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Low-loss and small 2 xMmultiplexers based on 2 x
2 and 2 x 1 Mach-Zehnder interferometers with on-
chip polarization multiplexing for 400GbE

Takeshi FujisaweSenior membetEEE, Junya Takano, Yusuke Sawada, and Kunimasa Siiehper IEEE

Abstract— Two silicon, 4. O-band multiplexers (MUXs) for
400GbE using two Mach-Zehnder interferometers (MZI3 having
90-degree phase shift in their output with the helpof on-chip
polarization multiplexing are demonstrated. By usig 2 x 2 and 2
x 1 MZIs for first 3200-GHz filters, the relative position of their
spectra has 90-degree phase difference, leading gignificant
simplification of the tuning of peak wavelength pogion of the two
filters. The polarization MUX is done by using an o-chip
polarization-splitter-rotator (PSR) based on an asypmetric
directional coupler (ADC) and a TE.-TMo mode converter (MC)
using tapered rib waveguide, designed for O-band ggication.
Two 4. MUXs for 1.28 and 1.3 pm bands are designed, aingrto
the specified wavelength range in 400GbE. Tolerancanalysis
shows the proposed MUX is robust to the change ofaweguide
width occurring in the fabrication process, compare with those
of conventional multi-stage 4 MUXs. The averaged insertion loss
of eight wavelength is 1.86 dB for the fabricated @vice, and the
demonstration of 8. (2x4.) MUX for 400GbE based on Si-
waveguide is for the first time.

Index Terms— High-speed Ethernet, O-band Si waveguide
multiplexer, LAN-WDM.

|. INTRODUCTION
Due to the rapid increase in data center traffiere is an urgent
demand for increasing the capacity of the cliedéesietwork,
especially, Ethernet. 400Gbit/s Ethernet (400Gb&3 been
standardized in 2017 [1]. Among several standad400GbE,
standards for fiber-based transmission are impbfanlarge
capacity transmission. Especially, 400GBASE-FR8 d1itB,
using single-mode fibers (SMFs) are attractiveifter data
center application, due to their long transmisslmtance. For
these standards, eight wavelength-division-multipig
(WDM) is used since the total capacity cannot biled with
one wavelength. The frequency spacing is 800 GHXN{L
WDM) and there is one guard band. The wavelengéndand
O-band. Therefore, an eight-wavelength)(B1UX or two 4
MUXs are necessary for the transmitter. Since tharket
volume of the Ethernet device is huge, the devitaukl be
low-cost and high yield with target characteristi&o far,
various O-band ¥ MUXs for LAN-WDM system have been
proposed on various platforms, such as, free-sppiies [2,3],
and photonic integrated circuits (PIC). Especially MUX
based on PIC is effective for miniaturization usimgorid or
monolithic integration. O-band MUXs using MMI coeps [4],
transversal filters [5], and two-stage MZIs [6-3ve been
demonstrated. Among them, two-stage MZIs are priogis
since they have no intrinsic losses. Furthermoye;dscading
MZI, various spectral shaping, such as a flat-egponse, can
be incorporated [8,9].

In two-stage MZIs, MZIs having free spectral ra{fg&R)
of 3200 and 1600 GHz (approximately 18 and 9 nnuadO-
band) are cascaded. Two-stage MZIMUX for LAN-WDM
was realized in both InP and Si-photonics platfoMfthough
the InP platform has the superiority in terms ofnwidhic
integration of active devices, Si-base#l MIUXs are also
promising candidates for LAN-WDM MUXs if we conside
recent development of InP-Si hybrid integratiorhtéque [10].
So far, various O-band two-stage M2l MUXs based on Si
photonics were demonstrated for LAN-WDM [9-11] and
CWDM system [11,12]. Here, we focus ok MIUX for LAN-
WDM only. One of the problems in two-stage MZI Iset
controllability of their spectral position (or tipesition of peak
wavelength). The spectral position is easily fladtd due to
the slight deviation in the waveguide width andageline
length (AL) of MZIs. Especially, the spectral position of 060
GHez filter is hard to control due to its narrow FES&ading to
low-yield of the device, which is not favorable fBthernet
devices. Therefore, for high-speed Ethernet, aidation
tolerant MUX is highly desired.

