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The exponential rate of advances in modern communicativiceein the last several
years have brought us higher levels of functionality andquerance as well as
reductions in physical size and power consumption. To ooetihis rate of
advancement, next generation systems require wider bdttdamd higher resolution
ADCs. Additionally, in order for ADCs to be used in a wide rangf applications,
reconfigurability and adaptability are critical featuré$uture ADCs. Reconfigurable
ADC architectures allow consolidation of receivers for tijpié communication
standards into one, providing size, power and functiopatiprovements over multiple
discrete ADCs. This thesis presents a high performanck-ttad-hold block and
reconfigurable high performance ADC for multi-functionahemunication
applications.

In the design of analog-to-digital converters (ADCSs), ttanf-end track-and-hold or

sample-and-hold is often one of the most challenging pdittssodesign. Open-loop



designs with high sample rates are reaching the limits of linearity. Presented here
is a high-speed, high-resolution closed-loop track-aold-im a 0.18um SiGe BICMOS
technology. The architecture provides both high lineaaitg high speed, with 98.7dB
and 89.4dB SNDR at 50MS/s and 100MS/s, respectively.

As these specifications evolve to meet customer demandshigiwperformance
ADCs are needed. To this end, an efficient parall&]l ADC architecture has been
designed that achieves high performance in digital presessghile also providing
additional architecture flexibility. This ADC, consistioffour parallelAY> ADCs and
a single pipeline ADC provides high performance and recondiglity. This ADC is
suited to applications requiring not only wide-bandwidtigh resolution signal

conversion but an on-the-fly reconfigurable resolution aamtlvidth.
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Chapter 1 — Introduction

Mixed-signal circuits are an invisible but ubiquitous pafreveryday life. Cell phones,
computers, network systems, automobiles, televisiorgrradrplanes and many more
systems of today have been transformed through the develaprh high performance
mixed-signal circuits [1, 2]. As consumers become morentlon these technologies
for their everyday lives, they expect significant advaneegach new generation of
products. These advances include higher levels of furalitynrand performance, as
well as reductions in physical size and power consumptiod][3

The evolution of cellular phones over the last decade ituss the technological
advancements that have been made. Just a short 10 yearellgar phones were the
size of small bricks, needed frequent charging and coulg sahd and receive calls.
Contrast this with today'’s typical cell phone that includkgital cameras, global po-
sitioning systems (GPS), MP3 players, full internet ac@ess email capabilities, and
wireless networking [5]. These devices also serve as camgigital assistants and last
for days on compact batteries. Next generation devicesen#ble high speed, wide
bandwidth video and multimedia streaming and communinatith this capability it
becomes a personal multimedia system with a form factorlenthlan a wallet [1, 2].
Incorporated into the system is the ability to process wbffie signal and carrier fre-
guencies for the many wireless standards such as Bluetdfthi, WiMax, cognitive

radio and GPS [6]. Itis unrealistic from a cost and size pegtype to include a separate



receiver for each wireless standard. Single receiver &ctires are needed that can
provide the functionality of multiple receivers, providithe technology so that small
handheld, energy efficient multimedia devices can be redgliz the future.

Much the same as in portable wireless products, this trermbwibining multiple
functionality and improved performance extends to manyewofiroduct areas. With
competition for sites to place cellular towers, the expesfsa tower installation, and
the limited space and power for equipment, wireless basessamust provide multi-
standard communications with minimal increase in size andep consumption [7].
Other systems, such as military and commercial radar systeawe a growing need for
reconfigurable front ends to provide enhanced informatrahan ability to better track
multiple objects [8, 9, 10]. These market forces pushinglpots in competing direc-
tions, higher performance and increased functionalityijeweducing size and power
consumption, are driving the need for innovation in recantdple, wireless front-end

systems.

1.1 [lllustrative System: Radar

To illustrate the challenges in the system design, a radstesyis examined with a
simplified block diagram shown in Fig. 1.1 [8]. A radar systsmuch like other com-
munication systems consisting of an antenna, transneiifre¢T/R) switch, transmitter,
receiver and associated control and user interfaces. @ihsrtitter transmits a signal to
an antenna where it is aimed at a target. Some of the energleiricon the target is

reflected from the target back in the direction of the radatesy. With the radar now



in receive mode, it listens for this reflection, processimgiteturn signal to display it in

a form the operator can understand.

T/_R —————3| Receiver
Switch

A A

Operator
Beam :
T Transmitter Interface
Aiming

Control

Figure 1.1: Block diagram of a radar system.

Modern radar is a complex system operating in dynamic ang eemplex envi-
ronments such as airports, battlefields, open ocean, sidlbis and a host of other
places. These radar systems are embedded in moving systemasboats, airplanes
and missiles, and in fixed systems such as air traffic contnsisile tracking and early
warning systems. With such a complexity and broad rangedatrrapplications, there
is no single radar system that will work for all applicatiohkence, the design of a radar

system involves many parameters and trade-offs for eaclicappn. Parameters like



beam size and shape, beam steering method, transmit pogggrehcy and pulse dura-
tion, receiver sensitivity, signal-to-noise ratio and thaidth are all important choices in
the design process. Some of these parameters are shownerlThbor various military

radar systems [8]. Wide area search radar needs high povder,bandwidth and low

pulse rates to find small objects at long distances. Nawgaadar needs a narrower
bandwidth and higher pulse rates to provide accurate irdton about the area around
the radar. Fire control radars usually have narrower badithsj lower power and very

high pulse rates to track targets and provide accurateiposihd speed information.

Carrier Peak Transmit .
Radar Type Frequency Power (kW) Bandwidth Pulse Rate

(GHz) (MHZ) (HZ)
AN/SPS-10 54-5.8 195 - 280 1/5 625-650
AN/SPS-55 9-10 130 1.2/12 750-1500
AN/SPS-40 0.4-0.45 200 0.07/1.7 300
AN/SPS-49 0.8-0.9 280 0.4 275/ 285
AN/SPS-48 29-3.1 60 - 2200 17.7 161-1366
AN/SPY-1 3.1-35 4000 - 6000 10 Variable

Table 1.1: Various radar bandwidths and pulse rates.

Of special interest is the receiver bandwidth and sensijtilany of today’s com-
munication systems are moving toward simplified receivérsr significant portions of
the analog and RF circuitry have been replaced with widedaigh resolution analog-
to-digital converters. Radar is no exception [9, 10]. Raxjmtems have evolved from
complex multi-stage receiver systems to the modern simjggrmediate frequency (IF)
receiver such as the receiver shown in Fig. 1.2 [8, 10]. Troslenn receiver system
consists of an antenna followed by a mixer that converts ¢oeived RF signal to a

lower IF signal. The IF signal is amplified and filtered in tikestage, modulated to |



and Q signals, then converted to digital signals by the twoglementary ADCs. The
digital signals are then processed further in the digighai processor (DSP). Two op-
tional blocks are the pulse and moving object detectioresyst Depending on the radar

requirements, they may be done in either analog or digitadaips.

Pulse
Detection

|
9@‘ e >
DSP User
QADC Interface
Q
o Moving Object
>

Detection

MIXER

Y
;
I

Y

Figure 1.2: Block diagram of a single IF radar receiver.

Many of these modern single-IF systems are currently lidhiitg the resolution and
bandwidth of the system ADC. In these systems, the next sldsmiting factor, the
LO phase noise, ranges from 10dB better at 100MS/s to alnbm 2t 3GS/s than
the ADC [11]. Accordingly, at 3GS/s, an ADC performance ease of 20dB can di-
rectly improve the overall receiver performance by as muchQB. The bandwidth of
the receiver also affects the performance of the radar systeseveral ways. A wider
bandwidth allows acquisition of fast moving targets andseasuess pulse shape distor-
tion, thus resulting in more accurate target informatiattdr clutter removal, increased
target resolution and allows easier implementation of demilectronic Counter Mea-
sures (ECM) in the digital domain. But when designing a widadwidth system, the

increase in noise is often the limiting factor. Thus, wheaasing the ADC for a radar



system, two of the important specifications are resolutimhlzandwidth. To limit this
overall noise increase, a wide-band ADC must have an effeaisolution or signal-to-
noise+distortion ratio (SNDR) typically above 14 bits [9]1

Modern radar is a complex system operating in dynamic anga@mnplex environ-
ments. Many of these systems, especially in combat areresequired to be flexible
enough to provide alternate functionality if another sgste damaged or fails. Partic-
ularly in battle systems where size, weight and power comsgiom are factors, having
a radar system that can perform the tasks of several sysseofisarge benefit [8]. Of
equal concern are radar systems that are difficult to detelctidficult to jam. Radar re-
ceiver architectures that can dynamically adjust resmtuthandwidth and signal coding
are an essential building block to achieving such moderribile radar systems. Re-
search into extending the performance of both of these #&eagportant to expanding

the current state of the art.

1.2 Current State of the Art

For many communications applications, the bandwidth oktgeal is partially or even
completely defined by other external factors. To be able nd seore information over
the same bandwidth, the SNDR of the channel has to be inctelisenany cases, this
means increasing the ADC resolution and lowering the AD@di®n. Table 1.2 shows
the ADC specifications for various wireless communicatipstesms [6, 8, 12, 13, 14].
The first two systems, GSM and CDMA, are designed for voicernamication for

cellular phone applications. The next three systems, WCDBIlAetooth and WiMax,



are designed for higher speed communications that maydadboth voice and data.
The last type of system shown is a radar system which wassfisdwearlier. The table

shows that each system needs an ADC with a specific input bdtidand resolution.

Communication Bandwidth (MHz) SNDR (dB) ADC Architecture
System

GSM 0.2 70-80 AY

CDMA 2.0 50 AY
WCDMA 4.0 60 - 70 AY
Bluetooth 15 70 AY
WIMAX 1-20 50-70 AY

Radar 0.07 - 20 30-90 Various

Table 1.2: Various communication system bandwidths andsSNR

Summarized in Fig. 1.3 is the bandwidth versus SNDR for ghield data converters
from 1997 to 2008 [15]. The solid line corresponds to 1ps ittes and represents where
jitter noise becomes the performance limitation. By pigteach type of converter with
a different symbol, the type of converter best for which haidth and SNDR combi-
nation is obvious. This insight provides the initial stagtidirection for this research.
Analyzing the plot there are several obvious trends. FlaBiC#é are centered in the
high bandwidth, low SNDR region. Delta-SigmAX ) ADCs are centered in the low
bandwidth, high SNDR region with the other types sandwidhdtie middle. Pipeline
and folding architects occupy the higher portion of the rtedzbne, while successive
approximation architectures generally occupy the loweiopmance regions.

Re-examining Table 1.2 with this survey in mind, it becomleaicwhich converters
are best suited to each application. With bandwidths in tieeto four MHz range and

SNDR requirements between 50 and 80dB, , SAR, pipeline and folding architec-
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Figure 1.3: Survey of ADC performance (1997 - 2008).

tures are all possibilities for the CDMA, WCDMA, Bluetooth&aWiMax applications.
And in many applicationa: ADCs are chosen because of their low power usage, high
linearity and ease of integration in existing digital preses [6, 14]. For GSM, with very
narrow bandwidth and high SNDR requirements, the prefemgiementation is &\
ADC. The radar system with its high variability in both bandtl and SNDR uses sev-
eral architectures. Very wide bandwidth radar with low SNBRisually implemented
with a flash ADC while low bandwidth, high SNDR radar is usyathplemented with

AY ADCs. The mid-resolution radar systems can be implememtesither pipeline,
flash, SAR, orAY. depending on the actual requirements [10, 11, 16].

