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Abstract—This paper presents the con-
cept of analog time-division multiplex-
ing of DAC output signals and introduces
a frequency-domain explanatory model
for both 2:1 and 4:1 analog multiplexer
(AMUX) variants. Also, it presents 2:1 and
4:1 AMUX circuit concepts and related
design considerations along with measure-
ment and simulation results of a 2:1 AMUX
module, realized in SiGe BiCMOS tech-
nology exhibiting an effective resolution of
over 7 bit and a maximum sampling rate of
186 GS/s.

Index Terms—Analog multiplexer,
AMUX, ENoB, SiGe-BiCMOS, DAC, high
speed, 4:1 AMUX

I. INTRODUCTION

( jOHERENT optical transmission
systems are pivotal for trans-
porting aggregated data traf-

fic in metro, long-haul, and submarine

domains. These systems achieve signifi-
cantly higher transmission rates compared
to other parts of the communication net-
work, primarily due to their utilization of
extremely high transmission bandwidths

combined with high spectral efficiencies.
Currently, systems with approximately
130 GHz bandwidth are being introduced
to the market [1], supporting bit rates of
up to 1.2 Tb/s for long-haul transport and
800 Gb/s as pluggables for metro trans-
port. Such high transmission bandwidths
necessitate analog interfaces with elec-
trical bandwidths exceeding 65 GHz.
On the transmitter side, these analog
interfaces comprise digital-to-analog
converters (DACs), driver amplifiers, and
modulators, while on the receiver side,
they include photodiodes, transimped-
ance amplifiers, and analog-to-digital
converters.

In this paper, we focus particularly on
the DAC within the transmitter. In state-
of-the-art coherent transmission sys-
tems, these converters are implemented
using complementary  metal-oxide—
semiconductor (CMOS) technology and
are monolithically integrated with the
digital signal processor. The realiza-
tion of DACs employs a parallelization
approach, where the output signals from
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parallel DACs are gradually serialized
using analog multiplexers (AMUX),
which are also implemented in CMOS.
The achieved bandwidths and spectral
efficiencies are relatively high, support-
ing the elevated data rates.

Currently, discussions are under-
way regarding the next generation of
products, which aim to support trans-
mission rates of 1.6 Tb/s [2]. These
advanced systems will require a sub-
stantial increase in symbol rates from
130 to 240-260 GBaud. Consequently,
the necessary electrical bandwidths will
need to be increased to approximately
120-130 GHz. The realization of DACs
with such bandwidths presents a signifi-
cant challenge. Based on current archi-
tectures with parallel DACs and gradual
serialization, this would involve both
increased parallelization and extending
serialization to much higher bandwidths
at the output stage.

In addition to the monolithic integra-
tion of multiplexers in CMOS, there is
intensive research into such components
based on indium phosphide (InP) [3]-[9]
and silicon-germanium [10]-[15] tech-
nologies. These multiplexers could be
hybrid integrated with the DACs, thereby
alleviating the demands on CMOS con-
verters. The AMUXSs must support both
high bandwidths well beyond 100 GHz
and high spectral efficiencies. Concepts
such as time-domain multiplexing and
frequency-domain  multiplexing have
been investigated, alongside paralleliza-
tion as a critical parameter.

The hybrid integration of DACs and
AMUXSs requires a parallel data interface
with two or four parallel data lines and
a corresponding clock interface. In most
publications, 2:1 multiplexing concepts
are applied [7]-[15], where the required
clock frequency for interfacing with
CMOS application-specific integrated
circuits (ASICs) would be extremely

high. Alternatively, clock multipliers
can be integrated into the AMUX [5] or
greater parallelization can be chosen.

In this paper, we follow the idea of
greater parallelization and investigate
the extension of the 2:1 AMUX prin-
ciple to a 4:1 AMUX. In Section II, a
frequency-domain explanatory model
based on the composition of the AMUX
spectrum is introduced. Based on that
model, the N-fold Nyquist frequency
and the origin of unwanted signals are
explained. Additionally, basic AMUX
circuit concepts are discussed regarding
their performance. For the most promis-
ing concept, a new extended 4:1 AMUX
concept is proposed. Finally, Section IV
shows new simulations and measurement
results of a recent 2:1 AMUX realization.

