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Orthogonal Sampling based Broad-Band Signal
Generation with Low-Bandwidth Electronics

Mohamed I. Hosni, Janosch Meier, Younus Mandalawi, Karanveer Singh, Paulomi Mandal,
Ahmed H. Elghandour and Thomas Schneider

Abstract—. High-bandwidth signals are needed in many
applications  like  radar, sensing, measurement and
communications. Especially in optical networks, the sampling rate
and analog bandwidth of digital-to-analog converters (DACs) is a
bottleneck for further increasing data rates. To circumvent the
sampling rate and bandwidth problem of electronic DACs, we
demonstrate the generation of wide-band signals with low-
bandwidth electronics. This generation is based on orthogonal
sampling with sinc-pulse sequences in N parallel branches. The
method not only reduces the sampling rate and bandwidth, at the
same time the effective number of bits (ENOB) is improved,
dramatically reducing the requirements on the electronic signal
processing. In proof of concept experiments the generation of
analog signals, as well as Nyquist shaped and normal data will be
shown. In simulations we investigate the performance of 60 GHz
data generation by 20 and 12 GHz electronics. The method can
easily be integrated together with already existing electronic DAC
designs and would be of great interest for all high-bandwidth
applications.

Index Terms— Broad-band signal generation, ENOB, Jitter,
Orthogonal sampling, Sub-sampling, Time interleaving, Q-factor.

I. INTRODUCTION

With the exponential growth of communications as well as
radar, lidar, sensing and other bandwidth hungry applications,
the generation of high-quality, broad-band signals become
increasingly important [1-3]. The required signal bandwidth of
these applications can reach several tens or even hundreds of
gigahertz [4]. For 6G and beyond for instance, peak data rates
of 1 Thit/s are foreseen [5]. Depending on the scale of
parallelization and spectral efficiency of the modulation format
and coding, this can require DAC with analog bandwidths of
tenths of GHz. For electronic and especially integrated DAC it's
quite challenging to meet these bandwidths demands. Cutting-
edge CMOS-based DACs have shown sampling rates of 97
GS/s and bandwidths of 40 GHz using 7-nm FinFET
technology [6]. Higher bandwidths and sampling rates are
possible in SiGe BiCMOS or InP heterojunction bipolar
transistors [7, 8] but the interconnection between the DACs and
the following digital signal processing will be challenging.
Additionally, with increased bandwidths, jitter and quantization
noise problems will deteriorate the signal quality, which
reduces the resolution as measured by the effective number of
bits (ENOB) [9]. Therefore, recently approaches utilizing
CMOS based DACs together with an external multiplexer have
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reached much attention. The multiplexing can be accomplished
in the time [10-13] or frequency domain [14]. By time
interleaving two sub-DACs, a 100 GS/s signal generation was
presented in [10] and [11]. However, only the sampling rate can
be increased by this method. The bandwidth of the generated
signal is the same as that of the sub-DACs. A method that can
enhance the sampling rate and bandwidth has been presented in
[13]. By adding up the outputs of two sub-DACs in an analog
multiplexer (AMUX), a bandwidth of 110 GHz was shown.
However, the analog multiplexing needs a very sophisticated
pre-processing and a very fast switching. Another approach is
to frequency-interleave single low-bandwidth sub-spectra to a
high-bandwidth signal [14]. The basic idea is quite simple, but
the practical implementation requires a pre-processing of the
data and a bank of filters with well-defined transmission curves.

In this paper, we present a novel and very simple approach
for the multiplexing of N low-bandwidth sub-DACs based on
orthogonal sampling by sinc-pulse sequences. For ideal
components, the sampling with sinc-pulse sequences is error-
free. Additionally, the sinc pulse sequence generation is carried
out with a radio frequency oscillator, which can show very low
jitter values, and for the sampling a simple multiplication is
used. Therefore, not only the bandwidth and sampling rate can
be enhanced, at the same time the ENOB of the DAC system is
increased. Since N sub-DACs can be multiplexed
simultaneously, the requirements on sampling rate and
bandwidth of the single electronic DAC can be drastically
reduced by increasing the number of parallel branches.