Some of the communication applications that were discusadgkr are pushing the



envelope of both bandwidth and SNDR performance. In Fig.thi8 is the area near
the jitter performance limitation and on the upper rightsid that line. To achieve con-
vergent communication systems means not only are bettek gleneration circuits and
track-and-hold circuits needed to help meet the jitter irequents but also significantly
improved ADC designs.

For SNDRs greater than approximately 75 dB, the most commd@ Architec-
ture by far isAY based. This is for several reasons. Firsth\a ADC is designed
to trade-off speed for linearity, giving it inherently highSNDR. Secondly, the struc-
ture of aAY ADC makes it much less sensitive to process non-idealibespared to
most other ADC architectureg\>: ADCs allow the design of very high SNDR ADCs
with relatively poorly performing circuit components. Viththe A>> ADC architecture
can be highly linear, speed is traded off to obtain this higkdrity [17]. To increase
both linearity and bandwidth, one option is to use the paral>- architecture [18],
sacrificing silicon area for increased speed. For many egipdins, where cost is the
driving concern, this is not the best option. However, fansapplications where per-
formance needs warrant the cost, this solution is viable.dWty is this approach well
suited to fine line digital processes, but the design iseasilable. The parallel ap-
proach also has the advantage of basic on-the-fly reconfiusggnal processing, and
easily reconfigurable bandwidths and resolutions. Theegystvith multiple channels
and reconfigurable modulation and filter banks, enablesvaialtill changes from a wide
bandwidth, low resolution option to a narrow bandwidth,ihrgsolution option. This
architecture can capture multiple narrow band signalsfegrdint frequencies with high

accuracy by tuning sets of channels to capture differemiaésy There is also an added
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advantage for systems where signals are encoded with amlabgodings such as in
radar or CDMA [10, 19, 20]. The reconfigurable modulation barfurther utilized to
help improve signal correlation before the signal enteesABC, thus improving SNR.

The next generation of wireless communications systemsagliire not only wider
bandwidth, high SNDR ADCs but also ADCs that are reconfiglerabd adaptable, thus
allowing the same ADC to be used for a range bandwidths andR&NDhe ADC needs
to be reconfigured during operation to meet the requirenwdrédach standard.

Consolidating multiple receiver architectures into orepdes size, power and func-
tionality improvements over multiple discrete receiveFsom the insight provided in
Fig. 1.3, to direct the search for converter architectuoesHe next generation conver-
gent wireless receiver communication systems, wide badttivand high SNDRAY
ADCs are a necessity. This research provides one solutiaddeess this need.

In this dissertation, a novel parall&l>; ADC is presented that utilizes ideas from
flash architectures, and includes flash and pipeline sextioa parallelAY> ADC ar-
chitecture to create a convergent reconfigurable ADC thgtesforms other ADCs.
Chapter 2 describes a novel closed-loop track-and-holutanture that reduces previ-
ous stage loading while improving SNDR and has reducedtsgtysio clock aperture
jitter. The novel paralle\Y ADC architecture is presented in Chapter 3. Chapter 4
describes the design and measured results of the convéirtaily, Chapter 5 provides

an overall summary of the work and future research direstion
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Chapter 2 — A High Performance Track and Hold

2.1 Introduction

As the initial operational block of a discrete-time ADC,dkaand-hold or sample-and-
hold circuits are important building blocks in many analod aixed-signal circuits. As
shown in Fig. 2.1, the track-and-hold block samples thetismnal based on a clock
signal and then holds that value at the output until the clkigkal triggers the next
sample. This is necessary so that the ADC circuit that fadlbas a stable analog input
signal to convert. The track-and-hold circuit is at the frend of the ADC and signal
errors introduced by the track-and-hold block can be vdificdlt, if not impossible, to
correct or remove. Considering this, performance of thektand-hold circuit can easily
be the limiting factor in the design of high performance agaio-digital converters
and other circuits. Distortion, noise, and to a lesser eéxgam and offset errors are
indistinguishable from the input signal to the ADC. Thereforesearch into the next
generation of ADCs is not complete unless there are alsoavepnents in track-and-
hold circuits and architectures.

Critical to the performance of track-and-hold circuits aempling and aperature
jitter and sampling error. Sampling jitter is the time vaa between when the input
should be sampled and when it is actually sampled. Aperdtteeis the variation in

the settling time when the switch is closed. Sampling ersahe difference between
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Clock

Analog l

In .o
\ ADC Digital

Out

Figure 2.1: An ADC showing the track-and-hold block.

an “ideally” sampled signal and the actual signal. Thesedageacies in sampling the

signal result in a reduction in the signal-to-noise ratiNiR of the track-and-hold.

2.2 Comparasion of Track-and-Hold Architectures

There are two classes of track-and-holds (T/H). The firstscland simplest are the
open-loop track-and-holds [21, 22, 23]. These architesteonsist of a switch, a hold
capacitor and usually an opamp as shown in Fig. 2.2. Whenwitelsis closed, the
output of the open-loop track-and-hold circuit tracks ttygut signal. When the switch
is opened, the voltage stored on the sampling capacitgris held at the final input
value at the instant before the switch was opened. The aprgtitiffers the hold ca-
pacitor and provides a stable output voltage. Unfortugathce it is an open-loop
circuit, high linearity is difficult to achieve, especialy high sample rates where switch
non-idealities limit performance. Many schemes to helpdnize this switch have been
proposed including clock boosting, dummy switch transgtand special switch phas-

ing [24, 25, 26]. The final serious drawback is that the urdreffl switch at the input
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can adversely effect the previous circuitry due to excedsiading and input switching

transients.
s\
Vin L ¢ +
AV Vout
Cs 0
Figure 2.2: Open-loop track-and-hold architecture.
Cs
|
N
Vin _ fS\
Gm -Av —— Vout

Figure 2.3: A closed-loop track-and-hold architecture.

The second class of track-and-hold circuits are the cléseplirack-and-holds [22,
23, 27] as shown in Fig. 2.3. This is a more complex architegtwhere the switch is
contained within a closed loop, reducing the non-ideal dwéffects and providing a
built-in anti-aliasing filter. In a closed loop architeauyrthe input signal};,, is com-
pared to the output signdl,,;. The difference between these two signals is converted to
an error current which passes through the switch elementlzanrges the hold capacitor,

C,. The output amplifier-- Av, is capable of driving the output.
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The closed-loop track-and-hold has some disadvantagesreTf an increase in
complexity and power due to the system architecture. Thewaith of the track-and-
hold is limited by the bandwidth of the initial transcondurdblock. Thus it not suitable
for very high speed sub-sampling applications. And, in toldito being somewhat
more complicated and requiring more power to operate, ireg higher frequency
(fr) transistors to achieve the same sample rate as an opeddsagm. While these dis-
advantages make the closed-loop track-and-hold a poocelfmi some applications, it
is well suited for applications where high-linearity is tkey system goal and for appli-
cations where noise and loading on the previous circuit aigraficant consideration.
Since the switch is enclosed in a feedback loop, many of theighealities of the switch
have little impact on the performance of the circuit. Thigamtve feedback loop also
suppresses the nonlinearities that exist in the transatadand amplifier. This allows
for high overall linearity with relaxed individual circulinearity requirements. The
switching transients are isolated from the previous cirand do not have to supply the
high current to charge the capacitor.

Clock jitter at the front-end track-and-hold can easily e limiting factor in data
converter performance [15] and its affect on open and clésepl track-and-holds is
different. While clock jitter cannot be corrected in theckaand-hold, aperature jitter,
or the variation of the sampling period, can be greatly reduay using a closed-loop
track-and-hold. The expression for the reduction in apeegjitter noise of a closed-

loop over an open-loop track-and-hold is given below [28]:
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dB (2.1)

SNRep_or = 10log “ €207 41 — 2e¥07cos(win T) } {sm(ﬂfmT)} —2

(1 — emw0om)2 4 w2 g2e~2wo0r T fin0r

wheref;, is the input frequency, is the integration time angl. is the standard deviation
of the aperture jitter, and whetg is the unity-gain bandwidth of the closed loop and
win = 27 fin. Solving this equation with an input frequency of 1MHz, ategration
time of 5ns, a closed-loop bandwidth of 160MHz and sweepgjitter from Ops to
100ps rms, shows approximately 62dB of improvement in dpegditter induced error.
Thus, using a closed-loop track-and-hold significantlyuess the aperature jitter while
improving the linearity.

Having compared the open-loop to the closed-loop trackkaoid architectures, the
closed-loop architecture was chosen. For this design, mghirements of moderately
high sample rates and high linearty, the closed-loop achite is the best choice. Next,
a novel implementation of this architecture, is preserttatiachieves both high linearity
operation and moderate sample rates. The performance revephby extending the

sampling bandwidth and relaxing the input drive requiretaen

2.3 The Closed-Loop Architecture

The closed-loop track-and-holds shown in Fig. 2.5 (a) anddénsist of one or more
transconductors, a switch, a hold capacitor, and an opaf2 {2 30, 28]. These closed-

loop track-and-hold architectures can be classified intorivajor catagories based on
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the location of the summing node. In Fig. 2.5(a) there are separate~,,, blocks,
one for the input signal,,;) and one for the feedback signal. ) followed by a
current summing node. Since thg,; block is outside the feedback path, any errors or
distortion introduced will not be suppressed by the feellbagp. This is also true for
the feedback transconductd?,, ;,. Additionally, any gain errors between the 1,
blocks will result in an overall T/H gain error since the kaand-hold gain is related
to the ratio of the input and feedback,, blocks. The second architecture shown in
Fig. 2.5(b), subtracts the input signal from the feedbagkali at the input of thé&-,,
block. The error signal then passes through the ¢&stblock where it is converted
to a current and charges the hold capacitor. In many casesutheing is done with
passive, linear resistors and only the error signal is mgagseugh active components.
This results in a very linear track and hold circuit, limitedly by the ability of the
circuit to keep the resistor node at a virtual ground.