II. FREQUENCY-DOMAIN
EXPLANATORY MODEL
OF THE AMUX

Figure la shows the operating princi-
ple of an N:1 AMUX, where a clock tog-
gled switch periodically selects each of its
N DAC input signals x (#) during a sample
time T, which is 1/N of each DAC’s sam-
ple time T . Thereby the sample rate of the
AMUX output signal y(7) is N times higher
than the DAC sample rate, i.e., fs .= N ]i "
As shown in the following, by the N-fold
sampling rate also the Nyquist frequency
at the AMUX-output signal is N times the
Nyquist frequency of the DAC input signals.
Such DAC-AMUX setups are also called
AMUX-DAC [16] or Super-DAC [17].

Figure 1a directly shows how the N-fold
sample rate of the AMUX is achieved;
however, it is not helpful to understand
how the N-fold bandwidth is composed.
Also, it neither shows how the signal
spectrum of the AMUX is created nor
how spectral noise impairs the AMUX’s
effective number of bits given by ENoB =
(SINAD - 1.76)/6.02. To point out
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Fig. 1. (a) N:1 AMUX principle as a clocked tog-

gle switch. (b) Illustration of the N:1 AMUX as
mixers with added output [16]. In case of the 2:1
AMUX, only two, for the 4:1 AMUX, four mixers
are present.

the origin of the main contributors to
AMUX noise determined by the signal
to noise and distortion ratio (SINAD), it
is advisable to introduce a frequency-do-
main explanatory model of the AMUX,
previously presented in [11] for a 2:1
AMUX, and to show how to expand this
model to a 4:1 AMUX. As stated in [11],
the effective resolution of the AMUX
is mainly determined by three major
impairments:

1. Since the AMUX-output spectrum
is composed of the DAC spectra, the
individual DAC’s SINAD and there-
fore their ENoB strongly determines
and limits the AMUX’s ENoB.

2. Any non-linearity of the AMUX
circuitry degrades the SINAD and
ENoB by adding harmonics to the
AMUX spectrum.

3. As shown by the frequency-do-
main explanatory model, the ENoB
of the AMUX strongly depends on

(a) a proper timing of the DAC sig-
nals and (b) identical DACs with
identical signal paths up to the
AMUX multiplexing core. In practi-
cal designs it turned out that there are
multiple sources of impairments of
(a) and (b) that are prone to severely
degrade the AMUX’s ENoB.

The frequency-domain explanatory
model is based on the alternative AMUX
block diagram in Figure 1b. There, the
selection of the nth DAC signal, as shown
in Figure la, is represented by the mul-
tiplication of the signal by a sampling
signal ¢ (#) with a non-zero value during
selection time. In the case of an ideal
selection, ¢ (f) is periodic in T ; and tog-
gles between 1 (selection phase, i.e., sam-
ple time 7 ) and O (not selected).

Ideally, the sampling signals are shifted
and aligned in time, such that the individ-
ual DACs are evenly and sequentially
selected. In case of a 2:1 AMUX, there
are only two sampling signals ¢ (1), tog-
gling between 1 and O with a 1:1 mark-
space ratio and shifted by 180°. Due to
the 1/0-toggling, ¢ (¢) exhibits a non-zero
DC component. Hence, the multiplication
by c (¢) can be considered an unbalanced
mixing of the DAC signals maintaining the
baseband, consisting of the original DAC
spectrum S, (f), its replica S, . (f, ; + /)
at fb . and its mirror-image Soac (fs o ).
Since the Nyquist frequency of the 2:1
AMUX is at f_, only the original DAC
spectrum and its mirror image contribute
to the first Nyquist band of the AMUX
output signal. These contributions are
shown in the “baseband” and “mirror-
image” columns in Figure 2. There, the
baseband column displays the original
DACI,2 output spectra with their first two
Nyquist bands up to f, . Due to the unbal-
anced mixing of the AMUX, these spec-
tra appear directly at the output and are
marked by M1,2 according to the mixer
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of the respective input. Considering
zero order hold (ZOH) DAC signals,
the DAC output amplitude drops by
sinc(fif; , P = sin(nflf, ’ M flf. , ) to sinc %2
= 63.7 % (-4 dB) at the DAC Nyquist fre-
quency f, , = f, /2, and to zero at f_ . This
behavior is shown by the sinc-envelope
of the M1,2 signal amplitude in Figure 2.
The second DAC signal is shifted against
the firstone by T =T /2 (i.e. 180°) to
align the center of thelr ZOH signal to the
sampling pulses ¢, (7). The 180° phase
shift of the second DAC signal leads to
a sign change in its second Nyquist band
in the M2 spectrum, shown by inversion
of the sinc-envelope in Figure 2. The mir-
ror image of the baseband at f, , is shown
in the second column of Figure 2 by its
mirrored sinc-envelope. Because of the
respective phase shifts of the sampling
signals, for those mirror images the same
sign considerations hold as in the base-
band. Higher order images also contribute
to the output signal, but due to their sinc
weighting, they are of minor influence.
To show how a tone of a certain fre-
quency is created, the AMUX output
spectrum can be subdivided into a lower
and an upper AMUX band, as defined in
Figure 2, that correspond to the first two
Nyquist bands of the DAC signals. Hence,
atone atf, f, generated in the lower/upper
AMUX band comes with an alias tone at
fia = 1o f.q — 1, in the upper/lower AMUX
band, respectively. In Figure 2, the

