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a b s t r a c t

In advanced fiber transmission systems with digital signal processors (DSPs), analog bandwidths of digital-to-
analog converters (DACs), which interface the DSPs and optics, are the major factors limiting the data rates.
We have developed a technology to extend the DACs’ bandwidth using a digital preprocessor, two sub-DACs,
and an analog multiplexer. This technology enables us to generate baseband signals with bandwidths of up
to around 60 GHz, which is almost twice that of signals generated by typical CMOS DACs. In this paper, we
describe the principle of the bandwidth extension and review high-speed transmission experiments enabled by
this technology.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Due to the exponential growth of data traffic, technologies to achieve
higher data rates continue to be required in the field of optical fiber
transmission systems. Recent advancement of optical transmission tech-
nologies has been backed by the evolution of digital signal processors
(DSPs). Digital coherent transmission systems with advanced modula-
tion, pulse-shaping, and impairment compensation functionalities have
been extensively studied and developed to achieve high-speed long-
haul transmission with per-channel (per-wavelength) data rates of 100
Gbit/s and beyond [1–3]. Applications of DSP-based technologies to
short-reach direct-detection systems for intra- and inter-data-center
communications have also been explored [4,5].

In DSP-based transmitters, high-speed digital-to-analog converters
(DACs) are essential for interfacing the DSPs and electro-optic (EO)
devices, such as in-phase-and-quadrature modulators (IQMs), exter-
nally modulated lasers (EMLs), and directly modulated lasers (DMLs).
The analog bandwidth of the DAC is one of the factors limiting the
transmitter’s bandwidth because cutting-edge EO devices provide much
larger bandwidths. The DACs in current fiber transmission systems
are fabricated on the silicon CMOS platform and integrated with the
DSP monolithically [6,7]. However, the analog bandwidths of CMOS
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DACs are rather moderate, reaching up to around 20 ∼ 30 GHz.
Larger bandwidths can be achieved by using DACs based on compound
platforms, such as InP [8,9] or SiGe [10], but their power dissipations
are generally higher than those of CMOS DACs. Furthermore, it will be
challenging to connect the separate DAC and DSP chips because an N -bit
DAC requires N parallel high-speed digital inputs. Rather than changing
the platform, using multiple CMOS sub-DACs with external analog
devices is a promising way to extend the bandwidth while keeping the
sub-DACs integrated with the DSP. Two approaches have been reported
in this context. One is to use an analog mixer to up-convert the output
from one of the two sub-DACs and combine it with the baseband output
of the other one to generate a wideband signal [6]. This concept has
been extended to three sub-DACs and demonstrated with high-symbol-
rate signal generation [11]. The other approach, called the digital-
preprocessed analog-multiplexed DAC (DP-AM-DAC), utilizes two sub-
DACs and an analog multiplexer (AMUX) in combination with a digital
preprocessor [12–19]. An AMUX is a high-speed linear selector, which
has been reported earlier as a time interleaver to double the sampling
rate of DACs [20]. In the DP-AM-DAC, the digital preprocessor based
on a frequency-domain interpretation of the AMUX function makes the
AMUX output arbitrary signals with a bandwidth up to twice that of
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Fig. 1. Configuration of the DP-AM-DAC.

each sub-DAC. Unlike the mixer-based system, the DP-AM-DAC has a
symmetric configuration with respect to the two sub-DACs and so makes
it easier to balance the two branches.

This paper reviews the DP-AM-DAC technology. As described in
Section 2, we have developed two different types of DP-AM-DACs, which
share the basic hardware configuration but differ in the clock frequency
to drive the AMUX and the preprocessing algorithm. The design and
fabrication of the AMUX is discussed in Section 3. The high-speed
digital coherent and direct detection transmission experiments we have
conducted with the DP-AM-DAC technology are reviewed in Section 4.

