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Chapter 1 Introduction

The cost of digital signal processing (DSP), compared to analog signal processing
(ASP), generally decreases with lower power supplies and smaller feature sizes from
advanced technologies. The reusability of codes used to automatically synthesize DSP
circuits is usually very high between different technologies. DSP compared to ASP can
also implement more complicated and robust functions and there is no need to tune
analog components such as R, L and C. The real world, however, is full of analog signals
such as sound, video, light and temperature. To make DSP possible, analog signals have
to be first converted to digital signals. Analog-to-digital converter (ADC) plays an
important role in signal processing by performing analog-to-digital conversion.
Depending on the applications, ADCs could have different signal bandwidths (BWs) and

resolutions.

1.1 Motivation

Medium to high resolution sensor applications are becoming more and more
widespread  [1-1][1-2][1-3]. Examples include electrocardiogram (ECG),
electroencephalography (EEG), strain gauge, gas detector, differential pressure
transducer, weighing sensor, etc. A complete analog-front-end (AFE) is often needed in
these applications to convert small analog signals to be measured to digital signals which

carry the input information and will be processed by DSP circuits.

|| Trans- Digital
Input ducer ADC processing Output

Figure 1-1. Analog-front-end composition.
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Fig. 1-1 shows the composition of a typical AFE. The transducer is used to convert
physical signals to be measured to voltage, current or charge. Usually the converted
signal is very weak in amplitude and needs to be amplified by the amplifier which could
be a programmable gain amplifier (PGA) or a low noise amplifier (LNA), before being
converted to digital signal by the ADC following the amplifier. A small-scale digital

circuit may also be included for interfacing with DSP circuits.

The sensors containing AFE are usually portable and powered by battery. Therefore,
low-power operation is very crucial in these sensor applications. The ADC is the core of
the AFE and consumes considerable amount of the AFE total power. The conversion
accuracy required in some sensor applications could be as high as 16 bits. Compared to
audio applications, absolute accuracy (offset, offset temperature drift, gain error, gain
error temperature drift) is also important. Developing low-power high-resolution ADC

structures for sensor applications becomes the design target of the thesis work.

AR.esolutiorl [bits]

incremental
AY

] 1 ] 1 ] ] 1 ]
=
T 1 I a
10 100 Ik 10k 100k M v 1woom  Bandwidth [Hz|

Figure 1-2. Applications of A/D converter structures for typical resolution and bandwidth
requirement

Although the signal bandwidth could be designed up to one half of the clock frequency
for Nyquist-rate ADCs (pipelined ADCs, flash ADCs, interpolating ADCs, etc), the
achievable effective number of bits (ENOB) rarely exceeds 15 bits, even with
sophisticated analog and digital calibration schemes. Shown in Fig. 1-2 [1-4], compared

to Nyquist-rate ADC, delta-sigma ADC and incremental ADC is well-known for their
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capability of achieving very high conversion resolution (>16 bits) with less accurate
analog building blocks [1-4]-[1-14]. This comes with the price of reduced signal

bandwidth or increased clock frequency.

1.2 Thesis Organization

The remainder of the thesis is organized as follows. Chapter 2 discusses some existing
design techniques for low-power high-resolution ADCs and introduces the proposed
delta-sigma ADC architecture featuring two new low-power design techniques. Chapter 3
shows the circuit implementation of the proposed DSADC. Main building blocks such as
first integrator, second integrator, DCT adder, 15-leve internal quantizer, DWA logic, are
described in details. Chapter 4 deals with evaluation board setup and chip measurement
results. Two new design techniques are introduced in chapters 5-6. Chapter 5 describes a
low-power parasitic-insensitive switched-capacitor integrator for delta-sigma ADCs. A
switched-resistor tuning technique for highly linear Gm-C filter is presented in chapter 6.

Chapter 7 concludes this PhD dissertation.
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Chapter 2 Design Techniques for Low-Power High-Resolution ADCs

2.1 Delta-Sigma Modulation Techniques

2.1.1 Oversampling Technique

PSD

/ In-band quantization noise

/N /N /\ /N / / / / / / / / / / / /

[
>

0 fo fs/2 Frequency

Fig. 2-1. PSD reduction of quantization noise by using oversampling technique.

The oversampling ADC usually samples the input signal at frequencies much higher
than Nyquist frequency and trades conversion speed for conversion accuracy. Fig. 2-1
shows how the quantization noise power spectral density (PSD) of the ADC gets reduced
by oversampling technique. The rectangular area representing the total quantization noise
power is unchanged regardless of different sampling frequencies. However, the PSD of
the quantization noise gets reduced with increased sampling frequency. The integrated
quantization noise power from DC to fixed frequency of interest f;, also gets reduced. The
ratio of sampling clock frequency over Nyquist frequency is called the oversampling ratio
(OSR). Every doubling of sampling frequency halves the quantization noise spectral

density and improves SNR by 3dB [2-1].

2.1.2 Noise-Shaping Technique

Another way of suppressing quantization noise is to use noise shaping technique [2-2].

Fig. 2-2 shows the general single feedback delta-sigma modulator topology which shapes
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quantization noise to out-of-band frequencies. The modulator output V,.,(z) is a weighted

combination of signal input Vj,(z) and quantization error Q(z),

Vou(2)=Vin(2)*H(2)/(1+H(2))+Q(2)/(1+H(2))=Vin(2)*STF(2)+Q(2)*NTF(z)  (2-1)

Q(z)

()w vt

Fig. 2-2. General single feedback delta-sigma modulator topology.

STF(z) stands for the signal transfer function in z-domain and NTF(z) is short for noise
transfer function in z-domain. [STF(z)| is usually near unity in the signal bandwidth and
can be compensated in the digital post processing. For a low-pass delta-sigma modulator,
INTF(z)| shows a high-pass function and filters out most of the low-frequency energy of
the quantization noise. Fig. 2-3 shows the high-pass function from the NTF of the low-

pass delta-sigma modulator.

a 1) Out-of-band 1™ NTF
o quantization N
noise \ N
NI \
AN AN
\ N N
\ N NI
NN N0 N
In-band AR NN N
. . AN
quantization AN NN N
noise AR N N SN
\ N N \ N N
N\ N N \ N \ N
N N \ N N N N
N N\ \ N \ \ \ N
AN AN AN AN AN AN AN
AN AN AN AN AN AN AN
0 fo fs/2 Frequency

Fig. 2-3. High-pass function from the NTF of the low-pass delta-sigma modulator.
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Combining the advantages of oversampling technique and noise-shaping technique,
oversampling delta-sigma ADC makes good trade-offs between speed and accuracy and

the achievable accuracy could be over 16 bits.

2.2 Design Considerations for High-Resolution ADCs

2.2.1 Incremental ADC vs. Delta-Sigma ADC

ResetE stset 5l{eset

o1 o1 21
& 9 e e 12 1[; 121 s
Vin Vi, 1"1'2 Via

DAC

Fig. 2-4. Block diagram of a high-order feed-forward incremental ADC.

