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ABSTRACT

KEYWORDS: DAC ; High speed; 12 bit; 500MSPS; Current StegriResistive.

A 12 bit 500MSPS Digital to Analog Converter design is présdiin this work. Differ-
ent DAC architectures are explored and compared. A 6+6 seguieurrent steering
DAC is designed in 65nm technology and its static and dyngaiéormance is char-
acterized. The current steering DAC is observed to show arbiow 0.3LSB and an
SFDR of 68dB close to Nyquist frequency for a sampling frempyeof 500MHz. The
dynamic performance of the DAC is observed to be limited bitdinode dependent
output impedance at high frequencies. Hence resistive Dahitactures are explored
to improve dynamic performance of the DAC. A 3-way segmem@&d is designed
with a segmentation of 6 thermometer, 3 binary weighted aRePR ladder DAC bits.
With this configuration, with resistor mismatch, the DNL saulated to be less than
0.1LSB and the INL is less than 0.4LSB. The SFDR of the re®dDAC is seen to be
around 90dB till 100MHz and above 80dB till 150MHz..
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CHAPTER 1

INTRODUCTION

The advent of high speed and low power analog and digitalitgcalls for high perfor-
mance data conversion circuits. As most naturally occgrsignals are analog and as
most processing today is done in the digital domain, theaanised for an ideal interface
in terms of a digital to analog converter. Following Moorke/, as integrated circuits
today are becoming smaller and smaller in size and muchrfagterms of frequency of
operation, the data conversion circuits in latest CMOSrietgies targeting high fre-
guency operation and low power consumption are becominglalyresearched area

in the field of analog electronics.

In this thesis we describe the design of a high speed, highutesn digital to analog
converter. Digital to analog conversion has been studied the years using a number
of different architectures. Linearity and spectral puatg among the major concerns
in digital to analog converter performance. The tradefoffonverter design is usually
between bandwidth and the resolution of the converter. éfithandwidth and higher

resolution converter design is hence of great interest.

In high resolution DACs, segmented DACs are vastly studiedptimize for area
and performance. Current steering segmented DACs are ractate option for high
speed applications as the current cell is always on and therdus steered to the
required output of the DAC depending upon the input code ihba&seen in Chapter 4.
But for high resolution designs, non-linearity due to codpehdent output impedance

becomes a limiting factor, leading us to explore other gas$DAC architectures.

The next obvious choice for DAC design are the resistivedadulchitectures. In
this work we explore various types of resistive ladder d@ectures including segmented
DACs with binary weighted, thermometer decoded and R-2Rtres ladder designs.
A resistive DAC unlike its current steering counterpartdasea |-V amplifier to convert

the DAC current into an appropriate output voltage. And #rigplifier has strong re-



quirements of linearity and bandwidth.In this work we desigtwo stage feedforward

amplifier with high gain and bandwidth to obtain |-V conversiof the DAC output.

The thesis is organized as follows:
Chapter 2 discusses the basics of Digital to Analog Congegrd some design con-
siderations.
Chapter 3 discusses the design of digital parts of the DAGJ#toder and latch.
Chapter 4 discusses the Current Steering DAC design anespannding simulation re-
sults.
Chapter 5 discusses the Resistive DAC design and corresmpsidhulation results.
Chapter 6 compares the performance of the Current steedy@)iith the Resistive
DAC.

Chapter 7 presents the conclusions.



CHAPTER 2

Digital to Analog Converter Basics

2.1 Non-linearity in DACs

The linearity of a DAC can be characterized by both its st@asiovell as dynamic per-
formances. Static performance is taken at the steady stgttbgfore a clock transition,
after all the transients settle down. Dynamic performasaharacterized by the DAC’s
frequency response to single or multi tone inputs and adsdon transient behavior,

glitches due to clock transitions, etc.

2.1.1 Static Non-Linearity- DNL/INL

Differential Non-Linearity

A — ldeal DAC Output
Ves 1 Real DAC Output
= 1
o °
il
o e | Deviation From Ideal
s .| T for DNL calculation
&
2Vl - ¢1 LSB
VFS/7 T
| | | | | | -
Ol 1 2 3 4 5 6 -
Input Code

Figure 2.1: Differential Non-Linearity in a 3 bit DAC

DNL is a measure of deviation in the voltage output of two eefjd digital input

values of a DAC.



DNL = YRVUDL5B |\wherg/ (k)is the output voltage corresponding to the kth
input digital code and LSB being the smallest possible vafithe DAC output.

Integral Non-Linearity

INL is a running sum of the DNL of a DAC. It gives the deviatiohtbe analog output
from the ideal straight line. To compensate for gain andedv#srors, the output wave-

form is fitted to a straight line using end point fit or best fitldhen the INL calculated.

A
Vs —— Real DAC Output

- — End-point Fit
5— —Best Fit
>
o
(@]
o
©
c
<2V|:3/7 n

VFS/7 n

Input Code

Figure 2.2: Integral Non-Linearity in a DAC

INL(k) = Zist WkLSE \yherell, = V(i) — V(i — 1)

2.1.2 Dynamic Non-Linearities - SFDR, IM Distortion

The frequency spectrum of the DAC is analyzed to determiaeymamic performance.

Spurious Free Dynamic Range

SFDR is one of the measures of the dynamic performance of A& B&/hen an input
of a single frequency is given to an ADC which feeds the cpoasing digital signal to
the DAC, the output of the DAC, which is just a quantized vamsaf the input sinusoid,

should contain only the input tong,and tones at f, + f;, due to sampling. Hence in

4



the signal band, only thég,.tone should be present. But in case of a real DAC, along
with f;,, other spurious tones can be present between Ofgt2d Hence the linearity

of the DAC in terms of SFDR is given as the difference betwéerpower of the input
signal and the largest spur within the bandwidth of the DAC.

l Fundamental

\ B T T T
-_—en e el - — -

H: 44 95
20 Y5193 —

) SFDR= 95.54dB

Al -
£

S0} Largest .
8 Spur l H134.9
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=

=]
=

-100

120 L L 1 1
o a0 100 150 200 250

Frequency (MHz)

Figure 2.3: SFDR Example

Intermodulation Distortion

Another measure of linearity of the DAC is its ability to rejestray signals within the
signal band. For this, a closely spaced two tone input ( guiaciesf; and f,) is fed
to the DAC and the DAC spectrum is observed. For a perfectgal system, the output
spectrum should consist only of the two input tones. But foy seal system, due to
non-linearity, intermodulation frequencies are seef atfs, fo— f1, 2f1— f2, 2fo— f1,
and so on. The power of these intermodulation tones shoutdumd smaller than the

input fundamental tones in order to efficiently retrieve tbgquired input frequency in

the output.

