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12-bit 250MSample/s Current-Steering CMOS D/A

Converters with Partial Random Element Matching
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Electrical and Computer Engineering College
National Chiao Tung University

ABSTRACT

Current-Steering digital-to-analog converters (DACs) are very significant blocks of
nowadays high-performance systems;; such as data .communication links using multilevel
signaling. However, these current-steering DACs suffer from the element mismatch of
technologies and this limits both the static and dynamic performance. This thesis proposes a
simple random structure to improve the element mismatch is presented. We can use a
multiplexer with 8-bit input and 8-bit output, to implement the random selection. The random
generator controls the selection of the element in the MSB part so that the harmonics caused
by mismatch can be attenuated. The simple random structure can be used to randomize tones
such that spurious-free dynamic range is increased. To cooperate with a special geometrical
arrangement of unit cells in the current sources of the MSB, along with a new switching
sequence, results in full cancellation of gradient errors.

Utilizing the simple random structure, a 12-bit 250-MSample/s current-steering D/A

converter is implemented in this thesis. The DAC includes a 4-bit binary-coded LSBs, 8-bit

II



MSBs with thermometer decoders, and random element matching. The differential switches
of current sources are controlled by de-glitch latch. The routing complexity and parasitic
capacitance have to be considered for speed and signal synchronization.

12-bit current-steering D/A converters in a TSMC 0.18um CMOS technology are
presented. The simulation results of a 12-bit current-steering D/A converter with the partial
random element matching show that with the signal frequency of 100.83 MHz at the update
rate of 250 MHz, the SFDR is 66.4 dB. The differential nonlinearity and integral nonlinearity
are below 0.5 and 0.7 least significant bits (LSB’s), respectively. The converter consumers a
total power of 75 mW and its active area is 1.838 mm?. The simulation results of D/A
converter without the partial random element matching shows that with the signal frequency
of 100 MHz at the update rate of 500 MHz, the SFDR is 68.9 dB. The differential nonlinearity
and integral nonlinearity are below 0.8:and 0.8 LSB’s;.respectively. The converter consumers

a total power of 73 mW and its active area is 1.788 mm”.

I



FALZRE M FEF R AL A & o

L

= iL._/\—"
ANl R RAE B2 Keh

y 1
et o Bl EEFR b R e FOKFF kR
Rt A AR S L R ERE L
BAABRMI G257~ Al 47~ 2
B & hflet g §
FR - e+ 287

£ AiEs

B P
P

B

S

~iER AR
rendqpddE s AR E T FTI0R % E

Wy 4 ?H,aﬂ,\/}i@kﬁ%’ﬁvﬂfr vx FE R AT LTFLA E 4 S
BT g

I R o
VR F

B A S
FoLiERFHREF R
B ts

f

e B S E KB A —

R E
N EEE R R S b R
ERBiEd o BH R
N EAI R WA Tt U SO
FRBGR RAYTERW TN R IO E AT 2 Y o w2 B
°o T P E B oEkE O AL PR R R
B2 AR R HTT B A

§ Aoy SR A o A G
%Eﬁékﬁsﬁéhﬁj’i\& \-ﬁEFFll}»FF ’;&]';&]'T,/TTFQ °

= 3
Y
“k

=

A

4%

VR4 L E LD

v



Table of Contents

Abstract (Chinese)
Abstract (English)
Acknowledgment
Table of Contents
List of Figures
List of Tables

Chapter 1. Introduction

1.1 Motivation
1.2 Organization
Chapter 2. Nyquist-Rate Digital-te=Analog Converter
2.1 Ideal D/A convester
2.2 Performance Métrics
2.2.1 Static Performance
2.2.2 Dynamic Performance
2.2.3 Dynamic range
2.3 Binary Weighted DAC Architecture
2.3.1 R-2R Ladder DAC
2.3.2 Charge Redistribution DAC
2.3.3 Current-Mode DAC
2.4 Thermometer Coded DAC Architecture
2.5 Hybrid DAC Architecture
2.6 Summary
Chapter 3. System Analysis of DAC Design

3.1 Major Error Sources in Current-steering DACs

11
IV

VII
XI

11
12
13
14
15
17
18
19
20
20



3.2 Finite output impedance of current source

3.3 Current Source Mismatch

3.4 Switched Gate Driver

3.5 Random routing

3.6 Summary

Chapter 4. Circuit Design of DAC

4.1 The System Structure of DAC

4.2 Digital Circuits
4.2.1 Thermometer decoder
4.2.2 Randomizer
4.2.3 High speed latch

4.3 Current Cell
4.3.1 Implementation of Switch Unit-Current Cell
4.3.2 Reference Current Generation

4.4 Layout

4.5 Summary

Chapter 5. Simulation and Measurement Results

5.1 Simulation results

5.2 Test Circuits

5.3 Measurement Results

Chapter 6. Conclusions and Future Work

Reference

VI

21
24
31
33
36
37
37
39
40
41
43
45
45
47
48
54
55
55
59
61
66
68



List of Figures

Chapter 2

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.1 Digital-to-analog conversion

2.2 Block diagram of a N-bit D/A Converter

2.3 Non-ideal transfer curve with offset error

2.4 Non-ideal transfer curve with gain error

2.5 Non-ideal transfer function with INL and DNL errors of DAC
2.6 A non-monotonic DAC

2.7 Actual output signal and ideal output signal (dashed) of a DAC
2.8 Glitch output

2.9 Output spectrum of a DAC

2.10 N-bit R-2R based DAC

2.11 The architecture of a N-bit,charge-redistribution DAC

Fig 2.12 N-bit binary-weighted current-mode DAC

Fig 2.13 A thermometer coded current-steering DAC with encoding circuit

Fig 2-14 A N-bit segmented DAC where M MSBs are thermometer-code

Chapter 3

Fig.

Fig.

Fig.

Fig.

3.1 Current sources with finite output impendence
3.2 The INL profile of 12-bit DAC with different current source
output impedance

3.3 Simulate SFDR in different output-impedance conditions

3.4 The average simulated and calculated SFDR for a 12-bit DAC with SMSB

thermometer coded that have different mismatch pattern

viI

10

11

14

15

16

18

19

22

23

24

25



Fig. 3.5

Fig. 3.6

Fig. 3.7

Fig. 3.8

Fig. 3.9

Identical MOS current sources and random mismatch between two
identical devices 26

Minimum gate-area of the unit current source transistor as function of the gate

voltage overdrive 28
(a) Linear error (first-order error)

(b) Systematic error (Second-order error) In DAC current element 30
Current cell matrix with dummy cell 31
The Output Waveforms of Switch Drivers used for Driving the Current Cell.

(a) Output switch gate waveforms
(b) High Crossing Points Due to Use the Driver of Intrinsic Delay
(c) Middle Crossing Points

(d) Low Crossing Points Due:to Use the Dtiver of Intrinsic Delay

(e) Low Crossing Points Due to Use the Driver-of Rise / Fall Time 32
Fig 3.10 Randomization of bits in a thenmometer.coded DAC. The matching error

becomes uncorrelated with the signal. 33
Fig 3.11 A 2™ bit randomizer receiving at random generator controls 35
Fig 3.12 Output amplitude spectrums from a 12-bit DAC with SMSB thermometer-coded

DAC (a) without randomization and (b) with randomization 35
Chapter 4
Fig. 4.1 12-bit DAC Architecture 38
Fig. 4.2 Simplified block diagram of the DAC architecture 39
Fig. 4.3 (a) A 2™ bit input and 2™ bit output randomizer

(b) 8-bit input and output MUX with 3-bit selection. 42
Fig. 4.4 Random Generator 43
Fig. 4.5 (a) Dynamic latch schematic diagram (b) Output signals 45

VIII



Fig. 4.6
Fig. 4.7

Fig. 4.8

Fig. 4.9

Fig. 4.10 Selection sequence for MSB part of input code for improved “balanced-ring’

(a) The circuit schematic of the cascode current cell (b) Gain-Boosting

The Circuit Schematic of the Bias Circuit

“Balanced ring” technique of this work for reduction of quadratic errors.
(a) (1,8) rings (b) (2,7) rings (c) (3,6) rings (d) (4,5) rings

Orientation of the axes X’ and Y’. Rotation of the quadratic error compared
error compared to the main axes of the current source array.