Fig. 2-4 shows the block diagram of a high-order feed-forward incremental ADC [2-3].
The working principle of the incremental ADC is similar to that of the oversampling
delta-sigma ADC. However, they differ in a few ways: The decimation filter of the
incremental ADC can be as simple as a cascade of a few integrators, while for delta-
sigma ADC there is no straightforward design for decimation filter; it is easy for
incremental ADC to be time-interleaved, while for delta-sigma ADC complicated post
processing circuitry may be needed; compared to delta-sigma ADC which operates
continuously, incremental ADC needs additional switches and digital logic circuitry to
periodically reset its internal memories for normal operation; for the same modulator
parameters such as loop order, OSR and internal quantizer resolution, incremental ADC
suffers SNR loss because the order of digital decimation filter is usually one order less

than that of its counterpart [2-4].



2.2.2 Discrete-Time vs. Continuous-Time

Opamps are usually employed in discrete-time (DT) switched-capacitor (SC) delta-
sigma ADC to build up integrators. The opamp loop unit-gain-bandwidth (UGB),
controlled by the feedback factor and the opamp open-loop UGB, usually needs to be a
few times the sampling clock frequency to settle opamp output to the desired accuracy.
For continuous-time (CT) delta-sigma ADC, however, waveforms change continuously
and the restriction on opamp loop UGB is usually relaxed. Therefore, CT delta-sigma
ADC usually can be clocked 3 to 5 times faster than its counterpart for the same sampling

clock frequency [2-5].

The anti-aliasing filter which consumes a considerable amount of power is usually
needed before the input to the DT delta-sigma ADC to suppress signals around multiples
of the sampling clock frequency. For CT delta-sigma ADC, the requirement for the anti-
aliasing filter can be greatly relaxed or even eliminated, since CT delta-sigma ADC has

inherent anti-aliasing characteristic.

However, there are a few reasons why DT delta-sigma ADC is preferred in high-
resolution applications over its CT counterpart. The sampling in DT delta-sigma ADC
happens at the signal input and only the input is affected by the clock jitter. The sampling
in CT delta-sigma ADC, in contrast, happens at the input of the internal quantizer, which
means the jitter affects the sum of the input plus quantization noise. Most of the charge in
DT delta-sigma ADC is transferred at the start of the clock phase and the error of the total
amount of charge transferred in one clock phase due to clock jitter is usually very small.
For CT delta-sigma ADC, charge is usually transferred at a constant rate over the clock
phase so the charge error due to jitter is relatively large compared to DT case [X].
Therefore, CT delta-sigma ADC is usually more sensitive to clock jitter than its DT
counterpart. For high-resolution ADC applications, the requirement on clock jitter

performance for CT delta-sigma ADC is very stringent [2-6].

The RC time constant of the CT delta-sigma ADC usually needs to be tuned to make

sure the modulator loop is stable and the signal-to-quantization noise ratio (SQNR) is not
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severely degraded. For DT SC delta-sigma ADC, the loop coefficients are dependent on
the capacitor matching which could be very accurate. Therefore, DT delta-sigma ADCs

are usually robust and insensitive to capacitor value variations.

The voltage coefficient (VC) of the metal capacitor may be a lot better than that of the
resistor. The sampling linearity at the input of the first integrator puts an upper limit to
the overall achievable linearity of the modulator. For high-resolution applications, metal
capacitor with very good VC will not limit the possible maximum input to the modulator

and the nonlinearity contributed by the metal capacitor can be negligible.

2.2.3 Loop Configuration Optimization

Single-loop modulator is usually preferred over multi-stage noise-shaping (MASH)
ADC in low-bandwidth high-resolution applications because quantization noise is easily
suppressed by the NTF with high OSRs. MASH ADC is especially useful where OSR of
the modulator is limited by the achievable sampling clock frequency and the power
dissipation budget [2-7]-[2-11]. MASH ADC, however, usually suffers from the
mismatch of analog NTF and digital NTF and calibration is needed to achieve high

resolution.

High-order modulator can be easily built up by replacing the internal quantizer with a
first-order delta-sigma modulator. More aggressive noise-shaping can be obtained from a
high-order modulator, compared to a first-order modulator. To get the same quantization
noise suppression for high resolution application, a high-order modulator may only need
a reasonably low OSR, while for a first-order delta-sigma modulator a huge OSR is not
surprising. High-order modulators also suffer less from idle tones, compared to a first-

order modulator.

Multi-bit internal quantizer offers a better white noise quantization noise
approximation and gets more aggressive noise shaping than its single-bit counterpart,
although feedback DAC linearity has to be corrected by dynamic element matching
(DEM) techniques [2-12]-[2-26].



2.3 Proposed Low-Power Delta-Sigma ADC

11

The analog power supply of the application is 5V. The resolution required is at least

16-bit effective number of bits (ENOB) over a signal bandwidth of 20kHz. The

technology available is 0.18um CMOS technology. The proposed delta-sigma ADC

architecture is shown in Fig. 2-5 below. A third-order 15-level internal quantizer discrete-

time delta-sigma modulator loop is employed to get enough quantization noise

suppression. The simulated SQNR of the proposed delta-sigma ADC is over 120dB. The

OSR of the delta-sigma modulator is 64. Low-distortion feed-forward structure [2-27] is

especially power-efficient in high-resolution delta-sigma ADC since the output of each

integrator contains only quantization noise. Fig. 2-6 shows the circuit diagram of the

proposed ADC. To reduce the power dissipation of the ADC, two new techniques are

proposed.
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Fig. 2-5. Architecture of the proposed low-power delta-sigma ADC.
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2.3.1 DCT Adder with Modified Timing
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Fig. 2-7. DCT adder.

Fig. 2-7 shows the circuit diagram of the DCT adder [2-28]. During phase @, all
sampling capacitors sample their corresponding input signals onto the bottom plates.

During phase ®,, all the bottom plates are connected to the output of the adder. The
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charge stored on these sampling capacitors is shared and the adder output is a weighted
sum of the sampled input voltages. Capacitor Cy samples the current adder output and
forms the hold capacitor across the opamp input and output during phase ®; The
feedback factor during phase @, is ideally unity. In real transistor-level implementation,
however, metal wire routing, opamp input parasitic capacitors, switches parasitic
capacitors and sampling capacitors parasitic capacitors slightly degrade the loop UGB by
reducing the feedback factor. The adder samples its input voltages during phase ®; and
outputs the sum at the end of phase @, which introduces an inherent half sampling clock

cycle delay.

The active adder needed for the feed-forward structure usually consumes a
considerable amount of the total power due to its small feed-back factor, especially for
the feed-forward structure. Compared to the conventional active adder, DCT adder
greatly saves power by keeping the feedback factor of the active adder unity and the
opamp used does not participate in the charge redistribution. However, the inherent delay
originated from the DCT adder will cause instability to the modulator and usually

complex additional branches are employed to stabilize the modulator loop.

A simple and power-efficient scheme is proposed to absorb the delay from the DCT
adder. Shown in Fig. 2-6, the DCT adder performs the addition in phase ®,, instead of
phase @, which is the case for the conventional active adder for the delta-sigma ADC.
Thus, half sampling clock cycle delay is implemented for the signal feed-forward path [2-
29] and the associated modulator instability issue is eliminated without requiring extra
compensation branches [2-30]. The capacitors from the quantizer are connected to the

adder output during phase @, as the partial load.

