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Abstract

The digital-to-analog converter (DAC) is a key component in electronic
measurement instruments, communication systems and audio systems, and
many applications require highly linear DAC. However, the DAC circuit
suffers from manufacturing variations, which degrades the DAC linearity. In
this dissertation, two technologies using randomization methods are
proposed to reduce the manufacturing variation effects and improve the
linearity of the unary DAC. The first one is unit cell selection algorithms in
a pseudo random manner based on Magic Square, Latin Square and Euler
Knight Tour. This is a static randomization method. It is shown in numerical
simulations that these can reduce the systematic mismatch effects among unit
cells and improve the DAC linearity. Also the layout and routing EDA tools
are developed for these selection algorithms and it is shown that they are
feasible for IC implementation. The second one is the method of scrambling
both systematic and random mismatches among unit cells dynamically. If it
is implemented directly for 2D unit cell array layout, relatively complicated
circuit and routing are required. Here the scrambling circuit for virtual 3D
unit cell array layout (but actually 1D layout) is considered and it is shown
that its circuit and routing are relatively simple. Simulation verifications for

the linearity improvement are also demonstrated.
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Chapter 1

Introduction

1.1 Research Background and Motivation

With the development of digital signal processing and digital computing
technology, we are now enjoying life in the "digital" world more and more
[1, 2]. Compared to analog circuits, using digital circuits is less affected by
noise and more reliable. The advantage is that it is easier to integrate on a
chip to realize complex functions. However, the signals touched in the real
world are analog signals such as sounds and images. Therefore, conversion
between analog signals and digital circuit signals is important. It is necessary
to be able to easily convert an analog signal into a digital signal as an
interface between them. The circuit that realizes this function is an analog-

to-digital converter (ADC) [3].

ADCs are important modules in the configuration of electronic systems
and often have a significant impact on the overall performance of the system.
With the development of ultra-deep submicron CMOS processes, the degree
of digital circuit integration increases [4, 5]. The price is getting higher and
the function to realize it is complicated while the high-speed processing of
signals and the demand for accuracy are getting higher. However, the
development of ADC design is relatively slow, and the development of

analog design software is immature. The development of analog interface
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circuits lags behind the development of digital circuits. Especially in digital
television video systems and digital communication systems, their
performance (e. g., speed and accuracy) often limits the improvement of

overall system performance [6,7].

Since the introduction of ADC, we have experienced the development
of data conversion of discrete semiconductors and integrated circuits, and
the development strategy of high-speed and high-precision ADC is to
increase the degree of integration as much as possible and solve the product
for the final user, assuming that the performance is not affected. It has gone
through the process of semiconductor, integrated circuit data conversion to
provide a solution. Nowadays, the demand for ADC is increasing
significantly, and the performance index is wider in order to adapt to the
requirements applied to various applications. It is required to be covered. The
main fields of application of ADCs are constantly expanding, and they are
widely applied in fields such as sensor, DSP, multimedia, communication,
and measurement [8, 9]. ADCs meet the different demands of various fields.
On the other hand, at the design stage, not only the process and circuit
configuration of the ADC itself, but also the signal modulation is supported,
and the peripheral circuit design of the ADC such as an analog circuit such
as an analog filter is also performed. These should be taken into

consideration.
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1.2 Development History and Research Comparison of DAC

The development a digital-to-analog converter (DAC) has gone through
the process of electron tube, transistor and integrated circuit. It is produced
and developed because of the urgent needs of human production and life, and
every stage of its development is related to the latest scientific and

technological achievements at that time.

In the late 1940s, people began the research and practice of digital
communication, and developed ADC and DAC mounted by the electron tube.
With the development and maturity of transistor technology, to the late 1950s,
the converter in the electron tube gradually replaced by the transistor, so that
the volume and weight of the converter is greatly reduced. In the mid-1960s,
the main functional unit circuit of the converter, such as operational amplifier,
reference voltage source, resistance network, analog electronic switch and
logic control circuit, has been gradually integrated, especially the integrated
operational amplifier unit has entered the stage of large-scale industrial
production. In the early 1970s, a single chip DAC with all components
integrated on a single chip was developed. It marks the DAC has really
reached the stage of industrial mass production, get rid of the trouble of
carefully selecting the components of the converter, thus greatly reducing the

cost and improving the reliability.

We investigate a unit cell selection algorithm for a segmented DAC,
based on the Euler Knight Tour, which has the benefits of both the Magic

Square and the Knight Tour [5-10]; it cancels the systematic mismatches
18



among unit cells and improves overall DAC linearity. The Latin Square,
Magic Square and Knight Tour algorithms have been investigated for a long
time ago by many mathematicians, and there are a lot of theoretical research
results. However, there are very few reports on their application to
analog/mixed-signal IC design except from our group [15-17] and a Russian
group [18]. The proposed algorithm is expected to refine the DAC linearity
improvement algorithm further according to the theoretical results for Magic

Square and Knight Tour.

We remark that in our previous publication [15], the Magic Square
algorithm is applied to sorting of the unit cells to improve the unary DAC
linearity. However, this dissertation here describes unit cell selection
algorithms based on the Euler’s Knight Tour which has both properties of
Knight Tour and Magic Square. Hence, these look similar but they are

different.

The Knight Tour algorithm is expected to select the next unit cell close
to the present cell so that the differential non-linearity (DNL) variation
within adjacent digital inputs would not be large; if the next selected cell is
far from the present cell, the DNL variation within adjacent digital inputs can
be large due to systematic mismatch. The Magic Square algorithm, on the
other hand, offers well-balanced cell selection [19]. The Knight Tour
algorithm is good for local placement while the Magic Square algorithm is
for global placement, and hence the Euler Knight Tour algorithm is expected

to be good in terms of both local and global placement.
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We note that our previous work [15-17] applied the Magic Square
algorithm to unit cell sorting to improve unary DAC linearity. The Russian
group at Saint Petersburg investigated the Knight Tour algorithm [18], but
not Euler Knight Tour algorithm, even though Leonhard Euler stayed at Saint
Petersburg for a long time. This dissertation describes unit cell selection
algorithms based on the Euler Knight Tour which has both properties of

Knight Tour and Magic Square; they look similar but are different.

We have also developed a layout and routing design EDA tool for 2D
unit cell arrays for regular, Magic Square and Euler Knight Tour algorithms,
and show here their feasibilities for DAC implementation on an IC. Both
advances are necessary because Magic Square and Euler Knight Tour
algorithms make layout and routing more complicated than the regular unit

cell selection algorithm.

The first technique for systematic mismatch effect reduction that used
the unit cell selection algorithm for unary DAC linearity improvement was
proposed in [10]. Subsequently, there have been several studies in this area
[11-18]. Our proposal targets better 2D pseudo randomization, though layout

and routing are complicated compared to [10].

1.3 Organization

In this dissertation, through the analysis and modeling of the structure,

static and dynamic characteristics of the segmented DAC, the key issues of

20



DAC design are clarified, and the corresponding design techniques are

discussed.

In the design, this dissertation rationally selects the segmented structure,
proposes a simplified solution method for row-column decoding, optimizes
the arrangement of the current source array, and makes the designed

segmented DAC achieve better static and dynamic characteristics.
The dissertation is divided into five chapters.

Chapter 1 introduces research background for importance of DAC
linearity improvement as well as the research motivation and purpose. Also,
our approaches are introduced and possible applications of the linear

segmented DAC are described.

Chapter 2 introduces basic circuit structure and operation principle of
the unary DAC. Also, performance criteria of DAC characteristics and
definitions of various characteristic parameters are explained. Error sources

for mismatches among unit cells of the unary DAC are studied.

In Chapter 3, various unit cell selection algorithms of the unary DAC
for 2D layout are studied. Mathematical characteristics of Magic Square,
Latin Square and Euler Knight Tour are introduced. Magic Square has the
balance of rows, columns and diagonals, and Latin Square has the balance
of each unit, while Euler Knight Tour has both attributes of Knight Tour and
Magic Square. Cell selection algorithms in a static pseudo random manner

based on Magic Square, Latin Square and Euler Knight Tour are proposed to
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improve the linearity of the unary DAC by cancelling system mismatch
effects among unit cells. Simulation verifications have shown that they can
improve the linearity of the unary DAC with the practical assumption of
linear, quadratic or linear/quadratic commination systematic mismatches.
The effectiveness comparison for the three algorithms as well as the regular
conventional algorithm is also shown in simulations. We have also developed
a layout and routing design EDA tool for the 2D unit cell arrays for regular,
Magic Square, Latin Square, and Euler Knight Tour algorithms, and shown

their feasibilities for DAC implementation in an IC.

Chapter 4 studies a unit cell mismatch scrambling method for a high-
resolution unary DAC based on virtual 3D layout. DAC for communication
applications requires good spurious free dynamic range (SFDR)
performance. The SFDR of the unary DAC is degraded due to static
characteristics mismatches among its unit cells as well as its dynamic
characteristics. In this dissertation, we focus on the care for the static
characteristic mismatches using the dynamic element matching (DEM) for
the unary DAC. We consider here the signal bandwidth of the DAC is from
DC to the Nyquist rate (half of the sampling frequency) so that the DEM
technique only needs to spread the spectrum of the spurious tones caused by
the mismatches in the entire signal band uniformly without need for
mismatch shaping; this is called as mismatch scrambling. However, direct
implementation circuit of such mismatch scrambling for the high-resolution

unary DAC becomes complicated. Therefore, first in simulations, a
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mismatch scrambling technique utilizing the features of 2D regular layout
and routing for the unit cells was investigated, utilizing row and column
decoders features and this method can reduce the hardware compared to the
direct method. Then, we have investigated a more hardware efficient method
for a higher resolution DAC, by considering a virtual 3D case, considering
X-,Y- and Z-decoders, but there 1D layout is actually used. Its circuit
implementation requires only small amount of circuits compared to the
conventional methods. Simulation results show that its SFDR can be

improved compared to the case without the proposed scrambling method.

Chapter 5 summarizes the research work of this dissertation as well as

describes the future work.
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Chapter 2

DAC Main Structure and Performance Index

In order to communicate the digital signal processor with the analog
world, data acquisition and reconstruction circuits are required: analog-to
digital-conversion takes and digitizes the front-end analog signal, and

digital-to-analog conversion processes the signal on the back-end Fig. 2.1 is

the block diagram of the converter system.

»  ADC

001 1001

110 1010

010 0010
| Digital Signal

Process

DAC

Fig. 2.1 Digital processors and analog world interface systems.

2.1 Basic Principle of DAC

The function of the DAC is to convert the digital signal into an analog
signal with continuous time and discrete amplitude [19]. Fig.2.2 is a
schematic diagram of the structure and composition of a DAC. A complete

DAC typically consists of a reference voltage source, weighted network,

analog switches, and an output amplifier.
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Among them, the reference voltage source provides a reference voltage
for the DAC, and is generally composed of a bandgap reference circuit and
an operational amplifier with a strong ability to suppress temperature and
power supply. The weighted network enables each bit of the DAC to generate
a voltage or current with a certain weight, each bit of the unary DAC has the
same weight, and the relationship between the adjacent bit weights of the
binary DAC is binary. The analog switch controls the transmission of each
bit of data in the DAC. Generally, NMOS transistor switch, PMOS transistor
switch or CMOS switch is selected. By controlling the gate voltage of the
MOS transistor, the on-off of the analog switch can be controlled [20].
Usually, an operational amplifier is designed at the output end of the DAC,

so that the DAC has a certain driving capability [21].

The basic working principle of the DAC is to add the digital codes
according to their corresponding weights to generate a linear analog voltage
or current. Taking N-bit binary DAC as an example, if the digital code input
by the DAC is D(dy_1,dyN—>, -..,d3,d,,d1), the output voltage can be
expressed as:

ds d,

dy-— dyn-— a
Vour = Vres (% tt et sttt 2—;) (2-1)

In Eq. (2-1), Vout represents the output voltage of the DAC and Vref
represents the reference voltage. It can be seen from the expression that the

weight value of each bit of the DAC decreases bit by bit from the most
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significant bit (MSB) to the binary, and the weight value of the least
significant bit (LSB) is the smallest, 1/2V.