In proof of concept experiments we demonstrate the
generation of analog as well as Nyquist shaped and normal data
signals. By simulations we investigate the possibilities of the
method for increasing the resolution of the generated signals.
The proposed method is very simple and does not require
electronic pre-processing or fast switching. For the
multiplexing only simple radio frequency devices like an
oscillator, a multiplier and an adder are needed. Therefore, the
co-integration with already existing DAC designs seems to be
straight-forward. Therefore, we believe that it will be of interest
for all kind of applications were high-bandwidth signals are
needed.

The paper is organized as follows; In the next section we will
describe the basic principle of the method. In section Il the
experimental and simulation results are presented and Sec. IV
concludes the paper.
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Fig. 1 Generation of a broad-bandwidth signal by orthogonal sampling. For the sake of simplicity, the number of branches is
restricted to N = 3. In each of the branches, the low rate digital input (a) is converted to a low-bandwidth analog signal by a digital
to analog converter (DAC) with the bandwidth Af; /6 (b). Afterwards, in each branch the low-bandwidth waveforms are sampled
(multiplied) with orthogonal, sinc pulse sequences (c). The single sinc pulse sequences is just a single radio frequency (RF) with
a constant offset [14] (d). For orthogonality, the sinc pulse sequences in the branches have to be time shifted against each other,
so that the maxima of the sequence in the next branch are in the zero crossings of the previous. This can be achieved by a phase
change of the RF by A¢ = 360°/3 = 120° between the branches (d). Finally, the time-shifted sequences, weighted with the
sampling points are added up to form the high-bandwidth signal with a bandwidth of Af; /2 and a sampling rate of Af; (e).

Il. PRINCIPLE OF OPERATION

An ideal DAC can be mathematically described by a Dirac delta
sequence weighted with the sampling values and filtered by a
rectangular filter function. The Dirac Delta sequence and the
rectangular filter function are both unlimited in frequency and
therefore cannot be achieved in a practical device. Thus, for a
practical DAC the single pulse in the sequence and the transfer
function of the filter are rather a mixing between a rectangular
and a Gaussian function.

From the mathematical description of sampling it follows
that no Dirac Delta sequence is necessary for an ideal DAC.
Each signal limited to the bandwidth Af;/2 can be generated
by the superposition of time-shifted, single sinc pulses,
weighted with the corresponding sampling values [15]:

s(t) = S (L) -sinc(Afit — k) . (D

Afs
k=—o0

In complete contrast to a Dirac Delta, which is infinitesimal
short, the sinc pulse is unlimited in time. However, if the time-
shift between the sampling points is 1/ Af;, the sinc pulses are
orthogonal to each other. Thus, there is no mutual influence
between the sampling points and the sampling rate is Af;. But,
since sinc pulses, are unlimited in time, they are also only a
mathematical construct.
Alternatively, the signal can be seen as the superposition of
time-shifted, orthogonal sinc-pulse sequences, weighted with
periodic sampling points. A sinc pulse sequence is the unlimited

superposition of time-shifted, single sinc pulses [16] and can be
expressed as:

[oe]

sqn.af () = Z sinc(Af;t — kN)

k=—00

N-1
10 )

2(1 2mkAfit

N 2+2C°S< N ) @
\ = /

Although the single sinc pulse is unlimited in time, the
orthogonality between the time shifted pulses ensures the zero
inter-symbol-interference  between the pulses in the
superposition. Between two pulses in the sequence there are
N —1 zero crossings. As single sinc pulses, sinc pulse
sequences are also orthogonal to each other, if the next
sequence is time shifted to one of the zero crossings of the
previous (N-1)/Af;.

As can be seen from the last expression in Eq.(2), in the
equivalent frequency domain, the sinc pulse sequence is a
frequency comb of bandwidth Af;:

[oe]

Comby,y, (f) = [Ft (SqNAfS(t))] )= %2 6 (f B %)

k=—o0
3)
with N as the number and Af;/N as the frequency distance
between the comb lines [17].
Thus, a sinc pulse sequence is a flat, rectangular frequency
comb with phase-locked frequencies. Therefore, in contrast to
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a single sinc pulse, high-quality sinc pulse sequences can be
generated by appropriately biased intensity modulators, for
instance [17, 18].

Ideal sinc-pulse sequences, with the bandwidth Af; can generate
ideal signals with the bandwidth Af, /2. The only difference to
the single sinc pulse is, that not an unlimited number of pulses
is required (one pulse for each sampling point). Instead, only N
time-shifted sequences are needed. Additionally, each single
sequence is weighted with periodic sampling points. This
periodicity is defined by the number of comb lines N and means
that for each of the N branches of the DAC the sampling rate
and the required bandwidth is reduced by N.

