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Abstract—The mode field distribution at the distal end of a multi-
mode fiber can vary randomly when environmental perturbations
introduce changes in the relative phases of different eigenmodes
and variations in coupling among modes. Random rotations of the
high-order mode-field distribution at the distal end can produce
large coupling losses at the multimode waveguide grating coupler
(MWGC) in the fiber-chip interface. In this paper, we propose
a solution to this problem by using a novel approach based on
controlling the relative phases and amplitudes of different modes
launched at the proximal end of the fiber. We implemented an in-
tegrated mesh of Mach Zehnder Interferometer at the transmitter
to demonstrate control of the distal end mode field distribution to
ensure low coupling losses in the receiver’s MWGC. The MWGC on
the silicon-on-insulator (SOI) platform had measured coupling ef-
ficiency of (−5.7 dB,−7.1 dB) for (LP01x, LP11ax) modes, without
needing any manual adjustment to align the mode orientation with
the MWGC. The coherent Mach-Zehnder Interferometer (MZI)
network can be dynamically controlled to produce the desired mode
pattern at the distal end of the FMF to enable low-loss coupling
at the distal end. This enables the practical deployment of mode
division multiplexing with MWGC without needing manual control
of fiber orientation at the receiver. The proof-of-concept experiment
demonstrates that the transmitter mode control is suitable for fu-
ture deployment of mode division-multiplexing (MDM) data center
interconnects.

Index Terms—Integrated optics, coherent network, few mode
fibers, space-division multiplexing.

I. INTRODUCTION

DRIVEN by the 25∼30% compound growth rate of data
traffic in recent years, there has been widespread research

to increase the transmission capacity of optical fiber commu-
nications beyond the theoretical limit imposed by Shannon’s
information theory and nonlinear fiber effects [1], [2]. Advanced
multiplexing and modulation techniques [1], [3], [4], [5], [6],
time-division multiplexing [3], polarization division multiplex-
ing (PDM) [4], space-division multiplexing [1], [6], and wave-
length division-multiplexing [5] have all been well explored.
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The new dimension of space-division multiplexing (SDM) can
be exploited by the introduction of the use of few-mode fibers
(FMFs) [7], multi-core single-mode fibers (MC-SMFs) [8],
multi-core few-mode fibers (MC-FMFs) [9] or mode division
multiplexing in multimode fibers [10]. Data rates exceeding
2 Pbit s−1 across 100 spatial channels in multimode MCFs
have been demonstrated [11], [12]. FMF erbium-doped fibre
amplifiers [13], [14] have also been developed for optical com-
munications. Different types of spatial multiplexers (SMUXs)
based on bulk optics [7], [15], multiplane light conversion using
phase plates [10], fiber-based photonic lanterns [16], [17], [18],
laser-inscribed three-dimensional waveguide devices [19], [20],
and integrated photonic device [21], [22], [23], [24], [25], [26],
[27], [28], [29], [30], [31], [32], [33] have been developed for
the interface between multiple SMFs and the SDM fibers.

Integrated SMUXs based on silicon-on-insulator (SOI) plat-
form have the advantages of compact footprint, high reliability,
and low-cost mass-production scalability when compared with
the other technologies for SMUXs. Integrated SMUXs using
either edge couplers [32], [33] or vertical diffraction grating
couplers [21], [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31] have been demonstrated with quite competitive coupling
efficiencies, and coupling losses as low as 1.36 dB [30] having
been demonstrated for selective coupling to two LP modes in
few-mode fibers using multimode waveguide grating couplers
[MWGC]. Except for efficient coupling interfaces between SMF
and FMFs, the problem of high loss outage [34], [35] at the
receiver, introduced by mode coupling and mode distribution
rotation is a problem that needs to be addressed for deployment
using integrated MWGC. For example, the desired LP modes
may become rotated by environmental perturbations and intro-
duce very high coupling losses at the receiver’s fiber-chip inter-
face. In our previous proof-of-concept demonstration of MDM
in the FMF, our group employed a conventional manual three-
paddle mechanical polarization controller that was adapted for
use with the FMF. We used this controller to manually adjust
the rotation of the mode field, aligning the modes’ orientation
(rather than polarization) in the polarization diversity waveguide
grating coupler. [27]. But this manually-adjustable FMF-PC is
not practical for use in the field, because the mode field pattern
can change with environmental changes in temperature and
fiber strains [36]. Therefore, an electronic dynamic controller
is necessary.
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Fig. 1. Principle of the proposed mode multiplexer. (a) The field pattern of the
LP01-x mode and LP11a- x mode of a FMF. If we launch the light from wg1
and wg2, a combination of LP01-x and LP11a-x will be excited from the FMF
GC. (b) If we launch light from wg1 and wg2 simultaneously with the same
phase, LP01-x will be excited in the FMF. If we launch light from wg1 and wg2
simultaneously but with a relative phase of π, LP11a-x will be excited in the
FMF.

