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Abstract

A 1.8V 10-bit S00MS/s Low Glitch Current-Steering DAC

Student: Ming-Jun Lai Advisor: Dr. Herming Chiueh

SoC Design Lab, Department of Communication Engineering,
College of Electrical and Computer Engineering, National Chiao Tung University
Hsinchu 30010, Taiwan

Abstract

In the recently years, wireless communication systems require high speed and
high resolution digital-to-analog converters. Current-steering DAC is a particularly
appropriate architecture for these applications. These DAC’s specification in dynamic
performance, are more important than'static performances including INL and DNL in
wireless communication systems$: DAC’s dynamic performances are limited by output
impedance and low output swing in the low voltage design, besides, glitch energy also

manly degrades the SFDR.

In this thesis, a 1.8V 10-bit 500MHz, low glitch energy current-steering
digital-to-analog converter (DAC) is presented. This DAC is segmented into 4 LSBs
binary-weighted and 6 MSBs unary cells. A “multi-finger” technique is used to reduce
the worst case of glitch energy. The post-layout simulation in the 500MS/s results the
glitch energy is only 0.4 pVs. The SFDR achieve 74 dB with a full-scale 49 MHz
input frequency. The integral nonlinearity (INL) and differential nonlinearity (DNL)
are less than 0.07 LSB and 0.06 LSB. The power consumption is just only 14mW at

maximum sampling rate.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

In the recently years, wireless communication standards in [1], such as WCDMA,
UMTS, WIMAX 802.16e and 802.11n, require high speed and high resolution
digital-to-analog converters.

Table 1.1 Wireless communication standards.

Standards Required ENOB (bits) Channel Bandwidth
WCDMA 6-8 3.84 MHz
WIMAX 802.16e 7-11 1.25~ 28 MHz
GPS 10 1.25~ 28 MHz
802.11n more than 8 20/40 MHz
I/O
MAC/ Reconstruction IF/RF Antenna
BB Filter — Chip —

Fig. 1.1 DAC application for wireless communication system.

Current-steering DAC is a particularly appropriate architecture for these

applications in Table 1.1. This DAC is in which an array of current sources are steered
to output resistance depending on digital input code. These DAC’s specification in
dynamic performance, such as spurious free dynamic range (SFDR) and
signal-to-noise ratio (SNR), are more important than static performances including
INL and DNL in wireless communication systems.

Besides, DAC’s glitches cause the analog output non-monotonicity. There are
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some papers have been presented to eliminate the glitch energy in [2][3][4][5]. The
glitch problem associated with current steering architecture is that if the MSB’s
current is large, then the width size of switching pair transistors need to be large as
shown in Fig. 1.2 (b). So that the pick value of glitch occurs. This thesis has proposed

a multi-finger technique to reduce the glitch height in the current cell design.

4 Output
Proportional to
the size of
switches
1
Input code LSB MSB
(a) (b)

Fig. 1,2 Glitch problems.

There is an deglitch circuit proposedto réduce the clock feed-through from latch
to DAC’s output in [2][3], but it still can’t reduce. the glitch produced by switch
transistors when the switching “‘moment.“Dummy transistors in [4] that are placed
under switch transistors to prevent the switching glitch. The current cell with dummy
transistors needs high supply voltage to keep every transistor in the current cell work
in saturation. The glitch height is reduced in [5], it has presented a “finger-approach”
technique to make the switch on or off in the different time. But the slightly different
time is tune by delay cell in front of the current cell, may cause more power
consumption, and hard designed in high speed DAC.

This paper has proposed a “multi-finger” technique to reduce the glitch energy
efficiently without adding any circuit, so that it needn’t additional power consumption

and area.
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1.2 Organization

This thesis is organized as six chapters. Chapter 2 describes the overview of
current-steering DAC at first, then SFDR constrained by switch size of current cell

and glitch-reducing method will be discussed.

Chapter 3 explains the non-idealities in the current-steering DAC, including the
relation between glitch problems and spectral performance then random and

symmetric errors are mentioned. Some paper will be reviewed in this chapter.

Chapter 4 presents the implementation of the DAC. It includes “multi-finger” for
reducing glitch and optimal switching sequence for reducing INL. The impact of
output impedance on INL and.’SFDR performance is explained. Then layout of
settling time and bias circuit- are considered. Finally the simulation results are

presented.

Chapter 5 presents the testing setup and measurement results. Conclusions are

following by Chapter 6.
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Chapter 2

Overview of Current steering DAC

This chapter begins with a brief overview of digital-to-analog converter (DAC)
in the aspects of segmented current-steering architecture. Following by the

classification of DAC, we discuss the nonlinearity of current-steering DAC.

2.1 Ideal Digital-to-analog Converter (DAC)

When a DAC is used in wireless communication applications it is important to
know the limitations of the converter, and. how they affect the performance of the

entire system.

A%

(Digital Input)
bN-l b] bo
l eeo o l l

DAC

Ao
(Analog Output) > D,
A, = Full-Scale Output A, =AxD,
A =LSB = Step Size =2—N3 = Ax[by 2"+ 452 +b,2°]

= A x[by 27+ 4B 27"V b 27N ]

Fig. 2.1 Ideal DAC

Therefore measures to characterize the converters are needed. The DAC viewed
as a black box (shown in Fig. 2.1), takes an digital input signal and converts it to a

analog output usually in the form of a voltage or a current.

4
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2.2 Static Performance of DAC

Due to non-ideal circuit elements in the actual implementation of a DAC the
digital code transition points in the transfer function will moved as illustrated in Fig.
2.2. The step size in the non-idea data converter deviates from the ideal size A and this
error is called the differential nonlinearity (DNL) error. For a DAC the DNL can be
defined as the following equation since the analog value can be directly measured at
the output. In the other way, the total deviation of an analog value from the ideal value

is called integral nonlinearity (INL). The normalized INL can expressed as Fig. 2.2.

