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Abstract—A new plasmonic transmitter solution offering
0.8 Thit/s on an ultra-compact 90 pm X 5.5 um footprint is
introduced. It comprises a densely arranged four-channel plas-
monic phase modulator array that directly interconnects an op-
tical fiber array. Each plasmonic modulator features high-index
grating couplers—for direct and efficient conversion from a fiber
mode to a plasmonic slot mode and vice versa—and a plasmonic
waveguide—for efficient high-speed modulation. The individual
devices achieve data rates of 200 Gbit/s with a symbol rate of
100 GBd. Electrical and optical crosstalk between neighboring
modulators were found to have no significant influence on the data
modulation experiment. The modulator array has been tested in a
100 GBd experiment with signals at a single wavelength (mimicking
a space division multiplexing scheme) and at different wavelengths
(mimicking a wavelength division multiplexing experiment).

Index Terms—Electrooptic modulator, nanophotonics, nonlin-
ear optical devices, optical arrays, plasmonics.

I. INTRODUCTION

UTURE optical interconnect technologies need
F transceivers with a high level of parallelism on an
ultra-small footprint, which offer highest bandwidths at lowest
possible power consumption [1]-[6]. Such interconnects are of
interest for high performance computing, inter- and intra-data
center connections and even for larger communications
networks [6]-[9].

Currently, strong efforts are taken to develop a technology
that would enable highly parallelized interconnects [3], [4].
Here, research primarily focuses on making compact transmit-
ter arrays, highly parallel transport media and multi-channel re-
ceivers available. Among these components, current receiver so-
lutions are already offering high bandwidth and a compact foot-
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Fig. 1.  3-dimensional rendering of the 4-channel plasmonic modulator array.
Each channel is composed of an input coupler, a 9 pm plasmonic phase modu-
lator and an output coupler. The full array is ultra-compact, directly interfaces
the 12 pm pitch fiber cores and modulates 4 x 200 Gbit/s.

print [10]-[16]. Highly parallelized photodetector arrays [17]
demonstrate that receiver components are matching intercon-
nect requirements. At the same time, new transport media
emerged including fiber arrays [18], multicore [19]-[21] and
multimode fibers [22]-[25], which already offer highest den-
sities and transmission capabilities. When it comes to trans-
mitters, the community has already developed attractive solu-
tions based on vertical-cavity surface-emitting lasers (VCSELs).
VCSELs are respected as compact components — on-chip inter-
connect solution [26], PAMS8 data modulation [27] and paral-
lelization with 39 pm pitched multicore fibers [28], [29] have al-
ready been convincingly demonstrated. Just recently, 700 Gbit/s
data modulation have been demonstrated with a VCSEL array
coupled to a 7-core multicore fiber [30]. However, overcom-
ing the inherent bandwidth limitations is challenging with the
VCSEL technology. Alternatively, external modulators offer
higher speed and better signal quality than directly modulated
sources. Highest modulation bandwidths can be achieved with
external modulators based on LiNbOj3 photonics [31]-[33],
InP photonics [34]-[42], Si photonics [43]-[47] or plasmon-
ics [48]-[52]. However, dense integration of external modula-
tors based on photonic solutions is challenging due to a large
footprint. To reduce the footprint of photonic solutions one may
resort to resonant modulators. For instance, ring modulators
have already shown remarkably compact footprints down to
6 um x 5 pm in photonics [53]. However, photonic ring mod-
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Plasmonic phase modulator concept for a single device. (a) 3-dimensional rendering of the plasmonic phase modulator consisting of high-index silicon

grating couplers (dark blue), a gold plasmonic slot waveguide (gold) and the cores of an optical fiber array (grey). The inset shows the facet of the fiber array.
Neighboring cores with a 12 um pitch were used to couple light into and out of the modulator. (b) Cross-section along the device showing the grating coupler
geometry and schematic of the vertically incident fiber mode that is converted to a horizontally propagating plasmonic mode. (c) Cross-section across the plasmonic
slot waveguide which is filled by a nonlinear organic electro-optic material (purple). In this configuration, light and electrical signal are both confined to the
plasmonic slot leading to strong field enhancement, high field overlap and therefore strongest light-matter interaction.

