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ABSTRACT
Design of High Speed Low Voltage
Data Converters for UWB Communication Systems.
(May 2006)
Choong Hoon Lee, B.S., Hong-1k University, Seoul, Republic of Korea

Chair of Advisory Committee: Dr. Aydin Karsilayan

For A/D converters in ultra-wideband (UWB) communication systems, the flash
A/D type is commonly used because of its fast speed and simple architecture. However,
the number of comparators in a flash A/D converter exponentially increases with an
increase in resolution; therefore, an interpolating technique is proposed in this thesis to
mitigate the exponential increase of comparators in a flash converter. The proposed
structure is designed to improve the system bandwidth degradation by replacing the
buffers and resistors of a typical interpolating technique with a pair of transistors. This
replacement mitigates the bandwidth degradation problem, which is the main drawback
of a typical interpolating A/D converter. With the proposed 4-bit interpolating structure,
3.75 of effective number of bits (ENOB) and 31.52dB of spurious-free dynamic range
(SFDR) are achieved at Nyquist frequency of 264MHz with 6.93mW of power
consumption. In addition, a 4-bit D/A converter is also designed for the transmitter part
of the UWB communication system. The proposed D/A converter is based on the
charge division reference generator topology due to its full swing output range, which is

attractive for low-voltage operation. To avoid the degradation of system bandwidth,



resistors are replaced with capacitors in the charge division topology. With the
proposed D/A converter, 0.26 LSB of DNL and 0.06 LSB of INL is obtained for the
minimum input data stream width of 1.88ns. A 130 um x286 um chip area is required
for the proposed D/A converter with 19.04mW of power consumption. The proposed
A/D and D/A converter are realized in a TSMC 0.18 pum CMOS process with a 1.8

supply voltage for the 528MHz system frequency.
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CHAPTER |
INTRODUCTION

1.1 UWB Communication System and Motivation

The Federal Communications Commission (FCC) approved the use the ultra-
wideband (UWB) of 3.6~10.1 GHz frequency range for short-range communications.
After the FCC announcement, UWB technology emerged as an attractive solution for
wireless communication, networking and GPS, providing low-cost, short-range, high-
data rate communication systems. The block diagram illustrated in Figure 1-1 shows the

conceptual UWB communication system [1].

UWB receiver

LO

UWB transmitter

DSP DAC LPF ®

LO
Figure 1-1. Transmitter and Receiver for a UWB Communication System

This thesis follows the style and format of IEEE Journal of Solid-State Circuits.



The A/D converter digitizes the analog output signal of the variable gain
amplifier (VGA) for the DSP system, whereas the D/A converter generates an analog
signal from the DSP output to drive the power amplifier. A high-speed A/D converter is
desired with high dynamic range for fast data conversion. Hence, a flash A/D converter
structure is suitable for a UWB A/D converter because of its fast speed and simple
structure [2]. However, the number of comparators in a flash A/D converter
exponentially increases with an increase in resolution, which also increases the total
power dissipation and built-in area of the A/D converter. Therefore, an alternative A/D
converter topology is required to mitigate problems of a typical flash A/D converter
without the sacrifice of system bandwidth and dynamic range.

For a D/A converter in UWB communication systems, high-speed operation is
required because digital input codes have very narrow data stream width. In addition,
UWB system commonly employ low supply voltage causing distortion at the output.
This is one of the critical problems since switch performances and implementation of
current sources are limited by low supply voltage [3]. Charge division topology is
commonly used for D/A converters for the case of low supply voltage since it enables
full output swing. However, the large output capacitance degrades the system
bandwidth [4]. Therefore, we need to improve the system bandwidth and output

linearity to obtain fast data conversion at low supply voltage



1.2 Terminology and Design Specifications

1.2.1 A/D Converter
The definitions and descriptions of important parameters for A/D converters are
as follows:
» Least significant bit (LSB):
Least significant bit can be expressed as:

A

LSB =
2" -1

(1-1)

where m is the bit rate and A is the amplitude of the input signal. As an example,
the LSB is 33mV for the case of 4-bit resolution and 0.5 V amplitude of input
analog signal.

» Differential Non-Linearity (DNL):
DNL is the maximum deviation in the difference between two adjacent code’s
transition points from 1 LSB, as shown in Figure 1-2.

* Integral Non-Linearity (INL):
INL is the maximum deviation of expected ideal values and obtained values
through an A/D converter and an ideal D/A converter for all output codes, as

shown in Figure 1-2.
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Figure 1-2. INL and DNL in A/D Converter

Signal-to-noise ratio (SNR):

SNR is the ratio of the rms value of the output signal to the rms value of other
spectral components under Nyquist frequency, excluding harmonics and dc
component. For an m-bit ideal A/D converter with a sinusoidal input, the SNR
can be expressed as

SNR =6.02m +1.76 (1-2)

Signal-to-noise and distortion ratio (SINAD):
SINAD is the ratio of the rms value of the output signal to the rms value of

other spectral components under Nyquist frequency, including harmonics.



SINAD is one of the most important parameters for an A/D converter because it
represents the most significant noise and nonlinearity of an A/D converter.

» Effective number of bits (ENOB):
ENOB represents the dynamic performance of an A/D converter at a specific
input frequency, and can be obtained as

SINDR-1.76
6.02 (1-3)

ENOB should be measured at or around the Nyquist frequency in order to

ENOB =

define the maximum resolution of the converter since the noise increases as the
input frequency increases.

» Spurious-free dynamic range (SFDR):
SFDR is the ratio of the rms value of the output signal to the rms value of

largest harmonic, representing usable dynamic range of an A/D converter.

To define an A/D converter performance, static and dynamic simulations are used.
The static simulation is based on DC response of an A/D converter. By sweeping DC
input voltage range from zero to full scale, digitized output signals are obtained as a
result of comparing input voltage level with appropriate references. The digitized output
signals are encoded into binary code, which can be converted from an analog signal
using an ideal D/A converter, resulting in the set of steps in Figure 1-3. By comparing
the difference between the input sweep line and the output of the ideal D/A converter,

the static simulation results (INL and DNL) can be estimated.
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Figure 1-3. Input dc Sweep and the A/D Converter Result through an Ideal D/A

Converter

Although it is commonly accepted that the parameters obtained from static
simulation is not the most important ones for a high speed A/D converter, these results
are sufficient to show the performance of comparators and nonlinearities of a reference
generator. Dynamic specifications are very important for high frequency A/D
converters because many nonlinearities and distortions are affected by the operating
frequency and the sampling rate. By applying a high-speed sinusoidal input signal,
digital signals can be obtained from the A/D converter, which are used to rebuild the

input sinusoidal signal. This regenerated input signal is used to determine the dynamic



performances (SFDR, ENOB and SINAD) through the FFT conversion.

The A/D converter specifications are described in Table 1-1 for the UWB project.
From the specifications, we can see that the converter works at high speed and needs a
relatively low resolution (4-bit) with a low supply voltage. The required ENOB and
SFDR values are determined by the system level simulations of the total UWB system.
The input frequency range is limited by the Nyquist rate for the sampling frequency. In
addition, the converter input level is set by the output signal range of the\VGA shown in
Figure 1-1. The LSB is determined as 33mV by the 4-bit resolution and 0.5 V

amplitude of output analog signal.

