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8-BIT 1 GS/S ADC ARCHITECTURE AND 4-BIT FLASH ADC FOR
10+ GS/S TIME INTERLEAVED ADC IN 65 nm CMOS TECHNOLOGY

SUMMARY

Data rate of communication systems constantly increasing . Rapid scaling of digital
semiconductoitechnologies has moved the signal processing of these systems to
digital domain. Therefore higépeed ADCs are required to form the bridge to take
the analog signals in digital domain.

Data rates exceeding 10 Gbps makes the use of single channel AD@sihlafen

this purpose. A power efficient solution is tirmgerleaving. Timeinterleaving
relaxes the speed requirements on single channel ADCs and lets designers to focus
on power efficiency of the ADC.

Channel mismatches in tineterleaved ADCs causegerformance degradation.
Errors arise mainly due to offset, gain and timing mismatch of channels. Among
them, timing error is the most problematic since estimation of timing errors becomes
more cumbersome in highequencies.

Estimation and correctiorf timing errors in timeinterleaved ADCs are hot topics of
research. Calibration of errors can be on background or on foreground. Background
calibration is more desirable since it allows system to adapt to changing conditions
while not hindering the opeiliah of the ADC.

Time interleaving errors generate spurs on the spectrum. Spurs are problematic for
the wireless communication systems, since they may block the input signal. In order
to extinguish the spurs a channel randomization technique is propasdthidue is

based on randomly taking one of the ADC channels to make the errors of the
channels noiséke term. It is advantageous since it works on background. Technique
maintains a spufree spectrum however does not improve the SNR of the system.
Estmation of channel mismatch errors and clock distribution in a-tintexleaved

ADC becomes tedious as the number of channels increase. In order to keep the
channel number low, channels should be fast while being power efficient. To satisfy

this task, arB-bit 1 GS/s multbit per cycle ADC is proposed. ADC employs a

XiX



novel search algorithm based on redundancy. No calibration scheme required thanks
to the algorithm therefore the power efficiency of the system can be increased. In
order to realize the mudbit per cycle structure, a multiptreshold generation
preamp is proposed.

Comparators are the most important part of an ADC. Comparator specifications such
as speed, accuracy and power consumption directly affect the relative specifications
of the wlole ADC. A novel latch with embedded preamp is proposed. Novel
structure has latch regeneration time, offset, power consumption and kickback noise
improvements over the conventional structures.

8-bit 1 GS/s multbit per cycle SAR ADC employs a flash ADto perform the
coarse conversion benefit from its speed. Although flash ADCs are fast, offset and
kickback noise of comparators can penalize their accuracy. Proposed latch with
embedded preamp improves the offset performance. To solve the kickbagk issu
reference voltages of the flash ADC are sampled. This technique is based on
equalizing the kickback for both input and reference voltages therefore eliminating
the effect.

Sampling network of the ADC is critically important since any error made in the
sampling phase directly passes to the ADC. Bootstrapped switches are used to
improve the linearity of the switches. By using bootstrap switches, charge injection
can be made signal independent. If it is combined with the reference sampling
technique usedn flash ADC, effects of charge injection can be diminished
significantly.

ADC blocks are designed and laid out in ST Microlectronics 65 nm process. Post
layout simulations have proven the efectiveness of the proposed techniques and
blocks. Tapeout was @ne in July 2015. Measurements is expected to take place in
November 2015.

XX



1+ GS/ S ZAMAN ARALI6BILM CAMACS KICEKKNNOL OJ KS KNI
8-BIT 1 GS/S ADC YAPISI VE 4-BIT FLASH ADC

¥ZET

Haber |l ek me sistemlerinin veri chlilokbrakr ém s é

artmaktader . Sayeéesal yar éil et ken t ek nc
sistemlerindeki i kKar et i Kl eme késeémlar ér
I K| emenin avantajlar e, i deal ol mayan d
kol ayli&] éf,onksi yonu ger-ekl emek i -in ger
d¢kek ol masée ve yeni teknolojilere taker
faydal anmak i-in analog ikaretler:i sayé:

yé¢ksek hsadyal adan ot ¢r ¢cél ere( ADC) i htiya
Kablolu ve kablosuz haberl ekme teknol oji
tek kanall e ADCI er i bu ik i-in elveriksi