ulators are limited in bandwidth due to their resonant nature.
Plasmonic ring resonators offer a higher bandwidth alternative
and smallest modulator footprint [54]. Still, highest bandwidth
and best signal quality is achieved in non-resonant plasmonic
modulators [52], [55]. They feature an electro-optical band-
width above 500 GHz [56] and show an electro-optical response
until 1.25 THz [57]. Also, a plasmonic modulator array with
4 x 36 Gbit/s has already been shown [58]. However, although
the plasmonic modulators are very small, these modulators end
up with a large footprint because of the large dimensions of the
photonic couplers and waveguides. A new solution offering a
most compact footprint with the advantages of the large band-
width of an external optical modulator would therefore be of
highest interest in view of future ultra-dense parallelized inter-
connects. Recently, high-speed all-metallic Mach-Zehnder and
1Q modulators were introduced [59], [60]. These devices feature
a short length of 36 um to modulate and transmit 116 Gbit/s and
200 Gbit/s, respectively. For higher integration density, even
further reduction in footprint would be preferred.

In this paper, we introduce and demonstrate a new plasmonic
modulator array concept. The plasmonic modulators feature a
short length of 17 pm including the built-in modulation sec-
tion and novel grating couplers that directly perform fiber-
to-plasmonic conversion. This way, unnecessary losses from
photonic components and photonic-to-plasmonic converters are
avoided. Each modulator is operated at 200 Gbit/s. As the ar-
ray is composed of four modulators, this results in a total data
modulation of 0.8 Tbit/s. The modulators are directly connected
through a 12 um pitched optical fiber array resulting in a record
small footprint of 90 pm x 5.5 pm.

The manuscript is structured as follows: In the first section,
the array concept and the working principle of a single chan-
nel are introduced. In the following, the implementation of the
array is discussed including fabrication and optical and electri-
cal arrangement. Next, the devices are characterized in terms

of fiber-to-fiber transmission, frequency response and crosstalk.
Both electrical and optical crosstalk between the modulators
are investigated and no signficant impairment for parallel array
operation is found. Then, high-speed data modulation of each
individual channel is shown and high uniformity of the perfor-
mance of all four modulators is demonstrated. Finally, array
operation in different application scenarios is demonstrated at
almost single device performance.

The paper is in part based on material first published at the
postdeadline session of the 2018 Europen Conference on Optical
Communication (ECOC) [61].

II. CONCEPT

The plasmonic array interconnect is composed of four densely
arranged compact, high-speed modulator channels, see Fig. 1.
The device pitch of only 24 nm allows for the densest arrange-
ment of high-speed data channels, limited only by current fiber
array technology. This leads to a record-low footprint of 90 pm x
5.5 pm to achieve 0.8 Tbit/s data modulation.

A single modulator occupies an area of only 17 pm x 5.5 pm,
including the active plasmonic section of 9 um length and the
fiber-to-chip grating couplers (GCs), see Fig. 2(a). The grating
couplers access an optical fiber array (OFA) with 12 pm pitch
and 2 pm mode field diameter.