Reference Vet R Weighted D Vet Ol'ltput. KD Vet
Voltage Network Amplification
ﬂl
Analog
switch
DO ~ Dn

Fig. 2.2 Schematic diagram of DAC.

2.2 Basic Structure of DAC

There are many ways to classify DACs. Many literatures classify them
according to the basic structure of DACs. The DAC with the basic structure
of voltage divider network is called voltage scaling DAC, the DAC with the
basic structure of shunt network is called current scaling DAC, and the DAC
with the basic structure of capacitive storage array is called charge scaling
DAC [22]. It can also be classified according to the basic unit form of the
DAC. For example, the DAC whose basic unit is the current source is called
the current steering DAC. In addition, the DAC can also be divided into the
serial DAC and the parallel DAC according to the data transmission mode

of the DAC digital input.

This dissertation classifies the basic structures of DACs into unary

DACs, binary DACs, and segmented DACs combined with multiple
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structures according to the binary relationship of the adjacent bits of the
DACs. This classification method starts from the overall structure of the
DAC and does not stick to the form of the basic unit, making the basic
classification of the DAC clearer. Generally speaking, unary DAC, binary
DAC and segmented DAC include two versions of voltage output mode and

current output mode.
2.2.1 String DAC and Unary DAC (Thermometer DAC)

The main structure of the string DAC is composed of a string of
resistors with the same resistance value [23]. An 3-bit string DAC circuit
structure diagram, as shown in Fig. 2.3. We see that when the lowest bit
switch is turned on, the output voltage is zero, and when the highest bit

switch is turned on, the output voltage is 7Vref/8.

Vref
R% 3.8 F——o Input
e - npu

R% decoder }——— code
x |
R# N Analog
? Switch
R
) D o Vout
&
o
3
—0b
R
N
R
ey
i
r

Fig. 2.3 Voltage output string DAC.
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String DAC itself has monotonicity. Even if a resistor in the resistor
string is mismatched or short-circuited, the output of the n-th bit will not be
greater than the (n+1)-th bit. This is an advantage of the string DAC. Since
only one switch is turned on during the operation of string DAC, no more
than two switches can operate during one state switching, which makes the
switching burr of string DAC relatively constant and does not contribute

much to the harmonic of the output signal of the log analog converter.

The number of resistors in the N-bit string DAC is2". For low-to-
medium resolution DACs, this structure is feasible, but for high-resolution
DAC:s, the string DAC structure requires a huge translation code circuits and
a large number of resistors and switches, The increase in the number of
resistors increases the probability of resistor mismatch, resulting in a
decrease in the static parameters of the DAC, which limits the application of

the string DAC structure in high-resolution DACs [24].

Unary DAC can also be called a thermometer DAC or a fully decoded
DAC. Fig. 2.4 is a circuit structure. Each resistor in the unary DAC structure
is connected in parallel. One end of the resistor is connected to a reference
voltage source, and the other end is connected to a switch. This structure still
has monotonicity, that is, the number of thermometer DAC switches turned
on can only change from less to more or from more to less, and the output
voltage of the DAC can only change from low to high or from high to low
accordingly. Thermometer DACs suffer from the same problems as string

DAC:s, and the unary structure limits their use in high-resolution DACs.

30



pEzTTaoT

3-7

& o
¢
L &
| S
| S
| S—
&
——— do—]

—o [out

decoder

Il

Input code

Fig. 2.4 Current output thermometer DAC.

If the resistor in Fig. 2.4 is changed to a current source, the Unary DAC
will become the structure shown in Fig. 2.5. As mentioned at the beginning

of this chapter, such a structure can also be called a current steering DAC.

SRR NN N |
G LLITTTTT
e

il

Input code

Fig. 2.5 Current steering thermometer DAC.
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The current source in the current steering DAC generally consists of a
group of current mirrors. Each output current is almost equal, and the error
is much smaller than that of the resistance shunt thermometer DAC. This is
the advantage of the current output thermometer DAC using the current
mirror as the basic structure. Fig. 2.6 shows a unary DAC with unit current
sources, which turn on according to the corresponding decoded digital data
in thermometer code format. This converts the digital input into an analog

output.

------

_B3| 84,
Column Decoder

c1| c2| c3| c4

51| o |LRUSL|s2|s3|s4
| £ LR2s5|s6|S7 S8
B2| S | R3|S9|510(511|512
% | palsi3|s1a]s1s]s16

Fig. 2.6 Unary DAC circuit and regular layout of unit cell array. B4, B3, B2,
B1 are binary inputs, while R1, R2, R3, R4, C1, C2, C3, C4 are their

thermometer codes.
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2.2.2 Binary DAC

The characteristic of the unary DAC 1is that the voltage difference of
adjacent bits is the same, the output voltage with a large input code word
value must not be less than the output voltage with a small input code word
value, and the DAC itself has the advantage of monotonicity, which is why
it is used. Obtained at the expense of a large number of resistors and a huge
decoding circuit, the N-bit digital-to-analog converter requires 2V resistors.
The binary DAC structure overcomes this shortcoming. Like the unary DAC,
the binary DAC structure also has two versions of voltage output mode and

current output mode.
(1) Basic structure of binary DAC

Fig.2.7 is a DAC with binary structure in 4-bit voltage output mode.
The entire structure only needs 4 resistors, and the size difference between
adjacent resistors is doubled. This kind of DAC has a simple structure, but it
does not have monotonicity, which makes it difficult to apply to the structure
of high-precision DACs. The output resistance of the voltage mode binary
DAC will change with the change of the input code. The multiple
relationship between the maximum resistance and the minimum resistance
in the structure is2, which increases the probability of resistance mismatch
and makes the DAC more nonlinear. These are disadvantages of the basic
structure of the binary DAC, or this is the price paid by the binary structure

for reducing the number of resistors in the weighted network.
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Fig. 2.7 4-bit voltage mode binary weighted DAC.

Fig. 2.8 is a block diagram of a binary DAC in current mode. This N-
bit DAC is composed of N weighted current sources, and the current source
can be composed of a MOS current mirror, or a resistor and a reference
voltage source. The current-mode binary DAC also does not have
monotonicity. If the current value of the MSB is low due to process errors,
the MSB will be smaller than the sum of the currents of other bits, and the

DAC will therefore exhibit nonlinearity.

Vref o——mat + . ! !
1) 1 (1) Q)
R R S 4R S SR

B3 L B2 L Bl | BO po R Bp B
|

L =

—0 Jout =¥

@ (b)

BO

Fig. 2.8 (a) 4-bit resistor structure current mode binary weighted DAC. (b)

4-bit current steering structure current mode binary weighted DAC.
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In the basic structure of binary DAC, whether it is voltage mode or

current mode, the size of the highest bit resistance and the size of the lowest

bit resistance are multiples of 2V. This architecture is difficult to apply to

the structure of high-precision DACs alone, but it can be used as a

component of complex structure.

2.2.3 Segmented DAC

The basic structure and characteristics of DACs are introduced above,

including unary DAC and binary DAC. The unary DAC has good static

performance because of its inherent monotonicity, and the binary DAC has

a simple structure but poor static performance. Table 2-1 lists the

characteristics of the two basic structures of the DAC.

Table 2-1 Characteristics of the basic structure of DAC

Output .
Type Structure Advantage Disadvantage
yp Mode g g
The logic circuit is complicated and the
. Voltage . . L . .
String DAC Outout Monotonic in structure |area is large, which is not suitable for high
Unary DAC P precision
Thermometer [ Current Monotonic in structure The logic circuit is complexand not
DAC Output suitable for high precision
\Voltage Simple structure, small - -
Low precision, no monotonicity
. Output area
Basic Type -
Current Simple structure, small L. .
Low precision, no monotonicity
Output area
Binary DAC Voltage Medium Accuracy,
Output Constant Output Input impedance changes, not monotonic
R-2R Type _ dlmpeiance
Current edium Accuracy, Output impedance changes, not
Constant Output .
Output monotonic
Impedance
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We see from Table 2-1 that the advantage of the unary DAC is that it is
inherently monotonic, which is determined by the structure of the unary
DAC. The disadvantage is that as the number of bits increases, the required
logical circuit area is large, which makes unary DAC not suitable for high-
resolution applications. The binary DAC structure has two structures,
namely the basic type and the R-2R type, neither of which has monotonicity,
but the resistance of the R-2R type structure is only R and 2R, making it an

important choice in the selection of binary DAC even better.

Many DACs are combinations of unary type and binary type. Unary
type with low sensitivity devices is used for the higher bits, while the binary
type with a small number of elements is for lower bits. Then a high

performance DAC with appropriate circuit scale and power can be realized.

Here, we consider only the unary type because the unary type handles

higher bits, which influences overall linearity of the segmented DAC.

2.3 Performance Indicators

In order to describe the performance of DAC more comprehensively,
some parameters and indicators will be introduced below. The indicators
related to package design: differential nonlinearity (DNL), integral
nonlinearity (INL), offset error and gain error are used to describe the static
characteristics of the converter, while signal noise (SNR), total harmonic

distortion (THD), spurious free dynamic range (SFDR), signal to noise plus
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harmonic distortion ratio (SND) and significant bit (ENOB) are used to

represent the dynamic characteristics of DAC.

2.3.1 Static State Characteristics of DAC

(1) Integral nonlinearity (INL)

INL is an index that indicates the cumulative error between the output
transfer characteristic and the linear approximation straight line. (a) Use one
of the two criteria shown in Fig. 2.9, namely the best fit line INL or (b) end
point line INL [27].

The best fit line INL minimizes the absolute error value of INL by
finding a reference line that best matches the transfer curve. The end line
INL is the end point of the DAC transfer curve. The output voltage measured
at (the minimum and maximum values of the input codes) is used to calculate
the linearity of the DAC. In this example, the shape of the DAC transmission
curve (measured value) of the two methods is the same. The endpoint method
has only positive INL and no negative error, but the best slope and offset of
the best fit line method are applied here, and the linear approximation line
shifts upward. In this way, it can move part of the positive error to the

negative side of the line and reduce the peak value of INL.
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Fig. 2.9 DAC Integral Nonlinearity (INL) Reference.

Best fit line calculation

When calculating the INL, the best fit line is calculated according to the
transfer curve. There are many methods, but the most commonly used
method is the least square method, which can be obtained from the following
Egs. (2-2) - (2-5). In this calculation, in the case of 10-bit DAC, N must use
all 2'°=1024 data sets, and the data of the code with bad results must not be

sparse.
. N*K,—Kq*K, ]

gain =—" @ (2-2)

of fset = % — gain * % (2-3)
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K=YV i K =YV s(), K3 = XNt K, = Y« S(0)
(2-4)

Where 1 is the input code and S (1) is the output voltage of the DAC.
These equations can be easily implemented in the measurement program.
The gain obtained by this formula is the voltage Visg of each quantization
step.

The actual INL is composed of N data sets, and each value is calculated
as the difference between the measured data normalized by the quantization
step and the best fit line, as shown in Eq. (2-5), and its unit is LSB.
Alternatively, it can be calculated using the sum of DNL obtained by Eq. (2-
9) as in Eq. (2-6). It can also be calculated according to the end line or design

criteria, but it is necessary to note that gain errors may occur in these methods.

INL(i) = S(l)_(galnbest};'z::'Offsetbestfit) [LSB] (2-5)
INL(i) = Xi2§ DNL()) [LSB] (2-6)

Here, the gain error is generally represented by Eq. (2-7) as a ratio of
deviation from the design specification of the gain. In addition, the offset
error represents the deviation between the output of the DAC when the input
code is 0 and the design value. In the case of binary encoding, the minimum
output voltage Vmin, and in the case of 2 complement encoding, the center
output voltage represents the deviation from Vpig. It should be noted here
that the 0 code encoded in 2 complement representation is actually a voltage
higher than Vg by 1/2 quantization step. The offset error is obtained by
normalizing the difference from the design value by the quantization step
size ( Viss, gainpestsit) Obtained from the best fit line using Eq. (2-8). Gain and

offset mismatch is one of the important parameters in quadrature modulation
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DACs (Quadrature DAC), and it is desirable to achieve an offset error of 1
LSB or less.

. gainy it—gain
GAiNgyyor = ——L———22100[%] (2-7)
galMiarget

_ (gainbestfit*io+0ffsetbestfit)_Offsettarget [

of fseterror = LSB] (2-8)

VisB

As described above, the INL measurements displays all the INL data
corresponding to the ascending order code, or the INL minimum and
maximum values for pass/fail judgment, as well as the gain error and offset

error as measurement results.

