
Veg = Von- (3-15)

SwitchesS3 and®4 have a back bias\/ch/ 2

The effects of lowv, leaky MOSFET switches on the precision of analog SC circuits will

be examined in the context of the non-inverting integrator illustrated in Figure 3.7. In this
circuit, we assume that swit@L  is implemented with a full transmission gate and all the
other switches are simply nMOSFET transistors. In the following, error voltages on nodes
A andB due to finite on-resistance and off-current are analyzed for different periods of a

complete clock cycle.

(1) During @,
The equivalent circuit of the non-inverting SC integrator (Figure 3.7) dging  is shown

in Figure 3.8.

The leakage , Iis the off-current through the NnMOSFET swizh and is calculated
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Ron 1 Cs i0ff4

—L P vy,

Figure 3.8: Equivalent circuit of Figure 3.7 duriqg

from (3-11) to be:

Ij/in + th[|
0 s O
10 (3-16)

W
loff2 = 'DoT’

This off-current is largest for a signal level closesitgs and causes an error voltage

(Av, ) in the transmission of signal from. %6,  given by

Avy = Rynpiofeo (3-17)

where R, ; = 1/9,,; Is the effective on-resistance of the complementary MOSFET

switch S1 . The on-conductangg,; is obtained from (3-10) as follows:

Oont = 9 +g 3-18

ont = Yomi| |\ oerer Onl‘pMOSFET ( )

gonl‘nMOSFET: 2Bn(VDD_Vin_th) Vin <VDD_th ( 3-19 )
gonl‘pMOSFET: 2Bp(Vin = Vyp) Vin > Vip (3-20)

The error voltageXyv, ) is a non-linear function of the input signal and causes offset and
gain errors as well as distortion at the end of the cycle at the output. This error voltage is
proportional toR,,; and ¢, R,,; reaches a maximum at about mid-rail (assuming
B, = Bp) andi ¢, rises as the signal gets closeNtqs . Sikveg is exponentially
proportional ta ¢, , the maximum value®¥;  occurs whgp, reaches its maximum
value, i.ev;, = Vgg. Assuming nMOSFETs usedSh ~ &d  have the ¥drie , the
maximum error voltage is
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2 Y
v = ——10 7, (3-21)
1|ma>< Vop ~ Vi
where @, is the thermal voltagkT/q=25mV ~ @ room temperature). This error
voltage is independent of device size and is determined solely by the process technology
parameters and the thermal voltage. For example, InvVa process with a threshold
voltage of 200 mV and a subthreshold swing 0 mV/decade the maximum error

voltageAv, is abou?.8 V.

A required dynamic range implies an upper limit on the error voltage, and from ( 3-21)
one can find the minimum required threshold voltage. In the same way, for a given
dynamic range anR;,  the maximum tolerable can be found. For exanfle,dB
SNRwith a power supply ol V , and an on-resistanca@kQ requires an off-current
of less tharl nA .

Switch $4 is biased at mid-rail (analog ground and virtual ground); thus, ideally there is
no potential across this switch and leakage off-current through it is zero. However, due to
non-idealities (finite opamp gain, etc.) there will be some voltage across $4itch . Since
this switch is biased at mid-rail, the subthreshold leakage is reduced by two different
actions; threshold increase due to body effect, and negative gate to source voltage. The
subthreshold leakage current will be
Voo/2+ Vg

offa = Ipod0 ° (3-22)
For some typical value®//L = 10 |, = 100nA , and,, =1V , a device with
V, = 180 mV andS = 90 mV/decade will have a leakage off-current of affolit PA,

which is very small and comparable to junction leakage.
Non-Overlapping Period:

The equivalent circuit of the SC integrator during the non-overlapping period is shown in
Figure 3.9. As discussed in the previous section, the leakage off-currents t88ough  and

4 are negligible.

In this circuit,C; andCy are the parasitic capacitances from the top and bottom plate of
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Figure 3.9: Equivalent circuit of Figure 3.7 during non-overlapping period

capacitorCg to ground. The sum of leakage currents thr&lgh  S2nd is icgled ,
which is provided by anty

These leakage currents cause a change in charge across each capacitor as shown in the
above figure. The error charg€g acr@ss causes no net error at the output (this is a
stray insensitive configuration), because durag node A is shorted to analog ground
and AQg is dumped to ground. The error chayy&s; on capacitors Cand have

different polarities (duringp, ) and as such cause no net error at the output.
During @,:

During @, the SC integrator has an equivalent circuit as shown in Figure 3.10. At steady
state, nodeB will be at the virtual ground potential (similar to the negative input of the
opamp). Thus, leakaggs,  would be negligible. However, at the beginnipg of , the
voltage at nod® is changed suddenly from analog ground to . This can cause switch
S3 to become leaky (fov;, close ¥, the sourceSsf will faltgg resulting in
Vgs = 0). Any charge lost bys3  will cause an error voltage{ ) at the output given by

ot
o1
S0

wheredt is the time taken for the opamp to fovge back to virtual ground.

For example ifC = 1 pF andt = 5 ns , an average leakage cuiggnt 1 oA causes

an error voltage oAV, = 5 pV.

Another source of error during this phase is due to leakage ciyggnt . Ideally, at the end
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Figure 3.10: Equivalent circuit of Figure 3.7 duripg

of @, node A must be at the analog ground potential. Leakage cugent and on-

resistanceR, ,, cause an error voltage on "dde  which is given by
AV = iott1Ronz (3-24)

Assuming the input voltage is closeM@g  and nMOSFET transist@% in  Sand have

the samaN/ L , the error voltage is

2 Vt+vin
Avy = ———(&———10_ S (3-25)
(Vpp”/ 2)-Vq
Again, maximum error occurs fot close¥gg O, . The maximum error caused
during this phaseq, ) is larger than the maximum error caused dgfing , (3-21),
because of the higher on-resistance in (3-24).
Summary

Low-V, MOSFETs are leaky and limit the accuracy of SC circuits. The error caused
during sampling is process dependent. Fdr process with a threshold voltage of
100 mV and a subthreshold swing D0 mV |, the sampling errot56 pV which

limits the accuracy to abou® dB
3.4 Series Transmission Gate and Composite Switch

As described in the previous section, subthreshold off-current through analog switches
implemented with low threshold voltage MOSFETSs introduces errors in SC circuits and

reduces the dynamic range of the analog circuit.
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A method of reducing the off-current is by limiting the signal swing. If the signal swing is
reduced byAV from each rail, the subthreshold off-current ( 3-11 ) will be reduced by
AV/ S decades. Notice that forY = 200 mV  (which may be required for drain-source
saturation voltage in the amplifier) a®d= 90 mV/decade , the off-current is reduced by

more thanl00 times.

Measurements df,g VSgg for&/L = 20um /0.5um NMOSFET with a threshold

voltage of 130 mV are shown in Figure 3.11 for two different valuesgf = 0 and
0.2 V. The drain to source voltage is setdd V in both measurements. Note that the
10°
107
10° 1 WIL=20um/0.5um
< 10° { vg=0
a
= 10_107 | VD§O.1 Vv
10—127
10 :
-1 0 1 2 3
v (V)

Figure 3.11: MeasureaggVs.Vg for an nMOSFET with/=130mV and
vs=0 (solid line) and/s=0.2 V (dotted line)

leakage off-currentifg & = 0 ) is reduced fra88 pAto 20 nA by applying a

negative gate-to-source voltage2fio mV  (i.e., limiting the signal swing).

Another way of reducing the subthreshold off-current is by adjusting through back
bias. A major problem with loi, MOSFET transistors is the threshold voltage variation
due to processing errors (abaiitO0 mV ) [Mizuno94] and temperature fluctuation (about
-1.25 mVFC). These can have a compounding effect and increase the off-current

drastically. A technique of setting thg  to a constant value, by adjusting the substrate
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voltage, has been discussed in section 2.2.2.

In low-voltage design we can not afford to limit the signal swing by more than
150—- 200 mV, the minimum required drain-to-source saturation voltage in the amplifier.
If the threshold voltage is very low, limiting the signal swing may not decrease the off-
current enough and other techniques ought to be exploited.

3.4.1 Series Transmission Gate Switch

In section 3.3, it was shown that in a stray insensitive SC circuit “off” switches have one
side connected to analog/virtual ground (either directly or through another switch). An

NMOSFET switch during the off-phase is shown in Figure 3.12a.

Va Va

g=0 #; =1
Vag:VDD/Z Vag
(a) (b)
Figure 3.12: Turned-off (a) nMOSFET and (b) pMOSFET switches

For aV ,>Vpp/2 the subthreshold leakage off-current through the nMOSFET switch is
low because of the negative gate to source voltage and an incrégse in  due to back bias.

ThelOff current is,

— w, —P

loff = 'Doflo (3-26)
where

Van/2+V
p=-2D_ 't (3-27)
S

However, as voltageV, drops beloWy,/2 , subthreshold leakage increases
exponentially and reaches a maximum #p = Vg5 . In this case the exponent

(P = V,/S) is small for lowV, devices and results in a large off-current.

A turned-off pMOSFET switch (Figure 3.12b) has the opposite behavior; the off-current is
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low for V , belowV /2 and the largest off-current flows Y05 = Vp

A very low leakage switch (with one side tied to analog ground), is obtained by a series
transmission gate switch as shown in Figure 3.13. The maximum subthreshold leakage
off-current through this switch is similar to an nMOSFET switch Wigh= V5/2 , as

analyzed previously.

=+
[

Vag
Figure 3.13: A series transmission gate switch

Figure 3.14 illustrates the simulated subthreshold leakage current through an nMOSFET
and a series transmission gate (STG) switch. Threshold voltages of MOSFETs are set to
110 mV and transistor sizes ar@V/ L)p = 2(wW/L), =10

10°°

-7
—~ 10 &
ol
10°F "
<
-9
= 10
S 10%
3
-11
= 10k
® 107127
S
L o108
&
r 10—147
10 : : : :
0 0.2 0.4 0.6 0.8 1
Input VoltageV, (Volts)

Figure 3.14: Leakage off-current through an nMOSFET switch (dotted line)
and a STG switch (solid line) versus input voltage

The leakage off-current through the STG switch is very low A ) while avpw-
NMOSFET has a relatively high leakage off-curreri.{~1A) for low input voltages.



Chapter 3- Low-Voltage SC Design with Low;\MOSFETSs 67

The on-conductance of the series transmission gate switch is

- 2B,(Vpp = Vin _Vin)Bp(Vin _th)
Yon Bn(VDD _th _Vin) + Bp(Vin _th) .

(3-28)

For B, = Bp andV,, = th =V, , the maximum on-conductance for a STG occurs at
Vpp/2. This is exactly where all the switches to analog ground are operating. The

maximum on-conductance of a series transmission gate is

a8 (3-29)

gon(ma>9|s.|.G

which is lower than the on-conductance of a simple nMOSFET by a fact@ of

Simulation for on-conductance, Figure 3.15, confirms the validity of the above analysis.

x 107

On-conductancegg, (1/Q)

0 0.2 0. 0.8 1

4 0.6
Input VoltageV, (Volts)

Figure 3.15: On-conductance of the nMOSFET (dotted-line) and
STG switch (solid-line) versus input signal

A drawback of the series transmission gate switch is the limited input signal swing. This
switch cannot conduct signals that are withM,a  of the supply rails. In the next section, a
solution to this problem is presented.

3.4.2 Composite Switch

In a multi-threshold process, the high- (threshold adjusted) transistors can be used in a
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parallel transmission gate (TG) configuration along with the series transmission gate
switch to handle rail-to-rail switch capability. The composite switch is shown in Figure
3.16 (theV, adjusted MOSFETSs are shown with bold lines in the channels).

¢

_

F

Figure 3.16: A composite switch

The simulated on-conductance of the composite switch is shown in Figure 3.17. In this

x 10"

On-conductancgy, (1/Q)

Input VoltageV, (Volts)

Figure 3.17: Simulated on-conductance for WgH-G switch (dashed-line), low-Vt
series transmission gate switch (dotted-line), and the composite switch (solid-line)
versus input signal

configuration, the hight, parallel transmission gate conducts well when the signal is
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close to the rails, and the leW, series transmission gate conducts well when the signal is
at mid-rail. The on-conductance and leakage through this composite switch is simulated
along with simple high,

and Iowf

illustrated in Figure 3.18 and Figure 3.19.

-3

10

On-conductancgy, (1/Q)

10

Figure 3.18: On-conductance for highT7G switch (dashed-line), low; TG
switch (dotted-line), and the composite switch (solid-line) versus input signal

Figure 3.19: Leakage current for hiyhTG switch (dashed-line), low; TG
switch (dotted-line), and the composite switch (solid-line) versus input signal

Leakage off-current (Amp)

parallel transmission gates and all three are
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Summary
Subthreshold off-current through MOSFET switches is reduced by (1) limiting the signal
swing, (2) adjusting th&, by back bias, and (3) using low-leakage series transmission
gate and composite switch.

3.5 A 2.25V Second-Order Sigma-Delta Modulator

This 2.25 V modulator is based on an exist®§ V SC oversampled double integration
sigma-delta modulator [Howlett93] in BATMOS, Northern Telecom8 um BiCMOS
process [Hadaway9l]. TH&3 V  design operate? lsliHz and acltiéweid SNDR
for an oversampling ratio o256 . Simulations indicated that the characteristic of the
amplifier and comparator blocks used in this modulator are not significantly degraded at
2.25 V. The modulator performance was limited by the increase in switch resistance at
2.25 V. This has been remedied by using short-channel MOSFET switch@s23\V

the SNDR of the original design drops 8 dB . However, the modified design using
0.6 um channel length MOSFET switches achie9@sdB of SNDR 26 V

Unfortunately, a two-stage BICMOS opamp is used in this modulator which can not
operate below2.25 V . Thus, in-circuit low-voltage performance of these short-channel

switches can not be verified bel@25 V

The block diagram of this modulator is similar to the one in [Boser88] and it is a

differential SC design, implemented using two single-ended opamps.

3.5.1 Short-Channel MOSFETs

Medici, a 2-D device simulator, was used to find the minimum achievable channel length
for short-channel MOSFETs with acceptable punchthrough current in BATMOS.
Measurements were also carried out on different sizes of short-channel MOSFETSs to
verify the simulation results and MOSFETs with channel lengt@.6fum were found

reliable as low-voltage switches.

