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Abstract—This paper presents the design and characterization
of a 24-GS/s 3-bit single-core flash analog-to-digital converter
(ADC) in 28-nm low-power digital CMOS. It shows the design
study of the track-and-hold circuit and subsequent buffer stage
and provides equations for bandwidth calculations without
extensive circuit simulations. These results are used to target
leading-edge speed performance for a single ADC core. The
ADC is capable of achieving its full sampling rate without time
interleaving, which makes it the fastest single-core ADC in CMOS
reported to date to the best of our knowledge. With a power
consumption of 0.4 W and an effective number of bits of 2.2 at
24 GS/s, the ADC achieves a figure of merit of 3.6 pJ per conver-
sion step while occupying an active area of 0.12 mm . Due to its
high sampling frequency this ADC can enable ultra-high-speed
ADC systems when combined with moderate time interleaving.
Index Terms—Analog-to-digital converter (ADC), flash ADC,

non-time-interleaved, track-and-hold amplifier (THA) bandwidth,
THA buffer.

I. INTRODUCTION

M ODERN communication systems require data rates up
to several tens of Gb/s. One particularly challenging

case is the wireless board-to-board communication in super-
computers, where data throughput above 100 Gb/s is needed.
Technically this can be achieved with carrier frequencies above
100 GHz, as large bandwidths up to tens of GHz are available
in this case [1]. Systems with such large bandwidth are very
challenging for the incorporated analog-to-digital converters
(ADCs), which can easily become the bottleneck of the wire-
less link. Additionally, in order to enable systems-on-chip
(SOCs) with digital signal processing and ADCs integrated on
the same chip, it becomes a requirement for the ADC to be
realized in a modern CMOS technology. Recently published
CMOS ADCs show good power efficiency at sampling rates
in the lower GHz range [2]–[5] with successive approxima-
tion register (SAR) ADCs being most popular. It is possible
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to reach higher sampling rates with the same basic circuit
structures by applying time interleaving [6]–[8]. As long as
the overhead of multi-phase clock generation is negligible,
it is theoretically possible to increase the sampling rate with
no penalty in terms of required energy per conversion. For
this reason time-interleaving topologies are widely used for
high-speed ADCs and have been “extensively exploited ( )
to achieve low figures of merit” [9], equivalent to low energy
per conversion step in this context. Recently, sampling rates as
high as 90 GS/s have been reported with ADC cores running
at 1.4 GS/s [10]. Unfortunately it is not possible to use time
interleaving at an arbitrary scale, as several problems limit the
performance of heavily interleaved systems, such as jitter in
multi-phase clock generation and distribution, clock transition
times, input capacitance, requirements on the track-and-hold
amplifiers (THAs), and latency [9], [11]–[13]. Further increases
in sampling rate without exacerbating those problems can be
achieved by implementing faster ADC cores. This relaxes the
requirements on the multi-phase clock generation and reduces
the latency, while enabling highest input bandwidth.
The design goal for the presented ADC has been to achieve

the highest possible sampling speed with a single ADC core.
As a result, the flash ADC topology has been chosen. The pre-
sented ADC core is capable of working at sampling rates up to
24 GS/s , while being designed in a low-cost low-power dig-
ital CMOS technology. In addition to the topics presented in
[14], this paper presents comprehensive design considerations
for the analog input stages and gives insights into the circuit
implementation of all ADC sub-blocks. Furthermore, it shows
additional and more detailed measurement results, statically as
well as at highest input frequencies. Section II shows the ADC
architecture. As circuit implementations for such high frequen-
cies require comprehensive design considerations, it is impor-
tant to specify the bandwidth requirements for the critical circuit
blocks, especially for the analog input stages. Section III in-
vestigates the track-and-hold (T/H) circuit and the subsequent
buffer stage and provides a method to directly calculate the re-
quired bandwidth without extensive circuit simulations. Insights
into the circuit implementation are given in Section IV, while
Section V presents the chip characterization.