’

technique

Fig. 4.11 The Final Layout

Chapter 5

Fig. 5.1

Fig. 5.2

Fig. 5.3

Fig5.4

Fig. 5.5

Fig. 5.6

Fig. 5.7

Sine wave spectrum for (a) Fg=500 MHz and F;, = 1.46 MHz

(b) Fs = 500 MHz and Fg;e= 195.8 MHz without partial random element
matching

The SFDR of input frequency-between 0.488 MHz and 245.6 MHz at
the sample rate 500 MHz without partial random element matching
The differential nonlinearity (DNL) and integral nonlinearity (INL)
without partial random element matching

Sine wave spectrum for (a) F; = 250 MHz and F;, = 0.244 MHz

(b) Fs =250 MHz and F;, = 100.83 MHz with partial random element
matching

The SFDR of input frequency between 0.244 MHz and 122.8 MHz at
the sample rate 250 MHz with partial random element matching

The differential nonlinearity (DNL) and integral nonlinearity (INL)
with partial random element matching

Testing Setup

IX

46

47

48

50

51

53

56

56

56

57

58

58

60



Fig. 5.8 Power Supply Regulator

Fig. 5.9 Sine wave spectrum for F; = 20 MHz and Fg;, = 1 MHz

Fig 5.10 Sine wave spectrum for F; = 100 MHz and F,;, =2 MHz

Fig 5.11 Sine wave spectrum for F; = 100 MHz and F;; = 9.8758 MHz

Fig. 5.12 Sine wave spectrum for F; = 200 MHz and F;, = 19.81 MHz

Fig 5.13 The SFDR of input frequency between 3 MHz and 34.33 MHz at the sample
rate100 MHz

Fig 5.14 The differential nonlinearity (DNL) and integral nonlinearity (INL)

Fig 5.15 The die microphotograph

61

62

62

62

63

64

64

65



List of Tables

Chapter 2

Table 2-1 Decimal, binary, thermometer code representations

Chapter 4
Table 4.1 Truth Table of a 4-to-16 Line Decoder

Table 4.2 Boolean functions between the binary-input and thermometer-output

Chapter 5

Table 5-1 The total simulation results of this DAC

Table 5-2 The total measurement results of this DAC

XI

17

40

41

59

65



Chapterl

Introduction

In many signal processing and telecommunication applications, the digital-to-analog
converter (DAC) is a critical building block limiting the accuracy and speed of the overall system.
When applications require high speed and high resolution, the current-steering DAC architecture is
almost exclusively used. It is more convenient to characterize the performance in the frequency
domain using measures as the spurious-free dynamic range (SFDR) [1]. Since be specified as circuit

errors, because the impact of DACs errors cansbé imodeled.

1.1 Motivation

For high-speed application, the current-steering DACs are often used, since they can drive an
output resistive load directly without requiring the use of an extra buffer [2]. However, the static
linearity of current-steering DACs is sensitive to current-source mismatch [3]-[18]. Designers often
use large devices [3], randomized layouts [8], [10], [12], calibration [15], etc. to reduce this
mismatch. These techniques improve linearity, but at the expense of die area or dynamic
performance.

In this thesis, a new simple random structure to improve the matching accuracy of the
current source and efficiently increase the SFDR is applied for high-resolution and high-speed
DACs. The DAC noise is transferred to white noise and the SFDR is optimal. The yield
performance of DACs is enhanced by the new algorithm. In additional, a special layout method

called Balanced-Ring [12] will help overcome the variation across a range of process. A high-speed



and high-accuracy latch is designed to attain good dynamic performance.

12-bit 250MHz current-steering segmented architecture DACs fabricated in TSMC 0.18um
CMOS is designed by using segmented current-steering architecture that consists of 8 MSB’s of
unary cells and 4 LSB’s of binary cells. In addition, a high speed and low crossing point switch

driver is designed to minimize glitch error during dynamic switching transition.

1.2 Organization

This thesis is organized as six chapters. Brief content of each chapter is described as
follows. In chapter2, the fundamental concepts and architectures of DAC are described first. In
addition, the static and dynamic specifications that will impact a DAC’s performance are discussed.
Chapter 3 presents the non-idealities ofscurrent-steering'DAC, including finite output impedance,
mismatch in current source, timing- non-idealities; and' non-idealities due to switching in a
current-steering DAC. In Chapter 4, based on the consideration discussed in chapter 2 and chapter 3,
the design and implementation of a 12-bit'250MHz current-steering with the partial random element
matching segmented architecture DAC is described in chapter 4.

Chapter 5 presents the simulation and measurement results. Conclusion and future work are

in chapter 6.



Chapter2

Nyquist-Rate Digital-to-Analog Converter

Digital-to-analog converters (DACs) are essential in data processing systems. DACs
interface the digital output of signal processors with the analog world and reconstruct the
continuous-time analog signal. The digital-to-analog (D/A) converts a discrete amplitude,
discrete time signal to a continuous amplitude, continuous time output.

A DAC is shown in Fig. 2.1. It converts a digital signal into an analog representation
[25]. If the DAC generate large glitches during switching from one code to another, then a
deglitching circuit is used to magk, the glitches.-Finallya low-pass filter is required to suppress

the sharp edges introduced by the DAC-[24].

Digital Code glith Smoothing
i
loc DAC De-glitcher LPF
oto ‘ LLLHJ“ ‘ "L|_|_|_|"
001
000

Figure2.1  Digital-to-analog conversion

In this chapter, the fundamental of DAC and different techniques for converting a
digital signal into an analog signal representation is presented. The approaches differ in speed,

chip area, power efficiency, achievable accuracy, etc

2.1 Ideal D/A Converter



A digital-to-analog converter produces an analog output V, that is proportional to the
digital input Bj,. For a N-bit D/A converter shown in Fig. 2.1, the output V, can be

expressed as:

2"2 4D

n—1

V.=V

out ref

(D,2°+D,2' ++-+D,

L 2" (2.1
where D;equals 1 or 0. We also define byas the least significant bit (LSB) and D,.; as
the most significant bit (MSB). In a D/A converter, a further classification is by the scaling

methods. Three methods are called current, voltage and charge scaling.

Dn-]
Dn-2
Digital-to-analog
: converter Vout
Dy —— (DAC)
D,
Do

Vref T

Figure 2.2 Block diagram of a n-bit D/A converter

2.2 Performance Metrics

The characterization of DACs is very important in understanding its design. The

characteristics of the digital-analog converter can be divided into static, dynamic and dynamic

range properties [1].

2.2.1 Static Performance



Five basic static parameters are major content of this section of this section, which are
offset error, gain error, INL, DNL and monotonicity. To distinguish all values of calculations
in the DAC, X,(k) corresponds to the actual analog output for kth input code and Xj(k)

corresponds for the ideal one.

Offset Error

The analog output should be OV for digital input=0. However, an offset exists if the

analog output voltage is not equal to zero. This can be seen as a shift in the transfer curve as

illustrated in Fig. 2.3.

N
Output
Actual
: T
< |
> [
E: Offset |
§ Error—f |
Yy /| Full
i | N Scale(FS)
= /| Ideal
< |
| LSB
| In
I Y N
Digital Input Code

Figure 2.3 Non-ideal transfer curve with offset error

Gain Error

Gain error is the difference at the full-scale value between the ideal and actual when the

offset error has been reduced to zero. For a non-ideal transfer curve with gain error shown in



Fig. 2.4, the gain error can be expressed as:

X, - X,
(2" =1)-LSB

N Xa
Output
X(k) }\ctual\\\\\\‘» / X

GainError = 2.2)

Ideal

Analog Output Value

v

Digital Input Code

Figure 2.4 Non-ideal transfer curve with gain error

Differential Non-Linearity(DNL)

The step size in the non-ideal data converter deviates from the ideal size /\ and this
error is called the differential nonlinearity (DNL) error. For a DAC the DNL can be defined as

the difference between two adjacent analog outputs minus the ideal step size, i.e.

DNL =X, ,~X,, —A (2.3)

The DNL is often normalized with respect to the step size to get the relative error, i.e.

X, —A
: (2.4)

DNLk — a,k+1 -



The above definitions are often most practical for DACs since the analog values

can be directly measured at the output

Integral Non-Linearity (INL)
The total deviation of an analog value from the ideal value is called integral
nonlinearity (INL). For non-ideal transfer function with INL and DNL errors shown in Fig.

2.5, the normalized INL can be expressed as
X ak X ik
INL, = B (2.5)
The relation between INL and DNL is given by.

k
INL, =Y DNL, (2.6)

=1

The nonlinearity errors are usually measured using a low frequency input signal to
exclude dynamic errors appearing at high signal frequencies. The DNL and INL are therefore

usually used to characterize the static performance.

Analog Output &

Ideal Output

Figure2.5 Non-ideal transfer function with INL and DNL errors of DAC



Monotonicity
If the analog amplitude level of the converter increases with increasing digital code, the

converter is monotonic. An example of a non-monotonic DAC is shown in Fig. 2.6.

A X,

1LSB 4

Figure 2.6 A non-monotonic DAC

Monotonicity is guaranteed ‘if the deviation.from the best-fit straight line is less than

half a LSB, i.e.
|INL,| < %LSB for all k 2.7
This implies that the DNL errors are less than one LSB , i.e.

|DNL,|<1LSB for all k (2.8)

It should be noted that the above relations are sufficient to guarantee monotonicity, but

it is possible to have a monotonic converter that does not meet the relations in (2.7) and (2.8).



There are some data converters architectures that are monotonic by design, e.g. a thermometer

coded DAC.

2.2.2 Dynamic Performance

In addition to the static errors that are caused by mismatch in the components in the data
converter, several other error sources will appear when the input signal change rapidly. These
dynamic errors are often dependent on signal frequency and increases with signal amplitude
and frequency. They appear in data converter but are usually more critical in DACs since the

shape of the analog wave form determines the performance.

Settling Time

The settling time is defined as'the time it takes for the converter to settle within some
specified amount of the final value. [The-primary dynamic characteristic of the DAC is the
conversion speed. The setting time-define the operation frequency of DAC. The factors that
determine the settling time of the DAC are the gain bandwidth, slew rate of op amp and

parasitic capacitor. The output of transition can be illustrated as Fig. 2.7.