Assuming that each architecture uses the same resisted-thesisconductor, the
linearity of each can be compared. Non-linearity can be shimaAbe a function of the
node voltage at the virtual ground of a non-linear block edigack [31]. In this case,
the virtual ground node is,, connected to the resistor in Fig. 2.6. Comparing the signal
magnitude at the virtual ground node for both architectymesides an easy way to
compare relative linearities. The equation for transfecfion fromuv;,, to eachw, for

the first architecture is:
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Vel —1
Vin gmsznA -1
—ImsR1A (2.2)
Uz2 (24492, Ry Rin A—gmv g f Rin RiA+gm p Ri—2A0 g Rin —2 A0 gmp R pp) A+2 A,
Vin, 1+ sC (Ayv+1)(g2, Rpp Rin RiA%2 =g Rin Rl A—Gmp Rin—gmy Ry R A+ Ry)

(2A'Ug,2anbeinA_gmbgmf RanlA+gmf Rl _2AvgmbRin_2A’Ugmbeb)A+2Av

and for the second architecture is:

(Av—i-l)beRlSC-i-be
Vg (g'anbeRin_A’UgrnfRian)A_Rin_be

m - 1+ sC (Av+1) Ry (gmpRyp Rin A—Rin+Ryyp) (23)

(gmbebRin_AvgmfRian)A_Rin_be

whereR;,, andRy, are the input and feedback resistaxs; andg,,, are the feedforward
and feedback transconductolg,is the outputimpedance of thyg, ; block, A is the gain
of the gain block in the modified transconductor, an@'F' is the opamp gain factor
1/A, + 1 whereA, is the gain of the hold amplifier.

Plotting max(v,1, v.2) for the first case and, for the second case in Fig. 2.4, it is
obvious that at low frequencies in the second architectyréas significantly a lower
magnitude. This result shows that for input signal freqiendelow800M H = the
second closed-loop architecture provides significantiyrowed linearity.

Analyzing Equation (2.3), we see that the low frequency brinawhenjw = 0 and

R, = Ry, is governed by:

2 . be ~ 1
Vin =0 Agmbeme - AAvgmfRanl - Rm - be - _AAvgmle

(2.4)

showing that increasing either the feedforward transcotaghce g, s, the transconduc-



18

Input signal attenuation, dB

g0 Lol vl vl il il o ol
10" 10° 10 10° 10* 10° 10° 107 108 10°  10%°
Frequency, Hz

Figure 2.4: Input signal attenuation at virtual ground nfmtéwo track-and-hold archi-
tectures.

tor output impedance?;, or the gain of the amplifierd and A,,, reduces the magnitude
of v,, thus improving system linearity. At higher frequencid® magnitude of, be-
gins to increase at 20 db/dec due to a system zero. The fregéthe zero is given

by:
1
(A, + )R, C”

W, ~

(2.5)

At some point the magnitude af, stops increasing with frequency due to a high fre-
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Parameter Equation
Imf __1

Wpole 9 ARpC

w ;

zero (A1/+1)RIC

T

[Velu=o —AAvgn Ry

Table 2.1: Pole, zero and gain equationsifpnode.

guency pole in the circuit. This pole is localed at:

o (gmpRppRinn — AvgmsRinR1)A — Riyy — Ry
g (Ay + D Ri(gmp Ry RinA — Ry, + Rpp,)C
AvgmmeA (2.6)
(AU -+ 1)(gmbemeA — Ry, + be)C
s
Jmb AbeC

~
~

and decreasingl, Ry, or C will increase the pole frequency. Table 2.1 shows these
simplified equations.

To optimize the linearity of this design, increasing theegpahd zero frequencies
and decreasing the magitudewgfat DC are necessary. Decreasing the zero frequency,
while reducing the high frequency magnitide:gf is not desirable since it can make the
track and hold unstable. From Table 2.1, to achieve thisvopétion,g,,, R;, A, could
in increased within reason &4 and A, also control the zero frequency. Similarily,;
and R, can be decreased to help achieve the necessary performance.

Either of these track-and-hold architectures can be usethi®design. But, since
the goal of this work is a highly linear track-and-hold citcuhe second architecture
with the best inherent linearity was choosen. Choosing dlused-loop architecture

limits the available choices of transconductor types leguanly one, the resistor-based
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|
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Vin _ fS\V
Gm -Av —— Vout

(b)

Figure 2.5: Various closed-loop architectures.

transconductor.
Assuming ideal components, the closed-loop transfer fonéor the track-and-hold

(switch closed) is:
Vo 1

= 2.7
Vi 1+$GC—;’ 27

where(C is the capacitance ar@,, is the transconductance. The closed-loop settling
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. Since the

is then governed by the closed-loop time constant whicmf®.7), is C;

G

capacitor size is set by tHg noise requirements, the transconductard¢g, must be

selected so that the settling and distortion requiremeetsnet.

Rin lout

Vin /\/\/ —Av

Ifb

Figure 2.6: A standard resistor-based transconductor.

A standard high-linearity resistor-based transcondy2@yr30] is shown in Fig. 2.6.
For this circuit, the transconductance is approxima%lywhere R is the size of the
resistor.

For fast, high resolution track-and-holds, the perforneaadixed by the closed-loop
time constant and th% noise from the resistor capacitor combination. Assumieglid
components, the closed-loop transfer function for thektiaed-hold (switch closed) can

be shown to be:
Vo B 1

Vi~ Tisl

(2.8)

where(C is the capacitance ar@,, is the transconductance. The closed-loop settling

Since the

is then governed by the closed-loop time constant whicmf(®.8), is C

Gm'’
capacitor size is set by thfig noise requirements, the transconductaii¢g, must be
selected so that the settling and distortion requiremeetsnet.

Once the capacitor is sized to meet noise requirements,ettleng rate must be
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set by the resistor and, for fast settling rates, the resistdoecomes too small for a
completely integrated solution to be feasible. For exaniplel6 bit settling accuracy
at 100MS/s with a 20pF capacitor, 12 time constai?s) are required and the resistor

size needed would be:
1
T  12Fs/2

F=c="7

= 200 (2.9)

A small-valued input resistor results in excessive loadihgoth the earlier stages and
the hold amplifier driving the feedback into the transcoridublock. As a result, the
design consumes excessive current to drive this low impeland greatly increases the

chip area and power consumption.

s A cs
||
|
Vi Rin fs\<
L4\/\/—4 gmff — -Av —— Vout
lout
Rfb
Vib /\/\/
. J

Figure 2.7: Low distortion closed-loop track-and-holdhatecture.

To avoid the prohibitively small valued resistors, an extegree of freedom needs
to be introduced which decouples the choice of the resisterfsom the circuit band-
width. The novel circuit architecture that achieves thialge shown in Fig. 2.7. Inside

the shaded box is th@,, block, detailed to show the constituent parts. Resistdos su
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tract the output from the input and since these resistorsregar, passive elements, they
will not introduce any significant distortion. The summingde, S, is held at virtual
ground by the amplifier block4, and the loca(~,, feedback block¢,,,. The feedfor-
ward transconductance,, s, converts the error voltage to a current to charge the hold
capacitor. The amplifier- Av, drives the output.

Considering just the input transconductor block transterction, from the input,

Vin, to the output currentl,,;, is:

-o Gzn m m
Lo _ TinImis ~ G, Imis (2.10)
Vi Imfo + 4" Gmfb

G;,
A <<gmfb

whereG,, is RL A is the gain of the amplifiery,, /s, is the conductance of the feed-
forward transconductor angl, s, is the conductance of the feedback transconductor.
By modifying the ratio of the feedforward conductance tofgmdback conductance, a
reasonably sized resistor can be used while maintainingairee track-and-hold band-
width. For example, from Eq. (2.9) for 16 bit settling acayat 100MS/s with a 20pF
capacitor, the input resistor size48¢). Using Eq. (2.10) with a"g:ﬁ ratio of 10, the
resulting resistor size i800€). This reduces both the loading on the previous circuit
driving the track-and-hold and the output current of thedrerhplifer at the output of
the track-and-hold, resulting in easier integration amngelopower consumption.
Referring back to Fig. 2.7, it is seen tH3}, is converted from a voltage to a current
by the input resistorR;,,. This current is summed on the other side of the resistor with
the feedback current throughy, to create an error signal. The voltage at this node is

measured with the error amplifiet, This amplifier provides gain which reduces errors,
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improves linearity and maintains the summing node at viguaund. The&,,, s, output
is the negative of the error current which cancels the eumeat at the summing node.
Thed,,r; block provides the current which charges the hold capaditor
The amplifier,— A,, with the hold capacito(’, functions as an integrator, integrat-
ing the error current onto the hold capacitor. The voltageebutput of the integrator,
Vout, Provides both the feedback signal 8y, and the final output of the track-and-hold.
The switch element in the feedforward path provides thétaacl hold functionality.
When the switch is closed, the system tracks the input sigeaping the voltage across
hold capacitor(’;, equal to the input voltage. When the clock changes stageswiitch
opens, disconnecting the error current from the integrpterventing current from being
integrated onto the hold capacitor. In this state the velagoss the hold capacitor does

not change, and therefolg,;, the output of the track-and-hold, is held constant.

2.4 Track-and-hold Circuit Design

To achieve the necessary specifications of 100MS/s samglevidle maintaining the
high linearity of 95dB SNDR (15 bits), a closed-loop tractdehold must be built in
a process that has high bandwidth transistors. For low euo@sumption, the small
signal transistor transconductange;, must be high for a specific bias current. With
this in mind, the track-and-hold was designed in IBM’s 7THB&BICMOS processes,
taking advantage of the 120GHz NPN bipolar transistors and the 0,48 CMOS
transistors. The NPN transistors in this process are degigm work up to a 2.5V

supply voltage. There are three varieties of CMOS transsgtandard 1.8V and 2.5V
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ones and a thick gate oxide transistor that can operate\at 3.3

To achieve the full performance that this architecture pses) careful circuit design
is critical. There are three major blocks to the modified etb®op track-and-hold of
Fig. 2.7. These blocks are the input transconductor, thiecbwiement, and the output
amplifier.

The schematic of the resistor-based transconductor isrsimokig. 2.8. The schematic
has been annotated to show the various functional blockiair@d in Fig. 2.7. The
shaded regions show each of the functional blocks. At thetiape the input resistors,
connected at the summing nodg,to the input of the amplifietd and theG,,, ;.. In the
center of the circuit is th&',,, s, circuitry. Starting with the input, the input and feedback
resistors ard;, and R, respectively. Thed block of Fig. 2.7 is composed ¢}, » and
associated load transistars, ,. TheG,, s, block is created from the transistaps , and
the associated tail currents. The combination of amplifler, and feedback(); , can
also be viewed as a voltage regulator which keeps the summoithg at the base @f; »
at a fixed voltage. Thé&/,,;; block in Fig. 2.7 is made of the differential pai); s in
association with the tail current source. The load resssiyr, provide bias current for
the OTA as well as setting the output common-mode at a fixegeva)s; ¢ in conjunc-
tion with R, , level shift the output of the error amplifief to maintain signal swing and
allow the circuit to operate at lower supply voltages.

This circuit is designed to meet specifications as a buildilagk for covergent
communications systems, where relatively wide bandwidith lsigh linearity are key
requirements. The track-and-hold is designed to provideitssor 90dB of SNDR at a

sample rate of 100MS/s. The sampling capacitor, calculadésed on signal swing and
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vdd Vdd

(a) Overall transconductor schematic.

lout

Q7 Q8
Q7c Q8c

(b) Cy. compensation.

Figure 2.8: The resistor-based transconductor.

noise %), Is 20pF in size. To achieve the necessary bandwidth fompdete settling,
using Eg. (2.9), &, of 50mS is required. Using Eq. 2.10,?"5—15 ratio of 10 is chosen
to give an input resistor size @bos.

