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EXECUTIVE SUMMARY 
 

The present scientific deliverable is a part of the Work Package 4 “Transceiver components 
design” of the ETN project WON “Wideband Optical Network”, funded under the Horizon 2020 
Marie Sklodowska-Curie scheme Grant Agreement 814276. 

The document provides details on the derived concept which is based on an Indium Phosphide 
Dual-IQ Mach-Zehnder Modulator. The main building blocks of this Mach-Zehnder Modulator 
are Spot-Size Converter, Splitter and Combiners and electro-optic phase shifters. The concept 
foresees to use horizontal as well as vertical tapers as Spot-Size Converters, 1×2 Multi-Mode 
Interferometer to split the light and 2×2 Multi-Mode Interferometer to combine the light. The 
electro-optic phase shifters are made of InGaAsP or InGaAlAs quaternary compounds while 
the RF drive scheme is a push-pull capacitive loaded travelling wave electrode. The 2×2 Multi-
Mode Interference Coupler is so far identified as the crucial element to realize a wideband 
operation. 

In conclusion we are confident that with this concept we are able to achieve multi-band 
functionality. 
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1. Overview Transmitter Concept and Components 
 

High symbol rate high capacity transmitters typically incorporate Mach-Zehnder interferometer 
(MZI) based modulators (MZM) used to modulate the light. These MZMs shall have a high 
electrical modulation bandwidth and a low switching voltage. Typically, the modulator is 
realized by dual-polarization IQ modulator, which is composed of nested MZMs. The material 
chosen for the WON project for these modulators is the Indium Phosphide (InP). InP 
modulators offer a strong electro-optic (EO) effect through the use of multiple-quantum well 
(MQW) structures enabling Quantum-Confined Stark Effect (QCSE). This strong EO-effect 
leads to a small half wave switching voltage Vπ.[1][2] One crucial point about Vπ is, that it is 
directly related to the power consumption of such transmitters.  
 
The principle scheme of dual IQ MZM can be found in Error! Reference source not found. 
on the left. The layout of the chip is in a West/East configuration, with the RF coming from the 
West side and the optical coupling from the East side. North and South side of the chip can 
be used for DC fan out of all necessary contacts. Polarization rotation will be done off-chip, 
therefore two optical outputs are present for the TE and the TM-to-be output. The specific 
structure of the MZM with its functional elements is given in Error! Reference source not 
found. on the right.  
 
 

 

 

Figure 1: left: Principle Scheme of an InP Dual-Polarization IQ Modulator. Right: Structure of a MZM into its 
basic functional elements 

 
The building blocks depicted in Error! Reference source not found. right are listed in Table 
1 with possible implementation form and characteristic parameters. The Insertion Loss (IL) of 
an IQ Modulator is targeted not to exceed 14 dB over the entire wavelength range. Besides, 
Vπ should not be larger than 3V and another important parameter is the extinction ratio (ER), 
which is targeted to be ≥ 15 dB. This parameter is strongly dependent on the splitting ratio 
(SR) of the used Multimode Interference Couplers (MMIs). However, in order to characterize 
the performance of the entire modulator, all individual parameters have to be combined in a 
figure of merit (FOM), Vπ*L*IL (with L being the active length) and (Vπ*L) / BW (with BW being 
the RF-bandwidth). [3] 
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 Coupler from/to Chip Splitter/Combiner EO-Phase Shifter 
Implementation Spot Size Converter 

(hor./vert. Taper) 
Y-Splitter QCSE 

 1×2 MMI Pockels 
 2×2 MMI Plasma Effect 

    
Parameters Loss (�) Splitting Ratio (λ) Phase Shift (λ) = Vπ 

(λ) 
 Insertion Loss (λ) Loss (λ) 
  RF Modulation 

Bandwidth 
Table 1: Building Blocks of a MZM, possible implementations and associated parameters 
 

2. Spot Size Converter 
 

Based on adiabatic mode expansion and compression principle and guiding layer principle, 
Spot-Size-Converters (SSC) can ease the mode mismatch due to misalignment, hence 
improve the loss from fiber to the (typically) much smaller optical mode present in the 
semiconductor waveguide during the coupling in/out from a fiber to the chip. Conversion is 
done by horizontal and/or vertical taper structures. Quaternary InGaAsP compounds can be 
used for the guiding of the light. The loss of these tapers is wavelength dependent but as long 
as for the short wavelength the mode is not pushed into the cut-off the tapers work well. Loss 
per coupling is estimated to be in the range of 1 to maximum 3 dB. [1] 