The fiber-to-chip couplers were implemented as high-index
silicon GCs. They convert the perpendicularly incident fiber
mode directly into a strongly confined on-chip plasmonic slot
mode — omitting intermediate guiding in photonic structures,
c.f. Fig. 2(b). Such a design advantageously combines photon-
ics and plasmonics, making photonic waveguides and photonic-
plasmonic converters obsolete and hence minimizing the in-
sertion loss. The only 9 um short plasmonic section provides
efficient high-speed modulation due to confinement of both op-
tical and electrical fields into the plasmonic slot.
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Fig. 3. Array concept, optical transmission, electro-optic modulation and electrical and optical crosstalk measurements. (a) SEM image of the modulator array
and arrangement of the parallel plasmonic modulators with the ground-signal contacts. Optical carriers (solid red) are coupled in by every second fiber core and
the modulated light (dashed red) is coupled out through the remaining cores. The electrical signal (blue) is applied to the modulators by a multi-channel RF probe.
The individual signal lines for channels 1-4 and the corresponding ground lines are marked by S; and G;, respectively. (b) Optical transmission spectra of the four
plasmonic modulator array channels in comparison to single device transmission. For the array, fiber-to-fiber losses were found to be between 21 dB and 22 dB
for an optical carrier at 1550 nm. (c) Electro-optic modulation in the four array channels. The optical carrier was modulated with a 100 GBd non-return-to-zero
binary phase shift keying signal and measured in an optical spectrum analyzer in the receiver. (d) Electrical crosstalk measurement performed on channel 3 by
measuring the optical transmission spectrum after electro-optic modulation caused by driving adjacent channels. The green line shows the optical spectrum when
an electrical signal is applied to channel 3. The yellow and blue lines show the electrical crosstalk of the adjacent channels 2 and 4 into channel 3 — when the latter
is switched off. The crosstalk is below the ASE noise floor of a low-noise EDFA (dashed line). (e) Optical crosstalk of —26.0 dB and —18.4 dB from channel 2

and 4, respectively. The optical crosstalk leads to a 1.1 dB electrical SNR penalty extracted from the SDM data experiment described below.

III. IMPLEMENTATION

For the realization of the plasmonic modulator array, nano-
scale fabrication as well as optical and electronic routing are
crucial for optimal device performance.

The arrays have been fabricated with in-house cleanroom
technology. The photonic GCs were defined by fully etching
into a 220 nm silicon-on-insulator (SOI) substrate. A grating
period of 590 nm was chosen to match the center wavelength
to 1550 nm. A two-block design was chosen to reduce back-
reflection into the plasmonic slot and to improve mode match-
ing to the fiber mode. The block widths are 238 nm and 173 nm
and the block spaces are 59 nm and 120 nm, c.f. Fig. 2(b).
A second partial etch of 70 nm was performed to break the
symmetry and to improve the coupling efficiency for 90° ver-
tical incidences. The metal slot waveguides of 55 nm width
and the electrical routing were fabricated using a gold lift-off
process. Finally, the nonlinear organic electro-optic material
HD-BB-OH/YLD124 [62] was spin-coated onto the sample to
fill the plasmonic slot as depicted in Fig. 2(c). Such processed
devices achieve 90° phase modulation in the 11 pm long plas-
monic section with a voltage swing of 4 V — extracted from
Vims in the 100 GBd BPSK experiment. In this technology,
stable operation for more than 11 hours at temperatures up to
75 °C was recently demonstrated [52].

For this first demonstration, plasmonic phase modulators
rather than amplitude modulating Mach-Zehnder configurations
were chosen to demonstrate the integration concept. Although
phase modulators require advanced coherent detection in the

receiver, they benefit from a simple transmitter design. Fur-
ther, phase modulators operate linearly and independently from
wavelength and do not require offset voltage biases. This soft-
ens the requirements on nano-scale fabrication, improving both
yield and uniformity across the devices.

The arrangement of the plasmonic modulators, its electri-
cal lines and optical ports are crucial for best device perfor-
mance and to understand the origins of potential optical and
electrical crosstalk. The scanning electron microscope (SEM)
image in Fig. 3(a) shows the device structure. The four channels
(CH 1-4) are spaced by 24 pm along a straight line. The optical
carrier (solid red) is coupled in via every second GC and the
modulated light (dashed red) is coupled out on the neighboring
GC after the active plasmonic section. The electrical lines (blue)
are labelled with S; for signal line i and G; for ground line i of
the channel i = 14, respectively. The ground lines Gy and Gs
inevitably have to pass between two modulators as no RF line
crossings were implementable. Since the modulators have to be
poled simultaneously, the ground lines G; and G, as well as G3
and G4 are connected. The poling field was then applied from
signal lines S; and Sj to signal lines S, and S4. Subsequently,
channel 3 (CH 3) is chosen as a representative channel for worst-
case estimations as it sits between two neighboring devices.