Table 1-1. Specifications of A/D Converter

Specification Value
Input Differential 1 V (0.5V for single end)
Input Frequency < 264 MHz
Sampling Frequency 528 MHz
Resolution 4 bit
Least Significant Bit 33 mV
DNL <max 0.5 LBS
INL <max 0.5 LBS
ENOB 3.6 bit
SFDR 28 dB
Process TSMC 0.18 pm
Supply voltage 1.8V

1.2.2 D/A Converter

The descriptions of main parameters for D/A converters are as follows:



» Least significant bit (LSB):
Least significant bit can be expressed as:

LSB = zim (1-4)

where m is the bit rate and A is the maximum amplitude of the output signal.
As an example, the LSB is 30mV for the case of 4-bit resolution and 0.5 V

amplitude of output signal.
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Figure 1-4. INL and DNL in D/A Converter

» Differential Non-Linearity (DNL):

DNL is the maximum deviation in the output steps from the ideal value of one



LSB as show in Figure 1-4.
* Integral Non-Linearity (INL):
INL is the maximum deviation of the input and output characteristics from the
ideal line as shown Figure 1-4.
» Signal-to-noise and distortion ratio (SINAD):
SINAD is the ratio of the signal power to the total noise and harmonic

distortions when the input code represents a digitized sinusoidal signal.

It is commonly accepted that the most important parameters for a D/A converter
are DNL and INL because these reflect nonlinearities caused by the mismatching of
components, the inaccurate reference voltage levels, non-ideal switching performances
and glitches in a D/A converter. For the digital ramp code, which causes stair-like ramp
signal at the output of a D/A converter as shown in Figure 1-5, a D/A converter
generates discrete voltage levels. By comparing the difference between the generated
discrete voltage level and the expected ideal reference voltage level, we can estimate

the INL and DNL.
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Figure 1-5. Output Stair-like Signal of a D/A Converter for Digital Input Ramp Code

The specifications for the proposed D/A converter are described in Table 1-2. The

minimum width of the data stream is approximately 1.88ns, derived from the system

frequency of 528MHz. The maximum INL and DNL values are limited to 0.5 LSB each.

Table 1-2. Specifications of D/A Converter

Specification Value
Resolution 4 bit
Input signal data width 1.88ns
DNL < 05LBS
INL < 05LBS
Output Differential 1V (0.5V for single end)
Supply voltage 1.8V
Process TSMC 0.18 pm




CHAPTER II

FLASH AND INTERPOLATING A/D CONVERTER

11

The two main considerations for selecting a structure to design an A/D converter

are resolution and system bandwidth. The resolution refers to the accuracy of the data,

and the system bandwidth can be identified as the conversion rate or sampling

frequency. Table 2-1 shows various A/D converter topologies classified by accuracy

and conversion rate.

Table 2-1. A/D Converter Topologies

Low Conversion Rate

Medium Conversion Rate

High Conversion Rate

High Accuracy Medium Accuracy Low Accuracy
Integrating Successive- Flash
Oversampling Approximation Two-Step
Interpolating
Algorithmic Folding
Pipeline

UWB communication systems require high conversion rate and low accuracy

A/D converters, as shown in Table 1-1 in the previous chapter. To satisfy the

requirements, the A/D converter should meet the specifications of 528 MHz sampling

frequency and 4-bit resolution.

The flash A/D converter represents high conversion rate and low accuracy as

shown in Table 2-1 because of its fast speed and simple architecture. The parallel-
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connected comparators in a flash converter simultaneously generate digital signals in
thermometer code, which is later converted to binary. The number of comparators in a
flash A/D converter exponentially increases as the resolution increases, which increases
the total power consumption and chip area. To reduce the number of converters in a

flash architecture, interpolating techniques are utilized [5] [6].

2.1 Flash A/D Converter

An m-bit resolution flash A/D converter consists of 2™ -1 comparators, 2™ -1
latches and an encoder block; and employs a distributed input path for parallel-
connected comparators, making it possible to realize high-speed conversion rate. The
reference node voltages are generally realized by a resistor ladder. A 4-bit resolution

flash A/D converter is illustrated in Figure 2-1.
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Figure 2-1. 4-bit Flash A/D Converter

In Figure 2-1, each comparator creates digital signal at its output based on the
difference between the input voltage level and the reference voltage. If the input signal

voltage level is higher than the reference voltage, the comparator produces logical value
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‘1, and if not, it produces ‘0’. Figure 2-2 shows the comparator and latch pairs. In
Figure 2-2, when latch clock signal is low, the latch captures and holds the logical
output value of the previous comparator until the clock goes high. An encoder encodes
thermometer code into binary code. The thermometer code is the result of the parallel
operation of comparators and latch pairs, whereas binary encoding is required for more

effective data use in the DSP system.

Clock
ey UL
Signal -/ ﬂ
>
Reference Comparator Latch —
Voltage 1 .
>
©
ﬁ £
Q
"~ 8 E
Comparator e 5 O
Reference - P Latch % 8
Voltage 2 <
g e &
@]
e
S
(]
ﬁ <
|_
>
Reference Comparator »  Latch —
Voltage 3 -

Figure 2-2. Zoomed-in Comparator and Latch Pair

Although flash A/D converters provide fast and simple solution, several
drawbacks such as metastability, sparkles in a thermometer code, and the large number

of comparators are addressed in the following sections.
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2.1.1 Metastability

Metastablilty happens when input voltage level is close to the reference voltage,
which can cause same digital output results simultaneously by the low gain
comparator[5]. Therefore, the same logical value (0O or 1) enter into the latch’s
differential inputs, resulting in bit errors.

The minimum comparator gain can be expressed as Equation 2-1

AV = Viigh / LSB (2-1)

where Vhign is logical high voltage and Av is comparator gain. Further increasing the
comparator gain lowers the possibility of metastability because the high gain reduces

the duration of the indeterminate outputs.

2.1.2 Sparkles in Thermometer Code

If a very fast input signal comes into the comparators and the input changing
level exceeds the LSB between the sampling points, the thermometer code can get a ‘0’
below the logical “1,” resulting in bit error as shown in Figure 2-3 [1]

Gray code can improve the error caused by sparkles in thermometer code, but it
needs complex encoding and decoding blocks [7]. Alternatively, an interpolating
topology can reduce the error caused by sparkles in thermometer code (more detailed

explanation of the improvement by an interpolating topology follows in the section 2.2).
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Figure 2-3. Sparkle in the Thermometer Code

2.1.3 The Large Number of Comparators

In a flash A/D converter, the number of comparators increases exponentially with
the increase in resolution, which directly increases nonlinearities, the total power
dissipation and chip area. Therefore, a flash A/D converter is not suitable for high-

resolution (over 8 bits). However, even with less than 8-bit resolution, unwanted
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nonlinearities will still appear. Input feedthrough and input capacitance are additional

issues related to the large number of comparators as described below.

Input Feedthrough

Input feedthrough error appears on the reference generator realized by a resistor
ladder. The parasitic capacitances (C1 and C2) of an N-type comparator illustrated in
Figure 2-4 provide a capacitive path from the input signal to a node in the reference
generator. Through the parasitic capacitance path, input signal is coupled to a reference
node. The delivered signals at reference nodes are accumulated by the parallel
connections between comparators and reference generator nodes, which finally results
in unreliable DC reference levels in the reference generator. Therefore, we can
recognize that the nonlinearity caused by input feedthrough becomes a significant issue

with the increase in resolution because more capacitive paths are created.
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Input Capacitance

A flash A/D converter has a distributed input signal path connected to each
parallel-connected comparator. Thus, the input capacitance of a flash A/D converter
also exponentially increases with the increase in resolution. The input capacitances and
distributed input signal path are shown in Figure 2-5, where the total input capacitance
can be expressed as

C =C,+C,+C,+--- (2-2)

input _ total

C,, Cand Cs represent the total parasitic capacitance of each comparator’s input
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stage. The total input capacitance of a flash A/D converter limits analog input

bandwidth [8].