ulakabilecekl er d° my) kitl ¢grfme ah é&zsé nglearne ki yd

~

kar Kkémeéza -ékar . Zaman aral ekl ama, t ek

aséna dayanmaktadeér. Séradaki °rnefj.i a

cC on
o

rneji don¢kKt ¢rér . Déobd &,y étsély | it op? ayp

zé ile kanal sayéséeneéen -arpeémé kadar

(o]

e
b
h
h

zlaré elde edilebilir. Ayreéca bu kekil

(o]

i -1n g¢- bakéméndan verimsiha olkduakl ar & al
ortaya -ékar.

Zaman aral ekl & ADCIlI erdeki kanal uyumsuzl
hat al ar t e mel olarak dengesi zl ik, kazan-
gel mektedir. Zamanl| ama hat al aoé&t akseésntdiar i
dijerlerinden daha zorludur vV e bu dur

zorl akmakt ader .

Zaman aral ékl e ADCIl erdeki zamanl|l ama hat ¢
genceel bir araktérma konusu tekkiveya et me k-
arka planda yapélabilir. Arka planda yap
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angi bir sékénteée yaratmamasé ve dejikenrn
kliji a-éséndan daha avantajl édeér.
n aral ékl ama hataal-&kenftreeharnfspupektold wmd n
nt el ar , g¢é¢-1¢ ol malaré durumunda al eceée |
e k mod¢l asyonl u Il kKaretl erin sezil mesinji
men engell eyebilirzdleawk HDeotlalyaéersé y° ze Iklainkall
riekme sistemlerd:i i -in sorun texkki/ et m
Il I ar é rastgel e kull anmaya dayanan bir
|  ardan kaynakl| anan hagtagpltark| -agleada nr g tr g
bir karaktere ge-erl er. Dol ayéséyl a
créel megk ol ur . Teknijin bir dijer avant aj
mel idir ki bu teknik birshastemigpze ktamett
l't¢ oranéné iyilektirmemektedir.
|l uyumsuzluk hatalarénén kestiril mesi gi
I sayéseée ile zorlakmaktadeéer. Ayr éca yg¢k
ekl & ADCI| egtdéeemésnaéan ti¢dkkaatettiij idage¢- Yy eéksek
i bir do°n¢kt ¢grme héezé i -in kanal sayeéseée
Kt ¢rme hézlaréné artteérmak 11l e m¢egmkendgt
zamanda g¢- wdrmarhléidléir].i Bdie hyedlieddlert Wdto] r

GS/ s bir -evrimde birden fazla bit dP°ng¢ kKt

-evrimde birden fazla bit dP°n¢gkt ¢ren SA

kmak konusunda sék-ak&@ukémazhanéebmakiyadeérrn
n

énda il k ¢ - en anlamleé bit bir flash AD
zanémlare elde edilir. Fl ash ADC -ékeékeéend:
zaman kazanéménda etkilidir.

erilen ADC vyapé@angmkdagr me ganh gdodrirt mhs é kul I
goritma temel ol ar ak, den¢gkt ¢rme fazl ar éna
al ekl aréné kesiktirmek suret. ile devre b
yanmaktader . Bu n eadseynolne shiesrtheamignie biihrt i yal- i
|l ayéeséyla g¢- teeketi mi azaltelabilir. Bu vy
et en bir °n kuvvetlendirici °neri |l mi ktir
deni vyl e, algoritmadaki fuavetlendigci f az | ar

Il anél abil mektedir. Bu sayede far kl é °n
ngesi zIli k uyumsuzluklarénén da °n¢gne ge-il

XXil



Yéksek hézlée veri de°n¢gkKt ¢gregcelerin ger - el

de 1 bitlik bir ADC ola ak sayél abilecek karkél akter
devresinin heze, dojruluju v e gé - t ¢ ke
parametrelerini dojrudan et kil emektedir.
gem¢gl ¢ °n kuvvetl envdier Poielrii lkmakk élraktYyampe
sezme kuvvetlendiricisi devresi temel al
kuvvetlendirici bl ¢m¢gne bir stati k akem
karkéel akt érécée yapées,dme, K° ol luu v v evtalpeén dgierli
nazaran, hez, dengesi zIl ik, gé - t¢ketim
il yilektirmeler i-ermektedir.