For N = 3 and an intensity modulator or an electrical
multiplication with the bandwidth Afy the sampling rate of the
DAC would be Af, = 3Afy and the baseband bandwidth of the
signal is 1.5Afy. Thus, with 100 GHz modulators, even
available on an integrated platform [19], sampling rates of 300
GS/s and analog bandwidths of 150 GHz could be achieved.
However, it has been shown that with integrated modulators
even 6 times the bandwidth might be feasible [20], suggesting
the generation of signals with analog bandwidths of 300 GHz
for integrated DAC.

The basic principle of the orthogonal sampling based DAC is
shown in Fig. 1. For the sake of simplicity, the number of
branches was restricted to N = 3, but we will discuss the
principle for an arbitrary number of N. The discrete data signal
in each of the N branches is:

[ee)
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e

(4)
with [ as the actual number of the N possible branches. For
incrementing [, the orthogonality between the sinc pulse
sequences is ensured by 1/Af;. The sampling rate of the data
for each branch is Af;/N (see Fig.1 (a)). If the Dirac Delta
sequence of data points is filtered by a rectangular filter with a
bandwidth Af;/(2N) in each branch, it corresponds to an ideal
signal with the same bandwidth, Fig.1 (b). Thus, for generating
a signal with the bandwidth Af;/2 with an N-branch system,
electronics with a sampling rate of Af;/N and a bandwidth of
Af;/(2N) isrequired.

In a next step the sampling points are multiplied with a sinc
pulse sequence. For N = 3 the sinc pulse sequence has two zero
crossings. Such a sinc pulse sequence is just a single frequency
with an additional direct current (DC) in the frequency domain,
or a DC shifted sinusoidal in time, as shown in the insets (c) in
Fig.1. For an arbitrary number of N, it is a DC together with n
= (N-1)/2 RF frequencies.

The time-shift between the sequences is a phase shift of the
sinusoidals. Therefore, the output of the oscillator is divided
into N branches and in each branch the sinusoidal is phase
shifted by 360°/1 (0°, 120° and 240° for | = 1, 2 and 3).
Afterwards, the sinc pulse sequences are multiplied with the
data points in an electrical multiplier or in an optical intensity
modulator. In the last step the orthogonal sinc pulse sequences,
weighted with the periodic sampling points are added up
together to build the signal with N-times the bandwidth and
sampling rate. This can be described by:

N

s(t) = Z [sl * [Ff—l (Rect (f—}é))” ) - SAn,af, (t - lA_—fsl)
=1 -
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with Rect as a rectangular function, which has an overall height
and width of 1. Each of the N sinc pulse sequences exactly
samples the data points from one of the slow rate sub-signals in
its peak positions. Due to the orthogonality of the sequences,
there is no mutual influence between the time-interleaved data
points. In principle, Eq. (5) can be seen as a variant of the
sampling theorem (Eqg. (1)), where single sinc pulses are
replaced by sinc pulse sequences.

I11. SIMULATION AND EXPERIMENTAL RESULTS

For the proof of concept, simulations and experiments were
carried out. In additional simulations we have investigated the
performance of the method in terms of the jitter and noise
influence.

A. SIMULATION RESULTS

The simulation was carried out with the Optisystem software
from Optiwave. Figure 2 shows the simulation setup for the
generation of I-Q data signals in three branches, which follows
the basic principle of Fig.1. Analog signals can be generated
with one of the dashed boxes.
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Fig. 2 Simulation setup to generate broad-bandwidth signals
from 3 low-bandwidth DACs. PRBS: pseudo random bit
sequence, Sum: electrical summator, and RFO: radio
frequency oscillator.