Characteristics of different short-channel MOSFETSs (all WthL = 10 um /0.6 um )
were measured for both nMOSFET and pMOSFET transistors. At supply volt&gé of ,
the on-resistances of switches biased at mid-vait= 1.5V vapd= 1.6V ) were

measured. Results are shown in Table 3.1.
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Transistor Ron
Reduction
Type L=0.8 um L=0.6 um
NMOSFET 1.3K 0.709 K 45%
PMOSFET 5.8K 3.2K 44%
Table 3.1: On-resistance of switches with Wgi0
Further measurements of tite6 um NnMOSFET switch show thaR,, af.2kQ s

achieved with a supply voltage 8f1 V

Figure 3.20 illustrates thg,g versugg  characteristic of an nMOSFETOu6tium

channel length under two differemt s conditions.

Drain currentipg (Amp)

W/L=1/0.6

0 0.5 1 15 2 25 3 35

Gate voltage/g 5 (VOIts)

Figure 3.20: Drain current versus gate voltage for gl ®MOSFET with
Vps=0.1V (solid line) andvps=2 V (dashed line)

Since the turn-off leakage (g ) is of prime importance tods,

8t = 0 VEERIS
is also measured for the same devicd.@& um nMOSFET), with different back bias
voltages. It is seen (Figure 3.21) that extremely low current leakage is obtained by setting
the back bias t®.5 V . Both Figure 3.20 and Figure 3.21 show current per micron of

width of the transistor.

Measurements of @.6 um pMOSFET device gave similar results.
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(Amp)

Vgg=0.5
A N R N A

" W/L=1/0.6

0 0.5 1 15 2 25 3 35

Drain leakage currenty o

Drain to source voltage,s (V)

Figure 3.21: Drain off-current§=0) versus drain to source voltage for a 6
NMOSFET withvgg=0 (solid line) andigg=0.5 V (dashed line)

3.5.2 Short-Channel MOSFETSs Layout Issues

Channel length variation due to processing errors (lithography and etching) is very critical
for short-channel MOSFETs and must be minimized. Some layout techniques that help to

reduce the @ (inter die and intra wafer) channel length variations are as follows.

* Place the structure of interest close to the center of the die; thereby ensuring the best

possible optical and focus performance.

* Maintain symmetry around the structure of interest to ensure similar resist flow/

planarization from all directions [Gehm92].

» Keep all the underlying steps (e.g., device well edges) as far away from the area of
interest as is feasible.

3.5.3 Measured SNDR

The second-ordeXA modulator using short-channel MOSFET switches was fabricated in
BATMOS and the measured SNDR is shown in Figure 3.22. Zero dB input level
corresponds to &.5V peak-to-peak signal. This modulator operdezbaV and has a
maximum SNDR o002 dB for an oversampling ratiozZ86 . The SNDR of the original
3.3V design drops t86 dB &.25V supply voltage.
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Figure 3.22: MeasuredA modulator performance

3.6 A 1V First-Order Sigma-Delta Modulator

In a low supply-voltage environment, fully differential circuits are preferred due to larger
dynamic range, elimination of second harmonic distortions, and the tolerance to various
common mode noises. This design was done at the early stages of process development
and the CAD tools had very limited capability. Thus, a simple single-ended first-order SC
>A modulator was chosen as a benchmark to demonstrate the feasibility of using natural
MOSFETs for1V SC design. To our knowledge, this is the first reporte@/SC

modulator operating at a power supply voltagd &f0.1V [Bazarjani95a].

The architecture of a first-order S modulator is shown in Figure 3.23. It consists of a

discrete integrator and a two level quantizer in a negative feedback loop.

This modulator was implemented irD&b um n+/p+ dual poly gate CMOS process using
natural threshold voltage MOSFETSs. The natural transistors in this process have threshold
voltages of abouR0O0 mV which is suitable fbiY  circuits. In the following, design of
1V opamp, comparator and switches used in this circuit is discussed along with some

simulation and measured results.
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Figure 3.23: A first-order SEA modulator

3.6.1 1V opamp

Lowering the power supply voltage directly reduces the dynamic range and consequently
the accuracy of the analog circuitry. Thus rail-to-rail signal swing is desired to maximize
the dynamic range. In a SC circuit, signals at the inputs of the opamp are at analog ground,
thus no input signal swing is required. However, the output(s) of the opamp must provide
the largest possible signal swing. Each transistor at the output stage requires a certain
voltage to be kept in saturations>Vvsg—V, ) which limits the output signal swing.
Therefore, cascode structures are avoided at the output stage of the amplifier. A two-stage
pole-splitting opamp, Figure 3.24, provides enough gain and maximum signal swing at the

output of the amplifier.

In this opamp, the bias curreipf, . is selpA and the compensation capaci@ is
2 pF. The dimensions of all the MOSFETSs are listed in Table 3.2.

MOSFET| N1| N2| N3 N4 Pl P2 P3 H4 P|5 P6

W(um) 10 | 10| 10| 2| 120 120 60| 60 4 6(

Lwm) | 1| 1] 1| 12|05 o5 1| 1| 1| 1

Table 3.2: Dimension of MOSFETS used in the opamp of Figure 3.24

This opamp was simulated in Eldo [Eldo] using MISNAN, a physically based MOSFET
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Figure 3.24: A two-stage pole-splitting opamp

model [Boothroyd92]. The device model parameters were obtained from [Tarr95], where

parameters are estimated using SUPREM3 and MINIMOSS5 simulations.

The overall simulated opamp performancd at power supply voltagé pRd load is

summarized in Table 3.3.

Parameter Result

DC gain 60 dB

Unity gain bandwidth 40 MHz

Phase Margin 60
Slew rate 10 Mis
Output range 05V
Power Dissipation 3QwW

Table 3.3: Simulated opamp performance for a 1 pF load capacitance

3.6.2 Comparator

In ZA modulators the performance of the comparator is not critical. A class AB

comparator similar to [Boser88] is used here. Figure 3.25 illustrates the schematic of this
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comparator. Simulations indicate a delay6afis is achievedlat a power supply for a

1 pF load capacitance.

CK

o

i L
o 1 B A 4
Von < — — > Voo
alt L <lH Hp
Vip »Eu N2 m N3 NE«V"]

~

Figure 3.25: Schematic of the comparator

All the transistors sizes for this comparator are listed in Table 3.4.

MOSFET N1] N2 N3 N4 N3 N6 Ny N8 Hl R2 RP3 P4 PS P6

W (m) 10| 10| 10| 10| 5 5| 10 14 3 30 3p 4 10 10

N
o
[e3
=)
o
(@]
o

L (um) 2|1 2] 2| 2| 05/ 05 0§ 05 08 2

Table 3.4: Transistor sizes for the comparator

3.6.3 Switches

As previously discussed, a good analog switch will exhibit a low on-resistance when
turned on and a very low off-current when turned off. In this SC design, switches are
implemented with complementary low:  natural MOSFETSs. A transmission gate switch
with W/ L = 1.5um /0.5um for both nMOSFET and pMOSFET was simulated in
Eldo at1 V supply voltage. Figure 3.26 shows the on-resistance of the transmission gate

switch as a function of the input signal level.

A worst case on-resistance D2 kQ is obtained for a signal levE@fmV . In the SC
circuit of Figure 3.23 two of these switches and the sampling capacitor constitute an RC

circuit. For the sampling capacitor dfpF  the time constant  wilRBhens . Settling to
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Figure 3.26: Simulated transmission gate switch resistance as a
function of input signal

0.1% of the full scale require$68 ns 7t ) allowing an upper limit3oMHz operation

for this switch.

The subthreshold off-current of these switches can be calculated from the simplified
equation of (3-11). In this process, typical valued 9f 8nd for an nMOSFET are
100 nA and 86 mV/decade respectively.TheN/L = 1.5um /0.5um NMOSFET
switch will have less tharl nA  subthreshold leakage current for a signdk at
However, the minimum signal in thiBA modulator is abou0.25V . Therefore, the
maximum leakage current through the above nMOSFET switch (when the signal is
0.25V) is less thanl0 pA . Simulation of the leakage current through a natural
NMOSFET transistor is shown in Figure 3.27 and the results correlate well with the above
analysis.

3.6.4 Measured Results for the 1 V Sigma-Delta Modulator

The modulator was fabricated inG85 um n*/p™ dual poly gate CMOS process with a
linear poly-poly capacitor and triple level metal CMOS process. The chip die photograph
is shown in Figure 3.28.

The modulator was tested at a clock frequency bfHz usihya supply voltage and

reference voltages 0£0.25V  (with respect to analog ground,V ). The output
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Figure 3.27: Simulated off-current for the nMOSFET switch

Figure 3.28: Chip die microphotograph

spectrum for an input signal dfkHz ~ ad@0 mVpp is shown in Figure 3.29.

The output bit-stream was captured by a logic analyzer 1&i®72point FFT was
performed in Matlab [Matlab]. For an oversampling 128 , a SNDR54fdB is
obtained.

3.7 Summary

In this chapter, a process technology and two circuit techniques for achieving, low-

MOSFETSs in current CMOS processes were presented. Effects of low-  subthreshold
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Figure 3.29: Measured spectrum (Vip = 420 mVpp)

leakage currents to the precision of analog SC circuits were analyzed. It was shown that

off-current leakage through MOSFET switches reduces the accuracy of SC circuits.

Methods of reducing the leakage current through analog switches were discussed and two

very low leakage analog switches suitable for SC circuits were proposed.

Finally, two experimental low-voltage voice-banBA modulators using low,
MOSFETs were described. In the first design, an exisfiBgv ZA modulator designed
in 0.8 um BiICMOS process was modified using “short-channel MOSFET” as switches
and the new design operates2a25V . The second desigh ¥ a A &dulator

using low¥, natural MOSFETs in@5 pm CMOS technology.



Chapter 4

High-Speed SC Fourth-Order Bandpass
Sigma-Delta Modulators

In Chapter 2, a method of transfer function design for a bandgassodulator from a
lowpasszA modulator using at. 72 change of variable was discussed. It was also
mentioned that the stability and SNR characteristics of the resulting bandftass

modulator are identical to those of the lowpass prototype.

This chapter starts by introducingga -domain architecture for a fourth-order bakdpass
modulator. This modulator is obtained by performing the above mapping to a second-
order (double integration) lowpa&& modulator. The resulting bandpass modulator is a
double-resonatoZA modulator. In the sampled-data domain, an efficient method of
implementing resonators uses two delay cells in a negative feedback loop. Switched-
capacitor delay circuits are considered next and a double-sampled SC delay cell is
presented. The impacts of non-ideal circuit behaviors on the performance of a simple SC
delay cell and the double-sampled SC delay circuit are analyzed. Then, two SC
implementations of the fourth-order bandpass modulator—namely a simple SC
structure and a double-sampled SC architecture—are presented along with Eldo
simulation results. Finally, the design of both modulators Saum CMOS process is

considered and measured results of the modulators are presented.
4.1 Modulator Architecture

The loop filter transfer function for a fourth-order band@assnodulator was derived in

Chapter 2, and is

80
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—4 )
Z +2z

1+z2°

Hppa(2) = (4-1)

Assuming the quantization errer to be white noise and the comparator gain to be unity,

the output-input transfer characteristic of this modulator is

V(2 = 2%+ (1+7D°ED) | (4-2)

LowpassZA modulators are usually implemented as a cascade of integrators. A natural
choice for bandpass modulators seems to be a cascade of resonators. One such architecture

is shown in Figure 4.1. The quantizer is typically implemented using a 1-bit comparator

k1l k2

+ —2 + —2

X—p(5) > 2 »(5) ] £ - y
h 14772 I 1+772 J

Figure 4.1: A fourth-order double resonator bandpéssiodulator

with two levels atV ¢ - The -domain transfer function of this modulator is

[1+(2-k2)Z 2 + (1+k1k2—k2)Z V(2 = K1k2Z X9+ (1+ 7D E(D) . (4-3)

Comparing equations (4-2) and (4-3), the valuelslof  ké&nhd are founddtd be 2 and
respectively. Since the second resonator is followed by a high gain quantizer, the
coefficientk2 is irrelevant [Boser88] and is set® , as is the coefficient of the first
stage. This architecture is a direct map of the lowp#ssnodulator in [Boser88] to
bandpass by transforming integrators to resonators. Analogous to the lowpass prototype,
the signal swings at the output of the resonators are almost within the full scale input
rangexV ¢ . Figure 4.2 illustrates the histograms of the signal levels at the output of the
resonators for an input signal éfdB below full scale (i.e., the peak-to-peak signal
amplitude isV ¢ ). We use statistical techniques to characterize signal swings, because

sigma-delta modulators produce pseudo-random outputs.

The noise transfer function of this modulator has a pair of complex conjugate zeros
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Figure 4.2: Histograms of output levels for the first (solid line) and
the second (dashed line) resonator for a -6 dB tone input
located atz = +j . In the frequency domain, this corresponds to notches around
(2n+1)f /4, wheren = 0,1, 2, ..., and

simulated output spectrum of this modulator is shown in Figure 4.3.

s Is the sampling frequency. The -domain
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Figure 4.3: Simulated output spectrum of the fourth-order
bandpas&A modulator in Figure 4.1 for a sinusoidal input.

The noise shaping is clearly seen at around a quarter of the sampling frequency. As we

discussed in Chapter 2, this fourth-order modulator is guaranteed to be stable because of
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the stability of the second-order lowpass prototype.

Thef /4 resonator can be implemented in several different ways using SC techniques. In
[Singor94], resonators are implemented using Lossless Discrete Integrators (LDI) and
Forward-Euler (FE) integrators. Another approach is to use two delay cells in a negative

feedback loop [Longo93], as shown in Figure 4.4.

X »(? Ll y

Figure 4.4: Resonator using delay cells

The latter design is chosen here for SC implementation because: (1) it operates at a higher
speed [Singor94], (2) an SC delay circuit is immune to capacitor non-linearity
[Bazarjani95c] which is useful when a SC circuit is implemented by weakly non-linear
MOSFET capacitors and (3) a variation of this architecture can be implemented using a

high-speed bipolar sample-and-hold circuit [Varelas96].
4.2 Half Delay SC Circuits

There are many SC amplifier designs that contain a half delay in their operation
[Gregorian86]. Some involve techniques to reduce DC offset and noise
[Gregorian81], others utilize gain-enhancing methods to compensate for low opamp DC

gain [Haug84].

Here, the delay cell is intended to be used in a band@assodulator, thus, offset and

1/f noise do not affect the performance of the circuit. Moreover, sampleddata
modulators typically require moderate opamp DC gain (opamp DC gain must be
comparable to the oversampling ratio) and, as such, a gain-compensation scheme may not

be needed. A simple SC amplifier is used for speed considerations.