8bit 1 GS/ s bir -evri mde birden fazla bi

olabildijince ihéznl ébid° nfilkagh mMARC yapeéeseé
ADC yapél ar éneén °neml i heéez avantajl ar é
dengesizIli k ve geri tepme ge¢é¢reéelteéese perf
kuvvetlendiricil:i k a kK K epl earkftoérrnéacnés € d € v rvees i
geréelteseneg iTyilexktirmektedir. Ancak ger
tam olarak -°9zmek adéna, referans gerili
Bu teknik il e karkel akt @amkécwe (greafiertaa®me
czerindeki et ki si ekitl enmekt e vV e ger i
edilmektedir.

ADC girikleri °rnekl ener ek gel dijinden

dojrudan ADCye iletilecejindemdibu dawpraeal
bajl amal & anahtar teknifj.i kull anéel arak a
zamanda -apraz bajlama tekniiji anahtar vy
baj émséz hal e getirmektedir. Bu ledhe r um,

teknifji il e birlextirildijinde fl ash AL

sajlamaktadeéer .

ADC Dbl okl are ST Mi CMOS dadkmlojisindet raiscasr | @ B ma& kn
serimler:i yapél méekter . Serim sonrasé ber
tekniklerin dojrulujunu g°stermektedir.

yol |l anméxkt eéer . Kasém 2015"'"de °1-¢mlere bal
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1. INTRODUCTION

Communication systems are one of the main driving force behind the electronics
industry. Adrent of the semiconductor process technologies has paved the way for
higher data rates in those systeniierefore,not only wireless communication
systems but also wireline communication systems should satisfy the speed demands

while being accurate enougind power efficient.

Digital process technologies scale faster thaalog, whichshifted the bulk of the
signal processing to the digital domain. Communication systems benefit from that
approach too. In order to process high data rate signals on dgyitalin, highspeed

ADCs are crucial.

A
== DSP [----

anti-alias

fs

Figure 1.1: Generic software radio receiver freemd[1].

High-speedADCs are present on software radio fr@nids. Generic softwaredia
structure is shown ifrigure 1.1. The principle of software radio is to sample the RF
input as close as possible to the antelmadeal case, the input is sampled right after
the antialiasing filter following the antenna so that the operations such as
demodulation, dowstonversion can be done in digital domditawever as stated in
[1], this approach is not currently realizalbiMeverthelesssince it will allow easily
realizable ad portable multistandard receiver and transceiver architectures,
software radio concept is appealing and relies on-gjmged, higéperformance ADC

architectures.



High-speed ADCs take part in wireline communication frentls too. Wireline
communicationchannels suffer from newealities such as channel loss, reflections
and crosgalk. In order to overcome these effects complex equalization techniques
are required which can be effectively realized with AD&%ed receivers which is
shown inFigure 1.2. As stated irf2], "the advantages of such ADiGased receiver
include: better programmability and extensibility to different channel characteristics;
better equalization robustness to process and coeffigenmtions; possibility of

using more powerful signal processing techniques such as sequence detection to
achieve lower BER; and potential of adopting complex modulation schemes beyond
binary PAM".

Optional
HPF/FFE
iNRx > Digital Equalizer / datagy
o | Sequence Detector/ p=—>
CDR

e

Figure 1.2: ADC-based serial I/O receiv§2].

With the data rates exceeding 10 Gbps, single channel ADCs are not able to provide
a power efficient solution for these demands, which calls for-tmezleaved ADCs
which achieve tensfdGS/s sampling rates with power efficiency in lomedium

resolution.

1.1 Thesis Motivation

Interferers should be problematic for communication systems, especially for
wireless. This makes spurs in the frequency spectra important-iftenteaving
errors caus spurs in the spectra. Therefore timeerleaved ADCs benefit from a
technique, whichdecreases the magnitude of spurs. Hence in this tlstsdies of

such a technique haween done.