Output A Sl?wling Linear Settling |
[

|

|

|

:

|

L ~S——

X,(m) ,

Xi(m) ~ !

|

Xa(k) 1 - Ts |

X(k) f-————=" T
Time

Figure 2.7  Actual output signal and ideal output signal (dashed) of a DAC



The settling can be divided in two phases, a non-linear slewing phase and a linear
settling phase. The output signal of an actual DAC can not change its value instantly. The
time it takes for the output to settle within a certain accuracy of the final value, for instance
0.1%, is called the settling time 7, and determines the highest possible speed of the circuit.
The slewing phase should be as small as possible since it both increases the settling time and
introduces distortion in the analog waveform. The slewing is normally caused by a too small
bias current in the circuit driving the output and is therefore increased for large steps when

more current is needed.

Glitch

When the switching time of different bits in binary weighted DAC is unmatched, the
glitch occurs. As Fig. 2.8, if a DAC decodes 011 code to 100 code sequentially, the fast MSB
changes previously than others:The output of a DA€ will occur the error value. The plus

effect of the output caused by different switching is called glitch.

Aout 4

Xn T pr—
/' 101

Xm 4 Glitch

100

Xa T+

011 )
time

Figure 2.8 Glitch output
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2.2.3 Dynamic range

For DACs used in communications applications, the INL and DNL are not sufficient to
characterize the performance. It is more convenient to characterize the performance in the
frequency domain using measures as the signal-to-noise ratio (SNR) and spurious-free

dynamic range (SFDR). The can be illustrated as Fig. 2.9.

A
A / Fundamental
SFDR
Distortion
Noise floor
t } } » {(Hz)
fi 21i 3fi

Figure 2.9 Output spectrum of a DAC

Signal-to-Noise Ratio (SNR)
The signal-to-noise ratio (SNR) is the ratio of the signal power and the total noise

power. SNR is usually expressed in dB as

(2.9)

SNR(dB) = 10 log| > .&nal Power
Total Noise Power

Spurious Free Dynamic Range (SFDR)

The spurious free dynamic range (SFDR) is the ratio of the power of the signal and the

11



power of the largest spurious within a certain frequency band. SFDR is usually expressed in

dBc as

(2.10)

SFDR(dBc):l()*log( Signal Power J

Largest Spurious Power

Total Harmonic Distortion (THD)
The total harmonic distortion (THD) is the ratio of the total harmonic distortion power

and power of the fundamental in a certain frequency band, i.e.

@2.11)

THD = 10+*log ( Total Harmonic Distortion PowerJ

Signal Power

Signal-to-Noise and DistortionRatio (SNDR)
The signal-to-noise and =distortion-tatio (SNDR) is the ratio of the power of the

fundamental and the total noise and distortion powet. within a certain frequency band, i.e.

2.12)

SNDR =10*log : Slgngl Povfler
Noise and Distortion Power

2.3 Binary Weighted DAC Architecture

The most popular approach for realizing at least some portion of D/A converter is to
combine an appropriate set of signals that are all related in a binary fashion. This binary array
of signals might be currents, but binary-weighted arrays of charge are also commonly used.
The binary weighted DAC utilizes a number of reference element that are binary weighted.

The output signal can be written as

12



X, (nT)=A [b,(nT)+2-b, (nT)+---+2%"-b, (nT)] (2.13)

Where AOQ is the reference and T is the update period of the DAC.

2.3.1 R-2R Ladder DAC

A very popular architecture for D/A converter uses R-2R ladders. These ladders are
useful for realizing binary-weighted current with a small number of components and with a
resistance ratio of only 2, independent of the number of bits, N.

The R-2R ladder can be used to obtain binary-weighted current while using only a
single-size resistor. (The resistors of_ size: 2R are made out of two resistors size R, to
improve matching properties). As'a result;|this R-2R. approach usually gives both a smaller
size and a better accuracy than abinary-size approach!

A N-bit DAC that uses an R-2R ladder isishown'in Fig. 2.10. For the R-2R based circuit,

we see that
V f
=—rb 2.14
R (2.14)
and
N b 1 R. &b,

V. =R Loy | —E L 2.15
out F; 21.1 ref( R j; 21 ( )

However, as already mentioned, although the resistance ratio has been reduced, the current
ratio through the switches is still large, and thus the switch sizes are usually scaled in size to
accommodate the widely varying current levels. One approach to reduce this current ratio is
shown in Fig. 2.10, where equal current flow through all the switches. However, this
configuration is typically slower since the internal nodes of the R-2R ladder now exhibit some

13



voltage swings.

Figure 2.10 N-bit R-2R based DAC

2.3.2 Charge Redistribution DAC

The charge redistribution DAC is’alswitch capacitor (SC) circuit, where the charge
stored on a number of binary weighted capacitors is uséd to perform the conversion. Fig. 2.11
is an example of a N-bit converter. ;Typically, the/weighted capacitors are created using a
number of unit capacitors.

At time nT ( on phase ¢ ), the bit b; determine which of the binary weighted
capacitors that should be charged from the reference voltage, V res . During this phase, the
plates of capacitor Cy are connected to ground and virtual ground at the input of the op amp,
i.e., there is no charge on Cy, and gy (nT) = 0. Capacitor C¢ is used for offset compensation.

The total charge on the binary weighted capacitors at time nT is given by

N-1 N-1
q;(nT)=V, > C b=V, > 2-C-b =V, -C-k(nT) (2.16)

1=0 =0

At time nT +7/2 , on phase ¢ ., the weighted capacitors are discharged since their plates

are connected to DC and virtual grounds. The charge is redistributed to ground and Cy . The

14



charge on Cy at the end of the settling is

qN(nT+%T) =C,-V (nt+T/2)

(2.17)
Charge conservation gives
1
gy (nT +5T) =—q;(nT) (2.18)
Using (2.11) and (2.12) in (2.13) we have
C
V,u(nt+T/2) = o kD), (2.19)

N

The architecture in Fig.72.6 is_insensitive to-offset voltage and finite gain of the

amplifier. The limitations of the converter are the.matching of the capacitors, the switch-on

resistance, and finite bandwidth of the amplifier.

Cef

k¢

L°
o—
Vref D,

Al Cndl o,

[ ]
S A

r o,

Figure2.11

5

The architecture of a N-bit charge-redistribution DAC
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2.3.3 Current-Mode DAC

Current-mode DACs are very similar to resistor-based converter, but are intended for
higher-speed applications. The basic idea is to switch currents to either the output or to

ground, as shown in Fig. 2.12.

Figure2.12  N-bit binary-weighted current-mode DAC

Here, the output current is converted to-a voltage through the use of Ry, and the upper
portion of each current source always remains-at ground potential.

The technology of usable switched-current of the current-mode is gone to realize. The
switched-current technique is a natural choice in a CMOS process, since reference and sum
element as well as switches are relatively easy to implement. The current-steering DAC has
the advantage of being quite small for resolution below 10 bits and it is very fast. The major
disadvantage is the sensitivity to device mismatch, glitches, and current source output
impedance for higher number of bits. Another good property of the current-steering DAC is
that its high power-efficiency since all power is directed to the output. The current-steering
DAC is suitable for high-speed high-resolution applications, especially when special care is
taken to improve the matching of the converter.

To achieve monotonicity, reduce the influence of glitches and reduce the sensitivity to

matching errors, the DAC should be segmented into a coarse and fine part. The coarse part is
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realized by thermometer coded and fine part is kept binary weighted. This is referred to as a

segmented converter and is discussed further.

2.4 Thermometer Coded DAC Architecture

The thermometer coded DAC architecture utilizes a number of equally weighted
elements. The binary input code is encoded into a thermometer code as illustrated in Table
2-1 for 3-bit input code. Generally, with N binary bits, we have M=2"-1 thermometer coded

bits. The analog output at time nT is give by

X, =A,- ici (nT) (2.20)

i=1

where C,=(nT)e{0,1},1<i< M are the thermometer coded bits.

Decimal |"Binaty Thermometer
0 000 0000000
1 001 0000001
2 010 0000011
3 011 0000111
4 100 0001111
5 101 0011111
6 110 0111111
7 111 1111111

Table 2-1 Decimal, binary, thermometer code representations.

In the thermometer code DAC the reference element are all equally large and the
matching of the individual element becomes simpler than for the binary case. The total sum of
all weights is 2N-1. The transfer function of the thermometer code converter is monotonic and

the DNL and INL is improved compared to the binary version. The requirements on element
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matching are also relaxed. In fast, if the matching is within a 50% margin, the converter is

still monOtonic.

1T
X Iuni1 ]unil
> Binary > T
_> Thermometer _> Cwm Cmi G
_=> Encoder _» I
c —
i Iout

Figure 2.13 A thermometer coded current-steering DAC with encoding circuit

In Fig. 2-13 we show a currént-steering implementation of a thermometer coded DAC
with binary-to-thermometer encoder.” All current sources are equally large, L. For a large
number of bits, the digital circuit converting the binary code (X) into thermometer code (C)
and the number of interconnecting wires become large, since the number of outputs is
growing exponentially. This implies a more complex circuit layout. The encoding circuit can

easily be pipelined and the propagation time through the encoder can be controlled.