First we have generated a 30 GHz sinusoidal signal (Fig. 3(a))
with three 10 GHz DAC by the proposed method (red) and
compare this with the direct generation of a 30 GHz signal in a
30 GHz DAC (blue). The root mean square error (rms) was
determined as 0.43% for 550,000 samples when calculating the
difference between the two signals. For the simulations
presented in Fig.3 and 4, the low and high-bandwidth DAC
were assumed as ideal. So, they do not have any jitter or noise.
In Fig. 3(b) the three low bandwidth signals used to generate
the high-bandwidth one can be seen as dashed lines.
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Fig. 3 Simulation results for the generation of a 30 GHz analog signal (a) with a 30 GHz ideal DAC (blue) and three 10 GHz
ideal DACs with the proposed method (red). The three analog 10 GHz signals in the sub-branches are presented as dashed lines
in (b) together with the generated signal (solid). (c) Generation of a 60 Gbit/s BPSK signal limited to its Nyquist shape (30 GHz
bandwidth) by the direct (blue) and proposed method (red). The generation of a 480 Gbit/s, QAM-16 signal limited to its Nyquist
bandwidth of 60 GHz for | and Q is shown in (d) and (e). Here again the blue trace shows the direct generation of the signal,
whereas the red one presents the signal generation with three 20 GHz sub-DACSs. The constellation diagram is shown in (f).

In a second simulation a 60 Gbit/s BPSK signal limited to its
Nyquist bandwidth of 30 GHz was simulated. Each sub-DAC
with 10 GHz bandwidth and 20 GS/s sampling rate generates a
Nyquist sub-signal from the pseudo random bit sequence
(PRBS) data signal. Afterwards, these sub-signals are
multiplied with a DC shifted, 20 GHz radio frequency. All three
sub-signals are added up orthogonally to generate the 60 Gbit/s
BPSK Nyquist signal in Fig. 3(c). The rms error between the
proposed method and the direct generation by a high-bandwidth
DAC was 0.69% for 550,000 samples.

In a next step we have generated a 480 Ghit/s Nyquist QAM-
16 signal with three sub-DACs with a bandwidth of 20 GHz.
This has been done for | and Q as shown in Fig.2. The signals

in each of the three branches are multiplied with a DC shifted
40 GHz RF tone. The results for | and Q are shown with the red
trace in Fig. 3(d), and (e), respectively. The black trace shows
the result for a 60 GHz ideal DAC for comparison. The
calculated rms error was approximately 2% for 550,000
samples. The constellation diagram for the proposed method is
shown in Fig. 3(f).

A further bandwidth reduction for the electronics in each sub
branch can be achieved by increasing the number of parallel
branches N. Therefore, in further simulations we have
simulated the generation of the same signals as in Fig.3 but,
with five parallel sub-branches. In this case, the single DAC in
the sub-branch only needs a bandwidth of 6 GHz and the
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Fig. 4. Generation of a 30 GHz analog signal (a, b) and a 60 Gbit/s BPSK Nyquist signal (c) with 5 sub-DACSs with a bandwidth
of 6 GHz. (d - f) generation of a 480 Gbhit/s QAM-16 Nyquist signal with 60 GHz bandwidth by 5 sub-DACs with a bandwidth

of 12 GHz.
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oscillator has to provide two RF frequencies of 12 and 24 GHz.
The orthogonality between the 5 sinc-pulse sequences can be
obtained by adjusting the phases between the RF to 0°, 72°,
144°, 216°, and 288°. As illustrated in Fig. 4(a), the 30 GHz
signal shows an rms error of 0.43% for 550,000 samples. Figure
4(c) presents the 60 Gbit/s BPSK signal, generated by 5 sub-
DACS with 6 GHz bandwidth.

Compared to the direct generation of the signal, the rms error
was 1.1 % for 550,000 samples. In Fig. 4 (d — f) the generation
of a 480 Ghit/s QAM-16 Nyquist signal with 5 parallel sub-
DACs with a bandwidth of 12 GHz is presented. The measured
rms error to the direct generation with an ideal 60 GHz DAC
was 2% for 400,000 samples.

As mentioned, in the above simulations ideal DACs without
jitter and noise were assumed. In order to evaluate the
performance of the proposed method, an effective number of bit
(ENOB) analysis for the generation of the 30 GHz analog signal
with 3 and 5 sub-DACs was conducted. Please note that for the
proposed method there are two jitter values, i.e. the jitter of the
RF oscillator generating the sinusoidal waves and the jitter of
the electronic sub-DACs. The jitter of the RF oscillator can be
extremely small in the zepto second range [21] and even for
integrated oscillators jitter values of 20 fs have been shown
[22]. In the simulation, however, we have assumed the jitter for
the RF source as 100 fs. The ENOB as a function of the jitter is
shown in Fig. 5. As can be seen, for the same jitter value the
proposed method with three (red) or five branches (black) not
only drastically reduces the bandwidth requirements on the
electronics, at the same time the quality of the generated signal
is enhanced. For a jitter of 1 ps, for instance, the ENOB is
increased by 2. This corresponds to a signal-to-noise-and-
distortion (SINAD) enhancement of around 12 dB.
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Fig. 5. ENOB vs. jitter simulation for the generation of a 30

GHz sinusoidal signal with the proposed method in 3 and 5

parallel branches in comparison to a direct generation.