Input
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v /
\:;/
L C4 L]

Figure 2-5. Input Capacitance

2.2 Interpolating A/D Converter

As described previously, the increased number of comparators causes an increase
in total power dissipation, chip area and nonlinearities. An interpolating technique has
been proposed to reduce the number of comparators of a flash A/D converter, as shown

in Figure 2-6 [9], [10].
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Figure 2-6. Flash and Interpolating A/D Converters

Basically, both flash and interpolating topologies are based on a parallel-
connected comparator architecture. A flash A/D converter needs 2™-1 comparators, but
an interpolating A/D converter needs only 2™ comparators. For the case of 4-bit
resolution, a flash A/D converter needs 15 comparators while an interpolating A/D

converter needs 8. Therefore, we can expect the improvement of input capacitance, total
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power dissipation and chip area, and less reference voltage nodes by reducing the
number of comparators with an interpolating topology.

Another advantage of an interpolating architecture is its ability to improve upon
the error caused by sparkles in a thermometer code because it prevents missing code by
reducing the DNL [11], [12]. As described previously, the error caused by sparkles in
thermometer code happens when analog input varies over 1 LSB between two adjacent
sampling points in a flash structure. However, in an interpolating structure, the
possibility of sparkles in the code is reduced by the increased difference between the
two adjacent reference voltages (= 2 LSB) because the error happens when the input
varies over 2 LSB between two adjacent sampling points.

In Figure 2-7, comparators Compl and Comp2 compare the analog input with
Vier1 and Ve, respectively, and the input and output characteristics of Compl and
Comp2 are illustrated in the same figure, where Vouu1+=Vour- if Vin= Vien and
Voutz+=Vouto- If Vin= Vierz.  In addition, Vouu+ = Vouz+ and  Vour- = Vourz- if Vin = Vi
= ( Vient Vier2) / 2. An interpolating technique is inspired by the above observation.
From the two comparator’s output characteristics, the middle point ( Vimig = ( Veent
Vier2) 1 2') between Vier; and Vier, is estimated, whereas an additional reference point
can be achieved by averaging the comparator output characteristics, as illustrated in

Figure 2-8.
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Figure 2-7. Interpolating Technique
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Figure 2-8. Mid-Quantization Lines by Averaging Block

In Figure 2-8, the input and output characteristics of Compl and Comp2, and mid-
quantization lines are illustrated with the introduction of the averaging block, which
averages the output slopes of Vouua+ and Vourz-, and Voun- and Vour+, producing mid-

quantization line- and mid-quantization line+, respectively. Therefore, the block
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realizes additional reference point at Vmia = ( Vienn+ Vier2) / 2 by producing mid-
quantization lines, whereas the input voltage level is compared with the Vg and its
difference results in the digital output, which enters into the next latch circuit through
mid-quantization lines. Therefore, the comparator can be replaced with the averaging
block with an additional offset point, which results in the reduction of the total
comparator number in a typical flash structure.

Although the interpolating technique can decrease the number of comparators in
a flash A/D converter, it has a drawback of comparator bandwidth degradation. The
averaging block is generally realized by a resistive divider, which requires the
comparator output buffer stage to drive the divider, as illustrated by Figure 2-9.
Generally, a source-follower circuit is used as the output buffer and the resistors in the
averaging block have relatively large resistance in order to relax the dimension of the
input transistor in the source-follower [12]. Therefore, the degradation of the
comparator bandwidth is caused by the huge parasitic capacitances of the buffers and
the resistors. The bandwidth degradation conflicts with the requirement of UWB A/D

converters of high sampling frequency.
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CHAPTER 11

PROPOSED INTERPOLATING A/D CONVERTER

The proposed interpolating structure is designed to improve the system
bandwidth degradation caused by the buffers and resistors in a typical interpolating
technique. The new A/D converter consists of mainly seven blocks, as illustrated in
Figure 3-1. The sample and hold amplifier (SHA) guantizes the analog input signal, and
the quantized signal is compared with reference voltages in the comparator block,
generating digital signals in thermometer code, which is later converted into binary
code by the encoder block. The 2" latch block reduces the distortion of the converter’s
digital output signal caused by the narrow data streaming width of the encoder output.
The clock synchronization block provides the clock signals to the SHA, the 1% latch

block and the 2" latch block.

Clock Synchronization
Clock from PLL ( Block J

Input signal | | |

L 1st 2nd
SHA cm;f' . r:t"r Latch Encoder Latch Buffer ’
o Block Block

Figure 3-1. Total Proposed Interpolating Structure

Following sections introduce each block of the proposed interpolating A/D
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converter.

3.1 Sample and Hold Amplifier (SHA)

The CMOS SHA for the proposed A/D converter is shown in Figure 3-2. When
the switch is on, analog input signal directly enters into the comparator block through
the CMOS switch (M1), and the signal level is stored in the holding capacitor (Cp).
When the switch is off, the input signal and the holding capacitor are disconnected, and
the holding capacitor starts to provide the most recent stored voltage level to the

comparator block until the switch returns to on-state.

Switch
omparator

1J—_|- Switch block

M1
Chn
gnd

Quantized

Analog input :
output signal

signal

Figure 3-2. Single Transistor SHA

The -3dB frequency ( f_,,;) and on-resistance(R,,) of the SHA are expressed as

W
1 1 1 /Jncox f(vgs _Vt)

f—SdB =5 =5 (3-1)
2r R,C, 2« C,

on
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R - 1 (3-2)

/uncox VI\_/ (Vgs _Vt )

where Vg is the DC voltage between the gate and the source of M1. To realize high-
speed operation, large dimension of M1 is required. However, an increase in the
dimension of M1 is not recommended since the channel charge injection increases [13],
resulting in time-variant capacitance of the holding capacitor, which cause nonlinearity
at the SHA output signal [14]. To solve this problem, increasing Vys of M1 is proposed

in this thesis using a voltage doubler [15][16].

e

>—l—> Vout
Vud I Cparasitic
M3
M4
= gnd
Vin g Iﬁ M6
I 18V ]

Figure 3-3. VVoltage Doubler
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Figure 3-3 shows the voltage doubler circuit, utilizing a cross coupled transistors
(M1 and M2) with C1 and C2. It makes the node voltage of B boost to 2V 4. The output
clock amplitude of the voltage doubler can be expressed by

C2

V,, =2V, (3-3)

out

C +C2

parasitic

whereC ..i. represents the parasitic capacitance at the doubler’s output node.

The supply voltage of 1.8 V specified in Table 1-1 restricts the system clock
amplitude. The voltage doubler produces over 3.0 V clock amplitude, as shown in

Figure 3-4, which enables high-speed operation and small on-resistance of the SHA

Transient Response
B BTl Clock amplitude by voltoge doubler = 3.048
3.0

2.8

(V)

-1¢ . . . . . I

op v VI('/netd154m) Clock amplitude from PLL = 1.88

1.40

9E0m |

(v)

HAdm [

—19Em i, S S, S S, SR B S S | S, S S S S S S, S St | RSt S S S e S i, M R
w.@ 1@n 2@n 3éin
time ( s )

Figure 3-4. Comparison of the Amplitude of the System Clock and the Voltage

Doubler Output Clock
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3.2 Comparator Block

The proposed comparator is designed to improve the system bandwidth
degradation of a typical interpolating technique; and realize high gain in order to reduce
metastability error.