In this paper, we show that the MZI-based coherent network
as the transmitter can be used to effectively modify the mode
field distribution at the distal end of the multimode fiber. We
can separate the different data channels at the far end of the
few-mode fiber (FMF) even when mode crosstalk is introduced
due to misalignment between the transmitter MWGC and the
optical fiber transmission. By utilizing the integrated device, we
demonstrate the ability to synthesize the LP01 and LP11 modes
individually at the far end through control of the phase shifters
in the transmitter.

II. PRINCIPLE AND DESIGN OF TRANSMITTER

A. Launching of the LP01 and LP11a Modes

The proposed mode multiplexer is based on an integrated
mode multiplexer by selective launching of light to the few-mode
fiber grating coupler (FMF GC) from different single-mode
input waveguide as shown in Fig. 1. To excite the LP01-x mode
of a FMF, equal power of light from wg1 and wg2 with zero
phase difference is launched into the FMF GC. To excite the
LP11a-x mode of a FMF, equal power of light from wg1 and
wg2 with π phase difference needs to be launched into the FMF
GC, as shown in Fig. 1(b). The vertical FMF grating couplers are
designed to support the coupling of LP01-x and LP11a-x modes.
By controlling the relative ratio and phases of the two paths (wg1
and wg2), arbitrary combination of (LP01-x, LP11a-x) modes
in the FMF can be launched.

B. Design of Vertical FMF GC

The fabricated FMF GC is designed for an FMF with a
core diameter of 19.5 μm. Fig. 2(a) and (b) show its working
principle, i.e., LP01-x and LP11a-x modes are launched into TE0
and TE11 modes of the multi-mode waveguide, respectively. The
genetic optimization method was used to optimize the grating
periods of the grating. The FMF-GC used here is shallow etched
as illustrated in Fig. 2(a) and (b). Design simulation results
indicate coupling efficiency of (−4.8 dB, −6.81 dB) at 1560.0

Fig. 2. Principle of the FMF mode multiplexer. (a) LP01-x will be launched
into TE0 mode of the waveguide. (b) LP11-x mode will be launched into TE1
mode of the waveguide. (c) The simulated coupling efficiency of the designed
FMF GC.

nm for (LP01−x, LP11a−x) mode which is different from
Ref. [27] because the device fabrication parameters and process
development kit (PDK) are different due to the use of a different
foundry. The 3-dB bandwidth of the simulation results for both
channels is 43 nm. The insertion loss can be further reduced by
an overlay of poly-Si layer [30].

C. Theory for the Mode Synthesizer

The intensity pattern at the distal end of the FMF is sensitive
to changes in the precise positioning of the FMF relative to
the FMF GC, tuning of the optical wavelength of the input
laser, physical rotation state of the FMFs, and the presence of
random strain-induced changes of the relative phases of different
eigenmodes of the FMF. To estimate the power in unwanted
mode in the FMF, we constructed the following model: The
transmission matrix between two input waveguides [wg1, wg2]T

and the received eigenmodes [LP01, LP11]T at the distal end of
the FMF can be described by [S11, S12; S21, S22]. If the FMF
is aligned well with the FMF GC, and there is no mode crosstalk

in the FMF, the transmission matrix is a
b

[
1 1
1 −1

]
. The value of a

and b may be different if mode dependent loss is introduced by
the FMF GC. When the FMF is displaced by a small distance
from the optimum position relative to the waveguide grating
coupler, mode crosstalk is introduced, and the transmission

matrix becomes
[
a1 a2
b1 b2

]
, where aj, bj are complex numbers.