(2) Differential Non-linearity (DNL)

DNL is an index representing the uniformity of the quantization step
size obtained from the linear approximation straight line of the DAC output
voltage difference between adjacent codes. Therefore, in DNL, the method
of determining the quantization step size Visg affects the results. An
important characteristic is whether the device exhibits non-monotonicity,
such as when the error is less than -1 LSB as shown in Fig. 2.10 [28].
Normally, when the sample-to-sample output voltage differences of all
adjacent codes are always increasing, that is, there are points where the
output decreases when the input code increases, and points where the output
increases when the input code decreases. When it does not exist, the DAC is

said to have monotonicity.
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Fig. 2.10 DAC differential nonlinearity (DNL).

For the DNL calculation, N output voltage data sets for each code used
for the INL calculation are used, and the obtained DNL is N-1 data sets. Each
data is obtained by normalizing the difference between the actual output
voltage difference and the quantization step size Visg by the quantization
step, which is represented by the following Eq. (2-9). Here, Visg should use
the value obtained from the best-fit line to remove the gain effect from the
DNL index. Visp calculated by other methods have a negligible effect on
DNL to some extent. The preferred method order for VLSB calculations is
best fit line, end point line, design specification. On the other hand, the DNL
can be expressed as the difference in INL between adjacent input codes as

shown in Eq. (2-10).
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In ADC measurement, INL can be easily obtained from DNL, while in

DAC measurement, DNL is easier to obtain from INL.

S(i+1)-S@) _

VisB

DNL(i) = 1 [LSB] (2-9)

DNL(i) = INL(i + 1) — INL(i) [LSB] (2-10)

As described above, in the DNL measurement, all DNL data
corresponding to two adjacent ascending codes or the minimum and
maximum DNL values for pass/fail judgment are shown as measurement

results.
2.3.2 Dynamic Characteristics of DAC

(1) Signal-to-Noise Ratio (SNR)

Signal to Noise Ratio (SNR) refers to the ratio of signal power PS and
noise power PN (excluding the energy of harmonic part) in analog output
when a digital sine wave is input within a specific frequency range,

expressed in dB, and can be expressed as:

SNR[dB] = 10l0g10(§—5 (2-11)

The signal-to-noise ratio can also be expressed as the ratio of the
amplitude of the full-scale sinusoidal analog output signal to the respective
RMS value of the quantization noise. The signal-to-noise ratio (SNR) of an

oversampling ADC can be written as follows:
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3
SNR = 10log;o |=22YOSR ) = 10log,,(OSR) + 6.02N + 1.76 (2-12)
2

(2) Total Harmonic Distortion (THD)

Total Harmonic Distortion (THD) refers to the ratio of the sum of the
harmonic power of the DAC output signal to the fundamental power in a

certain frequency band, which is expressed by the following formula:
— iy
THD = 10log;, (—p ) (2-13)

In the above formula, P; is the fundamental wave power of the signal,
and Py is the k-th harmonic power of the signal. Usually, only the first 10
harmonic components can be taken, while ignoring the harmonic
components that have been attenuated to a very weak level more than 10

times (i.e. m=9 in (2-13)).
(3) Spurious-Free Dynamic Range (SFDR)

Spurious-Free Dynamic Range (SFDR) (Fig. 2.11) [29] is an important
parameter for DACs for wideband communication. According to the
obtained spectrum, as shown in Eq. (2-14), SFDR is expressed as the ratio
of fundamental wave to maximum spurious. The signal power is Psig, and

PHDM is the power of the harmonic that takes the maximum value.

SFDR = 10 log;, —2%- [dB] (2-14)
HD

PHDM

The spectrum of DAC output signal will not only contain the expected

signal frequency power, but also contain a lot of noise and harmonics. A
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single-tone sine wave can be added at the input of the converter to measure
SFDR. If the INL performance of the DAC is good enough, the SFDR value

is usually higher than the signal-to-noise ratio.

FULL-SCALE (FS)

dg | SIGNAL (CARRIER) __ ___ __ I
T SFDR (dBFS)

SFDR (dBc)

------------- WORST SPUR LEVEL

NOISE __ : | 77T

Fig. 2.11 Spurious-free dynamic range.

(4) Signal-to-Noise and Distortion Ratio (SNDR)

Signal-to-Noise and Distortion Ratio (SNDR) refers to the ratio of the
signal power output by the DAC to the noise plus the sum of the harmonic

signal power, in dB, can be expressed as:

SNDR = 10 * log——2— (2-15)

P, n +Z];.°=2 P k
The difference between SNDR and SNR is that SNDR also contains
other harmonic components except DC component.

(5) Effective Number of Bits (ENOB)

The ideal is determined by the number of bits of resolution. In reality,

due to nonlinear factors, its dynamic characteristics are reduced compared
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with the ideal. Therefore, it is more suitable to measure its dynamic
characteristics than to measure it in practice. It becomes ideal when the
harmonic distortion is reduced to, so in order to measure the deviation
between the harmonic distortion and the ideal, the degree of linearity

reflected is introduced. The defined expression is:

SNDR[dB]-1.76
6.02

ENOB = (2-16)

2 .4 Circuit Element Characteristics

2.4.1 Variations in Circuit Element Characteristics

There are systematic variations among MOSFET, resistor and capacitor
characteristics on an integrated circuit, due to their placements, and random
variations which do not depend on their placements. Ideally, the input and
output characteristics of the DAC should be linear. However, in reality due

to these variation effects, it could be nonlinear. The causes of these variations

are as follows [3,10-14]:

1) Systematic variations

-Voltage drop on wiring
-Temperature distribution
‘CMOS manufacturing process
‘Doping distribution

-Changes in threshold voltage
-Accuracy in wafer plane

- Mechanical stress
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2) Random variation

- Device mismatch

The systematic variations can be modeled as linear and quadratic
gradients as well their combination, regarding to the circuit element

placements.

1) Linear gradient variation

- Voltage drop on wiring

- CMOS manufacturing process
2) Quadratic gradient variation

-Temperature distribution

- Accuracy in wafer plane

- Mechanical stress.

The above variations largely affect the DAC linearity. The variations
among the unit current sources are shown in Fig. 2.12, Fig. 2.13 and Fig.
2.14. =y} is assumed to be the coordinates of the position on the chip, and

the linear and quadratic variations are shown by the following expressions.

1) Linear error (Fig. 2.12)
&(x,y) = g; * cosf * x + g; *sinf x y (2-17)

0: angle of inclination g;:magnitude of the slope

2)  Quadratic error (Fig. 2.13)
gqxy) =g, * x* +y?) —aq (2-18)

gq:variable value  a,:position

3) Linear and quadratic joint errors (Fig. 2.14)
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g(xy) = gxy) +gK&y) (2-19)

In general, the coefficients of x? and y? may be different. We choose
Eq. (2-17).The influence of the systematic variation on the DAC linearity

can be mitigated by technique to the target unit cell selection algorithm or

layout.
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Fig. 2.12 Linear gradient error.
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Fig. 2.13 Quadratic gradient error.
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Fig. 2.14 Linear and quadratic joint gradient errors.
2.4.2 Unary DAC Nonlinearity

In practical CMOS technologies, the current source mismatches are
influenced by their threshold voltage mismatch and/or by the slope mismatch

(Fig.2.15) [4]. Ideal drain current I4 in saturation region is given by:

B
lgq = 5 (Vgs - Vth1)2 (2-20)

Also drain current mismatch is given by;

Aldl _ 2 Avthtox

(2-21)
Igq Vos = Vina VWL

Current mismatches are dependent on their device sizes. Note that here,
we are considering to reduce the DAC nonlinearity effects of the current

mismatches due to small device size (VWL).
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These mismatches among current sources may cause the unary DAC
nonlinearity due to their systematic mismatches if they are laid out in a

regular manner (Fig.2.16, Fig.2.17).

Vada
11 = Iref + All IZ = Iref + AIZ
Iref

7 .

®  ©

Il = Iref + All Il = Iref + AIZ

Fig. 2.15 Mismatches among current sources.
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Fig. 2.16 Regular layout of unit cells for a unary DAC and their
linear/quadratic gradient errors.
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Fig. 2.17 Regular layout of unit cells for a unary DAC and its nonlinearity

due to their linear gradient errors

2.5 Summary

In this chapter, the working principle of the DAC is introduced in detail.
The input digital code controls the on-off of the analog switch, and the digital
code is added according to the weight of each bit to convert the digital

quantity into the corresponding analog quantity.

The basic structure of the DAC can be divided into a unary DAC and a
binary DAC according to the relationship between adjacent bits. The
advantage of the unary DAC is that it has monotonicity, and the disadvantage
is that the logic circuit is more complicated. The logic circuit of the binary

DAC is simple, but the static parameters are not ideal. Segmented DAC
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refers to a DAC with two or more structures, which can have the advantages

of multiple single-structure DACs at the same time.

The index parameters of the DAC include static parameters and
dynamic parameters. We discuss the influence of components in a circuit on

IC wafer.
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Chapter 3

Random Selection Algorithms of Unit Cells in
Unary DAC

3.1 Magic Square

A Magic Square has a property that the sums of each row/

column/diagonal element are all equal. Hence we consider that this property

balances the unit cell array of the unary type DAC, and we have investigated

the layout of the unit cells which can reduce the systematic variation effects

to improve the DAC linearity (Fig. 3.1).

Vdd
[+Al |+,3,|2 [+Al3 |+Als I+Als I+Als 1+Al7
Wls

S9

S7

S6

512

sS4

S14

S156

S1

Error

Sz S3 WS'I

Vout l

Fig. 3.1 Layout technique of unit cells for a unary DAC and its linearity

improvement by cancelling their linear gradient errors.

3.1.1 Features of Magic Square
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The Magic Square with the » x n matrix, which is arranged in a grid
pattern, is a series of natural numbers starting from 1 to » x n while the
numbers on each row, column or diagonal elements have equal sum [5-7].
Including n elements on each row, column, diagonal, the Magic Square is
usually called as an n-th order Magic Square. The sum of the rows, columns

and diagonal elements of the n-th order Magic Square is expressed as follows:

2 2
S — n (TLZ +1) (3_1)

In the Magic Square shown in Fig. 3.2, it can be confirmed that the sum

of the elements of each row, column and diagonal components are all equal.

el 2|3 |13] > uel2 |3 43
| 7
{"':j':E: |11]10 _Ei_ :::_} 511108
la|7|s|12] > E}/%/E\\!E
—— = i A g\ \\
< |4 |14|15]1 | O 4114 | 1571
— _ L‘_// \"HEI

Fig. 3.2 Equivalent constant sum characteristics.

3.1.2. Algorithm Using Concentric Magic Square

Utilizing this property, the systematic variations of a segmented DAC
are expected to be reduced by the Magic Square selection of the unit cells.

The 16x16 Magic Square used in the analysis is shown in Fig. 3.3, and the
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DAC linearity improvement with the layout based on the Magic Square was

confirmed by simulation.

239|238| 20 | 21 |235|234| 24 | 25 |231|230| 28 | 29 |227|226| 32

223|222| 36 | 37 |219(218| 40 | 41 (215(|214| 44 | 45 [211|210| 48
50 | 51 |205|204| 54 | 55 |201|200| 58 | 59 [197|196| 62 | 63 |193
66 | 67 |189|188) 70 | 71 |185(184| 74 | 75 |181|180| 78 | 79 |177
175(174| 84 | B5 |171|170| 88 | 89 (167(166| 92 | 93 [163|162| 96
159(158(100(101|155(154(104|105(151|150|108|109|147 (146|112
114({115(141(140|{118(119|137|136(122|123|133|132|126(127|129
130{131(125(124|134(135{121|120(138|139|117|116|142|143|113
111({110(148(149|107(106({152|153|103|102|156|157| 99 | 98 |160
95| 94 |164|165 91 | 90 |168|168| 87 | 86 (172|173| 83 | 82 |176
178(179| 77 | 76 |182(183| 73 | 72 (186(|187| 69 | 68 [{190|191| 65
194(195| 61 | 60 |198(199| 57 | 66 (202|203| 53 | 52 (206|207 49
47 | 46 (212(213| 43 | 42 |216|217| 39 | 38 (220|221| 35 | 34 |224
31| 30 |228|229| 27 | 26 |232|233| 23 | 22 |236|237| 19 | 18 |240
242(243| 13 | 12 |246(247| 9 | 8 [250({251| 5 | 4 (254|255 1

Fig. 3.3 16x16 Magic Square.

