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We report the design, fabrication, and experimental results of an optical
wavelength demultiplexer for a new wireless-optical signal converter for
Beyond-5G/6G mobile communication system. This optical wavelength
demultiplexer is based on a lithium niobate (LiNbOz) multimode interference
(MMI) coupler and is intended to be applied in an advanced electro-optics
modulator (EOM) with ability in converting the space division multiplexing
(SDM) wireless-wavelength division multiplexing (WDM) optical signals.
The designed MMI coupler displays a high splitting ratio over -13 dB in both
O and L bands. The results from the experiments align well with the
simulation. The utilization of the MMI coupler in EOM enables the direct
conversion of SDM wireless signals to WDM optical signals, without any
additional power supply. The modification of the characteristic of a
constructed MMI coupler can be achieved by controlling of the applied
voltage of the device.
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1. INTRODUCTION

The Beyond-5G/6G mobile communication system serves a dense population of phones and numerous
gadgets. It must be also implemented with an average data transmission speed over 10 Gbit/s while maintaining
low latency and sustained wireless connectivity. To attain over 10 Gbit/s transmission speed, an operational
frequency should be chosen, taking millimeter wave (MMW) frequency allocation into account. However, the
MMW wireless communication system encounters a drawback in the form of significant attenuation in metallic
wires and free space [1]-[5]. Therefore, the implementation of radio over fiber (RoF) technology has become
a feasible method to overcome the issues of MMW in communication systems. The RoF technology applies
optical fiber to efficiently transmit microwave/MMW signals to remote antenna sites. Thus, it is composed of
MMW domain and optical domain.

In MMW domain, the space division multiplexing (SDM) technology is used due to its advantage in
constructing wireless networks with numerous terminals using a limited frequency band [6], [7]. While in
optical domain, the utilization of the wavelength division multiplexing (WDM) technology in optical fiber
networks has been recognized for its ability to enhance the capacity of current fiber optic networks without
requiring the installation of extra fibers. Hence, the provision of flexible services and network management
advantages can be realized [8]-[11]. To optimize the benefits and mitigate the drawbacks, the integration of the
SDM and WDM techniques presents a compelling strategy for the development of mobile communication
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systems. To integrate these techniques, it is important to employ a device that enables the conversion of SDM
wireless signals into WDM optical signals.

Extensive researches [12] have been conducted on electro optics modulators (EOMS) utilizing lithium
niobate (LiNbQ3) as the base material. These modulators have demonstrated the ability to efficiently convert
wireless MMW signals into optical signals, exhibiting exceptional modulation characteristics. The LiNbO3
EOMs exhibit high-speed and broadband operation, surpassing 100 GHz. Moreover, they offer pure optical
phase modulation without any chirping effects, wide operational optical wavelength ranges, and demonstrate
stability and reliability [12], [13]. The research on the integration of the antenna coupled electrode (ACE) with
a LiNbO3 based EOM has been conducted to explore its benefits, such as direct conversion and the absence of
an external power supply [7], [14]. The utilization of polarization-reversed structure combination in EOMSs has
also been employed to obtain directivity control in signal conversion. Hence, the discrimination of MMW
signals based on their irradiation angles can be accomplished [7].

Meanwhile, wavelength demultiplexers have crucial functions in optical transmission networks [15].
Various devices have been presented to fulfill this purpose, including Mach-Zehnder interferometers [16]-[18],
Y-branch devices [19], [20], and multimode interference (MMI) couplers [21]-[24]. In this regard, MMI-based
devices are promising options because of their wide range of advantageous properties, such as their compact
size, high optical bandwidth, and ease of fabrication [24]. This letter reports the design and fabrication of MMI
coupler using z-cut LiNbOs crystal. The designed MMI coupler will be utilized in the EOM to enable the direct
conversion of the SDM wireless signals to the WDM optical signals, without any additional power supply.

2. PROPOSED DEVICE

The novel SDM wireless-WDM optical signals conversion device was proposed using combination
of ACE, polarization-reversed structure and MMI couplers in LiNbO3-based EOM [25] as shown in Figure 1.
The ACE is a combination of a dual set of patch antennas and a resonant electrode that are connected with a
microstrip line. The ACE is positioned between two layers: SiO2, with a thickness of approximately 20 um,
serving as a low-k substrate, and a thin crystal film of LiNbOs, with a thickness of around 10 um. The utilization
of a polarization-reversed structure on the LiNbOs crystal film, along with optical channel waveguides, enables
discrimination of wireless signals based on the angles of irradiation.