However, by controlling the phases in the MZI mesh at the
transmitter, we can always tune the relative amplitude (H1)
and phase difference (H2) between two input waveguides by
adjusting the phase shifters to ensure the optical field in the two
input waveguides (wg1, wg2) was [u1, u2]T, where u1, u2 are
also complex numbers. Only LP11 modes will be injected in the
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Fig. 3. (a) Schematic of the proposed system for FMF modes launching. (b)
Schematic of the experimental setup. The laser we use is Santec tsl-510 and
the IR camera is micron viewer 7290A. (c) Micrograph image of the fabricated
device. PC represents the polarization controller. (d) Micro-graph image of the
fabricated FMF GC. (e) Transmission of MZI with relationship to the applied
voltage on the phase shifter. (f) Transmission spectra of the MZI when the
transmission was optimized or minimized.

fiber when a1u1 + a2u2 = 0 and only LP01 mode will appear in
the fiber if b1u1 + b2u2 = 0. We also gave an example to show
the theory can work for N > 2, such as N = 4. To inject only one

mode, we need to achieve:

[
m1
0
0
0

]
=

[
c11 c12 c13 c14
c21 c22 c23 c24
c31 c32 c33 c34
c41 c42 c43 c44

][
x1
x2
x3
x4

]
,

and we can always find the solution of unit vector [x1, x2, x3,
x4]T which can be realized by the unitary MZI network.

III. DEVICE FABRICATION AND EXPERIMENTAL RESULTS

A. Device and Experimental Setup

Fig. 3(a) shows the schematic of the designed circuit. The
light was launched to the input upper waveguide and was split
into two waveguides (wg1 and wg2) through a MZI, which
can realize U(2) unitary operation. The MZI unit contains two
thermally tunable phase shifters H1 and H2. H1 was used to
tune the relative power ratio between wg1 and wg2, while H2
was used to adjust their relative phase difference. Wg1 and wg2
will excite both LP01 and LP11 modes through the FMF GC. If
the FMF GC is aligned well with the vertical FMF, i.e., in the
middle of the FMF, light coupled into the FMF will have the same
weight for wg1 and wg2. Fig. 3(b) shows the experimental setup.
Continuous wave (CW) laser light at 1560 nm was launched to
one of the inputs using regular single mode fiber. The output
light was coupled vertically to a cleaved FMF through the FMF
GC. An angled physical contact (APC) fiber connector was
present at the distal end. The field profiles at the APC facet
were imaged by an infrared (IR) camera after going through a
collimator. Fig. 3(c) shows micrograph image of the fabricated
device. The device was fabricated by a commercial foundry on
a SOI wafer with standard top silicon thickness of 220 nm and

Fig. 4. Measured intensity profiles at the output of FMF when the FMF was
misaligned relative to the FMF-GC along (a) y direction and (b) x direction.
Figures in yellow box show the intensity patterns when the coupling was
optimized in (a) y direction and (b) x direction. Measured intensity profiles
at the output of a FMF when (c) we change the injection wavelength of the input
laser from 1560 nm to 1564 nm with the step size of 1 nm and (d) when applying
different disturbances on the short FMF.

buried silicon dioxide of 2 μm. Fig. 3(d) shows the fabricated
FMF GC with size of 15 μm × 18 μm which is designed to
support the coupling of LP01-x and LP11a-x modes. We first
characterize the performance of the MZI. The spectra of the MZI
are plotted in Fig. 3(e) when the optical power was maximized
or minimized at 1560 nm. The IL of the MZI is quite low and
the extinction ratio (ER) is about 20 dB as also indicated by
Fig. 3(f).

The optical intensity profiles at the APC facet were imaged
by an infrared camera, as shown in Fig. 4(a)–(d). Except for the
phase errors that exist between different waveguides, the field
profile outputs from the FMF are also sensitive to many other
reasons including the position deviations from the designed
coupling point, optical wavelength from the input laser, and the
rotation state of the FMFs. We observed these phenomena during
experiments. It can be observed from Fig. 4(a) and (b) that the
relative coupling of LP11a mode and LP01mode varied signifi-
cantly if the position of FMF was displaced from the optimum
designed coupling point. The optical intensity distribution at the
distal end is especially sensitive to the position variations along
y direction. We can also observe from Fig. 4(c) that the intensity
distribution is wavelength-dependent which suggests there ex-
ists mode interference in the FMF. The wavelength-dependent
phase differences between LP01 and LP11 modes give rise to
the wavelength-dependent intensity pattern. And if we manually
add disturbance on the FMF, the intensity field will also change
as illustrated in Fig. 4(d). Based on the above circumstances, it
is difficult to precisely determine the optimum launch location
because mode crosstalk in the FMF is also present.