Time interleaving is a power efficient solution for higpeed conersion demands of

communication systems. However, calibration techniques used in -simghmel

2



ADCs may diminish the efficiency gained biyne interleaving Therefore time
interleaved ADCs benefit from, singtdhannel ADCs based on search algorithms,
which do not require calibration. In addition, channel number of a-imesleaved

ADC should be kept low in order to maintain a pow#icient and norcomplex

clock distribution and to keep estimation and calibration of channel mismatch errors
affordable. Tis calls for fast singlehannel ADCs. Hence, in this thesis abiB1

GS/s single channel ADC architecture is studied and designed to be used in a
+10GS/s timenterleaved ADC.

1.2 Thesis Organization
The organization of the thesis is as follows:

Chapter 2xplains the fundamentals of time interleaved ADCs and errors stem from
channel mismatches. A technique to diminish the channel mismatch effects on SFDR

is proposed.

Chapter 3 includes an overview of singleannel ADCs in statef-the-art time
interleavel ADCs. Then a ®it multi-bit per cycle 1 GS/s singlehannel ADC is
proposed which combines a novel searching algorithm based on redundancy and

novel multiplethreshold generation preamplifier.

Chapter 4 includes an overview of comparators used in-ctdabe-art ADCs and
main comparator specifications. Thannovelcomparator architecture is proposed
which embeds the preamplifier in latch. Comparison of novel architecture with

conventional structures is presented and its advantages are explained.

Chagper 5 explains the design of comparators, flash ADC and bootstrapped switch to
be used in the singlehannel ADC. Layouts of the blocks are shown and results of
postlayout simulations are presented in order to show the accuracy of design. Top
level layoutas well as overall podgayout simulations of singlehannel ADC is

presented too.

Chapter 6 concludes the thesis and possibtere work based on the thesis.






2. TIME INTERLEAVED ADC ARCHITECTURES

2.1 Introduction

Time interleaved ADC (FADC) [3] is power efficient response to the demand for
high-speed ADCs where technology limits the efficiency of a single channel ADC.
Basic principle of operation and timing diagram are showfigare2.1 for an rzbit,

N channel time interleaved ADC. Whole ADC consists of Hditnsingle channel
ADCs (slices) which operate concurrently. Inpsitsampled with a frequency of
Q pT"Yi which is also the aggregate frequency of overall ADC. Sampled
inputs are fed into one of the ADCs in a rovhnereforeeach ADChas an operating
frequency of Q¥ 0. When one of thelices finishes the conversion, its output is

picked by a multiplexer and is given to output.

Following sections explain the advantages and disadvantages ointerieaved
architectures and interleaving errors due to the mismatches between channels. Then
some of the existing solutions to these erasessummarized. In the end, a technique

to diminish the effects of timing mismatch error is presented and design

considerations over this architecture are discussed.

2.2 Time Interleaving Advantages and Disadvantages

Time interleaving offers several advargagver their single channel counterparts in
terms of maximum speed, power consumption and metastability. Ideally, the overall
speed can be increased just by increasing the channel number. As stptgd in
"Interleaving improes the FOM because, as the conversion speed of a single
channel approaches the limits of the technology, the pespeed tradeoff becomes
nonlinear, demanding a disproportionately higher power for a desired increase in
speed". Interleaved ADC channels agerin slower frequencies in which they could

be designed more power efficient. Since power consumption in dynamic circuits is

proportional to operating frequenaglockingnetwork benefit from slower operation



as well. Finally, metastability errors aredueed due to longer clock period of each
channel so that comparators have more time to make a decision.
Time interleaving has disadvantages as well such as area penalty; complex clock

distribution and channel mismatch errors. These errors are main faehich limits
the number of channels in a-ADC. More detailed explanation of channel

mismatch errors are given in following sections.

Analog o n-bit
Digital Output

Input

n-bit
y

t
Figure 2.1: Time interleaved ADC operation principle.

2.3Time Interleaving Errors

Offset, gain and timing mismatches of channels in a-tntexleaved ADC arenain
factors, which limitthe overall resolution of the ADC. Following sections explain

main characteristics of those errors.



In order to observe the error patternsra$dmatch errors in FADCs and their effects

on frequency domain, a behavioratADC model is created and shownAppendix

A. Model creates a sine wave whose points are picked concurrently, such as in Tl
ADC, from nonideal sine waves created with relat errors. For all the cases,=

10 GHz and;f = 127 MHz.

2.3.1 Offset mismatch

Considering different DC offsets of the ADC channels in aADIC, during the
concurrent operation, those offsets produce sgatmrs with a frequency of(f N).

