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Abstract: The data throughput of future detector readout systems is ever increasing. We propose
a high-performance optical link, based on silicon photonics and wavelength-division multiplexing
(WDM) technology, to cope with ultra-broad bandwidth requirements. The key components of the
proposed optical link are monolithically integrated transmitter units, each one integrating multi-
channel on-chip Echelle grating (de-)multiplexers and Mach-Zehnder modulators (MZMs).

In our current design, each transmitter unit consists of four MZMs, which corresponds to four
transmission channels with distinct optical carrier wavelengths, a common optical demultiplexer
and a common optical multiplexer. In this paper, we present the design and experimental results
of all these building blocks as well as a first transmission experiment. Additionally, experimental
results of a thermal modulator to be used in a future design for working point control are presented.
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1 Introduction

The number of detector channels is increasing remarkably in high energy physics and photon science 
and in future detector systems it may reach many millions, even many billions of channels [1]. Conse-
quently, huge amounts of raw data will be generated per second [2]. One intuitive solution to read out 
the data is data compression. However, even when compressing the data significantly, current optical 
links still cannot handle transmission on this scale. Improving the transmission bandwidth is a pro-
mising alternative solution and is becoming more and more attractive for detector instrumentation.

Optical links in state-of-the-art detector systems are implemented based on vertical cavity 
surface emitting lasers (VCSEL) [3, 4], where the information is encoded onto the optical carrier 
by varying the laser current. With this method, a data rate of 10 Gbit/s per fiber is achieved. Faster 
prototypes are under development, while the modulation speed is limited to several tens of gigabits 
per second per fiber since one fiber merely conveys one modulated signal. More importantly, 
VCSELs will not be able to withstand the expected radiation levels in the innermost regions of 
future HEP experiments according to the research from CERN [5, 6].

We are currently working on a novel solution based on silicon photonics and WDM technology 
to address the challenge of high-level irradiation and high bandwidth [7, 8]. As shown in figure 1, in 
our scheme the laser sources are located outside of the detector in areas with negligible radiation. A 
number of stabilized wavelength carriers from the lasers are combined by optical multiplexers to be 
transmitted over a common single mode glass fiber (SMF) to the transmitter units on a photonic chip 
inside the detector [9]. On chip, the optical carriers are separated by wavelength through an Echelle 
grating demultiplexer and forwarded to a number of Mach-Zehnder modulators (MZMs). Electrical 
signals from the sensor elements are pre-processed, mapped to available transmitter channels and 
amplified to the required levels to drive the electro-optic MZMs. The modulated optical signals are 
combined by a second Echelle grating multiplexer and transmitted to the counting room through a



Figure 1. Concept of our WDM system for detector instrumentation. Multiple distinct optical carriers
are combined on one fiber (top right). The photonic chip in the detector volume separates the incoming
carriers, modulates them by electrical signals via MZMs and combines them again. The incoming data from
the detector (left) are pre-processed and amplified before being transmitted to the photonic chip. Outgoing
optical data are received in the counting room (bottom right).

commonSMF. There, the signals are demultiplexed again and fed into individual receivers. The pho-
tonic chip inside the detector volumewill be completely customized and tailored to the requirements,
while the off-detector components are commercial off-the-shelf products to lower development costs.

2 Integrated 4-channel WDM transmitter units

Figure 2. Photograph of photonic system chip
(9.2 × 9.2mm2) with 4-channel WDM systems, sin-
gle MZM, thermal modulators, Echelle gratings, and
test structures.

Figure 2 is the photograph of our 9.2×9.2mm2

photonic chip, which includes fourWDM trans-
mitter units (right side, see description be-
low), Mach-Zehnder modulators with different
lengths and structures (top-left quarter), Echelle
grating demultiplexers and thermal modula-
tors (bottom-left), as well as some other test
structures. All components on this chip were
designed to operate with TE polarized light.
This chip was fabricated at IMS Chips (Institut
für Mikroelektronik Stuttgart, Germany) on a
250 nm SOI platform. The top crystalline sil-
icon layer is 250 nm thick, the buried silicon
dioxide 2 µm, and the silicon wafer 750 µm.
The strip waveguides are designed to be 500 nm
wide to achieve single-mode and low-loss opti-
cal transmission.



Figure 3. Layout of an on-chip 4-channelWDM trans-
mitter unit.

The layout of a single WDM transmitter
unit is illustrated in figure 3. Each WDM
transmitter unit is composed of four MZMs
(white coplanar horizontal stripes with tapers at
their ends), one Echelle grating demultiplexer
(green, center left), one mirrored Echelle grat-
ing multiplexer (green, center right) and several
grating couplers. All transmitter units have an
identical footprint of 3.8 × 1.67mm2 and iden-
tical design parameters except that two of them
employ 1× 7 (de-)multiplexers and the other two employ 1× 9 (de-)multiplexers. In reality, merely
4 channels of demultiplexers are in use for the transmitter units. The MZMs use two 2 × 2 3 dB
multimode interferometers (MMIs) as optical splitters and combiners, namely each MZM has 2
inputs and 2 outputs. One MZM input is connected to the demultiplexer and one MZM output is
connected to the multiplexer. The residual ports are connected to grating couplers for characterizing
the modulators separately. Several test structures were placed between the MZMs of the transmitter
units to make full use of the on-chip resource as shown in figure 2, while they are omitted in figure 3.

