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Abstract—GaAs photoconductive switches have been integrated
with two parallel 4-bit CMOS analog-to-digital (A/D) converter
channels to demonstrate the time-interleaved sampling of wide-
band signals. The picosecond sampling aperture provided by low-
temperature-grown-GaAs metal-semiconductor-metal switches, in
combination with low-jitter short-pulse lasers, enables the opti-
cally-triggered sampling of electrical signals with tens of gigahertz
bandwidth at low to medium resolution. A pair of parallel sam-
pling paths, one for sampling and the second for feedthrough can-
cellation, generate a differential held signal that is quantized by
a low-input capacitance, high-speed flash A/D converter. Dynamic R i LN
offset averaging is employed to improve converter linearity. An ex- 0.1 1 10 100
perimental time-interleaved two-channel A/D converter provides Input Frequency [GHz]
about 3.5 effective bits of resolution for inputs up to 40 GHz when

tested at an optically-triggered sampling rate of 160 MHz. The Fjq 1 ENOB of resolution versus input frequency, for varying aperture jitter.
sampling rate was limited by the available optical source. Each A/D

converter channel operates up to a 640-MHz conversion rate, dissi-
pates 70 mW of power, and occupies an area a50 um X 450 um  Fig. 1, the effective number of bits (ENOB) of resolution
in a2.5-V, 0.25um CMOS technology. that can be achieved for a given rms aperture jitter decreases
Index Terms—Analog-to-digital (A/D) conversion, CMOS |ggarithmically with input frequency. Aperture jitter in the
analog integrated circuits, flash converter, low-tempera- g 5 o range is typical for high-performance electronic A/D
ture-grown GaAs, metal-semiconductor-metal (MSM) devices, . .
offset averaging, optical data processing, resistor averaging COnverters [3], whereas an aperture jitter of less than 0.2 ps is
network, sample and hold, transconductance amplifiers. needed to achieve 4 effective bits of resolution at a 40-GHz
input frequency.
A number of photonic sampling techniques have been pro-
posed to overcome the limited input bandwidth and timing jitter
IGH-SPEED analog-to-digital (A/D) converters capablef electronic sampling circuits [4]. These photonic techniques
of digitizing signals with bandwidths of several tenare enabled by mode-locked laser technology that is capable
of gigahertz have applications in optical communicationsf generating periodic optical pulses with subpicosecond pulse
wideband radar, and high-speed instrumentation. In fiber-optigdths and timing jitter of tens of femtoseconds. Many of the
communications, dispersion effects that limit the length of theoposed photonic A/D converters involve modulating a short-
fiber link may be corrected with digital equalization techniquegulse optical source with the input electrical signal and opti-
if A/D converters capable of conversion rates as high as 10-ddlly demultiplexing the modulated pulses to a number of par-
GHz are available [1]. Test instruments, such as widebaatlel photodetectors and electronic A/D converters. The design
digitizing oscilloscopes, continually demand A/D convertersf these systems is complicated by the need to optically de-
with increased sampling rates and greater input bandwidthultiplex to a large number of channels in order to achieve a
Although the time interleaving of many parallel electronitiigh aggregate sampling rate. Alternative approaches to pho-
A/D converters can enable very high aggregate conversitomic A/D conversion, such as the one proposed herein, involve
rates [2], the effective resolution of the converter at high inpsampling the electrical input with a number of parallel pho-
frequencies remains limited by the bandwidth and apertuigconductors that are optically triggered in sequence by time-
jitter of the input sample-and-hold circuit. As illustrated irinterleaved optical pulses. Photoconductive switches with pi-
cosecond response times enable a wide input bandwidth, but
Manuscript received April 10, 2003; revised July 7, 2003. This work wad€nerally provide poor isolation between the input and sampled
supported in part by the Defense Advanced Research Projects Agency urgignal due to capacitive coupling.
Contract DAAD17-99-C-0048, and in part by Matsushita Corporation and the Thjg paper introduces a parallel A/D conversion architecture,
Stanford Graduate Fellowship program. . . . . .
ghown in Fig. 2, wherein a large number of time-interleaved
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Fig. 4. Optically-triggered sample-and-hold with a replica dummy switch for
feedthrough cancellation.