2.5 Hybrid DAC Architecture

Combining the techniques discussed in Fig. 2-14 for realizing different portions of a
D/A converter result in hybrid designs. Hybrid designs are an extremely popular approach for
designing converters because they combine the advantages of binary-weighted and
thermometer-coded architectures. For example, it is quite common to use a thermometer-code
approach for the top few MSBs while using a binary-scaled technique for the lower LSBs. In
this way, glitch is significantly reduced and accuracy is high for the MSB where it is needed
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most. However, in the LSBs where glitch and accuracy requirements are much reduced,

valuable circuit area is saved with a binary-scaled approach.

. Binary-to- | 2M-1 bi |
| M bit Ty Thermometer
Thermometer F————» Code DAC
I Encoder
l - - - - Y- V—_ 4 DAC Output
N bit o
Binary-
1 »
INMbn Delay N Weighted DAC

Figure 2-14 A N-bit segmented DAC where M MSBs are thermometer-code

2.6 Summary

In this chapter, the fundamental of the digitalsto-analog Converters (DACs) is presented
first. The performance parameters used to characterize the specifications of DAC is also
described. Also, different types of Nyquist-Rate DACs are introduced.

According to the discussions of the advantages and disadvantages for different type
DAC:s, we can choose the suitable architecture for our applications among several trades-off,

like power consumption, speed, and die area.
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Chapter3

System Analysis of DAC Design

Current-steering DAC is a popular topology when high speed and high resolution is
needed since it can drive resistive loads directly, and do not require high speed amplifiers at
the output. A differential output type current steering DAC is preferred because it can lower
the common mode noise and second harmonic distortion. But it still has some non-idealities
that will degrade the performance of the DAC. The errors sources that cause the non-idealities
include finite output impedance effecty cuttent. source mismatch, timing non-idealities and

non-idealities due to switching the'current cells [1].

3.1 Major Error Sources in Current-steering DACs

Output impedance of current source:

The finite output resistance affects the linearity of the converter. This is primarily due
to the fact that the output resistance of the converters is signal-dependent. We often use the
cascsde structure to increase the output impedance of current source.

Matching errors:

Matching errors in the process cause the oxide thickness and threshold voltage, to vary,
the unit currents are unequal, which also affects the linearity. The matching errors are of both
stochastic and deterministic nature.

Doping and thermal gradients:

Since doping and thermal gradients oxide thickness and mobility to vary, the unit
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currents are unequal, which also affects the linearity. This error is often overcome by using
the careful unit-cell placement.
Edge effects:

Edge mismatch error occurs when the element does not see the same surroundings
within a certain radius around them. This error is often eliminated by placing a number of
dummy rows and columns around current source arrays and the external cost is the area of
dummy current source.

Increased Random Noise:

An increase in the noise floor in the signal band reduces the dynamic range of the
converter. Sources of random noise include the thermal noise of transistors and resistors and
the coupling of noise from digital circuitry into the analog circuits through the common
substrate, package, and supply lines:

Harmonic Distortion:

Signal-dependent non-idealities.result in harmonic distortion in the DAC output. Ideally,
even harmonics are completely cancelled through the use of a differential topology, but
mismatch between the differential paths results in some residual even-harmonic distortion. In
the following section, we discuss the non-idealities of current-steering DAC and the effects

they will cause on both static performance and spectrum specification.

3.2 Finite output impedance of current source

The output impedance and the parasitic impedance of interconnections and switches in

the converter will strongly influence the performance. Any non-ideal current source has a

finite output resistance and can be modeled [1].
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Fig. 3.1 shows a current-steering array including output impedance of each current

source. It is a thermometer coded structure, where R, represents the output impedance of each

52 oS

Vout
]out l
Ry

Figure 3.1 Current sources with finite output impendence

current source. For the thermometer code of height N,s:the actual output voltage is

R
Vout,NzNI(RL ”FOJ (3-1)

therefore the ideal output voltage for height j is
. R
Vou =JI(RL [ WO) (3-2)

The difference between the ideal and actual voltage can result in INL error

R, R R, R 2
INLJ=]I( L "0 _ L~ "o J=IRL'

N-j 3-3
R,+R, R, +NR, R i(N) -3)

o

Fig. 3.2 shows an example of INL profile for a 12-bit DAC with variable current source
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output impedance. From the figure we can find that INL decreased when the current source
impedance increases. Also, the maximum INL value occurs when the middle digital input is

applied.

Finite output impedance vs. INL

0.45 : .
:| ——1Mohm

0.4 H —=—2Mohm [
L ; “_ ||——3Mohm

0.35 e I S o %1 ——5Mohm | ]

0.3

RTINS S— S——

INL (LSB)

) T — i S— T—
] R P
0.1

0.05

3

4000

! i i i
0 1000 2000 3000
input code

Figure 3.2 The INL Profile of 12-bit DAC with different current source output impedance

Besides of static linearity, the finite output impedance of the current sources also has
relation with dynamic performance. The SFDR is an index between dynamic performance and

output impedance. The equation of SFDR can be calculated as

2

SEDR= 1P Kee | [ 1HPKy | (3-4)
p.Kac p.Kac
where
2N-1 R
=K ==, p=—L 3-5
ac dc 2 p R ( )
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In general, output impedance of current source is farther great than output loading.
When p is very high, the approximate equation can be written as

SFDR = 40log [lj -12 ( N—2) dBc (3-6)
0

Figure 3.3 shows another example how the output impedance affects the SFDR for

differential output. This implies the output impedance of unit current source must be larger

than 3MQ if the SFDR is guaranteed to larger than 72dB.

A 12-bit Current-Steering DAC

g0

SFDR (dB)

50 i i
1 z 25 3 a5 4 45 5
Ro(ohm) X 10

Figure 3.3 Simulate SFDR in different output-impedance conditions

3.3 Current Source Mismatch

Intrinsic high linearity can be achieved by tacking all possible systematic, graded, and

random errors. Important effects that must be taken are

1. Random errors: device mismatches.

2. Systematic and graded errors: edge effects, voltage drops in the supply lines,
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thermal gradients, doping gradients, and oxide thickness gradients resulting in a V;

shift across in the die.

In Fig3.4 show the average simulated and calculated SFDR for 12-b DAC with SMSB

thermometer-coded that have different mismatch pattern. Specifically input signal was formed

by adding dither to the signal where amplitude is full swing, the ratio of the input signal

frequency Fj, to clock frequency F. is 1/4, and then quantizing the result to the resolution of

DACs. The dither added to the sinusoidal input, was a while sequence with a triangular

probability density function supported on, so the quantization error was white noise[15]. The

curves are saturated at low mismatch, since in the simulations the harmonics are hidden in the

noise floor.

50

SFDR vs. Relative Element Mismatch
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Figure 3.4

10°

10°° 10"

Mismatch Error Standard deviation

The average simulated and calculated SFDR for a 12-bit DAC with SMSB

thermometer-coded that have different mismatch pattern

The random error of the current sources is determined by matching properties of the
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MOS transistors. Consider two normally identical current sources and random mismatch
between two identical devices as shown in Fig. 3.5. The output currents /; and I, exhibit
mismatch components due to mismatch between transistors M; and M,. The nominally
identical devices suffer from a finite mismatch due to uncertainties in each step of the
manufacturing process. For example, the gate dimensions of MOSFETs suffer from random,
microscopic variations and hence mismatches between the equivalent lengths and widths are

laid out [19].

||<- M, |<-M2
BIASPlI— |L |
- | ABIAS
lll llz ' O O
< ST M,

Figure 3.5 Identical MOS current sources and random mismatch between

two identical devices

For Fig. 3.4, assume M| and M, are nominally identical and have square-law [-V

characteristics :
1 w 2
ID ZEILICOX I(VG _VT) (37)

Usually we increase W, L, and Vs to lower the mismatch in the drain current.

However, larger W leads to higher drain-substrate and gate-drain capacitance and large area,
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larger L requires higher Vgs-Vr to attain a given Ip, and increasing Vigs-Vr limits the voltage
swing at the drain of M; and M,. As a consequence, some compromise is usually necessary to

obtain a reasonable combination of accuracy, speed, and output voltage swing.
In order to reduce to effect of current mismatch, proper dimensions of current sources

should be chosen. An estimation of the minimum channel area of transistor versus mismatch

parameters are described as follow [13] :
1

1, ZE,B(VGS—VT)z (3.8)

Where B=pCox(W/L), the relative current.mismatch is
D
o (ﬂj = o (A—ﬁj +4 2OV (3.9)

According to [6], the minimum size of current source is equal to

1 an
2[A§+(V 7 )2}
(WL),, = 0“2 - (3.10)
%)
Where
2 AB, _ A
O'(IB)—WL (3.11)
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2 _ A
oAV =1 (3.12)

The parameter Ayt and Ap are technology parameter, depended on the given process.
From (3-10), we can see that the minimum area of the current source, (WL)uin , is function of
overdrive voltage, (Vgs-Vr) , and the current mismatch standard deviation (o:// ). By
increasing the overdrive voltage, and minimum area required for current source can be
decreased.

