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Abstract A pipelined ADC incorporates a precharged
resistor-ladder DAC inamulti-bit front-end, achieving fast
settlingand allowingcalibration of both dynamicand static
gain errors. Using simple differential pairs with a gain of
5asop ampsand realized in 65-nm CM OS technology, the
10-bit ADC consumes 36 mW at a samplingrate of 1 GHz
and exhibitsan SNDR of 52.7 dB at an input frequency of
490 MHz.

. INTRODUCTION

The figure of merit (FOM) of ADCs tends to degrade as
higher speeds and/or resolutions are sought. For example, the
FOM rises from 6.3 fJ/conversion for an 8-bit, 1.1-MHz ADC
[1] to about 500 fJconversion for a 12-bit 3-GHz design [2].
It istherefore desirableto devel op low-power gigahertz ADCs
in the resolution range of 10 to 12 bits.

This paper proposes a pipelined ADC architecture employ-
ing a precharged resistor-ladder digital-to-analog converter
(DAC) and a multi-bit front end with a low-gain op amp.
Avoiding the need for op amp nonlinearity calibration, the
ADC only computes the gain error at high speeds and corrects
itinthedigital domain.

Section |1 describes our design approach and the resulting
ADC architecture. Section |11 deals with the design of build-
ing blocks and Section IV presents the experimental results
obtai ned from the prototype.

IlI. PROPOSED ADC ARCHITECTURE

A. General Considerations

The performance of pipelined ADCs is determined by pri-
marily that of theop ampsused intheir first few stages. Among
the imperfections &fflicting these op amps, the finite gain and
the nonlinearity have been the target of numerous calibration
techniques. However, the nonlinearity poses difficult chal-
lenges: foreground calibration may not adequately hold as the
temperature varies, and background calibration restricts the
input signal bandwidth or dynamic range, does not correct for
capacitor mismatch, or requires a dow but accurate auxiliary
ADC [3]-[5]. These issues are summarized in [6].

It is desirable to architect the ADC such that the stages
inherently avoid nonlinearity. Tothisend, the ADC canresolve
severd bitsinthe front end, thusalowing thefirst multiplying
DAC (MDAC) to operate with small output swings. Such
swings aso improve the settling speed of the MDAC. What

remainsto be corrected isthe gain error arising from thefinite
gain of the op amp and capacitor mismatches. If possible, the
gain error due to the MDAC'sincomplete settling should also
be calibrated.

While attractive, multi-bit front ends entail another issue:
if the multi-bit DAC in the first stage incorporates capacitors,
then the mismatch between each of these capacitors and the
MDAC feedback capacitor must be computed and corrected.
Wemay instead consider aresistor-ladder DAC (RDAC), given
that such DACscan achievelinearities exceeding 11 bits([6]).
However, itisgenerally believed that resistor-ladder DACsare
dow, a true statement for stand-alone designs. Nonetheless,
our key observation here isthat, in a pipelined ADC environ-
ment, the DAC output node can be precharged to the analog
input level, thereby considerably relaxing the settling speed.

B. ADC Architecture

Fig. 1(a) showsthefirst stage of the ADC architecture fol-
lowed by theback end. A 4-bit sub-ADC inthefirst stageaong
with an MDAC gain of 2 greatly simplifies the design of the
op amp. Moreover, aprecharged resistor-ladder DAC rapidly
establishes the analog equivaent of the sub-ADC output at
node X. One bit of redundancy accommodates various errors,
including the offsets of the comparators in the sub-ADC and
the timing mismatch between the sub-ADC and the MDAC.

Theoperation of thefront end and thetiming budgetsthereof
areexplained with theaid of thewaveformsshownin Fig. 1(b).
For 25% of the clock period (250 ps), bootstrapped switches
sample the analog signal on the RDAC output [node X in
Fig. 1(a)], the input capacitor of the MDAC, and the input
capacitors of the sub-ADC comparators. Next, the sub-ADC
isclocked whileVx isheld, The coarse digita estimate arrives
after 250 ps, turning on one switch in the RDAC and driving
Vx to the corresponding value. The last 500 ps of the clock
period isalocated to the settling of Vx and the MDA C output,
Vresl-

The back end of the ADC consists of eight 1.5-bit stages,
thefirst four of which are scaled down by a factor of two.

[11. BUILDING BLOCKS

A. Front-End Sage

To save power, the front end employs a single high-speed
resistor ladder to providethree sets of quantities: (1) reference
taps for thefirst sub-ADC, (2) first stage RDAC voltages, and
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Fig. 1. (a) Front-end stage employs a precharged RDAC and a gain of 2 to
improvelinearity and speed, (b) conceptual DAC and residue waveforms, and
(c) reference ladder structure.

(3) high-precision voltages for foreground calibration of the
ADC. As such, the design of the ladder and its associated
circuitry plays a critical role in the overall performance. It
is important to note that the fast settling of the ladder also
allowsperforming calibration at ahigh sampling rateand hence
correcting for incomplete settling of the MDAC.

The reference ladder [Fig. 1(c)] isredlized as a continuous
rectangular geometry made of silicided polysilicon, with its
taps positioned on the edge to minimaly disturb the current
flow [6]. This ladder has a total resistance of 150 Q, which
trand atesto aworst-case Thevenin equivaent of 37.5Q, neg-
ligibly affecting the RDAC settling and making the resistance
of the DAC switches dominant. Accordingto simulations, the
worst-case time constant at node X isequal to 30 ps.
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Fig. 2. Effect of sub-ADC kickback noise on the reference ladder.