Fig. 2. Proposed time-interleaved photonic A/D converter architecture with
per-channel sampling rae; /N, wherefs is the aggregate sampling rate and . .
N is the number of channels. followed by a 1-min, 700C rapid thermal anneal. The low

epitaxial growth temperature and subsequent anneal lead to
the incorporation of excess As atoms in the GaAs crystal
lattice, resulting in a material with short carrier lifetimes
of only a few picoseconds and high resistivity except when
illuminated [5]. A titanium/gold contact metal is deposited on
the LT-grown GaAs and patterned to form an interdigitated
8-finger, 2um finger-spacing MSM device, as illustrated in
Fig. 3. The20 um x 20 xm area of the MSM switch is roughly

- equal to the spot size of the illuminating optical beam. For
f— 20-umlength —| integration with the CMOS A/D converter circuits, the MSM
switch is attached to the CMOS chip using flip-chip bonding,
and the GaAs substrate is subsequently etched away to allow
back-side illumination of the MSM switch. The output of the
, ) . _switch drives a hold capacitana@y, of approximately 30 fF
output voltage. Section I describes the photonic samplinga; js composed entirely of parasitic capacitance associated

technique that uses optically-triggered, low-temperatuigih, the flip-chip bonding pad and the CMOS A/D converter
(LT)-grown GaAs switches [5] to achieve an input bandwidtfy ¢ such a small hold capacitance is necessary because of

of more than 40 GHz. The proposed A/D converter architeCtyjigs |imited drive capability of the photoconductive switch.

i?dCC"CLt"t lerpI.ementa(;lot? et\rr]e d(re]ta}[lle(_j n Sec;tmn III_tar?d Sampling of the electrical input is optically triggered with a
/. Lonstraints Imposed by the pholonic sampling SWICNEg, e jocked laser generating 150-fs wide optical pulses. The
dictate trade-offs. among the .lnput capacnance,. lineari icident light is absorbed in the LT-grown GaAs, thus gener-
common-mode reJec_t|_on, sampl!ng ra_te and re_:sol_utlon of 'ﬁng excess electron-hole pairs that enable conduction between
A/D converters. Additional considerations of circuit area a e terminals of the switch. These carriers are trapped within
R(/)I\Sver uItlrrtlatzly _Ied tAO a Compactt, lhlght-sioeedt 4'b'th flas few picoseconds after the light is removed, providing a very
converter design. An experimental prototype two-c ann%st switch turn-off. Electrooptic-sampling measurements of the

'tA/Dh cc:nverter dyvat\s fakt)”dcat.?ﬁ L'{_‘ a 2.5-(\3/52.2[5'-1'tck|]\/|os . impulse response of these types of MSM switches demonstrate
e‘él_”o ;’_gy;‘” d'!” egtraﬁ Wi E-grr?va S S""; ¢ eﬁ USINF 1 5.ps full-width half-maximum (FWHM) output signal [6].
a Tlip-chip bonding technique. tac converter chann wing to its single-crystal structure, LT-grown GaAs also ex-

oizcup|es a‘lf‘ areat dﬁ)(f] /(;TOXM4I:|50 MTT] and (:lstsmates 7% mV\é ibits reasonably high carrier mobility, which helps reduce the
at a sampling rate o z. The prototype provides -resistance of the switch. The switch provides an on-resis-

effective bits of resolution across a 40-GHz input frequenci}énce of Rox < 100  and an off-resistance aRopr >

range, at an optically-triggered sampling rate of 160 MH%UO MSQ. However, it exhibits a relatively large feedthrough

Section V describes the experimental test setup and Summari&&ﬁacitancec of approximately 10 fF. As a result, a large
the measured performance. 1 ' '

feedthrough signal is superimposed on the held voltage when
the switch is in the off state.

Shown in Fig. 4 is the schematic of an optically-triggered

The proposed photonic sample-and-hold is comprised osample-and-hold circuit employing replica feedthrough can-
LT-grown GaAs metal-semiconductor-metal (MSM) switcltellation. The electrical input signal is sampled using a pair
that is optically triggered to sample an electrical input signaf MSM switches, of which only one is optically triggered to
onto a small hold capacitance [6]. The switch is fabricated ample the input signal onto the hold capacitance. The second
molecular beam epitaxy of GaAs on a semi-insulating GaAdummy) switch provides a replica of the feedthrough signal
wafer at the relatively low substrate temperature of °Z50 that is subsequently subtracted from the sampled signal at

Low-Temperatdre-grown (LT-gréwn) GaAs

Fig. 3. Photoconductive sampling switch consisting of an 8-firg@gpm x
20 um area, interdigitated MSM structure.

