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An 8-Bit 150-MHz CMOS A/D Converter
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interleaved analog-to-digital converter that performs analog 2 ~ +  + .
processing only by means of open-loop circuits such as differential i TSYITS S
pairs and source followers to achieve a high conversion rate. The ! ;/ - - <

concept of sliding interpolation is proposed to obviate the need #
for a large number of comparators or interstage digital-to-analog ~
converters and residue amplifiers. The pipelining scheme incor- - > Vo3
porates distributed sampling between the stages so as to relax the L

linearity-speed tradeoffs in the sample-and-hold circuits. A clock

edge reassignment technique is also introduced that suppresses .
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timing mismatches in interleaved systems, and a punctured inter- Vay >V t Vs
polation method is proposed that reduces the integral nonlinearity " - ~
error with negligible speed or power penalty. Fabricated in a z A
0.64um CMOS technology, the converter achieves differential and T . N
integral nonlinearities of 0.62 and 1.24 LSB, respectively, and a 2 2'+1 2+
signal-to-(noise + distortion) ratio of 43.7 dB at a sampling rate
of 150 MHz. The circuit draws 395 mW from a 3.3-V supply and Vo3
occupies an area of 1.2 x 1.5 min Vx > Vot
v,
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. INTRODUCTION Fig. 1. Traditional active 2x interpolation architecture.

IGH-SPEED analog-to-digital converters (ADC’s) are
widely used in communications, instrumentation, and Section Il introduces the ADC architecture, presenting tech-
consumer electronics. ADC’s achieving a resolution of approRiques such as sliding interpolation, embedded pipelining and
imately 8 bits and sampling rates well above 100 MHz finthterleaving, clock edge reassignment, and punctured interpola-
application in the twisted-pair interface of Gigabit Etherndton. Section Il describes the design of the building blocks and
and in code conversion for flat-panel displays. In addition féarious tradeoffs at the circuit level and the architecture level.
performance, cost and integrability in VLSI technologies ar@ection IV presents the experimental results obtained for the
also important concerns in these applications, making CM@®ototype.
implementations attractive.
This paper presents the design of an 8-bit 150-MHz ADC [l. PROPOSEDADC ARCHITECTURE
implemented in a 0.gim CMOS technology. With & 6.7-ns |, this section, we describe the ADC architecture and intro-
cloclf perlod and rise and fgll times on the Qrdgr of 0.5 Ngyce the following techniques:
the timing budget for sampling and quantization is extremely
tight, prohibiting the use of high-precision feedback stages
in the analog signal path. This work introduces a number of
architecture and circuit techniques that obviate the need for
closed-loop circuits in multistage ADC's, thereby relaxing
the speed—precision tradeoff. Using such techniques and a
open-loop front-end sample-and-hold amplifier (SHA), the con-
verter performs pipelining with no interstage digital-to-analog
converters (DAC's), subtractors, or precision charge transfer.

1) sliding interpolationto avoid the exponential growth of
power and area;

2) interstage distributed samplingp perform pipelining
without op-amps;

3) dual-channel interleavintp increase the conversion rate;

rh) clock edge reassignmetu suppress timing mismatches
in interleaving;

5) punctured interpolatiorto reduce integral nonlinearity
(INL).

The ADC is fully differential but, for the sake of brevity, most

of the concepts are illustrated in single-ended form.

A. Sliding Interpolation
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Fig. 2. (a) Sliding interpolation architecture and (b) addition of overlap.

creating additional zero crossings and hence increasing the @dditional information. Thus, the subsequent stages need not
olution. interpolate the outputs of all of the preamplifiers.