2.3.2 Noise-Shaping Enhancement Technique (NSET)

To further reduce the power dissipation of the modulator, a NSET is also proposed.
The underlying principle of NSET is similar to noise-coupling technique shown in Fig. 2-

8 [2-31][2-32].
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Fig. 2-8. Principle of noise-coupling technique: (a) Conventional delta-sigma modulator.
(b) Low-distortion delta-sigma modulator. (c) Low-distortion delta-sigma modulator with
first-order noise-coupling.

Fig. 2-8(a) shows the conventional delta-sigma modulator. Fig. 2-8(b) shows the low-
distortion delta-sigma modulator by adding a signal feed-forward path to the adder. Fig.
2-8(c) introduces the noise-coupling technique based on Fig. 2-8(b). Noise-coupling
technique replaces the quantization noise item Q(z) in the transfer function with high-
pass filtered quantization noise which in this case is (1-Z")Q(z). The transfer function
expresses the modulator output as a combination of the signal input and quantization
noise. Therefore, the effective noise-shaping order is increased without adding extra
integrators. Noise-coupling technique uses less active elements to implement the same
NTF and therefore saves power. Higher-order noise-coupling could also be implemented

by adding more branches.
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However, if noise-coupling is applied to the adder, the DCT adder has to be modified
and the feedback factor will be greatly reduced. As shown in Fig. 2-5, the differentiated
inverted quantization noise is fed to the input of the second integrator and then integrated.
The output of the second integrator therefore contains delayed inverted quantization noise.
The noise-shaping order of the proposed structure is effectively increased from two to
three by properly choosing the modulator coefficients dy, d;, d,, ¢, and as. The
differentiated quantization noise is implemented by charging floating capacitors shown in

Fig. 2-6, where CDAC?2 is a set of 14 small unit capacitors.
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Chapter 3 Circuit Implementation

3.1 Integrator Design

3.1.1 First Integrator

Fig. 3-1 shows the circuit diagram of the first integrator. The timing of the first
integrator is shown in Fig. 3-2. Switches S; and S, are closed during phase ®@;. Switches
S; and S,4 are closed during phase ®;,. Switches S5 and S¢ are closed during phase ©;.
Switches S; and Sg are closed during phase ®,,. Phases ®@; and ®, are non-overlapping
clock phases. Phases ®@;, and @, are advanced versions of phases @, and ®,, respectively.
Switches S; and S; are turned off slightly before switches S; and S, are turned off.
Similarly, switches S; and Sg are turned off slightly before switches Ss and S¢ are turned
off. Since the sources and drains of switches S3, S4, S;, and Sg are biased at fixed
potentials, the charge injections from these switches are to the first-order approximation
constant and introduce little non-linearity. Signal-dependent charge injections from
switches Si, S,, Ss, and S¢ are prevented because the top plates of sampling capacitors are
floating at the closing instants of these switches. This advanced cut-off technique [X]

minimizes the signal-dependent charge injection and improves the sampling linearity.
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Fig. 3-1. The circuit diagram of the first integrator.

The overdrive voltage of a regular CMOS switch varies with different input signal
amplitudes, which results in varying on-resistance of the sampling switch and therefore
signal-dependent non-linear sampling error. Bootstrapping technique [3-2] is used to
enhance the sampling linearity of the first integrator. Shown in Fig. 3-3, the capacitor C,
is charged to Vq44 during phase ®,. My is cut off in this phase by connecting its gate to
ground. During phase @, the capacitor Cy, is reconnected between the gate and source of
My. The overdrive voltage of My during @, in this case is always V44-Vi, no matter what
the input voltage is. The on-resistance of switch M, in linear region is linearly
proportional to the overdrive voltage which in this case is Vg4¢-Vin. Therefore, the on-
resistance of switch My neglecting second-order effects is kept constant and the sampling
linearity is greatly improved. Since overdrive voltage is increased by bootstrapping

technique, smaller sampling switch sizes can be used.
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Fig. 3-2. The timing of the first integrator.

¢2 Cb ¢2

Fig. 3-3. Principle of bootstrapping technique.

Chopper stabilization technique [3-3] is used to reduce the DC offset and flicker noise
of the opamp. Chopping is performed in the middle of the sampling phase to reduce the
disturbance caused by the chopping activity [3-4]. The chopper has been simulated and
proved to be efficient to reduce the dc offset and flicker noise. Chopper function could be
turned off by the controlling bit in the design in order to observe the difference with the

chopper turned on and off.

It is cheaper to suppress the quantization noise than the sampling noise in modulators
with high OSRs. For power-efficient designs, the sampling capacitor size is usually
chosen in such a way that the ADC noise floor is dominated by kT/C noise. The sampling
capacitor and feedback DAC share the same set of unit capacitors in this design to
increase the feedback factor of the first integrator. The total sampling capacitor size is

1.05pF. There are 14 unit capacitors with each one being 75fF.
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The matching accuracy of unit capacitors is another concern when determining the
total sampling capacitor size and therefore the unit capacitor size. A bigger unit capacitor
size results in better matching accuracy. Dynamic element matching (DEM) techniques
mentioned in chapter 2 can be used to enhance the feedback DAC linearity. The
minimum unit capacitor size can be theoretically calculated based on the capacitor
matching information and the modulator parameters such as OSR, internal quantizer
resolution and DEM algorithm effectiveness. However, the most practical way of
verifying whether the chosen unit capacitor size is big enough to make the influence of
the unit capacitors mismatch of the feedback DAC on the modulator performance
negligible is to run behavioral level Monte Carlo simulations. The unit capacitor in this
project is a comb metal capacitor. Beside its good matching property, the comb metal
capacitor also shows very small voltage coefficient (VC), and the nonlinearity originated
from non-zero VC under high voltage input is negligible. The Monte Carlo simulations

show the unit capacitor size of 75fF is adequate for the matching purpose.
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Fig. 3-4. PMOS-input folded cascode single-stage operational amplifier.

Fig. 3-4 shows the circuit diagram of the PMOS-input folded cascode single-stage
operational amplifier [3-5]. With the proposed delta-sigma ADC architecture, the signal
component in the loop is negligible and the modulator processes mostly quantization
noise. The output swing of the first integrator is small, and therefore cascode structure

could be used.
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Fig. 3-5. Switched-capacitor CMFB circuit for the opamp of the first integrator.

To reduce the on-resistances of the switches S; and Sg in Fig. 3-1, NMOS transistors

are used for these switches and a low opamp input common mode of 0.5V is used. The
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signal bandwidth is 20 kHz and the OSR is 64. The sampling clock frequency is 2.56
MHz and the loop UGB is designed to be 12.7 MHz in the typical corner. The gain factor
of the first integrator is 1. Considering the parasitic capacitors at the opamp input, the
feedback factor B; is assumed to be 0.45. The sum of the loading capacitors during the
integration phase considering parasitic capacitors is Cp;=0.97pF. The required trans-
conductance is gm;=2nCrUGB/B1=170uS. Shown in Fig. 3-4, the static current I4; of
each PMOS transistor M; of the input differential pair is 12uA. Therefore, the ratio
gmi/lg; in this design is roughly 14. The static current flowing through the PMOS
transistor Ms is mostly determined by the slew rate requirement of the opamp, and is
optimized to be 9uA. The total static current consumption of the opamp of the first

integrator including biasing circuit is 45pA.