For a fully differential DAC, as only odd order harmonics sxia good figure of

linearity is the third order intermodulation component]MB which is the difference
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Figure 2.4: Intermodulation Distortion Example

in powers of the fundamental tones and the 3rd order inteutatidn frequencies, that

is betweerf; or f, and2f, — fo or2f, — fi.

2.2 Types of Digital to Analog Converters

2.2.1 Binary Weighted DAC

In this DAC architecture, all current sources are binaryghid, that is, each subse-
guent current source is twice the previous current soureacklan N bit DAC requires

only N scaled current sources.

Worst case DNL is at major code transition, that is, the irghgital code changes
from 0111... to 1000...

Hence for an N bit binary weighted DAC, Maximum DNLN&Y — 1o;,wheres;

is the standard deviation of a unit current source.

A binary weighted DAC does not need any separate decodengrgte the switch-



ing signals. The N input bits can directly function as swingfsignals for the N current

branched in a binary weighted DAC.

Yiols
1

Ny 2% *
2 Iunit 2 Iunit 2 Iunit Iunit

® © © O

o] [ ) [ ) [ ] O O (o]
B, {BZ {Bl {Bo
l lout

Figure 2.5: N bit Binary Weighted DAC

2.2.2 Thermometer DAC

In a thermometer coded DAC, all current sources are unieatrsources and are of
equal value. Hence for a N bit DAC, we ne2d — 1 current sources. In order to
generate switching signals for a thermometer DAC, a B'te- 1 binary to thermometer
decoder is required. For high resolution thermometer DABsdecoder area becomes
very large and a tradeoff is considered between the decoglzaad static non-linearity

in segmented DACs to optimize the DAC area.

DNL for a Thermometer DAC is only; as only one unit current source is switched

on at every code transition.

INL for both binary weighted and thermometer DAC is the samessit depends
only on the area of all the current sources. Maximum INL ishat last code of the

DAC, that is at full scale, and ig2V 1.

A segmented architecture of 6 thermometer MSB bits and 6pwwaighted LSB
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Figure 2.6: N bit Thermometer DAC

bits is considered to optimize between decoder area ancedegtatic non-linearity.[1]

2.3 DAC Simulation Setup

2.3.1 Transient simulation duration

As our design is a 12 bit DAC, for any measurement becomes d g@asure of the
system only when all 4096 DAC codes are sampled in the DAC feave In our case,
when we perform SFDR simulations, a transient of the DAC ouitptaken for a num-
ber of cycles in order to make sure that all the 4096 codesarpled in the DAC
output waveform. Exact time interval of simulation is estbted using a Matlab simu-
lation that counts all the codes sampled in a DAC output $igmavarious frequencies
in the signal band. For a transient signal of 34us all 4096sate observed to be

sampled for all input frequencies within the signal band.



2.3.2 FFT considerations for SFDR and IM3

Spectral leakage is an important concept when FFTs of wawsfare taken to study
the frequency performance of a system. DAC dynamic perfoomas measured in
terms of the spurious free dynamic range and the intermaduldistortion. Both these
require taking a Fourier transform of an appropriately sSaohpransient signal of the

DAC output.

For an N point FFT, input frequency should be taken as follows

* [y (2.1)

where f, is the sampling frequency of the DAC. In the FFT, each bin Iwidt%. If

the input is not on a bin, that l% #* % the discrete Fourier series for a rectangular
window will have non-zero coefficients at frequencies ottian the fundamental at
fin and this is called spectral leakage. To avoid spectral [gakidne input frequency
should be on a bin, that ig;,, should be of the form in equation 2.1, where k and N are

co-prime numbers.

Hence for determining the SFDR and IM3 of the DAC output wawef, the input
frequency is taken such that it lies on a bin for our sampliegdency of 500MHz, to

ensure no spectral leakage is present.

2.3.3 Anti-image filter

The output waveform of a DAC can be seen as a sample and hamref the input
waveform in a ADC-DAC setup. Hence for a sampling frequenty/ o the output
spectrum of a DAC will contain the fundamental frequerfgy and images at f, +

fin- In order to observe the spectrum beyond the sampling freeyu¢he DAC output
waveform is usually sampled at a frequency higher tlianin our case, we sample
the output waveform &2 f, to plot the FFT. Hence to observe a clean spectrum within
the signal band and avoid tones around the sampling fregfermo folding back into
the signal band, we use a low pass image rejection filter abtitgut of the DAC.

An 8th order, 1.25GHz cutoff analog filter is implementedngsa verilog block with

9



coefficients generated in Matlab, for this purpose.

2.3.4 Improving simulation speed : VerilogA modeling

Transient simulation for 35us for a 12 bit current steeridg@esign with around 2000
transistors takes almost a day to simulate. This resultstinfltime being taken just
for the simulation before the analysis of the results. Hestber methods are explored
to improve the speed of the simulation yet achieve good acguvith respect to the

original circuit.

All Digital blocks are replaced with their verilog equivals taking into account the
real delays and rise/fall times. It is seen than the simutaime reduces by more than
half and also the SFDR values obtained differ by less than TaB full transistor level
simulation SFDR values are seen to be slightly higher tharvéthues simulated using

SFDR blocks.

Table 2.1: Fast Simulation and Full Simulation SFDR (dB) panson

| Frequency (MHz) Fast simulatior] Full Simulation|

1.862 82.34 83.72
9.674 55.92 56.71
49.35 46.23 46.84
92.07 43.07 42.2

10



CHAPTER 3

Digital Part Design: Decoder & Latch

3.1 Binary to Thermometer Decoder

The switching signals for the binary weighted DAC can be gidéectly from the
digital code. It requires no decoding. On the other handntbeneter DAC needs a
decoder before the input digital code can be fed in as switchignals. For an N bit
thermometer DAC, there exi8t’ — 1 unit current cells and the the N input bits need to
be converted to thesE — 1 switching signals. In our design, the 6 MSB bits are ther-
mometer decoded. Hence we need a 6 to 63 binary to thermodesteder to generate
the corresponding thermometer DAC switching signals. Fedtelo matching and sim-
plicity of the digital design, the 6 to 63 binary to thermoeratecoder is implemented
as an 8x8 matrix, row-column decoder and two 3 to 7 binary éontfometer decoders

as described in [2].

The 3 to 7 binary to thermometer decoder is implemented asisgbe Figure 3.1.
The decoder truth table is seen in Table 3.1. Subsequemiiyptv-column decoder is
implemented as follows and the complementary select Scaral generated as seen in

Figure 3.2.