Figure 3-5 shows the realistic and ideal output waveforms of the comparator as
the analog input increases until the comparator digital output is ‘1’. When V=V,

those two lines meet at the point, defined as “transition point”.

Vin SE—
Comparator Vout
Vref —
Vout Vdd
( Ideal waveform ) ——»
AN V out

Transition point

( Realistic waveform )
=Vdd/2

gnd >
Vin = Vref Vin(DC)

Figure 3-5. Transition Point

3.2.1 Reference Generator
The reference generator provides 8 reference voltage levels for the 8 comparators

in the proposed 4-bit interpolating structure. The reference generator based on a resistor
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ladder structure is illustrated in Figure 3-6, and Table 3-1 shows the reference voltage

levels.

Vdd

R=9KQ

Vref8
R=100Q

Vref 7
R=100Q

Vref 6
R=100Q

Vref5
R=100Q
R=1000 Vref4

Vref3
R=100Q

Vref 2
R=100Q

Vrefl
R=9KQ

gnd

Figure 3-6. Resistor Ladder Reference Generator
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Table 3-1. Reference Voltages

Reference node | Value (V) Reference node Value(V)
Vier1 0.669 Viefs 0.933
Vier2 0.735 Viefs 0.999
Viefs 0.801 Vief7 1.065
AV 0.867 Viefs 1.131

In the given specification, LSB was defined as 33mV. In Table 3-1, the difference
between two adjacent reference nodes is set as 66mV (=2 LSB) since the interpolating
technique realizes an additional reference point between two comparators and two node
voltages. Each reference voltage in Table 3-1 follows the equation:

Vieti = Vdd ~Vref (9-i) (3-4)

3.2.2 Proposed Comparator Circuit
The proposed comparator consists of NMOS and PMOS dual input stages for the
differential inputs and the two reference voltage levels, as shown in Figure 3-7, which

satisfies the following equations.

Ip1:|p2:|nl:|n2 (3'5)
:unCox (ﬂj = ﬂpCox(ﬂj = Ko (3'6)
L M5M6M7,M8 L M1M2,M3 M4
/uncox (ﬂj = /upcox (ﬂj = Ki (3_7)
L M9,M10,M11,M12 L M13,M14,M15M16

|VTp |E| VTn | (3_8)



From Equation 3-5,

resulting in

Similarly using %Ipl =

M13\j

\Vout+

-

Vg +Vgy =2V g
1 . , :
El”l =1y, =1y, We can also derive

Vs4 +V52 = 2Vref8

33

1 . . 1 1
-1 pl :E Inl =y =lys :EKi(Vs3 _Vrefl_lva |)2 :EKi(Vrefl _Vsl _VTn) (3'9)

(3-10)

(3-11)

Vout-

[:‘ M12

Figure 3-7. Proposed Comparator
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In the proposed comparator circuit, when Vin: = Viers and Vin. = Viets, Voutr = Vout-
=V44/2. The difference between the differential inputs (Vin+ and Vj,.) and reference
voltages (Vi1 and Vi), respectively, is multiplied with the comparator’s gain,
resulting in the digital outputs Vou and V..

As an example, if Vins > Vier1, the current through the M5 (ivs) exceeds iwve,
increasing im13, and ivg is decreased by the reduced Vg mi. At the same time, Vin. < Viers
causes imis > Im12. Thus, the difference between iy13 and iyg causes the digital output to
be Vourr ="17, and V. =‘0’.

From the above example, we can see that the difference between inputs and

reference voltages cause the difference between i,,, and i,,, and i, and iy,

resulting in the digital outputs (Vouw and Vou.), Which can be summarized as follows:

Iwis>>lye and iy, << iy, =2 Vy,.=T1and V ,_='0" (Digital output)

out+

iy1s<<iyo aNd iy1>> iy 2 Vo =‘0"and V., =‘1" (Digital output)

out+

iys =iye ANd dype = By 2 Vo = V.. = transition point

out+

When Vins - Vienn << 1 LSB and Viers - Vin-<< 1 LSB, and the currents through

M13, M9, M12 and M16 are simple expressed as

s = K (Vip, =V =Vi)* (3-12)
o = Ki (Vg =Vi, = Vy, ) (3-13)
iy = K (Vi =V, =Vi)? (3-14)
s = Ki (Vg =Vi = Vp, )° (3-15)

Iy =y and iy,5=1,e correspond to Vin-=Vies and Vin=Vie1, respectively, as
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a result of Equations (3-10)-(3-15). Therefore, the transition points of each comparator
output can be obtained when the input voltage meets its related reference voltage, which

was defined as “reference point” in the previous section.

Gain Boosting
The extra inverters are added at the comparator outputs, as shown in Figure 3-8,

in order to increase the comparator’s gain and reduce the rising/falling time of its output

signal.
(,—\‘ Vd Vud Vdd Vid l,"‘\‘
H !
| I
I i
I ! ! I
I ! ! I
I ! 1 !
I ! ! I
| ! ! |
1t = ol
| ! ! !
He |
- b—i—i ] 1 -\in + o9 0—5—»
Vout +i : | '"Vout -
in in
I ! I |
I I
1N |
I 1 ! I
A i
1 _ H ]
W I T
N gnd gnd < gnd <+ gnd \__/
\ Gain boosting /

inverters
Figure 3-8. Proposed Comparator with Extra Inverter Stages
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AC simulation results with and without the extra inverters are shown in Figure 3-
9, where we can estimate that the gain increases by 25dB without significant bandwidth
degradation by the extra inverters. In addition, the transient responses show the digital
output signals of the both cases in Figure 3-10, and its slew-rate measurements

represent the reduced rising/falling time by the extra inverter stage.

(zain=5%3 66 dE after extra inverter stage

Gain=50.02 dE at 264MHZ —= |,

Gain=25.84 dB before extra inverter stage

Gain=2548 dB at 264MHz  —wm

Figure 3-9. AC Response
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Transient response

| .Time I[s}

Figure 3-10. Transient Response (a) with (b) without Extra Inverter Stage

3.2.3 Proposed Interpolating Technique

The main goal of the interpolating technique is to reduce the number of
comparators in the flash A/D converter by creating an additional reference point from
two adjacent comparators. In Figure 3-11, the proposed interpolating architecture is
illustrated, where the two pairs of transistors (M1-M2 and M3-M4) are utilized instead
of the buffers and the resistors in the typical structure. The additional transistors satisfy

the following conditions.