II. ADC ARCHITECTURE

Fig. 1 shows the system-level schematic of the presented
ADC. For highest conversion speed, it relies on the flash
topology. The schematic shows a T/H stage and subsequent
buffer at the input, followed by a comparator (Cmp),
further amplifiers, and latches (L) in each of the parallel
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Fig. 1. ADC block diagram.

Fig. 2. (a) Basic SC T/H circuit. (b) T/H equivalent circuit during track phase.

data-processing paths. The binary output signals are generated
by thermometer to binary conversion logic (T2B). By utilizing
a modern CMOS process it is possible to achieve sampling
rates of tens of GHz with circuit structure sizes in the range of
hundreds of m. This requires RF design techniques including
electromagnetic (EM) field simulations for lines and structures
because the circuit size is no longer negligible. Special care
needs to be taken of the bandwidth of the analog frontend
consisting of the T/H buffer and the comparators. The time
synchronization after the comparators is usually performed by
a master–slave flip-flop, which is very challenging to design
at frequencies of tens of GHz. In order to reduce the effective
regeneration time, three latches and an amplifier have been
combined to form a master–slave–master (MSM) flip-flop [15].

III. BANDWIDTH CONSIDERATIONS
Circuit operation at highest speed requires careful bandwidth

consideration. The input stages consisting of a T/H circuit and
subsequent buffer pose the highest requirements because they
work in the analog domain where the signals contain time and
amplitude information. While it is a common approach to deter-
mine the required bandwidth by complex transistor-level simu-
lations, this section presents practical equations based on simple
models to directly calculate the target bandwidth.

A. T/H Stage
Themost basic topology of a switched capacitor (SC) T/H cir-

cuit is shown in Fig. 2(a). The transistor controls the elec-
trical connection between the input and output of the circuit.
While input and output are isolated during the hold phase and
the charge on the hold capacitor is preserved, the electrical

Fig. 3. Response of a T/H circuit in track mode to a step input, using the low-
pass filter model of Fig. 2(b), as described by (1).

connection during the track phase should ideally be a short cir-
cuit. In this phase the impedance between input and output de-
pends on the drain–source resistance of , which can be mod-
eled as a resistor . This creates a first-order low-pass filter
as a simple model for a SC T/H circuit in track mode, as illus-
trated in Fig. 2(b). For input frequencies close to the Nyquist
frequency it is possible that two consecutive hold voltages are
at the minimum and at the maximum of the input signal enve-
lope. In this case the output signal of the T/H stage has to change
from the minimum value to the maximum within one tracking
period. This scenario can be modeled with a step at the input of
the T/H stage with the amplitude , the peak-to-peak
value of the T/H input voltage. The corresponding step response
converges exponentially towards the input step value
with a time constant of , as shown in Fig. 3,

(1)

At time , the output of the T/H reaches
. As we are interested in the change of the

output voltage within one track period, we define as the
duration of one track period, which is half of a sampling period
: . The T/H deviation should be less or

equal to half of a least significant bit (LSB) of the ADC,

(2)

represents the number of bits of the ADC. The definitions
of and together with (1) give the required corner fre-
quency for the T/H stage in track mode

(3)

This means that the tracking bandwith for the T/H stage needs
to exceed the sampling frequency for resolutions higher than 4
bit. For the presented ADC the sampling rate is GHz
and the number of bits is , which results in a required
tracking bandwidth of GHz.
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Fig. 4. Simulated output waveforms of buffers with different bandwidth, which
are fed by an ideal T/H circuit. The T/H input signal frequency is close to the
Nyquist frequency . Low buffer bandwidths compromise the hold
plateaus of the ideal T/H signal and thus defeat the purpose of the T/H stage.