3.2 Latin Square

3.2.1 Characteristics of Latin Square

Latin Squares have n rows and n columns of n different symbols, and
are arranged in such a way that each symbol appears only once in each row

and each column (Fig. 3.4 (a)) [7-9]. Now considering a “complete Latin

Square”; for even n, put the numbers 1 through n in the first row in the

following order : 1,2, n, 3, n-1,...., n/2+2, n/2+1. (For example, for n=4, we
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would have 1, 2,4, 3, ...). In each remaining empty cell, we place the number

in the cell directly above it plus 1 (Fig. 3.4 (b)).

The Latin Square was studied by mathematician Leonhard Euler (1707-
1783).

1 12| 3| 4
314|112
4 | 3| 2| 1
2| 1|43

Fig. 3.4 (a) 4x4 Latin Square.

12|43
2 | 3|1 4
4 1|3 | 2
3| 4|2 1

Fig. 3.4 (b) 4x4 Complete Latin Square.
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3.3 Euler Knight Tour
3.3.1 Features of Euler Knight Tour

The Knight Tour is a sequence of moves that replicate Knight’s moves
on a chessboard such that the Knight piece visits every square exactly once;
Fig.3.5 shows where the Knight can move starting from around the center of
an 8x8 board. If the Knight ends on a square that is one Knight's move from
the beginning square so that it could tour the board again immediately,
following the same path, the tour is closed; otherwise, it is open. Fig.3.6
shows an example. The Euler Knight Tour has both properties of Magic
Square and Knight Tour as shown in Fig. 3.7.

abcde f gh

a bcde f gh

Fig. 3.5 Places where a Knight piece can move starting from around the

center of an 8x8 chess board.
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15]62]19|34| 1N50(31{46
18(35(16(63|32 47‘% 49

61]14|33|20(51] A44L $

36(17(60[13 6?"29 48
11[58[21[40] 5 |54]27(44

22(37(12159|28|41]| 6 |53
57110|39|24(55| 8 |43|26
38|23|56| 9 [42|25]|54] 7

Fig. 3.6 Euler Knight Tour algorithm in an 8x8 matrix.

1y48]31]50[33]16]63 3
300514643 [62]19]14]35
47 \3"'5«;/3: 15/34]17]64
52[2904"[a5]20]61]36[13
5%44]25/56] 9 [40]21]60
28[53] 8 [41]24]57]12]37
43| 6 |55]26[39/10[59]22
&a127]42] 7 [58]23]38]\0p

A4

260 260

Fig. 3.7 Euler Knight Tour algorithm in an 8x8 matrix.

3.4 Simulation Result

The unary DAC with regular layout allows variations of the linear and
quadratic gradients to degrade its linearity. Fig. 3.8 shows the case of 8-bit
(16 x 16). We compared this regular layout, the Magic Square layout (Fig.
3.9), the Latin Square layout (Fig.3.10) and the Euler Knight Tour layout
(Fig .3.11).

We have simulated static performance of an 8-bit unary DAC, and

compared the regular layout, the Magic Square layout and the Euler Knight
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Tour layout cases, and evaluated their performance using integral non-
linearity (INL) for the case of linear gradient error (Fig. 13.12) and INL for
the case of quadratic gradient error (Figs. 3.13 (a)(b)(c)(d)). The simulated
frequency domain performance was assessed using the spurious free
dynamic range (SFDR) in the case of linear gradient error (Figs. 3.14-3.17);
mismatch among unit cells was generated by setting a random number
between -1 and +1. We see that the DAC with the Euler's Knight Tour

algorithm had superior SFDR in the given variation parameters.

The numerical simulation results in the linear gradient variation case
are shown in Fig.3.12 and the results in the quadratic gradient variation are
shown in Figs.3.13 (a) (b) (¢) (d). We see that the Magic Square, Latin Square

and the Euler Knight Tour methods yield almost the same DAC linearity.

1711811920 |21 |22 |23 |24 25|26 |27 | 28|29 30| 31| 32
33134353637 |38|30|40|41|42|43 44|45 |46 |47 |48
49 50| 51|52 |53 |54 |55 |56 |57 |58 |59|60|61|62|63|64
65|66 |67 (68|69 |70 |71 |72 |73 |74 |75|76|77|78|79|80
81|82|83|84 (85|86 |87 |88|89|90)|91|92|93|94|95|96
97| 98|99 |100(101|102({103|104|{105|106|107|108|109(110|111 {112
113[114{115| 116|117 |118|119(120|121(122|123|124| 125|126 | 127|128
1291130{131|132|133|134|135(136| 137 [138|139{140| 141|142 | 143|144
145/146(147| 148|149/ 150|151 |152|153[154|155{ 156|157 |158| 159|160
161|162|163|164|165|166|167 [168|169(170|171{172|173|174|175|176
177|178{179|180|181|182|183|184|185(186|187|188|189|180| 121|192
193]194[195|196|197|198|189|200|201|202|203|204| 205|206 | 207|208
209|210|1211|212(213|214|215|216|217|218 (219|220 221|222|223|224
225|226|227|228(220|230|231|232| 233|234 |235| 236|237 |238|239|240
241|242|243|244|245|246|247|248|249|250 (251|252 |253|254| 2565|256

Fig. 3.8 Regular layout of 2D array current cells.
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1011 ] 0 [[12] 8 [ha] 7 [14] & [15] 5 8] 4 [N 2 | 2
11 [[12[10]}3]] o [va] e [hs] 7 [6]e [¥]5]2[4]2
12 |[13][ 11 [h4[ 10|45 9 [16]| s [ 1] 7 [ 2|6 |3 |54
13 [h4[12[1g] 11| fg[[10[ A 9| 2|8 |3 ]7]4]6]5
14 [hg[13[dg |12 #®[11|2]|10|3 |9 |48 |5][7]6
1506 [14[ ¥ ]3] 2|12 3]11]4]0|5]9]6][8]7
6 [15]2]14]3]n]af2]s]1n]e]10]7]9]s

Fig. 3.10 Complete Latin Square layout of 2D array of current cells.
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Integral Non-Linearity [LSB]

169 218 171 76 [189|220| 85 | 20 |229| 38 | 87 | 24 |231| 40

216(183 167222187 | 78 |173]| 36 |227| 22 | 83 | 42 |237| 26 | 89
73 |168|215 67 |174(221|180] 19 | 84 | 35 |238| 23 | 90 | 41 (232
182|213(166| 69 223|176 79 |226| 33 | 82 | 31 |236| 43 | 92 | 27
165| 72 [179|214|175 191|224 81 | 18 |239| 34 | 91 | 30 |233| 44
212(181) 70 (163)210(177 161] 48 |225| 32 | 95 | 46 |235] 28 | 93
71(164(211|180( 65 |162(209 17| 96 | 47 |240| 29 | 94 | 45 |234
202| 13 |1126| 61 |208| 15 |128| 49 241|130 97 |148|243|132|103
125| 60 (203| 14 (1271 R4 [193] 16 [129 145(242|131(102|149 (244
12 1201( 62 |1231.2 |207( 52 |113]256 (159 143)|246|147|104|133
59 |124| 11 [20<| 63 [114] 17|194|111|144|255 101|134|245|150
200! 9 [122] 55 208] 3 [118] 51 [158(253]142| 09 2471136(105
1311| 58 (205| 10 (115] 541195 4 /141(110|155|254|135 151|248
8 [199] 56 [119] 6 [197] 52 [117]. 52|157]108]139|250| 153 137
91 |120( 7 |198 53 [118] 5 1967109|140|251|156|107 138|249

Fig. 3.11 Euler Knight Tour layout of 2D array current cells.
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Fig. 3.12 Simulated INL in case of linear gradient.
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(c) Latin Square case.
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Knight Tour
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(d) Knight Tour case.
Fig. 3.13 Simulated INLs for quadratic gradient error.
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Fig. 3.14 Simulation condition is distribution of variation. (Top to bottom,

left to right, small to large.)
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Fig. 3.15 SFDR for the Regular layout.
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Fig. 3.16 SFDR for the Magic Square layout.
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Fig. 3.17 Simulated SFDR for complete Latin Square case.

%00 Fundamental = 42.7dB *HD2 =11.7dB
- HD3 = 13.8dB

40.0

o 30.0 HD2

5, HD3 SFDR = 31.0dB

¢ 200

[e]

o

10.0
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Fig. 3.18 Simulated SFDR for Euler Knight Tour layout case.

The data simulation in one case may be contingent, so SFDR simulation
was carried out according to the different data arrangement modes as shown
in Figs.3.20-3.21, and the results were obtained in Figs.3.22-3.23. The

abscissa is the value range of SFDR, and the ordinate is the number of this

value range. It can be seen from the results that the results of the Latin Square
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and Magic Square in the quadratic distribution are better than the regular
distribution. It can be improved by about 5dB to 10dB (Fig. 2.22). But the
alignment of the linear and quadratic distributions, although improved, is not
so obvious (Fig. 2.23). We see that when the variation obeys the linear
distribution (Fig.3.19), Latin Square is the best, followed by Magic Square,
Euler Knight Tour, and Regular. In the quadratic distribution case (Fig.3.20),
the Euler Knight Tour is the best, followed by Latin Square, Magic Square,
and then Regular. In the linear and quadratic combined distribution case
(Fig.3.21), the Latin Square and Euler Knight Tour are the best followed by

Magic Square and then Regular.

Notice in Figs3.15-3.18 that “Fundamental" is NOT normalized to 0dB,
but is direct FFT calculation result because it can change depending on
randomization algorithms; the fundamental component power can be spread
in frequency domain due to randomization.

I B1 } B2 |Ba l Ba
| Column Decoder

T T T T T T T T T T 1
5 ho | ba [ bz [ ls | b | s | Is |
Tz | 1s | I | |

|
I T T
Bs ™

Lss

18p02a(q Moy

20 | la21 l223
| Loz | L2 |
s2 | lz53 lzss

Fig. 3.19 Simulation condition is linear distribution of variation. (Top to
bottom, left to right, small to large.)
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large large large large large large
large middle | middle | middle | middle large
large middle small small middle large
large middle small small middle large
large middle | middle | middle | middle large
large large large large large large

Fig. 3.20 Simulation condition is quadratic distribution of variation. (From

small

large

Fig. 3.21 Simulation condition is linear + quadratic distribution of variation.

the center to the periphery from small to large)

large large large large large large
large middle middle middle middle large
large middle - middle large
large middle middle large
large middle middle middle middle large
large large large large large large

A J

(From the center to the periphery from small to large and top to bottom, left to

right, small to large)
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Fig. 3.22 Simulated SFDR result with quadratic variation using 50-Monte

Carlo analysis.
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Fig. 3.23 Simulated SFDR result with linear + quadratic variation using 50-

Monte Carlo analysis.
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3.6 Layout and Routing Feasibility

We have developed a layout and routing design EDA tool for 2D unit
cell arrays for regular, Magic Square, Latin Square and Euler Knight Tour
algorithms, to assess their feasibilities for DAC implementation on an IC
because these algorithms are more complicated than the regular unit cell

selection algorithm.