Il. PHOTONIC SAMPLING



NATHAWAD et al.: 40-GHz-BANDWIDTH, 4-BIT, TIME-INTERLEAVED A/D CONVERTER 2023

Buffer Amplifier Offset Calibration
* ™ <€ los.
Vin - /> < los-

4 N\

4-bits

VAYAYS

[ L lIlI\

VARYSE

| . |
|

vref+
3 dummy
comparators
15 main
comparators

3 dummy
comparators

Vs
\
7
o
8
=]
a

Viet:  \_ VAN J
21-Tap Regen. Averaging First
Reference Preamps Resistors Latch
Ladder

( Thermometer-to-Binary Decoder )

Fig. 5. Block diagram of the CMOS A/D converter.

the differential input of the CMOS A/D converter. To avoidarchitecture, shown in Fig. 2, is proposed wherein an electrical
hysteresis (memory of the previous sample), the opticaligput is sampled by a large number of time-interleaved channels
sampled outpull...p, is reset by the CMOS input circuit prior to achieve a high aggregate sampling rate, Each channel

to sampling, as explained in Section IV-A. consists of an optically-triggered MSM sample-and-hold circuit
Ifitis assumed that the input is optically sampled at tiffig, feeding a 4-bit CMOS A/D converter operating at a per-channel
the differential output of the sample-and-hold circuit is sampling rate,fs/N, where N is the number of time-inter-

leaved channels. The output of a mode-locked laser generating
Vaitiout (1) = Veamp(t) = Vaum () = (1 = f) - Vin(Th) (1) sub-picosecond wide pulses with repetition rgig/N, is split
into N beams, each with a different time delay, to drive the
time-interleaved photonic sampling switches in succession. The
optical pulses can be time-interleaved using free-space optics
by introducing appropriate delay paths for each beam without
Capacitive feedthrough _is effectively _eliminf_;\ted at the COSE;;I(,:? tla}ggnéjjg(})/ncc())r”delzgigscﬁnt(())f;t:eoopr;it(l:(;alil g:tlﬁﬁ'elr?girﬁ E;f
of reduced OUtqu amplitude. In practice, mismatch betwe% 0 um. Path length differences can be controlled to within a
.the two MSM switches as well as between the hOId. capag microns, corresponding to timing skews of less than 10 fs.
itances, limits the degree of feedthrough cancellation a e use of optically-triggered sampling and time-interleaving

ma_}[/ EIUmate(ljy_hrtnr:F the rke SOIhu.t'OH th"# c_:ant be ?tzr]hlev?d. 4TE reatly relaxes the jitter and timing skew requirements for the
Switches used in this work achieve sutticient matching tor &-0fe -yrjca) clock signals driving the CMOS A/D converters, as

resolution with typically less than 2% residual feedthrough ivr\]/ell as the input bandwidth required of these converters.

the differential output. L
- L . The CMOS A/D converter used to digitize the sampled

o The(;ﬁr_nteRQFF Of.tt%e d;Jmmy MISM SW'td}.l'tn p?kr}altlel with signals in the proposed system is constrained by the need for a
thf 2” 'in ?enﬁs WII H | tortmhs g ow-passt ;Jer ;‘ tpallssesvery low input capacitance, as well as the low power dissipation

€ dc input voltage level to the dummy outpUlum, but also o4 gmay) area that are needed to allow the integration of many

limits operation of the sample-and-hold 1o input frequend%%nverters on a single chip. Achieving more than 6 to 8 bits

well abovel/(2m RoprCy). At lower input frequencies, the ooy tion is unlikely with this photonic sampling archi-

switch feedthrough is no longer predominantly capacitive a . . .
the resistive feedthrough of the dummy switch attenuates %‘gcture because of mismatch in the replica-based feedthrough

diff tial outout sianal Sncellation. For resolutions below 8 bits, flash A/D converter
ierential output signai. architectures generally provide the highest sampling rate per
unit of power dissipated, as well as the highest sampling rate
per unit area. However, the input capacitance, power, and area
of a flash A/D converter scale exponentially with resolution.
The photonic sample-and-hold circuit described in th&nother factor influencing the CMOS A/D converter design is
previous section is capable of operating at sampling ratestwfe-interleaving errors [7] such as gain and offset mismatch
tens of gigahertz. However, it is difficult to design a single-pathmong the parallel paths, which can generate objectionable
A/D converter capable of digitizing the held sample at thetenes in the output spectrum. Given these constraints, a 4-bit
rates. Alternatively, a highly parallel photonic A/D converteresolution, 640-MSample/s CMOS A/D converter was chosen

wheref is the capacitive feedthrough ratio

Cy

I=Cvon

)