Table 3.1: 3 bit binary to thermometer decoder

| Binary code| Thermometer codé

000 0000000
001 0000001
010 0000011
011 0000111
100 0001111
101 0011111
110 0111111
111 1111111

The 6 MSB bits are thermometer decoded using the followirggpdimg logic. The
6 input bits are first divided into two groups of 3 bits each PgpMSB bits and Lower



MSB bits). Each of these UMSB and LMSB bits are thermometeoded to 7 row
lines and 7 column lines which drive a 63 cell array, whichegithe switching signals

to the 63 thermometer current cells.

3.2 Latch Design

The decoded switching signals coming from the 6-63 binatii¢gomometer decoder as
well as the 6LSB bits from the input digital code, are takethasswitching signals for
the complete DAC design. But in order to reduce effects oflcldelay over the chip,
the switching signals are first passed through a latch andféteto the DAC circuit.
But in order to successfully drive the DAC circuit, the lasiould be extremely fast,
that is, it should react well to the 500MHz sampling frequerand be synchronized

with the clock.

For this application, @?MOS latch, whose structure is shown in Figure 3.3, is
designed to latch the switching signals. The signals at thput of the latch swing
between VDD and GND.

12
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CHAPTER 4

Current Steering DAC Design

4.1 Motivation

Current steering DACs are a vastly studied architectureA@®) This architecture has
an inherent advantage in terms of speed as the current soarealways on and are
merely switched from one side to the other. In a current stigd€dAC, the basic unit of
current is a unit current cell, shown in Figure 4); and M, form the switch transistors
and the switch signals are designed such than only one ofvhéransistors is on at
any time. Hence this steered current flows directly into tdaellresistor. The complete
DAC is made by integrating multiple copies of this currenll,cecaled in a binary
weighted or thermometer fashion according to the segmentaDAC output voltage
across the load resistor is obtained by appropriately isggéne required current into
the load on the basis of the input digital code. As our desgargeted at 500MSPS, a
current steering DAC architecture is chosen to begin withdéscribed in section 2.2, a
6+6 Thermometer + Binary Weighted segmentation is seleatddhe afore mentioned

decoder and latches designed, to be used in the DAC design.

4.2 Current Cell Design

4.2.1 Estimating Mismatch parameters

Mismatch equation:

(4.2)



Vvdd Vdd

R, R,

Vout

B NB
4| Mlx M2|7

Vcai| I: Cascode
Vbii| I: Current source

Figure 4.1: Unit current cell

Full scale current constraint:

Ipg =2V

nCO$ W
a = (Vos = Vi)’ (4.2)

2

The transistors in the unit current cell are sized accordmnthe equations 4.1 and
4.2.Hence in order to calculate the size of the current sorthe unit current cell, we
need to know the mismatch parametgr, and Az. Both these parameters depend on
the technology. In our case, the design is done in 65nm téagpdrom STMicroelec-

tronics. Hence from the ST65 library, nmos with Iéwand low power is used.

oV,
Ay = - 4.3

Monte Carlo simulations are carried out for 100 runs eachvéoious WL values.
Further,oyis plotted with respect te\/%.SIope of this straight line gives the mismatch

parameterdy;.

16
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Figure 4.2: Mismatch Parameter estimation
From Figure 4.2 Ay, is obtained as 3.6mV-um andl; is taken as 0.01 from the

transistor documentation.

4.2.2 Cellsizing

The current cell sizes are calculated using two equatiomsnatch constraint using

INL specifications and full scale current equation.[3]

. . . o 1 2 4A2
Mismatch equation: W L,,,;,, = Tt [A% + m]

Full scale current constraint: Ipg = 2V £elee W (Vo — V)2

Mismatch and INLZN L = v2N=-12L [ INL specification = 1LSB

Segmentation: 6+6 Thermometer and Binary Weighted
Full scale current = 1mA

17



Now considering Output Voltage swing as 700mV, for a loadstes of 7002,
leaves 500mV for the three transistors (switch transistascode transistor and cur-
rent source). Solving these two equations, takipg— V;, as 100mV, the size of the
current source transistor is found to be 0.987(um)/6.068(dor the Cascode transis-
tor and Switch transistor, minimum Length is considered\afdth found forV,, — V;;,

= 50mV and width adjusted to comply with minimum width regurents.
Cascode Transistor Size= 135(nhm)/74.65(nm).
Switch Transistor Size= 135(nm)/74.65(nm).

In order not to push the switch transistors into triode, téching voltage(B) is

kept between 800mV and GND.

Transistors are placed in parallel to obtain higher curcehs in the binary weighted
and thermometer DACs. Figure 4.3 shows a complete blockaliagf the current
steering DAC. Here a 2X current cell is obtained by placing wopies of the unit
current cell in parallel. Similarly higher current cellgeabtained by placing the appro-
priate number of unit cells in parallel. The switching silgri@r the binary weighted
DAC are fed in directly from the LSB bits through latches, wdes, the switching sig-
nals for the thermometer DAC are generated using the 6 to @& yto thermometer

decoder as seen in Figure 4.3.
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Figure 4.3: Current Steering DAC Block Diagram

vdd

Ry R.
Vom
Vop
b{o} b1} b{2} b3} bf4} bis}
] 1x ] 2X ] 4x ] 8x 16x ] 32x
b[O b[1 b[2 b[3 b[4] b[5
ETRR R th[63)
| 64x | 64x ¢ * | 64x
th[1] th[2] th[63]




4.3 Switching signals and tail node voltage

In a current steering DAC architecture, it is important thHtthe transistors are in
saturation through out operation. This ensures that theubutnpedance is high and
non-linearities are low. Depending upon the point of irdet®n of the complementary
switching signals, the tail node voltage is defined. If thé&awng signals intersect in
the lower half of the voltage range, there is a possibilityoth the switch transistors
to be momentarily off at the same time. This causes a suddgmidrthe voltage of

the tail node. This pushes the cascode and current soursti@s into linear region
momentarily causing transition non-linearities and sghseatly causes a glitch in the
output voltage. The delay in the switching signals is agjdstuch that the switching
transitions intersect in the upper half of the voltage titamsand all both the transistors
are not off at the same time. This reduces the glitch in oudpetock transitions and
improves the dynamic performance. When the transitioragelisl’x, or Vx5 as seen

in Figure 4.4 and 4.5 , the tail node voltage drops suddenhgniboth the switch

transistors are off. The switch signals are set such thagtitliersect af/x, for the tail

node voltage to be stable.

Vdd Vdd

Vcﬂ| I: Cascode
m |: Current source

Figure 4.4: Current cell with switch signal transition
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4.4 DAC non-linearity estimation

The spectrum of the DAC output for a load of 0@ observed to be limited by the
third harmonic component. The static behavior of the DAGWriéquency in the signal
band is described in this section. The steady state vallee@AC output, before every
clock transition is considered and the non-linearity eated using curve fitting. The
DAC output obtained for a ramp input plotted with respectt® input code is fitted to
a curve of the formux + b2, b being the third order coefficient. The input codes 1:4096

are scaled to correspond to 0 to 1.4V for easier correlati@nlinear plot of slope 1.