Interpolation relaxes a number of tradeoffs in the design of theThe above observation leads to the concept of sliding inter-
front end. The preamplifiers typically sustain the most stringepblation. lllustrated in Fig. 2(a), the idea is to use a simple, fast
requirements in terms of input common-mode range, input csitb-ADC to determine which preamplifier outputs mustbe inter-
pacitance, power dissipation, overdrive recovery speed, voltgg#ated and route these outputs to the next rank of interpolating
gain, and capacitive feedthrough to the reference ladder. Thdsferential pairs by a multiplexer (MUX). The rest of the pream-
itis desirable to reduce the number of preamplifiers through tpéfier outputs are discarded. In a sense, the interpolating stage
use of interpolation. Another important aspect of interpolatidislides” up and down according to the decision of the sub-ADC.
is that it does not require a precise gain in any of the stages bi&e architecture of Fig. 2(a) in principle requires only three dif-
cause only the zero crossings carry information. Consequentérential pairs in the sliding stage to preform interpolation. In
the interpolating stages can be realized by differential paifmactice, however, the comparators used in the sub-ADC suffer
greatly simplifying the design in submicrometer, low-voltagéom offsets, mandating some overlap to ensure that proper sig-
technologies. Interpolation also reduces the differential nonlinals are selected for further interpolation. This point will become
earity (DNL) [1] (but not the INL). clearer in the overall architecture described below.

The principal drawback of the interpolation scheme depicted The concept of sliding interpolation can be repeatedly applied
in Fig. 1 is the exponential growth of power and hardware witto cascaded stages, leading to a multistage ADC whose power
the resolution. However, we recognize thatjf lies between and hardware grow linearly with the resolution. This is illus-
Ve, ; and Vg 41, then only the outputs off; and A;; are trated in Fig. 2(b). The first stage employs 16 preamplifiers to
of interest, and the remaining preamplifiers do not provide amgnerate 16 zero crossings. If the analog input lies betwgen
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DAC's, subtractors, or other high-precision interstage circuits.
Fig. 4. Pipelined sliding interpolation ADC architecture.

B. Embedded Pipelining

andVg, ;+1, then a 4-bit coarse ADC and a 16-to-4 MUX route The multistage architecture of Fig. 3 can achieve a much
the outputs of the preamplifiers sensibg ;_1, ..., Vr,;+2 higher conversion rate through the use of pipelining. Since each
to the next interpolating stage. Note that amplification increasiegerpolating stage contains only two analog blocks—a MUX
the spacing between the zero-crossing points. Since only 2x-amd an amplifier bank—pipelining can be applied at only one
terpolation is used, each stage (excluding the first one) generaittwvo points: at the input or output of the MUX. As shown in
a total of seven outputs. Also, a sub-ADC detects two more bEgy. 4, the interface between the multiplexer and the amplifier
in each stage, one of which is used for subsequent digital erbank is chosen for pipelining for two reasons. First, the mul-
correction. Thus, for a resolution of 8 bits, a total of five stagegplex switches can also function as sampling devices, signifi-
are necessary. Stages 2-5 are identical, simplifying the desggmtly reducing the delay because now only one switch appears
and layout. in the signal path between two consecutive stages. Second, the
Further details of the architecture are shown in Fig. 3. Thiterconnect wires between the multiplexers and the interpo-
first stage incorporates 16 preamplifiers while each of the fdating amplifiers exhibit a significant amount of parasitic ca-
lowing interpolative stages requires seven amplifiers. By virtyscitance, which can now be utilized as the sample-and-hold
of sliding interpolation, the total number of differential pairs reeapacitors. This distributed sample-and-hold system is similar
duces from roughly 500 to 50. The five sub-ADC’s employ # that reported in [3] except that it is performed in conjunction
total of 28 comparators. (Each of stages 2-5 requires three camith multiplexing.
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Fig. 6. Clock edge reassignment in interleaved architecture.

Note that each stage in the pipeline operates in the sampldil the front-end SHA, the buffer, and the preamplifier
mode for half of the clock period and in the hold mode for theutputs have settled. Since the buffer drives a relatively large
other half. On the other hand, the sub-ADC in each stage opeapacitance, the settling in this path is quite slow. Third,
ates only during the hold mode, raising the possibility of addirgijnce the sub-ADC appears in the critical path—that is, the
interleaving to further increase the throughput rate. preamplifier outputs must remain idle until the sub-ADC makes
a decision—the throughput rate is still limited.