Spectra at the AMUX-output of a 2:1 AMUX.

baseband tones are depicted by phasors
s,, and s, , for the lower and upper band
of M1,2. Phasors pointing up/downwards
exhibit a 0°/180° phase shift, respectively.
The respective image phasors are repre-
sented by phasors i, and i ,. The two
rows of Figure 2 illustrate tone generation
for both lower and upper AMUX bands.
For a generation of a tone at f, in the lower
band, the two DACs have to output sig-
nals in phase (i.e. in the first Nyquist band
of the DACs), while they are of opposite
phase for a tone at f in the upper band.
The final AMUX output signal consti-
tutes of the superposition of the baseband
and mirror image signals in either row
of Figure 2. Ideally, the intended tones
superimpose constructively, while the
alias tones cancel out. The superposition
of the baseband and mirrored sinc(f/f, )
envelopes results in a total sinc(f/(2f, ’ D)
envelope as shown in the right column of
Figure 2. Because of this sinc-envelope
and an AMUX output 1st Nyquist band-
width of twice the DACs’ 1st Nyquist
bandwidth, the 2:1 AMUX output mimics
a Super-DAC with doubled sampling rate.
In the presence of amplitude or timing
mismatches of the respective data and
sampling signals, residual tones r,  persist
in the output signal. Those residual tones
originate from imperfect cancellation
in amplitude or phase of the alias tones
and can be caused by multiple sources in
the AMUX setup. For high signal path
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Fig. 3. Example of an amplitude mismatch.

linearity and high SINAD DAC signals,
they become the dominant impairment
on AMUX resolution. As an example
shown in Figure 3, an amplitude mis-
match between M1,2 inputs is considered
for lower band tone generation. This mis-
match can originate from different DAC
amplitudes or a gain mismatch along the
AMUX signal paths. In the shown case,
M2 exhibits a higher amplitude. For the
wanted tone, the higher M2 amplitude
increases the baseband |s, | as well as the
mirror image amplitude |i,| and thus the
total output amplitude, Which still approx-
imately follows a sinc-envelope. For the
alias tone, the M1,2 tones retain their
respective 0°/180° phase but exhibit dif-
ferent amplitudes; thus, their sum is non-
zero, whereby a residual tone remains.
The SINAD used for ENoB calculations
depends on the ratio of the wanted sig-
nal and the residual tone. Depending on
the amplitude progression of wanted and
residual tone along the baseband and mir-
ror-image sinc-envelopes, characteristic
ENoB vs. frequency traces are created. In
the example of the amplitude mismatch
in Figure 3 the ratio between wanted
and residual tone amplitude increasingly
decreases over frequency. This holds espe-
cially for tones in the upper AMUX band,
where the sinc-envelope for the resid-
ual tones reaches its maximum for f, =
/. - This behavior results in t-type ENoB
characteristic [11] shown in Figure 4.
To minimize the amplitude mismatch,
a symmetrical AMUX circuit design as
well as matched DAC signal paths are
important. Analogous to the amplitudes,
also the signal and clock phases have to

reference (ideal)

ENoB

ENoB

Fig. 4. Basic types of ENoB vs. frequency charac-
teristics of a 2:1 AMUX. (a) Diverged, d-type, and
joined, j-type. (b) Tilted and translated, t-, and bath-
tub, b-type [11].

exactly match the 0°/180° relation to can-
cel out perfectly. As shown in [11], any
imperfection causes one of the ENoB
characteristics in Figure 4, where (d) and
(j) are related to clock offset and delay,
respectively, whereas (b) relates to imper-
fections in the clock-to-signal timing, and
signal-to-signal timing. The individual
characteristics of wanted and residual
tones of these characteristics are utilized
in [11] to develop tailored calibration rou-
tines for the AMUX setup.