As DC offses are independent from input frequency and amplitude, this errors as
well frequency and amplitude independent. As statefb]inoffset errors produce

spurs at:

Q NQj6 h  Q plthofs (2.1
SNR versus input frequency graph of aADC with only offset error is shown in

Figure2.2. This graph again shows that input frequedogs notaffect the SNR in

presence of offset mismatch.

I Input frequenc

Figure 2.2: SNR versus input frequency graph of errors in-&ADIC from[5].

For N=8, effects of offset mismatch in timd@main and frequenegomain is

observed via TADC model in MATLAB. Peak amplitde of sine wave is picked as



0.06 V and random offset errors with standard deviation of 4 mV were assigned to
channels.Results in timedomain areshown inFigure 2.3. Note that, error has a
constantenvelope, whiclshows that the offset mismatch is amplitude independent.
Frequencydomain results are shownfiigure2.4. As anticipated, spurs due ttset
mismatch appeared onyd) = 0.125 § 2(f/8) = 0.25f and so on.
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Figure 2.3: Ideal sine wave, sine wave with offset mismatch and error signal.
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Figure 2.4: DFT of sine wave with offset mismatch in-ADC.
2.3.2Gain mismatch

In order b observe effects of offset mismatch, fideal gain values were created

with a standard deviation off
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Figure 2.5: Ideal sine wave, sine wave with gain mismatch and error signal
As shown inFigure2.2, gain mismatclkerrordoes not depend on input frequency just
like offset mismatch.However, as shown in Figure 2.5, error is low on zero

crossings meanwhile it increases close to the peakseohsine. Thereforejt can be

said that gain mismatch error changes with input amplitude.
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Figure 2.6: DFT of sine wave with gain mismatch in-ADC.

As stated if5], spurs due tgain mismatch appear at:

Q NQj0 h QO pRkioB (2.2)



Effects of gain mismatch on frequency domain observed for N Erdquency
domain results are shownhigure2.6. As expe&ted for Equation 2.29urs appeared
approximately a0.0127 + 0.25 0.2627 (-0.0127) + 0.25 = 0.237&nd so on.

2.3.3Timing mismatch

Proper clocking is one of the most challenging partsf TI-ADC design. Timing
errors in a TAADC can be random or syshatic. Random timing error igtter,
which is unavoidable in practical casd$owever,system can be made tolerant to
jitter by the design. Systematic part of timing errors stems from the clock skew
mismatch of channels. Those errors are much harder tima¢és and correct
compared to offset mismatch and gain mismatch. It is showifrigure 2.2,
degradation due to timing mismatch increases with ifguency, whichmakes
timing errors more problematic.
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Figure 2.7: Ideal sine wave, sine wave with timing mismatch and error signal.

As stated irff5], spurs due to timing mismatch appear at:

"0 Q. =0h 0 pltiofB (2.3)

In order to observe the effects of timing mismatch on time and frequency domain, for
N = 4, random timing skews were created with standard deviation of 100 ps and were
assignedto channels.Figure 2.7 shows the time domain errors. Note that error

increases on zerorossingsZero crossings are where the slope of the sine wave is at
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its highest. This explains the performance degradation witlreasing input

frequency since high frequency sine waves has higher slope corezesings.
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Figure 2.8: DFT of sine wave with timing mismatch in-ADC.

Effects of timing mismatch on frequency domain at@wn in Figure 2.8. As
expected from Equatio2.3, spurs appeared approximately at (0.0127 + 0.25 =
0.2627), §0.0127 + 0.25 = 0.2373)nd so on.

2.4 Existing Solutions to Time Interleaving Errors

Recent literature shova increasing effort on solutions to timing mismatch errors in

a TI-ADC since it is problematido both estimate and correct. Two types of
estimation and correction are present, namely background and foreground. During
foreground estimation and correctioADC is offline. A time is allocated to
calibration, whichcan be problematic for some applications. On dbatrary, for
background estimation and calibration, the work is done on the fly. This type is more

suitable for adapting the frequently changingditions.