ﬂncox(ﬂj :ﬂncox(ﬂj
L Jv2ma L Jviomze

W W
H Cox(_j =H Cox(_J
P L M1,M3 P L M5 M7

Using Equation 3-5,

1 1
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(3-16)

(3-17)

. . 1 1
E I P A In =lmzs =Imia :EKO (VSB' _Vrefz_lva |)2 :EKO (Vrefl _V31 _VTn) (3_18)

2
therefore, the relationship between Vs; and Vsz: can be derived as

Veg +Vs1 =Viers + Vg, =2V +2 LSB
Similarly using%lp :%In =1y =g

Vs4' +Vsz :Vref8 +Vref7 = 2'Vref8 -2 LSB

(3-19)

(3-20)
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Figure 3-11. Proposed Interpolating Architecture

In Figure 3-11, M1-M4 are added to the two identical comparators, introduced in

Figure 3-7. From Equation 3-16 and 3-17, currents through M1-M4 can be expressed as
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i1 = s = K Vi, = Vs, —Vi,)? (3-21)
vz =g = Ki Vg =Vip, = V5, 1) (3-22)
s =is = Ki Vi =V, =Vi,)? (3-23)
e =i = K Vep —Vip Vi, )2 (3-24)

As previously stated, iy,,3, Iye, Iy and iy, determine the digital outputs of
Vout+ and Voue in Figure 3-7. Similarly, the currents through M1, 2, 3 and 4 (iy,, iy,,
iysand i,,) determine the digital outputs of Vou+ and Voup- in the proposed

architecture, which can be summarized as

i1 >>1we and  iyz3<<iwg 2> V.. =1and V. =‘0" (Digital output)

out2+ — out2— —

i1 <<imz and iwz>>ima 2> V., .=‘0and V ,, =‘1" (Digital output)

out2+ —
imi=1Im2  and  imz=ima > V. =V, = transition point
Let us defied the reference points V. and V. such that when iy; = iy and iys =
ima, When Vi,.= V. and Vin+= Vy.. Although V. and Vy. provide the reference points
for the Vou+ and Vo, they are not from the reference generator. The additional
transistor pairs realize the interpolating architecture by providing the additional
reference point (Vy:) from two reference voltage (Vi1 and Vieerz) and two adjacent

comparators. V. and V. can be derived as follows.
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iMl = iM2 = Ki(vin+ _Vs1 _VTn)z = Ki(VS3‘ _Vin+_|VTp Dz

= 2.V, =Veu +V5, =V +V, +2 LSB =2V, + 2LSB (3-25)

ref
after simplification.
= V,, =(V,,+V,4,)/2=V,, (3-26)
Similarly,
= V., =(V,, +V,4s)/2=V,_ (3-27)

As shown in Equations 3-26 and 3-27, the additional reference point by the
proposed interpolating architecture indicates the averaged value of two adjacent
reference voltages, which satisfies the requirement of the additional reference point by
the typical interpolating structure described in previous chapter.

In Figure 3-12, each output characteristics of the proposed architecture in Figure
3-11 are illustrated for the DC input sweep with the reference points by the interpolating
technique. As shown in Figure3-12, the output characteristics of Vo4 - represent digital
outputs for the DC input sweep like the outputs of the comparators, and, the reference
point, realized by the interpolating technique, indicate the averaged value of Vs and

Ver2, @S defined in Equation 3-26 and 27.
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Figure 3-12. DC Simulation Results of the Proposed Interpolating Architecture

Comparison between the Proposed and the Typical Interpolating Architectures
In the Figure 3-13, the left half realizes the proposed interpolating architecture
and the right half implements the typical structure employing buffers and resistors in

order to provide the comparison results of the both topologies for the bandwidth.
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Figure 3-13. Comparison of the Typical and Proposed Interpolating Architecture
As shown in Figure 3-14, the proposed interpolating structure does not cause any
significant bandwidth degradation as compared with the AC response of Figure 3-9, but
the -3dB frequency of the typical structure is dramatically reduced by the buffers and

the resistors. Therefore, it can be concluded that the proposed comparator mitigates the
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main drawback of the typical interpolating structure.

AC Response

49

-3dB Frequency =252MHz ( Proposed Interpolating Architecture )
36

——

E -3dB Frequency =12.9 MHz ( Typical Interpolating Architecture )
1@
0.6
1 18 190 1K 19K 180K ™ 1M 15OM 16 186
freq ( Hz )

Figure 3-14. AC Response of the Typical and Proposed Interpolating Architecture
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3.3 The First Latch Block
The 1% latch block in the proposed A/D converter consists of 15 latches, one of

which is illustrated in Figure 3-15

Vdd

Vout-

Figure 3-15. Latch

The input Vi,-and Vi, are directly connected to the differential outputs of the
comparator, discussed in the previous section. The latch clock signal (CLK) determines
the tracking and holding states through M7 and M8. In tracking mode, the CLK is high,
and the amplified differential input signals appear on the nodes A and B through M7
and M8. In holding mode, the CLK goes low, and M7 and M8 disconnect nodes A and
B from the input signals. Therefore, the most recent tracking value is held at the nodes
A and B during the holding state. The inverters at the ends of the latch are used to

improve the metastability error [1].
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3.4  Encoder

The parallel-connected comparator and latch pairs in the proposed interpolating
A/D converter produce thermometer code from analog input signal; therefore, the
thermometer code should be converted into the binary code for the DSP system.
Thermometer code is represented by a series of j consecutive ‘0’s and a following
series of k consecutive ‘1’s (j+k=m for m bit thermometer code). The number of ‘1’s in
the code represents decimal number, as shown in Figure 3-16. m-bit binary code [Dpm-1
Dm2 Dms... Do ] represents the decimal value of D 1n12™% D n22™% Dms2™3, + D

02°, as shown in Figure 3-16

> Decimal » Thermometer code » Binary code
1 000000000000001 0001
2 000000000000011 0010
3 000000000000111 0011
4 000000000001111 0100
5

000000000011111 0101

Figure 3-16. Thermometer and Binary Codes for Decimal Numbers



Thermometer code

[0 O O OO O 0 OO0 OO0OO0O 1T 1 1]

Code 15 Codel4 Codel3 Code 12Codel1Codel0 Code 9 Code8 Code7 Code6 Code5 Code4 Code3 Code2 Codel

Binary code

0 0 1 1]

B-Code4 B-Code3 B-Code2 B-Codel

Figure 3-17. Thermometer and Binary Codes for the Decimal Number 3
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In Figure 3-17, the 4 bit thermometer and binary code represent decimal number

3, and the binary code [B-Code4, B-Code3, B-Code2, B-Codel] can be encoded from

the thermometer code by the following logical descriptions

B-Codel = (Codel+Code3+Code5+Code7+Code9+Codell+Codel3+Codel5 ) (3-26)

B-Code2 = (Code2+Code3+Codee6+Code7+Codel0+Codell+Codel4+Codels) (3-27)

B-Code3 = (Code4+Code5+Code6+Code7+Codel2+Codel3+Codel4+Codel5 ) (3-28)

B-Code4 = (Code8+Code9+Codel0+Codell+Codel2+Codel3+Codel4+Codelbs) (3-29)

The encoder block of the proposed A/D structure realizes the above encoding

descriptions with OR gates as illustrated in Figure 3-18.
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Figure 3-18. Implementation of the Proposed Interpolating A/D Converter Encoder

3.5 The Second Latch Block

For a dual-in-line package (DIP), the die is planted in cavity, which is bonded to

the pads through the perimeter and such a structure causes parasitic package

capacitance and inductance [12]. To show the impact of parasitic package inductance at

the converter output buffer stage, a digital output buffer is depicted in Figure 3-19 with

a load capacitor(C.) and package inductances on supply and ground (Lvqq and Lgng) [3].
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gnd after output digital buffer

@ .
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Figure 3-19. Digital Output Buffer with Parasitic Package Inductance

The digital buffer includes a load capacitor at its output node, which increases the

rising/falling time of the digital output signal as described in

2-C V, 1, (3Vy, -4V,
trising/falling = total L +=1In —dd___t (3-30)
K(Vdd _Vt) Vdd _Vt 2 Vdd

where K=K =K, :E/JHCOX W =1prOX W and C,, represents the
2 L)w 2 L w2

total capacitance at the output node. In order to decrease the rising/falling time, a large
output buffer is required, which increases the dynamic power.
The currents during the rising/falling time can be expressed by

AV

I = Ctotal A_t

(3-31)

where AV =Vy4-0 and At represents the desired rising/falling time of the converter

digital output signal [17]. We can estimate the voltage changes at the node A and B
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from the expressions

Al
Vv = — 3-32
node_ A Vdd At ( )
Al
Vnode_B = Lgnd E ( 3-33 )

The voltage transmitters at nodes (A and B) for continuous digital inputs are
known as ‘supply bounce’ and *ground bounce’, respectively [3][17].