IV. CHARACTERIZATION

The device characteristics in terms of fiber-to-fiber transmis-
sion, frequency response, and optical and electrical crosstalk
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were investigated before performing the data transmission ex-
periment.

A. Fiber-to-Fiber Transmission

Optical fiber-to-fiber losses of 15 dB were found for single
devices. The losses can be attributed to the plasmonic propa-
gation losses of 5 dB in the 9 um long slot, to the fiber-to-slot
couplers with 4.5 dB per coupler and to extra insertion losses
in the optical fiber array in order of 1 dB. When implement-
ing the single devices into an array, narrower slot widths were
obtained. As a result, the 55 nm wide plasmonic slot wave-
guide losses increased to 7 dB. Also, fiber-to-slot coupling to
the narrower plasmonic slot waveguide resulted in 6.5 dB loss
per coupler. This way, fiber-to-fiber losses at 1550 nm amounted
to 21.5 £ 0.5 dB — uniformly for all devices across the array —
see Fig. 3(b).

B. Frequency Response

The frequency response of the individual modulators was
measured by applying a sinusoidal signal to the plasmonic
modulator and measuring the modulation strength in an opti-
cal spectrum analyzer (OSA), see Fig. 4. The electro-optical
1 dB bandwidth of the modulator including electrical lines and
contact pads was found to exceed 70 GHz. This result is in good
agreement with measurements performed on other devices over
a larger frequency range up to 500 GHz [56]. Additionally,
electro-optic modulation uniform across the array channels was
obtained, see Fig. 3(c) for the case of modulating by a 100 GBd
BPSK signal.

C. Electrical and Optical Crosstalk

For parallel operation of all four channels, both electrical
and optical crosstalk should be minimal. Channel 3 (CH 3) was
chosen as a reference for this investigation as it is centrally
located.

Electrical crosstalk from adjacent channels might cause
undesired electro-optic modulation in a central channel. The
electrical crosstalk into CH 3 was measured by applying differ-
ent electrical driving scenarios and analyzing the optical trans-
mission spectrum measured with an OSA. As a reference, the
spectrum of CH 3 (green) — when modulated by a 100 GBd
non-return-to-zero binary phase shift keying signal — is given in
Fig. 3(d). Then, electrical crosstalk was measured by turning off
the electrical signal in CH 3 and turning it on in channel 2 (CH 2)
or channel 4 (CH 4), respectively. It can be seen that crosstalk
from CH 2 leaks at a few resonance frequencies into CH 3.
Electrical crosstalk from CH 4 leaks at around £43 GHz into
CH 3. We attribute these resonances to the particular arrange-
ment of the electrical access lines, see Fig. 3(a). The higher
crosstalk from CH 4 can be explained by an RF line passing
between the two channels. The average crosstalk from CH 2
into CH 3 and from CH 4 into CH 3 amounts to —25 dB and
—15 dB, respectively. The seeming increase in crosstalk for low
frequencies (<5 GHz) stems from the filter bandwidth of the
OSA in the measurement. A decrease in crosstalk towards 0 Hz
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Fig.4.  The electro-optic response of the plasmonic modulators was measured
by applying a sinusoidal signal and measuring the modulation strength with an
OSA. The 1 dB bandwidth was found to exceed 70 GHz.

is expected. Similar results were found when performing the
electrical crosstalk experiments with other reference channels.
In any case, the electrical crosstalk led to a signal modula-
tion which was found to be below the amplified spontaneous
emission (ASE) noise floor of low-noise erbium-doped fiber
amplifiers (EDFA) in the receiver, see dashed line in Fig. 3(d).
Therefore, we concluded a negligible induced SNR penalty.
Also, from data experiments with simultaneous operation of
multiple channel, it can be deduced that electrical crosstalk can
at worst lead to a penalty of 0.5 dB, see Section VI.