Correction approach is mostly similar considering a digitally controlled delay line is
employed for most of the cases. However, estimation techniques are still a popular
research topic. This section gives few examples from recent literatwavio the

timing mismatch errors for TADCs with conversion speed of 10 GS/s and more.

One approach is employing master traclandhold circuit [6]. In this approach,

timing errors are prevented since there is only one dapkal needed for the master

11



track-andhold, whicheliminates any clock skew. The samples are distributed to the
channels after they are sampled. Although it is a simple and effective solution,
designing a traclandhold circuit with a wide bandwidth is gily challenging. In

[7], an onchip sinusoidal test signal is generatedcbip and fed to each ADC
channel. Subsequently, digital outputs are processedhgdfto decide on the
correction values. A disadvantage of this apgfois that it is foreground. I§8],

errors are statistically estimated. [®], timing skews are estimated by emplayin
feed forward equalizers. 1I110] an embedded riieto-digital converter is used to
estimate the mismatch. All of the last three techniques are background calibration
techniques.

2.5Proposed Technique to Diminish the Effects of Timing Mismatch

Increasing conversion rates make dynamic specifications of ADGsh more
prominent. Among them, Spurious Free DymaiRange (SFDR), is defined [d1]
as "the ratio of the roaheansquare signal amplitude to the roneansquare value

of the highest spurious spectral comgohnin the fist Nyquist zone".

SFDR is especially important for communication systems. Higher data rates makes
the communication bands crowded and this make filtering of interferer signals
cumbersome. If the SFDR is low for the ADC in the receiver side, spurs due to th

strong interferer on the antenna may block the input signal itself.

In Section2.3, it has shown that the time interleaving errors cause spurs in frequency
spectrum, whose amplitudes can be significantly high. Although high rdsta
communication systems benefit from the significant speed advantageADDJ4,

spurs due to interleaving errors may be problematic for those systems.

Instead of estimation and correction approaches in Se2tiran approaclust to
diminish the effect of spurs may be taken. In order to achieve this, an approach called
dynamic element matching, like proposed[12] for DACs, can be adopted. As
stated in11], "The goa of the approach is to equal the elements on average instead
of performing a static correction of the values". Principle of operation is as follows:
Each ADC channel is selected randomly to convert the next sample. In this way,
periodic nature of mismatchrrors explained in SectioB.3 is no longer valid.

Therefore spurs are extinguished and the power of mismatch errors is spread across

12



frequency like in the case of quantization noise. This technique is a background
method, whichmakes it appealing. An important point is that, since there is no error
correction, signato-noise ratio (SNR) of the systedpes notincrease with the
technique.

2.6Behavioral Simulation Results

Behavioral model is used for showing the effectiveness oftebknique. Again,
random timing skews were created with standard deviation of 100 ps and assigned to
8-channel regular FADC and 12channel TIADC with 8 main and 4 redundant
channels. Comparison of two cases was giveRigure 2.9. Note that an SFDR

improvement of 8 dB.
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Figure 2.9: Comparison of Regular JADC (a) and THADC with randomization
(b).

2.7 Implementation Considerations

Possible implementation of the techunggis depicted ifrigure2.10. HereM = N + R
where N denotes thaotal main channel number ari® denotes thenumber of

redundant channels.
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Figure 2.10: Possible mplementation of proposed technique.

Main point where thémplementation divergefsom the theory is the impossibility of
generating true randoneguaces. Pseudcandom sequences with finite length can
be generated with circuitsTherefore,the sequencehsuld be kept as long as

possible.

Second issue arises due to the operation principle-8DK0s. A channel picked for
conversion is not going to besady to be picked for the nexN/fs) seconds.
Therefore, the sequence should be generated keepingdinis ip mind, which
makes the regular pseudandom number generating circuits not available for this

purpose.

Considering aforementioned issues, generating the sequencieip#ind writing it
on an orchip memory is a good solution for implementing thehnique. Memory
size should be chosen for the minimum sequéerngth, whichimproves the SFDR

significantly.