B. Mode Suppression

Here we show that the coherent MZI unit can be used to
compensate for mode crosstalk during coupling and transmis-
sion to help us generate desired modes at the distal end of
FMF. We gave three experimental demonstrations. In the first
demonstration, we manually adjusted the fiber coupling position
along y direction and get the random intensity profile as shown
in Fig. 5(a1) and (b1). In our system, the ER of the fabricated
MZI is about 20 dB. This indicates that when the value of 0.1
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Fig. 5. Measured intensity profiles at the output of FMF with fiber deviation
(a1-b3), wavelength change(c1-d3), and random fiber rotations (e1-f3). The
simulation results also estimate the relative percentage (pct) values of the (LP01,
LP11a, and LP11b) modes. (a1) and (b1) show the intensity profile when the
voltage applied on the heaters (H1, H2) to be (0, 0) V. (a2) and (b2) show the
intensity profile when the injected modes were optimized to be LP11 mode. (a3)
and (b3) show the intensity profile when the injected mode was optimized to be
LP01 mode.

< |a1/a2| < 10 (or the uncertainty of position was limited to ±
2.1 μm), the MZI can be used to suppress the undesired modes
in the FMF. It can be observed from Fig. 5 that LP11 mode
group (Fig. 5(a2) & (b2)) and LP01 mode (Fig. 5(a3) & (b3))
can be excited independently if we optimize the applied voltages
on (H1, H2) properly. We also utilized simulations to estimate
the distribution of each eigenmode present within the FMF. For
instance, in Fig. 5(a1), the initial intensity pattern consists of
55% LP01 mode and 45% LP11a mode. By optimizing the
applied voltages on the phase shifters, the composition of the
LP01 mode can be reduced to 5%, as shown in Fig. 5(a2), while
the presence of the LP11 mode can be suppressed to 2%, as
indicated in Fig. 5(a3). In the second demonstration, the fiber
position was fixed but we changed the wavelength of the input
laser. The intensity profiles are shown in Fig. 5(c1)–(d3). In the
third demonstration, we fix both the wavelength and the fiber

Fig. 6. Measure IL of the FMF GC for LP01-x and LP11a-x modes.

Fig. 7. (a) Schematic of coherent MZI network with unitary transformation
U(2). (b) Schematic of the system when we scale the number of supported modes
to be 3, i.e., LP01, LP11a, and LP11b modes. (c) Schematic of the system when
we scale the number of supported modes to be 6, i.e., LP01x, LP11ax, LP11bx,
LP01y, LP11ay, and LP11by.

position, but the transmission fiber was rotated and perturbed
with micro-bends, leading to the various received intensity
patterns shown in Fig. 5(e1)–(f3). For all three cases, LP01
and LP11 modes can be synthesized separately with optimum
control of (H1, H2). In this proof-of-concept demonstration,
we only showed the use of two modes, LP01-x and LP11a-x
mode. There was unavoidable mode crosstalk between LP11a
and LP11b modes which can be observed in Fig. 5(b2), (e2), and
(f2). This problem can be solved by scaling up the number of
supported modes and injection waveguides of the system. The
measured IL (Fig. 6) for LP01-x and LP11a-x are −5.7 dB and
−7.1 dB, respectively. The 3-dB bandwidth is about 40 nm for
both modes which matches with the simulation results.

C. Scaling to More Modes

The proposed structure can support more modes. Due to the
limitation of the FMF GC, the current system can only support
LP01 and LP11a modes. LP11b mode cannot be eliminated by
optimizing two heaters. If we want to eliminate the LP11b mode
in the system, it is necessary to launch 3 modes. Here we give an
example using the antenna for illustration as shown in Fig. 7(b).
With the U(3) unitary network, we would be able to inject LP01,
LP11a, and LP11b into FMF independently. The system can be
further scaled up to 6 modes using LP01, LP11a, and LP11b with
dual polarization via 2D antenna array as indicated in Fig. 7(c).
The U(3) and U(6) illustrated in Fig. 7 can be implemented using
the MZI network configured in Ref. [37]. It is also possible to use
OM4 fiber and more couplers to further scale up the supported
mode channels in the system using the same theory.



YI et al.: DYNAMIC CONTROL OF DISTAL SPATIAL MODE PATTERN OUTPUT 6602205

IV. CONCLUSION

A general integrated optical circuit for controlling the in-
tensity profile at the distal end of FMF has been proposed.
Our approach was based on the use of a coherent MZI mesh
to tune the relative amplitude and phase between launching
waveguides. The system can selectively launch the LP01-x and
LP11a-x modes despite the presence of small misalignments
between the fiber and the FMF GC, or the introduction of fiber
twisting or micro-bends. We implemented the optical circuit on
the silicon-integrated photonics platform. Detailed test results
for the device were presented in this letter. The structure can be
scaled up to N modes when a multimode grating coupler is used
to launch N different modes.
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