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Abstract—The combination of resonant-tunneling diodes and
heterostructure field-effect transistors provides a versatile tech-
nology for implementing microwave digital and mixed-signal
applications. Here we demonstrate and characterize the first
monolithic flash analog-to-digital converter (ADC) in this tech-
nology. The first-pass ADC achieved 2.7 effective bits at 2 gi-
gasamples per second (Gsps) for a 220-MHz input signal. The
one-bit quantizer achieved a single-tone spurious free dynamic
range greater than 40 dB at 2 Gsps for a 220-MHz single-tone
input with dithering.

Index Terms—Analog–digital conversion, FET’s, indium com-
pounds, quantization, resonant tunneling diodes, sample and hold
circuits.

I. INTRODUCTION

ULTRAFAST analog-to-digital converters (ADC’s) are
finding increased application in sampling scopes, digital

receivers, and phased array radars [1]–[4]. Modern ADC’s ex-
ceed 1-gigasample-per-second (Gsps) conversion rates, which
enables digital receivers without analog channelization. With
higher conversion rates the ADC can be moved closer to the
front end, resulting in a more versatile digital receiver. For
X-band operation, an ADC with a sampling rate of at least 20
Gsps will be required. To extend the ADC operation beyond
20 Gsps, a comparator function capable of analog-to-digital
decisions in less than 25 ps is needed.

Conventional transistor-based comparators typically use re-
generative feedback to obtain a valid digital output within a
single clock cycle. The regeneration time constant associated
with the feedback loop must be very small compared to the
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clock period to achieve high sensitivity and is limited by the
circuit interconnect loop delay and by transistor propagation
delays. High speed and high sensitivity must then be obtained
through compact circuit layout and the use of high-speed
transistors.

As an alternative we propose and demonstrate novel high-
speed circuit topologies enabled by a monolithic resonant-
tunneling diode (RTD)/heterostructure field-effect transistor
(HFET) technology. With the RTD available to the circuit de-
signer, a more compact and faster comparator can be designed.
The RTD is highly nonlinear and inherently self-latching with
an appropriate load. When the RTD is operated as a current
comparator, the self-latching is exploited to obtain a compara-
tor whereno circuit feedback is requiredand the “regeneration”
time is limited only by the RTD and its intrinsic and parasitic
capacitive load. With RTD’s capable of 1.5-ps large-signal
switching transients [5], RTD-based comparators are expected
to operate at clock rates exceeding 20 Gsps. RTD/HFET
circuits typically feature reduced component count, lower
power dissipation, and higher speed compared to transistor-
only designs.

Previous efforts at RTD-based ADC’s have focused on a
folding approach [6], [7]. Here we report on the first RTD-
based flash ADC integrated circuit [8]. The flash architecture
of the 4-bit 2-Gsps ADC provides a straightforward imple-
mentation and intrinsic high speed. A conservative HFET gate
length (0.5 m) and RTD peak current density (10 kA/cm)
were used for this demonstration. Fig. 1 shows the completed
1.9 2.1-mm ADC die.

II. DESIGN

A. RTD and HFET SPICE Models

RTD and HFET device models for SPICE simulation were
obtained by fitting simulated to measured DC andparame-
ters. The RTD model [9] is similar to one recently published
[10] and is described in Appendix A. For the HFET, the model
of [11] was modified and implemented in a proprietary version
of SPICE. An essential feature of the device models is the
use of a continuous expression with continuous derivatives
for the DC characteristics; for the RTD to describe the DC
I–V characteristic, and for the HFET output characteristic to
describe the subthreshold, linear, and saturated regimes of the
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Fig. 1. Photomicrograph of the resonant-tunneling diode/heterojunction
field-effect transistor analog-to-digital converter, measuring 1.9� 2.1 mm2.
The ADC die has 450 components, including 64 RTD’s, 225 HFET’s,
Schottky diodes, resistors, and capacitors.