The MMI couplers provide the purpose of demultiplexing and multiplexing the input optical signal.
The input optical signal is divided by the first MMI coupler, acting as a wavelength demultiplexer. Upon
irradiation of wireless signals onto the device, the patch antenna array receives the signals and subsequently
transfers them to the resonant electrodes through the feeding lines. This process induces standing-wave electric
fields along the electrodes. Since the optical waveguide ports are located just onto the electrodes, the optical
signal propagating in each the optical waveguides are modulated and the synthesis of the received signals are
obtained through the successive optical modulation by the ACE array. The condition of the synthesized signals
is altered in accordance with the polarization-reversed structure pattern. Thus, the optical signals propagating
in each port are modulated by different SDM wireless signals. Finally, the signals combined by the second
MMI coupler and the WDM optical signals are obtained. Hence, the utilization of a complex signal synthesis
circuit to fine-tune signal amplitudes and phases is deemed unnecessary. Therefore, by merely irradiating the
specifically designed SDM wireless signals to the device, it is possible to acquire the WDM optical signals
without the need for any additional power supply.

The MMI coupler is composed of single-mode channel waveguides and a multimode channel
waveguide, as illustrated in Figure 2. Figure 2(a) shows the schematic diagram of the developed MMI coupler,
whereas Figure 2(b) illustrates the cross-sectional diagram. An important process of determining the effective
refractive index of the optical channel waveguide for the design of the MMI coupler is the utilization of the
effective index method (EIM). In this approach, the SiO; and the LiNbO; layer act as the cladding layer, and
the annealed proton exchanged (APE) layer acts as the core layer of the waveguide. The coupler is designed to
divide the input optical signal into two different wavelengths, specifically 1310 nm and 1582 nm. The principle
underlying the MMI device is the self-imaging phenomenon, in which the input optical signal at each
wavelength is regularly replicated with a beat length of L, where:

4'NeffVVe2

Ly = 2L &

N.sr represents the effective index, W, is the effective width, and 4 is the optical wavelength [24].
The calculation of the length of the multi-mode channel waveguide (L,,,;) is necessary to achieve wavelength
division in the MMI coupler, as described by the (2).

mei = lel = (p + 1)LAZ (2)
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Figure 1. SDM wireless-WDM optical signal converter
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Figure 2. Model of MMI coupler; (a) schematic diagram of MMI coupler and (b) cross-section of MMI

coupler’s schematic diagram

The value p represents the order number. Figure 3 demonstrates the utilization of a BPM simulation
to build and assess the MMI coupler, resulting in the achievement of wavelength-selective output operation.
The dimensions of the multi-mode optical channel waveguide are specified as a width of 40 pm and a length
of 11.3 mm. The input position is set at 7um, and the port spacing (d) is defined as 22 um. The dimensions of
the single-mode waveguides are set with a width of 3 pm and a depth of 3.45um. The simulation parameters
for the MMI coupler are detailed in Table 1. In Figure 3, it is apparent that most of the input signal goes to a

single selective port.
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Figure 3. BPM analysis of MMI coupler
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Table 1. Parameters of the designed MMI coupler

Parameters Dimensions
MMI coupler width (W,,) 40 um
MMI coupler length (Lpmi) 11.3 mm
Single mode waveguide (P1, P2, P3) width 3um
Port separation (d) 22 um
Input port (P1) position from edge 7 um
MMI coupler depth 3.45 um
Nesr 2.266 (at 1.31 pm); 2.265 (at 1.582 pm)
Neiad1 (si0) 2.145 (at 1.31 pm); 2.137 (at 1.582 pm)
Nelad2 (LiNbOs) 2.275 (at 1.31 pm); 2.267 (at 1.582 pm)

Figure 4 illustrates the power splitting ratio between two output ports in relation to the input optical
wavelength. Figure 4(a) displays the power splitting ratio for P;, while Figure 4(b) exhibits the power splitting
ratio for P,. The designed MMI coupler exhibits the maximum splitting ratio at a wavelength of 1310 nm at P3,
and at a wavelength of 1582 nm at P2. The corresponding power splitting ratios are measured to be -14.43 dB and
-13.47 dB, respectively. The optical bandwidth of port 3 (P3) is relatively narrower than that of port 2 (P2).
The current setup of the MMI coupler offers optical bandwidths of 2 nm for P3 and 8 nm for P2.
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Figure 4. Power splitting ratio in relation to the input optical wavelength: (a) for P and (b) for P