Optical crosstalk was measured accordingly. Electrically, all
channels were turned off. Again CH 3 transmission (green) is
given as a reference. Subsequently, optical input was changed
to CH 2 or CH 4, respectively, while measuring transmission in
CH 3. Optical crosstalk was measured to be —26.0 dB from CH 2
and —18.4 dB from CH 4, see Fig. 3(e). It is most likely caused
by light scattered on-chip that strays into neighboring cores.
The increased crosstalk from CH 4 is due to the proximity of its
input core to CH 3 output core (c.f. Fig. 3(a)) while from CH 2
the output core is adjacent. The optical crosstalk led to a signal-
to-noise ratio (SNR) penalty below 1.1 dB with respect to the
single channel operation extracted from the array experiment
shown below.

V. SINGLE CHANNEL PERFORMANCE

The individual plasmonic interconnect channels were tested
for high-speed data modulation with 100 GBd phase shift
keying (PSK).

Data modulation experiments were carried out for each chan-
nel separately (c.f. array setup in Fig. 5). Electrically, 100 GBd
non-return-to-zero (NRZ) signals were applied for binary phase
shift keying (BPSK) and four level PSK (4-PSK). A signal with
650 mV voltage swing was generated with a digital-to-analog
converter (DAC, Micram DAC4) and amplified to V;, =2.71 V
and V.5 = 1.55 V in case of BPSK and to V,, = 2.36 V and
Vims = 0.93 V in case of 4-PSK, respectively. The plasmonic
modulators were contacted by an RF probe. For 4-PSK, a pre-
distortion of the electrical signal was applied that mitigates the
linear and nonlinear impairments of the driver electronics. Op-
tically, a carrier at 1550 nm with an input power of 0.5 dBm
for BPSK and 4.5 dBm for 4-PSK was fed into the fiber. In the
receiver, the optical signal was amplified and band-pass filtered
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TABLE I
SINGLE CHANNEL DATA TRANSMISSION EXPERIMENTS

PSK BPSK 4-PSK
Bitrate 100 Gbit/s 200 Gbit/s
Channel
Eye Diagram vonYQchov

L) (el
SNR [dB] 14.96 15.30 14.83 14.55 13.76 14.40 13.75 13.40
BER <107 <107 <10° <107 1.25-102 0.84 - 102 1.23- 102 1.50 - 102

100 GBd single-channel data modulation experiment. The experiment was carried out at a wavelength of 1550 nm with optical input power of 0.5 dBm for BPSK or 4.5 dBm for
4-PSK. For BPSK, all four channels transmitted 100 Gbit/s with ~15 dB SNR and BERs below 10>, For 4-PSK, 200 Gbit/s per channel were demonstrated at SNR values around
14 dB and BERs below 1.50 - 1072, The SNR was determined from the distribution of the received and synchronized data.
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Fig. 5.

Schematic of the experimental setup used for the array demonstration. At the transmitter, independent 100 GBd electrical signals are amplified and

simultaneously driving the plasmonic modulators in the array. A 12 pm pitch optical fiber array (OFA) is used to couple the optical carriers at 1o = 1550 nm
into and out of the plasmonic modulators. At the receiver, the optical signal is amplified in a EDFA and band-pass filtered (BPF) before being detected with a
coherent reception scheme. Offline DSP is applied for signal recovery and equalization. The insets show the eye diagrams of channel 3 under varying conditions.
(a) Other channels turned off. (b) All channels running at the same wavelength 1y to mimic a SDM scheme. The BER remained below the SD-FEC limit for
200 Gbit/s 4-PSK. An SNR penalty of 1.1 dB was found with respect to the single channel reference experiment from (a). (c) Neighboring channels have different
wavelengths (1 nm wavelength spacing). This mimics a WDM-SDM scenario. The single channel performance is almost retained (SNR penalty of 0.5 dB).

before being coherently detected. In an offline DSP block, the
frequency, phase and timing errors were corrected and linear
equalization was applied to retrieve the transmitted data. All
devices achieved data modulation of 100 Gbit/s below the KP4
forward error correction (FEC) limit [63] and 200 Gbit/s below
the soft-decision (SD) FEC limit [64], respectively.