With the assumptions of 5pF of total capacitance and Lyga = Lgna = 2nH, the
supply and ground bounce are estimated as 450mV each for the 0.2ns of the
rising/falling time. To reduce the bounces, more rising/falling time of converter digital
output signal are required. With the 0.4ns of the rising/falling time, the supply and
ground bounce are degraded to 112.5mV. However, the increased rising/falling time
reflect the less effective data width, where well-defined digital value is provided to the
DSP system; therefore, the small effective data width increases the jitter sensitivity of
the DSP system. Hence, the 2" latch block is proposed to relieve the requirements of
the fast rising/falling time with more effective data width.

In the proposed A/D converter, the encoder output signal has the data streaming
width of 0.94ns. Therefore, to obtain the effective data width of 0.74ns, 0.2ns
rising/falling time is required. However, even with the increased rising/falling time
(0.4ns), the more effective data width (1.44ns) can be obtained in the 2™ latch block by
doubling the encoder output data streaming width as shown in Figure 3-20. The doubled
data streaming width reduces the jitter sensitivity of the DSP system and increases the

more effective data width, which relaxes the requirement of the fast rising/falling time,
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resulting in the less bounces.

Digital output signal
without 2nd latch block

(00.94ns data width ) . .
Rasining time Falling time effective data width
0.2ns 0.2ns 0.74ns

Digital output signal

/ \ >
with 2nd latch block

(_1.88ns data width )

Rasining time Falling time effective data width
0.4ns 0.4ns
1.48ns

Figure 3-20. Encoder Output and Doubled Encoder Output by the 2" Latch Block

Because the DSP system only uses the captured input digital value at sampling
points, the output of the encoder and the 2" latch block represent the same results at the

DSP system, as shown in Figure 3-21.
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—>

\/

System Clock Signal
(528MH2)

Figure 3-21. Encoder and the Proposed 2" Latch Output at the DSP Sampling Points

In Figure 3-21, the proposed 2™ latch block doubles the data streaming width of
the encoder output. At the DSP sampling points, the encoder output and the 2" latch
output reflect same results of [1 1 0 0 1] but the more effective data width is provided
by the 2™ latch block.

As shown in Figure 3-22, the 2" latch block consists of 4 sub-blocks, and each

sub-block consists of 2 latches and an OR gate.



Binary Input
(0.94 ns data
streaming width)

Second Latch Block
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Binary output
(1.88 ns data
streaming width )

s N\
CLK CLK
0.94 ns data , | atches 1.88 ns data
streaming width streaming width
L OR gate )
s N
inverter  First latch inverter Second latch
[ >
D d D d >
CLK CLK
N J

Figure 3-22. Block Diagram of the 2™ Latch Block
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inverter inverter
_>|>o— o—| >o—] L » OUT1
'nepnuctcf<r;|0er|?1 — D Q D Q——— 0OUT2
T First latch T Second latch
CLK CLK
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Input from
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Vdd l_ LI —, _E],‘_.t_F_‘IE
T = |3
_‘ b | CLK L l_ Vdd b CLK p
| o CLK F ol Fea
L ]
Lgnd gnd L gnd gnd

Figure 3-23. 2" Latch Block in Transistor Level

The transistor level implementation of the latches is shown in Figures 3-23,
where the first latch captures and holds the output signal of the encoder when the clock
is low, and then the second latch senses and holds the output signal of the first latch
when the clock goes high. Therefore, using the 528MHz system clock frequency, the
first latch holds the encoder output signal for 0.94ns and the second latch holds the
output value of the first latch for 0.94ns with the delay of 0.94ns. These two output
signals of the latches are added by the OR gate; hence, the output of the OR gate
represents the doubled data width (1.88ns =0.94ns+0.94ns) of the encoder output signal.

The transient simulation results for the 2™ latch block are shown in Figure 3-24.
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Figure 3-24. Transient Response of the 2™ Latch Block

From Figure 3-24, we can see that the encoder output signal (signal A) is detected
and kept by the first latch (signal B) during 0.94ns, which is copied by the second latch
(signal C) with the delay of 0.94ns. The output signals (signal B and C) are added by

the OR gate, which causes the doubled width of the encoder output signal (signal D).
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3.6 Clock Synchronization Block

The clock synchronization block provides clock signals to the SHA, the 1% latch
block and the 2™ latch block as shown in Figure 3-25. The input clock signal of the
clock synchronization block comes from the PLL circuit in the same UWB chip. To
synchronize the clocks and the performances of each block in the proposed A/D
converter, clock delays are required, which are implemented by the digital clock buffers

in the clock synchronization block, as shown in Figure 3-25.

1stLatch 2nd Latch
SHA block block

!

Clock from PLL‘* Clock Synchronization Block

Y

1st Latch block 2 nd Latch block

! f f !
Clock from PLLW W }

Figure 3-25. Clock Synchronization Block

SHA
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CHAPTER IV
SIMULATIONS OF THE PROPOSED A/D CONVERTER

To measure the A/D converter’s performance, static and dynamic simulations are
used. Static simulation mainly represents the performance of the comparator block and
dynamic simulation shows the results of nonlinearities and distortions for the various

input frequencies.

4.1 Static Simulation
Figure 4-1 shows the DC response of the comparator block as the input voltage is

swept from 0.2V to 1.6V.

DC Response

o WS{"/net v WS({"/net A VS et =0 YS("/net o VS("/met « VS("met VS /met =l VS( *net
1.8 e WS{"/net o1 VS{"/net o et e VS net . WS("/net =: YVE("/net o "ine

N i

(v)

E@0mL

Ga0mL

4E@mL

280mL

I

206m 4dEm SAGm BAGEmM 1.8 1.2 1.4 1.6
do (v

Figure 4-1. DC Response



58

Each line in Figure 4-1 indicates the digitized output of the comparator block
including interpolating architecture described in section 3.2. Figure 4-2 shows the step

response of the A/D converter.

S@@mL

GE@mL

48@mL

28@mL

SABm EAEmM 7Am BOEmM 9AEm 1.4 1.1 1.2 1.3
do (V)

Figure 4-2. Step Response of the A/D Converter

From the Figure 4-2, we can measure the INL= 0.071 LSB and the
DNL=0.126LSB. Figure 4-3 and 4-4 shows the INL and DNL, respectively, at 0°C and

125°C.
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Code
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Figure 4-3. INL for Temperature Variations
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Figure 4-4. DNL for Temperature Variations

The static simulations for the various temperature conditions result in (its .)
Within the temperature range from 0°C to 125°C, DNLmax =0.164 LSB and

INL2x=0.095 LSB are achieved. The maximum value as given in Table 1-1 is 0.5 LSB.
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4.2  Dynamic Simulation
Dynamic simulation is very important for high frequency A/D converters because
their nonlinearities and distortions increase as the input frequency and the sampling

frequency increase.