B. T/H Buffer
Apart from designing the T/H stage it is also important to con-

sider the bandwidth of the subsequent buffer. High bandwidth
is difficult to achieve for this buffer because it has to drive all
comparators, which create a large capacitive load. On the other
hand, this buffer is especially important because if its bandwidth
is too low it will substantially decrease the effective ADC reso-
lution, as has been described in [16]. While in other designs this
critical point is addressed empirically and only sometimes the
resulting bandwidth specifications are given [17], this section
describes a method to calculate the bandwidth requirements for
the T/H buffer, which can be used for system-level specifica-
tions without extensive circuit simulation.
The reason for the importance of the buffer are the hold

plateaus, which are introduced by the T/H stage. They are
formed by higher order harmonics. If the low-pass behavior of
the buffer filters those harmonics, the plateaus are proportion-
ally compromised. This effect is shown in Fig. 4, which depicts

, the output signal of an ideal T/H stage being filtered
by buffer stages, which are modeled as first-order low-pass
filters with different corner frequencies . The corner fre-
quencies vary between the Nyquist frequency and four
times the Nyquist frequency. Additionally, the response of an
ideal filter with infinite bandwidth is shown. The input signal
of the ideal T/H stage is a sinusoidal signal of frequency and
amplitude . During the track phase, the
ideal buffer perfectly follows the output signal of the T/H stage
and preserves the sinusoidal signal shape and the amplitude

. At the time , the output signal of the ideal buffer
changes from the sinusoidal waveform of the track mode to
the hold plateau. Depending on the buffer bandwidth , the
other signals need a longer time to follow the ideal filter signal.
As can be seen in the given example, a buffer bandwidth

of is clearly not sufficient because the resulting
signal is no longer constant during the hold phase, which de-
feats the purpose of the T/H stage. The buffer output signal for

is on the borderline with the signal reaching the

value of the ideal hold plateau just at the end of the hold phase.
For all acceptable buffer bandwidths the corre-
sponding signals are approximately parallel to the ideal signal at
the beginning of the hold phase ( in Fig. 4), which means
they have similar slopes. As long as this approximation holds,
the voltage deviation can be understood as the result of
a phase difference between the ideal signal and the output
signal of the buffer,

(4)

The phase shift , which is introduced by the low-pass be-
havior of the buffer stages, is much smaller than 45 because the
buffer corner frequencies are much higher than the max-
imum signal frequency . can be expressed as

(5)

For small values of there is a maximum for at

(6)

leading to

(7)

During the hold phase, the input signal of the buffer is con-
stant at a value of and the output signal ap-
proaches this constant value exponentially over time, starting at

, the beginning of the hold phase. The largest de-
viation happens if the hold phase starts at so that

. In this case,

(8)

Since the purpose of the T/H circuit is to keep the output voltage
constant during the hold phase it is necessary to define a time
after which the signal change for the rest of the hold phase can
be neglected. Assuming less than a tenth of an LSB is negligible
results in

(9)

Solving for yields

(10)

Applying (5) to (12) and considering the small-angle approxi-
mation for both and results in a simplified result,

(11)

This is shown in Fig. 5 for an input signal frequency of
GHz, which is the nyquist frequency at 24-GS/s operation.

The resolution is swept between 3–6 bits. To achieve a certain
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Fig. 5. Settling time at the output of the buffer versus buffer bandwidth ,
calculated using (11). The input signal frequency is GHz, the number
of bits varies between 3 and 6.

settling time, higher bandwidth is required for higher resolutions
because of the increased settling precision. While increasing the
buffer bandwidth in order to reduce the settling time is very
efficient as long as the values of are small, this tradeoff
becomes more and more inefficient for higher bandwidths. The
required bandwidth for the presented 3-bit 24-GS/s ADC can
also be determined with Fig. 5. Buffer bandwidths below 20
GHz result in settling times larger than 20 ps, which are not
sufficient for the presented ADC with a hold phase duration of

ps. The required settling time depends on the
system implementation, but values in the order of half of a hold
phase are feasible. This corresponds to values of ps in
this case and results in a minimum buffer bandwidth of 38 GHz
for the presented ADC.