The DC gain of the opamp is around 87dB, which sufficiently suppresses the non-
linearity induced by the finite DC gain of the opamp. The output resistance of a high DC
gain single-stage opamp is usually very high and the common-mode feedback (CMFB)
circuit with two equivalent resistors attached to the opamp outputs to sense the opamp
output common-mode voltage will decrease the DC gain, unless impractically huge
resistors (tens of megohm) are used. Instead, switched-capacitor CMFB [3-6] circuit is
used to stabilize the output common-mode voltage of the first integrator, and the DC gain

is not affected by this CMFB circuit.

Shown in Fig. 3-5, V,, and V,, are the differential outputs of the first integrator. “CM”
is the reference output common-mode voltage which is set to be 2.5V (one half of the
analog power supply). “VCR” is the reference voltage input, generated by the biasing
network, for the CMFB circuit. “VCF” is the output from the CMFB circuit to control the
gate of M5 and therefore the output common-mode voltage of the opamp. C is roughly a

quarter of C;.

The power supply rejection ratio (PSRR) and the common-mode rejection ratio
(CMRR) are designed to be over 100dB to minimize the influences from the power

supply noise and common-mode voltage variation on the modulator performance.
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3.1.2 Second Integrator

Fig. 3-6 shows the circuit diagram of the second integrator with differentiated
quantization noise injection. Single-ended representation is shown for simplicity.

However, the real circuit implementation is fully differential.
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Fig. 3-6. The second integrator with differentiated quantization noise injection.

The unit capacitor size for the second integrator is 11.5fF. The sampling capacitor Cs,
consists of 14 unit capacitors. The integration capacitor Cy, consists of 7 unit capacitors.
The differentiated quantization noise injection function is implemented by two branches
Coa2 and Cpaca. Coaz 1s made up of 49 unit capacitors and is connected to the DCT adder
output during phase ®@,. Cpacz is made up of 14 unit capacitors whose bottom plates are

controlled by the shuffled internal quantizer output.
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Fig. 3-7 illustrates the opamp used for the second integrator. Since the requirements on
the on-resistances of the sampling switches of the second integrator are greatly relaxed
compared to those of the first integrator, a NMOS-input cascode single-stage opamp is
used and the opamp input common-mode voltage is set to 1.5V. The output common-
mode voltage is set to 2.5V, and a switched-capacitor CMFB circuit is used. The opamp

for the second integrator consumes 20 A static current.
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Fig. 3-7. NMOS-input cascode single-stage opamp for the second integrator.

3.1.3 DCT Adder Design

Fig. 3-8 shows the capacitive loading of the DCT adder during phase ®,. During phase

®,, the adder holds its output by connecting the capacitor Cy in unity gain configuration.
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The adder also charges the capacitor C,,; at the input of the second integrator. The total

capacitive loading considering 20% top and 20% bottom parasitic capacitors is 406fF.

Ch
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CDAC2 CI2
ADDER , [ S7 v,

4

Fig. 3-8. The capacitive loading of the DCT adder during phase ®;.
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Fig. 3-9. The capacitive loading of the DCT adder during phase @;.
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Fig. 3-9 shows the capacitive loading of the DCT adder during phase ®@;. The sampling
capacitors of the adder, the hold capacitor Cy and the loading capacitors from the internal
quantizer form the loading of the adder. The total capacitive loading considering 20% top
and 20% bottom parasitic capacitors is 820 fF. The DCT adder consumes 10 pA static

current.

3.2 Internal Quantizer Design

Shown in Fig. 3-10, the 15-level internal quantizer is composed of a resistor ladder,
clock buffers, and 14 comparator cells. To accommodate the inherent attenuation of the
DCT adder, the quantizer reference is scaled down by a factor of 3.5. The comparator cell
is made up of the preamplifier with the offset cancellation scheme, the regenerative latch,

and the SR latch.
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Fig. 3-10. Circuit diagram of the quantizer.
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The preamplifier with the offset cancellation scheme [3-7][3-8] is shown in Fig. 3-11.
When F2q is low, the preamplifier is in the unity gain configuration, and the offset of the
input pair of the preamplifier is stored on the offset cancellation capacitor C.. The
preamplifier DC gain is designed to be around 20 dB. Therefore, the offset of the circuits
following the preamplifier is reduced by 10 when referred to the comparator input. The
UGB of the preamplifier is around 10 MHz. The biasing current of the preamplifier is
350 nA.

VDD

VL1 VR1
" L
LT ¢ —F

VIP VIN

Fig. 3-11. The preamplifier with the offset cancellation scheme.
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Fig. 3-12. The regenerative latch.

The regenerative latch [3-9] is shown in Fig. 3-12. When Regen is low, nodes VL2 and
VR2 are pulled to VDD, and nodes VL3 and VR3 are pulled to ground by Regenq. At the
end of the phase ®;, Regen goes up and nodes VL2 and VR2 begin to be discharged by
My. Due to the voltage difference between nodes VL1 and VRI, the discharge rates at
nodes VL2 and VR2 are different. Regenq goes down, and nodes VL3 and VR3 are no
longer pulled to ground. If the discharge rate of the node VL2 is faster than that of VR2,
node VL3 will be pulled up to VDD and node VR3 will be pulled down to ground
eventually by the positive feedback. A pair of inverters is inserted between the
regenerative latch and the SR latch to isolate the kickback noise from the SR latch. Fig.
3-13 shows the circuit diagram of the SR latch.
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Fig. 3-13. SR latch.

The differential quantization step of the resistor ladder is around 120 mV. The 3¢
offset of the comparator is around 20 mV. MATLAB simulations with either +20 mV or -
20 mV randomly added offset to each comparator input show unnoticeable performance

loss.

3.3 DWA Logic

Shown in Fig. 3-14, the high-to-low voltage translators (HLVTs) convert the 5 V

internal quantizer output and control signals to 1.8 V digital signals, as the inputs to the
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DWA core logic. The 1.8V outputs of DWA core logic are reconverted back to 5V
feedback DAC control signals by low-to-high voltage translators (LHVTs). Fig. 3-15
shows the circuit diagram of the LHVT.

High-to-Low
Translators

o

DWA Core
Logic

"

Low-to-High
Translators

Fig. 3-14. DWA logic overview.

1

VDDH

Fig. 3-15. Circuit diagram of the LHVT.
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Fig. 3-16. Architecture of the DWA core logic.
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Fig. 3-17. DWA logic timing.