To show the performance enhancement which can be
achieved by the proposed method for communication
applications, we have simulated an optical link as shown in
Fig.6. The Mach-Zehnder modulator (MZM) converts the
signal generated with a high-bandwidth DAC (a) or by the
proposed method with 3 or 5 sub-DACs (b) into the optical
domain at a frequency of 193.1 THz (C-band of optical
telecommunications). Optical noise [provided by an optical
signal-to-noise ratio module (OSNR) of the software] was
added to the signal. A coherent detector (CD) with a 30 GHz
bandwidth was used to detect the signal.

. i (@) (b) 310w B.W or 5low
High BW DACs ————" g yy parallel DACs

=
= | ] (
OSNR

Fig. 6. Simulated optical link for the transmission of a 60
GBd BPSK signal limited to the Nyquist shape of 30 GHz
from a DAC with 30 GHz bandwidth (a) and three or five
sub-DACs with 10 GHz or 6 GHz bandwidth (b). LD: laser
diode, MZM: Mach-Zehnder modulator, OSNR: optical-
signal-to-noise ratio component, LO: local oscillator, CD:
coherent detector, and OSC: electrical oscilloscope.

The Q-factor vs jitter for the transmission of a 60 GBd BPSK

Nyquist signal, generating the signals with a 30 GHz DAC
(blue) or with three or five sub-DACs with 10 or 6 GHz
bandwidth (red and blue), are shown in Fig.7 (a). Again, the
jitter of the RF oscillator was assumed as 100 fs, while the jitter
of the electronic DAC was swept from 0.05 ps to 3.5 ps. The
OSNR was 40 dB. As can be seen, the higher SINAD of the
generated signals is transferred to the transmission. For a jitter
of 1 ps the Q-factor of the received signal improves by around
6.5 and 8.5 dB if the transmitted signal is generated in three or
five branches, respectively. For electronic DAC with a jitter
above 2.2 ps the link collapses. However, with the presented
method even such low-quality electronic DAC can still be used
for a transmission system.
The effect of noise is presented in Fig. 7(b). The OSNR was
swept from 20 to 40 dB and the jitter was assumed as 100 fs for
the RF source and the electronic DACs. As shown, the Q-factor
for the transmission of the directly generated signals is almost
constant over the range of OSNR presented in the figure. For
the higher quality signals generated in 3 or 5 branches, the Q-
factor of the received signal is improved.
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Fig. 7. Performance simulation of the proposed method with 3 and 5
branches for an optical link in comparison to the direct generation of the
signals. In (a) the jitter of the RF oscillator was kept constant at 100 fs and
for the DACs it was swept. In (b) the OSNR performance for a 100 fs jitter
of the RF source and the electronic sub-DACs is depicted.
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B. EXPERIMENTAL RESULTS

In proof of concept experiments, different types of high-
bandwidth signals with 3 and 5 parallel sub-DACs were
generated and compared to directly generated ones.
Unfortunately, electrical multipliers and adders were not
available. Therefore, the signals were created, as described in
Fig.1, by Mathematica and then provided to an arbitrary
waveform generator (AWG) (Tektronix AWG70001A). The
generated signals were then measured with an electrical
sampling oscilloscope (Tektronix DP073304SX).

Since we did not use parallel low bandwidth DACs but just
one single high bandwidth one, the improvement of the signal
generation by the proposed method cannot be seen. However,
as presented in Fig. 8, the analog 10 GHz sinusoidal signal as
well as the 24 Ghit/s Nyquist or 12 Gbit/s normal data signal
are almost the same.
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Fig. 8. Experimental results for the generation of (a)10 GHz
analog signal, (b) 24 Gbit/s BPSK Nyquist signal, and (c) 12
Gbit/s BPSK normal signal with the direct method (blue) and
with 3 (red) and 5 parallel branches (black).