To extend the frequency-domain model
in Figure 2 to a 4:1 AMUX, the model
needs to be adapted to the differences
between 2:1 and 4:1 versions of the
AMUX. However, for the DAC signals,
generally, the same ZOH sinc-envelope
properties as for the 2:1 AMUX are con-
sidered. In favor of clarity, in the base-
band column of the 4:1 AMUX spectra
in Figure 5, only two out of four DAC
input signals are shown in one diagram.
Thereby, the total of four signals are
shown in the two diagrams on top of one
another. Also, only one example is given
for the tone generation in the lowest (first
out of four) AMUX band. For the 4:1
AMUX, the baseband spectrum SD AC ),
as well as the mirror-image S, . (f, , = /),
its replica S, (f,, + /), and the second
mirror image S, . (2f,, — f) contribute
to the first AMUX Nyquist band. As the
sample time 7 = T /4 is halved com-
pared to the 2: 1 AMUX also the related
phase shifts in the four AMUX bands are
halved. While the time shifts and prop-
erties of M1,3 are the same as for M1,2
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of the 2:1 AMUX, for every second input
signal (M2,4 in Figure 5), 90° and 270°
phase shifts occur in the second and third
AMUX bands. Due to the shortened
sampling pulses compared to the 2:1
AMUX, the output amplitude follows a
sinc(f/(4f, ,)) envelope. In the example in
Figure 5, it can be seen that at the wanted
tone in the first AMUX band, all four
baseband signals superpose construc-
tively, while in the other AMUX bands,
the signals cancel out each other. For this
example, in the second and third bands,
M1,3 cancel out due to respective 0°/180°
phase shifts. Also, M2,4 exhibit 90°/270°
phase shifts and cancel out, respectively.
In the fourth AMUX band, M1,3 have the
same phase of 0° and superpose construc-
tively, while M2,4 exhibit 180°, cancel-
ing out corresponding M1,3 alias tones.
For an imperfect alias tone cancellation, a
total of three residual tones can occur for
the 4:1 AMUX.

As there are double the inputs and up to
three instead of one residual tones com-
pared to the 2:1 AMUX, the calibration
of a 4:1 AMUX measurement or simula-
tion is even more complex. Like for the
2:1 AMUX, the origins of wanted and

unwanted tones and their sinc-related fre-
quency dependency of their amplitudes are
valuable insights for ENoB optimization
in the current 4:1 AMUX development.

III. 2:1 AND 4:1 AMUX CIRCUIT
CONCEPTS

Multiple concepts to realize the AMUX
function are present in literature. These
are either based on frequency-domain or
time-domain multiplexing [16]. Since the
latter is comparatively easy to realize and
does not need for any challenging ampli-
tude and phase alignments across the
interleaved frequency bands, we focus
here on the time-domain approach.

Most time-domain 2:1 AMUX con-
cepts combine two DAC inputs to one
output signal, acting like the toggle
switch in Figure la. The two main tog-
gle switch concepts are based on Gilbert
cells and are named clocked-TAS and
clocked-SEL, respectively [11]. In the
clocked-SEL concept, shown in Figure 6
for the 2:1 AMUX, two linear transadmit-
tance stages (TAS) are biased via constant
currents /, and driven by DAC signals.
The TAS output currents are switched
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Fig. 6. Circuit principle of the 2:1 AMUX core
realized by the clocked-SEL concept.

by selector stages (SEL), which con-
sist of two current switches (CS), each.
Those SEL switch the data signals either
to the output or to the ground. All inputs
incorporate emitter followers, while the
output is buffered with a common base
stage (CBS). In contrast, the compet-
ing clocked-TAS concept (cf. [4]-[6])
switches the TAS bias currents, so that
only one of the two TASs is turned on at
a time and contributes to the output sig-
nal. In [11], it is shown that the effective
resolution achievable with this concept is
strongly suffering from dynamic currents
through the non-linear base-emitter junc-
tion capacitance of the TAS transistor.
Therefore, in the following, the clocked-
SEL is preferred over the clocked-TAS.
The multiplication of the input signal
by a sampling signal c (¢) as introduced in
Figure 1b is realized by driving the SEL
by a clock voltage v, at a frequency of
fa = f,o The sampling signals ¢ (r) do
not directly represent physical voltages

IFoutl

or currents; they rather describe the
1/0-toggling function carried out by the
CS/SEL stages. Due to the steep transfer
function of a CS, it basically switches
its input current at the common emitter
node to either of its two outputs depend-
ing on the sign of v . In case of the 2:1
AMUX, this leads to the data signals
being switched alternately and symmetri-
cally with a duty cycle of 1/2 to the output
or ground. By inversion of the two clock
signals at the respective SEL, only one of
the two data signals is present at a time at
the AMUX output.