14 T T T T T T

121 -

=
=11
T
|

Dac output (V)

=
]
T
1

1 |
i 0.z 0.4 0.6 0.8 1 1.2 14
Input scaled()

Figure 4.6: DAC output versus input code for a ramp input
The coefficients are obtained as= 0.999766 andb = —0.000050527. Using this
the distortion expected due to third order non-linearity ba estimated.

When an input ofAcoswt is given , the output of the DAC expected would be

3 3
Jcoswt + Tcos?)wt

bA
(aA + ;

Hence if A is taken as 0.7 in this case, the difference betwherfundamental

tone and the 3rd order component in dB is 104.16dB. But at figgluencies, SFDR
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is observed to fall rapidly suggesting degradation due itefcode dependent output

impedance as will be seen later in section 4.5.

Hence to accurately estimate third order component at hegfuencies, a sin wave
input is given and the DAC output again fitted (compared toidieal DAC output) to
a third order polynomial as above to determine the third odigtortion component
with high frequencies. It is observed that gradually wittréase in input frequency the
coefficient of the third order component increases and ting cinder component limits

the SFDR greatly at high frequencies.

Using the above expression, the difference between theafuadtal tone and third

harmonic component in dB is calculated as

20log(aA) — 20log(f”243), where A is the amplitude of the sinusoid, 700mV in this

case.

The estimated SFDR using this method is plotted againsinimet ifrequency and
compared with that of the real DAC obtained, in Figure 4.7a&equency of fin=158.264MHz,
a = 1.0084 andb = —0.03 (very large compared to -0.00005 in the ramp case). As

frequency increases this third order coefficient b increéseher.

90 . .

——Real DAC Simulation
— Fitting Estimation

80+

70

60

SFDR (dE)

a0

40

50 100 150 200
Input Frequency (kHz)

Figure 4.7: Third order component estimation and SFDR
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The third order coefficient is observed to become larger Wwefjuency and this is
reflected in the SFDR simulations of the DAC suggesting aatigjron in static be-
havior at high frequencies due to finite code dependent outgpedance. Degradation
of real DAC SFDR with respect to the estimate can be attribtdedynamic behavior
and quad switching is tried to improve this, which will bealissed in section 4.6. The
static performance of the DAC is improved by reducing theoattoad but at the cost

of output voltage swing.

4.5 Finite Output Impedance

In a current steering DAC, at any point of time, if m currentsx®s are steered to
one output terminal — m current sources are steered to the other output terminal.
Due to this, the number of output conductances of the cureltd connected to the
output nodes varies with the input code. This makes the tafeeoutput impedance
code dependent and results in non-linearity when the outppgdance of the current
cell becomes comparable to the load resistance. At higkguéncies the switching
capacitance starts introducing non linearity in DAC ougastthe output impedance is

different when the switch is on and when the switch is off.

At low frequencies, the output impedance is the resistivpeidance looking in
through the output node. At high frequencies, the drain c#grace of the switch tran-
sistors also comes into picture. In order to have minimaatfof this capacitance, the

sizes of the switch transistors are kept small at (0.1350v8um).

Output Impedance at DC

In a cascoded architecture as in case of our DAC cell, theubutgpedance is given as
Rout = Rsource * Gm,cascPease * gm1R1, WhereR,,... is the drain source impedance of
the Current source transistdk,....is the D-S impedance of the cascode transistor and
R,is the D-S impedance of the switch transistgy, ..s.and g,,, 1are the transconduc-

tances of the cascode and switch transistors respectively.

In our DAC design, for a unit current cell with the load resrsbf 7002, Iu-
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nit=1mA/4096, these values are obtained as

Rsource = 5.724MS2; Gy case = 5.153uS; Regse = 3.26TMEY; g1 = 5.712uS; Ry =
3.165M €2

Hence using the above expressi®,; is obtained ag.742G2
It is seen thafR,,,; of a unit current cell is nearl®.5 x 10° times the Load resistor.

From Figure 4.9[4], ideally when the finite current sourc@&dance is not present,

V;mt = ‘/om - V;p = ]unitRL(QN - m)

But due to the presence of the finite output impedance, igwndV,,, change and

V.. becomes

VoV _vo— Vop — Rp[(2Y — m) L) _ Vop —mRpLnit
out = Fom — Top 14+ gRp(2N —m) 1+ mgRy,

So it can be observed that to get Vout as close to 1 as posgibleshould be< 1.
We can define a resistance rakiq,;, as%CLS , WhereRsis the outputimpedance of the
unit current source which is/g here. Hence for finite output impedance to have little
effect on the linearity of the DACR,.i;, > 1. In our caseR, ., = 1.742G /700 =
2.5 % 10° which is >>1 and output impedance in the worst case when altthrent
sources are steered to one sidd.is12G(2/4096 = 0.425M <) and hence the output
impedance including the load resistor becom#s 852 ~ 70052 at DC.

But as frequency increases, the output impedances of th&dtars also vary with
frequency and a large degradation is seen in the effectitpubimpedance. Hence the
effect of code dependence of output impedance becomes krdgher frequencies
and the SFDR is seen to degrade drastically at frequenaiss th Nyquist, 250MHz is

our case.

All the current cells are switched to one side to simulatetfierworst case output
impedance variation with frequency when all thg, come in parallel with the load re-

sistor. S parameter analysis is run acréggs on the circuit,shown in Figure 4.10, and
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Cascode

Current source

Figure 4.10: Testbench for Output Impedance measurement

the output impedance looking into the current cell plottathwhe frequency. Since
4096 current cells are connected to the output nodes, thexrdarge parasitic capaci-
tance at the output nodes. Hence at higher frequenciedféioe @& these non-linearities

becomes higher as the effective output impedance redutesreguency.

Effect of load Resistance Upon reducing the load resistance, as the looking in output
impedance of the switch transistors is comparatively lathe degradation in effective
output impedance due to code dependance reduces. This ingorowes the linearity
of the DAC. But reducing the load resistance to improve DA@éirity is at the cost of
output voltage swing. The output voltage swing reduces véthuction in load resis-
tance. As seenin Figures 4.14 and 4.15, for a load resisi#ti®1, the effective output
impedance degrades from Z0@o 403 for a single cascoded current cell, while for a
250 load, the degradation is from 2800 2332, which is comparatively much less

than the high load case.