3. Splitter and Combiner 
 

Y-splitter and MMIs are two commonly used splitters/combiners for MZI based modulators [4]. 
The MMIs are more tolerant to fabrication variation and are less demanding in terms minimum 
feature size. Both Y-splitter and 1×2 MMI are wavelength independent on splitting ratio (SR), 
the insertion loss (IL) still varies. We will use the 1×2 MMI to split the light and a 2×2 MMI to 
combine it. The SR and IL are both wavelength dependent for the 2×2 MMI. 
As mentioned above, IL and SR are two important characteristic factors. They are defined as 
IL[dB] = |10·log(Pout1+Pout2)| and SR[dB] = |10·log(Pout1/Pout2)|, separately. With Poutx being 
the output ports of the MMIs. The IL should be as small as possible over the full wavelength 
range and SR should be as close to 0 dB as possible for a uniform splitting. 
The anticipated Dual IQ MZM concept uses seven 1×2 and six 2×2 MMIs. The SR of a typical 
2×2 InP MMI designed for C-band is very close to 1 with an IL < 0.5 dB over more than 100 nm 
wavelength range. However, that is not enough for the application of multi-band transmitter. 
For the WON project, the aim is to extend the bandwidth from 1260 nm to 1625 nm, covering 
O to L band. In order to achieve that the concept foresees the implementation of an improved 
MMI by either carefully adjusting the dimension, implementing a sub-wavelength grating [5] or 
use inversely designed MMIs. First research on improved 2×2 MMIs with adapted dimension 
show the ability to cover the entire targeted wavelength range.  
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Figure 2: a. Schematic and dimension of 2x2 MMI. b. light intensity distribution simulated using FIMMWAVE [6] 

Several crucial design parameters of the MMI are the length (LMMI) and width (WMMI) of multi-
mode region, width of access waveguide (WA) and etching depth (see Error! Reference 
source not found.). Mostly, the InP MMI is deeply etched for better mode confinement. The 
above mentioned parameters have a large impact on the performance. With different 
combination of LMMI and WMMI, the center wavelength shifts and the optical bandwidth can be 
extended. WA is directly linked to the undesired phase error of multiple modes. Different 
versions with different LMMI, WMMI and WA have been simulated (example given in Error! 
Reference source not found. on the right) and the results are shown in Error! Reference 
source not found.. A 2×2 MMI (Version 2) can achieve less than 1.5 dB insertion loss over 
250 nm and an SR of 1 ± 0.1 over 325 nm. 
 

   
Figure 3: Simulated SR (right) and IL (left) of a 2×2 MMI vs, wavelength for four different length, width and 
access waveguide variations 

4. Electro-optic phase shifter 
 
For the electro-optic phase-shifter we will use MQWs to generate the QCSE. The QCSE is 
estimated to make up to 80% of the total EO phase shift efficiency, while the rest will come 
from the Pockels effect. The EO-effect is wavelength dependent in InP modulators with 
wavelength being close to the photoluminesce peak having smaller Vπ. Therefore Vπ will 
always be wavelength dependent, but incorporating quaternary compounds such as InGaAlAs 
instead of InGaAsP shall flattens the wavelength behaviour [7]. In addition, the reverse DC 
bias used to pre-bias the intrinsic region can be used to compensate the variation of Vπ with 
wavelength. We estimate that using these methods the resulting variation of Vπ for the InP is 
in the range of a factor of two over the entire multi-band wavelength range. In order to achieve 
the necessary RF modulation bandwidth we will implement a capacitive-loaded travelling-
wave-electrode structure (CL-TWE). The CL-TWE concept is well proven, velocity matching 
between the optical and electrical wave is one of the parameters limiting the achievable EO 
bandwidth. The difference in optical group velocity between wavelength in O-Band and 
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wavelength in L-band is not large enough to have an impact on the targeted symbol rate, 
therefore these modulators are fully suitable for wideband operation. 
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