Fig. 3-16 shows the architecture of the DWA core logic [3-10]. The thermal code from
the internal quantizer output is converted to binary code by the binary encoder. The

output of the binary encoder enters the pointer generation block which is a ripple carry
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adder. The output of the pointer generation block controls the 4-stage log shifter which is
used to shuffle the internal quantizer output. The shuffled quantizer output effectively
shapes the feedback DAC mismatch error, and greatly improves its linearity. Fig. 3-17
shows the DWA timing. On the falling edge of phase @, the internal quantizer starts the
quantization. When the quantizer finishes the quantization, its output is converted from
5V logic level to 1.8V logic level by HLVTs, which are followed by the de-bubble logic
and the 4-stage log shifter. In the same clock period, the output of the 4-stage log shifter
must be ready before the sampling instant of the D flip-flops (DFFs). The output of the
DFFs is converted back from 1.8 V logic level to 5 V logic level by LHVTs whose

outputs must be ready before the next rising edge of phase @, to avoid glitches.

3.4 Layout and Simulation Results

Fig. 3-18 shows the layout of the design. The die area including pads is 2.6 mm*2.6
mm. The core area is 0.9 mm*0.5 mm. There are 48 pads with 12 on each side. Fig. 3-19

shows the simulated power spectral density (PSD) of the modulator output.

Fig. 3-18. Layout of the proposed ADC.
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Chapter 4 Measurement Results

4.1 Test Setup

Fig. 4-1 shows the test environment and wires hookup. Fig. 4-2 shows the printed
circuit board (PCB) platform for the measurement setup. The input signal comes from an
Audio Precision signal generator. The thermometer codes at the output of the internal
quantizer are converted to 4-bit binary codes and then buffered to output pins D;D,D;Dy
for measurement. The output signals D;D,D;Dy are captured by a logic analyzer. A serial
clock SCLK is also available, and used as a reference clock to synchronize data capture.

Fig. 4-3 shows the photo of the entire die. Fig. 4-4 shows the core area of the die.

Fig. 4-1. Test environment.



Fig. 4-2. PCB test platform.
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Fig. 4-3. Entire die photo.

Fig. 4-4. Core area die photo.

4.2 Measurement Results
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Fig. 4-5. SNDR versus input amplitude.

Fig. 4-5 shows the SNDR versus input signal amplitude. Fig. 4-6 shows the PSD of the
modulator output in a log scale without chopping. Fig. 4-7 shows the PSD of the



modulator output in a log scale with chopping. Fig. 4-8 shows the PSD of the modulator
output within the signal bandwidth in a linear scale without chopping. Fig. 4-9 shows the
PSD of the modulator output within the signal bandwidth in a linear scale with chopping.

The DC offset is reduced by 17dB with chopper turned on.
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Fig. 4-7. PSD of the modulator output (Chopper on).
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Fig. 4-9 PSD of the modulator output within the signal bandwidth (Chopper on).

Table 4-1 summarizes the performance of the device. Table 4-2 compares the FoM of
this work to the state-of-the-art converters which obtained over 15-bit ENOB. Notice that
in very high-resolution applications, the quantization noise compared to the sampling

noise in a sound design should be negligible. In order to increase ENOB by 1 bit, the
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sampling capacitor size has to be increased 4X, resulting in 4X power dissipation.
Compared to the general Walden figure-of-merit (FoM;) below, FoM, [4-9] below adds a
factor 2 in the exponent before the factor (SNDR-1.76)/6.02. This work is among the best
in DSMs (ENOB>15-b), and achieves the lowest FoM; and FoM, in DSMs (ENOB>15-b)

above 100-nm technology node.

Power

FoM, = 2X BW x 2SVPR-1T0)/602 (D
FoM, = i @2)
Table 4-1. Summary of measured ADC performance
Specifications Value
Technology 0.18 um CMOS
Power supplies 5.0(A)/5&1.8(D)
Analog power dissipation 570 uW
Digital power dissipation 530 uW
Total power dissipation .1 mW
Maximum input amplitude -1.76 dBFS (1.73 Vims)
Signal bandwidth 20 kHz
Clock frequency 2.56 MHz
OSR 64
Peak SNDR/SNR 99.3/99.5 dB (@ -1.76 dBES)
SFDR 112 dB
Dynamic range (DR) 101.3 dB
Die area 6.8 mm” (2.6 mm * 2.6 mm)
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Core die area 0.38 mm” (0.44 mm*0.86 mm)

Table 4-2. Comparisons to the state-of-the-art converters (ENOB>15).

Source BW OSR | SNDR | Power | Power Type CMOS FoM, FoM,
(kHz) (dB) (mW) | Supply (um) (pJ/conv.) | (10°fJ/conv.)
N~
[4-1] ISSCCO03 20 128 105.0 55.0 5 DT 5" 0.35um 9.5 65.1
[4-2] ISSCCO05 20 128 97.0 18 33 DT&CT 2" | 0.35um 7.8 134.4
[4-3] ISSCCO05 20 154 95.0 37 3.3 DT&CT 2™ | 0.18um 20.1 437.7
[4-4] CICCO8 20 128 | 975" | 9.9 3.3 DT 2™ 0.13um 4.0 65.9
[4-5] CICC11 24 64 95.0 0.371 1.0 DT 3™ 0.065um 0.168 3.7
[4-6] JSSCO03 24 N/A 104.5 230 5/3.3 DT 6" 0.35um 34.9 254.4
[4-7] JSSC08 20 154 | 115.0%" 290 5/2.5 DT 5™ 0.35um 15.8 34.3
[4-8] JSSC09 25 100 95.0 0.87 0.7 DT 2™ 0.18um 0.379 8.2
This work 20 64 99.3 1.1 5/1.8 DT 3" 0.18um 0.363 4.8

ET=Estimated, AW=A-weighted
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Chapter 5 Low-Power Parasitic-Insensitive Switched-Capacitor

Integrator for Delta-Sigma ADCs

5.1 Background

A new low-power parasitic-insensitive switched-capacitor (SC) integrator is proposed
for AX ADCs. Compared to the conventional SC integrator, the new one achieves much
lower power dissipation for the same sampling noise specification. A cancellation
technique is used to reduce the nonlinearity of the integrator. An effective AX ADC
topology is described which can incorporate the new integrator. Simulation shows that

high linearity can be achieved by the new integrator, while consuming very low power.
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Fig. 5-1. (a) Conventional SC integrator. (b) Nilchi-Johns integrator.

SC AX ADCs are widely used in high-resolution applications, since they are insensitive
to parasitics and allow relaxed accuracy requirements. However, SC circuits introduce
sampling noise due to the thermal noise generated by the on-resistance of the sampling
switches. Sampling noise is usually the dominant noise source, and is costlier to suppress

than quantization noise in high-resolution ADC applications.

Nilchi and Johns proposed a new SC integrator which has lower sampling noise for the
same power dissipation (or lower power dissipation for the same sampling noise) than the
conventional SC integrator [5-1]. Fig. 5-1 compares the Nilchi-Johns integrator with a
conventional one. Compared to the conventional SC integrator, the new integrator has
smaller load capacitor and higher feedback factor. Therefore, for the same clock
frequency and sampling noise, the required OTA transconductance is smaller by a factor
of 4. Unfortunately, due to the doubled voltages in the input branch, the maximum
allowable input voltage is halved in the new circuit. Hence, it is best suited for

applications at the front end of a system, where the signal is very small.