The effect of load resistance can be observed in case of th&<Aatic perfor-
mance. The INL of the DAC is observed for both the loads{T@dd 2502. A ramp
input is applied and the DAC output waveform is sampled fargwode to determine
the INL. The differential output is plotted with respect teetinput code. A best fit
straight line is fitted to the DAC output so plotted to corrmtoffset and gain errors

and INL calculated as

YW —kLSB

INL 1LSB
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The DAC step size is 1.4(output swing)/4096. The DAC is desigfor an INL of
1LSB. Figure 4.11 shows the INL for a 7Q0doad and it touches 1.25LSB. On the

other hand INL for 25Q load is less than 0.3 LSB meeting the design requirements.

1.5F

Best-fit INL (LSB)
o

-1.5 .

| | 1 1 | | 1 1
0 b00 1000 1500 2000 2500 3000 3500 4000
Input Code

Figure 4.11: Best-fit INL for 70Q load resistor

Cascoding current cell Cascoding a current cell improves the looking in drain ingoext
by g,.74s times. A lower load resistor increases the headroom présetiite switch and
current source transistors. This can be utilized to douddeade the current cell as seen
in Figure 4.13 . Figure 4.15 shows that the degradation ipudumpedance with fre-
guency reduces on double cascoding. But as impedance aégra still large, non-
linearity due to code dependent output impedance still dates at high frequencies.

Hence as seen in Figure 4.19, SFDR improvement is not signtfic

4.6 Differential Quad Switching

In a conventional current steering DAC, most switches tegglfrequency much less
than the clock frequency, depending on the switching sggraue to this, if any non-

linearity associated with transition is present, the feggpy of the spur will lie within
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Figure 4.12: Best-fit INL for 25Q load resistor
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Figure 4.13: Double cascoded current cell
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the signal band. To isolate such behavior from the signal badifferential quad switch-

ing is introduced.

Differential Quad switching[5] is a method to improve thendynic performance
of a DAC. Instead of the conventional two switches used terstarrent in a current
cell, this method incorporates four switches, as shown guie 4.16, which switch
according to a decoding logic such that, at any clock trammsionly one of the four
switches is on. As one switch toggles at every clock tramsitihe non-linearity due to
transitions will no longer be in the signal band but at theklsequency, that is, double

the signal band frequency.

But quad switching has twice the number of transistors ccoieoketo each output
node in comparison with a conventional switch design. Tiioduces a large capaci-
tance at the output node and hence degradation in the ountpetiance with frequency
is observed as seen in Figure 4.16 and 4.17. This causes leffpet of non-linearity
due to code dependent output impedance at frequenciestold$gquist, suggesting
that differential quad switching does not help improve frexgcy performance in our

design.

Vad Vad

Re Re

Vout

SC | SC | | SC |
Il:‘ I X I ’:ll
Vcasc
HECascode

Vbias |:

%)
@]

Current source

Figure 4.16: Current cell with differential quad switching
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Figure 4.17: Output Impedance with frequency in a currefitvagh differential quad
switching

4.7 SFDR Comparison

A 34us long transient simulation of the DAC output is donee ©latput signal transient
signal is sampled &2 f, and a 524288 point FFT is taken. The input frequencies are

placed on bins to avoid spectral leakage, as discussedtinrs@c3.2.

Figure 4.18 shows a comparison in the SFDR with differerd lesistors and single
cascoding in current cell, in comparison with ideal DAC SEBR discussed in section
4.5, reducing the load resistor reduces the effect of nogalities due to finite code
dependent output impedance and subsequently, the SFDR DG output improves.
For a 250 load resistor, the SFDR start from close to 85dB at low fregies and falls

to less than 50dB close to Nyquist frequency.

In Figure 4.19, we can see the effect of double cascodingutrertt source. Double
cascoding marginally improves the SFDR due to increase ipubumpedance. But
degradation is still present due to code output impedanest @se scenario in SFDR
is observed for a load resistor of @0wvith a double cascoded current source, at the
cost of having only 100mV-PP swing at the output. In this c#se SFDR at Nyquist
frequency is around 70dB, which is more than 30dB higher thary0@2 load case.
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CHAPTER 5

Resistive DAC Design

5.1 Motivation

The current steering DAC design for high speed applicailm65nm technology faces a
bottle neck in terms of the non-linearity due to finite codpeteent output impedance.
The SFDR is observed to start at 90dB at frequencies lesdtfialz and gradually falls

to 50dB close to Nyquist for a 500mVPP output swing. Thisscadl exploring other

DAC architectures which can give better frequency perforceaat frequencies close
to Nyquist. As resistive ladder architectures are bettenmared to current steering
architectures in terms of not having the issue of code dep@rauitput impedance, they
are explored in this section and compared in terms of staticdgnamic performances

of the DACs.

5.2 Architecture

Continuing with the current steering DAC segmentation,résstive DAC is initially
implemented as a 6+6 Thermometer + Binary-weighted segrdemnthitecture, shown
in Figure 5.1.The same decoder and latches used in case ofittent steering DAC
are also used for the Resistive DAC. The decoder output igofdte latches and subse-

guently fed to the DAC as switching signals, switching betw® and VDD.

The differential DAC is implemented using two identical R&sr arrays connected
to the positive and negative terminal of a differential oppawith complementary
switching signals. Hence if m resistors are active on theatieg side,2¥ — m are

active on the positive side.
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Figure 5.1: Fully Differential Resistive DAC

5.2.1 Switch On Resistance (Binary Weighted LSB DAC)

In case of resistive DAC, the on resistance of switches paysry important role. As
the switches come in series with the resistors in the ladihie on resistance of the
switches defines the amount of current flowing in each leg efrésistive ladder and

hence degrades the static performance of the DAC.

A MOS transistor in linear region can be used as a switch. Ddaipg upon the
switching voltage, the switches can be implemented by eaheMOS or an NMOS
or both. When an NMOS is used as a switch, it gives a strong aedoa weak one.
On the other hand a PMOS switch gives a strong one and a weaklidence NMOS
switches are used when a resistor is switched to zero and aSXWach is used when

it is switched to VDD.

w
Ron = [MComf(VGS — VTH)]il (51)

DC analysis of a minimum size NMOS transistor (135nm/60nivg@gan on resis-
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Figure 5.2: Switch On Resistance along with ladder resistor

tance of 2.256K. R is taken as 50K for a 50mA full scale current (to have small size
of resitors). Corresponding to higher bits as the size of¢listors reduces, the on resis-
tance of the switch becomes comparable to that of the binarghted or thermometer
DAC resistor and the voltage drop across the resistor noelorgmainsl,p — Vo
but gets divided like in a voltage divider. As seen in Figurg, soltage at node X
is defined by the resistance of the switch which is on. Thisesauhe currents in the
resistor ladder branches to be different from 2X,4X.. timgs, different from what

is expected. This further introduces non-linearity in thigtem. Switch on resistance

should be reduced to fix this issue.