The circuit of a fully differential SC amplifier is shown in Figure 4.5a. A two-phase non-
overlapping clock, as shown in Figure 4.5b, is required for the operation of this circuit.
The output is delayed by a half-clock period and has a gan,o€,, . Assuming infinite
opamp DC gain and denoting the differential input and outpw,ly =~ vgnd , Where
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Figure 4.5: (a) A SC half delay gain stage, (b) 2-phase non-overlapping clock,
(c) input (dashed line) and output (solid line) waveforms

Vod = Vop~Von and vy = Vip=Vin (4-4)

the z -domain transfer function of this amplifier (output sampled duging ) is

V_4(2) Cs _
od\</ _ _ ~¥S_ -1/2 )
) = Hyp(2) = C_HZ : (4-5)
If the sampling capacitoCg , and the holding capacfiyy, , are identical, the circuit is

called a unity gain buffer or sample-and-hold circuit.

The ideal transfer function of the SC amplifier is affected by a number of non-ideal circuit
behaviors. The impacts of finite opamp gain, incomplete settling, switch charge-injection,
circuit noise, and capacitor mismatch on the performance of the half delay SC amplifier

are analyzed in the following section.
Finite Opamp Gain Errors

Finite DC opamp gainA ) and a non-zero opamp input capacitéhce () introduce gain

error in (4-5), as analyzed below. Figure 4.6 shows single-ended equivalent circuits of
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Figure 4.5a duringp; ang, phases.

vi(n-1/2) Cs

C
- > | v
T Cin——" —L +1- Cin——" —L
- -
(@)

(b)

Figure 4.6: A single-ended equivalent circuit of Figure 4.5a
during (@)@, and (b}, phases

Charge conservation on capacitdtg C , before and @fter yields the

following difference equation:

Cs[i - —Voin)} [ (n) + ol )} Cinvoin) (4-6)

In the z -domain the actual transfer function of the fully differential SC amplifier becomes

_Vog@d  Cs_ 1 V2
Two® = G e L 1 ()
AB

wheref3 is the feedback factor and is given by

Ch

B = : (4-8)
Cy+Cs+ (G

Here, C;, represents the sum of all parasitic capacitances appearing at the input of the
opamp, including opamp input capacitanceAff » 1 , the transfer function of (4-7) can

be simplified to

Hyp(2) = S% ABD ' (4-9)

An opamp with50 dB DC gainA =300 ) causds % error in a sample-and-hold circuit
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if the input capacitanc€,, of opamp is comparabl€{do  Gnpd
Settling Errors

Another source of error in the half delay circuit is due to incomplete settling. During the
hold phase ¢, ), the opamp is connected in a negative feedback configuration and is

modelled by Figure 4.7.

Vid »? A(S) Vg
B

Figure 4.7: Opamp in the closed-loop configuration dugng

If the opamp is a single-stage topology with a gaiAof w /s , the closed-loop transfer

function will be

\_/_o_g(s) _ Ay Wy

Vig. .~ 1+BA(9 s+PBw, (4-10)

Thus, the output of the SC half delay amplifier follows an exponential behavior as follows:

—t/1

Vog = Ve(l-e 7)) (4-11)

Here, vg is the final output value amnd s the closed-loop time constant given by

T=-—, (4-12)

wherew,, is the open-loop unity gain frequency of the opamp. The hold time of the SC
half delay circuit is about half a clock period. Therefore, the output cannot reach the exact
final value and there will be a settling error. The required time constant to settle to
percent of the final value in a half clock peridd{2 ) is given by

A

' haova) (4-13)

For instance, settling to 0.1% of the final value requires the time constant to be
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1< (TS/13.9) .

In the time constant equation (4-12), the unity gain frequency is determined by

Im
W, = =—, (4-14)
4 CopL
whereg,, is the transconductance of the opamp @pd Is the total load capacitance

appearing at the opamp output duripg , which in the SC amplifier of Figure 4.5 is

Cy(Ce+C.))
CTL - CL+ H\™~S in .
Cp +(Cs*Cyp)

(4-15)

C, is the opamp load capacitance plus all the parasitic capacitances at the output of the

opamp.
Switch Charge Injection Errors

A third source of error is due to charge injection from MOSFET switches. Consider a
simple sample-and-hold circuit comprised of an nMOSFET switch and a holding

capacitorC,; as shown in Figure 4.8.

¢
L

Vi ’—‘

[ R
T “°
Figure 4.8: A simple SC sample-and-hold circuit

At the end of the sampling phase~= V5 , the holding capacitor reaches a voltage that
is equal to the input voltage  (assuming the settling error is negligible). During the hold
phase = 0 , the clock voltage is dropped frafy, to zero and ideally the voltage on
the holding capacitor is held constant and equal to the value of the input voltage at the end
of the sampling phase. However, the sampled voltage is disturbed due to channel charge
injection and clock feedthrough when the nMOSFET switch is turned off. The inversion

channel charge in a turned-on nNMOSFET is given by

Qchy = Cox(WL)(VgsVy) - (4-16)
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When the transistor is turned off, this charge is released to drain, source and substrate. If
the fall time of the clock is longer than the channel transit time

(19 = LZ/Hn(VGs—Vt) ), the charge absorbed by the substrate is negligible. The charge
partition between source and drain is a function of clock fall time and drain/ source
capacitance. For a sharp clock edge, channel charge is divided equally between source and

drain sides [Wegmann87].

The error introduced in the sample-and-hold circuit is

C. (WL (Van -V, —V,)
AV = —q [ oX CDD i t (4_17)
H

wherea is the percent of channel charge injected to the holding capacitor. This channel

charge causes offset, gain error and distortion in the sample-and-hold circuit.

A method for eliminating the signal dependent charge injection is bottom plate sampling

[Gregorian86], as illustrated in Figure 4.9. The channel charge associated with the

¢®1p (7] (pl
1 C 1
v Nl ! Nal_ @D ] [
o —|| N3 N2| [ oy » 1
| Analog Ground ®p — L

Figure 4.9: Bottom-plate sampling technique to eliminate signal dependent
charge injection

NMOSFET switchN2 is independent of the signal because it is connected to analog
ground. SwitchN2 is opened first, thus the charge injected to the sampling capacitor is
signal independent. Charge injected by the swiNdh to the top plate causes no error

because it is shorted to ground in the next phase.

Another charge injection error is due to clock coupling through the gate to drain overlap
capacitance. In a fully differential architecture, Figure 4.10, both clock feedthrough and

fixed channel charge is cancelled.

Noise Errors
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Figure 4.10: Fully differential bottom-plate sampling to cancel fixed
charge injection and clock feedthrough

In SC circuits, thermal and flicketAf ) noise generated by transistors used in opamps
and analog switches determine the minimum detectable signal amplitude. The power of
flicker noise at high frequencies is very low and therefore its effect on the performance of
high frequency SC circuits can be neglected. Thermal noise due to on-resistance of the
analog switches and opamp wide-band noise is analyzed for a single-ended SC amplifier.

During the sampling phase, Figure 4.11a, there will be a mean squared noise charge

Ch Ch
Cs ||
v — c 1
BAAN 7 w V T 7 .
Cin:: 4»0 Cln? **
(a) (b)

Figure 4.11: Single-ended equivalent circuits of Figure 4.5a
during (a) sampling phase, and (b) holding phase

(kTC) on both sampling capacit@g and holding capadigr . In the hold ghase
Figure 4.11b, there will be a nddl Cg  noise on sampling capacitor. The thermal noise on

holding capacitor during, is at low frequencies and will not affect the circuit. The net
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noise on the sampling capacitor (i2kTCg ) is transferred to the holding capacitor and

the total charge noise power at the output will be
a° = KT(Cy +2Cg) . (4-18)

The mean squarddl/ C  noise voltage at the output will be

2
2 g KT
Yntouy = =3 = g (1+26) (4-19)
c2  CH

whereG = Co/C,, is the gain of the SC amplifier. In a fully differential SC architecture,
there are twice as many capacitors as in a single-ended SC circuit, thus the noise power is
doubled. Moreover, for a constant power dissipation and speed, capacitor sizes in a fully
differential circuit must be half the size (thus having twice the noise power) of a single-
ended circuit. Therefore, the thernkdl/ C  noise of a fully differential circuit will be four
times higher than that of a single-ended circuit. However, the voltage swing of a fully
differential circuit is twice as high (4 times in power) as that of a single-ended SC circuit.
Thus, for a given speed and power dissipation the SNR will be equal for both a fully

differential and a single-ended SC circuit.

The thermal noise associated with an opamp has a power spectral density of at least

_ 210
Assuming a single-pole opamp and using the equivalent noise bandwaglih/@ )

introduced in [Gray93], the total opamp thermal noise power will be

2 2 kT
v =f0— 3 , (4-21)
nT(ota 3 CTL

wheref3 andC;, are given by (4-8) and (4-15) respectively. The input referred overall

voltage noise power of the SC amplifier can be expressed as

1+26, 2B (Cull (4-22)

2
" = KTH Ch 3 G HCsO




Chapter 4 High-Speed SC Fourth-Order Bandpass Sigma-Delta Modulators 91

In a sample-and-hold circuit whe@;, = C,, = C,, = C =C, ,the RMS value of the

input referred thermal noise voltage is
g o= [HKT (4-23)

If the above sample-and-hold is changed to a SC amplifier with a géis of (by changing

Cy = 2C) the input referred thermal noise will be
v, =2 LT (4-24)

Capacitor Mismatch Error

Another source of gain error is due to capacitor mismatch. Device matching is technology
and layout dependent. Dielectric thickness variation and edge errors across the die
contribute to inaccuracy in capacitance matching. In general, matching is improved as the
size of the devices to be matched is increased. Proximity and having similar geometry also
help to achieve better matching. Typically, poly-to-poly capacitor matching in the order of

1% to 0.1% is readily achievable in many analog CMOS processes.

An efficient architecture for unity gain sample-and-hold exists which is immune to
capacitor mismatch and requires one capacitor to perform both sample and hold

operations, as shown in Figure 4.12.

Vip>_/ H g LCL
N

>

V; | | L
n BT TCL

9/$ Vop

b\+ Von

eN

Figure 4.12: One capacitor sample-and-hold circuit

In this circuit, duringp; input voltage is stored on sampling capaCitor and dgying
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capacitorCq is switched to the output and plays the role of holding capacitor. Thus, gain
error due to mismatch between sampling capacitor and holding capacitor is irrelevant.
Furthermore, the one-capacitor sample-and-hold structure has other advantages over the
two-capacitor version. In the one-capacitor sample-and-hold circuit, finite opamp gain

still causes gain error and the transfer function is

\Y _
HE) = 2 = —— "7, (4-25)
Vig 1+-L
AB
where the feedback fact@r is given by
p= (4-26)
Cs*Ciy

Compared to the two-capacitor sample-and-hold circuit, the one-capacitor sample-and-

hold structure has a highfr and therefore a lower gain error.

The total load capacitance in this sample-and-hold circuit is

CSCin

C =C, +—.
TL L
CS+Cin

(4-27)

The value ofCy, is less in a single capacitor sample-and-hold circuit (4-27) than in a
two-capacitor sample-and-hold circuit (4-15). From equation (4-14), a lower equivalent
output capacitance results in a higher unity gain frequexcy . Therefore, the closed loop
time constant (4-12) of the one-capacitor sample-and-hold is smaller than the closed-loop
time constant of a two-capacitor sample-and-hold circuit due to both higher and
higher3 .

In the one-capacitor sample-and-hold circuit, the sampling capacitor is the only source of
thermalkT/ C noise. Therefore, the outgdt/ C noise power (which is the same as
input referred noise power) in the one-capacitor sample-and-hold cir&dit iI§g and is
5 dB lower than the two-capacitor sample-and-hold circuit. Again, in a fully differential

structure, the noise power is doubled and is equzk1o’ Cg

Example 4.1: In sample-and-hold circuits of Figure 4.5 and Figure 4.12, if opamp input
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capacitanceC,, and output lo&  are equal to the sampling capagitor (and holding
capacitorCy, ), the one-capacitor sample-and-hold SC circuit is d@b6éut times faster

than the two-capacitor sample-and-hold SC circuit.
4.3 Full Delay SC Circuits

The SC amplifier of Figure 4.5 performs a half delay operation. A simple full delay SC
circuit is obtained by cascading two of these half delay circuits with alteppate @,and

clock phases as shown in Figure 4.13. This two-stage SC amplifier circuit delays the input

V“’WHCQ ~ (| Ciﬂ ¢
s
I Sl I o oSl RS

Figure 4.13: A simple cascade SC delay circuit

signal for a full clock period and scales it. The -domain transfer function of this circuit is

Y Cqy Co
9y = St (4-28)
Vid Ch1 Cho

Both opamps in this configuration are idle for a half clock period. A more efficient full
delay gain stage circuit is achieved by merging the two half delay circuits into a cell using
one opamp [Longo93], as shown in Figure 4.14. Zhe -domain transfer function of this

circuit is
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L e
|

Figure 4.14. A SC delay gain stage

Vv C
_ _od _ S ~-1
HD(Z) = V—Id(Z) = C_H 4 . (4-29)
Finite opamp gain causes gain and phase error in the full delay circuit of Figure 4-14, as
analyzed below. Single-ended equivalent circuits for the SC delay circuit of Figure 4.14

during @¢; andg, are depicted in Figure 4.15. An opamp gaiA of  causes the virtual

(n) _H+ CS _H+

VV
H : R L Sk Vo(n+1/2)
Cin—— SN Cin::_ —L
+ +

(@) (b)

Figure 4.15: A single-ended equivalent circuit of Figure 4.14
during (@), and (byp, phases

H+

ground node of the opamp,, to be-ap/ A with respect to analog ground. The charge

conservation equation before and afpgr  yields the following difference equation:
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v (n+1/2) v_(n) v (n+1/2)

Cs[vi(n) —OTJ +C, [OT - E/O(n + 1/(2))+ O(T)%
—Vg(n) vy(n+1/2

= in[ A + A J

In the z -domain, the transfer function of the half delay circuit (dughg

becomes

C g
S-1/2 0
Hyp(2) = ol [ —1/2}
I 1-pyz

whereg, andp, are given by

@)
O

7+
O C|

__ 1 - %
%= T¥T/AB Po = A

95

(4-30)

in Figure 4-14)

(4-31)

(4-32)

where3 = C,/(C, +Cg+C;,) . If1/AB«1, the above equations can be simplified to

1
go=1-1/AB Po=3(1+Cin/Cy) .