Fig. 3.24 shows the floor plan of the 2D unit cell array for the 6-bit (8x8)
case while Fig. 3.25 shows the 2D regular layout case [9]; Fig.3.26 shows
the Euler Knight Tour case. The binary digital input signals (B1, B2, B3, B4,
BS5, and B6) are fed into the column and row decoders simultaneously. The
column decoder produces the thermometer code (C1, C2, ...,C7) from B1,
B2, B3 while the row decoder generate the thermometer code (R1, R2, ...,
R7) from B4, B5, B6. These thermometer codes are provided to each cell
and by using each local decoder, the switch control signals SO1 to S64 are

generated as follows:

S01=R1+C1,

S05=R1+C5,

S09=R2+R1*Cl1,
S13=R2+R1*CS5,
S17=R3+R2*Cl1,
S21=R3+R2*C5,
S25=R4+R3*Cl1,

S29=R4+R3*CS5,

S02=R1+C2,
S06=R1+C6,
S10=R2+R1*C2,
S14=R2+R1*C6,
S18=R3+R2*C2,
S22=R3+R2*C6,
S26=R4+R3*C2,

S30=R4-+R3*Co,

S03=R1+C3,
S07=R1+C7,
S11=R2+R1*C3,
S15=R2+R1*C7,
S19=R3+R2*(3,
S23=R3+R2*C7,
S27=R4+R3*(3,

S31=R4+R3*C7,
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S04=R1+C4,
S08=R1,
S12=R2+R1*C4,
S16=R2,
S20=R3+R2*(C4,
S24=R3,
S28=R4+R3*C4,

S32=R4,



S33=R5+R4*C1, S34=R5+R4*C2, S35=R5+R4*C3, S36=R5+R4*C4,

S37=R5+R4*C5, S38=R5+R4*C6, S39=R5+R4*C7, S40=RS5,
S41=R6+R5*C1,  S42=R6+R5*C2, S43=R6+R5*C3, S44=R6+R5*C4,
S45=R6+R5*CS5, S46=R6+R5*C6, S47=R6+R5*C7, S48=R6,
S49=R7+R6*C1,  S50=R7+R6*C2, S51=R7+R6*C3, S52=R7+R6*C4,
S53=R7+R6*CS5, S54=R7+R6*C6, S55=R7+R6*C7, S56=R7,
S57=R7*Cl, S58=R7*C2, S59=R7*C3, S60=R7*C4,
S61=R7*CS, S62=R7*C6, S63=R7*C7, S64=0.

As it is desirable that the digital and analog circuits/signals do not
intersect each other, we put an output buffer on the right side of the DAC.
The output terminal of all unit cells is connected to the input terminal of the

output buffer cell.

B1.B2,B3

Vdd ‘ Column Decoder ‘

GND a] ] o] ca] ] | ] o)

|vdd

R1

Fl

Qutput
R2 Buffer

R3
;’ Unit Cell 2D Array

R5

]

19posag Moy

]

Digital
Input RE
B4,B5,B6

Analog
Qutput

!

R7
R,

Fig. 3.24 6-bit unary DAC floor plan.
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B1,B2,B3

Vdd | Column Decoder |
GND c1 l c2 l c3 l c4 l ch l C6 l Ccr7 l GND l
M4 | so1 | so2 | so3 | soa | so5 | sos | so7 | sos
Bl, | s09 | s10 | s11 | 12 | $13 | s14 | s15 | s16 Output
D R2_ | s17 | s18 | s19 | s20 | s21 | s22 | s23 | soa Buffer
— 2 R, | s25 | s26 | s27 | s28 | s20 | s30 | s31 | s32
8 B | saa | saa | s35 | s36 | sa7 | sas | sa0 | s40 #
I[:gli}f\ & B, [Tsa1 | saz | sas | sas | sa5 | sas | sa7 | sas Analog
B4,B5,B6 RS, | sas | sso | s51 | s52 | ss3 | ss4 | s55 | ss6 | Output
R7, | s57 | s58 | s59 | seo | se1 | s62 | s63 | s64

Fig. 3.25 Unary DAC floor plan for 2D regular unit cell array.
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Fig. 3.26 Unary DAC floor plan for 2D unit cell array based on Euler

Knight Tour.

Fig.3.27-3.30 show the trial 2D layout and routing for 8-bit (16x16) unit
cells in the regular, Magic Square, Latin Square and Euler Knight Tour cases,

respectively. We understand intuitively from these figures that while layout
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and routing are much more complicated the in Magic Square, Latin Square

and Euler Knight Tour cases, they are feasible for IC implementation.

Fig. 3.27 8-bit (16x16) unit cell 2D layout and routing based on Regular

square.

Fig. 3.28 8-bit (16x16) unit cell 2D layout and routing based on Magic

Square.
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Fig. 3.29 8-bit (16x16) unit cell 2D layout and routing based on complete

Latin Square. The irregular part of the most right is the output buffer.

Fig. 3.30 8-bit (16x16) unit cell 2D layout and routing based on Euler

Knight Tour square. The irregular part of the most right is the output buffer.
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3.7 Summary

3.7.1 Conclusion

In this dissertation, we have demonstrated that unary cell selection
algorithms based on the classical mathematics can improve the segmented
DAC linearity as they can cancel systematic mismatch effects. Pseudo
random numbers in 2D arrays were simulated to reproduce by the cell
arrangements using the Regular, Latin Square, Magic Square and Euler
Knight Tour approaches. Our simulations showed that Latin Square, Magic
Square and Euler Knight Tour algorithms offer superior overall DAC
linearity to the regular layout. We have also developed a layout and routing
design EDA tool for the 2D unit cell arrays for regular, Latin Square, Magic
Square and Euler Knight Tour algorithms, and shown their feasibilities for

DAC implementation in an IC.

We expect that since there are a lot of Euler Knight Tour, Latin Square
and Magic Square mathematical research results, layout algorithms using

them to configure 2D unit cells of the unary DAC can be refined further.

3.7.2 Items for Future Study

The conclusions obtained through computer simulation and the layout
of the circuit board were all before. Later, it can be designed and verified
through FPGA. If the result of the verification is satisfactory, the physical

design and verification can be carried out.
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Chapter 4

Mismatch Scrambling Algorithms of Unit
Cells in Unary DAC

4.1 Introduction

Digital-to-Analog Converter (DAC) for communication applications
requires good Spurious Free Dynamic Range (SFDR) performance [27, 28].
The SFDR of the unary DAC is degraded due to static characteristics

mismatches among its unit cells as well as its dynamic characteristics.

In this dissertation, we focus on the care for the static characteristics
mismatches using the Dynamic Element Matching (DEM) for the unary
DAC. We consider here the signal bandwidth of the DAC is from DC to the
Nyquist rate (half of the sampling frequency) or higher frequency, so that the
DEM technique only needs to spread the spectrum of the spurious tones
caused by the mismatches in the entire signal band uniformly without need

for mismatch shaping; this is called as mismatch scrambling [29].

However, direct implementation circuit of such mismatch scrambling
for the high-resolution unary DAC becomes complicated. Then, in [30] a
mismatch scrambling technique utilizing the features of 2D regular (square
or rectangular) layout and routing for the unit cells was investigated, utilizing

row and column decoders features [31].
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Here, we investigate a more hardware efficient method for a higher
resolution DAC, by considering a virtual 3D case, considering X-,Y- and Z-

decoders.

Notice that most of DEM algorithms are for low resolution DACs and
for mismatch shaping [29, 32-56]; to our knowledge, there is no research for
small hardware mismatch scrambling for high resolution DACs except for

[30].
4.2 Configuration and Problems of Unary DAC

DAC architectures may be classified into binary and unary types as well
as their combination (segment type), as shown in Fig.4.1 [30] [31]. The
binary one uses the sum of the binary element outputs as its overall output
while the unary sums the unary outputs obtained from the decoded binary
data. The unary DAC consists of a unit array of voltage, charge or current.
DA conversion is performed by summing these unit cell outputs. Fig.2.6
shows a unary DAC with unit current sources, which turn on according to
the corresponding decoded digital data. Then, the digital input is converted

into an analog output.

The unary type has less influence (especially for DNL) on the output
signal than the binary type even if there are mismatches among elements.
The glitch is small and monotonicity characteristics is guaranteed in
principle. However, its disadvantages are relatively large hardware and
power due to a large number of unit cells, as well as conversion speed
restriction to the decoder circuit. When attempting to realize a high linearity

DAC, the relative mismatches among the unit cells (unit currents I in Fig.2.6)
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become a problem. Thus, the cell selection technique for alleviating this

influence is necessary.

Fig. 4.1 Segmented DAC with binary and unary structures.

Many DACs consist of combination of unary and binary types; Unary
type is used for the higher bits, while the binary type with a small number of
elements is for lower bits. Then a high performance DAC with appropriate
circuit scale and power can be realized. Hence, we consider only the unary
type because the unary type handles higher bits, which influences overall

linearity of the segmented DAC [31].

We consider here a 2-dimensional (2D) matrix layout of unit cells as shown
in Fig.2.6 [34]. The column decoder converts the upper binary bits to the
thermometer codes, while the row decoder does the lower binary bits to the
thermometer ones. Then we have 2D regular layout and routing of unit cells.

Fig.4.1 shows a 6-bit unary DAC with unit current sources. Its binary
digital inputs (Bg, Bs, B4, B3, B,, B;) are converted into the thermometer

codes (Sg3, Sgz, s So, S7) through the decoder. Here we assume the

following:

I=11=IZ=”'=I63'
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Then the k-th current switch for Sp=1 turns on. For example, if the
digital input 000111, then S,=1 (k=1,..,7), S,,=0 (m=8,..,63), and the analog
output is Voyr=7R L.

Next, we consider mismatches among current sources in Fig.4.1. I, is

the unit current source corresponding to S,,. Ideally all values of I, (rn=1,

2,.., 63) are identical, but in reality, these can be different [32]:

I, =1+A4I,

Here I = (é) I+ L+-+Ig3)

These mismatches Al, cause the overall DAC nonlinearity and

generate spurious components of the DAC output in frequency domain and

thus degrade the SFDR.

Then the mismatch scrambling method is considered to spread the
spurious spectrum components caused by the mismatches and improve the

selection at each sampling time in a pseudo random manner.

For example, consider the case that the digital input is the DC value of

00101. Then a mismatch scrambling algorithm may work as follows:
At time k, $5=5,=5;=5,=5,=1
And the analog output
Vour(k) = R(51 +AIs+Al+Al; + Al,+Al).
At time k+1, S,5=551=517,=511=5,=1 and

Vour(k+1)=R(51 +Alyg+ALy+AL, + Al +AL).
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At time k+2, S602551:S37:SZ3258:1 and
VOUT(k+2) = R(SI +AI60+A151+AI37 + A123+A18)

Here the current mismatch effects are dynamically changed.

Digital B6 B5 B4 B3 B2 Bl

input || | | | | +
" Decoder RT
L ...... \T 7 Vout
o
l l Analog
\ \ \ \ output
S63 sS62| v S02 S01

Fig. 4.2 6-bit unary DAC configuration.
4.3 Dynamic Element Matching Technique

The DEM is a technique to change the unit cell selection order and
spread the DAC output spurious in frequency domain; it can improve the
SFDR [31] [36] . However, the circuit to implement conventional DEM
increases exponentially as the number of unit cells increases. Here we
investigate its simple implementation utilizing the structure of the 2D matrix

layout of the unit cells.
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Fig. 4.3 Unary DAC with 2D layout of unit cells (without DEM).
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Fig. 4.4 Unary DAC with 2D layout of unit cells (with DEM).
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Fig.4.4 shows 2D matrix layout of unit cells for a 4-bit unary DAC. Fig.
shows the proposed 2D matrix layout of unit cells and circuit for a 4-bit unary
DAC, where scrambler circuits are added after the row and column decoders.
The scrambler circuit can be implemented by a multiplexer array with the
addition of a linear feedback shift register circuit for controlling its selection

signals in a pseudo random manner; these can realize a DEM algorithm.

Fig.4.5 shows the change for the unit cell selection order and Fig.4.6

shows the corresponding simulation results.

1 2 3 4 5 6 7 8
5 6 7 8 1 2 3 4

9 10 11 12 13 14 15 16

13 14 15 16 C 9 10 11 12 j
A B

9 10 11 12 13 14 15 16

13 14 15 16 ¢ 9 10 11 12

1 2 3 4 5 6 7 8

5 6 7 8 1 2 3 4
C D

Fig. 4.5 Unary DAC cell selection algorithm used for simulation.
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Fig. 4.6 Simulated DAC output power spectrum without DEM.
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Fig. 4.7 Unary DAC DEM algorithm used for simulation.
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Fig. 4.8 Simulated DAC output power spectrum with DEM.

Table 4-1 Simulated SFDR comparison with and without DEM.