According to equation 4.1%,,, can be reduced by increasing the size of the transis-
tor. Hence the LSB switch sizes are made 4X the minimum siz&@S8-135nm/60nm,
PMOS-3*135nm/60nm) and all subsequent MSB switches aegel siarrespondingly as
2X,4X,8X,16X,32X and 64X the size of the LSB switch so that toltage drop across
the respective resistors is the same in all the cases, henogydhe expected amount

of current.

In Figure 5.2, ideally voltage at node X supposed to swingvbeh 0 and VDD
(1.2V). But due to the finite on resistance of the switchegp#s between 35mV and
1.189V (LSB switch sizes are 4X the minimum PMOS and NMOSs3ize

When the size of the switches is increased further to 10X thenmam size of
both NMOS and PMOS switches, this swing changes to 20mV a@6bY. At 10X,
MSB (largest switches) PMOS size is 260um/60nm and NMOS isi&um/60nm

corresponding to R/64 resistors.
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Figure 5.3: Binary weighted DAC with scaled switches

The transistors are sized such that the Ron of a PMOS-NMO®Isve equal for
both the switches, that is PMOS size is 3 times the NMOS sizeas in Table 5.1.

Table 5.1: On resistance of switches

Switch Type Switch Size Ron(?) | Rload{?) | Voltage across resistor(\
Compared to min size
nivtlp 1X 2.256K R 0.55
nivtlp 4X 612.5 R 0.593
nivtlp 10X 249.8 R 0.597
pivtip 10X 257.7 R 0.597

Min size NMOS = 135nm/60nm; Min size PMOS = 3*Min size NMOS; 30K

Ideal voltage across resistor is 0.6V (VDD-Vcm). With 10Xesswitches we obtain
a close value of 0.597V. Larger switches can be used to pushkdalue even closer to

0.6 but the size of the switches become too large to impleore&ilicon.

From Table 5.2 we can observe that scaling the switch sizésdgame factor by
which the branch resistors are scaled down, the voltageainmss the resistor remains

constant and hence keeping the currents clean multipléedf$B branch current.

In case of binary weighted architecture for the 6 bit LSB DAGe to presence of
6 different values of resistors, there is large mismataes3 hat is, there will be large
glitches in the DAC output at major code transitions and Wigsens the DAC dy-
namic performance. Also, in case of the fully binary weightt&SB DAC architecture,
the LSB resistor becomes very large) (2, for a full scale current of 1mA, becoming

non-realistic to implement linearly on silicon. Hence tegéoth, the full scale current
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Table 5.2: Scaling of switches

| Switch Size | Ron() | Rloadf?) | Voltage across resistor(V)
Compared to LSB switch
2X 125.9 R/2 0.597
4X 63.19 R/4 0.597
8X 31.66 R/8 0.597
16X 15.84 R/16 0.597
32X 7.92 R/32 0.597
64X 3.964 R/64 0.597

LSB switch size = 10X of Minimum size switches; R=50K

as well as the LSB resistor realizable, an R-2R architectuneed for the LSB DAC.
The advantage with R-2R architecture is better matchingesanly two values of re-
sistors are used. R-2R DAC architecture, acts as a suceessiage division circuit,
allowing smaller size of resistors to be used for smalldrdohle current. The design

and behavior of the R-2R DAC is described in the next section.

5.2.2 R-2RLSB DAC

The LSB R-2R DAC can be implemented in two ways. One with théch&s near the
VDD/GND end and one with the switches at the virtual grounthefop amp end. Itis
observed that in the current mode, the resistors are switobtveen virtual grounds of
two op amps and large spikes are seen in the output currertbdimarge injection, as

seen in Figure 5.5.

Current mode R-2R DAC Figure 5.4 shows the structure of the current mode R-2R

DAC.Every subsequent resistor branch contains half theotiof the previous branch.

The total single ended output current in Figure 5.4 can bergas

B, B, By B, B B
L = Vop(5 + 1+ 2+ 75 + 55 T 5f) (5.2)
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Charge Injection in Current mode R-2R DAC

In the 6 bit R-2R LSB DAC, implemented in current mode as seefigure 5.4, the
switches are present on the virtual ground side insteadeo¥/DD/GND side. In this
configuration, the output DAC waveform is seen to have laggkes at every clock
transition as seen in Figure 5.5. Possible reasons beh@se tjlitches are clock feed

through and charge injection.

Clock feed through:  This is due to the parasitic capacitance between the gate and
drain and gate and source of the transistors. Due to thistthehsng signal is coupled

to the drain /source and hence causes spikes at the switcangitions. Upon replacing

the PMOS and NMOS switches with a CMOS switch, with same sREDS and
NMOS transistors, clock feedthrough should get cancelad.tlids was not observed
and spikes were still present in case of the Current mode RAR This suggests that

charge injection is the cause and clock feedthrough is rolgd

Charge Injection:  In this phenomenon, the charge in the channel of the tramsist
takes the path of least resistance to flow out. In case of thagesmode DAC,Figure
5.7, the switches are present on the VDD/GND side and VDD/GiPthe path for
least resistance, hence all the charge flows towards VDD/@NDthe current flowing
through the op amp is not affected. But in case of the curremtdaAC, the switches
being on the virtual ground side of the resistive ladderctigrge in the channel of the
transistor flows towards the op amp and reflects in the DACuutpltage as spikes.
Since in charge injection, charge flows in the path of leagstance, this is verified by
placing a small resistance between the switches and theavgtound of the op amp.
This reduces the spikes in the output waveform. Hence chapgetion is observed to

be present in this architecture.

Voltage mode R-2R DAC

The structure of a voltage mode R-2R DAC can be seen in Figirarkd the output

waveform in Figure 5.8.In this case the switches are towtres/DD/GND end and

41



—_VvDD

0
S

Vd to Virtual GND

4_| |_>_,o opamp

charge |nject|on

Figure 5.6: Charge Injection in MOS switches

Figure 5.7: Woltage mode R-2R DAC
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Figure 5.8: Output waveform of voltage mode R-2R DAC for ranyut

hence charge injection is not observed. With current modRRzonfiguration, the
SFDR is 90dB at 1.892MHz and falls to close to 80dB close touistg But in case
of voltage mode R-2R DAC, SFDR is better than current mode@dosk to binary
weighted, but the drawbacks being large sizes of switchesdoce on resistance and
non-linearity due to the switch on resistance. A differegmeentation is described in

the next section to tackle these issues.

5.2.3 3-way Segmented DAC

In order to reduce the effect of the switch size and positigim case of the two R-2R
DAC implementations as well as charge injection, the lowait$are further segmented
into 3+3 bits where the upper LSB bits are binary weighted taedower 3 LSB bits
are implemented as a R-2R DAC. The voltage mode of R-2R DA@Eemented and

the output current waveform, Figure 5.10, for a ramp inpweiy close to ideal.