The term in the square bracket of equation (4-31) is the error E€mn

response of the error term is derived by substititing ejwT E(n)

joT, _ 9
Ble) = 1- pecos(wT/2) + jpgsin(wT/2)

(4-33)

. The frequency

, and is given by

(4-34)

The magnitudg E(w)| and the phaSHE(w) of the above equation are

2
E(w)? = % .
[1—pycos(wT/2)]% + [ pysin(wT/2)]
IE(w) = —tanh PoSin(wT/2)

1-pgycos(wT/2)

(4-35)

(4-36)

For A»1, we havepy«1l and the magnitude and phase of the error term can be

approximated as
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cos(wT/2)0 GO
[E(w)| = —1——+—u+ —0 4-37
® AtoA - dtoD (4-37)
sm(wT/Z) Cin
OE(w) = 8, = — WD 72)m 4 TIN5, (4-38)
HD A D CHD

Therefore, the transfer function of the half delay SC circuit with finite opamp gain will be

Cs _1/2

Huo@ = &2 1Mo &% (4-39)

The full delay SC circuit of Figure 4.14 will experience errors dugng  @nd and the

actual transfer function of the full delay circuit will be

C (90) (99)
S -1
Hep(2) = c 2 ¢1_1/2D (92_1/2 : (4-40)
H _ _
1 (po)(plz 1 (po)(pzz
- _ JjwT . . .
Substitutingz = ¢ in the above equation and assurr(lp‘g)(pl @E)d(pz «1 , the

magnitude and the phase of the error term in a full delay circuit due to finite opamp gain

are obtained to be

mep = 1‘%%*@+w[(l+ci”/q)+(1+C”‘/CH)] (4-41)
Orp = _SJLAT/Z[(1+ C,,/C)+(1+C, /C)I , (4-42)

where|3(pl ano|3(pz are the feedback factor dupg  @nd respectively.

The actual transfer function of a full delay circuit is

C .
S -1 je
Hep(2) = C—Hz [Mep O 77 (4-43)
Example 4.2: In the SC full delay circuit of Figure 4.14, opamp DC gaihd8 , signal is
a sinusoid with frequency ¢t,/4 a@y = C, = C, = C;, . The gain and phase of the

error term, calculated from (4-41) and (4-42) respectively, are
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Mep = 0.968 6p = —0.028 (4-44)

Therefore, an opamp gain &0 dB  will cau8€2 % gain error in the full delay SC

sample-and-hold circuit. The phase errori8 % (in the senselet_ﬂg'tOZS— ej0|

2.8% of e!°).

is

A Double-Sampled SC Delay Cell

The opamp in the one-capacitor sample-and-hold circuit of Figure 4.12 is idle during the
sampling phasep, . By duplicating the sampling circuitry and using an alternate clock

phase for it, a two-path SC sample-and-hold is obtained, as shown in Figure 4.16.

Cs2

_ f# Wf
[’

Cs1

Vip HJfﬁ }_64
| - P> Vop

ST

o
S

Cs2

Figure 4.16: A double-sampled SC delay circuit

In this circuit, the input signal is sampled every half clock periqd2 ) and appears at

the output with a half-clock period delay. Thus, the transfer function of this cell is

od, ~—1
—(@ =z, (4-45)
Vid
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Cs2 Cs1
|| ||
uo S we) O wgned) -l
\ > ve(n) > Vo(N+1)
+11- Cin + R + Cin**-'- Ly
+ +
(a) (b)
Figure 4.17: A single-ended equivalent circuit of Figure 4.16
during (@), and (byp, phases
jo(Ty/2
wherez = ejw( #2) :

Therefore, the effective sampling frequency in this two-path sample-and-hold circuit is
twice the clock frequency. This structure is also called a double-sampled SC circuit
[Choi80] [Hurst90]. The factor-of-two improvement in the speed of the double-sampled
SC delay cell is achieved without increasing the clock rate or requiring a faster opamp
settling time. In return, mismatch and uneven clock phases create image errors as we will

discuss later.

Finite opamp gain and opamp input capacitance cause both gain and phase error in the
transfer function of the double-sampled SC delay circuit. Figure 4.17 shows a single-
ended equivalent circuit of the double-sampled delay circuit dyjng @and . Charge
conservation on capacitof;;  afg, before (the non-overlapping phase) and after

@, yields the following difference equation:

v (n+1) v (n) v, (n+1)
Cs1[Vi(n)—EYo(n+1)+'97\—a = Cin ?A\ + = y } (4-46)
Here the time indices at the end @f apyl are denoted by narid respectively
due to the double sampling property of the circuit. If capaci@ys = Cg, = Cqg , a

similar difference equation would be obtained for ¢he phase and the overall transfer

function inz -domain will be

Z) _ _ 9 -1
-\7i—d—(?) = HdD(Z) = |:————Tl:|z ) (4-47)
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whereg, andp, are given by

gp = it (4-48)
1+1,inpd
Cs A
Cih 9
pO:—'QD-A-. (4-49)

Thus, finite opamp gain and non-zero input capacitance modify the transfer function of the
double-sampled delay cell by a damped integrator term from its ideal response. This
change of transfer function causes both gain and phase error in the response of the delay

circuit. The actual transfer function becomes

Hyp(@ = [myp B @)t (4-50)

where myn andf,, are magnitude and phase of the error term in the double-sampled

delay circuit. AssumingA » 1 , the magnitude and phase error are given by

1 coswTEind

=1—— + -
oo+ 25 451
_SianB:inD

0. = O=—0. (4-52)

dD A EpSD

Example 4.3: In Figure 4.16, if the input capacitance of the opamp is equal to the
sampling capacitor and the opamp #asdB DC gain, both gain error and phase error are

1% for a signal at one half the clock frequency.

A major limitation of double-sampled SC circuits is due to mismatch in the two paths
[Gregorian86] that causes in-band image of the signal as described later. However, the
double-sampled circuit of Figure 4.16 uses the one-capacitor sample-and-hold architecture

and its gain is not affected (to a first order) by capacitor mismatch.

Double-sampled SC circuits are a subset of a class of circuits called N-path filters with N
being equal to two. A diagram of a two-path circuit and its corresponding clock phases is

shown in Figure 4.18.
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The non-overlapping clock has a frequency gf . and the effective sampling frequency

(f9) of a double-sampled SC circuitfig = 2f . The sequence of the signals during

clock
@, (odd samples) is denoted by am “ " superscript and the sequence of the signals during

@, (even samples) is denoted by @ “ " superscript. The odd and even sequences have a
sampling frequency df, .. = f/2 . The input sequenge IS a time-interleaved vector

sum of odd Vion ) and evem/ﬁ1 ) sequences and irzthe -domain we have
Vin(2) = Vin(2) +Vip(2) (4-53)
Similarly, the output sequence is expressed as
Vo, = Voul2 +Voud2) (4-54)
where odd and even sequences are related by
[0} [0} e e
Vout(2) = H(2)V;, Voutl2d = H(2)V;, - (4-55)

If the two paths are not symmetric and, for instance, there is a gain mismadch of

between them, the input-output relation is
V(2 = (L+OH@V,, +H(@V, . (4-56)
This equation can be expressed as
Vout(d = HLV,,(9) + 6V?n(z)] : (4-57)

Therefore, a mismatch between the two channels is equivalent to having an attenuated

image of the signal being applied at the input along with the real input. Figure 4.19 shows

R
HE) o
Vin v, 1.
o o %
H@) I e N

Figure 4.18: Two-path SC circuit and clock phases
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the periodic spectrum of the input sign¥ls 5N/c§)n

Spectrum
1
A\ bo)
T T\\ »f
Ou_m oy o L o o
&2 & Pl
2 > ¥

Figure 4.19: Spectrum of the input sigival (solid line) and the
attenuated odd samples of the input signal (dotted line)

In the frequency domain, a sampled input sigvig| with a frequépcy will have a
periodic spectrum with the signal appearing fat+ f . The odd sequence of the signal

has a sampling frequency ©f/2  and thus attenuated images appebr/a) + f 5

Non-uniform sampling due to unevem  apg phases has a similar effect [Yang94]. If
phase@; is longer by an amount compared to ¢he phase, then we can write

1+8 =€ =1-ST,500=-ST .

4.4 A SC Bandpass Sigma-Delta Modulator

A fully differential SC resonator using two sample-and-hold delay cells in a negative
feedback loop is illustrated in Figure 4.20.

In this circuit, if all the capacitors have the same size the transfer function of the resonator
is

-2
z

- Vodg -

Hgp(2) = V—(z) = = - (4-58)
id 1+z

Poles of this resonator areat= +] . Capacitor mismatch and finite opamp gain cause

errors in the transfer function.

If the gain error in the unity gain delay cell due to capacitor mismatéh is , the resulting

transfer function of the resonator will be
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Vin h\—{czkb\ Cip \\—{C}j} Cioh.
S — =
QR Rk
RS -
Q Chr Chz
HES
Ce
Figure 4.20: A SC resonator using two delay cells
2.2
Hez) = =92 (4-59)
1+(1-8)z
The new location of poles are at= +(1-9%)] . Thereforé, a percent gain error in the

unity gain delay circuit will caus@d percent change in the gain of the resonatér and
percent change in the location of the poles of the resonator. Note that the poles of the

resonator are still on th@o -axis.

In section 4.3, it was shown that finite opamp gain causes both gain error and phase error
in the ideal transfer function of a SC delay circuit, and the actual transfer function is given
by (4-43). Using this transfer function for the delay cell, the resonator transfer function

will be

I I -2
[(mFDl |:é FDl) [(mFDZ Eé FDZ)]Z

HR(2) = x (4-60)

j0 jo —

j Orpi . .
where mgp, ance’ " are the gain and phase error of the -th delay cell. Poles of this
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resonator are

j(eFDl +0Oepp)
— L 2
Zp1,p2 = 1 Mepy Mepy LB (4-61)
Thus, resonator poles are moved inside the unit circle (because Lz, <1 ) and

have a phase lag &, . Using the simplified equation of (4-42), the phase shift of the

f S/ 4 resonator is
0 ——ﬁ 1+C. /C)+(1+C../C 4-62
RO — ZA[( in I) ( in H)] ( - )

Example 4.4: If an f /4 resonator is built using two delay cells in a negative feedback
loop and the capacitor sizes in terms of a unit capa@for Care= C, = 2C, and
Cy = C,, an opamp gain o#0 dB  will cause a phase erro0.085 radians, almost

2.2% of the nominal frequency.

A resonator with an arbitrary gain is achieved by choosing different values for the
capacitorsCs, and;, inthe second delay cell of the resonator of Figure 4.20. During
@, the transfer function of this circuit is

Cep ;32

Hr(2) = =— O——. (4-63)
C -2
12 1+z

If C,, = 2Cg,, a resonator with gain oD.5 is obtained which is useful for the

implementation of the fourth-order bandpa&smodulator shown in Figure 4.1.

A fourth-order SGA modulator is achieved by cascading two resonators and a quantizer

in a feedback loop as shown in Figure 4.21.

In this circuit all the capacitors are identic@l () except for the four marked by asterisks
which have a value dC, . These four capacitors scale the gain of the resonators to the

required value 00.5 .

Speed of operation is determined by the closed-loop time constant of the opamps, as
discussed before. Worst case opamp loading for this architecture occurs for the second

opamp (OA2) duringp; , and a single-ended representation of it is shown in Figure 4.22a.



VFP»J Q '
Vrn+:ﬁ,—{ - }E_ j = ‘ Ve
e _
7 | | o e
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Figure 4.21: A fourth-order SC bandpass sigma-delta modulator
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If the opamp input capacitane®, | is assumed to be equal to the unit capaGitance
used in the modulator, the worst case closed-loop time constant is found to be

1 = 7C,/9,, (from equation (4-12)).

A similar analysis for the fourth-order SC bandpaAsreported in [Longo93] indicates
that the first opamp during, has the worst case loading, as shown in Figure 4.22b. The
settling time constant of this structure9€ /g, , which is al#8it % slower than the

circuit presented in this work.

@)
c
_—— O

-1 <

(@) (b)

Figure 4.22: Worst case opamp loading for (a) bandpass Figure 4.21
(b) bandpas&A modulator in [Longo93]

This modulator was simulated in Eldo using near ideal models for switches, capacitors,
opamps, and the quantizer. The DC gain of opamps was &€ d& and switch on-
resistance was set 200Q . Figure 4.23 shows the modulator output spectrum for a

24.9 MHz sinusoidal input signal with an amplitude ©2 dB below full scale. The

-1001

Magnitude (dB)
Relative to signal power
Magnitude (dB)
Relative to signal power

-150

i i i i ~150 i i i
0 10 20 30 40 50 24 24.5 25 255 26

Frequency (MHz) Frequency (MHz)

Figure 4.23: Output spectrum from Eldo simulation
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sampling rate ofl00 MHz is provided by a two-phase non-overlapping clock. Simulated
SNR are94.3 dB andb8.8 dB irR00 kHz @SR= 250 ) and MHz QSR= 50 )

bandwidths respectively.

4.4.1 Sources of Error

Practical analog circuit realization of bandpass sigma-delta modulators involves errors due
to device and circuit non-idealities. In the following section, some prominent sources of

error, namely capacitor mismatch, finite opamp gain, and thermal noise are considered.
Capacitor Mismatch

Noise shaping is determined by the quality of the resonators used in the forward path of
the modulator. Resonators used in the bandpassodulator have a gain @5 and their
ideal transfer function is

177
1z (4-64)

Hg(2) =
R _
2 1+z2

A mismatch ofd between capacitors changes the ideal transfer function of the resonators

to
GoZ
HR(@) = 3 0—— (4-65)
1+ PoZ
where
2
Jdo = Pg = (1-9)". (4-66)

As mentioned earlier, gain of the second resonator is not a critical parameter because it is
followed by a high gain quantizer. Thus, gain error in the second resonator is not going to
affect the ideal behavior of the modulator. Simulations show that changing the gain of the
second resonator by as much #5800 % has virtually no effect on the SNR of the
modulator. However, gain error in the first resonator will deteriorate the SNR of the

modulator.