Il. TIME-INTERLEAVED PHOTONIC A/D CONVERTER
ARCHITECTURE
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Fig. 6. Input buffer amplifier consisting of PMOS source followers driving a differential transconductor (enclosed in dashed lines).

as the vehicle for exploring the use of photonic sampling ftash quantizer. The very fast rise time of the optically sampled
achieve very high sampling rates and input bandwidths. Highiaput also necessitates an input structure that minimizes kick-
resolution may be possible, but the A/D converters would théack, or at least ensures any kickback is a linear function of the
likely operate at lower sampling rates and consume more poveampled input. In addition, the high per-channel sampling rate
and chip area, thus limiting the number of channels that coutabtivated a linearized open-loop amplifier design to minimize

be integrated on a single chip. settling time while providing greater than 5 bits of linearity for
a full-scale output.
IV. CIRCUIT DESIGN AND |IMPLEMENTATION Shown in Fig. 6, is a schematic of the input buffer amplifier

together with the parasitic bond-pad hold capacitance. Both the
sampled and dummy input signals are first buffered by PMOS
Surce followers M, and My;, with series diodes used for
rUoltage level-shifting. Next, a differential transconductance
élmplifier [9], shown within the dashed lines, rejects input
ommon-mode while providing a fixed voltage gaifi;, set by

Shown in Fig. 5 is a block diagram of the CMOS A/D con
verter. The outputs of the photonic sample-and-hold are fed t
differential buffer amplifier that subtracts the feedthrough fro
the held sample and provides a differential voltage gain of
The buffer amplifier drives a flash quantizer with a full-scal

inputrange of 1.6 Y, differential. An externally adjustable cur- resistor and transistor ratios. Local feedback forces a constant

rent source is used to calibrate any offset in the buffer amplifig[Jrrent in the NMOS input transistora/,, and My, of the

output. The quantizer consists of 15 main comparators with f#i8nsconductor through control of the tail current sources,

additional six dummy comparator; for offset aygraging. . and My, respectively. Neglecting the body-effect and
In each comparator, aregenerative preamphﬂercomparesﬁ%nnel_length modulation, the buffer amplifier provides a

differential input against differential reference voltages geners

: . iy oltage gain
ated using a resistor ladder network. The preamplifier outputs ge g
are fed to an averaging resistor network that reduces the effects Av —=2.m- Ry 3)
of random preamplifier offsets [8]. A low-offset, low-swing first v Ry

latch followed by a dynamic latch amplify thg preamplifier OUty herem is the ratio of the width of NMOS current sourcag,,
puts to CMOS voltage levels, thus producing a thermome d M,

output code. CMOS logic and a 4-bit ROM decode the ther- An important concern in the buffer amplifier design is kick-

mometer C(.)de to binary. back to the dynamically held input voltage. The optically sam-
The maximum sampling rate of the CMOS A/D converter Iﬁled input has a fast rising/falling edge of less than a few pi-

limited by the sum of the input reset time, the buffer amplifi€g,econds. During this transient, the output of the PMOS source
output settling tlm_e and the aperture time of the quantizer. ,F%rllower, M., remains approximately constant, so the input
?‘640'MHZ samplmg rate,' about 250 ps of the 1.5-.n.s CyCIe_t'rEﬁarges both its gate-to-source and gate-to-drain capacitances,
is allotted to resetting the input, 1 ns to buﬁergmpllfler settlmg@gs andC,.. As the PMOS source follower settles, its output
and another 250 ps to comparator aperture time. is coupled back to the input througl),;. The amount of charge
kicked back to the input depends on the magnitud€'pfand
the difference between the sampled input voltage and the pre-
The input buffer amplifier has two primary constraintsvious held voltage. To minimize distortion from nonlinezy;,
First, it must amplify the differential held signal and rejecthe input signal amplitude is kept small and the PMOS source
the large input common-mode variation that results from tHellower is biased with a sufficiently large overdrive voltage
replica-based feedthrough cancellation method. Second, g — V;,, to ensure that the charge kickback is a relatively
buffer amplifier must present a low capacitance to the photorinear function of the sampled input voltage. To avoid memory
sampling circuit while driving the large load capacitance of thaf the previous sample, the sampled input is reset to ground with

A. Input Buffer Amplifier
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NMOS transistorM;,,, prior to optical sampling. The dummy Voo
input is not reset because its dc voltage-level is determined t TT—['
MSM switch leakage; resetting would add a signal-dependel M M
offset.