Fig 3.6 shows the required gate-area of the unit current source transistor as function of
(Vgs-V1). By increasing the (Vgs-Vr), the minimum area required can be decreased. For very
large values, however, the mismatch is mainly determined by the Ag term and barely decrease
with the (Vgs-Vr). Consequently, a convenient criterion to determine the gate overdrive
voltage of the current source transistor, is itoymake the two mismatch contributing terms in

about equal.

140 : : : : : : :
120

100

FY o i}
o o )

Unit current source area (urn™urm)

]
o

1
03 0.4 05 0.6 07 os 0g 1 1.1
Overdrive voltage(GS-VT) V)

Figure 3.6 Minimum gate-area of the unit current source transistor as

function of the gate voltage overdrive
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Systematic and graded errors have become an important concern in high-resolution
converters. Major sources of gradient error are oxide thickness and dopant variation. These
parameters vary smoothly enough that they could be considered linear over the active area of
D/A converter. Systematic and graded errors result from parameter variations, such as
temperature generated within the active area of the converter.

If the resolution of the DAC increases by a single bit, the number of current-source
array doubles. The area occupied by a single unity current source also doubles because of
random matching constraint. This leads to a four times area increase for the current source
array for each additional bit. For DAC with a resolution of 10-bit and higher, the dimension of
the current source array become so large that process, temperature, and electrical gradients
have to be considered. The nonlinearity errors introduced by these gradients can be partially
compensated by the introduction of-a special switching scheme. We only focus on the error
source here.

The current error caused by thepvoltage drop in'the ground lines is given by [8]

) cosh(,/g,,R. .. X)
lvoltage drop (X) = ‘\/ nggnd o = aO + alx2 +... (3 13)

sinh(/¢,,R,,,)
where x is the coordinate of the current source along the ground line.

It is well know that wafers exhibit, in general, a radial pattern in the oxide thickness.
This gives rise to a shift in the nominal values of the current sources approximately linear
with the devices separation distance. On the other hand, temperature gradients and stress

gradients are responsible for errors approximately parabolic across the array matrix.

The thermal gradients and technology-related errors are approximated by a Taylor
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series expansion around the center of the current source array.

i (x,y)=b, +bx+b,y+bxy+b,x> +by’ +--- (3.14)

thermal ,technology -

where (X,y) is the coordinate of the unit in the current source array.
The current source array thus contains units with errors that are (to first order) linear
and (to second order) quadratic in spatial distribution. These linear and quadratic error

profiles are shown in Fig. 3.7.

Relative-Mormalized Systematic Ermaor
Parabolic-Mormalized Systematic Emor

-postiion -1 ‘f-postiion B

¥-position ¥-position

(A) B)

Figure 3.7 (a) Linear error (first-order error) (b) Systematic error (Second-order error)

In DAC current element

The edge effect means current matching error at the edge of the current source array as
shown in Fig. 3.8. It can be avoided by placing sufficient rows and columns of dummy

current cells at the edges.
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Active cell Dummy cell

Figure 3.8 Current cell matrix with dummy cell

However, it is well known that for the be‘st SF‘DR performance the crossing point for the gate

drive signals of the output current switch pair needs to be optimized [16]. The circuit that
drives the differential switch should ensure that both switches are never completely off at the
same time so that the current from the current source is always flowing at a constant value.
This minimizes the excursion of the voltage on the switch common source node, C;, during a
transition. Any current lost to parasitic capacitor C, causes nonlinearity. The disturbance on C;
should be symmetric around the nominal DC value. To the extent that the disturbance cannot
be completely eliminated it is important that C, be minimized. It is also important to note that
it is not necessary to bring the gates of the switch devices any higher than the voltage on the
common source node C;, when turning off the device (Vg=0). Limiting the swing in this way

reduces any feed-through of the gate drive signals to the outputs or to the common source
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node.

These circuits have been proposed that limit the voltage fluctuation, by ensuring that
the two switching transistors are never simultaneously switched off. This design criterion
turns out to have an important positive impact on the dynamic characteristics of the DAC
because any asymmetry in the output lines of each current cell give rise to a glitch at the DAC
output during a code transition. The correct timing of the switching control signals is thus of
crucial importance because it reduces simultaneously the voltage swing at the internal nodes

and the amplitude of the glitch.

°—I|;l

Vcas o_lt M Ca Ci Ci Cj Ci
—ANA— & ---------- A A v y

......

(a) (t) (¢ (d) (e)
Figure 3.9 The Output waveforms of switch drivers used for driving the current cell.
(a) Output switch gate waveforms (b) High crossing points due to use the driver of intrinsic
delay (c) Middle crossing points (d) Low crossing points due to use the driver of intrinsic

delay (e) Low crossing points due to use the driver of rise / fall time

This circuit put one switching transistor at the threshold of conducting by lowering the
crossing point of the switching control signals, so that as soon as one of the switching
transistors begins to switch off, the complementary switching transistor begins to switch on.
Two different alternatives have been proposed: (1) circuits the use different rise/fall times [23]

and (2) circuits that introduce a delay in one of the transitions [6] [8]. Both classes of circuits
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have a high switching speed. Fig. 3.9 shows the waveform of crossing point of the switching
driver. Fig. 3.9 (b) show the high crossing points that both the switching transistors turn on at
the time of transition for using the driver of intrinsic delay. Fig. 3.9 (c) shows the middle
crossing point that both the switching transistors may be off at the same time. Fig. 3.8 (d), (e)
show the low crossing points that both the switching transistors turn on at the time of

transition for using different types of switching drivers, as mentioned above.

3.5 Random routing

A major error source of DAC nonlinearity is the current source mismatch due to process
and environmental variations, which includes random, gradient and quadratic errors. The
gradient and quadratic errors can be effectively compensated by optimizing switching schemes
or using local biasing techniques [5]:*The random vasiation of current source are determined by
the inherent properties of the technology used and can-be assumed to independent from each

other and follow normal distribution.

Random

Th t
ermometer Thermometer

Code

Binary Code
Code Binary Thermo
—» Thermometer : X : Coded — output
N bit Encoder N — < — DAC
27-1 bit 2°-1 bit
Randomizer

Figure 3.10  Randomization of bits in a thermometer coded DAC. The matching error

becomes uncorrelated with the signal.

In a conventional thermometer code DAC, the input number (M), is represented by using
2™ fixed reference element in the DAC. The matching errors become strongly

single-dependent, since a reference is associated with specific input code. To reduce the

33



distortion, the binary to thermometer encoder can be designed so that, at different times,
different reference are chosen to represent M, we do not fix a reference to a certain code. If we
choose the references in a way that is uncorrelated with the signal, the matching errors will no
longer be signal dependent and hence the error will become noise. This is achieved by using a
randomizer or scrambler as illustrated in Fig 3.10. In a real implementation the randomization
can be implemented with a random generator. We can also choose to assign the references I a
cyclic way, which does not give a completely uncorrelated error signal, but the improvement

can be significant.

We can create MUX of L-bit input and L-bit output, hence the MUX utilizes selection to
control L-way. There are MUX between:local'decoders and switch element. Fig. 3.11 shows a
2™ bit randomizer receiving at random generator controls. The random generator controls the
selection of the element in the :MSB part so"that the harmonics caused by mismatch can be
attenuated. A perfect synchronization of ‘the-contfol signals at the DAC, so the random
generator is controlled with the clock, thus well-designed synchronized driver is used in entire

circuit.

To illustrate dynamic randomization, we show in Fig. 3.12 a simulation result where a
full-scale sinusoid has been applied to a 12-bit DAC with 8MSB thermometer-coded D/A
converter. To all current sources in the DAC a Gaussian distributed random error with
standard deviation equal to 10% is applied. In Fig 3.12(a) we find clear distortion terms and in
(b) the distortion has been reduced and the noise floor has increase. The SFDR is in both

cases approximately 7dB.
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Figure 3.11 A 2™ bit randomizer receiving at random generator controls
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Figure 3.12  Output amplitude spectrums from a 12-bit DAC with SMSB

thermometer-coded DAC (a) without randomization and (b) with randomization

As is evident from the numerous spurs distributed across the spectrum in Fig. 3.12(a),

rather severe harmonic distortion results from the static DAC-element errors in the absence of
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random switching. The maximum-amplitude spur occurs at a frequency of approximately 1.57
rad, and has power 82.5 dB below the power of the desired sinusoidal signal of frequency ®q
numerous additional simulations performed by the authors show that the DAC exhibits similar
behavior when driven by inputs of different frequencies. It follows that merely 82.5 dB of
SFDR is provided. The data in Fig. 3.12(b) indicates that harmonic distortion is not visible
with full randomization DEM. As demonstrated by the simulation results and confirmed in the

following section, the DAC easily provides 90 dB of SFDR.