The ideal resonator of (4-64) has infinite gaih gt4 . The gain of the actual resonator of
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(4-65) at a quarter of the sampling frequency is

jwT _ % _1 ]
) = > (4-67)

1o = Hg(e
ro = Hrl f=fys 1—pPg

A lower resonator gain causes less attenuation of the quantization noise in the narrow band
aroundfg/4 . Performing a bandpass to lowpass transformation, usiﬁ% a7+

change of variable on the resonator of (4-65), results in

-1
1- poz_1

H,(2) = (4-68)

which is a leaky integrator with DC gain bf,; = go/(1-py) . From (4-67), we can see
a capacitor mismatch @  reduces the DC gain in (4-68)tp= 1/20 . The effect of

integrator leakage on the in-band quantization error of a second-order |o¥pass

been analyzed in [Boser88] and is given by

Sg 5OSR#, 10 [OSR?
= s I n ey (4-69)
Here, Sy is the power of in-band quantization noise for a leaky integrato§gnd is the

power of in-band quantization noise for a perfect integrator. If the DC gain of the
integrator (or equivalently, resonator gairf gt4 ) is equal to the oversamplin@@Ro

of the modulator, the SNR performance loss is abddidB

Therefore, matching between capacitors must be better IH88 (OSR in a fourth-

order bandpassA modulator.
Finite Opamp Gain

Finite opamp gain causes errors in the resonant frequency and the gain of the resonator.
This in turn changes the position of the notch in the noise transfer function of the bandpass
ZA modulator away fronf /4 , and also increases the in-band quantization noise. The

notch will be shifted to a lower frequenty 4 —Af , where
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f
Af = 52 DBy, (4-70)

In this equationfr, is the phase error associated with the poles of the resonator and is
given by (4-62). The frequency shift of the notch can be expressed in terms of the opamp

gain and oversampling ratio of the modulator as

eRO
Af = —= [OSROBW (4-71)

For a fourth-order bandpasd®\ modulator with a quantization noise slope of about
15 dB/octave a Af shift in the notch frequency will increase the power of in-band

quantization noise bS5  which is approximately

15

0
_ _ RO )
ASy = (g3 Bf = 300 OSR  dB. (4-72)

Substitutingdg, (4-62) in the above equation yields

Nz SRE{ Cin Cm}
AS, = 1542 (PSRy,, Zin ~in| (4-73)
SB L A CI CH

For an acceptable SNR loss, the minimum opamp gain can be found in ted8Kof

Example 4.5: In the bandpas&A modulator of Figure 4.21, the values of different
capacitors in terms of a unit capacity, de:= C;, = 2C, nd=Cg = C,

For an oversampling ratio @0  the minimum required opamp g&B ¥B , If a penalty
of 3 dB SNR loss is acceptable due to notch frequency shift. Note that opamp gain
(53 dB) is 21 dB higher than the value @SR , in decibels.

Example 4.6: In the above example, if the opamp gaindi3 dB and the sampling
frequency is100 MHz , the phase shifi,, is found to ®€35 radians and from
equation (4-70), the notch frequency shift is found to56& kHz .Thus, the resonant
frequency will be aR4.44 MHz , instead of being28 MHz . For@8R = 50 , the in-

band gquantization noise power (4-72) will increase by abh6ut dB

The bandpass SEA modulator was simulated using opamps with DC gaihQotiB , and
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the parasitic capacitances at the input of the opamp was assume@@q be . The input
signal is a24.9 MHz sinusoid with an amplitude I dB below full scale. Figure 4.24
shows the output spectrum of the modulator. The notch frequency is shifted by about
450 kHz. Simulated SNR ar&6.5dB and6.1 dB  for bandwidth 200 kHz and

1 MHz respectively.

Magnitude (dB)
(Relative to signal power)
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Figure 4.24: Output spectrum of the fourth-order bandpAssodulator
with an opamp gain of 40 dB and opamp input capacitan€enof2Cu

If we neglect the phase error, the effect of finite opamp gain on the transfer function of a
resonator is similar to capacitor mismatch and the actual transfer function of the resonator

will be like equation (4-65), witly, and, being

151_’_14_1_‘_15

Aq?’(pl, 1 B(pz, 1 B(pl, 2 B(p2, ZD

9 = Pgp = 1- (4-74)
Where,B(pj'i is the feedback factor of the th delay circuit duringp}he th clock phase. If
the feedback factors are comparable and assumed to be efual to , the above equation is

simplified to

4
Jp = Pg = 1—A—B. (4-75)

The gain of the resonator at its resonant frequency is

T = 0 < (4-76)

Apn(e =
Rol f=fys 1—pPg
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The in-band quantization error as a function of resonator gain can be expressed by an
equation similar to (4-69). Therefore the minimum required opamp DC gain for this

double-resonator SC bandpagsmodulator is A = 4(0OSR/B

min(bp)
In a SC integrator, using an opamp with DC gaindof  and feedback facfor of , the
integrator DC gain isl;= AB . Thus, the minimum required opamp DC gain in a lowpass
>A modulator is Amin(lp) = OSR/ . Note that for a similar SNR performance, the
opamp used in the sample-and-hold based fourth-order bantdpasedulator requires

12 dB higher DC gain than the opamp used in the second-order lo®fyassdulator.

Figure 4.25 shows the SNR loss as a functio®@ 8 Hy, . From this figure, one can

find the requirements on capacitor matching and/or opamp DC gain.
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Figure 4.25: SNR loss vers@sSR / by from analytical result
(solid line) and from simulation results (o points).

In the bandpassA modulator of Example 4.5, if the oversampling ratid@s , a capacitor
matching accuracy of at leak25 % is needed for a SNR los$afB . Calculating the
B during each phase for the two opamps and using equations (4-74) and K446), is
found to be equal té&\/16 . Thus, the minimum opamp DC gab6isB for the same
SNR loss, i.e1.5dB .
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Noise

Thermal noise generated by various switches and the two opamps in the first resonator is
going to limit the accuracy of the bandpa#smodulator. Thermal noise generated in the
second stage undergoes a second-order band-reject noise shaping, and thus its effect is not

critical.

Using the results obtained earlier in this chapter on the analysis of the noise in a SC
amplifier, the total input referred thermal noise power of the first stage of the single-ended
SC bandpassA modulator in Figure 4.21 is

2 14. 7T

Vv = .
nT
Cu

(4-77)

In this calculation, the input capacitance of the opamp is assumed to be comparable to the
unit capacitor, i.eC;, = C, . The total noise power for a fully differential SC circuit is
twice as large as (4-77). The in-band noise power is reduced due to the oversampling
process and is given by:

2 29.5 KT

= == 4-78
"Tlin_bana - OSR C, (478)
4.5 A Double-Sampled SC Bandpass Sigma-Delta Modulator

A double-sampled SC resonator is obtained by cascading two double-sampled delay

circuits as shown in Figure 4.26. The ideal transfer function of this circuit is

C, 2_2
H(z) = =L 2. (4-79)
Ca1 14772

In this configuration, capacitance mismatch (betwégn  Ggd ) causes a gain error on

the input signal;y = Vip = Vin that is added to the feedback signal using a two-capacitor

sample-and-hold architecture. If the error due to capacitor mismaith is , the transfer

function of the double-sampled resonator will be

C, 72
gz (4-80)

H(z) = (1+6)Csj_ 1+Z_2
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Figure 4.26: A double-sampled SC resonator

Therefore, the location of resonator poles is not affected by the capacitor mismatch.
However, finite opamp gainA( ) causes errors in the ideal transfer function of a double-
sampled SC delay circuit (given by (4-50)) and the transfer function of a double-sampled

resonator becomes

IC IC -2
C, _ [mypy &) Lmep, L )]z

HdR(z) = c O 5 5 = - (4-81)

S1 1+ [(mle [e le) E(mdDZ [e dDZ)]Z

Poles of this resonator are
(B4p1 + Oyp2)
- . 2

Zn1,p2 = tj /Myp1 typo LB : (4-82)

The poles are inside the unit circle, close to the intersectip of  -axis and the unit circle.

The phase error of the poles of this resonator in radians is

_sinwT Cin1 Cin2
edR = + )
2A |Cq Co

(4-83)
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Both magnitude and phase errors are inversely proportional to the DC gain of the opamp.

A double-sampled double-resonator SC bandpAssiodulator is constructed using two

double-sampled resonators and a quantizer in a feedback loop, as shown in Figure 4.27.

All the capacitors are unit size capacito@; (), except for the eight marked by asterisks
which have a value dC, , and are made of two unit size capacitors in parallel. The gain

of resonators is set by the eight capacitors to the required valug of

The functionality of this double-sampled SC bandpassnodulator was verified in Eldo

using ideal components. The on-resistance of the switches was26¢ @ and the DC
gain of opamps was assumed todfedB . Figure 4.28 shows the output spectrum of the
modulator for a sinusoid input signal 60.1 MHz . The amplitude of the signal was

12 dB below full scale and the clock frequency W& MHz
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7] ) 0
= =
g 52
~—~ - m -
L3 S ©
- C C 500
o D Q D
g » 'g 7]
= O =2 0
: + (: o
o 0 o 0
c > T 2 ol
= 3 = 3
(0] (0]
x 14
N—r N—r
-150 : : : : -150 : : :
0 20 40 60 80 100 48 49 50 51 52
Frequency (MHz) Frequency (MHz)

Figure 4.28: Output spectrum from Eldo simulation

Simulated SNR is about08 dB ark.8 dB  for bandwidths260 kHz andHz
respectively. For the same clock frequency and signal bandwidth, the oversampling ratio
of this modulator is twice as large as the single-sampled modulator. Thus, the SNR of this

modulator is15 dB higher than that of a single-sampled counterpart.

45.1 Sources of Error

Performance of the double-samplEf modulator is affected by circuit non-idealities. In
the following, effects of some prominent non-idealities such as capacitor mismatch, finite

opamp gain, and noise on the SNR of the double-sard@edodulator are described.



Vini—» E DJ }Z:LF Vin2 Vrpl%/E DJ }Z_\{« Vip2 J_ Vocem
s 0 ~—H
Vip — ﬁ ( 67 }Z_j T ﬁ ( b} }Z_j ‘ Viem
- —» V1
JJ\_{ }_'_/ﬁ JJL_{ _ JJ\_{ }_'_/ﬁ _VJ_{ _ +J > Vrpl
* 0 ¢ * 0 ¢ |
Lty o L Lty o L
T T (= (s || e
~dle R ~de R T
* * o)
TR G 1 T Y A S
r / 7
- —» Vrn2
Yo >

g
|

N T il
}—:E;% Vin2

1

Figure 4.27: A double-sampled SC fourth-order bandpass sigma-delta modulator
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Capacitor Mismatch

As mentioned before, double-sampled SC circuits are sensitive to path mismatch and any
mismatch between the two channels will produce image problems. Mismatch in the
second stage of the modulator is noise shaped (second-order noise-shaping) and will not
cause a noticeable image signal. Simulations were carried out using different capacitor
mismatches to verify the above argument. A path mismatbh of % in the second stage will
produce an imagd5 dB below full scale. However, mismatch in the first stage of the

modulator is critical and must be avoided.

A path mismatch ofl % on the input in the first stage of the modulator will produce an
image signal which is only40 dB  below the signal. Figure 4.29 shows the output
spectrum of the modulator with a capacitor mismatch of % between the input sampling

capacitors (duringp; ang, ). Using layout techniques such as common-centroid, good

~100} -1001

Magnitude (dB)
(Relative to signal power)
Magnitude (dB)
(Relative to signal power)

-150

-150 48 49 50 51 52

0 20 46 éO 8b 100
Frequency (MHz) Frequency (MHz)
Figure 4.29: Output spectrum of the double-sampled bandpass sigma-delta

modulator with 1% capacitor mismatch between the two paths. Note that
the image power is 40 dB below the signal power.

capacitor matching—in the order 6f1 % —can be achieved. A capacitor mismatch of
0.1% will reduce the power of image signal to ab60tdB below the signal power. This
kind of accuracy, ten bits, is acceptable for some high-speed wide-band applications, such

as cable modems and PCS basestations.

Other methods of overcoming mismatch error, which have previously been applied to

lowpass ZA modulators, include a four-phase clocking scheme proposed by Ribner
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[Ribner91], a switching scheme that converts the capacitive mismatch into an additive out

of band noise [Hurst92] [Burmas95], and a method of using bilinear integrator [Yang94].
Finite Opamp Gain

Finite opamp gain causes both phase and gain errors in the ideal transfer function of a
double-sampled resonator. The resonant frequency of the double-sampled SC resonator
due to finite opamp gain is shifted by an arfijle,, fromjthe -axis. If the same opamp
is used in both delay cells art; = C5, = C5 , using (4-83) the phase error in the

location of the poles of the double-sampled SC resonator is
0 = -0 O 4-84
dro = T, M- (4-84)

Thus, increasing the opamp DC gain and/or reducing the opamp input capacitance reduces
the phase error. The frequency of the notch filter (for noise transfer function) will be
shifted byAf where

2f C.
_“'s _ ~in SR_?2BW i
Af = andRo_CSDOTDZT. (4-85)
In a fourth-order bandpag® modulator, the quantization noise slopelsdB/octave
reaching its minimum at the resonant frequency. If the resonant frequency is shifted by
Af , the in-band noise will be increased by approximately
_ 15 _ 60 “in OSR
ASB_(BW)/ZDM_T[DC_S ek (4-86)
For al.5 dB penalty in SNR, the opamp gain must be larger than the oversampling ratio

by a factor of12.7 (abouR2 dB ), if the input capacitance of the opamp is equal to the

sampling capacitor.
Noise

The RC thermal noise associated with the different capacitors and switches in a double-
sampledZA is less than the simple SEA modulator because fewer capacitors are

involved. Using the result of noise analysis in section 4.2, the total input referred thermal
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noise associated with switches and opamp in a fully differential double-samplEd SC

modulator is

(4-87)

Compared to the total noise of a simple SC bandpaAssodulator, this is smaller by a
factor of 1.65 times. The in-band input referred thermal noise will be

2 17.8 KT
v = OSRd‘— (4-88)

4.6 Implementation

Fourth-order bandpag\ modulators in Figure 4.21 and Figure 4.27 were designed and
fabricated in a0.5 pm double-poly CMOS process (HCMOS5a from SGS-Thomson).
Chip microphotographs of the simple SC bandpass and the double-sampled bandpass
modulator are shown in Figure 4.30 and Figure 4.31 respectively. The active chip area of
both modulators is abodtl  nfm

,]pulillllll minininin)

Figure 4.30: Chip microphotograph of the fourth-order SC bandpass
sigma-delta modulator

HCMOS5a technology offers MOSFETs with a channel lengtld.6fum and a high

quality poly-to-poly capacitor, with a capacitance per unit ared.df unf&/Some
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Figure 4.31: Chip microphotograph of the fourth-order double-sampled SC
bandpass sigma-delta modulator

MOSFET parameters in this technology are listed in Table 4.1.

