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Abstract—This brief presents a 25-GS/s track-and-hold ampli-
fier (THA) implemented in a 28-nm low-power digital CMOS
process. Given the intrinsic low-pass behavior of the THA core,
a frequency compensation technique is employed to improve the
bandwidth by increasing the input amplitude for higher fre-
quencies. This enhances the small-signal bandwidth by almost
30% to 70 GHz. Large-signal measurements show a 3-dB corner
frequency of 55 GHz, which enables a performance sufficient
for time-interleaved analog-to-digital converter systems operating
above 100 GS/s. At a peak-to-peak input amplitude of 400 mV, the
total harmonic distortion is −32 dB for a 50-GHz input signal at a
dc power consumption of 73 mW.

Index Terms—High-speed sampling, sampling circuit, switched
capacitor (SC), time interleaving, track-and-hold amplifier (THA).

I. INTRODUCTION

T IME-INTERLEAVED analog-to-digital converter (ADC)
systems implemented in modern CMOS technologies

have enabled drastic increases in sampling rates and have led
to systems with up to 100 GS/s [1]. One main concern for such
ADCs is the availability of sampling circuits with adequate
input bandwidth to support Nyquist-rate conversion for the
interleaved ADC systems. Track-and-hold amplifiers (THAs)
with small-signal input bandwidths up to 50 GHz have been
reported in InP [2], [3] and SiGe [4] technologies, but the
combination of InP/SiGe THA circuits and CMOS ADCs is
very difficult to package [3] and is expensive. THAs in InP
and SiGe are usually implemented using the switched-emitter-
follower (SEF) topology, which typically results in high power
consumption [5]. The CMOS equivalent to SEF, the switched-
source-follower topology, is frequently used for high-speed
applications [6] but suffers from low input compression due
to the reduced supply voltages in modern CMOS processes.
It is also possible to implement THAs in CMOS by using the
switched-capacitor (SC) topology, which enables input ampli-

Manuscript received May 11, 2015; revised July 20, 2015; accepted
October 4, 2015. Date of publication November 24, 2015; date of current
version February 25, 2016. This work was supported by the German Research
Foundation in the framework of the Collaborative Research Center 912 “Highly
Adaptive Energy-Efficient Computing” and the Excellence Cluster Cool Silicon
in the framework of the BMBF Project Cool-RF-28. This brief was recom-
mended by Associate Editor B. Sahoo.

The authors are with the Department of Electrical and Computer Engineer-
ing, Technische Universität Dresden, 01069 Dresden, Germany (e-mail: gregor.
tretter@tu-dresden.de).

Color versions of one or more of the figures in this brief are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCSII.2015.2503579

Fig. 1. Output signals of an ideal THA for different input frequencies. The
ratio of input signal frequency to sampling rate is 0.12 for (a) and 1.12 for (b).
Signals such as (b) are used in time-interleaved systems. Tracking periods are
marked in gray.

tudes comparable with InP/SiGe THA circuits, but is typically
limited in bandwidth. By compensating the low-pass behavior
of the SC track-and-hold (T/H) core, the bandwidth can be
increased [7]. This brief presents the first SC THA circuit that
exploits designed frequency compensation for the T/H core.
Due to this design method, the small-signal input bandwidth
is enhanced by almost 30%.

II. THA CIRCUITS IN TIME-INTERLEAVED ADC SYSTEMS

The basic principle in time-interleaved ADC systems is that
several independent ADCs alternate in sampling the common
input signal. By increasing the number of interleaved ADCs,
the overall sampling rate of the ADC system can be increased,
while the speed requirements for the single ADCs remain un-
changed [8]. This works as long as it is possible to take samples
of the high-speed input signal and process them with alternating
ADCs at a lower speed. In this way, the task of processing the
full speed input signal is shifted from the ADC to the sampling
circuit, in this case, the THA. In order to sample signals at
higher frequencies, THA circuits need larger bandwidth.