LA, LA,
---------- I . ..DNLj "-'-'- - -'-'-'-'f'---- INLj
D; D, D, >
Differential nonlinearity Integral nonlinearity
(DNL) (IND)

T.
INL(D;) = (LSB)

A:iNS A:%
2

S,-A
DNL(D))=="—(LSB)

Fig. 2.2 Non-ideal DAC’s transfer function.

2.3 Dynamic Performance of DAC

A sinusoidal signal is often used to characterize a data converter. It is therefore
interesting to calculate the ideal signal-to-noise ratio of a DAC using such an input

signal, q is the quantization process.
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Probability Density Function (pdf)
A

A
\
=

-A2 A2

Noise power = P, = qu x pdf (q)xdq = %Az

. 1
Signal power = P, = 5 Al

2
SNR= " = x5
P A

n

= SNR, =2°" x%: N x6.02dB +1.76dB (2.1)

The spurious free dynamic rangé (SFDR) is the ratio of the power of the signal
and the power of the largest spurious within a certain frequency band. SFDR is
usually measured in the FFT spectrum (shown in Fig; 2.3). Its the height between the

signal power and largest spurious‘power. So SFDR Can be expressed as (2.2) [18].

SFDR,, =10x log( Signal Power

- (2.2)
Largest Spurious Power

A Y(t) Power Spectrum (dB)

fi 2fi 3fi Frequency

Fig. 2.3 FFT spectrum of non-ideal DAC
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2.4 Segmented Architecture Current-steering DAC

To achieve good monotonicity and reduce the influence of glitches, as well as

reducing the sensitivity to matching errors, the DAC should be segmented into a

coarse and fine part. The coarse part is thermometer coded and find part is kept binary

weighted.

The thermometer ceded DAC architecture means that 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. With N binary bits, we have M = 2" —1

thermometer coded bits. The analog output dependent by digital input i :

M

L (D) =1 g5 XD K (2.5)

k=0

Table 2.1 Decimal, binary and thermometer code representations.

Decimal | Binary weighted | Thermometer code
0 000 0000000
1 001 0000001
2 010 0000011
3 011 0000111
4 100 0001111
5 101 0011111
6 110 0111111
7 111 1111

In the thermometer coded DAC the reference elements are all equally large and

the matching of the individual elements becomes simpler than the binary case. The

total sum of all weighted is2" —1. The transfer function of the thermometer coded

7
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converter is monotonic and the DNL and INL is improved compared to the binary
version. The requirement on element matching is also relaxed. In fact, if the matching

is within a 50% margin, the converter is still monotonic [6].

For a high resolution and large number of bits, the digital circuits converting the
binary code into thermometer code and the number of interconnecting wires may be

occupied large area. This implies a more complex circuit layout.

To trade off the performance and cost, the better choice is a DAC structure where
the M most significant bits (MSBs) are thermometer coded and the N least significant
bits (LSBs) are binary weighted. This is referred to as a segmented structure and it is
illustrated in Fig. 2.4. Each architecture, that of the current cells is shown in Fig. 2.4

includes latch, current source and‘switch pair:

An extension to the segmentéd structure is ‘to use multi-segmentation. For
example, the M MSBs are thermometer. coded in one cluster, the K LSBs are kept
binary coded, and the N-M-K intermediate bits are also thermometer coded in one

separate cluster for example as [6].
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M bits thermometer coded

- = = = = = = == = = = = = = -y

Qe OO

VDD

CK M, Current Source
B, Differential
—| latch —I }—| Switch Pair

out ﬁ
<

Fig. 2.4 Segmented current source array.
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2.5 Nonidealities in current-steering DAC

This section discusses defects of actual current-steering DAC caused by glitch,
random errors and systematic errors. As following, several papers to overcome above

limitation are proposed and detail mechanisms of papers in the recently years.

As mentioned in chapter 1, the glitch causes THD (the best total harmonic
distortion) high, so that the SFDR will get worse. The dynamic performance of

current-steering DAC is limited by three factors:

u}
- glitch &
YO A S wl 2rd harmonic
A+ ~ B .
\ P = / 3rd harmonic
N % b ,
ZA__ ‘V EL aal
A 'A - =100
| | |
I I I - g 50 o0 e 200 280
0 TS 2TS 3TS Frequency [hiHz]

Fig. 2.5 An actual DAC output signal and the FFT of sine iuput

2.5.1 The imperfect synchronization of the control signals of the
switch pair

This problem can be solved by placing synchronization latches in front of the
switches. In this way any different delay introduced by the digital decoding logic
circuit can be eliminated. This is to overcome the skew between the row and column
select signal. Moreover , special attention has been paid to the layout to ensure that
the interconnect capacitance and resistance at the latch outputs are the same value, so

that the synchronism is kept as good as possible. However, the logic of the 4 LSB’s is

10
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more difficult to keep synchronism with the MSB’s part.

2.5.2 Coupling of the control signals feed-through the Cg 4 of the
switch pair to the output
The coupling of the switching control signals to the output lines through the Cg q

of the switching transistors is a source of glitches.

VDD

Vcs% Current source

AVy. SW”Ch Switch pair

Cz,d < YAV |:

Dummy pair 1

I

Fig. 2.6 The effect of ng

The voltage variation at the DAC output is approximately by

AV z—ng AV, . 3.1)
ng + Cd » g—switch .

where Cy.io1s the total parasitic drain capacitance of the switching transistor, then n

number current switch cell the total glitch is nA V

9

when n is large, significant
glitches appear at the output of DAC. Furthermore, the glitches dependent on the
control signal of the switch transistor, so it is code dependent, they cause harmonic

distortion of the DAC input signal.

11
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2.5.3 Drain voltage fluctuation of the current source transistors

Ideally, the voltage at the drain node of current source transistor should be
constant to produce stable current. In the conventional switch driver, both switches
may be simultaneously in the off-state for a short period of time, so the current source
transistor will enter the linear region. Therefore a large voltage variation at this node
can manly degrade the DAC’s dynamic performance.