To solve this problem, a modified structure which has the same beneficial features as
the Nilchi-Johns integrator, but without the restrictions on the maximum input signal [5-2]
was proposed earlier. However, similarly to the Nilchi-Johns integrator, the new
integrator in [5-2] is still sensitive to parasitic capacitances and its linearity is hence
limited. In this chapter, a new cancellation technique is described which significantly

improves the linearity of the integrator.

5.2 Performance Analysis

Fig. 5-2 shows the integrator of [5-2], where G is the gain factor of the integrator. The
power of the in-band sampling noise voltage during @, is kKT/(OSR-Cy) [5-3]. Here, k is
the Boltzmann constant, OSR is the oversampling ratio of the modulator, and T is the
absolute temperature in degrees Kelvin. During ®,, the two sampling capacitors are
connected in series, and the effective capacitance is hence Cy/4. The voltage difference

across this equivalent capacitance is 2(Vin-Vgac). Therefore, this sampling scheme
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amplifies the difference between Vi, and Vg, by a factor 2. The power of the thermal
noise charge delivered into the integration capacitor during @, is 4kT/Cs. This value is
four times that of the conventional SC integrator shown in Fig. 1(a). However, the
sampling capacitors in series provide a signal gain of 2, and therefore the input-referred

voltage noise power remains kT/Cs.

Cs/2G

¢
o o o:

Vin O-/
- Vout
Cs/2

S

N Vem

Fig. 5-2. Low-power parasitic-sensitive SC integrator.

The power dissipation of the integrator in Fig. 5-2 is the same as that in Fig. 5-1(b).
Compared to the conventional SC integrator, both save 75% of the power dissipation [5-
1].

For a detailed theoretical comparison, Figs. 5-3 and 5-4 show the conventional SC
integrator and the low-power SC integrator in the integration phase. Here, k is the gain of
the integrator. N; is the number of capacitors in parallel during the sampling phase @, (in

this case, Ng=2). The feedback factors B¢ and B for the two circuits are

C l/k 1
= - = 5-1
Pe C/k+C, 1+k 1)
C (kN N
ﬂL _ s ( s) _ K (5_2)

" C./kN,)+C,/N} N, +k
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Fig. 5-3. Conventional SC integrator in the integration phase.
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Fig. 5-4. Low-power SC integrator in the integration phase.

Neglecting the parasitics and the load from the next stage, the load capacitances of the

integrators in the integration phase are given by

Cllk C
— S — S 5_3
MeClk+C 1+k (5-3)
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C2/(kN?)

_ _C,/N,
M C kN )+ C,/N?

= 5-4
N, +k >4

The power of the amplifiers is proportional to the required gm [5-1]. Hence, it is given
by

kaw_,  C
F. = kOgm,C = % =ko@_5,5C, (5-5)
c
kaw_ C
PL — kogm’L — 0 —ZB L,L — koa)]\;aZIBCS (5-6)
L K

Here, ko is the proportionality constant between the power required and the
transconductance of the amplifier, while w34 1s the closed-loop 3-dB bandwidth.
Therefore, for the same kT/C noise specification, the proposed low-power SC integrator
saves a significant amount of power. The saving is the same as for the Nilchi-Johns
integrator. Table I compares the performances of the conventional SC integrator and the
low-power SC integrator.

Table 5-1. Comparison of the conventional SC integrator and the low-power SC
integrator

Conventional

SC integrator

Low-power

SC integrator

Gain k k
Sampling capacitance Cs Cs
Integration capacitance Cyk Cy/(kNy)
kT/C noise 2kT/(OSR-Cy) 2kT/(OSR-Cy)
Feedback factor (1+k)! Ny(Ns+k)™!
Capacitance load Cy(1+k)™! (Co/No)(Ns+k)™!
Power dissipation kow_345C5 kom_3dBCSNS'2
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However, both integrators in [5-1] and [5-2] are affected by the nonlinear parasitic
capacitances loading both sides of the switch connecting the two capacitors during ®@,.

The achievable linearity is therefore limited.

5.3 Parasitic-Insensitive Low-Power Integrator

Fig. 5-5 shows the proposed differential parasitic-insensitive SC integrator. The noise
and power dissipation are the same as those of Fig. 5-2, neglecting the small cancellation
capacitors C.. For a well-matched layout, the parasitic capacitors at nodes Vy; and Vi, are
approximately the same. The sum of extra charges stored at nodes Vy; and Vy, during @,
due to these parasitic capacitors is unchanged, and is not signal-dependent. The parasitic

capacitance at node Vy has no effect on the linearity.

Vin,p Vdac,p Vdac,n Vin,n
¢1 } So ¢1} S7 Ss k ¢1 S k¢1
Vin,p
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e i
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It o Al o
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¢1\ ¢1\ ( D, (¢1

Vin,n Vdac,n Vdac,p Vin,p

Fig. 5-5. Proposed low-power parasitic-insensitive SC integrator.

The parasitic capacitance at node Vi3 is, however, problematic. It is comprised of a
linear part and a nonlinear part. The linear part arises mainly from the parasitic
capacitance of the top-plate of capacitor C,. This will cause a small amount of signal

leakage into the loop, but it does not harm the linearity of the integrator.
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Fig. 5-6. Proposed low-power parasitic-sensitive SC integrator.
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The nonlinear part is due to the nonlinear capacitances of the switches connected to
node Vy3. An extra cancellation capacitor C, and its associated switches can be added to
reduce the nonlinearity of the integrator. The value of C. should be chosen to equal the
top-plate parasitic of capacitor C,, which can be found during layout parasitic extraction.
The sizes of switches should be the same (S;=S;, S;=S;) to cancel the nonlinear
capacitances of the switches. Another source of integrator nonlinearity comes from the
charge injection from switches S; and S;. Minimizing the switch sizes and using doubled

clock signal improves the achievable integrator linearity.

The positions of Vigp (Vinn) and Vaaep (Vdaen) can also be swapped. Fig 5-6 shows one

of the possible variations.

Fig. 5-7 shows the modified low-distortion (MLD) AX ADC incorporating the
parasitic-insensitive low-power SC integrator as its input stage. On the falling edge of @,
the output of the adder is available. The quantizer performs the quantization during the
non-overlapping time, and the DAC control signals are ready before the beginning of
next phase ®;. Although the input signal entering the modulator loop is not fully
cancelled, there is no noticeable increase in the output swings of integrators in Fig. 5-5.
Compared to the modulator topology in [5-4], where one full clock period delay was used
in the signal feed-forward path, this MLD structure has a half period delay in the signal

feed-forward path, and therefore the output swing of each integrator is smaller.