In [13], to cope with the above problems, we pregband
demonstrated a novel O-band MIUX. In [13], the 1600-GHz
filter contained in two-stage MZ MUX, which has tbeverest
tolerance, is replaced with broadband ADC and rédweguide
type TR-TMoy MC. And low-loss Si waveguideAdMUX was
demonstrated. However, the problem of spectratdkitions of
two 3200-GHz filters is still there, and the tunivigthese peak
wavelengths have to be done separately. Furtherrsimee a
directional coupler (DC) and an ADC were used f@ 8200
GHz filters, the length was very long (around 20) to
achieve desired FSR, and hence, the length of eheehwas
also long, leading to large tuning power. All themponents
were serially cascaded, the longitudinal length waige long
(the total length without routing waveguides wa®wth800
pm). Finally, the MUX was demonstrated only for lendour
wavelengths of 400GbE standards.

In this paperg) (2x4.) O-band MUXs for 400GbE using two
MZls having 90-degree phase difference and an qnfeBR
based on an ADC and a FEM, MC using tapered rib
waveguide [14] is proposed and experimentally destrated.
Two 4. MUXs for 1.28 and 1.3 um bands are designed td mee
400GBASE-FR8 and -LR8. By using 2 x 2 and 2 x 1 Mol
first 3200-GHz filters, the relative position ofeih spectra has
90-degree phase difference [15], leading to sigaift
simplification of the tuning of peak wavelength pios of the
two filters. Therefore, the spectral fluctuatioreised by the
fabrication error in the waveguide width are almidgntical,
leading to similar spectral shift. Therefore, thaibg of the
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Table 1 The eight lanes specified in 400GbE

Lane LO L1 L2 L3
Wavelength 1273.5 1277.9 12823 1286.7
[nm]
Lane L4 L5 L6 L7
Wavelength | 12956 1300.1 1304.6 1309.1
[nm]
L4 3200 GHE L4 L6
6 — MZ fitter | L4 L6 L5 L7
1600 GHz
L7 — L7 | MZ filter |
3200 GHz
| MZ fiter |
(a)
L4 L6 L4 16
( T|_é0)7 (TEy) (TE) (TEy) (TEy
3200GHz 14 L6 L7 L7
L6 | Mz fiter (TE) (TEy)_ (TEI(TEY (TM)
(TE B
g (i) |ADC - TE,TM, MC
(TE)™|3200 GHz
| MZfiter |
(b)

Fig. 1 Schematics of (a) conventional two-stage MZI MUX and (b)
proposed MUX.
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Fig. 2 Device layout of proposed MUX.

spectral positions of two filters is considerably easier than
conventional multi-stage 4A MUXSs [7-9]. Furthermore, only
one heater is necessary for tuning the spectral position of these
two filters. Since the two MZIs can be placed in parallel as
shown later, the longitudinal length of the MUX can be reduced
compared with our previous study. A tolerance analysis shows
the proposed MUX is robust to the change of waveguide width
occurring in the fabrication process compared with those of
conventional multi-stage 4A MUXs. The averaged insertion
loss of eight wavelength is 1.86 dB for the fabricated device,
and the demonstration of 8\ (2x4L) MUX for 400GbE based on
Si-waveguide is for the first time. Although in [16]
(international conference), a preliminary report of this work
was presented, detailed theoretical design together with
experimental data of the components of the proposed device are
added to demonstrate comprehensive results of the work.