Fig. 5(b) illustrates a modification that alleviates the above
issues. A replica front-end SHA is added, and its output directly

Even though the maximum path “length” between consecdrives the first sub-ADC. Scaled down in device dimensions and
tive samplers in the pipeline of Fig. 4 corresponds to roughly twsirrent levels by a factor of two with respect to the main SHA,
differential pairs, the settling requirements still limit the conveithe replica prohibits the large kickback noise of the sub-ADC
sion speed. As shown in Fig. 5(a), the converter employs tfi@m corrupting the output of the preamplifiers. Also, the replica
identical interleaved channels to increase the speed. The mugignal experiences a shorter delay than that in the main path be-
plexers, distributed sampling circuits, and 2x-interpolation angause of the much smaller load capacitance seen by the replica
plifiers are duplicated for the even and the odd channels whergager. Thus, the sub-ADC can be strobed much earlier than be-
the front-end buffer, the preamplifiers, and all of the sub-ADC®re. Note that one bit of overlap and digital correction suppress
are shared between the two channels. The timing is such ta&ors due to mismatches between the main path and the replica
when one stage in the odd channel is in the sampling mode, gash.
corresponding stage in the even channel is in the hold/amplifi- )
cation mode and vice versa. When the SHA in the odd chanifel €lock Edge Reassignment
is sampling the analog input, the SHA in the even channel isTiming mismatches severely limit the precision of high-speed
holding and applying the previous analog sample to the preamterleaved ADC's [4], [5]. As shown in Fig. 6(a), two inter-
plifiers through the buffer. The sub-ADC in stage 1 then gemeaved samplers SHAand SHA require two corresponding
erates the four-bit digital code and commands the MUX in thidocks CK; andC K, which are typically generated by a fre-
even channel of stage 2 to redirect the selected preamplifier agitency divider. In the ideal case, each sampling ed@érof is
puts to the interpolation amplifiers. placed precisely midway between the sampling edges st

The first sub-ADC in Fig. 5(a) still poses some difficultiessuch that SHA and SHA sample the analog signal at evenly
First, owing to the finite impedance seen at the preamp8paced points in time. In reality, however, the devices in the fre-
fier outputs, the kickback noise generated by the sub-ADgliency divider suffer from substantial mismatches, especially at
significantly disturbs the analog signals at the inputs of thegh speeds, introducing large timing errors betwégsy,; and
multiplexers, mandating a long settling time after the sub-ADC K. Since an 8-bit ADC sampling a 75-MHz signal cannot tol-
is strobed. Second, the sub-ADC cannot begin its conversierate timing mismatches greater than roughly 12 ps, frequency

C. Addition of Interleaving
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Fig. 8. Nonlinearity-induced error in 2x interpolation.
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illustrates how this is accomplished by clock edge reassign-
ment. Two switches$; and.S; and two “predictive” control sig-
nals V,qq and V..., are added to the system. A master clock
CK 4510 With a frequency twice the sampling rate is applied
to the two channels through the two switches. The predictive
signals alternately enable one of the switche®r S, routing

the falling edge ofC K ,,aste; tO either of the SHA's. The timing
mismatch is now equal to the delay mismatch betwggeand

S> and between the two switches inside SHand SHA, an
error that can be maintained well below 10 ps even with 20%
mismatch between the sizes of the switches. The timirig af
andV.,.,, is quite relaxed so long as their high level contains the
falling edge ofC K, .ster With enough margin. Thus, they can
be produced by a simple nonoverlapping clock generator.

In reality, each SHA requires both a rising edge and a falling
edge to perform the sample and hold operations. As shown in
Fig. 6(c), the falling edges of K, and the rising edges of
CK,, are alternately applied to the SHA's, while the rising
edges ofCK, and the falling edges of K, are discarded.
The actual sequence of operation is as follows. First, the falling
edge of CK, is routed to SHA and the rising edge af Ko
to SHA,. Next, the states of '’ K; and CK, are stored. Sub-
sequently, the falling edge @ K is rerouted to SHA and
the rising edge of® K, to SHA1. This concept can be easily
extended from two channels to three or more channels. The
front-end sample-and-hold circuit used in this work incorpo-
rates three channels.