3.6 Summary

In this chapter, we determine the proper output impedance, variance, and the size of
current source. We invent a simple‘random structute to correct the mismatch error of current
source. In order to design a high-speed and high-resolution current steering DAC, we should
pay more attention to these non-idealities. The ‘approaches to improve the non-idealities are

also mentioned in this chapter.
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Chapterd

Circuit Design of DAC

In this chapter, the designed architecture of a 12-bit 250-MSamples/s current—steering
CMOS D/A converter with the partial random element matching is introduced at first. Then
each block of the DAC is presented and the circuit design is discussed. To design a high speed
and high resolution DAC, we should pay more attentions to choose the proper architecture
that can achieve a balance between good static and dynamic specifications versus a reasonable
circuit power, area, and complexity. Besides,-special layout technique is also presented to

compensate the systematic and gradient errors, as.mentioned in chapter 3.

4.1 The System Structure of DAC

The architecture of a 12-bit 250-MSamples/s current—steering CMOS D/A converter
with the partial random element matching presented in this thesis is shown in Fig. 4.1. There
are several blocks in this DAC, including digital circuits, randomizer, latches, current cells,
and bias circuit. The input binary codes are either processed through digital circuits, then
changed to thermometer codes (B;; — B4) or simply equally delayed (Bs — Bg). The processed
signals then pass through the latches to keep synchronization used for driving switches of the
current cells. In addition to synchronization, the latches can also reduce the glitch effect due
to the drain voltage fluctuations of current sources. Finally, the current cell matrix can provide
differential output currents controlled by the switches whose input signals have been

synchronized. In the following, all the sub-circuitry of this DAC will be further discussed.
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Fig: 4.1 12:bit DAC architecture

Fig. 4.2 presents the blocksdiagram of the DAC architecture. The DAC has a 4+8
segmented architecture: first, the eight most significant bits are linearly decoded with random
element matching; second, the four least significant bits are also binary weighted.

The matrix that implements the 8 MSB’s is logically seen as being composed of four
identical 8-bit unit elements DAC’s, connected in parallel. In two of the four unit element
DAC’s, a two-stage row-column decoding logic and a randomizer, is implemented. The
connection in parallel of four unit current sources provides the correct current scaling of the 8
MSB’s relative to the four binary bits.

The remaining 4 LSB’s select directly four binary weighted current sources. Note that
that by removing the 4 LSB’s from this architecture, one obtains also a very interesting

architecture for an 8-bit resolution DAC, but with 12-bit accuracy.
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Figure 4.2 Simplified block diagram of the DAC architecture

4.2 Digital Circuits

In a segmented current-steering DAC, the function of the digital circuits it to convert
the binary code to either thermometer code or only delayed the binary code and the digital
circuit of randomizer structure and high-speed latch. To design the digital circuits, several
issues should be taken into account:

»  High speed operation
»  Circuit complexity

»  Power consumption
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4.2.1 Thermometer decoder

Discrete quantities of information are represented in digital system by binary codes. A
binary code of n bits is capable of representing up to 2" distinct element of coded information.
A decoder is a combinational circuit that converts binary information from n input lines to a
maximum of 2" unique output lines. If the n-bit coded information has unused combinations,
the decoder may have fewer than 2" outputs.

Binary-to-thermometer decoder accomplishes the equivalence of elements from binary
code. The Tab. 4.1 shows truth table of a 4-to-16 line decoder. The circuit of the 4-to-16 bits
binary-to-thermometer decoder will be realized. Finally, the Boolean function between the

binary-input and thermometer-output are described in tab. 4.2.

Decimallll d | ¢ | b | a [lla0 [oa1 | se/pas™Fas fas |ae [ a7 | as | a0 | awo | an | a2 | ans | asa | ats
0 o(ofo(o@1 |11 | |||} 1]1
1 O/o|joO | 1M1 |ryEdery 111111111170
2 ojo|j1,omMrj1rjrf{1rjyry1jrj1jrj1ry1y1j1{1y701]0
3 o,o|1 ;1M1 y2rjr{y1ryry1jrj1}j1rj1ry1y1}1{0]01]0
4 ojrjo;omry1rjr{1ryry1jrj1j1rj1y1417y0(0]01]0
5 ojrjo;1Mry1rjr{1ryry1jrjy1j1rj1y140}(0(0]01]0
6 o(1(1/og1(1}1}1}j1}j1j1{1{1{1;{0,0,0(0]0]0
7 o111 mMry1rjr{1ryry1j1ry1y1rj0;0;0(0(0]01]0
8 trfofojog1(1}j1j1{1{1{17170{0{0;0,0j0]0]0
9 trfofo(1g1}(1}1}1{1{1{170;0{0{0;0,0j0]0]0

10 trfof1/og1(1}1}1{1{1{0;]0;0{0[{0;0|0j0]0]0O0
11 i1jo0o|1 1 M1y1j1{1y1ry0j0j0}j0j0;0;0j0(0]07]0
12 irf1fo(og1(1;171{0{0{0;]0]0]0|0;0|0]0]0]0O0
13 i1f1(o0(1g1}17170{0{0]0]0]0]0O|]O0O|0|0]0]0]0O0
14 i1j1|j1;,omMry1j0({0}0(0j0j0O}0OjO}OJ0O0]O|0O0]O]O
15 11114170} 0;0{0|0]0]0|]O0O]O0O|]O0O|0|0]0]0]0O0

Table 4.1 Truth Table of a 4-to-16 Line Decoder
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A0 (a+b+c+d) Al (b+c+d) A2 (aeb+c+d) A3 c+d

S|

s | ((a+b)ec)+d) | as (boc+d) A6 (aebec+d) A7

a8 | (a+b+c)ed) | a0 (b+c)ed) a0 | ((aeb+c)ed) | an ced

A12 ia°b+c+di A13 ib'c'di Al4 ia'b'c'di Al5 1

Table 4.2 Boolean functions between the binary-input and thermometer-output

From the Fig. 4.2, the system block diagram reveals that one kind of 8-bit thermometer
decoder is essential. The 8-bit thermometer decoder is divided into tow 4-bit thermometer
decoder. Row-column selection decoding. is a simple method to supply high speed
transformation [6]. In high speedsealization;-the adopted decoder can limit the clock rate of

the D/A converter.

4.2.2 Randomizer

Thus, a remaining problem is to develop high resolution DAC’s that achieve such low
levels of harmonic distortion. In the past, random element matching techniques have been
successfully applied to de-correlate the DAC noise from the input signal in various DAC
topologies.. For most digital input values, there are many possible input codes to the bank of
randomizer that nominally yield the desired analog output value. Thus, the DAC noise arising
from errors introduced by the randomizer can be “scrambled” by randomly selecting one of
the appropriate codes for each digital input value. Although DAC’s based on this approach
have been shown experimentally [23], and through quantitative analysis [19] to achieve

excellent SFDR’s.
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Fig. 4.3 (a) shows a 2™ bit input and 2" bit output randomizer. The random control bit
is common to a random generator. Fig. 4.3 (b) shows 8-bit input and output MUX with 3-bit
selection. The random generator controls the selection of the element in the MSB part so that
the harmonics caused by mismatch can be attenuated. A perfect synchronization of the control
signals at the DAC, so the random generator is controlled with the clock, thus well-designed

synchronized driver is used in entire circuit. Fig 4.4 shows the circuit of random generator.

Randomizer
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> 5 =2 < =>RIT f

0 6 AN
o —o — < g
8 S
o—] ) 7 h
8 _— _— —_—— -
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Random
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Figure 43  (a) A 2" bit input and 2™ bit output randomizer (b) 8-bit input and output

MUX with 3-bit selection.
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Figure4.4 Random generator
4.2.3 High speed latch

The dynamic performance degradation of a current-steering DAC can be caused by

several reasons associated with current source switching. Some important issues that have

been identified to cause dynamic limitations are:

» Imperfect synchronization of the'control signals at the switches.

» Drain-voltage variations of the current-source transistors caused by the fact that both

switch transistors are simultaneously in the off state.

»  Coupling of the control signals through the Cyq of the switches to the output.

To minimize the three effects, a well-designed synchronized driver is used. The high

speed, low glitch latch is illustrated in Fig. 4.5(a). It provides two complementary signals

needed at the input of the current switches.

In the conventional latch, both switches will be off for a short period. As a result, the
capacitance at the drain of the current source transistor will be charged and then the current
source will turn off. To recover the normal operation, the current source must progress

through the linear region and back into saturation. Hence, turning off the current source not
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only slows down the speed but also increases glitch at the output. To solve the problem, the
function of this latch is designed to shift down the crossing point of the differential signals
used for driving the switches of the current cell.

The latch used here is a rise/fall time based driver. In order to obtain instantaneous
change for output node with falling input, extra PMOS transistors (M1 and M2) are placed in
parallel with each other cross-coupled at the top of the circuit. When the transitions of input
signals (high = low or low > high) occur, the transistors M3-M10 will immediately change
their states. However, the crossed-coupled PMOS transistors M1 and M2 will hold their states
for a short period. After these transistors change their states, the charging speed will be
increased. Thus, the combination of the (u, / pp) scaled PMOS transistors and the PMOS
positive feedback loop results in the rise time that is much faster than the fall time of the
driver circuit. Due to the use ofstwo additional inverters at the output of the driver and
properly sizing the transistors of:the whole latch, a lower crossing point can be realized. Fig. 2
(b) shows the voltage waveforms of ithe differential outputs, Q and Q. This latch not only
performs the final synchronization®of the signals-used for switching different current cells but

also reduces the delay between the different digital decoders.
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(b)

Figure.4.5 (a) Dynamic latch schematic diagram (b) Output signals

4.3 Current Cell

To generate the accurate current, several concerns should be taken into account. First,
the size of the current sources should be properly designed to reduce the mismatch error
between different current sources due tothesfabrication. Second, the finite output impedance
of each current source is designed large énough.to get a good static performance. Finally, a
bias circuit used to generate the bias current of current source is also required. The design

considerations and circuit implementation of -each circuit is described in next subsections.