IV. CONCLUSION

In conclusion, a new concept for generating wide-bandwidth
signals with low-bandwidth electronics was presented. The
proposed method is based on orthogonal sampling with sinc-

pulse sequences in parallel sub-branches. The sampling rate and
bandwidth of the generated signals is increased linearly with the
number of parallel branches N. As shown, not only the
bandwidth requirements on the electronics are drastically
reduced, at the same time the generated signals show a higher
ENOB and SINAD, which can be directly transferred to the
transmission quality in communication systems. The method
only requires an RF oscillator, electrical multipliers and an
adder. Thus, the integration might be straight forward. We
believe that the method is important for all broad-bandwidth
applications.

ACKNOWLEDGEMENT

The authors would like to acknowledge the financial support of
the German Research Foundation, Deutsche
Forschungsgemeinschaft, under grant numbers -403154102,
322402243, 424608109, 424608271, 424607946, 424608191,
491066027- and in part by the German Federal Ministry of
Education and Research (BMBF), under Grant 13N14879.

REFERENCES

[1] C. Zhang, W. Zhang, W. Wang, L. Yang, and W. Zhang, "Research
Challenges and Opportunities of UAV Millimeter-Wave
Communications," IEEE Wireless Communications, vol. 26, no. 1, pp. 58-62,
Feb. 2019.

[2] B. Liu, X. Lyu, and W. Fan., "Analysis of 5G Signal for Radar
Application," Journal of Physics: Conference Series. vol. 2356. no. 1. IOP
Publishing, 2022.

[3]J. Choi, V. Va, N. Gonzalez-Prelcic, R. Daniels, C. R. Bhatand R. W. Heath,
"Millimeter-Wave Vehicular Communication to Support Massive Automotive
Sensing," IEEE Communications Magazine, vol. 54, no. 12, pp. 160-167, Dec.
2016.

[4] H. Yu, M. Chen, Q. Guo, M. Hoekman, H. Chen, A. Leinse, R. G.
Heideman, S. Yang, and S. Xie, "All-optical full-band RF receiver based on an
integrated ultra-high-Q bandpass filter," J. Lightw. Technol., vol. 34. no. 2, pp.
701-706, Jan. 2016.

[5] T. S. Rappaport, Y. Xing, O. Kanhere, S. Ju, A. Madanayake, S. Mandal,
A. Alkhateeb, and G. C. Trichopoulos, "Wireless Communications and
Applications Above 100 GHz: Opportunities and Challenges for 6G and
Beyond," IEEE Access, vol. 7, pp. 78729-78757, 2019.

[6] R. L. Nguyen, A. M. Castrillon, A. Fan, A. Mellati , B. T. Reyes, C. Abidin
, E. Olsen, F. Ahmad , G. Hatcher , J. Chana, L. Biolato, L. Tse , L. Wang1,
L. Wang , M. Azarmnia , M. Davoodi , N. Campos , N. Fan, P. Prabha, Q. Lu
, S. Cyrusian, S. Dallaire , S. Ho , S. Jantzi, T. Dusatko , W. Elsharkasy, "8.6
A Highly Reconfigurable 40-97GS/s DAC and ADC with 40GHz AFE
Bandwidth and Sub-35fJ/conv-step for 400Gb/s Coherent Optical Applications
in 7nm FIinFET," 2021 |IEEE International Solid- State Circuits Conference
(ISSCC), San Francisco, CA, USA, 2021, pp. 136-138.

[7] F. Buchali, V. Aref, R. Dischler, M. Chagnon, K. Schuh, H. Hettrich, A.
Bielik, L. Altenhain, M. Guntermann, R. Schmid, and M. Méller, "128 GSa/s
SiGe DAC Implementation Enabling 1.52 Tb/s Single Carrier Transmission,"
J. Lightw. Technol., vol. 39, no. 3, pp. 763-770, Feb. 2021.

[8] A. Konczykowska, J. -Y. Dupuy, F. Jorge, M. Riet, V. Nodjiadjim and H.
Mardoyan, "Extreme Speed Power-DAC: Leveraging InP DHBT for Ultimate
Capacity Single-Carrier Optical Transmissions," J. Lightw. Technol., vol. 36,
no. 2, pp. 401-407, Jan. 2018.

[9] F. Maloberti, Data Converters. Dordrecht, The Netherlands: Springer-
Verlag, 2007.