Relatively small PMOS input transistors are used in orde Vout+ > o Vout-
to meet the low input capacitance requirement. However, bot MOJ-;’\‘,
mismatch in threshold voltadé;, and device transconductance clk1
B = uCoxW/L increase withl /\/(W - L) [10]. As a result, Viv_/f [

A

mismatch between the PMOS input devices is the dominai Jf*- T JJ_'&
source of offset in the buffer amplifier. Implementation ofvimL w @vm VR_L
any real-time offset correction circuits is difficult without
introducing significant input capacitance. Therefore, offset i
corrected at startup (to within a few millivolts) by adding a
manually adjusted current source to the buffer amplifier outpu..
The main source of buffer amplifier gain error#smismatch Fig. 7. Regenerative preamplifier with reset switdd, and capacitive
in the NMOS current source transistors. These devices, betagiback cancellation.
large in size, provide sufficient matching to achieve a 1-sigma
gain variation of less than 1.5%. nected PMOS load transistors. However, regeneration provides

The input voltage range of the buffer amplifier was choseior much higher gain. The output of the preamplifier is limited
primarily on the basis of linearity constraints. A larger inpuin amplitude by the loading of the averaging resistor network;
voltage swing would require less amplifier gain and less seftherwise, the outputs would regenerate to full-scale.
tling time, but would degrade the linearity. In particular, second During the regeneration phase, cross-connected MOS ca-
harmonic distortion from the large input common-mode varigacitors cancel differential feedback through the gate-to-drain
tion is the main source of nonlinearity in the buffer amplifieoverlap capacitance that may otherwise distort the input.
response. The buffer was designed to provide a nominal voltagese MOS capacitors are operated below threshold to more
gain of 4, and about 6 bits of linearity when sampling a 0.56 V accurately duplicate the overlap capacitance.
input to the A/D converter. Due to capacitive feedthrough, the
input to the buffer is a 0.4 ), differential held signal with a C. Averaging Resistor Network

common-mode variation of 0.35,y. Based on HSPICE simu-  Resistive output offset averaging is used to reduce quantizer
lations with the quantizer loading the outputs, the buffer amplipnlinearity and relax device matching constraints in the pream-
fier achieves a slightly underdamped step response with a 3-giier circuit [8]. With averaging, much smaller preamplifier
bandwidth of 1.5-GHz and consumes about 22 mW of powgevice dimensions may be used to achieve a given level of offset
for typical process parameters. error, with a corresponding large reduction in input capacitance
and power dissipation. The offset reduction obtained with an
averaging resistor network is largely dependent on the output
The aperture time, input capacitance and linearity of thead resistance of the preamplifier circuit. Kattmann and Barrow
flash quantizer are determined primarily by the preamplifi¢8] show that for a resistive load?r,, the improvement in dif-
circuit. The main function of the preamplifier is to provideferential nonlinearity (DNL) is maximized by increasing the
sufficient gain to overcome the offset of the subsequerttio of Ry, /R..,, WhereR.., is the averaging resistance. Bult
comparator without introducing significant offset of its ownand Buchwald [11] attempt to maximize the amount of aver-
However, a short aperture time and low input capacitance aging benefit by using an effectively infinit®; constructed
also necessary to ease the settling time requirements of tiwn parallel diode-connected and cross-coupled PMOS loads
preceding buffer amplifier. A high-gain preamplifier generallyvhose positive and negative small-signal conductances cancel
has less bandwidth and requires a longer aperture time oeeach other. Averaging can provide similar offset reduction in ar-
which the input must remain stable. Random offsets due ttays of regenerative preamplifiers that haueegativenet load
transistor mismatch, which is the main source of quantizegsistance and provide significantly higher gain. With regenera-
nonlinearity, may be improved by increasing device dimensiotige preamplification, the output must be first reset and the offset
at the expense of higher input capacitance. averaging occurs dynamically. A similar combination of regen-
In an A/D converter with a front-end sample-and-hold circuigration and averaging are employed by Choi and Abidi [12] in
a large preamplifier bandwidth is desirable to track the sampl#ukir first-stage latch.
input as it settles, whereas high gain is desirable once the inpuShown in Fig. 8 is a schematic of the preamplifier array with
has settled. The regenerative preamplifier circuit shown in Figtffe output averaging resistor network. In addition to the 15 main
uses an output reset switchfy, to prevent regeneration andpreamplifiers, overrange dummy preamplifiers have been added
provide a high output bandwidth while the input is settling. Rde avoid any discontinuity in the averaging at the edges of the
leasing the reset switch allows the cross-coupled PMOS transigain array. Each preamplifier is active over an input range of
tors, M; and Ms, to regenerate the output, providing high gain-3 LSB, so that three overrange preamplifiers are needed at
in a short amount of time. The offset of the regenerative preamach end of the main array to ensure the first and last overrange
plifier is comparable to that of a preamplifier with diode-conpreamplifiers are always operating near saturation for full-scale