4.3.1 Implementation of Switch Unit Current Cell

The PMOS current source has two advantages. PMOS devices built in n-well are thus
shielded from the substrate. PMOS has less flicker noise than NMOS. The circuit schematic

of the cascode switch current cell is shown in Fig. 4.6(a). The output impedance of the current

cell whichis 7, +r, ‘(1+gmm ~r%) is very large. Beside, this design utilizes Gain-Boosting

aLu

to increase the output impedance ( AXgm,,r, ) in current-voltage feedback in Fig 4.6(b).

C o,

The output impedance is A times the size of the cascode without Gain-Boosting. In the
following content, we will continue to find out what size of current source transistor should be
used. If we want to decide the size of the current cell, we need INL_yield, process parameter
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(Ap and Ayr), and gate overdrive voltage (Vgs-Vr) . We also need to consider DAC

specification, including INL and SFDR [1]

—— e c— — c—

urrent source Rout

: bias( o—l Mecs

I Mcas

+Iout -lIout

(a) (b)

Figure.4.6 (a) The circuit schematic of the cascode current cell (b) Gain-Boosting

Using the mismatch model derived in [14], the minimum area requirement for the LSB

current-source transistors is :

o, 2 4.1
1

And the square-law model W/L ratio can then expressed as:
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w 21,45

- 2 42
L B(Ves—Vr) *2

In this way, we can find out the size of the current cell.

4.3.2 Reference Current Generation

Fig. 4.7 shows the biasing scheme for the cascode current sources. An external resistor,
R, is used to generate the reference current. The NMOS sections of the biasing circuits are
labeled as “global biasing” while the PMOS sections are labeled as “local biasing.” The
cascode current mirror in the current cell can be used to reduce short-channel effects and
increase the output impedance, but, it will limit.the signal swing. In order to reduce this
limitation, a wide-swing cascode current mirror bias‘scheme is shown in “local biasing” of

Fig. 4.7. The transistors M6 is gain-boosting

O BIASO
- X

O BIAS]

Local
Biasing

Biasing

Figure 4.7 The circuit schematic of the bias circuit
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4.4 Layout

The layout of the DAC plays an important role since the random mismatch of current
source due to process variation will degrade the accuracy of the DAC significantly. Thus we
should pay mode attention to the floor plan of the DAC and special layout technique should
be used, like [6] , [8] and [10] . Fig. 4.8 shows “balanced ring” technique of this work for
reduction of quadratic errors. We utilize this technology to divide the unit of the current cell
into four groups, each group is two rings. To compensate for symmetrical and graded errors
caused by temperature, process, and electrical gradients, special switching schemes should be

implemented.

dfdigdldddididldialladiad

la e ajaaiailaiaiallala
I

I P |

Istring 3rd ring Sthring 7th ring 8thring 6thring 4thring 2rdring

= = N == I =S = =S I i I = T i =S = i = = i = e = = N = =
= = - =S I = = I =S I i = T i =S = = = = = R = =
[ = T = PR R - = PR = PR~ TR PR = T T = A = P = - T TR =P = P - = T
[ = T = P — R R = PR PR~ PR = PR = T T = A = P = T T R = =PI P =

. d
d

Figure. 4.8 “Balanced ring” technique of this work for reduction of quadratic errors.

(a) (1,8) rings (b) (2,7) rings (c) (3,6) rings (d) (4,5) rings
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Original "balanced-ring" technology may be unable to reach match because the ones
that assign are not perfect enough. So we need to utilize and calculate the way distribute the
position of the current source cell again. We first consider a quadratic error oriented to the
main axes of array. The origin of the coordinate system is location at the common boundary

of four subschemes. The systematic error is described by
E(x,y)=a; +b;. (4.3)
The error for a unary source is
16
€= 2lal +0] ) .4
i=1

A constant offset to all unary sources does not.affect the linearity, and thus the quadratic

error is cancelled.

We now consider a quadratic error with its axes rotated with respect to the array. The

error is oriented along the axes x’ and y’ in Fig. 4.9 and is described by

ex',y') = af, +b}2,, . 4.5)
and

x'= xcos(a)+ ycos(a) 4.6)
and

y'= —xsin(a)+ ycos(a) @.7
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After transformation, this yields

(4.8)

a(x* cos*(a) + y2 sin®(a) + 2xy cos(a)sin(a))
+b(x*sin*(a) + y* cos*(a) — 2xy sin(a)cos(a))

&(x,y)

—

Y A

e
DDDDDDDDDD—DDDDDDDDDD
DDDDDDD.I_.I_.I.—.I_.I_.I_DDDDDDD
alaialalalo]olc e o il ] ] =] =] aliaiaiaia
e e Hyan] ] Wat] WaN] Was] Was] Nas! Kol Mol Ranl aNT N Il [ R i i iy i
S ad A = ) o] o] o] =] = = = ] o] ca| = =) &G E
Al A caf ca) caf en| =] =) o wo| = =] o] e e e =] S5
D,m1233445665443321DD
D 33445%?7654433 !
DlZEla:ASﬁ.ﬂ\@oo?ﬁ:H“v\QBZlD
D12345?588\$\“\654321D
D12345678ﬁ87654321ﬁu
D12344567\8 - o u] = = o] ] = 2
D1233445N7765443321D
DD12334{5665443321DD
(apiyan) Bl WaN] W] Nas) las! =+ | wf ] =] = o] o o e =) S O
Cn it al =) —| e o =] =t =] = | o] o) ca] =] =) S SO
DDDD12\2333333221DDDD
DDDDDn[ —i| ca] caf o caf | 3 = = S S O SO
DDDDD‘DDllllllDDDDDDD
(ol iy iy R R 'R R ) R R O R A

Figure 4.9  Orientation of the axes X’ and Y’. Rotation of the quadratic error compared

error compared to the main axes of the current source array.

The sum of terms in x° and y2 is constant over each unary source, as seen above. Once again,

a constant offset to all unary sources does not affect the linearity. We still need to need to
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show that the sum of terms in Xy is constant over each source. Let us consider the X;y;
products row by row. All sources have exactly two elements in each row, one in each half.
Each row i contribute a term x;y; and a term - X;y; to sum. Due to this symmetry, all terms in

xy are cancelled. This type of quadratic error is cancelled also.

ivA v v v v v vEEvEEvEEvEEvEEvEE v v v vEEvEEvEN v vER v/

v v v vEEvERvERvERvERvERvEEvERvEE vER vEE v v vEEvEN v RN v/

Figure.4.10  Selection sequence for MSB part of input code for improved “balanced-ring”

technique
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In this design a floor plan of current cell matrix called improved “Balanced-ring” is
used, as shown in Fig. 4.10. In the improved ‘“balanced-ring” technique, the array is
subdivided into rings as shown by rings 1 to 8. First, we add up the quadratic errors of the
cells within each ring. Then, starting from the ring 1 and 8, we determine how many of the
ring 2 and 7 and ring 3 and 6 and ring 4 and 5 are required to cancel the error in ring 1 and
ring 6. It turns out that eight rings will do the job as shown in Fig. 4.8. Due to systematic and
quadratic effects, the parameters of the transistors vary depending on their location in the
current source array. A good switching sequence switches the sources so that the errors do not
accumulate, is seen in Fig. 4.9. Now in each step we select the cells from counterpart rings in
a way that avoids accumulation of quadratic errors, as described above. Of course all these

selections also obey the procedure.

Dummy cells and bias circuits.can be placed in the “d” cell matrix. But additional rows
or columns of dummy current Source. will not cause significant area increase of the current

cell matrix.

Fig. 4.11 (a) shows A 12-bit 250MHz current-steering segmented architecture DAC
without the partial random element matching. The digital part of the DAC is placed on the left
and the current cell matrix is placed on the right. Fig. 4.11 (b) shows A 12-bit 250MHz
current-steering segmented architecture DAC with the partial random element matching. The
current source is placed on the middle and the digital part of the DAC is placed on both sides.
To minimize the systematic error introduced by the voltage drop in the ground lines of the
current-source transistors, wide sheets of metal have been used. Special care has been taken to
realize a symmetrical interconnection array in order not to degree the matching performance.
The power domains were separated into three parts: analog, digital and guard ring to avoid the
analog section disturbed by the transient current of logic switching. The pins for ground and
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output were assigned more than one because of reducing the IR drop effect and parasitic
inductance. In the current source array, dummy cells were adopted to lower the edge effect
and can be treated as decoupling capacitor on the sensitive bias nodes. They are created by

dummy transistor with body, source and drain all connected.