A popular circuit solutions is to isolate the drain node of the current source by
using cascode transistor. This solution is effective, however , provided that cascode
transistor remain in saturation. Furthermore, because of the limited power supply
voltage, the current source gate voltage overdrive must be reduced by the Vg.u

voltage of the cascode transistor.

VDD

Vcs<< Current source

—v—+ Voltage fluctuation

!
Vcas—{ Cascode MOS

-~

Vg swnch w1tch pair }i V g-suitch

Fig. 2.7 The effect of voltage fluctuation

2.6 Current Source Random Error

Matching current sources suffer a finite mismatch due to uncertainties in each
step of the manufacturing process. The random variation is modeled using a normal
distribution with expected value zero and a relative standard deviation o (1)/1.

12
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Probability density

- -

[ Mipoly 2 ] [ M2poly | p(Y(2"))

] - \

R M| H R

II e T 7T T =< ~ \\

| - ~ \

17 \\
'r \‘ current source

transist >

\\\ ,, ransistors _12LSB 0 12LSB

{\/‘-’\/—-\_/——f\”

I

Fig. 2.8 Random error and its normal distribution

. From [7], for 10 bit resolution we require 99.7% yield to achieve INL

specification (<0.5LSB) ,so o(1)/1 is about 0.5%.

[177 por@paY 2= [y @4 pav ")

-1/2LSB

S
2

C=inv_ norm(O.S +Mj
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2.7 Current Source Systematic Errors

For DAC with a resolution of 10-bit and higher, the dimensions of the current
source array become so large that process, temperature, and electrical gradients have
to be considered. A radial pattern in the oxide thickness which gives rise to a shift
values in the current source array approximately linear with the devices separation
distance. Temperature gradients and stress gradients are responsible for errors

approximately parabolic across the array matrix as shown in Fig. 2.9.

<y
o
K0,

9 ;
(55770
XX 4

7

Normalized systematic error
Normalized systematic error

y direction - % Gl y direction x direction

2-D linear error 2-D parabolic error

Fig. 2.9 Systematic Errors

14
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2.8 Review of Current Steering DAC

There are many papers presented in the recently years as shown in Table 2.2.

Here we take attention on glitch problem which is focused by some papers. [7] is the

comparison with my goal.

Table 2.2 Specification of current-steering DAC papers in the recently years

Year Tech | Res | Segmen- | Update | DNL INL SFDR (?IfnaZ Power | FOM
(um) | (bit) tation rate (LSB) | (LSB) (dB) ) (mW) )
2005 [12] | 0.35 12 7+5 I&ISS?S 0.25 0.5 74 N/A 66.5 0.103
50
2006 [5] 0.35 16 7+6+3 MS/s 0.1 0.3 77 0.06 165 1.8
300
2006 [13] | 0.35 12 8+4 MS/s 0.5 0.6 62 3.52 150 1.161
2007 [7] 400 5@ 0.16 @
post-sim 0.09 10 6+4 MS/& 0.15 0.17 40M/ 0.28 23 40M/
ulation 400M 400M
320
2004 [10] | 0.18 12 7+5 MS/s 0.3 0.4 64 0.44 82 0.579
150
2007 [14] | 0.18 14 14+0 MS/s 1 35 77 3.0 127 0.462
2006 [15] | 0.18 14 14+0 13[(;?8 0357 0.76 78 3.0 210 0.513
2007 [16] | 0.18 14 11+3 i 0.91 1.51 83.5 0.65 59.3 0.176
MS/s
POWER

2.8.1 Deglitch and low power latch

sampling

The glitch problem has great effect upon the dynamic performance of

current-steering DAC. The synchronization of control signals of the switches and the

voltage variations at the drain of the current source transistors. Generally, the latch

which is placed in front of the current cell can be seen as a driver. It performs the final

synchronization and adjusts the crossing point of the differential output of control

signals.

15
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This has presented a latch as shown in Fig. 2.10 in [7] which reduces power
glitches and dynamic power consumption because there is no dc current path from
Vpp to GND. For PMOS current switch used in this design, the differential output
control signals of the latches must have a low crossing point to prevent switch

transistors from being simultaneously turned off.

VDD
CLK CLK
D, mtl mt2 D,
GND

Fig. 2.10-Low power and low glitch latch

2.8.2 Dummy transistors for preventing glitch

For minimizing the feedthrough to the output lines, the drain of the switching
transistors is isolated from the output lines. This thesis adds two cascaded transistors

(with the same dimensions as the switching transistors), as shown in Fig. 2.11 in [4].

For a high-to-low transition of the control signal, while the switching transistor is
forming a channel, the cascaded transistors are off and the signal path from the drain
of the switching transistor to the output node is open. The coupling is therefore
avoided. For a low-to-high transition some coupling exists at the beginning, but since
the switching transistor cuts off very rapidly the voltage at the source of the cascade
transistor drops, turning it off, and isolating the output node for the remaining of the

transition of the control signals.
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w1

Vcs—{ Current source

i

Vcas—{ Cascode MOS

=
Sw1tch pair |[[——
Coap
i Dummy pair — 1
I ouT
ouT

Fig. 2.11 The current cell with dummy transistors

2.8.3 Finger approach for reducing glitch

[5] MSB current cell requires a. relatively, large size of the switch to pass this
large current. But due to overlap capacitance;there occurs a glitch. When it changes
from off to on state. To reduce this glitch, a novel approach is used. In this approach,
the large dimension of switch is split into different small switches. The gate inputs of
these switches are progressively delayed by an optimum delay (Fig. 2.12). This
reduces the height of the glitch, because it splits the big glitch into different small
glitches. Finger approach definitely reduces the glitch height, but does not completely

remove this glitch.
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Fig. 2.12 The current cell with finger approach

2.9 Summary

There is an deglitch circuit proposed to reduce the clock feed-through from latch
to DAC’s output in [2][3], but it still can’t reduce the glitch produced by switch

transistors when the switching moment.