3-way segmented DAC output is observed to be much cleanerttieaR-2R DAC
outputs in Figures 5.5, 5.8 and 5.10.
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5.3 Resistive DAC with Ideal Op amp

The resistive DAC with 3-way segmentation is consideredilie Ideal Op amp to

compare with the current steering DAC.

The top 6 bits are thermometer decoded, next three bits aeybweighted and
the bottom 3 bits are implemented as a voltage mode R-2R DAE.6F63 binary to
thermometer decoder is used to decode the top 6 bits to bettethe USB thermometer
DAC. The 6 LSB bits are fed directly. All these switching sidmare fed to latches and

subsequently to the respective DAC switching transistors.

bael 6| MY %% | Laten “— Prherromet W
: 0 atches _Thermometer
Thermometer 2 |b DAC
Decoder 63
Vop
3 3¢b  3bit
b[5:3] “ Latches | 7, [Binary Weighted
3 Vom
. 3 3 bit
b[2:0] 2| Latches £1p R2R DAC A
Ry

Figure 5.11: Resistive DAC Block Diagram
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An ideal op amp of 10000 gain and infinite bandwidth is gererating a VerilogA

block and used to simulate in this architecture.

Since the common mode of the switching nodes and the outplgsnisV,,, the

virtual ground nodes also settle t@,, as the gain of the op amp is very high.

The DAC performance is measured in terms of DNL, INL, SFDR B8, as will
be seen in section 5.5. It is seen to be quite close to the bdwlvior. The ideal op
amp is then replaced by a real op amp targeting a high gainighdIGB. The op amp

design for the resistive DAC is seen in the next section.

5.4 Op amp Design

For our design of the 12 bit resistive DAC, to have good statid dynamic perfor-
mance, the op amp at the end of the resistor ladder needs ¢ohinglv gain and high
bandwidth. As the output of the DAC can be considered as algeaangd hold version of
a sin wave, it has the fundamental and all odd harmonics. Asddcessfully replicate
this behavior at the op amp output, the op amp ideally neetiave infinite gain and
infinite bandwidth. But as real systems are finite gain, fibd@dwidth systems, the
design of the op amp should target the maximum gain and baitidebtainable for a

given architecture, with realistic power consumption.

For our design we consider a two stage feed forward compeshsathitecture

which gives a high gain and high bandwidth.

Figure 5.13 shows a the macro model of the two stage feed fdre@mpensated
op amp designed for the resistive DAC. TransconduGtgy-constitutes the high speed

feed forward path, while, transconductdrs,; andG,,; form the two stage high gain

path.
1 1 1 (8) — Gm Gm1Gm
The transfer function is given g8 = g2k + o Cantne s

Gml Gm2

DC gain is due to that of two stages given By = GG—"f + e

This system has two poles and one zero in the left half plane.
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For the system to be stable, the net phase shift should beebatv)0°and—180°.
Hence both the poles and the zero should come before the Us3Bedwo poles add
a phase shift of-180° and the zero adds90°, asymptotically reaching-90°.The op
amp is designed such that the zero comes in between the tes, goich that the system
looks like a first order system at UGB. In our case, the op angeised in a resistive

feedback loop and hence the load is only the parasitic cires of the output stage.

To obtain a high gain , the first stage is designed as a telescapcode archi-
tecture.Also, as the full scale current of the DAC is 1mA, deethe op amp output
stage should be able sink 1mA of current at full scale withdylmearity. Hence the
transistors in the output stage are sized to carry a biasmuof 2mA. But increasing
the output stage current any further will redugg, at the output node and introduce

non-linearity. Hence the bias current is fixed at 2mA.
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Table 5.3: Opamp Transistor Sizes

My = 132u/0.2u M5 = 80u/0.12u M3 = 1.8u/0.06u
M, = 60u/0.12u | Mg = 2(150u/0.24u) | Moo = 1.6u/0.2u
My = 60u/0.06u |  M; = 100u/0.06u Mo = 3u/0.2u
M3 = 15u/0.06u | M1 = 12u/0.12u M9 = 2u/0.4u
My = 1u/05u | M = 12u/0.06u

The structure of the op amp can be seen in Figure 5.14. Thesfage transcon-
ductance’,,,; is formed by transistord/,, and My,. PMOS transistord/,, and My,
act as cascode stage to increase the output impedance. Nsi@%tors\/,, and My,
form the current source ands,, Ms, form the cascode stage for the current source to
increase output impedance and subsequently, the gain.réntumode feedback is used
for the common mode feedback of the first stage. Transisthrs to M3, form the
common mode feedback of the first stage. When the first stagenom mode voltage
increases, which implies that the current throddghis higher than the current if/s,
Vs acrossM. 3, and M, 3, increases. Then the current through,;_.3, increases.
But since the sum of currents throughy, and M., is constant, current throught;
will reduce, reducing the common mode voltage at the firgestautput. The current

throughM,,, is set to be one-fifth of the current through,.

In the output stage, transistav, andMg, form the second stage transconductance
(G..2). The feed forward stage constituted by transisidgs and M5, reuses the current
of the second stage to prove a high speed path. A resistivencormode detector and
a single stage op amp form the common mode feedback cirauihésecond stage.
The input to the feedback amplifier becomés,, = (Vor + Voar)/2. The single stage

amplifier constituted by transistoid ..o — Moo, Set the output common modeltp,,.

As seen from the bode plot in Figure 5.15, the op amp UGB isdio§.5GHz and
has a DC gain of 56.6dB. The two poles are at 6.26MHz and 5.@543id the zero is at
3.21GHz. Power consumed by the op amp is 6.291mW. This op smpegrated with
the resistive DAC ladder and the performance characte@seseen in the following

sections.
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Figure 5.15: Op amp Loop Gain and Phase Bode plot

5.5 Simulation Results and Observations

The DNL and INL characterize the static behavior of a DAC. &&eto plot the DNL
and INL, the steady state output values for every code aentakd the DNL and INL

computed as described in section 2.1.

For an ideal DAC, in our case with ideal resistors and ideahmp, the DNL and
INL should be close to zero as there is no error in the outplttge. This can be
observed in Figure 5.16, where the DNL and INL of an Ideal 6¥8rnometer + binary

weighted segmented DAC is very close to zero.

The DNL and INL for the 6 bit thermometer + 6 bit R-2R DAC is pkad in Figure
5.17. As described in section 5.2.2, charge injection isgmein a current mode R-2R
DAC. But as DNL/INL are static performance measures, the RNt INL are observed
to be within specifications. The degradation due to chargtion reflects in SFDR

degradation.