The chip will be fabricated with TSMC 0.18 um mixed signal technology. The final
layout was shown in the Fig. 4.11. These numbers in the graph means the pin orientation in

the package. The active die size has 1.788 um” and 1.838 pm>.
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Figure.4.11 The final layout
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4.5 Summary

A 12-bit 250-MSamples/s current—steering CMOS D/A converter with the partial
random element matching show that with designed in this chapter. The architecture is shown
first. Then, the design consideration and circuit diagram of each sub-block is described in
each section. Finally, the layout concern and the switching scheme of current cell matrix have
also been discussed. Since the DAC has been designed, the simulation and result of this DAC

should also be presented to test the performance. This will be done in the next chapter.
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Chapter5

Simulation Result and Measurement

This current DAC has been designed and laid out by using the TSMC 0.18 pum
CMOS Mixed-Signal process with one poly and six metals. In this chapter, we present
simulation resultant and the testing environment. The measured results are presented

in this chapter, too.

5.1 Simulation results

First a 12-bit 500-MSample/s-D/A converter without partial random element
matching, is 67.59 dB for signal frequencies. up to.195.8 MHz. The major target
specification for SFDR of this paper, a 12-bit 250-MSample/s D/A converter with
partial random element matching, is 60 dB for signal frequencies up to 170 MHz. An
additional design goal was to derive maximum benefit from this relatively advanced
technology.

A simulate sine wave spectrum for (a) F; = 500 MHz and Fg;, = 1.46 MHz (b) F,
= 500 MHz and F;; = 195.8 MHz without partial random element matching is shown
in Fig. 5.1. Fig. 5.2 shows the SFDR of input frequency between 0.488 MHz and
245.6 MHz without partial random element matching at the sample rate 500 MHz.
The differential nonlinearity (DNL) and integral nonlinearity (INL) without partial
random element matching are shown in the Fig 5.3. A simulate sine wave spectrum
for (a) Fy = 250 MHz and F;, = 0.244 MHz (b) F, = 250 MHz and F;; = 100.83 MHz

with partial random element matching is shown in Fig. 5.4. Fig. 5.5 shows the SFDR
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of input frequency between 0.244 MHz and 122.8 MHz at the sample rate 250 MHz
MHz. The differential nonlinearity (DNL) and integral nonlinearity (INL) without
partial random element matching are shown in the Fig 5.6. The total simulation result

of this DAC is summarized in Table 5-1.
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Figure.5.1 Sine wave spectrum for (a) Fs = 500 MHz and F,;, = 1.46 MHz (b) F, =

500 MHz and F;, = 195.8:MHz without partial random element matching
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Figure5.2 The SFDR of input frequency between 0.488 MHz and

245.6 MHz at the sample rate 500 MHz without partial random element matching
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Figure5.3 The differential nonlinearity (DNL) and integral nonlinearity (INL)

without partial randomy element matching
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Figure.5.4 Sine wave spectrum for (a) Fs = 250 MHz and Fg;, = 0.244 MHz

(b) Fs =250 MHz and F;, = 100.83 MHz with partial random element matching
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Figure 5.5 The SFDR of input frequency between 0.244 MHz and

122.8 MHz at the sample rate 250 MHz with partial random element matching
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Figure 5.6 The differential nonlinearity (DNL) and integral nonlinearity (INL)

with partial random element matching
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Table 5-1

The total simulation results of this DAC

Without partial
With partial random
Structure random element
element matching
matching
TSMC 0.18 pm TSMC 0.18 pm
Process
CMOS Mixed-Signal | CMOS Mixed-Signal
Digital supply 1.8 V Digital supply 1.8 V
Supply Voltage
Analog supply 3.3V Analog supply 3.3V
Sampling Frequency 500 MHz 250 MHz
DNL <0.8 LSB <0.5LSB
INL <0.8LSB <0.7LSB

SFDR (Fin = 100

68.5dB @ CLK =500

66.4 dB @ CLK =250

MHz) MHz MHz
Power Dissipation 73 mW 75 mW
Active Area 1.788 mm® 1.838 mm®

5.2 Test Circuits

Fig. 5.7 shows the measurement setup of the overall DAC testing. In the setup,
the input digital code is generated by Agilent 16902B Logic analysis System. The
differential output of the DAC is converted to a signal-ended output by using an
active probe to provide rejection of common mode noise and even order distortion.
This signal-ended output is measured by Agilent E4440A 3 Hz-26 GHz PSA Series

Spectrum Analyzer to get spectrum performance. The Voltage transient output signals
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are measured by Agilent 34401 Digital Multi-meter. Two precise power supplies are

used to generate both analog and digital supply.

Digital Power 4—{ 9V Battery 9V Battery )—> Analog Power

Regulator Regulator
Diaital P »{ vddd " vdda |< Aralon b
1gital Power »| gndd onda |« nalog Power
DAC E4440A
Digital Analog e SEE SN §
Inputs.~ Outputs
“ Analog

Outputs

16902B

Fig. 5.7 Testing setup

The analog and digital power supplies are generated by the application of the
LM317 adjustable regulators shown in Fig. 5.8. The capacitor C1 is used to improve
the ripple rejection and capacitor C2 is the input bypass capacitor. The resistor R1 is
the fixed resistor and resistor R2 is the precise variable resistor. The inductance L1
and the capacitor C3, C4, C5 and C6 is a low-pass filter. The output voltage of the Fig.

5.8 can be expressed as

V

out

R
:1.25V-(1+?2)-1ADJ-R2 (5.1)

1
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Where Ip; is the DC current that flows out of the adjustment terminal ADJ of the

regulator. By the way, the resistor R1 can use the low temperature coefficient of the

metal film resistor to get the stable output voltage.

L1
100mH
Vin Vin LM 317 Vout—¢ 00 O Vout
ADJ R1
121Q
Cn]ur ¢ __C2 S;F__gﬂi _lgpsi _lgg_
lan T T T T

Fig:5.8 Power supply regulator

5.3 Measurement Results

The sample rate is set to 100 MHz at input frequency 2 MHz, 5.17 MHz, 12.83
MHz, 20.67 MHz and 29.15 MHz, respectively. A measured sine wave spectrum for
Fs; =20 MHz and F,;; = 1 MHz is shown in Fig. 5.9. A measured sine wave spectrum
for F; = 100 MHz and Fs;; = 2 MHz and 9.8758 MHz is shown in Fig. 5.10 and Fig.
5.11. A measured sine wave spectrum for Fy = 200 MHz and Fg;; = 19.81 MHz is
shown in Fig. 5.12. Fig. 5.13 shows the SFDR of input frequency between 2 MHz and
29.15 MHz at the sample rate 100 MHz. The differential nonlinearity (DNL) and
integral nonlinearity (INL) are shown in the Fig 5.13. The total measured result of this

DAC is summarized in Table 5-2 and the die microphotograph is shown in Fig. 5.14.
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Figure.5.9 Sine wave spectrum for Fy = 20 MHz and F;, = 1 MHz
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Figure.5.10  Sine wave spectrum for F = 100 MHz and Fs;, = 2 MHz
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Figure.5.12  Sine wave spectrum for Fy = 200 MHz and Fgi; = 19.81 MHz
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Figure 5.13 The SFDR of input frequency between 3 MHz and 34.33 MHz at
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Figure 5.14  The differential nonlinearity (DNL) and integral nonlinearity (INL)
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Figure 5.15  The die microphotograph

Mixed-Signal

Digital supply 1.8V

Supply Voltage
Analog supply 3.3V
Sampling Frequency 100 MHz
DNL <5LSB
INL <9LSB

SFDR(Fin = 2 MHz)

46 dB @ CLK = 100 MHz

Power Dissipation

125 mW

Active Area

1.778 mm>

65




Chapter6

Conclusions and Future Work

In this thesis, the 12-bit 250-MHz DAC is implementation. We propose a new
simple random structure and special layout to improve the static and dynamic linearity.
The current source is properly designed to reduce the nonlinearity caused by finite
output impedance of current source. To overcome the random error and systematic
error, the proper area of current source is selected and special layout technique is used.
A high speed, low crossing point latchiis implemented to compensate the error at the
DAC output due to switching in the current cells. The DAC is fabricated by 0.18um
1P6M CMOS Mixed-Signal. Besides, the power dissipation is 125mW. The measure
resultant of a 12-bit current-Steering,'D/A~¢onyerter without the partial random
element matching shows that the signal frequency of 9.87 MHz at the update rate of
100 MHz, the SFDR is 37 dB. The differential nonlinearity and integral nonlinearity
are below 5 and 9 least significant bits (LSB’s).

The DAC can be improved from several points of view in the future. First, due
to lack of considering the parasitic loading effect caused by the layout, the post-layout
dynamic performance simulation results will be degraded than the pre-layout
simulation at high input frequency. Therefore, the DAC should be designed to keep
enough margins to endure the loading effect and the floor plan should be modified to
decrease the parasitic loading. Second, after passing through multi-bit registers to
sample the input digital data, the MSBs and LSBs are binary-weighted. Third, the

clock should be designed carefully because the current DAC operated at high speed.
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And pay more attention to routing between circuit block. Finally, we can propose a
calibration structure to improve the matching accuracy of the current sources is
applied for high-resolution DACs. Because of the lower matching requirement of the

current sources, the chip area is smaller and the cost is lower, too.
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