Parameters NMOSFET PMOSFET]

Vt (10 um/0.5um) 600mV 600mV

Isat (@ Vg=Vvd3.3V) | 0.33mA/um 0.15mA/um

nC 120 pA/V 2 31pANV?2

0oX

Table 4.1: Some MOSFET parameters in HCMOS5a process

The main objective of the design was to demonstrate high-speed SC capabilities in
submicron CMOS technologies. In [Singor94], it is shown that SC circuits operating at
40 MHz are feasible in 8.8 um BICMOS process. Here, the target clock frequency was
set to beB0 MHz . Therefore the IF frequency wa@MHz

An interesting application of the bandpa#smodulator is in A/D conversion of narrow-
band 00 kHz -1 MHz ) signals in high-speed RF modems. The required dynamic range
of these A/D converter depends on the specific system architecture. Typically, a SNDR of
about60 dB is needed.

The target specification for the bandpaAsnodulator is given in Table 4.2.
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Parameter Specification
IF frequency 20 MHz
Bandwidth 1 MHz
SNDR ~ 60 dB
Power <100 mW

Table 4.2: Target specification for the band@assnodulator

The oversampling ratio of this modulator 40 . An ideal fourth-order bandpAss

modulator with an OSR of0 can achieve a maximum SNB2ofiB

To achieve high speed at moderate power, the unit capacitors are chosen to be as low as
300 fF. The total in-bandkT/C noise of the single-sampled modulator (4-78) with
OSR= 40 is calculated to be less thaii6 dB  relative & ¥ peak-to-peak signal. In

the following, the design of switches, opamp, and comparator circuits is described.
Switch Design

In stray insensitive SC circuits, typically the signal is sampled on a capacitor by means of
two turned-on MOSFET switches. For example in the SC amplifier of Figure 4.5a, during
@, the input is sampled o€,  througi abd switches. The on-resistance of the
switches along with the sampling capacitor constitutes an RC circuit. The sampled signal

on C has the following exponential behavior:

~t/RC,

Ve, = vip(l—e ) . (4-89)

Therefore, at the end of the sampling phase (/2 ), the input voltage is sampled on
C¢ with a settling error given by the term in the parentheses of (4-89).(kbra % settling
error in4.5 ns (the sampling period), the on-resistance of each MOSFET switch must be
less than560Q . For a better fixed charge cancellation, equal size pMOSFET and
NMOSFET switches are utilized. Eldo simulations were carried out to find the exact value
of the MOSFET aspect ratios. Figure 4.32 shows the simulated on-resistance of a parallel
NMOSFET and pMOSFET switches withi/ L = 40 um /0.5um . The worst case on-

resistance is abo®33 Q
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Figure 4.32: Transmission gate switch on-resistance vs. signal level

Operational Transconductance Amplifier Design

For high-speed SC operation, the unity gain frequency of the opamp must be 5 to 10 times
greater than the clock frequency [Gregorian86]. FOrla % settling error in half a clock
period, the unity gain frequency of the opamp (with the worst case capacitive load) must
be 7 times greater than the clock frequency. The worst case opamp load in our design is
aboutl pF . Thus, fol80 MHz clock frequency the unity-gain frequency of the opamp
driving al pF load must be greater tha60 MHz

The required DC gain of the opamp depends on the oversampling ratio of the modulator.
In section 4.4.1, it was shown that foBalB penalty in SNR at an oversampling ratio of
40, the opamp DC gain must be at 1€53tdB

For large input signals, slewing response of the opamp determines the maximum speed of
operation. During the non-overlapping phase, the opamp is in an open-loop configuration
and its output levels are typically clipped to a voltage close to the rails. A fast slew rate of
1 V/ns is chosen to bring the output voltages quickly to the workable levalglof and
2.4 V. For the worst case opamp loadopF , a bias currerit oA at each output

stage is required.

A single stage cascode opamp (also called a telescopic opamp [Senderow94]) is used to
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achieve the high speed and adequate DC gain needed for the opamp. The schematic of a
fully differential cascode opamp designed to fulfill these requirements is shown in Figure
4.33. A continuous time common-mode feedback circuit sets the output common mode to
the desired value. Resistors in the common-mode feedback circuit have a high value of
68 kQ to ensure the opamp DC gain does not drop bé&léwB . The capacitors in the

common mode feedback circuit have a valud@d fF

T T

ch Vi ch
—>q[P5 P3pb—b5 d[ps PE b o Fe3 b— Vem—d[ PC4
P1 ﬁ%# p2  Vop — PC1 b Vb4 J[ Pc2
Von VOp E;
N3}V—b3{ N4 VW NC3 }V—b?,{ NC4
V
Vipp—][ N1 N2| < Vi, cz%% NC1 NC2 }—qocm

Vor—| NoO Vb1—][ NCo

Figure 4.33: Fully differential cascode opamp

Dimensions of all the transistors used in the opamp are listed in Table 4.3, and transistor

sizes for the common mode feedback are given in Table 4.4.

MOSFET NO N1 N2 N3 N4 P1 P2 P3 P4 Py PG

W ([m) 400 | 200 | 200| 200 200 364 360 24D 240 120 1RO

L@m) | 07| 05| 05| 07| 07| 07/ 07 o7 07 oF of

Table 4.3: Transistors sizes used in the opamp

MOSFETs NCOl NC1 NC2 PCL PC2 PG3 PC4

W (m) 133 | 80 | 80| 120| 120 120 12

L (um) 07 | 05| 05| 07| 07| 07/ 0.7

Table 4.4: Transistor sizes used in the CMFB circuit
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This opamp was simulated in Eldo using SPICE level 3 MOSFET models. Output
conductance of transistors is poorly modeled in SPICE level 3 models. Therefore,
simulations typically predict an optimistically high DC gain for the opamp. A safety

margin of 12 dB was added to the required simulated opamp DC gain (not including the

loading by resistor divider in the CMFB circuit) because of this modelling error. The

50F
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Figure 4.34: Simulated open loop gain (solid line) and phase (dotted line) of
the cascode opamp for 1 pF load capacitance

opamp was simulated by itself and the DC gain was ab®ulB . The resistor divider in
the CMFB circuit reduces the DC gaind dB

Simulated characteristics of the complete opamp at 3.3V power s@pply, bias current

andl1 pF output load are summarized in Table 4.5.

The settling time of the delay circuit was simulated in Eldo using the schematic of Figure
4.35. In the modulator of Figure 4.21, the worst case settling time happens when
Cg=2C,, Cy =C,, andC = C, . Settling time t®.1 % of the full scale in this

configuration is about.9 ns , as shown in Figure 4.36.

u’

Comparator

In a=A modulator circuit, the required specification of the comparator is relatively easy to

achieve. The comparator hysteresis can be modelled as an additive white noise at the input
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Figure 4.35: Test structure for settling time simulation
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Figure 4.36: Worst case settling time simulation in Eldo.

of the comparator. Both the input referred noise and comparator hysteresis are noise-
shaped (similarly to quantization noise) by the feedback loop and will be band-rejected
around the center frequency (4 ). Eldo SC simulations of the fourth-ader

modulators show that for a hysteresis voltage®f % of the full scale (reference levels),

the in-band noise power is increased by aliobitdB

The schematic of a fully differential comparator used in the design of both modulators is
shown in Figure 4.37. The first stage is a preamplifier with a ga?? ofB and a unity

gain bandwidth 0650 MHz . The second stage is a cross-coupled latch ré¢bt by . Gain
and unity gain bandwidth of the second stage?&relB 620dVIHz respectively. This
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Figure 4.37: Fully differential comparator

Parameter Value
DC gain 54 dB
Unity gain frequency 650 MHz
Phase Margin 70°

Slew rate 1000 Vs

Differential Output swing 2V
Power dissipation
8.8 mW

(including CMFB circuit)

Table 4.5: Simulated characteristics of opamp for 1 pF load capacitance

comparator is followed by a cross-coupled NAND latch.
The transistor dimensions in this circuit are listed in Table 4.6.

In both fourth-order bandpag® modulators, this comparator is followed by a latch.
Thus, the outputs of the comparator have to drive a single logic gate with an input

capacitance o5 fF . For a mV  differential input signal, the delay time (clock going
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MOSFET | NO| N1| N2| N3| N4| N5 P1 PZ P P4 P5 BR6 P7 P8

W (um) 200 | 200( 200 4 4 8 50 50 50 5( 1 12 12 10

L (pm) 1 05| 05 1 1 0.5 2 2 2 2 0.9 1 1 0.p

Table 4.6: Comparator transistor sizes

low and output becoming ready) of the comparator driG@dF capacitor loads is about

2 ns. The power consumption of the comparato8.atV is aBouV
4.7 Measurement Results

This section describes measured results for the fourth-order bardpassdulator and

the double-sampled fourth-order bandpa&snodulator. Both modulators were packaged

in a 60-pin high speed metal package and were tested separately. A PCB was designed for
testing the modulator. All the reference voltages, and reference currents needed for the

modulators were generated on the PCB board using voltage regulators and resistors.

4.7.1 Fourth-Order Bandpass Sigma-Delta Modulator
The fourth-order SC bandpasA modulator was tested at a clock frequencB0MHz

using a supply voltage of 3.3V. Measured output spectrum for this modulator for a
20.1 MHz sinusoid signal, with an amplitude @b dB  below full scale, is shown in
Figure 4.38.

This output spectrum is generated in Matlab, by performing an FFEE586 bits of the
modulator output captured by a logic analyzer. Measured maximum SNR for this
modulator is42 dB in a bandwidth df MHz . This value2@ dB  less than the expected

theoretical value 062 dB .

Such a low SNR can be caused by a number of circuit imperfections, including capacitor
mismatch and low opamp gain. In this process, poly-poly capacitors have good matching
properties an@00 fF unit capacitors used in this modulator are expected to match within
1%. For an oversampling ratio @0 , this capacitor mismatch reduces the SNR by only
1-2dB.

Unfortunately, a stand alone opamp circuit was not included in the test chip due to the
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Figure 4.38: Measured output spectrum of the fourth-order bandpass
sigma-delta modulator for an input signal of 10 dB below full scale.

limited chip area available. Therefore, opamp gain can not be measured by itself. Four
indirect methods used to estimate the opamp gain consistently indicate a low DC gain of
about40- 46 dB.

First, the output conductances of a numbef0af um MOSFETs were measured. The
measured output conductance was typically lower than the simulated value by a factor of 3
to 3.5. Since a cascode architecture is employed in this opamp, the DC gain of the
amplifier is reduced by abo®0 dB (DC gain is proportionalrio ). The estimated
opamp DC gain ig6 dB .

Second, expanding the view of the output spectrum around the resonant frequency

indicates that the notch is shifted by ab600 kHz  , as shown in Figure 4.39.

In section 4.4.1, it was shown that a low opamp gain can cause a shift in the notch
frequency. For a bandwidth &f MHz , the shift in notch frequendy\g/ 2 , and thus
according to (4-72), SNR is reduced by at lddstB . Using equation (4-73), the opamp
gain is estimated to b&0 dB

Third, a low opamp gain reduces the gain of the resonator. Using equation (4-76) and

A = 40 dB, the gain of the resonator at resonance is albbyty = 6.25 . For an
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Figure 4.39: Expanded view of the output spectrum around the notch. Note that
the notch frequency is shifted by about 500 kHz to the left (lower frequency)

oversampling ratio of40 , the ratio of the oversampling ratio to resonator gain is
(OSR/Hgy = 6.4. From Figure 4.25, in-band quantization noise increases by about
20 dB. That is in agreement with the measured SNR26B whi2lo idB lower than
the expecte®2 dB .

The fourth method of estimating the opamp gain indicates an opamp geInd&f and is

discussed in the next section.

4.7.2 Double-Sampled Fourth-Order SC Bandpass Sigma-Delta Modulator

The double-sampled bandpass & modulator was tested at a clock frequency of
80 MHz. Thus, the effective sampling rate 160 MHz . Figure 4.40 shows the output
spectrum of the modulator for an input sinusoid@8 MHz with an amplitu@ed&f

below full scale.

The output bit-stream was captured by a logic analyzer for 16384 clock cycles. In Matlab,
a 16384-point FFT was carried out to compute the output spectrum. The image signal is at
39.2 MHz and is39 dB below the signal. This suggests that the capacitor mismatch is
aboutl %. The SNDR of this modulator is limited30 dB fds &MHz bandwidth.

Just as for the simple SC modulator, low opamp gain has shifted the notch frequency to a
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Figure 4.40: Measured output spectrum of the double-sampled fourth-order SC
bandpass sigma-delta modulator for an input signal of 10 dB below full scale. Note
that image signal is about 39 dB below the fundamental signal.

lower value than the expectd® MHz . Figure 4.41 illustrates an expanded view of the

output spectrum arourtD MHz
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Figure 4.41: Expanded view of the output spectrum around the notch.
Note that the notch frequency is shifted by about 1 MHz.
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As we can observe in Figure 4.41, the notch frequency of the modulator is shifted to about
39 MHz, which is1 MHz below the expected value4ff MHz

Using equation (4-84), the opamp DC gain is calculated t40béB . This is consistent

with the estimated opamp DC gain obtained in the previous section.
4.8 Summary

This chapter considered a -domain architecture for a fourth-order ban@pass
modulator. This modulator is a direct map of a second-order lovwassodulator to

bandpass by transforming integrators to resonators.

In SC technology, an efficient method of implementing a resonator is to use two delay
cells in a negative feedback loop. Half delay and full delay SC circuits were described and
impacts of circuit non-idealities on the performance of these circuits were analyzed.
Specifically, it was shown that finite opamp gain causes both a gain error and a phase error
in the operation of a SC delay circuit. In a SC resonator, finite opamp gain causes a change

in the resonant frequency.

Two fourth-order SC bandpaZ# modulators were presented. The first one is a single-
sampled SC circuit and is shown to be faster than a previously reported one. The second is
a double-sampled SC circuit. Results of Eldo simulations for these modulators were

presented.

Finally, the two bandpass modulators were designed and fabricate@l $npan CMOS
process. Both modulators operate at a clock frequend0d¥iHz . The SNR of the
single-sampled modulator & dB  in the bandwidtiid¥iHz . This is ahowtB less
than the expected value 62 dB . A low opamp DC gain appears to be responsible for the
reduced SNR. Three indirect methods of estimating the opamp DC gain indicate a low
opamp DC gain o40 dB ta16 dB . A SC amplifier circuit that is insensitive to low
opamp gain such as [Martin87], would be a better choice for the next implementation. The
double-sampled modulator exhibits an image signal as low48s1B relative to the

signal. This is probably caused by capacitor mismatch in the first stage.