_ SFDR (dB) SFDR (dB)
Device Improverment
DEM OFF DEM ON
A 22.819 3.218
B 22.879 3.158
26.037
C 20.235 5.802
D 22.096 3.941

We have simulated a 4-bit unary DAC with the proposed DEM (only

column decoder output shuffling) as shown in Fig.4.7, and its output power

spectrum is shown in Fig.4.8. Comparison among SFDR values are shown

in Table.4-1.
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4.3 Mismatch Scrambling Technique for 2D Regular Layout

The circuit to implement conventional mismatch scrambling increases
exponentially as the number of unit cells increases if it is directly
implemented. Hence its simple implementation utilizing the features of the
2D matrix layout and routing of the unit cells is discussed in [30]. Our
interpretation for 2D regular layout mismatch scrambling method is as

follows:

We consider here a 6-bit unary DAC with digital binary inputs of B,
Bs, By, B3, B,, By, and their thermometer codes are Sg4, Sg3, Sg2, ---5 S3,
S5, S1. Also consider the 2D square layout and routing of the unit cells as

shown in Fig.4.9 There, each component is given as follows:
1) Row-decoder: binary inputs B¢, Bs, By,
thermometer outputs R, Rg, Rs, R4, R3, Ry, R;.
R7=Bg¢BsB,, R¢=B¢Bs, Rs=Bs(Bs + By), R4=Bq,
R;=B¢ + BsB,, R,=B¢ + Bs, R{=Bg¢+Bs + B,.
i1) Column-decoder: binary inputs B;, B,, B,
thermometer outputs C,, Cq4, Cs, C4, C3, C,, Cy.
C7=B3B;B1, C¢=B3B;, (5=B3(B; + By), (4=Bs,
C;=B5; + B;B;, C,=B; + B,, C;=B3+B, + B;.

See Table 4-1. Also we define Ry=Cy=1, Rg=Cg=0
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We use a local decoder for each unit cell with the following logical

expression (Table 4-3):
Sn=Rp4+11tR,C,
S, 1s the switch for n-th current source. Here,
For 1<n< 8, p = 0.
For 9 <n <16, p = 1.
For 17 <n < 24, p = 2.
For 25 <n <32, p = 3.
For 33 <n <40, p =4
For 41 <n <48, p = 5.
For 49 <n <56, p = 6.
For 57 < n < 64, p=7.
For 1 <modg (n) <7, g =modg (n).

For modg (n) =0, g = 8.
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Fig. 4.9 2D unit cell layout of 6-bit unary DAC.

Table 4-2 Truth tables of binary-to-thermometer decoders for upper 3-bit

(left) and lower 3-bit (right) of a 6-bit unary DAC.

B6 B5S BAlR7TR6R5R4R3R2R1| [|B3B2B1l|C7C6C5C4C3C2C1
O 00/|0O OOOOODO 0O 00O[0O OOOOOO
0O 0110 0 000 01 0O 01({0 0 0O OOO0O1
0 1 0/00O0O0O0T1T1 01 0{0 O0OOO0OTI1I1
01 1/00 00111 01 1({0 000111
1 00/00O01111 1 00/0001111
1 01|00 11111 10110011111
110/01 11111 1100111111
1 111 111111 11 1]1 111111
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Table 4-3 Logical expressions of unit cell local decoders for a 6-bit unary

DAC with 2D layout in Fig.4.3.

S01=R1+ 1*C1 |S17= R3+ R2*Cl |S33= R5+ R4*Cl |S49= R7+ R6*C1
S02=R1+ 1*C2 |S18= R3+ R2*C2 |S34= R5+ R4*C2 |S50= R7+ R6*C2
S03=R1+ 1*C3 |S19= R3+ R2*C3 |S35= R5+ R4*C3 |S51= R7+ R6*C3
S04=R1+ 1*C4 |S20= R3+ R2*C4 |S36= R5+ R4*C4 |S52= R7+ R6*C4
S05=R1+ 1*C5 |S21= R3+ R2*C5 |S37= R5+ R4*C5 |S53= R7+ R6*C5
S06=R1+ 1*C6 |S22= R3+ R2*C6 |S38= R5+ R4*C6 |S54= R7+ R6*C6
S07=R1+ 1*C7 |S23= R3+ R2*C7 |S39= R5+ R4*C7 |S55= R7+ R6*C7
S08=R1+ 1*0 S24= R3+ R2*0 |S40= R5+ R4*0 |S56= R7+ R6*0

S09= R2+ R1*C1 |S25= R4+ R3*Cl |S41= R6+ R5*Cl |S57= 0+ R7*C1
S10= R2+ R1*C2 |S26= R4+ R3*C2 |S42= R6+ R5*C2 |S58= 0+ R7*C2
S11= R2+ R1*C3 |S27= R4+ R3*C3 |S43= R6+ R5*C3 |S59= 0+ R7*C3
S12= R2+ R1*C4 |S28= R4+ R3*C4 |S44= R6+ R5*C4 |S60= 0+ R7*C4
S13= R2+ R1*C5 |S29= R4+ R3*C5 |S45= R6+ R5*C5 |S61= 0+ R7*C5
S14= R2+ R1*C6 |S30= R4+ R3*C6 |S46= R6+ R5*C6 |S62= 0+ R7*C6
S15= R2+ R1*C7 |S31= R4+ R3*C7 |S47= R6+ R5*C7 |S63= 0+ R7*C7
S16=R2+ R1*0 |S32= R4+ R3*0 |S48= R6+ R5*0 |S00= 0+ R7*0

Now let us consider the mismatch scrambling circuit suitable for 2D

layout as shown in Fig.4.10 and Table4-4. For each n (n=1, 2, 3,..,, 63, 64),

we have

Sn:Rlp+1+RanIq

and p, q are changed dynamically in a pseudo random manner (p, g= 1,

2,...,7,8). Let us consider one-to-one mapping between (C'g, C';, C'¢, C's,

C’4_, C’3, C’2, Cll) and (Cs, C7, C67 Cs, C4_, C3, Cz, Cl)’ and their

relationships are changed at each sampling time.

One example is as follows:

At time k:

(C'8,C"7,C'6,C"s, 4, C'3,C"3, C'1) = (Cg, €y, Cg, Cs, €4, C3, €z, C1)
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At time k+1:
(C'g,C'7,C'6,C'5,C"4,C'5,C'5,C") = (€1, C3,Cg, Cs,Cy, Cy, C7,C3)
At time k+2:

(C'g,C'7,C'6,C'5,C"4,C'5,C'5,C") = (C4y €y, Cg, €3, Cy, C5, C5, Cr)

Similarly, let us consider one-to-one mapping between (R'g, R';, R,
R'<, Ry, R'5, R';, R'y) and (Rg, R;, Ry, Rs, Ry, R3, Ry, R;) ,andwe
change their relationships dynamically. Also, the following relationship is

maintained:
If R')y1= Ryyq,then R")= R, (p,r=0,1,2,3,4,5,6,7).

One example is as follows:
At time k:
(R's,R'7,R's,R's, R'y,R'3,R'3,R'1) = (Rg, R7, R, Rs, Ry, R3, Ra, Ry)
(R",R"7,R",R"5,R"4,R"3,R"3,R"1) = (R7,Re,Rs, Ra, R3, Ry, Ry, Ro)
At time k+1:
(R'g,R'7,R's,R's, R'y,R'3,R'3,R'1) = (Re, R4, R1, Ry, R3, Rg, Rs, R7)
(R",R"7,R",R"5,R"4,R"3,R"3,R"1) = (Rs,R3,Ro, Ry, Ry, Ry, Ry, Re)
At time k+2:
(R'g,R'7,R's,R's, R'y,R'3,R',R'1) = (Rs,R1,Re, Ry, Rg, R3, R7, Ry)

(R"s,R"7,R"6,R"s, R"4,R"3,R"3, R"1) = (R4, Ro, Rs, Ry, R7, Ry, Re, R3)
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These interconnection changes can be realized with multiplexer arrays
(Row Scrambler, Column Scrambler in Fig.4.10) following the column and
row decoders, as well as pseudo random signal generators (RNG R, RNG C
in Fig.4.10) for control of their selection signals; RNG R, RNG C can be

realized with linear feedback shift registers (LFSRs).

To understand the above mismatch scrambling for the 2D square layout,
we explain the 4-bit unary DAC case for simplicity. Fig.4.11 (a) shows its
2D matrix layout, whereas Fig.4.11 (b) shows the one with scrambler circuits
following the row and column decoders, and also it explains one example of

the unit cell selection order change.

4.4 Mismatch Scrambling Technique for Virtual 3D Layout

The 2D layout mismatch scrambling algorithm in Section 3 may be
enough for DACs with up-to 6-bit resolution. However, the authors often use
1D layout instead of 2D layout for a unary DAC with high resolution, e. g.,
10-bit. In such a case, routing and scramblers using the 2D regular layout
mismatch scrambling method becomes complicated and needs substantial

chip area.

Then we propose here a virtual 3D layout mismatch scrambling circuit
(Fig.4.12); this can reduce the total scrambling circuit amount and the
number of inter-connections compared to the 2D layout mismatch

scrambling circuit and hence this is more effective for higher resolution
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DAC:s; the virtual 3D layout DAC can be done as 1D layout which currently

we use for our DAC design.

Bl‘ BZ‘ 53‘ GND

Column Decoder ‘

Column_selection

[c1 [c2 [cs [ca [cs [ce [c7
Column Scrambler ‘
[ [c2 e ca s [cs 7 cs
VDD (=R0) R"0
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&
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Fig. 4.10 2D unit cell layout of 6-bit unary DAC with mismatch scrambling.

Table 4-4 Logical expressions of unit cell local decoders for a 6-bit unary

DAC with 2D layout mismatch scrambling in Fig.4.4.

S01= R1+ R"0*C'1 |S17= R3+ R"2*C'1|S33= RS5+ R"4*C'1|S49= R7+ R"6*C'l
S02= R1+ R"0*C2|S18= R3+ R"2*C'2 |S34= R5+ R"4*C2 |S50= R'7+ R"6*C'2
S03= R1+ R"0*C'3|S19= R3+ R"2*C'3 |S35= R5+ R"4*C'3 |S51= R7+ R"6*C'3
S04= R1+ R"0*C'4|S20= R3+ R"2*C'4 |S36= R5+ R"4*C4 |S52= R'7+ R"6*C'4
S05= R1+ R"0*C'S5 |S21= R3+ R"2*C'5 |S37= R5+ R"4*CS5 |S53= R'7+ R"6*C'5
S06= R1+ R"0*C6 (S22= R3+ R"2*C'6 [S38= R5+ R"4*C'6 |S54= R'7+ R"6*C'6
S07= R1+ R"0*C'7 |S23= R3+ R"2*C'7 [S39= R'5+ R"4*C'7 |S55= R'7+ R"6*C'7
S08= R1+ R"0*C'8 |[S24= R3+ R"2*C'8 [S40= R'5+ R"4*C'8 |S56= R'7+ R"6*C'8
S09= R2+ R"1*C'1|S25= R4+ R"3*C'l1 |S41= R'6+ R"'S5*C'l |S57= R8+ R"7*C'l
S10= R2+ R"1*C2|S26= R4+ R"3*C'2 |S42= R'6+ R"5*C'2 |S58= R8+ R"7*C'2
S11= R2+ R"1*C'3 |S27= R4+ R"3*C'3 |S43= R'6+ R"'5*C'3 |S59= R8+ R"7*C'3
S12= R2+ R"1*C'4|S28= R4+ R"3*C'4 |S44= R6+ R"'S*C4 |S60= R8+ R"7*C4
S13= R2+ R"1*C5 [S29= R4+ R"3*C'5 [S45= R'6+ R"'5*C'5 |S61= R8+ R"7*C5
S14= R2+ R"1*C6 |S30= R4+ R"3*C'6 [S46= R'6+ R"'5*C'6 |S62= R8+ R"7*C'6
S15= R2+ R"1*C7 |S31= R4+ R"3*C'7 |S47= R'6+ R"5*C'7 |S63= R8+ R"7*C7
S16= R2+ R"1*C'8 [S32= R4+ R"3*C'8 |S48= R'6+ R"5*C'8 |S64= R8+ R"7*C'8
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B1, B2 $

DECODER
Cl|C2 |c3|c4
R 23] a4

G |R2
B3,B4| 4 516 |78

-+ O |R3
9 9 10| 11|12

(@]

R4 93] 14] 15] 16

Fig. 4.11 (a) 4-bit unary DAC with 2D regular layout of unit cells.