B. Regenerative Preamplifier
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Vit Vi Vi2 Vg Vi3 V2 Vo Vi Vzq preamplifier offset and gain as functions of regeneration time,
without averaging and witlR,.,, = 800 Q. The time at which
the clock signal crosseipp /2 is defined ag = 0. Without
averaging, the preamplifier offset remains constant and the gain
increases exponentially, as expected. However, with averaging,
inputs. The complementary outputs of the first and last ovahe preamplifier input-referred offset is greatly reduced and de-
range preamplifiers are cross-connected through a pair of aveteases further as the output regenerates, but gain is also reduced
aging resistors so that every preamplifier in the array sees thecause the averaging resistors load the outputs. In the reset
same effective load impedance and has a balanced numbeplwse, the preamplifier has a differential voltage gain of about
preamplifiers contributing to its output. 0.3 and provides 3-GHz of bandwidth with an effective load re-
Ingeneral, the added overrange preamplifiers reduce the inpistance Ry, reset ~ 800 Q. The IOWRY, reset / Ravg ratio results
range available to the main preamplifier array, thus reducing tirea moderate factor of 1.8 offset reduction. During the regen-
maximum quantization step size that can be used. Howevergiration phase, the preamplifier offset is dynamically averaged
this design the linearity of the buffer amplifier already limitsvith an effectiveRy, ;egen = —2 kS2. If & preamplifier output
the quantization step size, so the input range of the main preagenerates toward a voltage level that is not halfway between
plifier array is unaffected by the presence of overrange preathe outputs of the adjacent preamplifiers, then the averaging re-
plifiers. The addition of the overrange preamplifiers does irsistors pull the output back toward the middle. As the outputs
crease the input capacitance and power dissipation. Ref. [gBpw larger, so does the current in the averaging resistor net-
suggests an averaging termination technique that may be uswudk, eventually limiting the preamplifier gain that may be ob-
to reduce the number of overrange amplifiers in a conventiorialned. After a 250-ps regeneration time, the preamplifier offset
resistor-loaded preamplifier array, but the approach is difficuf reduced by a factor of 2.6, but the voltage gain is also reduced
to apply to a regenerative implementation. from 7 to 4 when compared to the preamplifiers without aver-
If the preamplifier array shown schematically in Fig. 8 wagging.
laid out sequentially, a pair of long interconnects would be
needed to connect the ends of the preamplifier array. To avéid First and Second Latch
the large parasitic capacitance and resistance that would b@ two-stage latch follows the preamplifier to provide ad-
introduced by such an interconnect, the preamplifier array ditional regenerative gain. The first stage, shown in Fig. 11,
laid out in a single interleaved row as shown in Fig. 9. With thig a low-offset, low-output-swing latch that is biased with a
layout pattern, all adjacent preamplifiers (efg. and Pr11) constant current. The first latch maintains a constant output
are at most 2 cell widths apart. common-mode level during the reset and regeneration phases,
The value ofR.., was chosen to minimize the net input-rewhich helps to reduce any input-referred offset due to mis-
ferred offset,oos total, due to preamplifier offsety,s .., and match in the output capacitive loads. An NMOS transistdy,
offset in the subsequent comparateg, comp. A small R,,, clamps the output voltage swing for fast overdrive recovery.
improves averaging of preamplifier offsets at the expense &f is biased in cutoff to minimize loading of the output nodes
less preamplifier gairt7,,,, resulting in a greater input-referredexcept in the presence of large output swings.