Transistors®); and @), that compose the main part of the amplifiet) (are sized



27

with the collector current at 2.5mA, to maximize bandwiditit grovide adequate gain
for the linearity and stability requirements. TransistQrsand (), constitute they,, s,
part of the circuit and are sized to compensate for the cufrem a 0.5V difference
between the input signal across t#)( input resistor and th200¢ feedback resistor.
This results in a bias current of 2.5mA. Tlﬁgi—i ratio is set by the ratio of current
between); , and the feedforward block @ s. This dictates that the current through
Q7.5 1S 25mA.

The relatively large current throughy s means that to keep the current density of the
transistors within acceptable limits, the transistorstbbedarge. As the NPN transistor
increase in size, the capacitance between the base andlégwaoC),. also increases.
This capacitance creates a zero in the transconductofeérdagaction, thus degrading
the phase margin of the transconductor and making the dwexek-and-hold difficult
to stablize. To compensate for this zero, extra NPN tram@istre added to the transcon-
ductor. These are shown in Fig. 2.8. By connectihg,, across the differential pair,
Q7.s, in this manner, the zero can be approximately canceleddyging a matched ca-
pacitance that is connected to the opposite side of the AengB2]. A similar scheme
is employed to compensate for the zerog)eh.

The switch element is the next circuit block examined. Thigadws inside the feed-
back loop and connects the sampling capacitor to transoboidoutput. The switch on-
resistance is not critical since one side of it is conneabeal relatively high impedance
current source. This means that the switch can be very sthadl,reducing clock cou-
pling and charge injection. With these relaxed requiresiensimple NMOS switch can

be used instead of a complex switch with compensation scheouh as clock boosting.
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Figure 2.9: Hold capacitor amplifier.

The final circuit block in the track-and-hold is the hold arfipi. A two-stage
CMOS amplifier is used in this design. The amplifier, Fig. 2d&hsists of a differential
pair, M, 5, and active load/; , followed by the output stag&/;_,,. The common mode
feedback circuit consisting @if;,_14 sets the output common mode by adjusting the dif-
ferential pair tail current [33]. The major design requikarthis providing the slewing
currents required to charge the hold capacitor. For a hgdator of20pF’, the current

in the output branch must be 25mA. The amplifier is designddht@ a open-loop gain
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of 45 dB and a unity gain bandwidth of 800 MHz. This relativedyw amplifier gain
is sufficient because the track-and-hold feedback loop emsgnates. However, wide
bandwidth is important to preserve overall loop stabili§ince the main pole of the
closed-loop track-and-hold is set by the transconduGtgrand the hold capacitor, to
maintain loop stability any second poles such as the holdiengole must be high

enough in frequency to not affect the main loop phase margin.

2.5 Simulations and Experimental Results

This design is integrated in IBM’s 7HP BICMOS process with état layers occuping
a total active area is 3 x 4 ntmThe die photo is shown in Fig. 2.10(a) and includes 3
separate, identical track and hold circuits. A close-uptplod a single track-and-hold
is shown in Fig. 2.10(b) and occupies 1.2 x 2 farithe blocks of the track-and-hold,
starting at the inputs on the left are the input and feedbesistors which are interdig-
itated for matching. These are followed by the transcoraucthe switch elements
come next, followed by the hold capacitors. The final blodkeshold amplifier.

The 20pF hold capacitor is implemented as a MIM capacitohemtetal layer 5 and
each one occupies an area of 400um x 400um. Using a MIM capaeduces parasitic
capacitance and because of the metal and oxide used in wctiestr, it has a very low
voltage coefficient making it very linear. Next to the capaicis the switch and driver.
The switch is made of a single NMOS transistor with a siz%%%.

The transconductor block is shown in Fig. 2.10(b). The inpamsconductor is a

critial block in this design with a total current consumgptiof approximately 70mA
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Figure 2.10: Track-and-hold die photos.
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at 2.5V. The majority of that current, 50mA, flows through thg,; block. The two
transistors in this blocky); s, have collector currents of 25mA each. With such large
currents, proper layout is critical to provide matchingvestn the transistors and main-
tain constant temperature across both transistors. Theblioek is the hold capacitor
amplifier as shown on Fig. 2.10(b). Each branch of the ampisidiased at 25mA,

resulting of a total current consumption of 100mA to meetglssving requirements.

2000pum
0.38um

The input transistors, sized for these currents ha%’e@f . The layout and rout-
ing for such large currents is an issue, making the amplifggrificantly larger than
just the transistor area alone. With a maximum current den$i500uA per 1um of
width, the metal routing for the amplifier has to be wide and sisveral layers to carry
all the current. A via resistance ©6<) means that most of the connections in the am-
plifier require a “sea of vias” to lower the inter-metal conotien resistance. Routing
large power busses on the upper, thicker copper metal laygrstheir significantly in-
creased current carrying capacity, provides stable, lopemlance power supply routing
to the amplifer. Careful layout and judicious interdigibatare vital to proper operation
of this circuit.

Testing a high-speed, high accuracy track-and-hold (T/isgnts some unique
challenges. If the track-and-hold performance is comparab better than available
ADCs, there is no easy way to measure the T/H output at fukd@ad at the full ac-
curacy. To circumvent this problem, one T/H is connectednimtizer identical T/H so
that the second T/H sub-samples the output of the first T/kk T3t system is shown
in Fig. 2.11. The sub-sampled output of the second T/H is fegld much longer time

so that it can be accurately measured by a slow, but very atec&DC. The origonal
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output signal of the first T/H circuit can then be reconsdctThis reconstruction is
illustrated in Fig. 2.12. The first T/H is clocked with a cloaknning atF;. The second
T/H is then clocked a{% whereN is a large number. AfteN samples, it is possible
to reconstruct one period of the output of the first T/H citcdio have the minimum
negative effect on the performance, the parasitics betiween/Hs are minimized. This
is accomplished by connecting one T/H to another on the sdio@nsdie. This can be
seen in Fig. 2.10(a) whefB/ H, andT'/ H, are connected together with separate clock

inputs andl’/ H is a single T/H to aid in debugging.

High Accuracy Digitizer
Audio Precision

Signal Generator T/H 3>

Y
Y
A

A A
Fs Fs/(N+1)

Clock Generator

Figure 2.11: Experimental Test Setup.

A printed circuit board (PCB) was created with chip and asged support circuitry
onit. The PCB is designed using chip-on-board (COB) teatoto provide the lowest
parasitic packaging possible. The chip is positioned ircteer of the board and can be
clearly seen in Fig. 2.13. The rest of the circuitry is plaaesund the board to provide
the best connection paths while allowing room to probe thp oking RF probes if
necessatry.

The time domain response of the track-and-hold is showngnZiL4. Fig. 2.14 (a)
shows a complete input cycle of a 3.125MHz input signal sechpt 50MS/s. Part (b)

of the figure shows a single sample of the same waveform wieseng), tracking, and
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Figure 2.13: PCB photograph showing chip on board.

holding parts of the sample can be clearly seen. When th& alatiches from hold

mode to track mode the track-and-hold initially slews toibégacking the input signal.
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Once the sampling switch opens again, the track-and-had gdao hold mode where
it no longer tracks the input signal but keeps the output hela constant level that is
equal to the signal level the instant the switch is opened.

Fig. 2.15 shows the frequency spectrum for various samjps end input frequen-
cies. Fig. 2.15 (a) shows the results for a 50MS/s samplewétie a SNDR of over 16
bits. Fig. 2.15 (b) shows the results for a 100MS/s sampég eatd an SNDR of approx-
imately 15 bits. In both of these plots, the input tone plwesfibst 3 harmonics of the
input signal are visible. The noise floor, dominated by flrakeise in the low frequency
region, is below 100dB. The total SNDR of the system is lichiby the power in the
first harmonic.

The final specifications from simulation and testing are sanmwad in Table 2.2.
The simulation results show an SNDR ranging from 98.7dB4A b@s) at 50MS/s down
to 84.4dB (14 bits) at 400MS/s.

Simulation
Supply Voltage 2.5V
Supply Current 220mA
SNDR @ 50MS/s 98.7dB
SNDR @ 100MS/s 89.4dB
SNDR @ 200MS/s 89.3dB
SNDR @ 400MS/s 84.4dB
Signal Feedthrough:
0-100MHz <-92dB
above 100MHZ <-65dB
Signal Bandwidth (-3dB) 156MHz

Table 2.2: System Specifications

The simulated performance of this track-and-hold has beerpared to other pub-
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lished T/Hs in Fig. 2.17 [23, 34, 35, 36]. The first plot, Figl2(a), plots resolution

as a function of power consumption. This work, shown as thaes in the upper right

guandrant, achieves the highest SNDR for the power consampThe second plot,

Fig. 2.17(a), plots resolution as a function of sample ratgain, this work is repre-

sented by circles. Operating the track-and-hold at varicaguencies results in multi-
ple circles showing different performance points. For dnr@gle rate this track-and-hold
achieves the best performance of any track-and-hold diyneablished.

Initial testing of the track-and-hold chip resulted in thsadbvery of several ESD
diodes that had been connected backwards. This causedtaistoit from the power
rails to ground. The chip was processed by Evans Analyticauf® using Focused
lon Beam (FIB) Milling to attempt to removed the diode corimats. Testing of this
processed chip reveiled a second short circuit in the commade feedback of one of
the track-and-holds. This short was discovered usingreftramaging and is shown in
Fig. 2.16. The origin of this short is still unknown sincestonly in one of the three
identical track-and-holds. Subsequent FIB attempts wesnotessful in removing all

shorts since FIBing the thick copper metal layers in the @segs difficult.

2.6 Conclusions

A 2.5V BIiCMOS track-and-hold that achieves a simulated SNB#iRying from 98.7dB
(16.4 bits) at 50MS/s down to 84.4dB (14 bits) at 400MS/s heenlpresented. The
use of a modified transconductor in the closed-loop archite@and a BICMOS process

were crucial in achieving this high performance design. dihauit operates on a single
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2.5V supply and consumes 220mA of current. This design isngoortant achievement

in the design of higher and faster data converters and othedmsignal circuits.
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Figure 2.14: Simulated time-domain track-and-hold oufparn post-layout extraction.
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Figure 2.15: Simulated frequency domain track-and-holighwifrom post-layout ex-
traction.
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Chapter 3 — A Paralleh> ADC Architecture for Covergent Systems

3.1 Introduction

A high-speed, high-resolutioAY} architecture is introduced that combines parallelism
and a shared multi-bit quantizer. This architecture presisignificantly reduced power
and area consumption compared to conventional paraleADCs, while maintaining
high resolution [18]. The architecture uses a reduced sanadé Leslie-Singh channel
to enable sharing of one second stage ADC between the pafadlienels. This results
in reduced power consumption and smaller chip area.

The design in this paper achieves 16 bits of resolution, wdhtimes oversampling
ratio using a parallel system with four third-order chasreid one 9-bit second stage.
The paper is organized as follows. In Section 2, we reviewptrallel A architecture
and discuss the reduced sampling MASH architecture. In@e8tthe new architecture
improvements are discussed. Analysis and a design examglgesented in Sections

4 and 5. Section 6 contains the simulation results followethke conclusion.