B1, B2 *

DECODER
Cl |C2 |C3 |C4
SCRAMBLER [« RNG

R1 R2

” % 716 8|5
R2 R4
B3,B4| & Q-ED' 15|14 | 16| 13
| Q | R3 R1
g % 31241
R4 R3
N 111012 9 time k +2
RNG

Fig. 4.11 (b) 4-bit unary DAC mismatch scrambling circuit and operation

example.

Let us consider a 6-bit unary DAC with digital binary inputs of By, Bs,

B,, B3, B,, B;, and their thermometer codes are Sga, Sg3, Sg2, ..., S3, So,
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S1 . Notice that its extension to a higher resolution unary DAC is

straightforward.

First, the concept of the virtual 3D layout of a unary DAC using X, Y,
Z decoders without mismatch scrambling is shown in Fig.4.12 and its actual
1D layout implementation is in Fig.4.13 There, 3 binary-to-thermometer

code decoders with truth tables in Table4-5 are used.
Z-decoder: binary inputs B, Bs
Thermometer outputs Z3, Z,, Z;.
Z3=Bg¢Bs, Z,=Bg, Z1;=Bg+Bs.
i1) Y-decoder: binary inputs B,, Bz
Thermometer outputs Ys, Y,, V5.
Y;=B,B3, Y,=B,, Y;=B,+Bs;.
ii1) X-decoder: binary inputs B,, B;
Thermometer outputs X5, X,, X;.
X3=B,B;, X,=B,, X;=B,+B;.
The followings are set:
Zy=Yo=Xo=1, Z,=Y,=X,=0.
The local decoder for n-th cell is given as follows (Table 4-6).
Here values of a, b, ¢ are given as follows:
For 1<n<16, a=0.

93



For 17 <n < 32, a=1.
For 33 <n <48, a=2.
For 49 <n < 64, a=3
For 1<n <4 17 <n < 20, 33 <n < 36,
or 49 <n <52, b=0.
For 5<n <8, 21 < n < 24, 37 <n <40,
or 53 <n <56, b =1.
For 9 <n <12, 25<n <28, 41 < n < 44,
or 57 <n <60, b = 2.
For 13 <n < 16, 29 <n < 32, 45 < n <48,
or 61 <n < 64, b = 3.
For 1 <mod, (n) <3, c =mod, (n).
For mod.(n) =0, ¢ = 4.

Next, we show our proposed virtual 3D layout mismatch scrambling in
Fig.4.14. There, scramblers or multiplexer arrays with selection signal

control circuits of LFSRs (RNG X, RNG Y, RNG Z) are added.
Scrambler X:
inputs (X4, X3, X,, X;)
outputs (X',, X'3, X'5, X'y)

Scrambler Y:
94



inputs (Y4, Y3, Yz, Yl’ Yo)
outputs (Y'y, Y'5, Y',, Yy, Y5, V"5, Y"1, Y"))
Also, the following relationship is maintained:

If V') 1= Yyiq, then Y= Y, (p,n=0,1,2,3).

Scrambler Z:

puts (Zy, Z3, Zy, Z1, Zy)

outputs (Z'y, Z'5, 25, Z'1, Z"5, Z",, Z"1, Z")

Also, the following relationship is maintained:

If Z'p41= Zyyq, then Z")= Z, (p,n=0,1,2,3).

These inputs and outputs are one-to-one mappings, and have the
following inter-connections (Table 4-6):

Sn=Z'n41tZ" Y 'mi1 + 2" Y "Xy

Let us consider one-to-one mapping between (X4, X'5,X'5,X';) and
(X4, X3, X5, X1), and their relationships are changed dynamically (Fig.4.14,
Fig4.15). This structure can reduce the circuit size and wiring complexity of

the decoder.
One example is as follows:
At time k:

(X’4;X’3,X’2»X’1)= (X4, X3, X2, X1)
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At time k+1:

(X'5 X'3,X'5,X'1) = (X1, X3, X2, X4)
At time k+2:

(X'0 X'3,X'5,X'1) = (X3, X4, X1, X2)
At time k+3:

(X’4»X’3:X’2»X’1) = (XZ,Xl,X4,X3)

1z 9/ 10,/ 11,1
B— 52 L4 13/14,/15,/ 16
3 W 7 y
Qlds r—2 .m/{_ va 7 e
Be= § Li X1l Xgl Xgl X4I
‘ Decoder-X
. By . B
h". L4 “‘-‘ &
Plane 1 Flane 2 Plane 3 Plane 4
112134 |(17/18[19(20|(33|34|35|36|(49|50|51(52
516|718 |21)22(23(24||37|138(39|140||53|54|55(|56
9110|111 {12||25|26|27|28||41(42|143|44||57|58(59|60
13(14115|16||29(30|31|32||45(46|47|48||61|62 |63 |64
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Fig. 4.12 Virtual 3D layout of 6-bit unary DAC.




vdd GND vdd GND

GND| B6 B5 B4 B3 B2 Bl

Decoder_z Decoder_Y Decoder_X

Z4| Z3|Z2|Z1| ZO|Y4| Y3|Y2[Y1] YO|X4|X3|X2|X1

Za
Zb
Ya S[S01
Yb
Xa
Local Decoder

Za
Zb
Ya S[S02
Yb
Xa
Local Decoder

Za
Zb
Ya S|S32
Yb
Xa
Local Decoder

Za
Zb
Ya S|S33
Yb
Xa
Local Decoder

Za
Zb
Ya S|S63
Yb
Xa
Local Decoder

Za
Zb
Ya S|S64
Yb
Xa
Local Decoder

Fig. 4.13 1D unit cell layout of 6-bit unary DAC with virtual 3D layout.
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Table 4-5 Truth tables of binary-to-thermometer decoders for upper 2-bit

(left), middle 2-bit (middle) and lower 2-bit (right) of a 6-bit unary DAC.

B6 B5|Z3 722 Z1 B4 B3|Y3Y2Y1 B2 B1|X3 X2 X1
O 0|0 0 O O 0j]0 O O O 0/]0 0 O
O 1/0 0 1 O 1/{0 0 1 O 1|0 0 1
1 0({0 1 1 1 0({0 1 1 1 0(0 1 1
1 1|11 1 1 1 1|11 1 1 1 111 1 1

Similarly, let us consider one-to-

one mapping between (Y',, Y5, Y5,

Y')) and (Y,, Y3, Y5, Y;), and we change their relationships dynamically.

One example is as follows:

At time £:

(Y4 Y3, Yo, Y1) = (Ya,V3,Y5, Y1)

(Y, Y%, Y%, Y") = (13,12,11, 1)
At time k+1:

(Y4 Y3, Y5, V) = (Y3121, 1))

(Y, Y%, Y7, Y") = (12,11, Y, Ya)
At time k+2:

(Y4 Y3, Yo, Y1) = (Yo, 11,7, Y3)

(Y, Y%, Y%, Y") = (1Y, Y3, 1;)
At time k+3:

(Y4 Y3, Yo, Y) = (Y1,Y2,Y3,Y))
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(Y2, V'35, Y%, Y') = (Yo, 12, ¥3)

Also, consider one-to-one mapping between(Z',, Z'5, Z',, Z';) and
(Zy, Z3, Z,, Z,), and their relationships are changed dynamically. One

example is as follows:

At time £:
(Z'4, 2'3, 2'3, Z'1) = (24, 23,22, Z7)
(2%, 273, 273, 2"1) = (Z3,Z3,24,2Zy)
At time k+1:
(Z'4, 2'3, 2'3, Z'1) = (Z3,23,21,24)
(2%, 273, 273, 271) = (21,22, Z0,Z3)
At time k+2:
(Z'4, Z2'3, 25, Z'1) = (23,24,21,2,)
(2%, 273, 273, 2"1) = (Z2,Z3,20,21)
At time k+3:

(Z'4, Z'3, Z’25 le) = (Z3,21,24,23)

(Z"4, 273, 275, 2"1) = (Z1,20,23,Z3)
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Table 4-6 Logical expressions of unit cell local decoders for a 6-bit unary

DAC with virtual 3D layout in Fig.4. 5.

S01= Z1+ Z0*Y1l+ ZO*YO0*X1|S33= Z3+ Z2*Y1+ Z2*Y0O*X1
S02 = Z1 + Z0*Y1+ Z0*YO0*X2 |S34 = Z3 + Z2*Y1+ Z2*Y0O*X2
S03= Z1+ Z0*Y1+ ZO0*YO*X3 |S35= Z3+ Z2*Y1+ Z2*Y0O*X3
S04 = 71+ Z0*Y1+ Z0*Y0*X4 |S36 = Z3+ Z2*Y1+ Z2*YO*X4
S05= Z1+ Z0*Y2+ ZO*Y1*X1|S37 = Z3+ Z2*Y2+ Z2*Y1*X1
S06 = Z1 + Z0*Y2 + Z0*Y1*X2 |S38 = Z3+ Z2*Y2+ Z2*Y1*X2
S07 = Z1+ Z0*Y2 + Z0*Y1*X3|S39 = Z3+ Z2*Y2+ Z2*Y1*X3
S08 = 71 + Z0*Y2 + Z0*Y1*X4|S40 = Z3 + Z2*Y2 + Z2*Y1*X4
S09 = Z1+ Z0*Y3 + ZO0*Y2*X1 |S41= Z3+ Z2*Y3 + Z2*Y2*X1
S10= Z1+ Z0*Y3 + ZO0*Y2*X2 |S42 = Z3 + Z2*Y3 + Z2*Y2*X2
S11= Z1+ Z0*Y3 + ZO0*Y2*X3 |S43 = Z3 + Z2*Y3 + Z2*Y2*X3
S12= Z1+ Z0*Y3 + ZO0*Y2*X4 |S44 = Z3 + Z2*Y3 + Z2*Y2*X4
S13= Z1+ Z0*Y4 + ZO*Y3*X1 |S45= Z3 + Z2*Y4 + Z2*Y3*X1
S14 = 71+ Z0*Y4 + Z0*Y3*X2 |S46 = Z3 + Z2*Y4 + Z2*Y3*X2
S15= 71+ Z0*Y4 + ZO0*Y3*X3 |S47 = Z3 + Z2*Y4 + Z2*Y3*X3
S16 = 71 + Z0*Y4 + Z0*Y3*X4 |S48 = Z3 + Z2*Y4 + Z2*Y3*X4
S17= 72+ Z1*Y1 + Z1*YO*X1 |S49 = Z4 + Z3*Y1+ Z3*YO*X1
S18= Z2 + Z1*Y1 + Z1*YO0*X2 S50 = Z4 + Z3*Y1+ Z3*YO*X2
S19= 72+ Z1*Y1 + Z1*YO*X3 |S51= Z4 + Z3*Y1+ Z3*YO*X3
S20= Z2+ Z1*Y1 + Z1*YO0*X4 |S52= Z4 + Z3*Y1+ Z3*Y0O*X4
S21= 72+ Z1*Y2 + Z1*Y1*X1|S53 = Z4 + Z3*Y2+ Z3*Y1*X1
S22 = 72+ Z1*Y2 + Z1*Y1*X2 |S54 = Z4 + Z3*Y2 + Z3*Y1*X2
S23= 72+ Z1*Y2 + Z1*Y1*X3 |S55= Z4 + Z3*Y2+ Z3*Y1*X3
S24 = 72 + Z1*Y2 + Z1*Y1*X4|S56 = Z4 + Z3*Y2 + Z3*Y1*X4
S25= 72+ Z1*Y3 + Z1*Y2*X1 |S57 = Z4 + Z3*Y3 + Z3*Y2*X1
S26 = Z2 + Z1*Y3 + Z1*Y2*X2 |S58 = Z4 + Z3*Y3 + Z3*Y2*X2
S27 = Z2 + Z1*Y3 + Z1*Y2*X3 |S59 = Z4 + Z3*Y3 + Z3*Y2*X3
S28 = Z2 + Z1*Y3 + Z1*Y2*X4 |S60 = Z4 + Z3*Y3 + Z3*Y2*X4
S29= 72+ Z1*Y4 + Z1*Y3*X1 |S6l= Z4+ Z3*Y4+ Z3*Y3*X1
S30= Z2+ Z1*Y4 + Z1*Y3*X2 |S62 = Z4 + Z3*Y4 + Z3*Y3*X2
S31= 72+ Z1*Y4 + Z1*Y3*X3 |S63 = Z4 + Z3*Y4 + Z3*Y3*X3
S32= 72+ Z1*Y4 + Z1*Y3*X4 |S64 = Z4 + Z3*Y4 + Z3*Y3*X4

X0=Y0=20=1 X4=Y4=74=0

4.5 Simulation Verification

We have simulated a 6-bit unary DAC with some unit current
mismatches and compared the results without mismatch scrambling, with the
one for 2D regular layout and with the proposed one for virtual 3D layout.