II. OPERATION PRINCIPLE AND DEVICE STRUCTURE

Table 1 shows the eight wavelengths (lanes) specified in
400GDbE (center wavelengths of each lane). 800-GHz spaced,
eight wavelengths from lane 0 (L0) to 7 (L7) are used. There is

one guard band between L3 and L4 and at the transmitter side,
these wavelengths have to be multiplexed. Figure 1 (a) shows a
concept of conventional two-stage MZ MUXs. In the Figure,
L4 to L7 are used, the same explanation can be applied for L0
to L3. It consists of first two 3200-GHz MZIs and second 1600-
GHz MZI. The problem of this configuration is in the control
of filter spectral position. The spectral position is easily
fluctuated due to the slight deviation in the waveguide width
and delay line length (AL) of MZIs. Figure 1 (b) shows the
concept of the proposed MUX. As in Fig. 1(a), 3200-GHz
filters are placed in parallel. The second 1600-GHz filter is
replaced with a broadband PSR consisting of ADC and TE;-
TM, MC. Since the spectral position control of 1600-GHz filter
is hard, it is excluded to strengthen the tolerance. Instead, two
of lanes are multiplexed as TM, modes. In our previous work
[13], we used DC and ADC for 3200-GHz filters. Here, we use
2x2 and 2x1 MZ filters to ease the tuning of filter peak
wavelengths, and to reduce the longitudinal length.

Figure 2 shows a schematic of proposed MUX and its
operation principle. It consists of MZ-A, MZ-B, ADC and TE;-
TMo MC. Si-wire waveguides and Si rib waveguide with SiO»
cladding are used. The thickness of Si is #= 210 nm and etching
depth for the rib waveguide is d = 140 nm. At port-1 to -4, the
Si core width is w; = 400 nm. MZ-A and MZ-B are composed
of MMI and delay lines. MZ-A and MZ-B are 2 x 1 and 2 x 2
configurations. The width of the output of MZ-A is tapered up
to wz = 824 nm. The output of MZ-B is coupled to the output of
MZ-A waveguide by using ADC. After the ADC, the Si-wire
waveguide of MZ-A is connected to the rib waveguide, and then,
the width is tapered down to w;i. Finally, the rib waveguide is
again connected to Si-wire waveguide. The taper lengths from
w1 to wz and connection lengths from Si-wire to rib waveguide
are all 100 pm. This configuration saves the device length. The
length of 3200 GHz filter is about 100 pm for the MZIs used
here, and the value is almost 1/2 compared with those in [13].
Furthermore, two MZIs can be placed in parallel as shown in
Fig. 2, the longitudinal length is further saved. The total length
without routing waveguides is about 500 mm, which is almost
1/2 compared with [13].

The operation principle of the device is as follows. For
shorter wavelength lanes L0 to L3 (longer wavelength lanes L4
to L7), two wavelengths: L1 and L3 (L4 and L6) are
multiplexed by MZ-A as TEo mode. The frequency difference
has to be 3200 GHz (the spacing between L1 and L3 (L4 and
L6) is 1600 GHz). Similarly, other two lanes of LO and L2 (L5
and L7) are multiplexed by MZ-B as TE; mode. They are
coupled as TE; mode of upper waveguide by ADC. In ADC, the
TEo mode of the lower waveguide (MZ-B output) satisfies a
phase matching condition with the TE; mode of the upper
waveguide (MZ-A output). Hereafter, we refer shorter
wavelength lanes as O-bandl, and longer wavelength lanes as
O-band2. At this stage, two wavelengths from MZ-A are
multiplexed as two TEo modes, and other two wavelengths
from MZ-B are multiplexed as two TE; modes. The TE; modes
are converted to TMo modes by TE;-TMy MC. Since SMF is
used in our target standards, polarization MUX at the
transmitter side does not have a problem. Since the ADC and
TE-TMo MC, which work as O-band PSR, are broadband, the
spectral tuning is not necessary as for the 1600-GHz filter in
conventional two-stage MUXs. 8\ multiplexing can be done by
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using, for example, free space optics.

Next, the transmissions of 2 x 2 and 2 x 1 MZésexplained.