Dummy transistors in [4] that are placed under switch transistors to prevent the
switching glitch. The current cell with dummy transistors needs high supply voltage

to keep every transistor in the current cell work in saturation.
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Chapter 2 Overview of Current-steering DAC

The glitch height is reduced in [5], it has presented a ‘“finger-approach”
technique to make the switch on or off in the different time. But the slightly different
time is tune by delay cell in front of the current cell, may cause more power

consumption, and hard designed in high speed DAC.

This paper has proposed a “multi-finger” technique to reduce the glitch energy
efficiently without adding any circuit, so it needn’t additional power consumption and

arca.
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Chapter 3

Reducing The Glitch Energy

Most current-steering DACs are implemented using a segmented architecture in
[5] as shown in Fig. 3.1 includes N bits binary-weighted current sources and M bits

unary current cell which are the equally weighted in thermometer part.

Bias > Current Source Array

;.--------.
502 foutB

"B Switch Pair + Lyl Switch Pair +
—m———! Cascode Array —"' Cascode Array

50Q Iout
Local Decoder | [* ®ESS DEBIT = =

————» + Latches Array Latches Array
‘ Clock ‘ Delay Equalizer | |Binary to Thermometer
» Input Registers
N bits binary M bits thermometer

Fig. 3.1 “N + M” segmented current steering DAC
The main glitch is caused by MSB part (thermometer DAC) which requires a
relatively larger size of the switching transistors. Mgsw, Mgp pass this larger current.
However, due to overlap capacitance, when switches are in the switching moment
then the worst case of glitch occurs. This paper present a special technique called
“multi-finger” which make the MSB’s switch transistors finger into two transistors
which have slightly different length, so the switches will trigger non-simultaneously

to reduce the glitch energy.
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Chapter 3 Reducing The Glitch Energy

3.1 SFDR Constrained by Switch Size of Current Cell

The SFDR is constrained by two conditions: the first is the gain of switch
transistors; the other is the delay difference (dmax) of output net of DAC.

The current cell can achieve an improved bandwidth up to the Nyquist frequency
in [8]. There is a relationship between the required output impedance and SFDR
specification is given by

~ NR (1-2Q) NR_

R . =
required 4Q 4Q (3.1)

where Q is the ratio between the fundamental signal and the second harmonic

component (Q can be seen as SFDR).

VDD

I=| Mes
_4 Meas

\Y v

g,SW 25w

| L
_\ —4 Msw Msw k—f
Zimp VO (t) m
Ry R

Fig. 3.2 The basic current cell
Besides, the gain of switch transistor has to be larger than the given equation (3.2)

otherwise the non-linearity introduced by the output impedance of the DAC make a

hard constraint on the dynamic specification.

ngWrOSW 2 27[ fNCO Rrequired (3.2)
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where fy is the Nyquist frequency, C, is the total capacitance at the drain of the

current source. Combine (3.1) (3.2) condition.

ngWrOSW 2 272. fNCO %

where

NR I
WL >7f,C,—~ /1/ -
= RN 40 X K, (3.3)

We can get a relationship between switch size and SFDR for gain condition.
On the other way, there is an issue about the delay difference on the output net in

[9]. We call the delay dy.x in this thesis. The diay influences the SFDR as the equation

4 1+87rfi§1'2
SFDR_\F(fm)\_ 1+2zf,02 2

‘A2rd‘ - d w cos(ﬂ—f"‘)  xd

max = 'in
ck

(3.4).

max Tin G4
where A2rd is the second harmonic, fi, is input frequency, fy is sampling frequency.

For current-steering DAC, the switches are driven by latches. Normally the slew
rate of the latches determines the transition time Tgy. As a simply approximation, if
the gate capacitance of the switch transistor is Cgy, then the transition time can be

expressed as
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Fig. 3 shows the waveform of the control signal V. Tsw is the transition time of
control signal. Vg, 1s the drain voltage of the switch transistor, V., is the
peak-to-peak value of the output voltage. Vg is the 1/ (1+gnt,) ratio of V. The

factor Vg sw/Tsyw 1s the switching speed. We can see that the dmax can be expressed as

T \Y T
Gy = Vi o0 (2 = —2E— (ot
max , 3.5
! Vg,sw 1+ ger Vg,SW ( )
take (3.5) in (3.4) equation
Vv
L WLl tom  Fuyf . SFDR (3.6)

4 [Koxly t,

The intrinsic idea of this method is to increase the size of switch transistor to improve

the SFDR specification.

g.swW

Fig. 3.3 Transition of the control signal of switch (MSB)

3.2 Multi-finger Technique
The optimal solution of switch size must satisfy the (3.2) for gain condition and
(3.6) for dmax condition as shown in Fig. 3.4. The W*L is taken A to achieve best

SFDR specification.
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100 | | :
—f— for dmax condition | |
g5 || —©— for gain condition ‘

SFDR (dB)

WxL (um2)

Fig. 3.4 SFDR constrained by switch size
In this thesis, we especially finger MSB’s ‘switch into two transistors and tune
the length of them slightly different to make the switch on or off non-simultaneously

as equation (3.7).
w w AL
A=(—=*L)+—=(L+ALD)=W *(L+—) (3.7)
2 2 2
Besides, full scale current of DAC has been decided at first, then the MSB’s

current of unary cell in thermometer part is the M times of LSB’s current in binary

part. So that to keep the same V,, of switch transistor for every current cell of all

DAC.
1 W IfuII scale
lise = EIUPCOX *T* (Vov)2 = —2,\,7_1
w w
Iysg =M *l s = (T)MSB =M *(T)LSB (3.8)

From the equations (3.7) and (3.8), we can get the only solution of L to design

the different switching time for reducing glitch energy in the derivation in (3.9) and as
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shown in Fig. 3.5. The glitch energy is proportional to the switch size, if the finger

transistor can on or off non-simultaneously. The glitch energy will be reduced

approximately half.
AL
A=M W (L+5) (3.10)
1
WL glitch energy

AL

Fig. 3.5 The only solution of AL
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Chapter 4

DAC Implementation

In this chapter, to verify the method of reducing glitch energy, we have proposed
a segmented architecture includes 4 bits LSBs binary-weighted DAC and 6 bits MSBs
thermometer part as shown in Fig. 4.1. multi-finger is proposed at first and each
component will be design as following, infinite output impedance and layout
consideration are the important issues in the DAC design. Finally, the simulation

results are presented at last.