IV. CIRCUIT IMPLEMENTATION

A. Basic Considerations
The presented ADC has been designed in a 28-nm low-power

digital CMOS process, which offers transistors with a break-
down voltage of 1.1 V. The transit frequency and maximum
frequency of oscillation of the process are both around
250 GHz for drain–source voltages of 1.1 V and below 200 GHz
for operating points with drain–source voltages of 0.6 V. To
achieve the highest possible sampling rates, all circuits employ
source coupled logic (SCL). SCL circuits are differential and are
suited for highest operating frequencies [18]. Moreover, SCL
is robust against power-supply switching noise, which CMOS
logic creates to a high extent [19]. In order to increase the tran-
sistor drain–source bias voltages and improve the device speed,
the chip works with two custom supply voltage domains at 1.4
and 1.75 V. Careful SCL design ensures that no transistor ex-
ceeds its specified breakdown voltage. The 1.75-V domain is
used only for the clock buffer stages that drive the THA so that
high gate voltages can be supplied to control the THA.

B. T/H Stage
The T/H stage of the presented ADC is a differential SC cir-

cuit with clock feedthrough cancellation [20] (Fig. 6). The re-
quired hold capacitance depends on the sampling rate and

Fig. 6. T/H stage and buffer.

resolution of the ADC. Its size impairs the bandwidth [21], [22],
droop, thermal noise [23], and signal coupling. The nodes that

is connected to are also loaded by parasitic capacitances in
the buffer input and wiring. A conservative approach is to com-
pletely implement the required value of with metal–insu-
lator–metal (MIM) capacitors [21], [24], [25]. Alternatively the
parasitic capacitances can be considered so that consists of
MIM capacitors and parasitics, which reduces the size of the
MIM capacitors [26]. Due to the high sampling rates and low
resolution of the presented ADC the parasitic capacitances suf-
fice and the approach of [27] is used, which has no physical
capacitor implementation for , but relies solely on parasitics.
The drain–source resistance of , , defines the
electrical connection between the circuit input and the subse-
quent buffer and thus represents resistor , which has been in-
troduced in the T/H model in Fig. 2(b). The gate–source voltage
of , controls , which means for the
given circuit implementation that changes with the
input voltage,

(12)

For large input voltages, is decreased and increased,
which results in the smallest bandwidth of the T/H circuit. The
T/H stage has been designed for a track-mode bandwidth of
30 GHz under this worst case condition, which is still higher
than the minimum required bandwidth of GHz
according to (3).

C. T/H Buffer

As derived in Section III-B, a buffer bandwidth of 38 GHz
is required to achieve a settling time of ps at the
output of the T/H buffer. For additional design margin the im-
plemented buffer has been over-constrained to a bandwidth of

GHz, which results in a settling time of ps
according to (11). Fig. 7 shows a typical waveform of transistor-
level simulations of the T/H circuit and buffer at the change be-
tween the T/H phase. Simulated at an input frequency of
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Fig. 7. Simulated transistor-level waveforms at the output of the T/H stage and
the subsequent buffer.

GHz and a sampling rate of GS/s it demon-
strates the behavior close to the Nyquist frequency. The simu-
lated settling time is 7.7 ps, which fits very well to the calculated
value of 8.4 ps.
In order to achieve the bandwidth of GHz, two

peaking inductors pH have been employed. The
80- feedback resistor is required to increase the static lin-
earity of the buffer stage. A 110-fF capacitor creates an ad-
ditional pole-zero pair, which helps increasing the bandwidth
of the buffer. Since the corner frequency of is above the
Nyquist frequency, the buffer benefits from the improved lin-
earity during the hold phases even though shorts the feed-
back resistor at higher frequencies

GHz (13)

D. Comparators and Offset Compensation
The flash ADC topology uses a set of comparators to simul-

taneously compare the input signal to different reference volt-
ages, as shown in the ADC block diagram in Fig. 1. Deviations
due to device mismatch in the reference voltage generation, as
well as in the comparator circuits, directly create static nonlin-
earities in the ADC transfer characteristics, which manifest in
degradations of the integral nonlinearity (INL) and differential
nonlinearity (DNL). Classic flash ADCs make use of resistive
voltage divider ladders to create the required reference volt-
ages [13]. Since this leaves no possibility to account for random
process mismatch, different approaches have been shown to re-
duce static nonlinearity by means of adjustable offset compen-
sation. While [28] adds a calibration circuit to a resistive ref-
erence ladder to generate the required voltages, [12], [17], [29]
use on-chip DACs for reference voltage generation and offset
compensation and [30] goes even one step further by integrating
DACs, as well as redundant comparators on chip in order to
increase the calibration range. While these approaches can ef-
fectively eliminate static nonlinearities, they also require fur-
ther circuitry and increase the system complexity. The presented
ADC requires 14 different reference voltages for the 7 differ-
ential comparators, which are needed for 3-bit resolution. By
incorporating single-ended to differential conversion circuitry
into each comparator, the number of different voltages can be
halved to 7. This opens the possibility to create the required ref-