A MZIl is composed of two 3-dB dividers and delapeli
waveguides. Figures 3 (a) and (b) show the scheraffl x 2
and 2 x 1 MZIs. In 2 x 2 MZI, the transmission matf ideal
3dB divider is given by

11 —j
Toomm =—=| . 1
527 W
Therefore, the output amplitude (Bar, Cross) of 2 MZI is
given by

Bar 1 0 1
=Toomm o Tae2 mmi 2)
Cross 0 e

2 @
|Bar12 sin® E

, 1= 3)
|Cross co¢ %

For 2 x 1 MZI, one of the dividers is replaced with 2, whose
transmission matrix is given by

111
T2><1MMI =E 1

The output amplitude (Upper, Lower in Fig. 3(b)pisen by

 Upper e’ 0]
=T2><2 MMI
| Lower 0 1

and the output power is

(4)

Toa mmi [1] (5)

~ p—-m/2]
|Uppe||2 cogd ——=

_|Lowe|12

(6)

B Sinzq)_—ﬂ/z

From these results, the output phase of 2 x 1 d4lelayed
n/2 compared with that of 2 x 2 MZI for the saxie Therefore,
the peak spectral position of 2 x 1 MZI is automrelty locked,
and is at the center of two peak positions of 222, as shown
in the next section. If one uses 2 x 2 MZl onlye theak
wavelength position has to be adjusted by chantfiagralue
of AL for each MZI, increasing the number of designalalgs.

I1l. DEVICE DESIGN

A. 2x2and2x1MZls
The components contained in two MZIs are 2 x 2amxdl 3-
dB dividers and delay line waveguides. Here, weNists for
the divider. The design is done by full-vector bganmpagation
method (BPM) [17]. The refractive indexes of Si ailita are
calculated by Sellmeier formula in [18]. Figuregad and (b)
show the schematics of 2 x 2 and 1 x 2 MMIs. Tapénput
and output waveguides are used to enlarge the hdtidvere,
Wiaper IS 0.6 um and Liper = 15 um. For O-bandl1 and 2, the
central wavelengths for the design are set to argB1.3um.
Figures 5 (a) and (b) show the calculated transamsspectra
of 2 x 2 and 1 x 2 MMIs for O-band1. The width ahd length
of 2 x 2 (1 x 2) MMI are 13 and 3 (10.5 andu®). Figures 6
(a) and (b) show the same data for O-band2. Théhvaidd the
length of 2 x 2 (1 x 2) MMI are 12.8 and 3 (3.4 &)dum.
Broadband operations with almost no losses ardlgess

The FSR of MZI is given by [6]

2
’ (7)
ngAL

whereny is the group index. Figure 7 shows the calcul&®8g
of MZIs for O-bandl1 and 2. From the Figusd, for O-band1l
and 2 should be 21.5 and géh for 18-nm FSR.

Figures 8 (a) and (b) show the calculated 2 rd22ax 1 MZI

FSR=

wherep = AL is the phase difference between upper and low§Pectra for O-bandl and 2. “Upper and Lower” are th

delay linesp is the propagation constant an is the delay
line length difference. The output power is given b

transmission of 2 x 1 MZl| and “Bar and Cross” ahe t
transmission of 2 x 2 MZI. The peak positions of 2 MZI is
exactly at the center of two adjacent peak postioh2 x 2
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band2.

MZI. Therefore, by using 2 x 2 and 2 x 1 MZIs, we do not have
to worry about the relative peak position between two filters.
Since AL is the same for two filters, the design is significantly
easier, and the peak position tuning is simplified. Furthermore,
in principle, only one tuning element is necessary, since the
spectral shifts of two filters are the same.

B. ADC and MC

Figure 9 shows the schematic of ADC. It consists of an access
waveguide with the width of wi, and a bus waveguide with the
width of w». The separation between two waveguides is gap and
the coupling length is Lg. To achieve the phase matching
condition between TEo mode of the access waveguide and TE,
mode of the bus waveguide, we set wi = 400 nm and w» = 8§24
nm. The length of the S-bend waveguide is set to 30 um. From
the BPM simulation, Lg = 35.4 and 30.3 um for O-band1 and 2.
Figures 10 (a) and (b) show the calculated transmission spectra

Ls

Fig. 9 A schematic of ADC.
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Fig. 10 Calculated transmission spectra of ADC for (a) O-band1 and (b)
O-band2. The inset shows the magnetic field distributions of (a) 1.28 and
(b) 1.3 um.

of ADC for O-band1 and 2. “Transmission” is the output power
of TE| mode of the bus waveguide when TE, mode is launched
to the access waveguide. “Crosstalk” is the output power of TEq
mode of the access waveguide. For both O-bandl and 2,
broadband characteristics can be obtained. The inset shows the
magnetic field distributions for the wavelength of 1.28 and 1.3
pm. Input TEo mode is converted to TE; mode. For the MC, we
used the same parameter presented in [13].