In order to show the effect of the sequence length, random sequences with the
lengths of 16 and 256 are generated and used on the behavidedlandVIATLAB.
Results are shown iRigure 2.11. Note that increasing the sequence length to 256

from 16 improves the SFDR performance by 6.4 dB.
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Figure 2.11: Comparison of randomization sequence lengths: 16 (a) and 256 (b).
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Figure 2.12: Comparison of redundant channel number feh8nnel TIADC: 2 (a)
and 4 (b).
Number of redundant channels asiother important deg consideration. Using
more redundant channels makes randomization more effective since it reduces the
probability of periodicity. In order to prove the point, randomization with infinite

length sequence is applied to-ADC models with 2 and 4 redundaobannels.
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Results are shown iRigure2.12. Note that by using 4 redundant channels, 4 dB of
SFDR improvement is achievediowever,there is an area and complexity and
SFDR tradeoff for the number of redundant ah@els in this caseTherefore,the

number of redundant channels must be considered carefully.
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3. SINGLE CHANNEL HIGH SPEED ADCS

Time-interleaved architectures provide an efficient solution to the spemmver
consumption tradeff [4]. Ideally, the speed can be increased just by increasing the
channel count. However as stated in the Chagieoffset, gain and timing
mismatches between the interleaved ADC channels degrades the performance.
Increasing the interleaving factootnonly exacerbates the estimation and correction

of the interleaving errors but also pushes the power consumption of the whole ADC
far from the optimum. In addition, feasibility of the proposed technique mentioned in
Section2.5 depends on low interleaving factor since it relies on the redundant ADC
channelsTherefore,it is more desirable to increase the speed of a single channel as

much as possible in order to keep the interleaving factor low.

Following sections investigate tiégh-speed single channel ADCs used in stite
the-art time interleaved ADCs and then proposes a novel single channel architecture
suitable for 10 GS/s time interleaved ADC.

3.1 Architectures

In order to achieve more than 10 GS/s with an interleaving fadtahwets power

efficient design, single channel ADCs should reach the speeds greater than 1 GS/s.

Flash ADC is a good candidate since it lends itself for whole conversion in a single
clock cycle. An nrbit flash ADC required(2") i 1] comparators. Combinewith
reference generation and auxiliary circuits, this makes flash ADCs impractical for
medium and high resolutions in terms of power consumption and area. In recent
literature there are several +10 GS/s timerleaved ADCs employing a flash ADC

for single channel. For instance jh0], a 20 GS/s 6 bit timeterleaved ADC is
presented. ADC employs\Bay interleaved 2.5 GS/s flash ADCs.[8], a 12 GS/s

5-bit 8-channel timenterleavedarchitectire, which employs 1.5 GS /s flash ADCs,

is presented. These examples prove the feasibility of flash ADCs for a single channel

in low-resolutiontime-interleaved architectures.
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SAR ADC is one of the commonly used ADC architecture in {imerleaved
architectures with medium and higksolution applications. As stated [ihl], "the
method aims to reduce the circuit complexity and power consumption using a low

conversion rate by allowing one clock period per bit".

However, SAR ALLs resolve 1 bit at a time, which limits their speed. There are
several approaches to circumvent this drawback. One of them is asynchronous
successive approximation AD[@3]. As the name suggests, this type of SAR ADC
does notemploy a synchronous internal clock to proceed the approximations,
periodic clock signal is only used for input sampling. Successive approximation
algorithm suggests that, only one of the approximations falls into 0.5 LSB band of
the input in which compater is close to metastability. Therefore, except this
metastable cycle, approximations will be faster. This makes the use of a synchronous
clock whose period is adjusted for the worst case, unnecessary. In asynchronous
SAR ADC, a ready signal is generataitler resolving each bit to continue with the
next one, which makes the whole conversion faster than the synchronous counterpart
does. In[14], 90 GS/s 8 bit 64vay interleaved SAR ADC is presented. This ADC
employs a 1.2 GS&bit asynchronous SAR ADC as a single channel.

One other approach to increase the speed of a single channel SAR is realized by
resolving multibit per cycle. This approach is based on combining speed advantage

of flash architecture and the energy effiagrof SAR architecturg¢l15]. In [15],

input is sampled on three identical SAR ADCs. Then in other phases, appropriate

switches of these SAR are switched to generate reference voltagesitofiazh

ADC. 3 comparators which are connected to those capacitive networks resuitise 2

in each cycle.