Fig. 1 shows the output of an ideal THA for two different
input frequencies f . The ratio between input frequency and
sampling rate, i.e., f/fs, is 0.12 for (a) and 1.12 for (b). The
signal in (b) is an example for a THA that is used in the context
of time interleaving, because the input frequency is higher than
the Nyquist frequency. In order to reconstruct all information
of the input signal in such a case, the outputs of multiple time-
interleaved THAs are required. The hold plateaus of (a) and
(b) are the same, but the signal in (b) changes much faster
during the tracking periods. If the bandwidth of the THA is not
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Fig. 2. Schematic of the complete THA with matching network MN, input buffer Bufin, T/H core, output buffer Bufout, and measurement equipment driver stage
Bufmeas. The top of the figure indicates the frequency-dependent signal attenuation of the input stages and sampler.

sufficient for a given input signal, the amplitude at the output
will decrease and distortions will grow, leading to degradations
in the signal-to-noise-and-distortion ratio (SNDR). The goal of
the presented sampling circuit is to partially compensate for the
inherent low-pass behavior of SC THAs and thus increase the
input bandwidth.

III. CIRCUIT DESIGN AND IMPLEMENTATION

Fig. 2 shows the schematic of the presented THA. It consists
of an input matching network MN, an input buffer Bufin, the
T/H core, an output buffer Bufout, and an additional driver stage
Bufmeas, which is required for circuit characterization only. The
T/H core with the switch transistors M3a,b and the hold capaci-
tance Ch implements clock and signal feedthrough cancellation.
Ch is a 7-fF capacitance, which consists of the input capaci-
tance of the subsequent buffer stage and metal wiring. Clock
feedthrough is compensated by the transistors M3c,d, which are
controlled by the inversed clock signal Vclkn [9]. Exploiting
the cross coupling of the differential input signal, the transistors
M3e,f compensate for signal feedthrough in the hold mode [10].
For small-signal characterization, the T/H core shows low-pass
behavior in track mode with a simulated 3-dB corner frequency
of 53.9 GHz. To increase the THA bandwidth, the input match-
ing network MN and buffer Bufin are used to peak the input
signal of the T/H core at higher frequencies by applying shunt
peaking [11]. While inductive peaking is commonly used to
increase amplifier bandwidth by adding an additional zero to
the transfer function, it serves another purpose in the presented
design: the peaking generates an amplitude overshoot at higher
frequencies, which is tailored to compensate for the attenuation

Fig. 3. Simulated small-signal voltage gain of all circuit blocks. For this
characterization, the THA is kept in track mode. (a) Input circuitry up to the
T/H core. The gain of the MN is relative to 50-Ω input matching. (b) Circuitry
following the T/H core. Adding the total gain of all blocks yields S21.

of the T/H core. The small-signal transfer characteristics of all
circuit blocks are shown in Fig. 3(a). For this simulation, the
THA is kept in track mode. The peaking of Bufin creates no
overshoot in the frequency response, which helps to keep the
group delay and transient overshoot low. The buffer bandwidth
is increased by 87%, from 45.1 to 84.5 GHz. This increase
reaches the optimum predicted by [11] for a purely capacitive
load, but is helped in this specific case by the resistive parasitics
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of the T/H core. By increasing the circuit input impedance, the
inductors L1a,b change the input matching over frequency and
thus change the input voltage amplitude in comparison with
50-Ω matching. This increases the input voltage by 2.4 dB
at 45 GHz compared with its dc value. As a result, the combined
transfer function of MN, Bufin, and the T/H core shows a simu-
lated 3-dB corner frequency of 68.3 GHz, which is an increase
of 27% over the T/H core bandwidth. The main drawbacks of
this frequency compensation are additional group delay and
transient overshoot in the step response. Both effects are simu-
lated to be unproblematic though: the combination of MN and
Bufin induces a maximum group delay of 3 ps and a transient
overshoot of less than 5% within one tracking period of 20 ps.

The output buffer Bufout is designed to drive a bank of
continuous-time comparators of a flash ADC implemented in
the same technology [12]. To increase the bandwidth, inductive
peaking and source degeneration with a bypass capacitor are
applied. In the presented circuit, Bufout drives an output buffer,
i.e., Bufmeas, which has been implemented to drive the 50-Ω
measurement equipment with lowest possible distortion. For
this reason, the bandwidth of this buffer exceeds 100 GHz at the
cost of a low voltage gain of −13 dB. This low gain is only rele-
vant for measurement purposes, as the buffer is not needed in
a full system that implements THAs and ADC cores together.
The small-signal behavior of both buffers is shown in Fig. 3(b).
Apart from the attenuation, they create a peaking of 1.1 dB in
the frequency domain and change the 3-dB corner frequency of
the T/H output signal by 1.8%, from 68.3 to 69.5 GHz.