HFET. The continuous I-V expressions ensure convergence
in transient simulations of HFET-RTD circuits in standard
versions of SPICE; i.e., no new or modified convergence
algorithms are required. Fig. 2 shows the excellent agreement
between model and experiment for the RTD and in both the
HFET large-signal and subthreshold regime.

B. ADC Architecture

The flash-ADC reported here consists of an HFET sample-
and-hold followed by 16 RTD/HFET clocked-comparators as
shown in the block diagram in Fig. 3. Two on-chip clock
shapers supply the clock signals for the sample-and-hold
and for the 16 clocked-comparators. The ADC outputs a
16-level thermometer code. The sample-and-hold and clocked-
comparators have a single-ended signal path with differential
clock shaping and distribution. The single-ended signal path
design limits the design to operation speeds up to a few GHz
using the chosen transistors. The power supplies, including
ground, of the analog quantizer front-end and sample-and-
hold are separate from those of the digital ADC components.
The circuit layout was optimized to minimize noise coupling
between all power supplies as well as between components
powered by the same supplies. On-chip capacitance was max-
imized within the given die area.

C. Sample-and-Hold

The sample-and-hold is an FET-only design with a pass-
transistor, hold capacitor, buffer amplifier, and switching logic
similar to the analog sampling switch described in [7]. The

(a)

(b)

(c)

Fig. 2. Simulated (solid lines) and measured (dots) DC data for (a) the HFET
output characteristics on a linear scale, (b) on a logarithmic scale, and (c) the
RTD I–V characteristics. Agreement between model and measured data is
within a few percent rms error.

schematic is shown in Fig. 4. To provide a more constant on-
resistance for a large input signal range of the pass gate in
an n-channel only FET design, it is necessary to drive the
pass gate FET with a gate bias that tracks the input signal.
This tracking is achieved with a source follower at the output.
This source follower output is then used as the supply rail
of a differential-pair gain-stage that has the sample-and-hold
clock as input. The output clock from the differential-pair gain-
stage tracks the input signal during sampling and drives the
sample-and-hold pass gate. In this design, the switching logic
follows the output of the sample-and-hold rather than the input
for lower hold-state input-signal feedthrough and improved
linearity. The sample-and-hold design has a SPICE-simulated
linearity of about 60 dB at 2 Gsps.
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Fig. 3. Block diagram of the RTD-based flash ADC. The ADC consists
of a sample-and-hold, buffer, 16 quantizers, and on-chip clock shapers. The
threshold level of each of the quantizers is set through RTD-area sizing.

Fig. 4. Schematic diagram of the sample-and-hold. The sample-and-hold is a
FET-only design with a pass-transistor FET, hold capacitor, buffer amplifier,
and switching logic.

D. Clocked Comparator

The circuit diagram of the RTD/HFET clocked-comparator
is shown in Fig. 5 [12]. The input HFET and the RTD at
the source terminal (RTD-S) convert the input voltage to a
current which is compared to the load RTD (RTD-L) current.
The source-terminal RTD never switches and is used only as
a resistor matched to the load RTD. By linearly sizing only
the area of the load-RTD the trip point of the comparator is
set for each of the 16 comparators. The nonlinear behavior
of the RTD makes the comparator self-latching and obviates
the need for circuit-level regenerative feedback. As a result,
the RTD-based comparator is very compact and capable of
high-speed operation.

The logic output levels of the comparator at this stage are
the “prepeak” and “post-peak” (i.e.,
valley, ) voltage states of the RTD.

Fig. 5. Schematic diagram of one of the 16 flash comparators, consisting of
13 HFET’s, four RTD’s, and nine Schottky diodes. The four RTD’s belong to
the section with an analog ground, AGND, separate from the digital ground,
GND.

Fig. 6. Measured and simulated linearity of the sample-and-hold as a func-
tion of input frequency at 2 Gsps.

Fig. 7. Input and output waveforms of the RTD/HFET comparator at
100-MHz input and 2-GHz clock signal showing input sensitivity of 5 mV.