E. Punctured Interpolation

An important benefit of interpolation is the reduction of
the differential nonlinearity resulting from the offset of the
preamplifiers. However, integral nonlinearity still remains
uncorrected, demanding large input devices. To alleviate the
problem, a modification is introduced here. As depicted in
Fig. 7(a), the original outputsi{,’s) produced by the pream-
plifiers are fed into another bank of interpolation amplifiers to
generate a second set of interpolated outplis'q), which,
though different fromV,’s, contain sufficient information
to represent the original analog input signal. If the offset
components of the adjaceW} 's are uncorrelated, the standard
deviation of the offsets of the correspondiig’s is reduced
by a factor of the square root of two

2 2
_ Al + AQ = op = V aAl + UAZ _ O—original. (l)
2 ' 2 V2

Shown in Fig. 7(b), INLy and INLgare defined as the max-
imum error in the zero crossings Bf,’s andVg’s, respectively.
If only the interpolatedzero crossings are sensed by the fol-
lowing stages and the original zero crossings are discarded, then
the overall INL is reduced by approximately 30%. Monte Carlo
simulations confirm this result. Since some of the outputs are

B

division in CMOS technology does not provide the accuracy rdiscarded, this method is called punctured interpolation.
quired in this design.
The problem of timing mismatch can be considerably relaxed offsets in the preamplifiers, allowing smaller input devices
if a single clock drives both SHA's. Since the duty cycle oénd a two-fold reduction in the capacitance seen by the buffer
the clock may deviate from 50%, only one of the edges mudtiving the first stage. Note that the redundancy associated with
be used for the sampling command in both circuits. Fig. 6(punctured interpolation is necessary only in the first stage of the

The reduction of the INL translates into a higher tolerance
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Fig. 9. Realization of a slice of the signal path in the first stage.

Voo the resulting zero crossing must ideally fall midway betwg&en
CKia cKip andV,, i._e., atV,q. In practice, however, the aqtugl zero crossing
! ) v V.t deviates fronty because B and C exhibit different slopes.
g i X out The difference betweeVi,.; andVi, is denoted by.

Fig. 10. Dual-channel interleaved SHA.

Inthe worst case, curve Ais flat fé£,, > V1, and the slope of
curve Cis equal to one-half of that of B. It can be shown that
(V2—V1)/6 and hence curve D suffers from a DNL of 1/3 LSB.

In order to further increase the resolution by 2x interpolation, the
linear portion of curves A or B must be extended accordingly.
Since after the first stage, four more bits must be detected, a
linearity of about 4 bits is required of curves A and B between
Vo and V5. For the following stages, fewer bits remain to be
determined but the cumulative gain is higher. If the gain of each
stage is about two, then all of the stages can use approximately
the same amount of source degeneration to ensure a small DNL.

Fig. 9 shows the realization of a slice of the signal path in the
first stage. The actual design is fully differential. It is important

pipeline, where the cumulative gain is still low; in stages 2-%o note that the converter requires no floating capacitors and
all zero crossings are utilized. Thus, punctured interpolationdan therefore utilize native metal-sandwich structures in digital
obtained at the cost of a few additional differential pairs. CMOS technologies.

F. Effect of Nonlinearity in Interpolation
y P I1l. CIRcUIT DESIGN AND LAYOUT CONSIDERATIONS

While the 2x interpolation stage is quite insensitive to the o
nonlinearity of differential pairs [6], the subsequent interpoldy: Front-End Sample-and-Hold Circuit
tion operations do require some linearity. Fig. 8 illustrates the The front-end SHA plays a critical role in the dynamic be-
effect. Curves A and B are the original characteristics with theavior of the converter. In order to achieve fast settling, this
zero-crossing points aty and V. After the first 2x interpola- circuit incorporates a simple top-plate sampling method and a
tion, curve C is generated with a zero crossin§fiaédnd a slope PMOS source follower as shown in Fig. 10. The n-well of the
equal to one-half of the slope of the original characteristic. siource follower is tied to its source to suppress nonlinearity and
another 2x interpolation is performed between curves B and gain error due to body effect. Simulations indicate that two such
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Fig. 11. Timing and circuit diagrams for a triple-channel interleaved SHA.
. . . . . . |
fqllowers oper.atm.g d|ﬁerent|§1lly achieve a linearity of about 1 oK AR Al Me S ok
bits. Interleaving is realized in the sampling network by alte| ; r .
nately connecting’; andC- to V,,. Since the source follower P a Vout
is shared between the two channels, gain and offset mismatc " " Vout™
arise primarily from the charge injection mismatches$ofS,. cxqf« S ™7 :II- -III 8 sex
These errors are maintained well below 1 LSB by proper choi [ ]
of device dimensions and careful layout. p
The input-dependent charge injection®f and S5 does in- X Y| 6 T
troduce nonlinearity but it is partially cancelled by the charg v o—||_: M, M, :||—< Vin o[ M3 M, I-]
absorbed by5, andS,. Also, differential operation as well as v, * v-
. . . . . r
large sampling capacitors (1 pF) improve the overall linearity 1
about 9 bits. K[, Sen kL., S
The finite input capacitance of the source follower result = =