3.2 Architecture

Traditionally to increase the bandwidth ofA&&® A/D converter while maintaining the
required resolution, either the order of the system is emed and the zeros of the

system optimized or the sample rate of the system is incdeasieoth. If parallelism is
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used then the bandwidth can be adjusted independent ofdke @irtheAY. modulator
and to some degree the sample rate of the system.

The parallelAY: architecture is shown in Fig. 3.1. It consists of a front-eighal
modulator, a set of standard> A/D converters, digital filtering, signal demodulation
and recombination to form the overall digitized output [38]. The modulation se-
guence decouples the input signal from the quantizatiosenof each channel to pro-
vide a performance increase such that doubling the numbeharinels increases the

resolution in a similar fashion to doubling the oversamgplf a singleA>: modulator.

AS H(z)
u(o,n)
AT H(z)
x(n)
- u(d,n)
y(n)
AY H(z)
u(M-1,n) u(M-1,n-k)
\ /\ / \ /\ /\ /
V Vv V \' Vv
Modulation ADC Filter =~ Demodulation Recombination

Figure 3.1: Paralle\Y ADC architecture.

The modulation sequences can be any unitary orthogona besi For ease of im-
plementation, useful modulation schemes consist of passs.cor disconnection of the
input signal. This corresponds to a sequence that contding,tand 0, respectively.
The Hadamard sequence gives a performance increakéiv$ for every doubling of
number of channels [37]. However, the area requirementgedilter make practical im-

plementation less desirable. An alternative modulatidreste uses a time-interleaved
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approach [38]. With this approach, performancelof % bits for every doubling is
achieved. The lower performance of the time-interleavégs is offset by the reduc-
tion in chip area and architecture complexity.

An example of other applications of this modulation is udimg front end modula-
tion to increase the SNR of the signal entering the ADC [1%su#ming that the signal
is coded when it is transmitted, providing the decoding atitiput to the ADC helps
decorrelate the signal and noise and provides extra signal g he result is a better
overall SNR without increasing the SNR performance of theCADhis architecture
can accommodate low-pass, bandpass and high4dsaodulators. Bandpass parallel
structures require unique modulators, each with a diffecenter frequency, on each
channel which increases the design complexity considgralaw-pass parallel struc-
tures are simpler since identical modulators are used om eaannel. The need for
high resolution and low oversampling requires high-order-passA Y. modulator with
a multi-bit quantizer.

An attractive solution to a high-order low-pa&&. modulator with a multi-bit quan-
tizer is the Leslie-Singh architecture as shown in Fig. 39.[It consists of two stages.
The first stage is a standafb> modulator with a single bit feedback. The second stage
is a multi-bit Nyquist-rate ADC which digitizes the quaraion noise of the first stage.
The digitized noise from the second stage is processed vdidital filter which simu-
lates the noise transfer function of the first stage and is sibtracted from the digital
output.

An improvement to the Leslie-Singh architecture is showirign 3.3 [40]. The

decimation is transfered from the output to between the dinst second stages. The
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: - 1N
x(n) 1-bit 1 1-z" y(n)
—O— L@ ADC H@ —O—(, T3
[ [1bit
DAC
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Figure 3.2: A Leslie-Singld\>> modulator.

second stage ADC is then clocked at a rate lower than the fage&aX. modulator.
Thus, the decimation relaxes the speed requirements ofutielnit ADC at the expense

of a 3dB loss in resolution for every doubling of the deciroatiate [40].

1/N

x(n) 1-bit 1 1-z" k& y(n)
—(j)—. L(z) ADC H,(2) (*N l_il) — ()
1-bit
DAC
LN R-bit o 17t
- B ADC s Cn )

Figure 3.3: A reduced sample rate Leslie-Sidgh modulator.

3.3 ParallelAY. with the Shared ADC

Using the Leslie-Singh architecture in a parallel. system results in the replication
of the second stage ADC on each channel. This replicatiatsléa excessive power
and chip area requirements. This can be partially avoidéldeifreduced sample rate

Leslie-Singh architecture is integrated into the paraljsitem as described next.
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A single parallel channel with a Leslie-Singh ADC is showrFig. 3.4(a). This
is a complete channel without the digital recombinatiortieac The decimation is
performed at the end of the channel after all the other sigruaessing steps have been

performed.
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(b) The channel with the decimation transferred.
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(c) Areduced sample rate channel.

Figure 3.4: Sequence from standard to reduced sample rateeh

The first step in implementing the reduced sample rate L-&hgh architecture is
transferring the channel decimation to the left side of taenddulator. To do this the
demodulation sequence and the input to the demodulatortbave decimated. The
channel with the decimator transferred is shown in Fig.k8.4(

The final step is transferring the decimator inside the eeSingh ADC to produce
the reduced sample rate Leslie-Singh modulator. The cthansleown in Fig. 3.4(c).

By setting the decimation rate equal to the number of shdradmeels in the system,
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and delaying the decimation in each channel by one cloclecyloé channels can share
the second stage between two or more channels. By settimgti®ation rate equal to
the number of channels, the second stage can be shared betlviee channels. This

is shown in Fig. 3.5 for a four channel system.
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Figure 3.5: Complete parallel system.

This system minimizes the chip area and power needed foraimeecter while ex-
tending the bandwidth and resolution. The modular constmof the system and the
programmable modulation sequences provide a design fligxithiat is impossible for
most converters. When integrating this ADC into a systentiican modify its opera-
tion, for example a DSP engine, the ADC can then be modifieHaoge the conversion
bandwidth, perform additional signal processing usingmioglulation sequences, or to
convert several signals at once. For example, by modifyiiegniodulation sequence,

guadrature modulation/demodulation can be performedeattbut to the ADC.
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3.4 Analysis

Predicting the overall system parallA>. ADC system performance is an important
step in determining the optimum system configuration. Patara such as number of
parallel channels, OSR and channel order can be varied taHiadbptimum point.
To determine the theoretical maximum SNR of the overall lggrd > ADC, the per-
formance of a single channel is shown and the expanded to St®wverall system
performance.

For a single channel consisting of a reduced sample rate Afverter [40], the

SNR is given by

SNR =6.02(R + (L + 0.5)log2OSR — 0.5logaN)
V2L + 1

anl

(3.1)

+ 20log +1.76

whereR is the resolution of the second stadds the order of the\Y modulatorOSR
is the oversampling ratidy is the decimation between the first and second stageyand
and are the MASH coefficients. From (3.1), the resolution of tH® &Aonverter is a
combination ofR, the second stage ADC resolutiqi, + 0.5)log.OS R, which is the
resolution gain due to doubling the OSR, and 5/og, N which is the loss in resolution
due to the decimation. The remainder of the equation giveapgmoximate starting
point for aL-th orderAX. ADC.

When the reduced sample rate A/D converter stage is placad i channel par-
allel system, (3.1) must be modified. As stated before thelugen of the system is

dependent on the number of channels, and the modulatioresegu Thus, for every
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doubling of the number of channels for time-interleaved oiation, the resolution in-

creases by, — 0.5. If the decimation between the first and second stages id &mgua
the number of channels, resulting in one shared second, stegethe decimation rate
is M. Combining these two effects with the).5log, N from the above equation, the

theoretical operation of the parll&Y. system can be given by:

SNR =6.02(R + (L + 0.5)logs0SR + (L — 1)logs M)

V2L + 1
ﬁif +1.76
QT

(3.2)
+ 20log

whereM is the number of channels and all other parameters are defbwck.

3.5 Design Considerations

An architecture is needed that will obtain 16-bit resolatigith a low oversampling
ratio, while minimizing chip area, complexity, and powerhelproposed architecture
is configured as a four channel system using the time-irsteel modulation with an
overall oversampling rate of 8. Each channel consists ofrd-tirder modulator and
digital filters. A single 9-bit pipeline A/D converter is glea between all of the channels.
This basic architecture is show in Fig. 3.5. The channebcation removes any gain and
offset mismatches between the channels which would canss fa the output signal.
The channel calibration is implemented with some basiaifiigeand a simple digital

AY modulator [41, 42]. These issues are described in morel det@hapter 4.
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3.6 Simulation Results

The system was simulated in both MIDAS and Matlab. The resark for a four chan-
nel, 3rd order, 8X OSR parallehY modulator with a 9 bit second stage ADC. The
spectrum is shown in Fig. 3.6 and the dynamic range plot isvehia Fig. 3.7. The
spectrum is for a sinusoidal input signal with an input frexcy at% of f,. The ampli-
tude is at the maximum dynamic range point. The humps in tigeran this plot are
normal in a paralle\Y. and are an artifact of the noise transfer functions of thevidd
ual channels and the multi-path nature of the system. Figst8ows the dynamic range
of the A/D converter. At the maximum dynamic range point, sistem has 101dB of

dynamic range or 16.7 bits.
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Figure 3.6: Power spectral density of the output with simledanput.
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Figure 3.7: The dynamic range of the ADC.

3.7 Conclusions

By using a reduced sample-rate structure for the channelseoparallel ADC, this
architecture provides an area and power efficient parallelADC for high-speed and
high-resolution applications. Inherent in this architeetis the added advantages of
flexibility and adaptability. It is well suited to sub-miar@rocess. by relying oY
modulators for process insensitive designs requiring mahicalibration. Being suited
to a sub-micron digital process allows this A/D convertebéoimplemented on a chip
with a digital signal processor, thus enabling the procets@daptively change the
operation of the A/D converter to provide the best perforoeafor a variety of signal

processing operations.
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Chapter 4 — Implementation of a Parallet: ADC Architecture

4.1 Introduction

Convergent systems, like the ones described in Chapteguiresanalog-to-digital con-
verters (ADCs) that are high-speed and high-resolutiondetrthe flexibility and adapt-
ability requirements of the next generation of communaraystems. Customers have
grown accustomed to a high rate of improvement in technoleggecially in the com-
munications markets. With each new version of hardware mp@eiBcations evolve to
meet customer demands and include the need for new highrperce ADCs. To this
end, an efficient parallehY ADC architecture has been designed that achieves high
performance in digital processes, while also providingtaaithl architecture adaptabil-
ity and flexibility. This flexibility enables the ADC to workgeially well over a range
of resolutions and bandwidths. The architecture meets désgf a high speed, high
resolution ADC that is suited to demanding convergent systeThis design not only
meets the performance specifications, but also providegehd reconfigurablity and
adaptablity not available in other types of converters.

The overall system is designed to provide 15 bits of resmiudir 90 dB SNDR with
a conversion bandwidth of 25MHz. The following sectionsalig® the implementation
of the system architecture. Section 4.2 describes the lbsgstem design, giving spec-

ifications for each of the major blocks followed by the impkartation details is Section
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4.3. Section 4.4 discusses the how the overall system wadaged and shows the re-
sults of those simulations. The test bed and associatef aetudiscussed in Section

4.6 and the results of the experimental measurements aserntesl in Section 4.7.