Chapter 5

SC Bandpass Sigma-Delta Modulator
Design In a Digital CMOS Process

As we discussed in Chapter 2, to be cost effective it is desirable to implement analog SC
circuits in standard digital CMOS processes where linear poly-to-poly capacitors are not
available. In a single-poly process, a relatively low specific value linear capacitor is

formed using poly and metal as electrodes and field oxide as insulator. Another option is

to use MOSFET gate capacitors in the strong inversion or accumulation regime.

In this chapter, the linearity of MOSFET gate capacitors in strong inversion and
accumulation is studied first. Measured CV-plots 0.5 um CMOS technology will

show that MOSFETSs biased in strong inversion are more linear than MOSFETSs biased in
the accumulation regime due to a gate-poly depletion effect. Distortion caused by non-
linearity of capacitors in a SC amplifier is then analyzed and some simulation results are
presented. Finally, the design of a fourth-order bandpassmodulator, using a

PMOSFET transistor as a linear capacitor, is described.
5.1 MOS Capacitor

A MOS capacitor uses polysilicon and semiconductor as the two parallel plates and silicon
dioxide as insulator. In a CMOS process, gate poly and device well are used as electrodes
and the thin gate oxide serves as the insulating layer. Figure 5.1a shows the structure of a
MOS capacitor with p-well as the bottom plate. A MOSFET transistor is made by adding

source and drain to the sides of the MOS capacitor, as shown in Figure 5.1b.

130
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Drain Gate
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gate oxide e / gate poly
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Figure 5.1: Structure of (a) a MOS capacitor and (b) an nMOSFET transistor

MOS capacitance is dependent on the gate to bulk voltage and is strongly non-linear. For a
negative gate voltage; <0 , holes will be attracted to the surface ($ih8&face) of
the p-type semiconductor. This mode is called accumulation and the MOS capacitor

resembles a parallel plate capacitor with a capacitance per unit area of

m

CGB:C0X=t—°—X (5-1)
where g, is the oxide dielectric constant ang is the oxide thickness. When the
applied gate voltage B<vg <V, , the holes are repelled from the surface and a negative
depletion layer is formed near the surface. In this regime, called depletion, the MOS
capacitor has two dielectrics (the gate oxide and the depleted silicon) in series. Thus, the
MOS capacitance in depletion mode is given by the series combination of the gate

capacitanceG,, ) and the depletion capacitance,

o, o
IjOX SI[j

Here, e ; is the semiconductor dielectric constantdnd is the depletion layer width. As
gate voltage is increased, the depletion layer width increases and hence the gate to bulk

capacitance decreases.

If the gate voltage is increased beyond the threshold voltagev, , the concentration of

attracted electrons at the surface will be greater than the concentration of the holes at the
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surface. This condition is called strong inversion. The inversion layer below the oxide
provides the bottom plate of the capacitor, and the gate to bulk capacitance is given by the
oxide capacitanced,, ). In the two-terminal MOS capacitor, the inversion layer is formed
by the thermal generation of carriers, which is a slow process. In a MOSFET capacitor, the
source terminal will provide carriers for the formation of the inversion layer. Thus, the
characteristic of a MOSFET capacitor at high frequency will be the same as the low

frequency C-V characteristic of the two-terminal MOS capacitor.

The theoretical C-V characteristic of an nMOSFET, using analytical results in
[Tsividis87], is shgwn in Figure 5.2.
[&]

Accumulation Strong inversion

CG B/ Cox
(Normalized gate-substrate capacitan

Depletion

-5 0 5
vgg (Volts)

Figure 5.2: Analytical C-V characteristics of an nNMOSFET transistor

As we can observe in the C-V plot, Figure 5.2, the MOSFET capacitance is relatively

linear (or weakly non-linear) in the accumulation and strong inversion regimes.

The capacitance of a voltage-dependent non-linear capacitor can be expressed in Taylor

series form by
C(V) = Co(l+agv+a,v +..) . (5-3)

Typically, voltage coefficients of the cubic and higher terms are small and the capacitance

can be approximated by the first three terms in equation (5-3).
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The voltage coefficients of a MOSFET capacitance in strong inversion are given by
[Behr92]

2
a, = — i 5 (5-4)
Vr=V{
and
2
a, = i3 (5-5)
Vr=Vy

Here, @, is the thermal voltage aM,  is the bias voltage. In accumulation, the voltage
coefficients are given by similar expressions With being substituted with the flat-band
voltage Vg ). Therefore, the non-linearity of the MOSFET capacitor in strong inversion

and accumulation regions are theoretically almost identical.

In the above analysis, it is assumed that the poly gate is degenerately doped. In some
advanced processes, the poly gate is doped along with the source and drain diffusion. In
this case, the gate is not doped degenerately. A positive voltage on the gate electrode will
pull the electrons in the polysilicon to the top, and the bottom of the poly gate will be
depleted. Therefore, the effective dielectric thickness of the capacitor will increase. This
phenomenon, known as “poly depletion,” will cause a slight roll-off in the C-V curve in

the strong inversion region near the supply voltage.

Figure 5.3 illustrates C-V characteristics for an nMOSFET transistofiB gam CMOS
technology obtained from silicon measurement (solid line) and simulation (dashed line)
using the MISNAN model. Note the negative slope in strong inversion of the measured
(solid line) C-V curves. As we can observe in this figure, poly-depletion is not modelled
by MISNAN and linearity of a MOSFET in the accumulation regime is optimistically
predicted to be high. Similarly, linearity of a MOSFET in the strong inversion regime is
predicted pessimistically to be low by the MISNAN model. Gate-poly depletion appears to
largely compensate the non-linearity of MOSFET capacitors in the strong inversion

regime.

The C-V characteristic of pMOSFET is shown in Figure 5.4.
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Figure 5.3: Measured (solid line) and simulated (dashed line)
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Figure 5.4: Measured (solid line) and simulated (dashed line)
C-V plot of a pMOSFET
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Both nMOSFET and pMOSFET are strongly non-linear inteV <vgg<2V range
and only weakly non-linear when MOSFETs are biased by more 2hén in either
accumulation or strong inversion regimes. From the measured C-V plots, we can see that
both MOSFETs exhibit a better linearity in the strong inversion regime than in the

accumulation regime. This has been verified in Matlab and will be discussed below.

Using thepolyfit feature in Matlab (least squares algorithm), the fiost () and second
(a,) order voltage coefficients of measured MOSFET capacitance are found for different
ranges ofvgg . Table 5.1 and Table 5.2 summarize the results for the nMOSFET and
PMOSFET transistors respectively.

Measured Simulated
Condition

v | v | o v | ayv

Strong InversionZ V<vg;g<3V )| 0.0279 0.005p 0.0327  0.0045

Accumulation (3 V <vgg<-2V) 0.125| 0.0174 0.145/ 0.0251

Strong Inversion§ V <vg;g<4V ) 0.005 0.0012 0.0162 0.0016

Accumulation ¢4 V<vgg<-3V ) 0.045| 0.0049 0.011p 0.0014

Table 5.1: nMOSFET capacitance voltage coefficients

Measured Simulated

Condition
VY | oV | e v | o)

Strong Inversion{3 V <vgg<-2V 0.04294 0.0077 0.0534 0.0079

Accumulation @ V <v;g<3V ) 0.1264| 0.0180 0.1079 0.0182

Strong Inversion{4 V <vg;g<-3V 0.0162 0.0027f 0.0499 0.0064

Accumulation 8 V<vgg<4 V) 0.0403 0.003¢ 0.013¢ 0.0017

Table 5.2: pMOSFET capacitance voltage coefficients

For similar gate to substrate voltages, MOSFETSs biased in strong inversion consistently

have a significantly better linearity than MOSFETS operating in accumulation regime.

For low-voltage linear SC circuits, it is desirable to extend the linear portions of the C-V
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curve closer to the;g = 0 axis, so that less bias voltage will be required to operate the
MOSFET in the strong inversion (or accumulation) regime. Myw-  natural MOSFETs
are suited very well for this purpose. Due to their low threshold voltage, natural
MOSFETSs have a wider linear range in the strong inversion regime. Figure 5.5 shows the
C-V plots for both a natural MOSFET and a threshold adjusted MOSFET transistor.

CG B/ Cox
(Normalized gate-substrate capacitance)

vgg (Volts)

Figure 5.5: Simulated C-V characteristics of a Mwatural NMOSFET
(dashed line) and a threshold adjusted nMOSFET (solid line)

Note that the linear range of natural NMOSFET capacitance is increased (compared to that
of the threshold adjusted nMOSFET) in the strong inversion region at the expense of a

reduced linear range in accumulation.
5.2 Distortion in SC Amplifier Caused by Non-linear Capacitors

Non-linear capacitors cause distortion in SC circuits. Consider a single-ended SC
amplifier as shown in Figure 5.6. Capacitors are assumed to have a similar non-linearity

and their capacitances are approximated by

Cq = Cgy(1+av+a,y’) (5-6)



Chapter 5- SC Bandpas&A Modulator Design in a Digital CMOS Process 137

and

2
Cy = Cyo(l+av+a,v). (5-7)

i o

1

Figure 5.6: A single-ended SC amplifier

Assuming an ideal opamp, charge conservation on the sampling cap@gitor () and the
holding capacitor@,, ) during; ang, Yyields

10_ CS

opl* 307 ¢, Mip(") - (58)

Vv

If the capacitors are linear, the output of the SC amplifier is a scaled version of the input

signal delayed by a half-clock period.

For non-linear capacitors, substituting (5-6) and (5-7) into (5-8), the above difference

equation becomes

2
1+ O‘1Vip(”) + O‘zVip(”)

op%1 0= SO

on(n) . (59)
207 Ty L+ ayvo(n+1/2) +avo(n+1/2)

Fora, «1 anda, «1 , the input-output difference equation can be approximated by

10_ CsoO 1 2 20 .1 O
Vop ZH Cj;%yip(n) + al[vip(n) _VOp%” Eavip(n) +az[vip(n) —vop%w EB}vip(n)g .(5-10)

The above transfer characteristic indicates that a non-linear capacitor causes non-linear
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errors at the output of the SC amplifier.

Let us assume that the input signal is a sampled sinusoid given by
vip(n) = Vipcos(an) (5-11)

If the non-linear coefficients are small, the output of the amplifier in the error terms of
equation (5-10) can be approximated to the first order by the output of an ideal SC
amplifier,

Cq

L1i0_ =0 ]
Vop ZD CHOD/ cos(nwT) . (5-12)

Substituting (5-11) and (5-12) into (5-10) and using the following trigonometric identities

(cosA)? 11’-9;—32—5 and  (cosA)® 3°°SAZ COSA ~ (513)
equation (5-10) becomes
2o o 15 sy, |y 30,5 0203«2 V. cos(nwT) (5-14)
V = — .+ + —— — —l . . cos(nw -
opd 207 Cppp E2 0 Cuon P 40 Cﬁog ip|Vip
0,0 Cgp ,0 c2o .
+ 71%1 c. I]\/ cos(2nooT) +— EL %E\/%cos(:%nuﬁ)ﬁ

The second term in the brace brackets on the RHS of the above equation is the output at
the fundamental frequency. The first term is an offset, the third and fourth terms are the
error terms containing the second and third harmonics of the signal. Using the following

definition fork -th harmonics,

Signal Amplitude atkw)
Signal Amplitude at Fundamentab)

HD, = (5-15)

the second and third harmonics for the SC amplifier circuit are found to be approximately

HD,

H

olo
8

a0 0
S O- D/ (5-16)
0 ol

and
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HD.= 22| 1 ECSOELfvz 5-17
T en | P ()

In a fully differential circuit, the second harmonic component is rejected at the output.

Example 5.1: In the SC amplifier of Figure 5.6, the gain of the circu.5 , opamp and
switches are ideal, and capacitors are poly-poly capacitors with voltage coefficients of
a, = 10 ppm/V and a, = 10 ppm/\/2 . For a2 V peak-to-peak input sinusoid, the
second and the third harmonics are calculated from (5-16) and (5-17) respectively to be
HD, = -102.5dB and HD; = -110dB. If capacitors are implemented with
PMOSFETs in strong inversion with voltage coefficients cof = 42 kppm/V and
a, = 7.7 kppm/\/z, the distortions will b&HD, = —45.6 dB andD; = —78.4 dB for

al Vpp input signal.

5.3 A SC Delay Circuit Using pMOSFET Capacitors

In section 5.1, it was shown that pMOSFETSs biased in strong inver\sgg]<(|vtp| )
exhibit a weakly non-linear behavior over a small gate-substrate voltage range. For
instance, measured C-V characteristics show that fioa signal swing in the range of
-3V <ygg<-2V, the voltage coefficients of the MOSFET capacitor are
a, = 42 kppm/V anda, = 7.7 kppm/\; . The schematic of a fully differential SC gain
stage with unity gain during; and a gain of half duripg , using pMOSFET capacitors,
is shown in Figure 5.7. The differential structure cancels even-order harmonics, reducing

the importance ofx;

TransistorsM1 and3 are equal size pMOSFETSs Mrd Is made of two pMOSFETS
identical toM1 . All pPMOSFET capacitors are biased to operate in strong inversion by
means of different input and output common mode voltages. The gates of the pMOSFETSs
are connected to the input common-mode level and the bulk terminals (which is shorted to
the drain and the source) are connected to the (higher) output common-mode level. For a
signal swing ofvIop with respect t& , the operating gate-to-substrate of the

PMOSFET voltage is

ocm
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Figure 5.7: SC delay cell using pMOSFET capacitors

pp[] p
|cm S/ocm+7ﬂ< VGB icm %locm oo (5-18)

If the input common mode voltage is setltd/ and the output common-mode is set to
3.5V, then with a1V peak-to-peak signal the pMOSFET will operate in the strong

inversion regime with a gate-to-bulk voltage-&V <vgg<-2V

For al Vpp sinusoid input signal, the output signal will& Vpp duggg , with a
delay of a half-clock period. Due to the weak non-linearity of the pMOSFETS in strong
inversion, a third harmonic is also generated. The voltage coefficignt that is
responsible for the third harmonics was calculated (Table 5.1) % 7bkeppm/V in the
operating regime of3 V <v;g<-2V . The third harmonic distortion is calculated from
(5-17) to be-78.4 dB .