in an equivalent resistor connected between the outputs of
the two channels, yielding a gain rolloff at high frequencie§d- 12 Comparator used in the first stage (CMP_A).
From another perspective, the capacitance seen atKoaied
switchesS; and .S, form a switched-capacitor low-pass filter.coarse quantization by the sub-ADC, and one for multiplexing
With proper design, this rolloff is limited to 1 dB at an inpufFig. 11(b)]. Three clock phases are then used to interleave
frequency of 75 MHz. the three sampling capacitors. (To generate the time slots with
In the actual design, the front-end SHA is realized witheasonable accuracy, the 150-MHz clock is divided by three
triple-channel interleaving. This is because the sampling phasethe chip.) The actual triple-channel interleaved SHA circuit
is quite faster than the hold/quantization/multiplexing phasis, shown in Fig. 11(c). For each channel in the main SHA,
thereby requiring a clock duty cycle of about 30% [Fig. 11(a)the operation sequence is: 1) sample, 2) hold, and 3) hold and
Since the duty cycle deviates substantially from 50%, it ionnect the held sample to the follower. On the other hand, the
difficult to employ dual-channel interleaving without anyreplica operates in a slightly different sequence: 1) sample, 2)
“dead” time. To resolve this issue, the clock period is divideldold and connect the held sample to the follower (whose output
into three equal time slots: one for front-end sampling, one farthen sensed by the first sub-ADC), and 3) hold.
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Fig. 13. Layout floorplan.

B. Comparator

L]

-
mn

The design of the comparators used in the sub-ADC'’s directl)
affects the speed and power dissipation of the overall converte .
Shown in Fig. 12 is the high-speed comparator utilized in the
first sub-ADC. WhenC K is low, S,; andS,, are off, S1—54
are on, and node®, @, X, andY are precharged topp,
placing the comparator in the reset mode. WbHEK goes high,

Sp1 and S, turn on andM;—M, compare the positive input .ﬁ
voItageVJr with the positive reference voltagét and the neg-
ative input voltagd’; | with the negative reference voltagge .
SinceM;—My are initially off, the resulting differential current
first flows through the total capacitance seen at nadleand
Y, creating a differential voltage at these nodes by the fihe | =
andMs turn on. After the cross-coupled devices turn on, the cir- ||/ - E B

cuit regeneratively amplifies the voltage, producing rail-to-rail ’

swings atP and(). Fig. 14. Die photo.

The comparator of Fig. 12 offers three important properties
that make it attractive for high-speed design. First, the staticUsing SPICE, it is possible to calculate the contribution of
power dissipation is zero. Second, the circuit requires onlyid;—A¢ and M7—Mg to the input-referred offset. With the de-
single-phase clock, greatly simplifying the routing across théce dimensions chosen in this design, simulations suggest that
chip. Third, the input offset is dominated by that of the differerthe offset voltage ofM;—A4; is divided by a factor of 20 and
tial pairs rather than by the offset of the cross-coupled devicéisat of A/; and Mg by a factor of two. Since the channel area of
To explain this property, we reexamine the comparator in thd; and M5 is about one-fourth of that of the input devices, they
amplification mode. AftelC K goes high, the input difference contribute roughly equal amounts of input-referred offset. Sim-
is amplified byM;—A4 and the parasitic capacitances at nodeagations and measurements on individual comparators reveal an
X andY until Vx andVy drop belowVpp by Vogy. At this  overall input offset of about 10 mV.
point, M; and Mg turn on butd; and Mg are still off. The am-  Another important phenomenon in the comparator is the
plification then continues whilé{; and Mg contribute a small large kickback noise produced at the beginning of reset and
regenerative gain unti¥/; andMg turn on, and initiate the final regeneration modes. This effect is particularly critical in the
regeneration. The key point here is that the input is amplifidilst stage and can introduce significant dynamic offsets, satu-
substantially beforé{;—Ag turn on. rating the second stage and creating nonlinearity. Adding a pair
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Fig. 15. DNL and INL atf;, = 1.8 MHz and fsampic = 150 MHz.