Figure 5.18 shows a comparison in SFDR between differerstnes DAC architec-
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tures with real resistors and Ideal opamp. These are cochpétie the Ideal resistive
DAC SFDR. When the 6 LSB bits are implemented as a binary wetgpAC, SFDR

is observed to be higher than a corresponding R-2R DAC im@ieation. Best case
SFDR behavior is with the 3 way segmented DAC, in which the BF& real resistors

and Ideal opamp implementation is above 90dB for most of ieas band.

Figure 5.19 shows a comparison in SFDR between resistive DAEmentations

with Ideal opamp and the real opamp designed.

With the real opamp, and a feedback resistor of?5he SFDR is observed to
be around 90dB till frequencies upto 100MHz and above 80dHr&muencies upto
150MHz.

SFDR degradation with real opamp at high frequencies: IhaaAn that they,;, of a
transistor changes withj;, across it. Since the full scale current of the DAC is 1mA, the
feedforward stage of the opamp is biased at 2mA. Due to the kire of the transistors
in the output stage, the,, seen from the output of the opamp is a few hundred ohms.
With lower feedback resistor of 5D,the SFDR is seen to improve to higher than 70dB
at 220MHz as compared to 60dB for a 2bfeedback resistor.

For a smaller swing at the output, the of the transistors is more linear and hence
the SFDR improves. Upon placing a VCVS of gain 1, the VCVS mes all the
current required by the DAC and thg, non-linearity does not reflect at the output.
This is observed when the SFDR with the VCVS is seen to be ad@dB through out
the bandwidth.

gas linearity can be improved by increasing the lengths of sdcstage transis-
tors.But improvement in SFDR with this is marginal as thettvidf the transistors also
correspondingly increasegy, non linearity is a strong function of the output swing.
Cascoding the transistors in the second stage improvedb#wodude value of;, but at

the cost of output swing, hence degrading the SFDR.

The SFDR is seen to degrade with frequency because of the diain, finite band-
width property of the opamp. In the two stage feedforwardhiéecture of the opamp
implemented, the DC gain is DBMS and the UGB is close to 7.58i8.as the fre-

guency increases the gain of the opamp reduces. It is seeat t(PBOMHz, the gain of
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the opamp reduces to 25dB. Hence the effect of gds non-itpeath swing is higher at

higher frequencies,due to which the degradation of SFDR fséquency is observed.

Reducing the opamp UGB to 2GHz degrades the SFDR to 50dB ali22(s
compared to 60dB with the 7.5GHz opamp for a feedback resi$t®502. This sug-
gests that the gain of the opamp at frequencies close to Mtyffequency limits the
SFDR and hence a higher gain and higher bandwidth opamp aaselddo improve the

performance of the DAC.
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CHAPTER 6

Comparison : Current Steering DAC vs Resistive DAC

6.1 Dynamic Performance

In this section, both the DAC designs, current steering asdtive DAC designs are
compared in terms of their static and dynamic performanEegire 6.1 and 6.2 show
a comparison in the SFDR of the output of the two DAC designddad resistors of
5002 and 250 respectively. These are also compared with the SFDR of aai RIEC.

In both the cases it is observed that the overall spectréabmeance of the resistive
DAC design is better than the current steering counterddm. spurious free dynamic
range with frequency is observed to be higher for smalled i@sistors at the cost of
output swing. In case of the resistive DAC, SFDR is seen torberal 90dB for input
frequencies upto 100MHz and then gradually falls to 72dBequencies close to the
Nyquist frequency. Whereas, in the current steering DA€ SRDR starts above 90dB

at low frequencies but rolls off fast to less than 70dB at Brgrequencies.

Figure 6.3 shows a comparison of the intermodulation distodue to third order
distortion components in the output spectrum of the DAC sTikicalculated as de-
scribes in section 2.1.2. Resistive DAC is again seen to hig\eer distortion tolerance

compared to the current steering DAC.
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6.2 Resistor Mismatch - Monte Carlo Simulation

In order to see the effect of resistor mismatch on the DACquerance, Monte Carlo
simulations are carried out in Matlab and the DNL and INL @dtfor 2000 runs. P+
Unsilicided poly resistors from the ST65 library are coesedl for our design as they
fall in our resistor range and have good temperature and at@nbehavior. In the
resistor mismatch model documentation, the RPPO resisémes a standard deviation
12.786 and have a Gaussian distribution. Hence in the Matladbel, the resistors are
taken as Normal random variables with the given standarétien using the normrnd()
function. The current through each branch are calculatéutivese resistors depending

upon the input code and added to give the final output current.

A ramp input is given with all 4096 codes. DNL and endpoint IBile plotted for
2000 Monte Carlo runs of the ramp input. For 2000 runs, theid\deen to be less than
0.4LSB and the DNL is observed to be less than 0.1LSB.

The SFDR (Figure 6.7) is also similarly plotted for by takewy FFT of the output
current of the resistor ladder with resistive mismatch. BHOR is observed to be

above 85dB for more than 99% of runs out of the 100 Monte Carrhd simulated.
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CHAPTER 7

CONCLUSIONS

12 bit 500MSPS digital to analog converter is designed inezursteering and resistive
ladder architectures in 65nm technology. Segmented aathit is considered to op-
timize for DAC area and performance. The current steerin@\designed as a 6+6
thermometer + binary weighted segmented design. When aieaized for frequency
performance, this design is seen to have degradation in SEDiRJh frequencies due
to non-linearity from finite code dependent output impe@an/ith current steering
DAC, the SFDR is seen to roll off from 90dB at low frequencies68dB close to
Nyquist frequency. Hence resistive DAC architectures apmosed for improved fre-
guency performance. Different segmentations are triethdntg 6 thermometer+ 6
binary weighted, 6 thermometer + 6 R-2R and 3 way segmentdtectures. The
DAC designed with a 3 way segmented architecture, 6 therrten&binary weighted
and 3 R-2R bits is seen to give the best frequency performartbadeal I-V opamp,
which is subsequently replaced by a real opamp. The I-V opardpsigned as a two
stage feedforward compensated architecture with a DC gddBMS and a UGB of
7.5GHz. 3 way segmented DAC with real opamp is observed te hamuch better
dynamic performance compared to the Current Steering equentt. Monte Carlo anal-
ysis is done to account for resistive mismatch and a DNL oL8R and an INL of
less than 0.4 LSB is obtained. Monte Carlo simulation for BFbowed a value higher
than 85dB for more that 99% of the runs over the signal bande SRDR with real
opamp is around 90dB for frequencies till 100MHz and aboveB3fbr frequencies
till 150MHz. At frequencies close to Nyquist, the SFDR draps/0dB due to gain
limitations from the opamp.Hence a higher gain, higher badth opamp is needed to

improve the frequency performance at higher frequencies.
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