3. METHOD

The designed MMI coupler was fabricated on a z-cut LiNbO3; wafer using the APE method. Various
fabrication conditions, including as proton exchange temperature, exchange time, annealing temperature, and
annealing time, have an impact on the dimensions of the fabricated coupler, such as its depth. Consequently, the
acquired effective index will be influenced, thereby impacting the beat length. Hence, the choice of the fabrication
conditions has a significant role in modifying the performance of the MMI coupler [26]. The proton-exchange
process was conducted at the temperature of 240 °C for the duration of 6 hours. Subsequently, the annealing
process was conducted at the temperature of 350 °C for the duration of one hour. Figure 5 portrays the
microscopic image of the fabricated MMI coupler. Figure 5(a) displays the microscopic image of the input
region of the MMI coupler, whereas Figure 5(b) exhibits the output region of the MMI coupler.

Figure 6 shows experimental demonstrations of the performance of the fabricated MMI coupler. The
laser optical signal was transferred through the input port using a fiber coupler and then transmitted to the
output port. The transmitted signal is coupled to the infrared camera by using an objective lens.

40 pm l 40 pm l
f L t
(@) (b)
Figure 5. Microscopic images of fabricated MMI coupler: (a) input region image and (b) output region

image
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4. RESULTS AND DISCUSSION

The measured near field images of the output optical signals obtained from the experiment are shown
in Figure 7. The result obtained at input wavelength 1.31 um is depicted in Figure 7(a), while the result obtained
at 1.582 um is illustrated in Figure 7(b). The optical intensity distributions along the horizontal directions,
which are obtained from the output near field images are also depicted in Figure 7. These distributions
correspond with the output power. Figure 8 illustrates the comparison of the normalized power output between
the simulation and experiment, in relation to the input optical wavelength. Figure 8(a) illustrates the comparison
for P3, while Figure 8(b) depicts the comparison for P,. Based on Figures 8(a) and 8(b), it is evident that the
experimental results have good agreement with the simulation.

The MMI coupler will be applied in the EOM based on LiNbOs. This EOM employs the Pockels effect,
which induces a change in the refractive index of the LiNbO; crystal. The induced index change in TM-mode can
be described using (3):

An = %ne3]/33E (3)

where n, represents the extraordinary refractive index, y;5 denoted the Pockels coefficient and E is the applied
electric field [12]. The fundamental principle underlying EOM is the induction of a phase shift that is depended
on the applied voltage. The optical and electrical fields must be oriented with respect to the crystal orientation
with the highest EO effect.
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Figure 7. Measured near field patterns and analyzed intensity distributions along the horizontal direction;
(@) 1.31 um and (b) 1.582 um
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Therefore, two electrodes between the multimode waveguide of the MMI coupler can be utilized as
shown in Figure 9, and the application of a designated voltage to induce a change in the effective refractive
index, implementing the Pockels effect. As a result, the characteristics of the MMI coupler will be altered by
the electric field that is applied. Consequently, the properties of the MMI coupler will undergo modification of
the applied electric field, which arises from the Pockels effect. The operation wavelength of the MMI coupler
will also be subject to change when utilizing the equation. Figure 10 illustrates the relationship between the
power splitting ratio and input wavelength, considering various applied voltages, while assuming a 40 pm gap
between the electrodes (D). Figure 10(a) displays the power splitting ratio for Ps, while Figure 10(b) exhibits
the power splitting ratio for P2. Based on the calculated results presented in Figures 10(a) and 10(b), it is evident
that the wavelength peak undergoes a shift of approximately 9 nm for every 5 V of applied voltage. Hence, it
is evident that the tunability of the MMI coupler can be achieved by altering the applied voltage.
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Figure 9. Cross-sectional view of structure of guided-wave EOM
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Figure 10. Power splitting ratio as function of wavelength with different applied voltage for: (a) P and
(b) P2

5. CONCLUSION

In conclusion, the design and fabrication outcome of a wavelength demultiplexer utilizing an MMI
coupler implemented with a z-cut LiNbO; crystal has been successfully demonstrated. The designed MMI
coupler displays a high splitting ratio over -13 dB in both the O and L bands. The results from the experiments
align well with the simulation. The utilization of the MMI coupler in EOM enables the direct conversion of
SDM wireless signals to WDM optical signals, without any additional power supply. The modification of the
characteristic of a constructed MMI coupler can be achieved by controlling of the applied voltage of the device.
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