4.2 System Design

As previously published in [43] and stated in Chapter 3, ¥ modulator is a 2-1-1
architecture clocked at 100MS/s followed by a shared pypeeADC and is shown in
Fig. 4.1. The 2-1-1 architecture was chosen to make NTF rmaggiossible with this
shared last stage architecture. The pipeline ADC has ®bdlution and operates at
100MS/s. The calibration and other digital processing blwere not implemented on
the silicon die but instead in Matlab. This architecturemgroved over the traditional
parallel AYX ADC by the addition of the blocks in the shaded region. As deed

in Chapter 3, parallel systems with multiple channels coressignificant die area to
achieve an increase in performance. A single channel is replicated four times to
create a paralle\Y ADC but the last block of each channel is only replicated once
and shared between a3 channels. While the inital part of the parallel system is the
same, the quantization error of each channel is fed to aldratotiplexer which samples
each channel every four clock cycles. The multiplexer outpguantized by the 9-bit
pipeline ADC and demultiplexed by the 1-to-4 demultiplex&his signal is summed
with the filtered and decimatefi>> ADC output, demodulated, and combined with the
signals from the other channels.

A single channel is shown in Fig. 4.2. It consists of integrdtlocks, marked with
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Figure 4.1: A complete parallel system showing shared tagesADC.

an integration symbol and their scaling terms, quantizeckd and DAC blocks. The
first two integrators, the quantizer and DAC make up the fesbad-orderAY. mod-
ulator. The second\>> modulator is first order and consists of an integrator, gaant
and DAC. The thirdAY: modulator is identical to the the second one. The input $igna
x(n), passes through the modulation switches and enters theelatrthe first integra-
tor. The quantization error from the first quantizer is serthe second\>. modulator.
The final first orderAY. modulator processes the quantization error of the second
modulator. The quantization error of the finla modulator is sent to the 1-to-4 multi-
plexer. The digital outputs of eaek} modulator are annotated as, 3(n) and values
of the coefficients used in Fig. 4.2 are shown in Table 4.1.

When designing ADCs, there are areas that require spetadtian. In this de-
sign, switch on-resistance, switch signal dependent ehiajgction and opamp gain and

bandwidth are critical specifications that require speaitdntion. Designing switches
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First Stage

x(n)

Y,(n)
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E y,()
DAC
H Third Stage
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DAC

%out
Figure 4.2: AAY. modulator from a single channel of the parallel: ADC.

with sufficiently low on-resistance to allow full settling the required time while min-
imizing charge injection required the use of clock boostgiches. The opamp design
is critical to achieving the overall system performance.isTdesign relies on noise
transfer function (NTF) matching to correctly cancel thegtization noise. Thus the
opamp gain must be sufficiently high, since sufficient opamin ¢s critical for good
NTF matching. The opamp bandwidth is important to the pertorce of the integra-
tors. Incomplete settling can cause coefficient changdsfear settling and an increase

in distortion of nonlinear settling. Achieving these sgieaitions required both careful
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91 0.25 g3 1.000 g4 0.5
g1 0.25 g5 0.375 g1 1.0
92 0.5 g5 0.25 Js 2.0
95 0.25 94 2.0 gs -2.0

Table 4.1: Parallel ADC channel coefficients.

circuit design and innovative layout.

4.3 Implementation

To meet the desired specifications, the four channel paraiemodulator was imple-
mented in TSMC’s 0.25um CMOS process. This process has 3 lag¢as and 1 poly
layer and also includes a MiM capacitor layer above metalathiblock in the system
was designed to guarantee that the overall system perfaemaaets specifications. The
blocks of the paralleY ADC, as implemented on the chip, are shown in Fig. 4.3. Each
channel consists of the input modulation switches, dissibglow, followed by thé\:
ADC. ThisAXY ADC is shown in Fig. 4.2 and is also discussed later in the tenap

The input signal,z(t) shown entering at the left, passes immediately through the
input modulation switches. The modulation switch configiorais shown in Fig. 4.4.
The control signals¢, and¢,, are synchronized with one of the main system clocks,
¢1p, used in the rest of the modulator. The switches are arrasgeld that the input
signal can be connected directly to the: (¢, enabled - a modulation coding of '1’),
reverse connecte@{ enabled - a modulation coding of -1") and not connected lat al
(¢, disabled - a modulation coding of '0’). This provides a simptructure that not

only corrects for switch feedthrough when all the switchesaf but also provides a
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Figure 4.3: TheAY ADC as implemented in silicon.

way of providing input signal modulation with modulationdss of '0’, -1’ and '1’.
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Figure 4.4: Front-end switch configuration.
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Switch Type On Resistance | Charge Injection Complexity
Simple Signal Dependant Large Signal Very Simple
Dependant
Simple with Signal Dependant Medium Signal Simple
Dummies Dependant
Bootstrapped Constant Constant Signal Complex
Independant

Table 4.2: Switch comparison.

For a standard MOSFET switch the two main design factors dathwesistance and
switch charge injection, are competing factors. As thedwdize increases, resistance
decreases, as desired. Unfortunately, as the switch ggt,léhe charge stored under
the gate increases as the gate area increases. This stargd fbws out of the switch
as it turns off and into the integrator resulting in an erii.solve this problem a more
complex switch is needed. These are compared in Table 4]2 [44

The system specifications dictate both a switch on-registafless than 25 ohms
and very low or signal independent charge injection. The $ovitch resistance re-
qguirement is a result of the integrator settling specifarativhile the charge injection
requirement is set by the overall distortion specificatidiace complexity is not a big
issue, bootstrapped or clock-boosted switches are useel.bddistrapping circuit for
the switch provides a large, constasy to the switch transistor that is independant of
the input voltage. Since the switch resistance is depermtah},, andV, is constant
and large, the switch can be much smaller for the same osta@se when compared to
non-bootstrapped methods. This size reduction also eesuthuch less signal depen-
dent charge injection when compared to a simple switch. Taege injection is also

mostly signal independent due to the constgnt
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The switch used is shown in Fig. 4.5. Transistér is the switch element. When the
Clk signal is low and the switch is off, transistar; ; charge the capacitof;; to Vpp
and transiston\/;; keeps the gatéd/; pulled low and securely off. When the switch is
turned on,Ms 9 connect the capacitor between the signal ifgpand the gate of switch
M, making theV,, approximately equal td', . M is used to prevent the gate-drain
voltage of My, from exceding the limits of the gate oxide and destroyingttaesistor.
TransistorsM, 5 invert the input clock to contral/;;;. The switch is designed for a

maximum on-resistance of 25as verified by the simulation.

e g |

Figure 4.5: Bootstrapped Switch

After the modulation switches, the signal enters the firstklbf theAY modulator,
shown in Fig. 4.2. This modulator is made of three distih&i stages, an initial second
orderAXY. ADC which is followed by two first order stages. Starting witie first stage,

a simplified schematic of this second order modulator is shiowFig. 4.6. The signal
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from the input modulation switches, taking the place of ttemdardAY modulator
input switch, charges the sample capacitQr during ¢;p. On the next clock phase,
with the correct DAC feedback signal selected, the chargthersample capacitor is
transfered to the integrator capacitor with the aid of thamop. The process is repeated
for the second integrator. The output of the second integraifed into the next stage of
the ADC and then into the quantizer. The quantizer compaeesignal to a reference

and outputs the correct digital bit, providing the signalthte DACs.

Vrefp —
B Vem
AL Vrefn —/1 |
Vrefp __~ cfl 0 cs3 ¥ ® Cf2 [0)
B1 | | /1[) 2 | | 2D
vreln — - | | ¢ | | l
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[= ? | [ Q -
moqartion | | . /2 —Av /lD 2 —Av Quantizer - oP
switches | | ‘ ’ T -— Dn
(le (pzow Cs2¢ w
vVem vem

Figure 4.6: The second ord&> ADC.

The sampling capacitor is sized based on%ﬁerequirements for the desired SNR

performance. Using the equation? = Osﬁ%’gmf with an OSR of 4, a input signal

swing of 1V, and SNR of 15.5 bits, the sampling capacitor size is caledlas 20pF.
Considering a single channel instead of the overall systteengalculations result in the
same capacitor size. This is due to the ratio between SNR &fRir@maining constant,

since for a single channel the OSR is 4X higher or 16 and the &\&ch channel must
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Capacitor | Unit Value | Capacitance
Ca 1 10pF
Chi 4 40pF
Cio 1 10pF
Cy 1 10pF
Ca 4 40pF

Table 4.3: FirstAX modulator capacitor values.

be 4X higher to achieve the overall total system SNR. From thiculation and the
modulator coefficients determined earlier, the capacitalises are shown in Table 4.3.

At the heart of each integrator is the amplifer. The desigthefamplifiers for the
first AY modulators is important to achieve the necessary perforenapecifications.
In a AX modulator, the opamp design specifications most importapetformance are
opamp gain, bandwidth, slew rate and noise. In this desigsetlspecifications were
determined from system level simulations in ASIDES [45]hwiton-ideal amplifiers,
switches and quantizers.

For a 2-1-1 MASH style architecture, the system performascependent on the
noise transfer function (NTF) matching. For NTF matchirge AY> modulator NTF
must be close to the ideal NTF, thus requiring amplifiers #ratvery close to ideal.
From system simulations, the required amplifier gain istgrean 20,000 or 86dB. The
bandwidth requirements fix the amplifier bandwidth at 800Mdtia minimum while
driving a maximum total load capacitance of 45pF. For thsigle in this process, the
noise and slew rate requirements were inherently met wheigrieag for the required
gain and bandwidth.

To achieve the high gain needed for the MASH style structnra 2.5V process,
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folded cascode amplifiers with two embedded gain boostinglifiers are used. The
simplified schematic for this amplifier is shown in Fig. 4.7h€eTinput devices)M; »,
consist of two interdigitated% NMOS transistors with each branch in the ampli-
fier consuming 25mA. An amplifier with such large tail curergquires large transis-
tors. For a fixed length transistor, as transistor size as®s, the-,, of the transistor
decreases. Because of this, gain boosted amplifiers aresaggdo increase the am-
plifier output resistance and gain. The main amplifier usetched-capacitor common
mode feedback with 135fF capacitors. The boost amplifierstandard folded-cascode

amplifiers with continuous-time common-mode feedbackutisc
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Figure 4.7: First Opamp - Folded-cascode with gain boosting
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The last block in the first\Y> modulator is the quantizer. The quantizer employed
is a standard latch design as shown if Fig. 4.8 [46]. The fwst differential pairs,
M, , and M, 5, bias transistord/; s and associated resistor?,_g, comprise the input
buffer. The input buffer provides a gain of 20 and is followsdthe latch. The latch
consists of transistor&l;_15 followed by the buffer inverters\/,,_7. The latch is reset
by the clock signal”k. When the clock is low, the latch is in reset mode and when
the clock is high, it is in latch mode. The entire system hasa@sibn time of 1ns at a
minimum input voltage oR3, V. This specification is of special importance foAa
modulator where the time to quantization is important. & thput voltage is too small
for the quantizer to make a decision in time, the result ha¥a &hance to be incorrect,
preventing the ADC from achieving full performance. Theienguantizer consumes

400 1A of current at 2.5V resulting in a power consumption of 1 mW.

Vdd
I v ]
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R1 M15 MllEl F—" Enb M17

R5 R6

R3

Vin+_| P/in— a M;|

Vb
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Figure 4.8: Comparator circuit including buffer amplifiensd latch.
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Figure 4.9: Second and third stage amplifier.