2. Principle

The DP-AM-DAC consists of a digital preprocessor as a part of a
DSP, two sub-DACs, and an AMUX as shown in Fig. 1 [12,13]. The
AMUX makes the two analog input signals from the sub-DACs pass
through alternately at a switching frequency of 𝑓𝑐𝑙𝑘. In the frequency
domain, this function corresponds to the generation and superposition
of the fundamental and image components of the two input signals, as
shown in Fig. 2. Here, only the first-order images are shown; higher-
order ones are left out for simplicity. With these images, the bandwidth
of the output signal from the AMUX is larger than that of each input
signal. While the relative phase between the two fundamentals is 0,
that between the first-order images is 𝜋. The amplitude ratio of the
image to the fundamental signal, r, is smaller than 2/𝜋 and depends
on the transition characteristic of the AMUX. This frequency-domain
perspective is the basis of the DP-AM-DAC.

We have devised two different types of DP-AM-DACs, which have
the same overall hardware configuration shown in Fig. 1 but different
driving conditions and preprocessing algorithms. Both enable us to
generate arbitrary signals with a bandwidth of up to 𝑓𝐵 even if each sub-
DAC has an analog bandwidth of around 𝑓𝐵∕2. Fig. 3 shows the principle
of the type-I DP-AM-DAC, which we used in most of the transmission
experiments to date [12,14–18]. In the type-I DP-AM-DAC, the AMUX
is driven at 𝑓𝑐𝑙𝑘 = 𝑓𝐵 . With this condition, basically the fundamental
and image generated in the AMUX do not significantly overlap each

Fig. 2. Frequency-domain interpretation of the AMUX function.

other. The digital preprocessor splits the target signal into low- and high-
frequency (LF and HF) signals with the boundary of 𝑓𝐵∕2 and weaves
them into the signals input to the sub-DACs. Specifically, it emphasizes
the HF signal by a factor of 1/r, flips it around 𝑓𝐵∕2, and adds it to the LF
signal with relative phases of 0 and 𝜋 to generate the signals input to the
sub-DACs 1 and 2 , respectively. A digital equalizer (EQ) is then applied
to each signal to de-embed the responses of the corresponding sub-DAC
and the cable to the AMUX. The sub-DACs have enough bandwidth,
∼𝑓𝐵∕2, to covert these digital inputs into the analog outputs. Through
the synthesis in the AMUX, only the LF signals in the fundamentals
and the HF signals in the images survive; the others disappear due to
the phase relationships, as shown in Fig. 3. The LF and HF signals are
concatenated seamlessly (with no amplitude step at 𝑓𝐵∕2) because of
the 1/r emphasis in the digital preprocessor. The image of the HF signal
is also output in the frequency region of 𝑓𝐵 ∼ 3𝑓𝐵∕2. This image can
be removed by a low-pass filter or utilized to enhance the signal quality
through diversity synthesis [14].

On the other hand, the type-II DP-AM-DAC sets 𝑓𝑐𝑙𝑘 = 𝑓𝐵∕2 and
allows significant overlap between the fundamental and the image [13].
The reduction of the required clock frequency by half (with respect
to the target bandwidth 𝑓𝐵) is a major advantage of the type-II over
the type-I. The principle is shown in Fig. 4. The digital preprocessing
is slightly more complex than that of the type-I. In addition to the LF
and flipped HF signals, the shifted HF signal is generated by shifting the
original HF signal by -𝑓𝐵∕2. The flipped HF signal here is not emphasized
and is added to the LF signal with a fixed phase of 0. Instead, the
shifted HF signal is emphasized by 1/r and added to the LF signal
with complementary phases to generate the input signals to the two
sub-DACs. The EQs are used as with the type-I. The sub-DACs have
enough bandwidth, ∼ 𝑓𝐵∕2, to handle these digital inputs. Through
the synthesis in the AMUX, only the LF and HF signals in the original
positions survive; the others disappear, as shown in Fig. 4. Specifically,

Fig. 3. Principle of the type-I DP-AM-DAC.

2



https://isiarticles.com/article/140603