3.2 Proposed Architecture
3.2.1Search algorithm

As stated in previous section, SARDCs, which resolve mukbit per cycle,can
achieve considerably higher speeds pamd to conventional SAR ADC
architecture. A novelarchitecture, which combines muliit per cycle and

redundancy to achievel@t and 1GS/sis presented.

18



Proposed technique uses a novel searching algorithm with redundancy that allows for
relaxed accuy in the first stages of conversion. The conversion is carried out by
three successive approximations. A flash ADC is employed for the coarse
conversion, whereas a mdliit SAR ADC does the fine conversion.

Figure 3.1 depicts thresbld placements of the proposed architecture. 14 level flash
ADC is employed for the coarse conversion. In a standard 4 bit flash ADC,
thresholdswvould be placed every 16 LSBs. Meanwhiiethe proposed architecture,
thanks to the redundancy used in thetnebag, thresholds are placed @t

¢ E p o, 3"IOcan be seen from tHeigure 3.1 that the next SAR stage
intervals overlap. This makes the 1 bit of coarse conversion redundant. This allows
threshold to be createdwith r educed &LSBsur acy of K

After the coarse conversion output of the capacitive D&@iven in Equation 3,1
where™Q stands for the number of thresholds that is triggered during the coarse

conversion.

® 5 Q P p® YO ® (3.2)
Coarse conversion by the flash ADC is succeeded by an intermediate stagé)(SAR
which has intevals of 16 ; +16] LSBs. Note that the intervals of this stage is larger

than the flash stage. This relaxes the accuracy requirements of flash ADC.

SAR-1 stage is a multdit per cycle SAR ADC with redundant levels, which has
thresholds at @ ¢ QO 1 0°Y6iwhere Q —D — p being

0 @. In this stage, redundant levels relax the threshold accuracy requirements by
¢ 0 "Y.GFigure 3.1 demonstrates the placement of thresholds in this stagmnA

overlap of the intervals ifeveraged to relax accuracy requirements. In stage,

3rd, 4th and 5th MSBs are resolved and the output of the capacitive DAC becomes as

given in Equation 3.2Here Q stands for the number of thresholds thet

triggered during the first fine conversion.

W § Q p@ YO Q p TOVYO w (3.2
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Figure 3.1: Threshold placement in the proposed architecture.
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Figure 3.2: Proposed ADC architecture.
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The second SAR stage (SAR performs a standardldt conversion in a cycle. This

stage resolves 3 LSBs which requires maximum accuracy. As it will be explained
later, thee accuracy requirements perfectly match the way thresholds are
implemented in the proposed architecture. In fact, it is easier in our solution to
generate more accurate thresholds when the absolute interval to explore is reduced in
term of LSBs as it ishe case of the last stage3 [ +3] LSBs.

Timing arrangement of the proposed architecture is givekigare 3.3. 4 GHz
master clock is used in the architecture. Sample window is 250 ps long and other
phases are 125 ps long each.

SAMPLE FLASH | DAC1 | SAR1 DAC2 | SAR2 |OUTPUT

Figure 3.3: Timing arrangement of the proposed ADC architecture.

The effectiveness of the proposed searching path is explained with an example. In
Figure 3.4(a), a decision process withoan error is depicted. Ifrigure 3.4(b)
decision errors have been made both of the first two stages. Note that, thanks to the
redundancy, in both of the cases final decisions are same and cbBigact.3.4 is

important, too, for showing the strict accuracy requirements of the last stage.
3.2.2ADC structure

Search algorithm mentioned in Siect3.2.1 is realized by the architaate shown in

Figure 3.2. For the sake ofompactness only the positive input half is shown. This
half of the ADC includes the flash ADC to resolve the first 3 MSB whereas negative
partdoes noemploy a flash ADC. This is due to save area and power since it is not
essential to use a differentiéd determine on the first 3 bits. As discussed in
following sections, errors due to singdaded flash ADC doesn't affect the overall
performance of ADC significantly as necessary measures have been taken to mitigate

the effects.

Flash ADC is not succeed by a decoder structurénstead, a thermometric
capacitive DAC is usedrlhis is advantageous since this DAC also forms the MSB
part of the SAR capacitive DAC.
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Figure 3.4. Example of proposed searchingmga) correct, (b) with decision
errors

23















































































































































































