C. Tolerance analysis

Here, the tolerance of the peak wavelength position to the
waveguide width is analyzed to show the superiority of the
proposed device. Figures 11 (a) and (b) show the change of
filter peak wavelength position AA as a function of the change
of'the waveguide width Aw of the delay line waveguides in MZI
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for 3200 and 1600 GHz filters for various waveguide width. Aw
= 0 means the waveguide is fabricated with the designed value
and AA = 0 when Aw = 0. The horizontal dashed lines are AA,
at which the transmission is reduced by 1-dB at original peak
wavelength. For both filters, by increasing the waveguide width,
AM is reduced, however, the waveguide becomes multimode. It
is clear from both Figures that the 1600-GHz filter has severe
fabrication tolerance to the waveguide width. For example, for
the waveguide width of 400 nm, Aw has to be controlled within
£2 nm for 1600-GHz filter to achieve < 1-dB degradation. For
the 3200-GHz filter, it is =5 nm for < 1-dB degradation.
Therefore, eliminating the 1600-GHz filter by the proposed
approach greatly enhance the fabrication tolerance although the
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TEq

o
S,
c
o ;
8 P
Pl Syt
] Lower !
= _ L !

2l —e

- i ——Cross

40 s . .

1290 1295 1300 1305 1310 1315
Wavelength [nm]
(b)

Fig. 13 (a) Micrographs of fabricated 2 x 2 and 2 x 1 MZIs. (b) Measured
transmission spectra of 2 x 2 and 2 x 1 MZIs for O-band2.

absolute losses are similar, when the devices are fabricated
perfectly. Currently, some kinds of photolithography
techniques are available for the fabrication of Si-photonics
waveguides, such as, KrF, ArF, and ArF immersion lithography
[19-21]. Each of technique has its own limit for the waveguide
width control. According to [20], 193-nm deep UV lithography
offers the standard deviation (c) of £2.6 nm for the linewidth
uniformity. Therefore, for the conventional two-stage MZI
MUX, the peak wavelength position of the 1600-GHz filter
cannot be controlled for < 1-dB degradation, whereas the peak
wavelength position of the 3200-GHz filter can be controlled
for < 1-dB degradation. In terms of wafer thickness variations,
if we use 300 mm wafers, the 3¢ is only £ 1 nm [20]. It is
negligible for 200-nm thickness core [21].

Figure 12 shows the AA as a function of AL for the delay line
waveguide width of 400 nm. As stated in III-A, if two 2 x 2
MZIs are used for the 3200-GHz filters, the peak wavelength
position has to be controlled by changing AL. The peak
wavelength position of one of the 3200-GHz filter has to be
shifted 4.5 nm. From the Figure, AL has to be changed by 0.15
pm to achieve 4.5 nm shift. The value also has a manufacturing
variability, leading to the fluctuation of the peak wavelength
position. In the proposed configuration, we do not have to
worry about this problem.

IV. MEASURED RESULTS
We fabricated designed devices by standard CMOS process and
KrF photolithography. 1.3-pm amplified spontaneous emission
(ASE) light source is used and the polarization state is adjusted
via polarization beam splitter (PBS) to launch TE or TM modes.
The light is launched to the waveguide through a polarization
maintaining lensed fiber and inverse taper spot size converter
[22]. Output light is measured by an optical spectrum analyzer
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Fig.

10 times and take the average. From the measured spectra, the
transmission of the straight Si-wire waveguide fabricated on the
same chip is subtracted to exclude the coupling and waveguide
losses.