Fig. 9. Layout of preamplifier array with averaging resistor network (fo
simplicity, only single-ended outputs are shown).
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The output of the first latch is fed to a second differentic -0.2

edge-triggered latch [14], shown in Fig. 12, that amplifies it
input to CMOS voltage levels. The array of latches provide
thermometer code output that drives a 4-bit ROM to genere Code
the corresponding binary output code.

-0.4

Fig. 15. Measured INL of each CMOS A/D converter at 640 MS/s.
V. EXPERIMENTAL RESULTS Static mismatch between the two A/D converter channels and
Shown in Fig. 13 is a die micrograph of a prototype twoknearity errors in each of the channels were measured with a
channel A/D converter fabricated in a 0.25 CMOS tech- low-frequency signal applied directly to the CMOS A/D con-
nology. The LT-grown GaAs MSM switches have been inteserter inputs through small NMOS pass-transistors. The mea-
grated with the CMOS chip using flip-chip bonding. Each A/Bured gain mismatch of the two channels was 1.5%, and the
converter channel occupiesla0 pum x 450 um area and con- offset mismatch before and after calibration were 62 mV (0.62
sumes about 70 mW of power, not including output drivers, &6B) and<2 mV (0.02 LSB), respectively. The DNL and inte-
a sampling rate of 640 MSample/s. The electrical input signgtal nonlinearity (INL) of each A/D channel were measured for
is driven directly onto the chip using a ground-signal-grouna 2.5-MHz input signal and a 640-MHz conversion rate using
(G-S-G) coplanar microwave probe to avoid package parasitibe code density test [15]. As shown in Fig. 14 and Fig. 15, the
and terminated on-chip with a 90-polysilicon resistor. The prototype has a peak DNL and INL of 0.2 LSB and 0.35 LSB,
digital outputs of the A/D converter are buffered and driven ofespectively.
chip using differential current-mode signaling with an off-chip Fig. 16 illustrates the test setup used to evaluate the perfor-
termination resistance of 130. The output drivers consist of mance of the A/D converter with optically-triggered sampling.
open-drain NMOS differential pairs biased with a constant talln 850-nm titanium/sapphire mode-locked laser generates
current in order to minimize digital switching noise. 150-fs wide optical pulses at an 80-MHz repetition rate. The
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Fig. 16. Setup for testing the prototype time-interleaved two-channel A/D Frequency / fg

converter.

Fig. 17. Output spectrum (8192-point FFT) of the time-interleaved

. o . . . two-channel A/D converter witlfs &~ 160 MS/s andf;x = 40 GHz.
output of the laser is split into two beams using a polarization

beam splitter (PBS). The vertical polarization is reflected by

the PBS and focused onto the MSM sampling switch of A/D

converter channel #1, whereas the horizontal polarization is 35 ?‘:»’;::\ﬂ 8. 1
transmitted through the PBS and appropriately delayed with & ¢, SFDR\e'\*“?::-:g:"':‘ B Sl ottty |
mirrors and a micrometer-precision translation stage before & ¥

being focused onto the MSM sampling switch of A/D converter £ 30} :-c—hgg?l‘;lMS/s
channel #2. The relative delay of the two optical beams can g ff::K:}s (0), 85 (o)
be adjusted to about 6-fs precision by varying the optical path SNDR

length in 2um steps. An optical power of about 4 mW per 2 25H<3—_;:g:2———3—:3=0 =
channel, corresponding to a pulse energy of 50 pJ, is required to? e

activate the MSM switch and fully charge the hold capacitance. Input Amplitude ~ 95% of full-scale

The CMOS A/D converters are driven by an electrical clock 200 10 0 30 20

at frequencyfcLk, generated with a pulse generator that is
phase-locked to the laser. The pulse generator allows 1-ps delay
adjustments infcrk that are used to align the CMOS A/Drig.18. Measured SNDR and SFDR versus input frequency for single-channel
converter timing with the optical sampling pulses. A 40-GHgperation.