5.4 Simulation Results

The MLD AYX ADC shown in Fig. 5-7, with the proposed parasitic-insensitive low-
power SC integrator shown in Fig. 5-5, was simulated assuming a 0.18 um CMOS
technology. All switches in Fig. 5-5 were modeled by real transistors. Switches S, and
S4-Sg were transmission gates. Switches S; and S; were NMOS switches with doubled
clock signals, to reduce the signal-dependent charge injection. Switch S9 was an NMOS
switch. A boot-strapped switch [5-5] could be used here to reduce the size. The sampling
clock frequency was 2.56 MHz, the OSR was 32. There were 15 internal quantization
levels and the input sampling capacitor Cs of the modulator was 1 pF. Additional 50 fF,
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100 fF, 100 fF and 50 fF parasitic capacitors were added at nodes Vyo, Vxi, Vx2 and Vi3,
respectively. A -3 dBFS (FS=1.44 V) 2.03125 kHz sine-wave input was used for the

simulation. The computed power spectral density (PSD) of the modulator output is shown

in Fig. 5-8. Sampling noise was not included in order better to observe the nonlinearity of

the integrator. It can be seen that very high linearity (SFDR=106.2 dB) can be achieved

with the new scheme. Simulations also showed that C. in Fig. 5-5 needs not to be

matched exactly with the parasitic capacitor at node Vi3, since even large mismatch will

cause only small nonlinear errors.
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A low-power parasitic-insensitive SC integrator was proposed for AX ADCs.

Simulation with the novel structure verified the achievable high linearity using the new

integrator. In an advanced technology where shorter channel lengths may be used, charge
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injection and nonlinear parasitic capacitances could be further reduced. Therefore, the

linearity of this new integrator can be further improved in an advanced technology.
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Chapter 6 Switched-Resistor Tuning Technique for High Linear Gm-C
Filter Design

6.1 Introduction

A new tuning technique is proposed to enable highly linear active Gm-C filter design.
The transconductance cells of the Gm-C filter are tuned using switched resistors (SRs)
which change the equivalent reference resistance of each cell. In the master tuning circuit,
a feedback loop containing a continuous-time comparator is used to force the equivalent
resistance of an SR branch to be equal to that of a SC branch. Thus, using the output of
the loop with an automatically adjusted duty cycle, all time constants of the Gm-C filter
can be tuned simultaneously. A second-order low-pass Butterworth filter model was
developed and simulated. The result verified the effectiveness and excellent linearity of

the proposed tuning method.

The switched-resistor (SR) technique was introduced to allow the realization of low-
voltage highly linear R-C filters [6-1][6-2]. This chapter describes how the SR technique
can be used to tune the time constants of Gm-C filters and achieve high linearity at the
same time. Gm-C filter tuning methods using triode transconductors [6-3][6-4] or
transistors working in triode region as the degeneration resistors [6-5] usually limit the
overall achievable linearity of the filters. In both schemes mentioned above, the linearity
of the filter relies on the linearity of the transconductance of the transistors in triode
region which behave like controlled nonlinear resistors. The proposed SR tuning scheme
employs source degeneration resistors and changes their equivalent resistance by
changing the average current through the resistors. The SR tuning method doesn’t rely on
the control of a nonlinear element, and therefore makes the design of highly linear filters

possible.
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6.2 Transconductance Cell with SR Source Degeneration

Fig. 6-1 shows the schematic of the proposed Gm cell with SR source degeneration.
M, is the switch in series with resistor R;. It controls the equivalent resistance of the R,

branch. The “on” time of M, is changed by the tuning signal Vi(t).
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R
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Fig. 6-1. Gm cell with SR source degeneration.

The time-averaged transconductance is given by

m
eq
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where g, is the transconductance of the input devices, d is the duty cycle of the tuning
signal Viyne(t) and Req 1s the average resistance of the SR branch. If gyReq >> 1, then
Gm~1/Req. The tuning range of Gy, is

G =[R, +d R R, +d,R] (6-2)

where [d;, d;] is the duty cycle range of Vie(t). The assumption that the product of the
transconductance of input differential pairs and the equivalent resistance of two resistor
branches is much bigger than unity was used when deriving (6-2). In the design example
used in this chapter, the parameter values g, > 20 mS, R; = 6 kQ, R, =44 kQ, d; =0.2

and d, = 0.8 were assumed, satisfying gnmReq >>1.

The values of R; and R, should be chosen based on two main conditions. First, the
value of R; should be much bigger than the nonlinear “on” resistance of switch M; to
ensure that the linearity of Gm is not affected by the non-linearity of switch M;. Second,
the transconductance tuning range should be large enough to counteract the expected

capacitance variation.

When the tuning circuit reaches the steady state, it will generate a tuning signal with a
fixed duty cycle for the filter. The periodic variation of the tuning signal Vie(t) will
modulate the input signals of Gm cells, and this will generate unwanted tones at
frequencies mfy,. = nfy, (m, n=1,2,3...), where fy,. and fi, are the frequencies of the
tuning signal and the input signal, respectively. These tones may be suppressed by
limiting the bandwidths of the Gm cells, and by choosing the clock frequency of the
tuning circuit sufficiently high. The unwanted tones will be far away from the band of
interest if the tuning signal frequency is high enough, and they will be attenuated by the

low-pass filter transfer function.
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6.3 Design Example
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Bt P
=
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Fig. 6-2. Second-order low-pass Butterworth Gm-C filter.

Fig. 6-2 shows the second-order low-pass Gm-C filter used in the example. A single-
ended model is shown for simplicity, although the actual implementation is normally
fully differential. G1=Gnp=Gm3=Gma=0.1mS, C,=mC,=22.5pF and C;=nC,=45pF (m,
n=1,2,3..., k=m/n=0.5) were used for better matching in layout. Here, C, is the unit

capacitance value used in the layout. The transfer function is

%
H S — out

© Vi

145G,,G,,G,.C, +5°G,,G,,C.C,

1
C1+5GC +5%k(GC))?

(6-3)

Therefore, the filter frequency response can be stabilized by keeping the G, C,

ml

products in (6-3) constant. Fig. 6-3 shows the tuning circuit, where P; and P, are non-
overlapping clock phases with a clock period T.s The output of the (unclocked)
comparator Viy,(t) is fed back to the gate of switch My, and thus the average resistances
of the SC and SR branches are forced to be equal. When the tuning circuit reaches the

steady state, the equations
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T

ref

C;' =R, |I(R,d")=R,, (6-4)
and

Cl_tht,eq =T, (6-5)

ref

hold, where d is the duty cycle of Vine(t). As the numbers in Fig. 6-3 illustrate, Rj;, Ry
and C;; can be chosen to be smaller than the values used in the filter, so that the
frequency of tuning signal Vyne(t) may be high enough, and hence the unwanted tones
may be far away from the band of interest. The tuning signal Vi(t) is then used to tune
the reference branches in all Gm cells. If the integrator capacitors are well matched to

each other and to C, all filter time constants will be accurately tuned to track Ties.

Fig. 6-4 shows how the opamp output V,(t) of the tuning circuit affects the duty cycle
of the tuning signal V(t). In the slow condition, the current through the two resistors is
smaller than that of the typical condition. It takes a longer time in this condition for the
opamp output V,(t) to go down than under the typical condition and the duty cycle is

therefore increased. The same analysis applies to the fast condition.