3 Key components for the transmitter unit

3.1 Carrier-depletion MZM

High-performance photonic modulators are key components for active silicon photonics. In the
past decade, researchers have developed several kinds of modulators, such as the ring-resonator
modulators, electro-absorption modulators and MZM modulators [10]. Ring-resonator modulators
are strongly temperature dependent and usually an additional temperature controller is required
to stabilize their characteristics. Electro-absorption modulators are based on advanced silicon-
germanium fabrication technologies and are narrow-band in terms of operating wavelength. In
comparison, carrier-depletion MZM modulators are mature and broadband in terms of operating
wavelengths, which makes them suitable for WDM setups. More importantly, customized MZMs
show favorable performance in terms of irradiation hardness [6].

Our MZM modulators consist of an optical power splitter, two phase shifters using the plasma
dispersion effect and carrier-depletion [11], and an optical power combiner as shown in figure 4.
With the merits of low loss and broad bandwidth, two 3-dB multimode interferometers are used as
power splitter and combiner in our design [12], respectively.

Figure 4. Schematic of an MZM modulator.



Figure 5. Schematic view of a pn-phase shifter.

Figure 5 shows a simplified
cross-section of a pn-phase shifter as
used in our MZMs. The rib region
is 500 nm wide and 250 nm thick, re-
spectively. The buried oxide is ap-
proximately 2 µm thick, the SiO2 top
cladding, which is not shown in the
schematic view, is 1 µm thick. The
thickness of the slabs for electrical
contacting is 120 nm i.e. the etching
depth is 130 nm. We also developed
another design with a shallower etch
depth of 70 nm, resulting in a 180 nm thick slab. This design was driven by the study from Kraxner
et al. in [6], who present two kinds of modulators based on a 220 nm SOI platform. The modu-
lation efficiency of their deep etched modulators with 60 nm thick slabs decreased to 50% of its
pre-irradiation value at a TID of 70 kGy. In comparison, their shallowly etched modulators with
150 nm thick slabs just started to degrade at 500 kGy TID. To be able to study the influence of the
etching depth on the radiation hardness of our MZMs, we included above mentioned two designs
for irradiation experiments in the future.

The p and n regions of the modulators are doped symmetrically from the center of the rib
to the sides with a doping concentration of 6.5 × 1016 cm−3, which is about half of the intended
value of 1.5 × 1017 cm−3. A very first version of the chip suffered from an even lower doping
concentration of just 1.5 × 1016 cm−3. Further away from the rib and under the metal contacts,
highly doped p+ and n+ regions are fabricated for lower electrical resistance and better electrical
connecting. Electrically, a coplanar transmission line is implemented with the two phase shifters
of the MZM in the 5 µm wide gaps between the central conductor and the outer conductors. By
linking the anode of one phase shifter and the cathode of the other one through the center conductor,
a push-pull configuration is achieved for the phase shifters while applying a single-ended electrical
signal (further discussed in 3.1.2 and shown in figure 8).

3.1.1 DC performance of the MZM

Figure 6. Transmission spectra of an asymmetric
MZM with 3mm long phase shifters at various
bias voltages applied to one arm.

The modulators in the integrated WDM transmitter
units have a length of 3mm. To study the modula-
tion efficiency, individual modulators with lengths
of 1mm, 2mm, 3mm, and 4mm are included as
well. These individual MZMs feature asymmetric
arm lengths for easier characterization. DC charac-
terization is performed by coupling light into the
modulator from a tunable continuous wave laser
source (Agilent 81689A) at a power of 6 dBm. To
maintain a TE polarization, the light passes a po-
larization controller before entering the chip. The
optical output of the modulator is coupled back into













arm of an MZM, each of them just have to be able to perform a π-shift using just 29mW for a full
2π phase shift for complete working point control.

An optimized designwithmeasures to insulate the waveguides thermally is expected to improve
the performance of the thermal phase shifters significantly, further decreasing the required power
for operating point control.

4 Conclusions and outlook

In this paper, we presented the key building blocks to construct a monolithically integrated trans-
mitter based on silicon photonics and WDM technology. After the second chip run, all the key
components of the transmitter work now. For our 3mm long MZMs, the figure of merit VπLπ

is 4.6V·cm And The insertion loss is 4.84 dB. Although the measured 3 dB cut-off frequency is
3.28GHz, the characteristics is smooth enough to perform error free transmissions with a rate of
11.3Gb/s down to driving voltages as low as 3V. The Echelle grating (de-)multiplexers as one other
key component for an integrated WDM system exhibit excellent performance with low optical loss,
low crosstalk, and only a small wavelength shift due to thickness deviations of the silicon layer,
which can be overcome with tighter tolerance.

For the next design, the doping will be improved and the electrode design will be optimized
to achieve a better RF performance and a better impedance matching. Additionally, the thermal
modulators, which showed a good performance, will be included into the high-speed MZMs to set
the working point without deteriorating the modulation performance. With all key components
working, irradiation tests will be performed in the near future for the system and a monolithically
integrated, radiation-hardened, high-bandwidth WDM system is just around the corner.
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