For a higher order AMUX (N > 2), also
only one data signal at a time is supposed
to be present at the output. Thus, the sam-
pling pulses have to be shortened to the
AMUX sample time T, = T, /N. This
corresponds to a duty cycle of 1/N for
the sampling signals. Figure 7 proposes
a 4:1 AMUX circuit using the clocked-
SEL concept. It basically consists of
two of the 2:1 AMUX cells of Figure 6,
whose output currents are summed up by
only one CBS. The SEL2,4 are driven by
clock signals shifted by 90°/270° com-
pared to SEL1,3, which need 0°/180° as
for the 2:1 AMUX. The lower duty cycle
is achieved by the introduction of an off-
set (OS) to the clock voltage at each SEL
(cf. “OS”-input at the driving EF stages).
This shortens the time where v, > 0 and
thereby reduces the sampling time of the
SEL. Assuming sinusoidal clock signals,
an offset V_ related to the clock amplitude
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Fig. 7.

Circuit principle of the proposed 4:1 AMUX core realized by the clocked-SEL concept.



74 ANALOG MULTIPLEXING FOR BANDWIDTH AND SAMPLING RATE MULTIPLICATION OF DIGITAL

Ts,a n_iod,SEL
11— =i 1) 2)
id,SEL 3) - ay
o
Uik iiweicer
Nos™ e
V3 v K]

lo1,cs  i02,CS
/ \g 2)

iod,CS
=lo1,cs-f02,Cs

(a) (b)

Fig. 8. (a) Clock voltage with offset and resulting
idealized sampling signal ¢ (7) for a 4:1 AMUX. (b)
Three methods to introduce an offset to the transfer
characteristic of a CS by (1) offset voltage V_, (2)
different transistor areas A , A, or (3) different emit-
ter degeneration resistors R, Ry,

V.. by afactor of V_/V = cos (/N) is
needed to achieve a duty cycle of 1/N.
For the case of the 4:1 AMUX shown in
Figure 8a, this ratio yields V2/2 =~ 70.7%.
It is important to note that this offset
depends on the amplitude and the signal
shape of the clock signal and is thereby a
crucial parameter in design optimization.
In Figure 8b, three different methods
to generate the needed offset for a CS are
suggested: (1) direct application of an off-
set voltage V., (2) transistors with differ-
ent emitter areas A, A, and (3) different
emitter resistances R and R_,. The pro-
posed methods combined contribute to an
effective offset voltage of the SEL-CSs

R, —R

A
o 2 El E2 :
Vos =Vos +Vr InA— + 5 Ly 2.8EL>
1

(H
where - and Iy gy, ATC the TAS out-
put currents at the emitter node input of
the respective SEL-CS. If eqn (1) is con-
sidered in the transfer characteristic of a
SEL-CS, the offset becomes dependent
on those actual current values, which
result in a non-linear offset and transfer
characteristic. In case of only methods (1)
and (2) (i.e. R, = R_,=0) in eqn (1), the
single-ended current transfer function

fo125L _ 1[1 + tanh[vclk cos (2tf,,1) = Vos ]J
2

li 1,2,SEL 2‘/T

(@)

does not depend on the actual current
value, so that the SEL-CS sampling lin-
early transfers the sample values. Due to
the sampling linearity, the single-ended
expression in eqn (2) can analogously be
expressed for the differential output cur-
rent of the SEL. However, the size fac-
tor A,/A, becomes impractical as due to
the logarithm, very large factors (e.g. >
10° for V_, = 500 mV) are needed to get
usable offsets. Hence, the only reasonable
approach to generate the needed offset is
to apply offset voltages directly to the
clock inputs.