Vem
P2 P41

Cit
7 o C1t=0.05C1
P 1V t P2 R1t=0.25R1
tune(t) R2t=0.25R2

Rat
Vpos _'_|_'V\l_
Ms Rat Ca
W :
P — ] [ | Vo(t)

Vtune(t)

e | LI L]
T

Un-clocked
comparator

Fig. 6-3. SR tuning circuit.
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Fig. 6-4. Opamp output of the tuning circuit. Top curve: slow condition (both R and C
have a +25% error), middle curve: typical condition (no errors in R and C), bottom curve:
fast condition (both R and C have a -25% error).

Note that the tuning circuit is effectively a first-order delta-sigma modulator. The
branch containing Mg and the two resistors acts as the feedback DAC, while Cy; and its
associated switches form the input branch. The tuning performance may be enhanced by
adding more integrators into the loop, and thus raising the order of the modulator to 2, or

even to 3.
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6.4 Simulation Results
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Fig. 6-5. Tuning signal with variable duty cycle.

Fig. 6-5 shows the tuning signal Vye(t) generated by the tuning circuit. The duty
cycles are shown for different fabrication conditions: typical (no errors in R and C), slow
(both R and C have a +25% error) and fast (both R and C have a -25% error). They vary
significantly to compensate for the R and C variations. Figs. 6-6 and 6-7 illustrate the
filter frequency response and its cutoff frequency variations under the three different

fabrication conditions.
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Fig. 6-6. Tuned filter frequency responses under different conditions. Top curve: fast
condition, middle curve: typical condition, bottom curve: slow condition.
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Fig. 6-7. Filter cutoff frequency variation.
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The cutoff frequency in the typical case is 500 kHz, and its peak-to-peak variation in
the tuned filter is only about 3%, in contrast to the 110% peak-to-peak variation that

results without compensation.

Fig. 6-8 shows the spectrum of the filter output with a 2 Vpp, 70 kHz sine-wave input
signal. As can be seen from the graph, the spurs introduced by the clock modulation
effects are very small, and they occur far from the signal band. This is due to the high
tuning clock frequency. Also, there is no noticeable signal distortion due to the tuning

process.

TYPICAL (SFDR=96.7dB, Vin=2Vpp @ 70kHz)
H N HH R T

S0
S

PSD (dB)
=)
(=]

-120

10 ] 10° 10° 10 10
Frequency (Normalized to 600MHz)

Fig. 6-8. Filter output spectrum.

6.5 Conclusion

A new Gm-C filter tuning method was proposed. It is based on switched-resistor
tuning. The tuning process is accurate, and it does not limit the achievable linearity of the
filter. Simulation of a typical filter verified the effectiveness of the proposed tuning

technique.
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Chapter 7 Conclusions

Chapter 1 describes the application background of the thesis work. The motivation of
the thesis work is to come up with architectural innovations so that the total power

consumption of the ADC could be greatly reduced.

Chapter 2 first describes two underlying basic principles of delta-sigma modulation:
oversampling technique and noise shaping technique. Comparisons are then made
between discrete-time DSADC and continuous-time DSADC, between incremental ADC
and DSADC, between single-loop and MASH, between single-bit internal quantizer and
multi-bit internal quantizer, and between first-order delta-sigma modulator and high-
order delta-sigma modulator. Finally, the proposed DSADC featuring two new

architectural low-power design techniques is introduced.

Chapter 3 shows the circuit implementation of the proposed DSADC. Main building
blocks such as first integrator, second integrator, DCT adder, 15-level internal quantizer,

DWA logic, are described in details.

Chapter 4 talks about evaluation platform setup and chip measurement results.

Comparisons to the state-of-the-art designs are also made.

Two new design techniques are introduced in chapters 5-6. Chapter 5 describes a low-
power parasitic-insensitive switched-capacitor integrator for delta-sigma ADCs.
Simulation with the novel structure verified the achievable high linearity using the new
integrator, while consuming as low as one quarter of the power of the conventional
integrator under the same specifications. Chapter 6 discusses a switched-resistor tuning
technique for highly linear Gm-C filter. The tuning process is accurate, and it does not

limit the achievable linearity of the filter.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /Cmb10
    /CMBSY10
    /Cmbsy10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /Cmbx10
    /CMBX12
    /Cmbx12
    /CMBX5
    /Cmbx5
    /CMBX6
    /Cmbx6
    /CMBX7
    /Cmbx7
    /CMBX8
    /Cmbx8
    /CMBX9
    /Cmbx9
    /CMBXSL10
    /Cmbxsl10
    /CMBXTI10
    /Cmbxti10
    /CMCSC10
    /Cmcsc10
    /CMCSC8
    /Cmcsc8
    /CMCSC9
    /Cmcsc9
    /CMDUNH10
    /Cmdunh10
    /CMEX10
    /Cmex10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /Cmff10
    /CMFI10
    /Cmfi10
    /CMFIB8
    /Cmfib8
    /CMINCH
    /Cminch
    /CMITT10
    /Cmitt10
    /CMMI10
    /Cmmi10
    /CMMI12
    /Cmmi12
    /CMMI5
    /Cmmi5
    /CMMI6
    /Cmmi6
    /CMMI7
    /Cmmi7
    /CMMI8
    /Cmmi8
    /CMMI9
    /Cmmi9
    /CMMIB10
    /Cmmib10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /Cmr10
    /CMR12
    /Cmr12
    /CMR17
    /Cmr17
    /CMR5
    /Cmr5
    /CMR6
    /Cmr6
    /CMR7
    /Cmr7
    /CMR8
    /Cmr8
    /CMR9
    /Cmr9
    /CMSL10
    /Cmsl10
    /CMSL12
    /Cmsl12
    /CMSL8
    /Cmsl8
    /CMSL9
    /Cmsl9
    /CMSLTT10
    /Cmsltt10
    /CMSS10
    /Cmss10
    /CMSS12
    /Cmss12
    /CMSS17
    /Cmss17
    /CMSS8
    /Cmss8
    /CMSS9
    /Cmss9
    /CMSSBX10
    /Cmssbx10
    /CMSSDC10
    /Cmssdc10
    /CMSSI10
    /Cmssi10
    /CMSSI12
    /Cmssi12
    /CMSSI17
    /Cmssi17
    /CMSSI8
    /Cmssi8
    /CMSSI9
    /Cmssi9
    /CMSSQ8
    /Cmssq8
    /CMSSQI8
    /Cmssqi8
    /CMSY10
    /Cmsy10
    /CMSY5
    /Cmsy5
    /CMSY6
    /Cmsy6
    /CMSY7
    /Cmsy7
    /CMSY8
    /Cmsy8
    /CMSY9
    /Cmsy9
    /CMTCSC10
    /Cmtcsc10
    /CMTEX10
    /Cmtex10
    /CMTEX8
    /Cmtex8
    /CMTEX9
    /Cmtex9
    /CMTI10
    /Cmti10
    /CMTI12
    /Cmti12
    /CMTI7
    /Cmti7
    /CMTI8
    /Cmti8
    /CMTI9
    /Cmti9
    /CMTT10
    /Cmtt10
    /CMTT12
    /Cmtt12
    /CMTT8
    /Cmtt8
    /CMTT9
    /Cmtt9
    /CMU10
    /Cmu10
    /CMVTT10
    /Cmvtt10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