A. 2x2and2 x 1 MZIs

Figure 13 (a) shows the micrograph of the isolated 2 x 2 and 2
x 1 MZIs designed for O-band2. The transmission spectra are
measured as indicated in Fig. 13 (a). The measured spectra are
shown in Fig. 13 (b). The spectra for 2 x 1 MZI (Upper and
Lower) are oscillated and this is probably because the radiated
light in 1 x 2 MMI is included. The magnitudes of dips of the
spectra are worse than calculated results (Fig. 8). It may
come from the imperfect 3-dB splitting in MMIs. Although
the peak positions of 2 x 1 MZI have some uncertainties due to

the oscillation, compared with the peak positions of 2 x 2 MZIs,
the peak positions of 2 x 1 MZI is in the middle of them,
showing the phase difference of 2 x 2 and 2 x 1 MZIs.

B. 4DC

The micrograph of the fabricated ADC is shown ig.Ri4 (a)
together with the measurement method. We used ascacled
ADC to measure the transmission characteristicEEymode
[22]. Figures 14 (b) and (c) show the measuredstrassion
and crosstalk spectra for TE mode of isolated AD&w-loss
transmission (TEto TE) spectra are obtained. The loss
about 2 dB and 1.7 dB for O-bandl and 2. The losbably
comes from the fabrication error in the waveguidétiv The
reason of the transmission oscillation for 127A280 nm is
that the used ASE light source has not enough sittefor the
wavelength range.

C. 41 MUX

The micrograph of 4» MUX for O-bandl is shown in Fig.15.
The positions of four-input and one-output ports, MZ-A, MZ-
B, ADC, and TE;-TMy MC are written. TiN heaters are
integrated on the one of the delay lines of MZ-A and MZ-B.
Here, the transmission characteristics of the two 4X MUXs are
measured as DeMUX. TE, or TM, light is launched from
output-port. Then, the transmission spectra from four ports at
the other side are measured. Figure 16 (a) shows the measured
transmission spectra of 4A MUX for O-bandl. A filter
transmission with 3200 GHz FSR for MZ-A and -B can be seen.
The spectral position of MZ-B is at the center of two adjacent
peaks for MZ-A, showing n/2-phase differences between MZ-
A (Port-1 and -2) and MZ-B (Port-3 and -4). The peak
wavelength positions approximately agree with the 4\ grids for
O-bandl, thanks to the nearly flat-top spectra of 3200-GHz
filter. Port-1 and -2 can be used for multiplexing L1 and L3 for
MZ-A, and the excess losses are 1.33 dB and 1.63 dB. Port-3
and -4 can be used for L0 and L2 for MZ-B (with TM input),
and the excess losses are 1.46 dB and 1.66 dB. The averaged
loss of 4L MUX for O-bandl is only 1.52 dB, without current
injection. Figure 16 (b) shows the measured transmission
spectra of 4L MUX for O-band2. Similar to 4L MUX for O-
bandl, the characteristics of 3200-GHz FSR and m/2-phase
differences can be seen. Port-1 and -2 can be used for
multiplexing L4 and L6 for MZ-A (TE mode), and the excess
losses are 2.41 dB and 1.17 dB. Port-3 and -4 can be used for
L7 and L5 for MZ-B (TM mode), and the excess losses are 2.47
dB and 2.75 dB, respectively. Without current injections, the
averaged loss of 4L MUX for O-band2 is 2.20 dB. Finally, the
averaged loss of 8X is only 1.86 dB. The losses of TMy mode
input are larger than that of TEo mode input. It is probably due

Fig. 15 A micrograph of fabricated 4L MUX.
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to the fabrication error in the waveguide widthADC. The
fabrication tolerance of ADC can be improved byngsifor
example, tapered ADC [23]. The heaters on MZ-A B
can be used for fine tuning of peak positions altffothey are
not used this time.

V. CONCLUSION

We theoretically and experimentally demonstrated silicon
4\ MUXs for 400GbE using two MZIs and a PSR based o
ADC and TE-TMo MC. The relative spectral position between
two filters is automatically locked, due to 90-degrphase
difference between 2x1 and 2x2 MZ filters, leadingeasy
tuning of filters. The tolerance analysis shows pheposed
configuration has clear superiority in terms of thaveguide
width fluctuations in the filter. Fabricated dewdcexhibit
successful two ¥ multiplexing in 1.28 and 1.3 pm bands. The
averaged loss of 38is 1.86 dB and small, showing the
usefulness of the device for 400GbE transmitter.
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