Fig. 17. SNDR and SFDR &tampie = 150 MHz.

10 ! ; ! ! ! ! '
0 SN VSO SUURS SO0 SSUUNS TOVOO SOOI TABLE |
: : Tsamp =150 MHZ, #, = 1.7578MHZ : MEASUREMENT SUMMARY
[ S PRR e SR S M
20 |- ________ : SNDR = 43.750§ B : : Technology 0.6-pum, 1-poly, 3-metal CMOS
g : | HD2=61.7943HB | : 3 Resolution 8 bits
o a0 b S Lo
3 ; | HD3=53.26774dB | : ; DNL 062LSB
i B I Beeeees e e e INL 1.24 LSB
= B | DU S P U SO SRS S Sampling Rate 150 MHz
| ! : : : ' ' : SNDR @ f,=1.8 MHz | 43.7dB
""""""""""""""""""""""""""""" f=70MHz |40dB
Analog Input Swing 1.6 Vo,
RO | 3 BRI | Input Capacitance 1.5 pF
; : i ; : Active Chip Area 1.2 mm?
-90 i i i i 1
0 5 10 15 20 25 30 35 Supply Voltage 33V
Frequency (MHz) Power Consumption
. Analog 330 mW
Fig. 16. FFT atf;, = 1.76 MHz. Digital 53 mW
Reference Ladder 12 mW
Total 395 mW

of cross-coupled capacitors equal to 8 fF at the input reduces
the kickback noise. The effect of the capacitors is somewhat

process-depe_ndent, but Complete cancellat_ion is not neces$Rfiding blocks in the first stage (CMP_A, reference ladder,
because the first sub-ADC is fed by the replica SHA. preamplifiers, MUX, and the distributed sample-and-hold)

The comparators in stages 2-5 are essentially the sameygStolded into a U shape. The front-end SHA output and the
that in the first stage, except that their input network includegference ladder are routed between the comparator bank and
multiplexing switches for interleaving. Due to the cumulativgne preamplifier bank. The reference ladder is made of silicide
gain after stage 1, larger comparator offsets can be tolerateq)my resistors with a length of two squares (abo€if)®etween

stages 2-5. consecutive taps. Each preamplifier provides an empty strip
so that the digital control signals from CMP_A to MUX can
run through it without interfering with the analog signal path.
The floor plan and layout of the ADC must deal with issueShe digital signals have also been shielded on both sides with
such as routing of critical paths, power and ground isolatioanalog ground along the entire path. The ROM generates the
noise coupling from the digital sections to the analog sectiorfeur corresponding digital bits in the first stage.
etc. Due to the nature of sliding interpolation, the high-speedFig. 14 shows the die photo. The chip size is 1.5 x 1.2’mm
digital control signals must travel through the analog sectionsith the active area about 1.2 mnThe differential analog input
Also, the sub-ADC's in stages 2—5 must be embedded with thignals enter from the left side of the chip and are shielded with
interpolating stages. These issues underscore the importanca commonipy, in metal 2. Digital outputs leave the chip from
careful layout to suppress various noise coupling effects.  the lower and the right sides of the chip. Three different power
Fig. 13 shows the floorplan of the ADC. In order to reducknes are used in the layout, one for the analog section, one for
the wiring capacitance in the critical path, the front-enthe digital section, and one for the first sub-ADC.

C. Floor Plan and Layout Considerations
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The front-end SHA is placed at the left-top corner and The ADC employs only source followers and differential
right above the reference ladder so that its outputs readpwirs, avoiding the use of op-amps. Thus, it suffers much less
reach the preamplifiers and the first sub-ADC. The high-spe&é@m tradeoffs among gain, supply voltage, and speed. The
(300-MHz) input clocks and the clock generator are placed @nototype is functional even with a 2.5-V supply, though it was
the top of the chip. designed for a 3.3-V system. The simple and modular design of

The modularity of the design can be seen in stages 2-5. Tthe pipelining structure results in a compact layout, requiring a
resulting layout is quite compact and relatively easy to handiere area of 1.2 méin a 0.64m CMOS process.
in transistor-level simulations.
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