IV. SIMULATION AND
MEASUREMENT OF A 2:1 AMUX

The following measurement results
are obtained from a 2000 x 900 um sized
AMUX chip realized in IHP SG13G2
technology with f. = 300 GHz and f
= 500 GHz [21]. The simulated current
consumption is 648 mA/35 mA at its
two supply voltages of —-5.5 V/-2.5V,
respectively. Due to on-chip supply volt-
age issues, the total measured power
consumption is raised by about 30% up
to 4.7 W. Nevertheless, the chip shows
results good enough to be published,
because its ENoB is only marginally
lower than the highest reported ENoB in
[10] but at a higher sampling rate and with
significantly higher clock- and data-path
bandwidths (cf. Table I). Furthermore,
the AMUX, completely packaged in an
RF-module, achieves the highest reported
maximum sample rate of 186 GS/s for an
SiGe module. Figure 9a shows the lay-
out of the AMUX chip that follows the
cell-based design approach introduced in
[22]. The high number of pads is used to
adjust the currents of the transistor stages
and determines the chip size. The clock
amplifier chain incorporates three clock
buffers and conditions the clock signal
for the 2:1 AMUX cell. The AMUX cell
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TABLE 1
STATE OF THE ART

ENoB
at (f,,, —Fu)

Bandwidth Diff. output Power/supply
voltage swing

signal path

Bandwidth
clock path

Sampling

Technology

voltage
0.5W/ -45V

rate
80 GS/s
128 GS/s

(,/f,, )/GHz
0.5 um-InP(290/320)
0.5 um-InP(290/320)
0.25 um-InP(460/480)
0.7 um-InP(340/410)
0.13 um-SiGe(300/500)
0.13 um-SiGe(470/650)

50 GHz
64 GHz
99 GHz

[4]
[5]
[6]

0.5V 0.54 W/ -4.5V

67 GHz
> 110 GHz

0.9W/-45V
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Fig. 9. Chip layout (a), AMUX IC bondwire
assembly (b), and RF-module (c).

itself is designed using the clocked-SEL
principle as high linearity was the pri-
mary concern of the design. Data signals
are buffered by input amplifiers, while
the AMUX cell is placed in close vicinity
to an output amplifier and the chip out-
put, to keep the high-speed signal path
short. Figure 9b,c show the chip bond-
wire and RF module assembly following
the principle described in [23]. Target
specification for the 2:1 was a maxi-
mum sampling rate exceeding 120 GS/s,
while maintaining an ENoB of 6 bit.
Figure 10a shows on the left the simu-
lated ENoB and amplitude curves for the
AMUX at 128 GS/s. On the right hand
side, the measured ENoB and amplitude
curves are shown. Measurements were
carried out using two 8-bit MICRAM
DACS5 AWG modules for signal gener-
ation, a Keysight E8257D analog signal
generator for clock signal generation that
drives both AMUX and DAC clocks, and
a Keysight NI000OA DCA-X sampling
oscilloscope, respectively. No digital
corrections or data pre-emphasis were
applied to any of the measurements. The
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Fig. 10. (a) ENoB and amplitude curves at 128
GS/s. (b) PAM-4 128 GS/s eye diagrams, triggered
to 128 GBaud (left) and triggered to 64 GBaud
(right). (c) PAM-2 eye diagrams for 120/140/186
GS/s, respectively.

AMUX reaches an ENoB of 7.1 bit for
the lowest output frequency, dropping to a
minimum of 3.7 bit at 49 GHz. The ENoB
curve basically follows the DAC ENoB
curve in the lower AMUX band, which is
also shown for reference in Figure 10a. It
drops relatively fast from 7.1 bit to about
4 bit at a middle output frequency. For
higher frequencies, it remains quite con-
stant between 3.7 and 5 bit. Figure 10b
shows measured PAM-4 eye diagrams for
the AMUX at 128 GS/s. On the left side
of Figure 10b, eye diagrams triggered at
128 GS/s are shown. The eye diagrams
shown on the right side were triggered at
64 GS/s, showing the two corresponding
data channels, alternately. Both channels
exhibit different eye openings, which
is likely due to a thermal asymmetry in
the AMUX chip caused by the increased
current consumption. However, the eye

opening of channel 2 promises an upward
potential if the supply voltage issue was
fixed. Finally, Figure 10c shows PAM-2
eye diagrams up to the operating limit of
186 GS/s.

V. CONCLUSION

In this paper, we presented consider-
ations to extend the 2:1 AMUX concept
to a 4:1 AMUX. The frequency-domain
explanatory model introduced in [11] was
extended to the 4:1 AMUX, giving valu-
able insights for the ENoB calibration of
simulation and measurements. Also, for
the 4:1 AMUX, a new circuit concept
based on the clocked-SEL was shown,
providing a new approach for future
AMUX designs. Finally, we showed
measurements of a 2:1 AMUX module
exhibiting a leading maximum ENoB of
up to 7.1 bit at 128 GS/s and a maximum
sample rate of 186 GS/s.
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