Table I compares the four array channels. The bit error ra-
tio (BER) for BPSK was below 107 for all channels and for
4-PSK in the range between 0.8 - 1072 and 1.5 - 1072, Very
consistent performance across all channels was demonstrated,
which shows reproducibility and makes plasmonic modulator
arrays a viable option for large-scale ultra-dense parallelization.

VI. PLASMONIC ARRAY INTERCONNECT EXPERIMENT

Parallel operation of the plasmonic array interconnect at
200 Gbit/s per channel was demonstrated with the experimental
setup shown in Fig. 5. A multi-channel RF probe and a fiber ar-
ray were used to operate three channels simultaneously (limited
to three by our experimental equipment). Electrical signals built
from randomly generated bits were driving the modulators. As
an optical source, light from continuous wave lasers operated

at telecom wavelength of 1550 nm with 4.5 dBm optical input
power was launched into the fiber. After modulation, all chan-
nels were coupled back to the fiber array and fed to the receiver,
where the signal was amplified, filtered and detected in a co-
herent homodyne detection scheme. While direct or differential
detection is often preferred for simplicity and low cost, coherent
detection was used as a proof of concept. In an offline digital
signal processing (DSP) step, signal recovery and equalization
were performed to retrieve the sent signal.

100 GBd data modulation experiments were carried out in two
different scenarios. In a first scenario, the array was operated at a
single wavelength to mimic space division multiplexing (SDM)
with the cores of an optical fiber array. In a second scenario,
the modulators in the array were operated with laser sources
spaced by 1 nm. Hence, the latter corresponds to a combination
of SDM and wavelength division multiplexing (WDM). It is
expected that this scenario is less prone to optical crosstalk. In
both scenarios, 100 Gbit/s BPSK and 200 Gbit/s 4-PSK were
modulated and BERs below the KP4- and the SD-FEC limit
were found, respectively. Again, the central channel (CH 3) was
chosen as reference for the investigation. Fig. 5 inset (a) shows
its single channel performance for comparison.
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Space division multiplexing (SDM) is the most straightfor-
ward application of the suggested high-density transmitter as it
minimizes additional system complexity. An operation wave-
length Xy of 1550 nm was used for all channels. For 100 GBd
BPSK, a bit error ratio (BER) below 107> and an SNR of 14 dB
were measured in the central channel 3. For 100 GBd 4-PSK,
the measured BER was 2.29 - 10~2 with an SNR of 12.64 dB,
see eye diagram in inset (b) of Fig. 5. Since electrical crosstalk
was found to be minimal, the SNR penalty of 1.1 dB is mainly
attributed to optical crosstalk. Nevertheless, the data experiment
shows that crosstalk is no limiting factor.

Wavelength division multiplexing (WDM) can be combined
with SDM as a further application scenario for such densely
integrated interconnects. Potentially, all channels can be com-
bined in a single fiber link between transmitter and receiver. To
mimic such a scenario, the array channels were operated with
a wavelength spacing AX of 1 nm. 200 Gbit/s were transmitted
with a BER of 1.69 - 1072 and an SNR of 13.2 dB. The corre-
sponding eye diagram is shown in Fig. 5 inset (c). The reduced
optical crosstalk allowed almost single channel performance.

In summary, we demonstrated a plasmonic array interconnect
with 4 x 200 Gbit/s data modulation, operational mimicking
pure SDM or its combination with WDM.

VII. CONCLUSION

This work demonstrates extremely dense integration of
four plasmonic modulator channels for optical interconnects.
0.8 Tbit/s were modulated on an area of only 90 pm x 5.5 pm.
Operation in space and wavelength division multiplexing was
demonstrated without degeneration of the transmitted data rates.
Hence, the presented transmitter renders a flexible component
for high-speed interconnects. Furthermore, such a compact de-
vice concept enables new options for dense co-integration with
electronics.
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