In addition to the frequency compensation, one key challenge
for the design is the large bandwidth of all signals, with fre-
quencies reaching the millimeter-wave band. In order to accu-
rately predict the circuit behavior at those frequencies, several
radio frequency (RF) design techniques have been applied to
the presented circuit. A solid ground plane on the lowest metal
layer connects all components and transmission lines to ease
modular modeling of components and subcircuits. All key con-
nections and passive components have been investigated with
electromagnetic (EM) simulations. The clock, input, and output
signals are distributed with patterned ground shield coplanar
waveguide transmission lines, which have been modeled with
an EM simulator. All employed inductors have been analyzed
with the same software. In order to minimize the required area,
the inductors are implemented symmetrically and are optimized
for small conductor width. The inductors feature a differential
inductance of 400 pH, with a physical size of 25 μm × 25 μm.
The small size is achieved by using two windings on different
metal layers. Fig. 4 shows a three-dimensional (3-D) view of
the layout and the frequency-dependent behavior of inductance
and quality factor. Despite the use of multiple metal layers, the
predicted resonance frequency is 105 GHz, which is sufficiently
high for all signals within the bandwidth of the presented
circuit. The circuit is robust against moderate process variations
in the inductors. Deviations of the inductance of ±10% affect
the simulated small-signal bandwidth by no more than ±2%.
Since all inductors are used in series connections with resistors,
the quality factor is not an important design factor. It reaches
a maximum of 7 at 45 GHz. Apart from the RF signals, the
dc power distribution network has been modeled with EM

Fig. 4. Simulations of the symmetrical inductor. (a) 3-D image. (b) Inductance
and quality factor.

Fig. 5. Chip photograph.

software. It is based on zero-Ohm transmission lines [13],
characterized by high conductivity for dc signals and high
ac signal attenuation. Such lines isolate very well different
circuit blocks, which are connected to the same supply voltage
domain. In contrast to local blocking capacitors, they are not
susceptible to resonance with series inductances and thus relax
the requirements for the connection of external supply and
reference voltages.

The presented circuit has been implemented in a 28-nm low-
power digital CMOS technology. The chip photograph in Fig. 5
shows the die size of 0.53 mm2, with an active area of 0.03 mm2.
At a sampling rate of 25 GS/s, the chip consumes a total power
of 73 mW from two supply voltage domains at 1.4 and 1.75 V.
The THA works with the 1.4-V supply, whereas part of the
clock buffer is connected to the 1.75-V domain. During circuit
operation, the gate–source and drain–source voltages of all
transistors never exceed the breakdown voltage, which is 1.1 V
for the given low-power technology.

IV. MEASUREMENT RESULTS

To characterize the performance of the circuit, small-signal
measurements with a network analyzer and large-signal mea-
surements with a sampling oscilloscope have been carried out.

The measured magnitude of the differential S-parameters is
shown in Fig. 6. For this characterization, the THA is constantly
held in track mode. Reverse transmission S12 is below −50 dB
for the measured frequency range and thus has been excluded
from the graph. The measurement results are in good agreement
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Fig. 6. Measured differential S-parameters (magnitude) in comparison with
simulation, simulated S21 without the impact of the measurement buffer.

Fig. 7. Measured differential THA output signals at a sampling rate of 25 GS/s.
Peak-to-peak input amplitude is 800 mV, and signal frequencies are (a) 3 GHz
and (b) 56 GHz. Tracking periods are marked in gray.

with the simulation. The forward transmission S21 is lowered
by the attenuation of the buffer Bufmeas, which is required for
characterization purposes only. The simulation of S21 without
the impact of this buffer is also shown in Fig. 6. The measured
S21 drops by −2.5 dB at the highest measurement frequency
of 67 GHz, which corresponds to an extrapolated 3-dB corner
frequency of about 70 GHz.