Bias > Current Source Array

‘.--------g
502 joutB

n—m———  Switch Pair + —:- Switch Pair +
Cascode Array —:’ Cascode Array

Local Decoder | [ ESeal DECOTT T =

50Q Tout

» + Latches Array Latches Array
Clock Delay Equalizer | |Binary to Thermometer

o n

Input Registers

4 bits binary 6 bits thermometer

Fig. 4.1 “4 + 6” segmented current steering DAC

4.1 Multi-finger For Reducing Glitch

As Chapter 3 mentioned, the constant A of this design is 0.54u m2. M = 2* for this

4 bits binary DAC + 6 bits thermometer DAC current-steering architecture. After
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simply calculating, we can get the only solution for AL = 0.18um. The fingered size of

MSB’s transistors is listed in Table 4.1.

Table 4.1 : The finger size of MSB’s switch transistors

MSWl MSWZ
Width | lum lum
Length | 0.18um | 0.18um+0.18um

4.2 The Digital Circuits

Fig. 4.2 shows the digital circuits which are perform in the front end of DAC.
First, the 10-bit input signal need to synchronize by the registers. Then the input
binary codes of 6-MSBSs are converted into 63 bits thermometer codes. Because the
6-t0-63 decoder circuits are complicated, we divide it into row-and-column which are
two 3-to-7 thermometer codes. All the signals from the binary-to-thermometer circuits
feed into the local decoders in the same time ‘to control the 63 latches. A delay
equalizer in the binary-weighted’path is used to €liminate the different delay time

between the control paths in the MSB and LSB part.

B10 (T T T T T T T Y
. I Rn
B10— B9 | Row Binary-to-Thermometer | :
B8 | Cn |
B9— [ [ [ *' Rn+1 |
// \\_ _,/
B8— . — ol 20
o) o o
g g g
BI— = = latchl | = |latch2 = |latch63
gs OSr—>» |O—>» )
B6_ E g g (XX J g
o S S
Bs— % & & &
ag = = =
2}
Bé— 3 [ B7 1 | |
B3— gg Column Binary-to-Thermometer
B2—
B4
—>
Bl— B3 ) e
B2 Delay Equalizer e
Bl >

Fig. 4.2 Digital circuits
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Fig. 4.3 (a) is the schematic of 3-bit to 7-bit thermometer code. Fig. 4.3 (b) is the

wave form of the thermometer code.

o S e

b30—|

bio—| - " bio—]
s, TR

T3

T1=bl1+b2+b3 T2=b2+b3

TS:W T6=b2 e b3 T7=bleb2eb3

(a).schematic

Panel 1

DG:trO:V(tE)F

DO:tr0:v(t7) D

T —
L

o sn lon 15n
Time (lin) (TIME)

(b) simulation of binary to thermometer code

Fig. 4.3 3bits binary to 7 bits thermometer code
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4.3 The High-Speed Latch

We place a latch in front of the current cell. The 4bits binary-weighted and 63bits
thermometer codes differential signals that produced from the local decoder are
finally synchronized to control the current cell in the same time. Second, when the
latch’s differential output signals operates in the crossing point which is in the middle
of supply voltage. The switch pair will turn off simultaneously, so that the
current-source transistor will work in the linear region. The voltage fluctuation occurs

on the drain node of the current-source transistor.

Fig. 4.4 shows the schematic of the latch in this design [10]. For PMOS current
cell used in this thesis, the low crossing point is needed to prevent the switch pair turn
off simultaneously. Two extra NMOS transistors (M5a, M5b) are placed in the parallel
with each of the cross-coupled NMOS. M5a, MSb.perform the fall time is much faster
than rise time of the driver circuit. Inithis-ways;-a low crossing point of the differential
outputs is available at the output of‘the.latch.. The additional feedback by the inverter
pair suppresses the clock feedthrough which is produced by the pass transistor and
stabilizes the synchronized input signals. Fig. 4.4 (c) shows the wave form of the

latch.

_I_ DVDD

_@Ma M4bjF

IN

CLK
1
IR
MS8b

M8a

(a) schematic
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Voltage
N

ouT ouT
VDD[> ouT
2 =)
ouT ouT ouT
AN

. 7
Time

(b) differential output signals

Wave Symbol panel 1

DO:Er0:v(an) X

1000m ]

90om ]

goom ]

60om |

s00m ]

Voltages (lin)

400m

4an 6n

(c) simulation of differential output

Fig. 4.4 The high speed latch

4.4 Output Impedance Analysis

The impedance at the DAC’s output node in Fig. 4.6 (a) is determined by a
parallel circuit of the unity current switch cell. As generally known, the Z;,, seen in
DAC’s output needs to be made large so that its influence on the INL specification of
the DAC is negligible. The relation between the Zimp and achieved INL specification

(<0.5LSB) is given (4.1).

2nN]12
|NL= IunitRLI\I

. 4.1)

imp
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where Ry is the load resistor, I the LSB current, and N the total number of unit
current sources.

To design a sizing strategy in current cell is important with the 1.8V analog
supply voltage. First, the aspect ratio W/L fixes the overdrive voltage (Vgs-V) for
each transistor and for a given current . The optimal aspect ratio can be found to give
Mcas and Mgw more rest in headroom, most important, we must consider the output
swing and output impedance.