Fig. 8. Employed comparator circuit.

erence voltages off-chip, which gives a simple, yet efficient and
versatile method to account for all static nonlinearity problems
that can arise.
The circuit implementation of the differential comparators is

depicted in Fig. 8. The single-ended dc reference voltage
is created off-chip and supplied to the chip via a bond-wire
interface. Each SCL comparator uses a differential reference
signal, which it generates from the single-ended version. The
single-ended to differential conversion is shown on the left side
of Fig. 8. The differential pair consisting of is degener-
ated by a 1-k feedback resistor , which leads to a differ-
ential output voltage adjustment range of 500 mV for input
voltages between 820 mV and 1.18 V for a bias voltage

V. The stabilization capacitors are used solely
to isolate the differential reference voltage from the input
voltages. For this purpose, capacitance values of 500 fF are suf-
ficient, while enabling area-efficient integration of the capaci-
tors into the layout of the comparator cell. In order to protect

from ripples on the supply voltage or on the single-ended
reference voltage , a separate dc voltage distribution net-
work that employs zero-ohm lines is used. This design aspect is
described in Section IV-H.

E. Latches
The circuit implementation of the latches is shown in Fig. 9.

While the transistors control the behavior during the
latch phase, are responsible for the regenerative recovery
phase, which is achieved by cross-coupled feedback between
both transistors. serve as buffers and level shifters for
the clock signal . The bias voltage can be used to adjust
the gain of the buffers.

F. Clock Generation
Supplying analog circuit blocks with clock signals at highest

speeds is a very challenging task [16]. The ADC relies on two
clock signals at full sampling rate, one for the latches and one
for the T/H circuit. The structure for both clock generation cir-
cuits is the same. They consist of an active balun and two gain
stages, all designed in SCL with inductive peaking for band-
width optimization. A dc voltage distribution network based on
zero-ohm lines is used to avoid crosstalk via the supply voltage
between clock and data processing circuitry in the ADC core.

G. Thermometer to Binary Conversion Logic
The last circuit block in the signal path before the output

buffers is the thermometer to binary conversion logic, which



1148 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 64, NO. 4, APRIL 2016

Fig. 9. Employed latch.

Fig. 10. Thermometer to binary conversion logic.

generates the full-speed binary output signals. It is based on the
structure proposed in [31], which requires NAND and OR logic
gates only and can prevent simple bubble errors. The logic gates
have been designed in the SCL topology. Buffer stages with
delay times close to those of the NAND and OR gates have been
added so that the delay of the conversion logic is the same for
all output bits. The resulting block diagram is shown in Fig. 10.

H. DC Voltage Distribution

DC voltage distribution is an important aspect of the design of
integrated circuits at frequencies in the GHz range. It is closely
connected to the circuit layout because the utilized decoupling
capacitors oftentimes occupy significant portions of the chip
area. The decoupling capacitors are required to stabilize on-chip
dc voltages, which are supplied from external sources by bond-
wire interfaces. The goal is to have clean dc voltages without
any high-frequency components in form of spikes or ripples.
Furthermore, crosstalk between different circuits via the supply
voltage domain is to be prevented. Both aspects can be met
with large decoupling capacitors, which short high-frequency
signals to ground. The problem in practical realizations is that
any capacitor forms a resonance frequency together with a se-
ries inductance and no decoupling or stabilization takes place at
this frequency. The inductance can, for example, originate from
the bond-wire interface. Large capacitors can easily move the
resonance frequency into regions, which are important for cir-
cuit operation. The possible consequences range from increased
crosstalk to unintended circuit operation such as oscillation. A
different dc voltage distribution method is the use of zero-ohm
lines [32]. Metal–oxide–metal (MOM) capacitors are formed to
the shape of a transmission line with very low wave impedance.