Their output power spectrum and SFDRs are shown in Fig.4.16. We see that
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both mismatch scrambling methods improve the SFDR compared to the case

without mismatch scrambling, and both mismatch scrambling effects are

comparable.
GND B6 B5 vdd GND B4 B3 vdd GND|B2 B1
Decoder_Z Decoder_Y Decoder_
Z4 Z3| 22| Z1 Z0 Y4 Y3| Y2| Y1 YO X4 X3 X2| X1

SEL_Z

RNG_Z Scrambler_Z ‘ Scrambler_Y ‘ Scrambler_X ‘
SEL Y Z4'(z3"| z3'|z2"| Zz2'[z1"|z1'| Z0" Y4'Y3"| Y3'Y2"Y2'[y1"|Y1'|YO" X4'[X3'X2'IX1"
I

RNG_Y 7

RNG_X —F

ey ]

Za
Zb
Ya S[so1
Yb
Xa
Local Decoder

Za
Zb
Ya S[s02
Yb
Xa
Local Decoder

Za
Zb
Ya S|S32
Yb
Xa
Local Decoder

Za
Zb
Ya S|S33
Yb
Xa
Local Decoder

Za
Zb
Ya S[S63
Yb
Xa
Local Decoder

Za
Zb
Ya  S[S64
Yb
Xa
Local Decoder

Fig. 4.14 1D unit cell layout of 6-bit unary DAC for virtual 3D layout

mismatch scrambling.
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Plane 1 Plane 2 Plane 3 Plane 4

20117 (1819|3633 (34|35||52|49|50 |51
815|617 24121(22(123|140|37(38|39||56|53|54 |55
121 9 [10(11(28[25]26|27| |44 41(42|43||60(|57 |58 |59
16|13 (14 (15 [32[29|30 (31|48 45|46 (47| |64 |61 |62 |63
(a) Attime m
Plane 1 Plane 2 Plane 3 Plane 4
5|6 |78 2112223124137 (38(39|40| (53|54 |55 |56
112134 1711811920133 |34|35(36||49|50|51 |52
13114 (15(16| (293031 32| 45|46 (47|48| (61|62 |63 |64
9 |10[11[12|[25|26|27|28||41(42|43|44||57|58|59 |60

(b) At time m+1
Plane 1 Plane 2 Plane 3 Plane 4

49150(51(52|133[34|35|36||17|18(19|20 112
5354 (55|56 |37|38[39(40|(21|22(23|24 5|6
57(58(59|60| (414243 |44||25|26|27 |28 911011 |12
61]62|63|64|(45|46|47(48|129|30|31|32|[13|14[15]|16
(c) At time m+2
Plane 1 Plane 2 Plane 3 Plane 4
55|54|56|53|(39[38[40(37|(23|22|24|21||7 |6 |8 |5
62|63|64|61|14746|48|45|(31[30|32[29|(15]|14[16|13
51[50(52(49||35|34(36(33||27]26(|28]|25||3 |2 |4 |1

59 (58|60 |57|(43 4244 |41)|(19(18(20|21|[11]10[12| 9
(d) At time m+3

N
-
N
w

~N|W
o

Fig. 4.15 One example of mismatch scrambling operation of a 6-bit unary

DAC with virtual 3D layout in Fig.4. 5
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Table 4-7 Logical expressions of unit cell local decoders for a 6-bit unary

DAC with virtual 3D layout mismatch scrambling in Fig. 4.14.

S01 = Z1'+ Z0™Y1l'+ Z0™Y0"™X1'|S33 = Z3+ Z2"™Y1'+ Z2"™Y0"*X1'
S02 = Z1'+ Z0™Y1'+ Z0™Y0™X2'|S34 = Z3'+ Z2"™Y1'+ Z2"Y(0"™X2'
S03 = Z1'+ Z0™Y1'+ Z0"™Y0"™X3'|S35= Z3'+ Z2"™Y1'+ Z2"Y0"*X3'
S04 = Z1'+ Z0™Y1'+ Z0™Y0™X4'|S36 = Z3'+ Z2"™Y1'+ Z2"Y(0"™*X4'
S05 = Z1'+ Z0™Y2'+ Z0"™Y1™X1'|S37 = Z3'+ Z2"Y2'+ Z2"™Y1"™*X1'
S06 = Z1'+ Z0™Y2'+ Z0™Y1™X2'|S38 = Z3'+ Z2"Y2'+ Z2"Y1™X2'
S07 = Z1'+ Z0"™Y2'+ Z0™Y1"™X3'|S39 = Z3'+ Z2"*Y2'+ Z2"Y1"*X3'
S08 = Z1'+ Z0™Y2'+ Z0"™Y1"™X4'|S40 = Z3'+ Z2"*Y2'+ Z2"Y1"™X4'

S09 = Z1'+ Z0"™Y3'+ Z0™Y2"™X1'|S41 = Z3'+ Z2"*Y3+ Z2"Y2"*X1'
S10 = Z1'+ Z0™Y3'+ Z0™Y2"™X2'|S42 = Z3'+ Z2"Y3'+ Z2"Y2"*X2'
S11= Z1'+ Z0"™Y3'+ Z0™Y2"™X3'|S43 = Z3'+ Z2"*Y3+ Z2"Y2"*X3'
S12 = Z1'+ Z0™Y3'+ Z0™Y2"™X4'|S44 = Z3'+ Z2"Y3'+ Z2"Y2"*X4'
S13 = Z1'+ Z0™Y4'+ Z0™Y3™X1'|S45 = Z3'+ Z2"Y4'+ Z2"Y3™*X1'
S14 = Z1'+ Z0™Y4'+ Z0"™Y3™X2'|S46 = Z3'+ Z2"Y4'+ Z2"Y3™*X2'
S15 = Z1'+ Z0™Y4'+ Z0™Y3™X3'|S47 = Z3'+ Z2"™Y4'+ Z2"Y3™*X3'
S16 = Z1'+ Z0™Y4'+ Z0"™Y3"*X4'|S48 = Z3'+ Z2"*Y4'+ Z2"*Y3"*X4'

S17 = Z2'+ Z1™Y1'+ Z1™Y0™X1'|S49 = Z4'+ Z3"™Y1'+ Z3"™Y0™X1'
S18 = Z2'+ Z1™Y1'+ Z1™Y0™X2'|S50 = Z4'+ Z3"™Y1'+ Z3"™Y0"™*X2'
S19 = Z2'+ Z1™Y1'+ Z1"™Y0™X3'|S51 = Z4'+ Z3"™Y1'+ Z3"™Y0"™X3'
S20 = Z2'+ Z1™Y1'+ Z1"™Y0"™X4'|S52 = Z4'+ Z3"™Y1'+ Z3"*YQ"*X4'
S21 = Z2'+ Z1™Y2'+ Z1"™Y1™X1'|S53 = Z4'+ Z3"™Y2'+ Z3"™Y1™X1'
S22 = 72+ Z1"™Y2'+ Z1™Y1"™X2'|S54 = Z4'+ Z3"Y2'+ Z3"Y1"*X2'
S23 = Z2'+ Z1™Y2'+ Z1"™Y1"™X3'|S55 = Z4'+ Z3"™Y2'+ Z3"™Y1™X3'
S24 = 72+ Z1™Y2'+ Z1™Y1™X4'|S56 = Z4'+ Z3"Y2'+ Z3"™Y1™X4'

S25 = Z2'+ Z1™Y3'+ Z1"™Y2"*X1'|S57 = Z4'+ Z3"™Y3'+ Z3"™Y2"* X1
S26 = Z2'+ Z1"™Y3'+ Z1™Y2"™X2'|S58 = Z4'+ Z3"Y3'+ Z3"Y2"*X2'
S27 = 72+ Z1™Y3'+ Z1"™Y2"*X3'|S59 = Z4'+ Z3"™Y3'+ Z3"™Y2"™* X3
S28 = Z2'+ Z1™Y3'+ Z1™Y2"™X4'|S60 = Z4'+ Z3"Y3'+ Z3"™Y2"X4'
S29 = Z2'+ Z1™Y4'+ Z1"™Y3™X1'|S61 = Z4'+ Z3"™Y4'+ Z3"™Y3"™*X1'
S30 = Z2'+ Z1™Y4'+ Z1"™Y3™X2'|S62 = Z4'+ Z3"™Y4'+ Z3"™Y3™X2'
S31= Z2'+ Z1"™Y4'+ Z1"™Y3"™X3'|S63 = Z4'+ Z3"*Y4'+ Z3"*Y3"™*X3'
S32 = Z2'+ Z1™Y4'+ Z1"™Y3"™X4'|S64 = Z4'+ Z3"Y4'+ Z3"Y3"™X4'

X0"=Y0"=20"=1 X4'=Y4'=74'=0
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Fig. 4.16 (a) Simulated 6-bit DAC output power spectrum.
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Fig. 4.16 (b) Without mismatch scrambling.
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Fig. 4.16 (c) With mismatch scrambling for virtual 3D layout.
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4.6 Summary

4.6.1Conclusion

In this dissertation, we have proposed unary DAC mismatch scrambling
circuit based on virtual 3D layout concept, but there 1D layout is actually
used. Its circuit implementation requires only small amount of circuits
compared to the conventional methods. Simulation results show that its
SFDR can be improved compared to the case without the mismatch

scrambling.

4.6.2 Items for the Future Study

From the above simulation results, we can see that 3D has improved

SFDR, so can we expand to virtual 4D or higher dimensional layout.

It is also possible to carry out circuit simulation to verify whether these
methods can really be improved. If the verification is successful, it can be

tested in the circuit by making a real object.
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Chapter 5

Conclusions and Future Work

5.1 Conclusion

Digital-to-analog converters are important modules in signal processing
systems, which are widely used in military and civilian equipment and have
broad market prospects. The vigorous development of the mobile Internet
has promoted the low power consumption of handheld electronic products.
Therefore, it is of great significance to design a low-power DAC to promote

the development of mobile terminals.

We have demonstrated that basing the layout algorithm on the classical
mathematics can improve segmented DAC linearity as it well systematic
mismatch effects. Pseudo random numbers in 2D arrays were simulated to
reproduce by the cell arrangements yielded by the regular, Latin Square,
Magic Square and Euler Knight Tour approaches. Our simulations of several
cases showed that the Euler Knight Tour offers equal or superior overall
DAC linearity to the Latin Square and Magic Square techniques. We also
developed a layout and routing design EDA tool for the 2D unit cell arrays
for regular, Latin Square, Magic Square and Euler Knight Tour algorithms,

and shown their feasibilities for DAC implementation in an IC.

We expect that since there are a lot of Euler Knight Tour, Latin Square

and Magic Square techniques with useful properties and interesting
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mathematical research results, layout algorithms using them to configure 2D

unit cells of the unary DAC can be refined further.

We have proposed unary DAC mismatch scrambling circuit based on
virtual 3D layout concept, but there 1D layout is actually used. Its circuit
implementation requires only small amount of circuits compared to the
conventional methods. Simulation results show that its SFDR can be

improved compared to the case without the mismatch scrambling.

In a word, the research on this topic has enabled me to master the circuit
of DAC, especially the design method of unary DAC and segmented DAC,
which has improved my scientific research ability and laid the foundation for

further research and application work in the future.

5.2 Future Work

In the above simulation, excel, C language and MATLAB are used. The
software used is very complicated. If it is possible, I want to unify one

language for simulation.

After that, I want to use the method proposed in the dissertation in

FPGA for simulation verification and review. If it can want to apply to the
actual circuit.

In the DAC, I only studied and improved a small part of the circuit, and
I will learn other parts later to see if the algorithm proposed above can be

applied in other parts.
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