For DAC static requirement INL < 0.5 LSB, take the parameters R = 50 N =
1024 into (4.5) —» ro > 1.31G(

For SFDR =70dB to satisfy the wireless communication specification in, take the
parameters N = 2° (b = DAC resolution) into (4.2) — ro >367MQ

SFDR& 2010g|£—°—6(b _2)[dB] 42)
L

For above INL and SFDR conditions}for INL/SFDR required

ro = (gm3+gmb3)(gm2+gmb2)ro3ro2rol
=2.097 GQ > 1.31 GQ

Fig. 4.12 shows the LSB differential output current which is 4.2uA.

(a) schematic
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Wave Symbol *** lunit current switch latch ***

DO:tr0:i (x1) D"

DO:tro:i(r2D&—— ]
4u i :E ~

(1in)

Currents

Time (lin) (TIME)

(b) simulation of differential output

Fig. 4.5 The LSB curtent cell

4.5 Random Errors

In chapter 2.6, to achieve the static specification that INL must be less than 0.5
LSB in 3c. We can get a(D/1" is about 0.5% in the 10-bit resolution DAC. According
to these results and the required area versus matching relation for current source

transistor (Mcs) . The minimum area of a unit current source transistor is given by

(WxL) :l[Aﬁz +4A\2/T /(VGS _VT)]
) (o /1)’

Fig. 4.5 shows the curve above equation. In the design, the p-type transistor is more
suitable than n-type transistor. Because As and Ayt of p-type are less than these in the

n-type, smaller area of transistor can be implemented.
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Fig. 4.6 Unit current source area vs. its overdrive voltage

From Fig. 4.5, it is obvious that increasing the overdrive voltage reduces the area
consumed. However, this value of overdrive voltage is limited by the headroom of
Mcas and switch transistor. Consider the current switch headroom for 1.8V supply
voltage, we take the Vgsmin. FOI required output impedance, these transistors in the

current cell must operate in the saturation region.

4.6 Systematic Errors

Systematic errors include parabolic error and linear error. The well known that
row-column switching scheme is commonly used to eliminate the parabolic error. Its
advantage is the simplicity for design and layout, especially reduce the routing

between current cell and local decoder, so that a lot of area can be saved.
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linear error
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Fig. 4.7 The linear and parabolic error distribute in the current source array

In this scheme, the parabolic.errors are averaged in two directions. In each cell,
the area occupied by the local decoder, 'switches and cascode transistors is often
comparable to the active area, a-possible-way-to reduce the source array area and the
distances between elements, is to move.all theother transistors from the array besides

current source transistors.

4.6.1 Parabolic error compensation

First, we build a model of parabolic error as seen in Fig. 4.6. This optimal
sequence can be found by tree structure in [11] (Fig. 4.6). The algorism is that to
achieve lowest magnitude of error in 1x8 or 8x1 unary array. For 6 MSBs

thermometer code, a 1x8 unary array with parabolic error is given in Table 4.1.

Three switching scheme are consider, first one is the sequential scheme and
second is conventionally common-centroid, last is a optimal switching scheme

presented by tree structure. Column 1 and 2 show the actual values of the elements in
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the array and the relative error of each element. For example, with the
common-centroid sequence, as the digital input increases from 1 to 8, the element
with error -3% is switched on first and number 1, the element with error -3% is
switched on next and numbered 2, and so forth. INL of the DAC can be calculated as
shown in the last 2 columns of Table 4.1. The common-centroid sequence results in an
INLDAC of 8% due to sever error accumulation. New switching scheme can further
reduce the error by a factor of four.

Table 4.1 Switching schemes. (a) common-centroid (b) new switching scheme

Location —
Error array (%) : +3 +1 -1 -3 -3 -1 +1 +3
S TEEES Error (%) of elements : error (%) of INL : INLpunded
q 1 234567 8 1 234567 8 (%)
Sequentialseq. 1234567 8 +3+1-1-3 -3 -1 +1+3 |[+3+4+3 0-3 -4-3 0 4
Common-centroilseq. 7 53 12468 |-3-3-1-1 +1+1+3+3 3-6-7-8-7-6-30 8
Thisworkseq. 75136842 -1+3-3+1 +1 -3+3 -1 | -142 -1 0 +1 -2 +1 0 2

The optimal sequence given in Table 4.1 is not unique. There are several other
optimal sequences, two of which aré obtained.if the elements in the array (from the

left to the right) are numbered 24 863.157and3 1572486.

4.6.2 Linear error compensation

As shown in Fig. 4.8, to suppress the linear erorr, some methods are that
separating biasing for each quadrant of the current matrix, and splitting each current
source into four units of quarter value. So that the 63 unit current source of the 6
MSBs are located in four symmetrical sub-matrix. All the digital circuits and
interconnections between the switching matrix array and current sources array are put

on top of the chip.
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BI1|B2 B3 | B4 B4 B2 |BI
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Fig. 4.8 The quarter symmetric and new switching scheme

4.7 Settling Time Condition

To obtain the settling time requirement, we use the single pole approximation to

model the output node as shown in From Fig. 4.13. The worst case settling time
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within 1/2LSB is derived as (4.3) and (4.4). To meet the specication in this work, we
set M=10 and tsett = 2ns, such that the upper bound of equivalent capacitance value at

output node to be 5.25pF when off chip Ry = 50.

for R, >>R
Lt 4.3
Vo=IxR (1-¢ %) (43
tSE‘ﬂ
(1—#” xR =I1xR (1-e %)
_)tsett :T(M +1)Xh’12 (44)

where T =R, (C,+C,)

11
MDrSe . 2R
il

Fig. 4.9 Single pole approximation model for current cell

4.8 Bias Circuit

Fig. 4.10 shows the biasing scheme for the cascoded current sources. An internal
resistor is used to generate the reference current. The NMOS sections of the biasing
circuits are as “global biasing” while the PMOS sections are labeled as “local
biasing.” In the actual implementation, the global biasing is realized using a
common-centroid layout to reduce effects of gradients. The local biasing is separated
into four quadrants. There is no direct connection between any two quadrants as

shown in Fig. 4.10 (b).
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Fig. 4.10 Bias circuit
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4.9 Simulation Results