microwave signal generator provides the high frequency input

signal and the digital outputs of the A/D converter are captureglas into the Nyquist bandwidth from zero g /2, but pre-
with a logic analyzer. serves signal, distortion, and noise power. The spurious-free dy-
The test setup was limited to an optically-triggered samplingamic range (SFDR) of the A/D converter is determined by di-
rate of 80 MHz per channel by the available laser. Howeveriding the power in the fundamental tone by the power in the
operation of the A/D converter was demonstrated at higher cdargest other tone in the output spectrum, which in this case is
version rates by using aferk that is a multiplef, of 80 MHz.  the second harmonié] D2. The signal-to-noise-plus-distortion
A higher fcpk reduces the time available for quantization anghtio (SNDR) is calculated by dividing the power in the funda-
stresses A/D converter operation. Since the input signal is optiental tone by the total baseband noise and distortion power
cally sampled at an 80-MHz rate, only evérth digital output other than that in the fundamental.
of the A/D converter is valid, and the intermediate 1 outputs Fig. 18 shows a plot of the SNDR and SFDR measured for
are discarded in software. Although scalifig x demonstrates operation of a single channel of the A/D converter over an input
the potential for higher frequency operation, this test may fail feequency range from 3 MHz to 40 GHz and at a digital output
capture hysteresis in the A/D converter that may occur at highgtiplitude of 95% of full-scale. The input to the one-channel
optical sampling rates. However, since the sampled input to th¢D converter is optically sampled gt ~ 80 MS/s. However,
CMOS A/D converter is reset prior to each conversion cycléhe A/D converter performance was evaluated for bathk ~
significant hysteresis is not expected. 80 MHz and fcrk ~ 640 MHz. In both cases, the SFDR is
The A/D converter’s dynamic performance was evaluated tiynited to about 32 dB (5 bits) by second harmonic distortion
taking the fast Fourier transform (FFT) of the digital outpuin the input buffer amplifier, which is a consequence of the
when asingle tone is applied to the input of the converter. Fig. Iatge input common-mode variation that results from capacitive
illustrates the dominant distortion tones in the output spectruigedthrough in the sampling circuit. The SNDR remains approx-
obtained by taking the 8192-point FFT of the A/D converter outmately constant with input frequency up to 40 GHz and does
puts when sampling a 40-GHz input tone at a sampling raterdt appear to be limited by jitter from the sampling switches,
fs = 160 MS/s. Undersampling, that is sampling below théhe laser or the input source. The extent to which the measured
Nyquist rate, causes the input tone and all of its harmonicshaseband noise exceeds the quantization noise is assumed to be

Input Frequency [GHz]
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low-jitter, short-pulse laser. Each time-interleaved channel sam-
ples the electrical input with a pair of MSM switches, one for
sampling and a second replica switch for feedthrough cancella-
tion. The differential held signal is quantized by a high-speed
CMOS A/D converter in which a low-input-capacitance buffer
amplifier rejects input common-mode variations in the held
signal and provides a fast-settling output to drive a 4-bit flash
gquantizer. Resistive offset averaging is applied to an array of
regenerative preamplifiers to decrease the input capacitance and
power dissipation of the flash quantizer by relaxing transistor
matching constraints.

A prototype two-channel A/D converter has been imple-
mented in a 2.5-V, 0.2xm CMOS technology and integrated
with LT-grown GaAs MSM switches using flip-chip bonding.

Fig. 19. Measured SNDR and SFDR versus input frequency for operatione iy A/D converter channel operates at up to a 640-MHz

two time-interleaved channels.

TABLE |
PERFORMANCE SUMMARY
Technology 1p5m 0.25-um CMOS
Supply Voltage 25V
A/D Conversion Rate 2 x 640 MHz
Optical Sampling Rate 2 x 80 MS/s
Nominal Resolution 4b

Input Range

560 mV peak-to-peak

Input Bandwidth

3 MHz to 40 GHz

Peak SNDR / SFDR @f)y = 40 GHz 23.4dB/30.6 dB
DNL / INL 0.2LSB/0.35LSB
Area per chan. (excl. drivers) 150 x 450 pm?

Power per Analog
channel: Digital (excl. drivers)
Optical

40 mW @fg k = 640 MHz
30 mw @fCLK =640 MHz
~4 mW @fg = 80 MS/s

sampling rate, dissipates 70 mW, and occupies an area of
150 pm x 450 pm. At an optically-triggered sampling rate of
160 MS/s, the time-interleaved converter achieves greater than
3.5 effective bits of resolution at a 40-GHz input frequency
with over 30 dB of SFDR and an estimated sampling jitter
of less than 80 fs. The wide input bandwidth, precise timing,
low area, and low power suggest the feasibility of integrating
a larger number of parallel channels to achieve much higher
sampling rates.
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