The quantization noise of the second ordet modulator is the input to the second
AY modulator. Since the second and thixd modulators mainly process quantization
noise, the performance requirements are greatly relaxad.réduction in performance
means the second and thiksD: modulators are identical first order modulators and
use a sampling capacitor size of 1pF to meet the necessa@ kdise requirements.

From the sampling capacitor size and the system coeffigidr@sapacitors sizes were
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Second

Modulator

Capacitor | Unit Value | Capacitance
Ca 2 660fF
Cio 3 990pF
Css 3 990pF
Cy 8 2640fF

Third

Modulator

Capacitor | Unit Value | Capacitance
Ca 1 990fF
Cio 1 990pF
Cy 1 990fF

Table 4.4: Second and third>; modulator capacitor values.

calculated and are shown in Table 4.4. The switches usecesethtages are simple
pass gate switches with a PMGS of .2 and a NMOSY- of ... The opamp used
is a standard PMOS input folded cascode with another foldsdare opamp for gain
boosting on the NMOS cascode transistor. This amplifier awshin Fig. 4.9. The
comparator used is the same as used in theZilsmodulator.

The final two blocks of Fig. 4.3, the multiplexer and the pipelADC, are the
blocks that are shared by all the channels. The multiplesteplified to single-ended
for illustration purposes and shown in Fig. 4.11, consibtsset of switches which direct
the quantization noise output from one of the channels tonging of the pipelined ADC.
The multiplexer is clocked at 200MS/s with each input coteedo the output every
four clock cycles. The switches of the multiplexer, sinceytiare passing quantization

noise, are the same ones used in the lastkistages.

The output of the multiplexer is connected to the input of pieline ADC. This
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Vout

Figure 4.11: Shared system multiplexer block.

pipeline block performs the final quantization of the noisef theA>: ADCs in each
channel. The pipeline architecture is shown in Fig. 4.12e Plpeline is made of 9
idential 1.5 bit stages, using the extra 0.5 bit to providerecorrection. The pipeline

achieves 7.5 bits of resolution at 100MS/s.

Y

— Stage 1

Stage 2 » Stage3 |- Stage 8

1.5 bits 1.5 bits 1.5 bits 1.5 bits
\ \ \

Digital Correction Circuitry

Y

8 bits

(a) The overall pipeline block diagram.

(b) A single pipeline stage.

Figure 4.12: The pipeline ADC block diagram.

In this pipeline each stage uses the ADC block consistingvof domparators to

quantize the input voltage;(t) as shown in Fig. 4.12(b),. If the voltage is above a
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certain threshold, the DAC substracts a known referencagelfrom the input signal
and, after multiplying the signal by 2, sends it on to the retage. The residug(¢),
the voltage presented to the next stage, can be calcuatedréar different cases. If
V(t) > Vrer/2, Y(t) = 20(t) — vyes. FOr|v(t)] < vper/2, y(t) is simply2v(t). In the
final case, when(t) < v,.r/2, y(t) = 2v(t) + v,s. The digital output is fed into the
digital correction circuit which uses the extra 0.5 bitsffreach stage to correct for the
analog processing errors in each stage [47].

This parallelAY ADC consumes significant power and die area. To preventgelta
sag and power line noise from limiting the performance ofABC, the layout of blocks
such as opamps and routing power to blocks becomes a naal-tagk. The metal
routing in the amplifiers consumes more area than the acéveeels. This is shown
in Fig. 4.13, where all the traces that can been seen are powtng. The horizonal
traces across the top are the main power bus and the veréicabktprovide power to the
amplifier. The square blocks at the bottom are the capacifdie active components

are hidden below the power routing.

4.4 Simulation Results

The system was simulated in both MIDAS and Matlab. The resark for a four chan-
nel, 3rd order, 8X OSR parallehY modulator with a 9 bit second stage ADC. The
spectrum is shown in Fig. 4.14 and the dynamic range plotasvehn Fig. 4.15. The
spectrum is for a sinusoidal input signal with an input frexcy at% of f,. The ampli-

tude is at the maximum dynamic range point. The humps in tigeran this plot are
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Figure 4.13: Power routing for the amplifiers.

normal in a paralle\Y. and are an artifact of the noise transfer functions of thevidd
ual channels and the multi-path nature of the system. Fi$.ghows the dynamic range
of the A/D converter. At the maximum dynamic range point, slistem has 101dB of

dynamic range or 16.7 bits.
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Figure 4.14: Power spectral density of the output with sonled input.
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Figure 4.15: The dynamic range of the ADC.

4.5 Test System

To efficiently test the ADC, two circuits boards were desmjn€he first board, shown
in Fig. 4.16, is the main board containing the major funcgapport blocks for proper
chip operation. These blocks include a high current powpplsyan adjustable bias
current section, a clock conditioning circuit, a basic aditpuffer, the voltage reference
circuitry, the input conditioning and various connectasrhodulation inputs, test con-
nections and control signals. The power supply providestqubV analog and digital
supply voltages and a +/- supply connector to supply paséivd negative 5V power to
the other support circuitry. The adjustable bias curremudiry provides100xA nom-
inal bias currents with &/ — 20uA adjustable range to each block on the chip. The
output buffer is not used during normal operation but predids a buffer for muxed
analog test signal from the chip and is only used for debugght the bottom of the
board, the voltage reference circuitry provides adjustaidan voltage references for

the chip. The clock circuitry level shifts the clock signaat is connected to the SMA
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connector to a 1.25V midpoint to set the duty cycle to 50%utmonditioning circuitry
provides buffering, level shifting, some basic filteringldoth single-ended to differen-
tial and differential to differnential operation. The otle®nnectors on the board allow

connection of the modulation inputs, provide reset andgegtals, allow viewing of

internal ADC nodes and an ability to check clock skew acrbeschip.

Figure 4.16: Test board showing functional blocks.

The device test setup consists of two boards, the main bascdssed above and a

daughter board containing the silicon die and various bypasl filter capacitors. The
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boards are connected together with a SAMTEC Z-Beam boalib#nd connector as
shown in Fig. 4.17. This connector provides a very low pa@diigh density connec-
tion between the main board and the daughterboard. The ctminesed in this design
has 200 pins arranged in a grid of 10X20 on a 0.050” pitch amdeh height of 0.065”.
Each pin has a current handling ability of 0.4A, an inducéamiclnH, a parasitic pin-to-
pin capacitance of 150fF, a bandwidthef3G H > and a pin-to-pin crosstalk at 3GHz
of less than 40dB. The purpose of this type of configuratiao iallow multiple chips
to be tested with minimal expense, while avoiding packagind socketing issues and

providing the least amount of additional parasitics pdssib

(b)

Figure 4.17: High performance connector and PCB footprint.

Shown in Fig. 4.18 is the daughter board, mounted on the naandbwith the pro-
tective cover removed showing the die and the solder padthéobypass and filter
capacitors.

To avoid extra complexity and reduce the chance of designm,étre digital signal
processing blocks were not included on the chip. The digitatream from each chan-

nel is processed in a combination of ASIDES and Matlab. Thegssing block diagram
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Figure 4.18: Test board with die exposed.

for each channel is shown in Fig. 4.19. Table. 4.5 lists theua filter equations and
other variables.
The signal from each channel is modified by the calibratigo@ihm([48], summed

together, filtered and decimated by the overall oversargphtio.

Variable Equation Value
do 1— % -1
%117203
dy g 2
919293
dsy 0 0
ds 91 2
91929394
H(z) z”
Hy(z) (1-z"1)?
H;(z) 2!
H,(2) (1—-z"")°

Table 4.5: Digital signal processing coefficients and fi#quations.

The lab test setup block diagram is shown in Fig. 4.20. Theecdriock, DUT,
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Y, (n)_ H@)

R Iﬂ/ @ h,(2) —<+>

Y,

4 H@ )

Y, ()

H.(2) 4?
Y, (n)

Figure 4.19: Digital signal processing for one channel.

is the circuit board with the attached ADC chip. The inputnsigis generated with

the HP8643A, followed by a narrow-band bandpass filter véthaves the large second
harmonic and guarantees are clean input signal. The HP8&@8#the low phase noise
option, provides a stable, under 0.5ps rms jitter, clockalg This signal generator
supplies the main system clock that controls the input seng@witches. This clock

source is also phase locked with the pattern generator inkaofex TLA700 logic

analyzer. The pattern generator output supplies the modualsequence to the ADC.
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The digital data from the ADC is captured by the Tektronix TA0® logic analyzer.

Low Jitter
Signal Generator

Signal Generator

Master Clock In

y @ lock
' y
d ) Modulation Sequence
BaEiIt;;?ss Signalin _ DUT - Generator
(AWG/Tek PG)
¥ Trigger In
Power Supplies Data Out )
+4V, +/- 5V = Logic Analyzer

Figure 4.20: The ADC labratory test setup.

The system was tested under several conditions as outhnEabie 4.6.

Test # Description Results SNDR
1 4X OSR Fig. 4.22 13.8 bits
2 Narrowband - Fig. 4.23 14.6 bits
8X OSR
3 Dualband - 8X Fig. 4.24 13.4/12.6 bits
OSR

Table 4.6: ADC tests performed and resultant SNDRs.

Fig. 4.21 shows the output of the ADC before calibration. Vagous tones shown
are due to the gain and offset errors of each channel of the.A@Cthis chip, the
channel gain and offset values are given in Table 4.7. Afdibration, the gain value
is within 2716 of 1.0 and the absolute value of the offset is less thidfi®. After the
system is calibrated the tones due to the gain and offset ate$ras are removed and the

result is shown in Fig. 4.22. Fig. 4.23 shows the performdorca 8X OSR conversion.



Channel # Gain Offset
1 0.99923 -2.4mV
2 0.99807 5.4mV
3 0.99618 2.8mV
4 1.00671 -10.5mV
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Table 4.7: ADC Channel gain and offset values.

The input signal is at 1LMHz. Fig. 4.24 shows the results feradbnverter configured as
two separate converters each converting a separate fregerge.

For applications such as radar and cognitive radio, whexkébfte bandwidth and
resolution are key to system performance, the parallelarchitecture with its inherent
flexibility is a excellent match. The dual band plot showsdh&ut of the system when
the 4 channels are used in two banks of two channels to cotwerseparate signal
bands at the same time. The input signals were are 1MHz andz8WH the resulting
demodulated signals show up in conversion bank 1 at 1MHz arabmversion band
2 at 2MHz. This is because the input modulation for band 2 dmnmerts the higher
frequency input signal to 2MHz. The SNDR for each of the matah sequences for

the dualband system are

Channel 1 11-1-1000011-1-10000
Channel 2 000011-1-1000011-1-1
Channel 3 1111000011110000
Channel 4 00001111000011112

Table 4.8: ADC Dualband modulation sequences.

These key attributes make this architecture well suiteghpdieations where rapidly
shifting bandwidths and resolutions are key parts of théesygperformance. The pro-

gramabilty of digital filters and ease of changing modulatsequences, as demon-
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strated, make this ADC suited to convergent systems. A sugnwfathe results is

shown in Table 4.9.