Pre-layout simulation Results

The static specification DNL/INL need less than 0.5LSB to achieve accurate
required. Pre-simulation results is in the condition of (fin/fck = 250M/500M), and
shown in Fig. 4.11, DNL = 0.03LSB, INL = 0.042LSB. SFDR is 80 dB @ fin/fck =

50MHz/ 500MHz.

g W “‘I\H\\Hll\‘u \1 \\1‘\1\‘ ] |
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1
| | |
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o

input code

Fig. 4.11 Pre-layout.simulation for (a)DNL (b) INL
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Fig. 4.12 Pre-layout simulation for SFDR=80dB @ fin/fck = 50MHz/ 500MHz
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Version 1 of Layout Diagram

This thesis is implemented in TSMC 0.18um 1P6M CMOS technique, the layout
of core area is 0.25mm” and 0.58mm” with PAD. The layout diagram is shown in Fig.
4.13.

The static specification DNL/INL need less than 0.5LSB to achieve accurate

required as shown in Fig. 4.14. DNL = 0.25LSB, INL = 0.27LSB.

MHM!MMI ,,,,, |
I || \Il TR ‘l\l Il ,,,,, |
L w M ‘n bl

DNL (LSB)

S T~ i M 1 A ‘Mx‘“ﬂ,‘l !‘I\WM o NI"NHMN'WN
5 !" H !‘l W ll H 7 IV A 1

input code

Fig. 4.14. Post-layout simulation for Version 1 of (a)DNL (b) INL
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The 2048-point FFT of the post-simulation result is shown as Fig. 4.15 (a) 55dB

@ fin/fck = 1IMHz/500MHz, SFDR (b) SFDR is 47 dB fin/fck = 250MHz/500MHz

0 0
20 B 20}
X: 18.52
o 40 o -40- Y:-46.96
h=A X: 214.9 k=3 n
£ Y:-56.02 £
E [ g
g 60 S 60
g &
5 5
5 5
o -80- o -80
-100 b -100 -
-120 ! . ! . 120 . . \ .
0 50 100 150 200 250 0 50 100 150 200 250

Frequency [MHz] Frequency [MHz]

Fig. 4.15 Post-layout simulation for Version 1 of SFDR

The package type is LCC type 68 pins where the actual chip photograph is

shown at Fig. 4.16.

Fig. 4.16 Version 1 of die photograph

The specification of post-layout simulation drop a lot by compared with
pre-layout simulation. The main question is the parasitic capacitors between switch
pair and the output node. There are 4+63 metal lines that connect to the switch pairs

and output node .Those capacitors cause the timing skew and non-synchronization. So,
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we need short the connecting line to get small capacitor.

The other problem is the input buffer consideration. The measurement of version
1 is presented in Chapter 5

To solve above two problems, we design the version 2 of layout diagram which
includes minimizing metal line between each current cell and output node and adding

input buffer in the front of DAC core circuit.

Version 2 of Layout Diagram

The version 2 of layout diagram is shovs}nrin Fig. 4.17. The ESD pad is used in
this version. The metal of eaéh current cell output is minimized to reduce the
non-equal capacitors. We have‘iadd thq input-buffer to drive the input loading. The

core area is only 0.175mm?” and 0.‘65mm2 with ESD pad.

Fig. 4.17 The layout diagram of 10 bits DAC
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Multi-finger Technique

The peak value of the glitch in a DAC’s output as it switches across the largest
major transition (0111111111— 1000000000). Glitch energy definition
0.5*(glitch_height)*(impulse_time) in [2][3]. The post layout simulation shows that
the glitch energy are 0.77pVs without multi-finger and 0.4pVs with multi-finger as

shown in Fig. 4.18.
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(1in)

115m
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114.5m |

114m

9.9%n 10n 10.1n 10.2n

10.32
Time (lin) (TIME) "

115.5m

115m

(lin)

114.5m

Voltages

114m

9.%n 10n 10.1n 10.2n 10.3n
Time (lin) (TIME)

Fig. 4.18 Glitch energy (a) without “multi-finger” (b) with “multi-finger”
10 bits ramp digital is applied to the input, and the output of DAC (Fig. 4.19) is
recoded to calculate DNL/INL with MATLAB tool. We can adjust the static

performance well or not by the glitch produced in the signal transition.
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~soou ]

Fig. 4.19 Differential symmetric ramp code of DAC output
INL and DNL as shown in Fig. 4.20 are less than 0.07 and 0.06 LSB, these

results achieve the static requirements
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Fig. 4.20 Post layout simulation for static performance
(a) DNL <0.06LSB (b) INL <0.07LSB
The SFDR as shown in Fig. 4.13 for a 49MHz signal at a S00MHz sampling rate
is about 74dB, this specification can satisfy required wireless communication. The
summary of the performance of the proposed DAC is show in Table 2. In the near

future, the chip will be fabrication and testing the chip performance.
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Fig. 4.21 Post layout simulation of SFDR

(a) fin/fck = 49MHz/500MHz, (b) fin/fck = 247MHz/500MHz

4.10 Summary

Table 4.2. Summary of the DAC version2post-layout simulation

This thesis
[2] APCCAS [3] ISSCC .
version 2
Technology 0.25-um 0.18-um 0.18-pum
Resolution 10-bit 10-bit 10-bit
Sampling
300 MHz 250 MHz 500MHz
rate
Glitch 15pVs@ 2.64 pVs @ 0.4pVs @
energy fck=300MHz | fck=250MHz | fck=500MHz
DNL <0.1 LSB <0.1 LSB <0.06 LSB
INL <0.1 LSB <0.1 LSB <0.07 LSB
59dB 63dB 74dB
SFDR
(3MHz/300 | (49MHz/250 | (49MHz/500
MHz) MHz) MHz)
Power
) 84mW 22mW 14mW
consumption
active area 1.56 mm® 0.35mm? 0.175mm’
chip area 0.65mm?
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POWER
HENOB ¢

sampling

FOM=

(4.5)

Fig. 4.22 shows the performance of the version 2 posim in this thesis. The FOM

shows that the post-simulation result is the lowest compared to the references. The

power consumption is also the lowest.
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Chapter 5

Testing Setup and Measurement Results

In the chapter, we describe the testing environment, and the version 1
measurement results will be presented as followed. Finally, there is a discussion about

the reasons of performance decay at last.