This circuit was simulated in Eldo using an ideal opamp with a gait06fdB , ideal
switches with an on-resistance dfQ , andVa L = 30 um /10 um PMOSFET as

unit capacitor. The non-overlapping clock had a frequenc$0&f MHz and the input
signal was d Vpp sinusoid with a frequency9o®9 MHz . The output spectrum, Figure
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5.8, has a tone at the input frequency (its fundamental frequency) and a third harmonic

whose power i80 dB below the output power at the fundamental frequency.

o
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Figure 5.8: Output spectrum of the fully differential SC gain stage,
Figure 5.7, duringp, .

As we can see in Figure 5.8, no second harmonic is generated at the output due to fully
differential implementation of this circuit. In a real implementation, mismatches and

offsets would cause a non-zefd,

During @, , the output is ideally an exact replica of the input delayed by a full clock
period. Since the gate to source voltage of the pMOSFET capadifors Maand are the
same, no distortion should appear at the output. This argument is verified by simulation

and Figure 5.9 illustrates the output spectrum dugng

5.4 A Fourth-Order SC Bandpass Sigma-Delta Modulator Using
PMOSFET Capacitors

The fourth-order bandpag3\ of Figure 4.21 can be implemented in a standard digital

CMOS process by replacing all the poly-poly capacitors with pMOSFET capacitors. The
modified schematic is shown in Figure 5.10, where pMOSFET capacitors are biased in
strong inversion. In this circuit all the pMOSFET capacitors are identical with a gate area

of WL, except for the two marked by asterisk which have a gate a®& lof
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Figure 5.9: Output spectrum of the fully differential SC unity gain
stage, Figure 5.7, during

As was mentioned in the previous section, a unity gain operation (not involving
summation) does not produce any harmonics. Thus, operations involving distortion
include transitions fronp, t@, in the first and second delay cells, as well as transition
from @, to @; in the third delay cell. The fourth delay cell has a unity gain (in both
phases) and is not used in a summing configuration, and therefore is free from any

distortions.

This circuit was simulated in the Eldo analog simulator using nearly ideal opamps (DC
gain of 60 dB), ideal switchesl(Q on-resistance), and the pessimistic MISNAN model
for pMOSFET capacitors. All pMOSFET capacitors are bia2édV into in strong
inversion by selecting input and output common mode levels to Bievat  3.8nd
respectively. Figure 5.11 shows the output spectrum of the modulator for an input sinusoid
of 6 dB below full scale amplitude and a frequency2df9 MHz . The non-overlapping
clock frequency was set td00 MHz . Simulated SNR 98 dB &8idB for
bandwidths o200 kHz and MHz respectively.

Design Considerations

In order to properly bias pMOSFET capacitors in the strong inversion regime, an opamp
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Figure 5.11: Output spectrum of the fourth-order SC bandpass sigma-delta
modulator of Figure 5.10 for an input signaléafB below full scale

with different input and output common mode levels is required. An efficient opamp
architecture having different input and output common mode voltages is a non-folded
cascode opamp, as discussed in section 4.6. The schematic of the opamp (not including

the CMFB circuit) is repeated in Figure 5.12. The input common-mode leteVis and

T
Vem Vs Vem
+4 P5 Psﬁ—q P4 P6p¢

Figure 5.12: A fully differential cascode opamp

the output common mode voltage is38b V . The output signal swing raggeSis/

with respect to the output common-mode voltage. Simulated characteristics of the opamp
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designed in thes V  option of the HCMOS5a proce8$H (um CMOS from SGS-

thompson) are given in Table 5.3.

Parameter Value
DC gain 61 dB
Unity gain frequency 360 MHz
Phase Margin 63°

Slew rate 500 Mis

Differential Output swing 2V
Power dissipation
5 mW
(not including CMFB circuit)

Table 5.3: Simulated characteristics of opamp for 1pF load capacitance

Power supply voltage wasV  and the tail current tvasA

The design considerations for capacitor size and switch on-resistance are similar to those

described in section 4.6 of the previous chapter.

If low threshold natural MOSFETs are available in the process, they can be used as
switches, pMOSFET capacitors, and as input differential pair transidtdrs ( Nand in
Figure 5.12) to further optimize the circuit. A lower threshold voltage helps reduce the on-
resistance of switches, increases the linear region of the pMOSFET capacitor in strong

inversion, and reduces the input common-mode level.

5.4.1 Linear Charge Processor Viewpoint

In section 2.5.3, it was shown that SC circuits are linear charge processors from input to
output. To a first-order approximation, linearity of SC circuits in the charge domain is
independent of the non-linearity of the capacitors. However, since external signals are
typically in the voltage domain, a linear input/ Q and outQutVv converter are

required.

The output of a SCA modulator is a digital bit stream and as such no lifgav

converter is needed at the output. Input capacitors are the only critical components that
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must be linear.

A metal-metal capacitor seems to be a good choice for input capacitors. Mismatch
between a metal-metal capacitor and a MOSFET capacitor is expected to be large,

however, that causes a gain error which is not importanEfraodulator.

Our unity gain delay circuit is a special case of this charge domain principle where the

circuit is also linear in the voltage domain.
5.5 Summary

In this chapter, non-linearity of MOSFET capacitors i90.& um CMOS process was
studied. It was shown that MOSFETSs biased in the strong inversion regime have a better
linearity than MOSFET capacitors biased in the accumulation regime because gate-poly
depletion partially compensate the non-linearity in strong inversion. The voltage
coefficients of a pMOSFET biased.5 V in strong inversion are measured to be
a, = 42.7 kppm/Vanda, = 7.7 kppm/\/2 , for a voltage swing a&f0.5 V . The impact

of capacitor non-linearity on the performance of SC delay circuit was then analyzed.
Finally, the design of a fourth-order bandpass sigma-delta modulator tolerant to MOSFET

capacitors was presented along with Eldo simulation results.
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Conclusions and Future Work

The rapid advance of CMOS technology into the deep submicron regime continues to
improve the speed and packing density of integrated circuits. Device miniaturization, in
deep submicron geometries, requires supply voltage down-scaling to ensure reliability. In

the first part of this thesis, low-voltage circuits were considered in detail.

In deep submicron CMOS technologies, velocity saturation causes circuit speed
improvement to slow down from 1.4X to about 1.2X every generation. Low voltage is also
known to compromise circuit speed. The second part of this thesis therefore focused on

high-speed SC circuit techniques.

Low cost implementation of a mainly digital mixed-signal circuit requires analog circuits
to be implemented in a standard digital CMOS process where double-poly is not available.
In the last part of this thesis, linear SC circuit techniques in a digital CMOS process were

investigated.
6.1 Summary

In Chapter 2, CMOS scaling in deep submicron was reviewed. In deep submicron
technologies, the supply voltage is being scaled down to assure device reliability. In
conjunction with the supply voltage, threshold voltage of MOSFETSs is scaling down to
attain circuit speed. Low voltage analog and digital circuit techniques were reviewed. For
low-voltage analog circuits, SC and Sl circuits were compared and it was shown that the
SC technigue has advantages over the Sl technigue from a signal-to-noise ratio point of

view.

147
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Chapter 3 described low-voltage SC design techniques using low threshold voltage
MOSFETs. Two methods for achieving Iofy-  MOSFETSs in current CMOS processes
were discussed. In the first scheme, natural threshold voltage MOSFETSs fabricated in a
dual poly gate CMOS processes (wify [1200— 300 mV ) were proposed for low-
voltage mixed-signal circuits. The second method took advantage of short-channel effects

and used short-channel MOSFETSs as low-voltage analog switches.

Low threshold voltage MOSFETSs are leaky and a detailed analysis of the effects of leaky
switches on the accuracy of SC circuits was provided. Methods of reducing the off-current
through MOSFET switches were described. These methods are (1) limiting the signal
swing, (2) adjusting thev, by back bias, and (3) using novel low-leakage series

transmission gate and composite switches.

Two experimental low-voltage SC sigma-delta modulators were presented. In the first
design, an existin§.3 V  second-ord& modulator in &@.8 pm BiCMOS process was
modified to operate &.25 V . The modification involved reducing the channel length for
all the switches fron®.8 um to 0.6 um. The new design operates at a clock frequency of

2 MHz and achieves a SNDR 82 dB  for an oversampling rati@5 . In the second
design, al V first-order SC sigma-delta modulator using low threshold voltage natural
MOSFETs was reported. This modulator was tested at a clock frequetdylldg . For
an oversampling ratio dfi28 the measured SNDR is abduiB

In Chapter 4, high-speed SC bandpa&snodulators were discussed. In the sampled-data
domain, a direct implementation of resonators for bandpass sigma-delta modulator
requires an efficient sample-and-hold circuit. A SC delay circuit was described and a novel
double-sampled SC delay circuit was introduced. The impacts of circuit non-idealities on
the performance of a simple SC delay cell and the double-sampled delay cell were
analyzed. Two SC implementations for a fourth-order bandpAssnodulator were
presented. The first design was a high-speefl/S@odulator based on a SC delay circuit
and the second design was a double-sampled@S@odulator, based on the double-
sampled SC delay cell. Both designs were implementedié am CMOS process. The
single-sampled modulator was tested a8arMHz clock frequency. For an oversampling
ratio of 40 the measured SNDR is abd@dB . The modulator constthesV from a
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3.3V power supply. The double-sampled modulator was also test8d lsliHz . The
effective sampling frequency for this modulatod® MHz . Due to capacitor mismatch,
the image signal was abodd dB  below the input signal. Measured SNDBR d8
(limited by the image) for an oversampling ratiol®  (bandwidtb MHz ).

Chapter 5 explored the feasibility of using MOSFETSs as linear capacitors in a SC circuit.
It was shown that in 8.5 um CMOS process, MOSFETSs biased in strong inversion are
more linear than MOSFETSs biased in the accumulation regime. An analysis of distortion
due to non-linearity of MOSFET capacitor in a SC delay cell was presented. Finally,
design of a SC fourth-order bandpass sigma-delta modulator using pMOSFET capacitor

was described.

6.2 Conclusions

Through analyses, simulations, and measurements of some experimental circuits, we
demonstrated that mixed-signal linear SC circuits

» will scale down to at least V

e can operate up td60 MHz in 85 pm CMOS using a double-sampled SC

technique.

» are realizable in a standard digital CMOS process using MOSFET capacitors in strong

inversion or accumulation.
6.3 Future Work

High-performance SC design from the perspective of this thesis, namely at low voltages,
high speeds, and implemented in a digital CMOS process, needs further development.

Some promising areas of research are as follows:
Low-Voltage SC

In this thesis, we showed that low threshold voltage MOSFETSs are suitableMfor
mixed-signal application. The next step is to integrate a second-order sigma-delta
modulator with the decimation filter in order to demonstrate high resolutidrvat and

see if noise coupling from digital circuit will degrade the SNR performance.
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High-Speed SC

A major limitation of a double-sampled SC circuit is image problems caused by mismatch
between the two channels as well as non-uniform sampling. Architectures that are immune
to mismatch would be an interesting area for research. 2 modulator, the effect of

channel mismatch might be compensated for by an LMS algorithm in DSP.
Linear SC in a Digital CMOS Process

In this dissertation, it was shown that poly-depletion causes MOSFETs to behave more
linearly in strong inversion than in accumulation regime. Further investigation and

implementation of some SC test circuits are required to verify this property.

In summary, analog SC circuit techniques remain viable and vital in the design of high-

performance mixed-signal circuits in deep submicron CMOS technologies.



Appendix A

MOSFET Equations

The bgVps characteristic of MOSFET in strong inversiongg>V, ) can be

approximated by an  -power law [Sakurai90] as follows:
ips = Blvgs—Vp© (A-1)

V, is the threshold voltage of the MOSFEIT, is the velocity saturation index which is a
number less than 2, afd  is:

w
L

B = SHCox (A-2)

In this equationp is the carrier mobilit;,,  is the gate oxide capacitafice, is the
MOSFET channel width, and is the MOSFET channel length.

The delay time of an inverter (using results in [Burns64]) is then approximately

C,V
T, = — & Db (A-3)
D a
B(Vpp—Vy)

whereC, is the load capacitance.

For vgg<V,, NMOSFETs operate in weak inversion (or subthreshold regime) with an

t 1
exponentiai g—Vgg relationship as follows:

VGS_VtD _VlSD

. _ W _ ng ¢
ibs = lpope  f-e g (A-4)

0 0
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Here, ¢, is the thermal voltage aid, the MOSFET specific current (the value of the
drain current for unit transisto’A(/L = 1 ) with gate to source voltage biased at
threshold voltage), and is the subthreshold slope factor. The equations for thermal

voltage, the specific current, and subthreshold slope factor are:

KT
= — A-5
% =5 (A-5)
_ 2
IDO - ucox(pt (A6)
C
D
n=1+— (A-7)
COX
Here, k is the Boltzman constank, is temperature in degree KelvinCgnd Is the

depletion layer capacitance.



Appendix B

Natural MOSFET Characteristics

Low-V, natural threshold voltage transistors can be fabricated as an option in a dual poly
gate CMOS process. A process designed for 1V operation may be further simplified by
eliminating the steps required for hot-carrier reduction i.e., LDD (Lightly doped Drain)

implant and formation.

Natural threshold voltage MOSFETs were fabricated i®.% um CMOS process by
removing the threshold adjust masks and implants. Figure B.1 and Figure B.2 show the
measured g and G, versus gate voltage for 20 pum /0.5um NMOSFET and a
20 um /0.5pm pMOSFET biased qt/DSI = 0.1V respectively. Fd6 um channel
length, the threshold voltages are measured tadZmV l1@ndnV for nMOSFET
and pMOSFET respectively and subthreshold slopes are 80ouv/decade

Measured sV pg characteristics for natural threshold nMOSFET and pMOSFET are
illustrated in Figure B.3 and Figure B.4 respectively. In this technolagy, for an
NMOSFET is1.27 and for a pMOSFET 1s32
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Ip (A), Gm(AIV)

Figure B.1: Measuregl(A) and G, (A/V) versus \gg (V) for
“natural” nMOSFET

lIo (A)], Gn(AIV)

Figure B.2: Measuredjl(A)| and G, (A/V) versus \gs (V)
for “natural” pMOSFET
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Figure B.3: Measured nMOSFEJ4V ps characteristics gs ~ (Vgs V)12’
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Figure B.4: Measured pMOSFEJ4V ps characteristics gs ~ (Vgs V)12
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