B. Sub-ADC Kickback Noise

A critical issue in sharing a single ladder between the sub-
ADC and the DAC is that the kickback noise of the former
may substantially disturb thetap voltages utilized by thel atter.
It is therefore essential that the disturbance decays rapidly.
This design employs a StrongArm comparator for low power
consumption, but must deal with itslarge kickback noise. Fig.
2 illustrates the kickback noise mechanism. When C' K goes
high, Vx and Vy are & Vpp, and one falls toward ground,
coupling through the gate-drain capacitance of M or M, and
drawing a current from the ladder. Since for most of the 15
comparatorsin the sub-ADC, the changein Vx ismuch larger
than in V4 (or vice versa), the kickback noise contains a high
differential component.

To remedy this effect, transistors M3 and M, are added so
that the large change in Vx or V4 is coupled to both inputs.
In other words, most of the differential error is converted to a
common-mode error. Simulations indicate that the kickback
noise due to the sub-ADC creates a peak jump of 2.5 mV on
the differential voltages produced by the ladder and decaysin
about 30 ps. That is, by ¢ = ¢, inFig. 1(b), theladder voltages
safely settleto their static values.

The multi-bit operation resultsin a peak single-ended swing
of only 75 mV at the output of the MDAC. The MDAC op
amp is therefore implemented as a simple differentia pair
with resistor loads and an open-loop gain of 5. A tail current
of 3mA affordsfast settling.

C. High-Speed Calibration

Foreground calibrationis performed by applying tothe ADC
five differential dc voltages provided by the ladder: zero,
+Vrer/32, and £2Vger/32. In a manner similar to that
described in [6], calibration begins from stage 6 and proceeds
backwards. Note that dynamic gain errors are calibrated even
though the input in each case is constant because the MDAC
outputs must start from zero and settle anew each time.



V. MEASUREMENT RESULTS

The prototype ADC has been fabricated in 65-nm digita
CMOS technology. Shown in Fig. 3 isthe die active area,
which measures 250 ym x 700 um. The ADC reference volt-
ages are provided externally and the calibration is performed
off-chip. Careful simulationsincluding bond wire inductance
reved that Vegry and Verepp— in Fig. 1(a) must have no
bypass capacitors so that they can quickly recover from the
switching action of the DAC.

The maximum differential nonlinearity (DNL) and integral
nonlinearity (INL) reach2 L SB and 6 L SB, respectively, before
gainerror calibration. Fig. 4 plotsthecalibrated DNL and INL
for asampling rate of 1 GHz. To demonstrate the efficacy of
calibration at high clock rates, two cases are investigated: the
caibration itself is performed at 100 MHz [Fig. 4 ()], or at
700 MHz [Fig. 4 (b)]. We observe that the maximum DNL
and INL respectively fall from 1.4 LSB and —3 LSB to 0.74
LSB and 1.4 LSB when calibration is performed at 700 MHz.
These results suggest that the MDAC in the first stage (and
possibly second stage) exhibitsincomplete settling and greatly
benefits from calibration at a high clock frequency. Note that
only the gain error of each stageis calibrated.

Fig. 5 plotsthemeasured output spectrum for input frequen-
cies of 1.7 MHz and 490 MHz at a sampling rate of 1 GS/s.
The third-order harmonic at —63.5 dB in the former case con-
firms the high linearity provided by the resistor ladder. The
signal-to-(noisetdistortion) ratio (SNDR) is possibly limited
by ringing on the reference lines.

The dynamic performance of the ADC is shown in Fig. 6
for a sampling rate of 1 GS/s and analog input frequencies
up to 490 MHz. The SNDR varies from 57 dB to 52.7 dB.
The spurious-free dynamic range (SFDR) is aso measured
and observed to vary from 63.5 dB to 60 dB in this frequency
range.

The ADC draws 36 mW from a 1.2-V supply, of which 2.5
mW is consumed by the reference ladder, 14.4 mW by the op
amps, and 18 mW by the clock tree and the pipeline alignment
latches. Computed as 36 mW/(2x460 MHzx 2ENOB)  the
figure of merit is 70 fJconversion. A less conservative clock
tree design could improvethe FOM considerably.

Table | summarizes the measured performance of the ADC
and Fig. 7 expandsthe FOM plot in [7] to include our work.
Note that the design reported in [7] isrealized in 40-nm tech-
nology and, due to time-interleaving, may suffer from alarge
input capacitance. Moreover, the design relies on the raw de-
vice matching of thetechnol ogy and does not calibratethegain
error.

V. CONCLUSION

Pipelined ADCscan greatly benefit from theuse of multi-bit
front ends that incorporate precharged resistor-ladder DA Cs.
With the settling speed afforded by the low-resistance lad-
der, the ADC can be calibrated a high sampling rates, thus
correcting for the incomplete settling of the MDACs. In ad-
dition, RDACs simplify the calibration logic by reducing the

Fig. 3. ADC die photograph.
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Fig. 4. Measured DNL and INL &t f 4y p1.=1 GS/swith gainerror calibration
run at (a) 100 MHz and (b) 700 MHz.

required correction to only that of the gain error. Utilizing
these concepts, a 10-bit 1-GS/s ADC has been demonstrated
that improves the FOM by a factor of 2.6 with respect to the
state of the art.
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