5.1 Measurement Setup

Fig. 5.1 shows PCB layout..

the RF transformer T1-6T (difl | j . -:_,-A_ produce the single out signal.

Stabling capacitors for
Vpp/GND : 0.1u, 1u and 10uF

PCB layout with LCC 68

pins package

Mini_circuit RF transformer T1-6T

(single-to-differential ) : 4M~300MHz

Fig. 5.1 PCB layout
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|-2/00060060 _ 5]
= |_| ol
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logic analyzer

10-BIT
digital input

Agilent E4407B
spectrum analyzer

Fig. 5.2 Test Setup
Fig. 5.2 shows overall of the measurement setup, In the this setup, all of the
input digital code is generated by Agilent 16902B logic analysis system. Agilent

AV ITTERY
sure the

54641D oscilloscope is used to qug Veform of output and recode the

f;=-

voltage data. Apply 10-bit ran'rn_fji‘(wi?%. '

= R : -.{ﬁj. i
catch the data and calculate DNE}IN b
A

= 50M/100M (Fig. 5.3), we can
'-ITI

gilent Technologies

Fig. 5.3 Ramp wave shown in oscilloscope

To measure SFDR, we apply 10-bit digital sine code and output is connected to

Agilent E4407B which can calculate the FFT in frequency domain.
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--_f}IiI{}_—-Agilent Technologies

Fig. 5.4 Sine wave of DAC output

5.2 Measurement Results

Fig. 5.5 shows the DNL/INL in the 1M/100M and 50M/100M frequency, when
operating in 50M/100M, the DNL/INL is larger than 0.5LSB (out of static
performance required). Fig. 5.5 sh‘o‘ws, the .D,NL/INL performance in different
frequency. ' .

DNL = 0.51 LSB @ fin/fck = 1M/100M INLZ 0.52 LSB @ fin/fck = 1M/100M
0.6 T T 2

TR
=i TR A e e
N ]
| | N

INL (LSB)

- P e

_ DNL =2.6 LSB @ fin/fck = 50M/100M
| |

uuuuuuuuu

Fig. 5.5 DNL/INL in measurement
Fig. 5.6 shows the SFDR in the 1M/100M, 41M/100M, 1M/300M and
50M/100MHz are 50dB, 17dB, 36dB and 11.4dB. Fig. 5.7 shows the SFDR in
different (fin/fck). The performance drop in the high frequency of input, the reason
will be discussed at last.
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5.3 Summary

Fig. 5.9 shows the version 1 of DNL, INL and SFDR performance. When the
input frequency move up, and performance get worse. This is the layout question

which are no buffers in the input of DAC.

Because of the input driving ability is finite in the HSPICE. In actual, the input
driving ability is infinite by the device of LNA (Fig.5.8). Input pad must use digital
pad (ESD) and add buffer in front of the core circuit to prevent 10-bit input signal
skew. There should be clock tree buffer to ensure each duty cycle of clock is 50%
and not skew. The same blocks of digital circuit should be layouted together and
different blocks need to be layouted hierarchical. Digital circuit can be save large
area by shorting the interconnect from:each blocks. The posim with buffer has be

shown in Fig. 5.9 and the data of performance is collected in Fig. 5.10.

Wave Symbol . Panel 1
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DO:tro:v(bita) HK——

900m

Do:tro:v(bits) === 800m

700m

600m

500m

Voltages (lin)

400m
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200m

100m

Time (lin) (TIME)

Fig. 5.8 Actual input driving
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Post-layout Simulation with Input Buffer
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Fig. 5.9 Posim with buffer vs fin/fck with input buffer
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To measure power, we use the source meter to supply the power and record the

current into the chip. Power consumption : 1.8V x 7.385mA (analog) + 1V x

1.406mA (digital) = 14.7mW @ (fin/fck = 50M/300M). There is a list about

performance in Table 5.1.

Table 5.1 Version 1 specification summary of posim with buffer and

measurement results

This work This work
(posim with buffer) (measurement)
Technology (um) 0.18
Resolution (bit) 10
Segmen-tation 4+6
Max clock frequency (Hz) 300 MS/s 300 MS/s
DNL/ INL(LSB) 0.43/0.48 0.51/0.52
St@1M/100M 50.3@1M/100M
SFDR (dB) 37@1M/300M 36@1M/300M
Area (mm?) 0.68
Full scale current 4.6mA 5.3mA
Sgpply voltage 1V/1.8V
digital/analog
13.3@fck=100M 14.3@fck=100M
Power (mW) 13.4@fck=300M | 14.7@fck=300M
0.55@1M/100M 0.62@1M/100M
FOM (pJ) 0.72@IM/300M | 0.75@1M/300M
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Fig. 5.11 shows the measurement result and post-layout simulation compared

with papers in fck vs FOM.
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Fig. 5:12 Performance caparison
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Chapter 6

Conclusions and Future Work

This design of 1.8V 10-bit S00MHz current-steering DAC has been implemented
in TSMC 0.18-um. The “multi-finger” technique can reduce the glitch energy
efficiently without adding any area and power consumption. The post layout
simulation shows that the glitch energy are 0.77pVs without multi-finger and 0.4pV's

with multi-finger.

The post layout simulation.tesults that the SEDR about 74dB with a full-scale
49MHz input at 500MS/s. The-INL and DNL are less than 0.07 LSB and 0.06 LSB.

The power consumption is only T4mW at maximum-sampling rate.

The suggestions for further research are that increasing higher resolution for

12~16 bits or increasing sampling rate for IGHz ~ 2 GHz.
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