Fig. 11. ADC core area. Massive metal walls are used to guarantee the required
metal density.

Fig. 12. Measurement setup.

Those structures offer high attenuation of high-frequency sig-
nals, which makes them fulfill the same purpose as decoupling
capacitors. They can be modeled with the help of EM field
solvers and simulated with transmission line models to predict
the expected behavior. They are not susceptible to resonance
with single series inductances. Furthermore, implementing the
dc connections of different circuit blocks with zero-ohm lines
offers a well-defined isolation between those blocks to prevent
crosstalk. The zero-ohm line approach has been used for all ex-
ternally supplied dc voltages including supply voltages and ref-
erence voltages. Special care has been taken to prevent crosstalk
to the different reference voltages of the comparators and to
isolate the dc voltages of the clock circuitry from the data-pro-
cessing hardware.

I. Layout Considerations
Design rules in heavily scaled CMOS processes pose further

restrictions on RF designs. One critical factor is the required
metal density, which is 20% for tiles of 50 m 50 m area
in the given technology. One way to prevent metal filling struc-
tures within critical RF structures such as transmission lines, in-
ductors, or RF gain stages is to reduce the size of those compo-
nents below 50 m and encompass themwithmetal filling struc-
tures. As a result, the maximum size of inductors used is 35 m.
The circuit blocks in the ADC core area are surrounded by mas-
sive metal “walls” to fulfill the density requirements without in-
creasing parasitic capacitances inside the circuit blocks due to
metallic filling structures (Fig. 11).
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Fig. 13. Measured static transfer characteristics with and without dc offset
compensation.

Fig. 14. Simulated and measured SNDR at different sampling rates. (a)
20GS/s. (b) 24 GS/s.

V. MEASUREMENTS

A. Measurement Setup
The presented ADC has been characterized with a hybrid

measurement setup, which makes use of wire bonding and
on-chip probing, as shown in Fig. 12. While all RF input and
output signals have been connected using probes, the dc supply
and control voltages have been generated on a dc printed circuit
board (PCB) and have been supplied to the chip by a bond-wire
interface to a daughter PCB. An off-chip balun has been used
to generate the differential input signal from a single-ended
source. Its bandwidth of 10 GHz limits the maximum input

Fig. 15. Chip photograph.

Fig. 16. Measured FFT of the ADC output for a 9.1-GHz input signal sampled
at 24 GS/s.

signal frequency for this test setup. The two clock signals are
created from one signal source in combination with a power
divider and two phase shifters, which guarantees maximum
measurement accuracy and flexibility. The output signals are
captured with a real time oscilloscope (RTO) (Agilent DSA-X
96204Q), which offers four channels with 33-GHz input band-
width so that the single-ended output of all bits can be evaluated
simultaneously.

B. Experimental Results
The static behavior of the presented ADC is shown in Fig. 13.

The target differential peak-to-peak input voltage amplitude is
800 mV. Without offset compensation for the dc reference volt-
ages, large deviations from the ideal static transfer function are
visible. The corresponding DNL of 0.8 has a sizeable impact
on the overall circuit performance. To account for this, auto-
matic script-driven offset compensation at circuit startup has
been used. A control script running on a dedicated PC can ac-
cess the ADC input signals, the RTO at the output, as well as
the dc board to automatically determine and apply the compen-
sation coefficients for the dc reference voltages. This leads to a
reduction of the DNL below 0.05, which represents almost per-
fect static behavior.
To describe the dynamic ADC performance, the measured

signal-to-noise-and-distortion ratio (SNDR) is plotted in
Fig. 14 for sampling rates of 20 and 24 GS/s in comparison
to the simulated values. The measurements have been taken
for normal circuit operation, as well as for a transparent THA
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TABLE I
PERFORMANCE COMPARISON TO STATE-OF-THE-ART ADCs ABOVE 10 GS/s