4.6 Conclusions

Convergent systems require analog-to-digital conveit@RCs) that are high-speed,
high-resolution, flexible and adaptive. An efficient pabl\>. ADC architecture has
been designed that achieves high performance in digitabsses, while also providing
additional architecture adaptability and flexibility. SHiexibility enables the ADC to
work equally well over a range of resolutions and bandwidthe architecture meets
the goals of a high speed, high resolution ADC that is suibedetmanding convergent
systems. This design not only meets the performance spamfis, but also provides a

level of reconfigurablity and adaptablity not available ther types of converters.

Resolution @ 4X OSR 13.8 bits
SNDR @ 4X OSR 85.6 dB
SFDR @ 4X OSR 94 dB

Resolution @ 8X OSR 14.6 bits
SNDR @ 4X OSR 88 dB
SFDR @ 8X OSR 99 dB

Input Range 1V
Clock Frequency 64 MHz
Signal Bandwidth @ 4X OSR 8 MS/s
Technology 0.25,m CMOS
Power Supply 25V
Power Consumption 1.8W
Size 10.5mm X 6.3 mm

Table 4.9: Summary of ADC Performance and Specifications.
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Figure 4.21: Uncalibrated measured test results for a 64MétZk and a 1MHz input
signal.



78

_60 b e

Output, dB

-160
0 1 2 3 4 5 6 7 8

Frequency, MHz

Figure 4.22: Calibrated measured test results for a 64MHekcand a 1MHz input
signal.
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Figure 4.23: Calibrated measured test results for a 64Métzkcind 8X OSR.
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Figure 4.24: Calibrated measured test results for a 64Métkand dualband 8X OSR.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

80

Bibliography

Hyung Kyu Lim, “The 2nd wave of the digital consumer rentdbn: Challenges
and opportunities!,” inntl. Solid-State Circuits ConferencEeb. 2008, pp. 18-23.

Bill Buxton, “Surface and tangible computing, and thedlmatter of people and
design,” inintl. Solid-State Circuits ConferencEeb. 2008, pp. 24-29.

Behzad Razavi, “Challenges in Portable RF Transceivesigh,” IEEE Trans.
Circuits and Devicesvol. 12, pp. 12-25, Sept. 1996.

Asad A. Abidi, “Low-Power Radio-Frequency IC’s for Paldle Communica-
tions,” in Procedings of the IEEFApr. 1995, vol. 83, pp. 544-569.

Motorola, “Motorola cell phone website,Available: http://www.motorola.com
2008.

D. Rogriguez de Llera Gonzalez A. Rusu and M. Ismail, “®dtgurable ADCs
Enable Smart Radios for 4G Wireless ConnectivifEE Circuits and Devices
Magazinevol. 22, pp. 6-11, May 2006.

Raj Pandya, “Emerging Mobile and Personal Communicaggstems,” IEEE
Communications Magazinpp. 44-52, June 1995.

LT Mazat, “Radar Principles and Systems [Online],” Available:
http://www.fas.org/man/dod-101/sys/ship/weaps/rddiar

[9] Vesa-Jukka Salminen Timo Lensu, Pekka Eskelinen anc Qitartanen, “Ad-

[10]

[11]

vanced Signal Processing Improves Search Radarlhternational Radar Sym-
posium, 2006May 2006, pp. 1-4.

Holger Deitersen, “A Flexible Digital Receiver Architture For Radar Applica-
tions,” in International Radar Symposium, 2Q0day 2006.

Matthew Trinkle, “SNR Considerations for RF Samplingdeivers for Phased
Array Radars,” innternational Radar Symposium, 2Q0day 2006.



81

[12] B. J. Farahani and M. Ismail, “Adaptive sigma delta adcwimax fixed point
wireless applications,” id8th Midwest Symposium on Circuits and Systekng.
2005, pp. 692—695.

[13] Jawar Singh Babita R. Jose, P. Mythili and Jimson Mathéwvriple-mode sigma-
delta modulator design for wireless standards,1@th Intl. Conf. on Information
Tech, Dec. 2007, pp. 127-132.

[14] B. J. Farahani and M. Ismail, “A low power multi-standaigma-delta adc for
wcdma/gsm/bluetooth applications,” lBEE Northeast Workshop on Circuits and
SystemsJune 2004, pp. 241-243.

[15] B. Murmann, “ADC Performance Survey 1997-2007 [On]jhe Available:
http://www.stanford.edu/ murmann/adcsurvey.html

[16] J. Sachs, M. Kmec, R. Herrmann, P. Peyerl, and P. Ranbelch, “An ultra-
wideband pseudo-noise radar family integrated in sigarcntl. Radar Sympo-
sium May 2006.

[17] Steven R. Norsworthy, Richard Schreier, and Gabor @éke Delta-Sigma Data
Converters: Theory, Design, and SimulatidBEE Press, Piscataway, NJ, 1992.

[18] E. T. King, A. Eshraghi, I. Galton, and T. Fiez, “A NyqtiRate Delta-Sigma A/D
Converter,”IEEE J. Solid-State Circuits/ol. 33, no. 1, pp. 45-52, Jan. 1995.

[19] S.P Singh and Dr. K Subba Rao, “Orthogonal polyphaseesece sets design for
radar systems,” ilntl. Radar SymposiupnMay 2006.

[20] Hsin-Wei Chiu Hsiao-Hwa Chen and M. Guizani, “Orthogbomplementary
Codes for Interference-Free CDMA TechnologieH?EE Wireless Communica-
tions pp. 68—79, Feb. 2006.

[21] G.C. Temes and R. Gregoriaynalog MOS Integrated Circuits for Signal Pro-
cessing John Wiley and Sons, New York, 1986.

[22] B. Razavi,Principles of Data Conversion System DesitfeEE Press, 1995.

[23] B. Razavi, “Design of a 100-MHz 10-mW 3-V Sample-anditHédmplifier in
Digital Bipolar Technology,”|EEE J. Solid-State Circuifsol. 30, pp. 724-730,
July 1995.



82

[24] J. Steensgaard, “Bootstrapped Low-\Voltage Analogt&8was,” inintl. Symp.
Circuits and Systemsuly 1999, pp. 29-32.

[25] A. Burstein B. Schiffer and W. Kaiser, “An Active Charggancellation System
for Switched-Capacitor Sensor Interface Circuits,” liml. Solid-State Circuits
ConferenceFeb. 1998, pp. 274-275.

[26] C. Eichenberger and W. Guggenbuhl, “On Charge Injectio Analog MOS
Switches and Dummy Switch Compensation TechniquéSEE Trans. on Cir-
cuits and Systemsol. 37, pp. 256-264, 1990.

[27] C.W. Mangelsdorf P. Real, D.H. Robertson and T.L. Tewky, “A Wide-Band
10-b 20-MS/s Pipelined ADC Using Current-Mode Signal&EE J. Solid-State
Circuits, vol. 26, pp. 1103-1109, Aug. 1991.

[28] Uma Chilakapati, Circuit Techniques and Performance Optimization For High-
Speed CMOS Analog Signal Processimh.D. thesis, Washington State Univer-
sity, Dec. 2000.

[29] M. Chennam and T.S. Fiez, “A 0.35um current-mode t/hw@1db thd,” inProc.
Intl. Symp. Circuits and Systeniday 2004, pp. 23-26.

[30] T.S. Fiez U. Chilakapathi and A. Eshraghi, “A CMOS Traosductor with 80dB
SFDR upto 10MHz,” IEEE J. Solid-State Circuitsvol. 37, pp. 365-370, Mar.
2002.

[31] Adel S. Sedra and Kenneth C. Smiicroelectronic Circuits Oxford University
Press, 1997.

[32] Alan B. Grebene, EdBipolar and MOS Analog Integrated Circuit DesigWiley-
Interscience, 1984.

[33] David Johns and Ken MartirAnalog Integrated Circuit DesigriViley, 1996.

[34] K. R. Stafford et al., “A Complete Monolithic Sample/ldoAmplifier,” IEEE J.
Solid-State Circuitsvol. 9, pp. 381-387, Dec. 1974.

[35] M. Nayebi and B.A. Wooley, “A 10 bit Video BICMOS Track drHold Ampli-
fier,” in ISSCC Dig. Tech. PapFeb. 1989, pp. 68—69.



83

[36] R. Baschirotto L. Schillaci and R. Castello, “A 3V 5.4mBICMOS Track and
Hold Circuit with Sampling Frequency up to 150MHZEEE J. Solid-State Cir-
cuits, vol. 32, pp. 1979-1986, July 1997.

[37] E. King, F. Aram, T. Fiez, and I. Galton, “Parallel Defsagma A/D Conversion,”
in Proceedings of IEEE Custom Integrated Circuits Conferemday 1994, pp.
23.3.1-23.3.4.

[38] Aria Eshraghi, High-Speed Parallel Delta-Sigma Analog-to-Digital Cortees,
Ph.D. thesis, Washington State University, May 1999.

[39] T. C. Leslie and B. Singh, “An Improved Sigma-Delta Mdator Architecture,”
in Proc. IEEE Int. Symp. Circuits and Systerh885, p. 372.

[40] B. HUW. Qin and X. Ling, “Sigma-Delta ADC with Reducedr8ple Rate Multi-
bit Quatizer,” IEEE Trans. Circuits and Systems \ol. 46, no. 6, pp. 824-828,
June 1999.

[41] Robert Batten, “Calibration of Parallel Delta-Sigmaalog-to-Digital Convert-
ers,” M.S. thesis, Washington State University, May 1999.

[42] P. J. Hurst S. M. Jamal, D. Fu and S. H. Lewis, “A 10b 120khgke/s Time-
Interleaved Analog to Digital Converter with Digital Baagkgind Calibration,” in
Intl. Solid-State Circuits ConferencEeb. 2002, pp. 172-173.

[43] Robert D. Batten and Terri S. Fiez, “An efficient parhtlelta-sigma adc utilizing
a shared multi-bit quantizer,” ifEEE Intl. Symp on Circuits and Systems, 2002
May 2006, pp. 1-4.

[44] T. L. Brooks, D.H. Robertson, D.F. Kelly, A. Del Muro ar®&lW. Harston, “A
cascaded sigma-delta pipeline A/D converter with 1.25 Mignabandwidth and
89 dB SNR,”IEEE Journal of Solid-State Circuitsol. 32, Dec. 1997.

[45] A. Rodrigeuz-Vazquez F. Medeiro, B. Perez-Verdu ahdHuertas, “A vertically
integrated tool for automated design of sigma-delta madrdd IEEE Journal of
Solid-State Circuitspp. 762—772, July 1995.

[46] G. M. Yin, F. Opt Eynde, and W. Sansen, “A high-speed cromsparator with
8-bit resolution,”IEEE J. Solid -State Circuitvol. 27, Feb. 1992.

[47] S.H. Lewis and P.R. Gray, “A pipelined 5-msample/s anialog-to-digital con-
verter,” IEEE J. Solid-State Circuit$. 954961, Dec. 1987.



84

[48] Robert Batten Efficient Calibration of Parallel Delta Sigma ADC#h.D. thesis,
Washington State University, June 1999.