[10] C. Laperle, N. Ben-Hamida and M. O'Sullivan, "Advances in High-Speed
DACs, ADCs, and DSP for Software Defined Optical Modems," 2013 IEEE
Compound Semiconductor Integrated Circuit Symposium (CSICS), Monterey,
CA, USA, 2013, pp. 1-4.

[11] C. Laperle and M. O’Sullivan, “Advances in high-speed DACs, ADCs,
and DSP for optical coherent transceivers,” J. Lightwave Technol., vol (32), no.
4, pp. 629-643, Feb. 2014.

[12] H. Yamazaki, M. Nagatani, S. Kanazawa, H. Nosaka, T. Hashimoto, A.
Sano, and Y. Miyamoto, “Digital-Preprocessed Analog-Multiplexed DAC for



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

Ultrawideband Multilevel Transmitter,” J. Lightwave Technol., vol. 34. no. 7,
pp. 1579-1584, Apr. 2016.

[13] M. Nagatani, H. Wakita, T. Jyo, T. Takeya, H. Yamazaki, Y. Ogiso, M.
Mutoh, Y. Shiratori, M. Ida, F. Hamaoka, M. Nakamura, T. Kobayashi, H.
Takashi, and Y. Miymamoto, "110-GHz-Bandwidth  InP-HBT
AMUX/ADEMUX Circuits for Beyond-1-Tb/s/ch Digital Coherent Optical
Transceivers,” IEEE Custom Integrated Circuits Conference (CICC), Newport
Beach, CA, USA, 2022, pp. 1-8.

[14] Christian Schmidt, Christoph Kottke, Ronald Freund, Friedel Gerfers, and
Volker Jungnickel, "Digital-to-analog converters for high-speed optical
communications  using  frequency interleaving:  impairments and
characteristics," Opt. Express 26, 6758-6770 (2018)

[15] B. P. Lathi, Linear Systems and Signals. New York, 2. edition, Oxford
University Press, 2005.

[16] Meier, J., Misra, A., PreuBler, S., and Schneider, T., “Optical convolution
with a rectangular frequency comb for almost ideal sampling,” SPIE Photonics
West 2019, Proc. SPIE 10947, Next-Generation Optical Communication:
Components, Sub-Systems, and Systems V111, 1094701, 2019.

[17] Soto, M. A., Alem, M., Shoaie, M. A., Vedadi, A., Brés, C.-S., Thévenaz,
L., and Schneider, T., "Optical sinc-shaped Nyquist pulses of exceptional
quality, " Nat. Commun. 4, 2898, 2013.

[18] M. A. Sotoet al., "Generation of nyquist sinc pulses using intensity
modulators," CLEO: 2013, San Jose, CA, USA, 2013, pp. 1-2.

[19] Peter O. Weigel, Jie Zhao, Kelvin Fang, Hasan Al-Rubaye, Douglas
Trotter, Dana Hood, John Mudrick, Christina Dallo, Andrew T. Pomerene,
Andrew L. Starbuck, Christopher T. DeRose, Anthony L. Lentine, Gabriel
Rebeiz, and Shayan Mookherjea, "Bonded thin film lithium niobate modulator
on a silicon photonics platform exceeding 100 GHz 3-dB electrical modulation
bandwidth," Opt. Express. vol. 26, no. 18, pp. 23728-23739, Sep. 2018.

[20] A. Misra, C. Kress, K. Singh, J. Meier, T. Schwabe, S. Preuiler, J. C.
Scheytt, and T. Schneider, " Reconfigurable and real-time high-bandwidth
Nyquist signal detection with low-bandwidth in silicon photonics, " Opt. Exp.,
vol. 30, no. 16, pp. 13776-13789, Apr. 2022.

[21] X. Xie, R. Bouchand, D. Nicolodi, M. Giunta, W. Hénsel, M. Lezius, A.
Joshi, S. Datta, C. Alexandre, M. Lours, P. Tremblin, G. Santarelli, R.
Holzwarth, and Y. Le Coq, " Photonic microwave signals with zeptosecond-
level absolute timing noise, " Nature Photon, vol. 11, pp. 44-47, Nov. 2017.
[22] Y. Zhao and B. Razavi, “A 19-GHz PLL with 20.3-fs Jitter,” in Proc.
Symp. VLSI Circuits (VLSI Circuits), Honolulu (HI), USA, Jun. 2021, pp.
C181-C182.