stage, which means the THA clock signal is constantly high.
For each data point the signal source power has been adjusted
to compensate for the frequency behavior of the input balun,
which at the highest frequencies is not sufficiently matched
to 50 . At 20 GS/s, simulation predicts SNDR values close
to the theoretical maximum of 20 dB for a 3-bit ADC. The
measurements show slightly higher distortion resulting in a
degradation of the SNDR to a minimum of 17 dB. Within
measurement accuracy, both THA test scenarios show similar
results. At 24 GS/s, both simulated and measured SNDR values
decrease at high input signal frequencies. Furthermore, the
difference between simulation and measurement is slightly
increased in comparison to the 20-GS/s scenario. The minimum
measured SNDR is 15 dB for both THA test cases, which
corresponds to an effective number of bits (ENOB) of 2.2, as
reported in [14] for the same hardware. Even though there is no
visible advantage of the enabled THA circuit, the presence of a
functional THA paves the way for moderate time interleaving
with the same chip, which can enable an essential improvement
in overall sampling speed. Fig. 16 shows the fast Fourier
transform (FFT) of the ADC output of a 9.1-GHz signal, which
is sampled at 24 GS/s.
The chip photograph in Fig. 15 shows the hybrid setup. The

size of the inductorless flash core is 0.06 mm . Due to the clock
buffers, which make use of inductors, the overall active area
increases to 0.12 mm . The complete die area is 2.4 mm .
Table I compares the performance of the presented ADC to

the state-of-the-art in ADCs above 10 GS/s. The table is split
into two groups, considering CMOS ADC implementations and
ADCs in SiGe semiconductor technologies featuring bipolar de-
vices. While the SiGe circuits achieve highest single-core sam-
pling rates , they suffer from high power consumption
and have the distinct disadvantage that they cannot be integrated
on a single chip together with large-scale digital circuits. For the
CMOS ADCs, especially the implementations that rely heavily
on time interleaving and make use of high-performance or SOI
CMOS processes achieve good tradeoffs between performance
and power, which manifests in low numbers for the Walden
figure of merit (FOM) [12]. Since the presented ADC does not
employ time interleaving, the single-core sampling rate is higher
than that of interleaved implementations with comparable sam-
pling rates. It is the highest single-core sampling rate in CMOS
to the best of our knowledge and has been implemented in a
low-power low-cost CMOS technology. In order to compare the

Fig. 17. Comparison of state-of-the-art of ADC designs based on their single-
core performance as defined by in (14).

state-of-the-art of ADC designs based on their single-core per-
formance, a FOM is required, which states the core performance
without the impact of time interleaving. The FOM of a single
core is better than that of the complete interleaved ADC system
due to the additional power consumption in the interleaving cir-
cuitry. Based on the numbers given in [10], an overhead of 25%
in terms of power consumption is assumed for all time-inter-
leaved ADC systems,

for interleaved ADCs
for non-interleaved ADCs.

(14)
Fig. 17 shows the single-core performance comparison. It illus-
trates the high sampling rate and yet good FOM of the presented
ADC core.
The presented ADC can enable ultra-high sampling fre-

quencies if combined with moderate time interleaving while
preserving very low latency. To compare the dimensions of the
delay between input and output, two-cycle conversions have
been assumed for all listed ADCs. The resulting latency is
shown in Table I and is superior for the presented ADC.

VI. CONCLUSION
A 3-bit single-core flash ADC in LP digital CMOS has been

presented, achieving sampling rates up to 24 GS/s without
time interleaving. This is the result of a design that aims at the
highest possible sampling rate for a single ADC core. In order
to achieve this goal, the bandwidth requirements for the ADC
input stages have been investigated and evaluated in the form
of simple math equations for efficient circuit implementation.
Featuring the highest single-core sampling rate reported in
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CMOS up to now, the presented ADC enables communications
with high data throughput and yet low latency and paves the
way for ultra-high sampling rates by applying moderate time
interleaving.
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