Fig. 7 shows the THA time-domain output signal for 800-mV
peak-to-peak input signals of 3 and 56 GHz. At 56 GHz, the
input signal frequency is above the sampling rate and thus
fast signal changes between the hold plateaus occur. This is
similar to the ideal THA signal in Fig. 1(b), with finite transition
steepness due to the limited bandwidth. As long as the THA
can follow the input signal at the end of the track phase, the
output amplitude and SNDR are not affected by this nonideal
behavior. The relevant information is stored exclusively in the
hold plateaus of the signal. Thus, only those plateaus have
been evaluated to calculate the spectral behavior with fast
Fourier transforms (FFTs). The results are depicted in Fig. 8 for
peak-to-peak input signals of 400 and 800 mV. A comparison
with simulation shows good agreement for all parameters. The
deviation of the measured SNDR for the 400-mV input signal
in Fig. 8(a) is caused by the noise level of the measurement
equipment. As typical for this kind of circuit, the bandwidth
between large- and small-signal operations differs. The large-
signal bandwidth is reduced by the nonideal switching behavior

Fig. 8. Measured large-signal results at 25 GS/s: THD, SNDR, and fundamen-
tal power for peak-to-peak input signals of (a) 400 mV and (b) 800 mV.

Fig. 9. Measured FFT of the THA output signal for a 49.8-GHz input signal
sampled at 25 GS/s. Peak-to-peak amplitude for the input signal is (a) 400 mV
and (b) 800 mV.

of the T/H core. It can be characterized by the frequency behav-
ior of the power of the fundamental wave. This power defines
the amplitude of the desired signal with respect to the system
impedance, which is 50 Ω for single-ended signals and 100 Ω
for differential signals. The fundamental power shows a 3-dB
corner frequency of 55 GHz for both input signal amplitudes of
400 and 800 mV. In order to characterize the linearity and dis-
tortion behavior of the circuit, the total harmonic distortion and
the SNDR are shown. Because of increased distortion for larger
input amplitudes, the THD at 50 GHz degrades from −32 dB
for the 400-mV input signal to −28 dB for the 800-mV signal,
as shown in the spectrum in Fig. 9.
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TABLE I
COMPARISON WITH STATE-OF-THE-ART THAS WITH SAMPLING RATES OF 20 GHz AND ABOVE

The comparison with state-of-the-art THAs in Table I shows
the outstanding dynamic behavior of the presented circuit. The
SC topology enables large input amplitudes and, as a result,
the input range of 0.8 V for the differential peak-to-peak input
signal exceeds all other CMOS implementations. Due to the
frequency compensation for the SC approach, the presented
THA has the highest small- and large-signal bandwidths, even
in comparison with designs implemented in dedicated RF tech-
nologies such as SiGe and InP circuits. The bandwidth exceeds
the sampling rate of 25 GS/s, which makes this THA suited
for time-interleaved ADC systems and enables Nyquist-rate
operation up to sampling rates of 110 GS/s. The design in the
heavily scaled 28-nm CMOS technology allows integration of
this THA together with the most recent state-of-the-art ADCs.

With an active area of 0.03 mm2 and a power consumption of
73 mW, this circuit combines a small footprint with remarkable
energy efficiency.

V. CONCLUSION

This brief presents the design, implementation, and char-
acterization of an SC THA in 28-nm low-power CMOS. The
SC topology enables large signal amplitudes, but suffers from
inherent low-pass behavior. By increasing the amplitude at the
input of the THA at higher frequencies, it is possible to mitigate
this effect. The presented THA is the first implementation to
exploit this principle and demonstrate its potential. It uses
frequency compensation to increase the small-signal bandwidth
by almost 30%. To the best of our knowledge, the sampling
circuit yields the highest bandwidth reported to date. At the
same time, it allows differential input amplitudes up to 800 mV
peak-to-peak, which surpasses previous state-of-the-art CMOS
THAs in the same frequency range by more than a factor of
2, while still operating at a moderate power level of 73 mW.
The most recent trends in high-rate ADC design, which heav-
ily rely on parallelization, make the performance of THAs
very important, particularly with respect to bandwidth and
input amplitude. This brief presents a useful design technique
and implementation for this crucial component, which can
enable higher rates of operation in the most modern CMOS
technologies.
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