421 SINAD and SFDR
Figure 4-5 shows the SINAD and SFDR results obtained from fast fourier

transform (FFT) for the various input frequencies.

SIMAD & SFDR
T T T T T T T T T
R B itiiiiE
.., i PRiHiiibrhhinioQ
+ i SINAD
* - - L+ ; ‘ - + .
W s e i e e 1
o5l Q.. [ [ [ e F S SRy P Ny (RN S Lo SN o PP SRR .
o SFDR
= H H H : H H : H H : H
i I e e e I IR B B 1
S S S S -
LT T T LT T T TR SRR R -
5__________L__________.__________.__________L__________.__________5 ________________________________________________________________ -
0 i i i i i i i i i i i
1} 0.25 0a 0.758 1 125 158 175 2 225 24 275 3
Input frequency w10°

Figure 4-5. SFDR and SINAD

From Figure 4-5, 3.75 ENOB is achieved at 265MHz using Equation 1-2, which
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satisfies the ENOB specification (>3.6) in Table 1-1. Moreover, the estimated ENOB
indicates that the proposed A/D converter can handle higher sampling frequencies over
the given specification (528Mhz) since the maximum sampling frequency is determined

by the frequency where the ENOB gets -0.5 bit degradation [1].

4.2.2 Dynamic Simulations for Temperature Variation
Dynamic simulation are also proposed at 0°C and 125°C temperatures.

Simulation conditions are as follows:

e Sampling frequency : 528MHz
* Input signal : Differential 1 V., at 259MHz and 263MHz
¢ Corner simulation : Temperature (0°C ~125°C)

e Sampling point : 528

Figure 4-6 to 4-9 shows the simulation results, which are classified in Table 3-1.
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Figure 4-6. FFT Result When Temperature = 0°C (259MHz Input Frequency)
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Figure 4-7. FFT Result When Temperature = 125 °C ( 259MHz Input Frequency)
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Figure 4-8. FFT Result When Temperature = 0°C (263MHz Input Frequency)
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Figure 4-9. FFT Result When Temperature = 125 °C ( 263MHz Input Frequency)



Table 4-1. FFT Results for Temperature Variations
Temperature = 0°C Temperature = 125°C
Input frequency 259MHz | 263MHz 259MHz 263MHz
SINAD (dB) 24.77 24.16 25.54 25.64
ENOB (bit) 3.82 3.72 3.95 3.96
SFDR (dB) 31.52 30.71 33.24 34.36
THD (dB) -28.73 -27.37 -31.30 -32.29
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From Table 4-1, we can see that SINAD, ENOB and SFDR satisfy the

requirements specified in chapter | within the temperature range 0°C ~125°C.

4.3 Layout and Summary of Simulation Results

The layout in Figure 4-10 shows the proposed interpolating A/D converter
realized with its seven sub-blocks introduced in chapter Il, and two additional blocks
(the current control and the clock select switch block). The layout are used in 390 um

x 320 pm.

The clock select switch block enables using not only the internal PLL clock
signal but also an external clock signal as the converter input clock. The current control
block enables the use of multiple choice of bias currents (I, and I,) for the comparator

described in Figure 3-5 in order to compensate the mismatch of the bias currents (I, and

In).
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Summary of simulation results for the proposed interpolating A/D converter is

given in Table 4-2.

Table 4-2. Simulation Results of the Proposed A/D Converter

Specification Value
Input Differential 1 V.,
Input Frequency < 264 MHz
Sampling Frequency 528 MHz
Resolution 4 bit
LSB 33mvV
SNR 25.84 dB
SINAD @ 263MHz 24.77 dB
SFDR @ 263MHz 31.52dB
ENOB @ 263MHz 3.82 bit
THD @ 263MHz -28.73 dB
INL 0.095 LSB
DNL 0.164 LSB
Size 390 um  x 320 pum
Power Consumption 6.93mW

Table 4-3 shows the comparison between the proposed interpolating A/D
converter and three other references. The proposed work has significantly low power
dissipation and smaller chip area, and achieves 6GHz bandwidth. It can be concluded
the proposed A/D converter possesses the advantages of both the interpolating and the

flash converters without the disadvantages of either.
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Table 4-3. Various A/D Converter Publications (MSF=Maximum Sampling Frequency)

Proposed A/D

Specification converter [18] [19] [20]
Published 2005 2004 2004 1999
Input Signal Differential Differential Differential Differential
Range v 1V 0.88 V 2V
MSF 6.01 GHz 5.0GHz 3.2 GHz 12 GHz
Resolution 4 bit 4 bit 4 bit 4 bit
INL 0.095 LSB 0.34 LSB 0.6 LSB 0.4 LSB
DNL 0.164 LSB 0.24 LSB 0.4 LSB 0.4LSB
Chip Area 0.124 mm? 0.2 mm?* 0.4 mm?® 9 mm?
Power 9.61mW 70mw 131mW 1.0W
Consumption
0.18 um 0.18 um 0.18 um 0.25 um
Technology CMOS CMOS CMOS CMOS
Supply Voltage 1.8V 18V 1.8V 25V
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CHAPTER V

DIGITAL-TO-ANALOG CONVERTER

Digital-to-analog converters (D/A converter) generate analog output signals for
given digital input codes, and mainly consist of a decoder and a reference generator as
shown in Figure 5-1. The decoder converts the binary output code of the DSP system
into the thermometer, and the reference generator creates a certain reference level for

the thermometer code resulting in an analog signal.

Binary code :> D/A Converter :> Analog signal
Py
T generator

Thermometer code

Figure 5-1. D/A Converter

The following sections introduce the proposed differential D/A converter, which

consist of a binary to thermometer decoder and a differential reference generator.
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5.1 Decoder
The proposed D/A converter employs a binary-to-thermometer decoder to reduce
the glitch error [1]. In the decoder, the binary input code is converted into the

thermometer code through the logical descriptions in Figure 5-2.

Binary input code

[DcB Al

Thermometer output code
[ TI5 T14 T13 T12 T11 T10 T9 T8 T7 T6 T5 T4 T3 T2 Ti]

Thermometer output code
T 1: A+B+C+D

T 2: B+C+D
Binary input code T 3: AB+C+D
T 4:  C+D
A =2° T 5: AC+BC+D
B =2 —> 16 BC+D
C =22 T 7:  ABCD
D =23 T 8: D

T 9: AD+BD+CD
T10: BD+CD
T11: ABD+CD

T 12; CD
T13: CDA+B)
T 14; BCD

T 15: ABCD

Figure 5-2. Decoding from Binary to Thermometer Code
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5.2 Reference Generator
The proposed reference generator is illustrated in Figure 5-3. The resistors (R1,
R2,..., R15) are either connected to gnd to Vqq4, depending on the thermometer output

code of the decoder.

Controlled by Thermometer code

M)

“ﬂ‘f R1 R vad
:/D-

gnd
|||—o R2
e

Vdd

d
“?_no 8 Vout
e

\ J Rgnd
gnd

Figure 5-3. Proposed Reference Generator

If all the resistors have the same value (R1= R2...=R15=R), Vq,: can be
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expressed as

1

ES >(TH _0)+ !
R Rgnd (5-1)
Vout = 1 1 Vdd

;-Z(TH _0)+ Rl ' ;-Z(TH _1)+ !