Shunting current around the load-RTD using an HFET-switch
resets the comparator. This operation returns the load-RTD
to its “prepeak” bias condition. To make the output signal
amenable to data capture the reset signal is removed from the
comparator output by writing the data with an inverter stage
into an RTD “Goto-pair” latch [13]. The feedback source-drain
shorted FET from the inverter stage to the comparator input
reduces kickback onto the input node due to the switching of
the load-RTD. A 50- pin-driver completes the circuit.
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Fig. 8. Output fast Fourier transform spectrum of a single-bit comparator dither experiment for a 110-MHz single-tone input. The spurious free dynamic
range is at least 40 dB.

Fig. 9. Spurious free dynamic range of the single-bit comparator as a
function of input frequency.

III. PROCESS

An 11-mask fabrication process produces the HFET’s,
RTD’s, Schottky diodes, capacitors, resistors, and two
interconnect levels from a single epitaxial growth. The
details of the process are described in [14]. The HFET’s
are constructed from modulation-doped InGaAs/InAlAs
heterojunctions grown by gas-source molecular beam epitaxy
on 50 and 75 mm InP substrates, with a typical of
53 GHz (140 GHz) for a 0.5-m gate length. The RTD
heterostructure is located above the HFET and consists
of pseudomorphic AlAs barriers and an InGaAs/InAs well
designed for a peak current density of about 10 kA/cmand
a speed index of 0.1 V/ps. Passive elements are realized as
3000-Å silicon-nitride 0.2-fF/ m capacitors and 25-/square
NiCr resistors.

IV. RESULTS

The reticle to fabricate the ADC contains a comprehensive
set of structures for testing the individual subcircuits and
components. The sample-and-hold, the clock shapers, and the
comparators have all been tested independently in this manner.
All tests were performed on-wafer with Picoprobe multicontact
wedge probes; all data reported here were acquired with a high
speed Tektronix 11801A digital sampling oscilloscope.

Measured power dissipation for the subcircuits at 2 Gsps
is 50 mW for the sample-and-hold, 190 mW for the clock
shapers, 100 mW for the analog front end of the 16 com-
parators, and 470 mW for the 16 50-pin-drivers, for a total
power dissipation of 810 mW. Test results for the linearity

(a)

(b)

Fig. 10. Static input signal transfer function of the ADC measured at (a)
2-GHz clock input and (b) the differential (DNLE) and integral (INLE)
nonlinearity errors associated with the transfer function.

as measured by the spur-free dynamic range (SFDR) of the
sample-and-hold as a function of the input signal frequency
are shown in Fig. 6. The measured linearity is about 10 dB
less than the values predicted by SPICE simulation.

The comparators were characterized by measuring their
input sensitivity and SFDR up to 3.3 Gsps. An example
measurement for the input sensitivity of a single comparator
is shown in Fig. 7. The input sensitivity is about 5 mV at
100-MHz input and 2-Gsps clock frequency.

Fig. 8 shows an output spectrum obtained from a single-bit
quantizer for a 110 MHz single tone input combined with input
noise for dithering. This measurement shows that the SFDR
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Fig. 11. Fourier transform output spectrum of the ADC for a 220-MHz single tone input at 2 Gsps.

TABLE I
MEASURED AND SIMULATED EFFECTIVE NUMBER

OF BITS AT 2 GSPS AND 0.7-Vpp INPUT

Fig. 12. Beat frequency test of the ADC. Outputs for four of the quantizers
are shown for a 2.2-GHz clock and 2.0-GHz sinewave input, producing a
200-MHz beat frequency output.

of the single-bit quantizer is at least 40 dB. A summary of the
SFDR as obtained from the single-bit comparator with dither
is shown in Fig. 9.

The ADC static transfer function and associated differential
and integral nonlinearity errors are shown in Fig. 10. The
errors remain within one least significant bit but are relatively
large due to the use of a single ended data path.

The dynamic ADC performance was analyzed by measuring
the signal-to-noise ratio of the ADC output spectrum obtained
by taking the Fourier transform of the digitized output data
stream. Fig. 11 shows a typical output spectrum of the ADC
for a 220-MHz single tone input at 2 Gsps. The signal-to-
noise ratio obtained from the output spectrum is 18.2 dB,
corresponding to 2.7 effective bits. Table I summarizes the
effective number of bits (ENOB) as a function of the input
signal frequency. That the effective number of bits is lower

Fig. 13. Equivalent circuit representation of the RTD SPICE model.

than simulated is attributed to the sensitivity of the single-
ended design to the FET threshold voltage variance and not
the RTD process control which is greater than 7 bits [14]. The
single-ended signal path results in comparator trip points that
aredirectly dependent on the comparator input FET threshold
voltage.

Finally, Fig. 12 shows the output of a beat frequency test
of the ADC. A 2-GHz sinewave input is digitized at 2.2
Gsps resulting in a 200-MHz beat frequency output. This test
demonstrates the ability of the sample-and-hold and quantizer
circuits to operate beyond Nyquist at 2 Gsps.

V. CONCLUSION

The first monolithic flash RTD/HFET ADC has been
demonstrated and characterized. The HFET/RTD ADC
achieves 2.7 effective bits at 2 Gsps, and the single bit
quantizer provides a very effective quantizer with a sensitivity
of 5 mV and SFDR of 40 dB at 2 Gsps. The HFET-based
sample-and-hold achieves better than 50-dB linearity at clock
frequencies of up to 2 GHz. Performance of the IC is
limited by its single-ended design. With improvements in
the circuit design, e.g., a differential signal path, and process
enhancements (scaling down of gate lengths from 0.5m
to 0.1 m and increasing the RTD current density from 10
kA/cm to 50 kA/cm ), we expect this technology to be
capable of digitizing X-band signals.
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APPENDIX

SPICE LARGE SIGNAL RTD MODEL DESCRIPTION

The SPICE model described here is similar to the large
signal physics-based model in [10]. Departures include: an
ideality or “lever” factor accounting for the voltage drop
across the quantum well heterostructure relative to the applied
voltage, a second resonance term which explicitly accounts
for the tunneling through the second quantum well state, a
capacitance model which includes a Debye,, screening
voltage as well as a parallel capacitance related to the carrier
transit time, and a series inductance [15].

The RTD is modeled as a SPICE subcircuit consisting of
a nonlinear voltage dependent current source in parallel with
a voltage dependent capacitor, the combination of which is
in series with a resistance and an inductance as is shown in
Fig. 13. The nonlinear current source represents the essential
physics of the device and in combination with the series
resistance represents the DC I–V characteristics of the RTD.

The nonlinear current source is a combination of three
different current sources in parallel

where is the voltage over the nonlinear current source. The
first of these terms represents the current through the first
resonance of the RTD, the second represents the current
through the second resonance, and the thirdrepresents the
thermionic leakage current. The current through a resonance of
the RTD is described by the expression (assuming a symmetric
RTD)

with

and where is the device area,
the approximate peak current density, the voltage at

which the maximum negative differential resistance (NDR)
occurs, the resonance turn-on voltage, the full-width
at half maximum of the resonance,a subthreshold ideality
or “lever” factor, and the thermal voltage. The factor is
introduced so that the parametercorresponds approximately
to the true peak current density.

The leakage current component is given by

where is the valley voltage, is the thermionic leakage
current at , and is the leakage current ideality. It should
be noted that most of the valley current at the first resonance
is contributed by the resonance terms and .

TABLE II
RTD SPICE MODEL PARAMETERS

*A separate parameter is used for each of the two resonance current

terms, and .

The capacitance of the RTD is modeled as a voltage
dependent capacitor in parallel with a transit time capacitance

where is the junction capacitance per unit area,is a
voltage scaling factor, is a grading coefficient, is the
depletion layer carrier transit time, andis the differential
conductance of the nonlinear current source.

The RTD series resistance and access inductance
are linear components and scale inversely with the RTD area.

A summary of the RTD model parameters is given in
Table II.
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