Vdd

ond
where TH_1 is the number of logical ‘1’s in thermometer code and TH_O is the number
of logical ‘0’s in thermometer code. The output swing range of the decoder is
determined by Rvqd and Rgng. The upper and lower limit of the output swing range were
estimated as 1.125V and 0.675V in chapter I, which can be obtained by Rgnd =Rvdd

=1.9kQ and R=40kQ based on the Equation 5-1.

Resistor number is determined by the
switch connection of Vdd-R Vdd

A~
%RVdd R R T ) R

Vout

Rgnd R R eeo e R

V\_/_/(

Resistor number is determined by the
switch connection of gnd-R

End

Figure 5-4. Output Reference Voltage Determined by the Parallel Resistance When

R1=R2...=R15=R
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The following sections describe the features of the proposed reference generator

including full output swing, high speed operation and differential structure.

5.2.1 Full Output Swing

Although the output swing is limited to 0.45 V by resistors to satisfy the given
specifications in the proposed reference generator, its output can get full swing by
eliminating Rgng and Rvqg. Therefore, the proposed topology can be a solution of the

D/A converter requiring large output range.

5.2.2 High Speed Operation

Figure 5-5 shows the implementation of switch (see Figure 5-3) by an inverter.
Although the accumulated parasitic capacitance at an output node by the parallel-
connected resistors cause the bandwidth degradation of the output signal in the
proposed topology, the large dimension of the inverter switch enables the fast output

response possible for the digital input code.



- —— ——

:> E

Thermometer code

Vref

Figure 5-5. Inverter Switch
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Figure 5-6 shows the transient response of the proposed reference generator and

the known as voltage division topology, presented in [1][3]. To emphasize the fast

performance of the proposed reference generator, the reduced input data streaming

width (1ns) is applied instead of 1.88ns. In Figure 5-6, the proposed topology retains its

sharp edges even in narrower width case, but the voltage division topology does not

demonstrate a similar level of speed. In addition, the voltage division topology shows

the distortion over 1.1 V because the increased on-resistance of the switches limits its

output swing range. However, the proposed topology keeps its sharp edge over 1.1 V

without significant distortion because the proposed topology enables full output swing

range as described in the previous section.
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Transient Response
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Figure 5-6. Transient Responses of the Voltage Division and the Proposed Reference

Generator

5.2.3 Differential Structure
Although the proposed reference generator has a single output in Figure 5-2,
differential operation is desired to fulfill the requirements. By inverting the

thermometer code, we can produce the differential voltage level as follows:

1
E-Z(TH _1)+ !
v - R Ryng v (5-2)
out— l R 1 dd
i-Z(TH_1)+ =3 (TH _0)+ L
R gnd RVdd
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1
;-Z(TH _0)+ Rl
Vout+ = Sk Vdd (5-3)
1 . 1
1 1 1 1
= N'(TH _0)+ S N(TH _D)+
R Z Rgnd R z RVdd

Equation 5-2 and 5-3 are based on Equation 5-1; Vg IS obtained through the
proposed structure in Figure 5-2 and V. is realized by applying the inverted
thermometer code which is obtained by an additional inverter block as shown in

Figure 5-7.



Binary code d>

Thermometer code

Binary -to-
Thermometer
decoder

[0000111111111111 ]

Thermometer code

[0000111111111111]
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Reference

—

™| generator |~ " Vout+

Inverted thermometer code
[ 111100000000000]

JL

gnd
Vdd

gnd
.

Inverter l Reference
block generator Vout-

Inverted

__, thermometer code
[ 111100000000000 ]

Figure 5-7. Block Diagram of the Differential Reference Generator
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CHAPTER VI

SIMULATIONS OF THE PROPOSED D/A CONVERTER

6.1 Static Simulation
In Figure 6-1, the differential discrete output signals are obtained by the proposed

D/A converter for the binary ramp code.

Differential Output Result
through the Differential —
reference structure in Figure 5-7 — |
(Vout-) [

Differential Output Result
through the Differential
reference structure in Figure 5-7
(Vout+)

Figure 6-1. Transient Response for the Proposed D/A Converter
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-0.02
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Figure 6-2. INL and DNL

Figure 6-2 shows that DNL = 0.06 LSB and INL = 0.26 LSB, which satisfy the

requirements of the proposed D/A converter.

6.2 Dynamic Simulation
To see the influence of the dynamic nonlinearities, the simulation results shown
in Figure 6-3 is used with the following conditions:

e Minimum data streaming width : 1.88ns
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* Inputsignal : 1 Vp,/21MHz
e Sampling Point : 528
The FFT result of the proposed topology and the ideal one are provided in Figure

6-4, respectively.

analog signal
Analog input
signal Proposed

D/A Converter
\_______

Binary code

Ideal
A/D Converte

—

FFT conversion

Ideal

D/A Converter,
N

analog signal

Figure 6-3. Dynamic Simulation Setup
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Figure 6-4. FFT Result of the Ideal D/A Converter
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Figure 6-5. FFT Result of the Proposed D/A Converter

Table 6-1. Dynamic Simulation Results of the Ideal and Proposed D/A Converter

Ideal D/A converter Propose D/A converter
SINAD 24.9189 dB 24.7368 dB
ENOB 3.85 bit 3.82 bit
THD -40.9888 dB -40.9888 dB
SFDR 41.5533 dB 41.5533 dB

As shown in Table 6-1, the difference of the SINAD of the both topologies is

0.1821 dB, which indicates 0.03 ENOB degradation of the proposed D/A converter.
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6.2 Layout and Summary of Simulation Result
The layout of the proposed D/A converter shows the distributed input paths, the
decoder and the differential reference generator in Figure 6-6. The total chip area is 280

pm x130 pm.

280um

A
v

130um

Figure 6-6. Layout

Table 6-2 shows the summary of simulation result for the proposed D/A converter.
Although small chip area is achieved, 19.04mW of power consumption is required. This
can be reduced by increasing the resistor values of the reference generator, which

decreases the bandwidth due to accumulated parasitic capacitance at the output node.



Table 6-2. Simulation Results of the Proposed D/A Converter

Specification Value
Input 4-bit binary
Data streaming width 1.88 ns
DNL 0.26 LSB
INL 0.06 LSB
Output Range 045V
Size 130 pm x 286 pm
LSB 30mV
Power Consumption 19.04mW
Supply voltage 18V
Process TSMC 0.18 pm
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CHAPTER VII

CONCLUSIONS

The main design goals of the proposed A/D converter is to achieve the high-
speed and low-power requirements within a small chip area. The proposed topology is
based on interpolating technique, which reduces the problems caused by the large
number of comparators in a typical flash A/D converter. In this thesis, an alternative
interpolating architecture is proposed. Buffers and resistors of the typical interpolating
structure are replaced with a pair of CMOS transistors which solves the bandwidth
degradation problem. It can be concluded that the proposed interpolating A/D converter
eliminate the major disadvantages of the flash and the interpolating converter structures.

The proposed comparator within the A/D converter realizes high gain by adding
extra inverters at its output nodes, which reduces the possibility of bit errors caused by
metastability. The proposed 2" latch block decreases the distortion at the converter’s
output digital signal and the jitter sensitivity of the DSP system by doubling the data
streaming width of the encoder output signal.

Although the proposed A/D converter is designed for 528MHz sampling
frequency, its dynamic simulation results shows the possibility of faster sampling
frequency with low power dissipation characteristics and compact chip area.

In addition, an D/A converter has been proposed in this thesis for an UWB

transmitter. The proposed D/A converter has advantages such as full swing output range,



high speed operation and differential structure.
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