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In this work, the authors propose the design of an electro-optical silicon-photonics hitless
switch that follows wavelength-division multiplexing (WDM) conditions in terms of channel
bandwidth, shape factor, and free spectral range. Through a careful step-by-step design, the
authors study a switch device composed of a coupled-resonator optical waveguide (CROW)
structure merged with a Mach-Zehnder interferometer (MZI) modulator. The MZI
modulator controls the coupling to the CROW and hence turns the switch on and off. The
traditional matrix analysis of the CROW structure is modified to accommodate the MZI
modulator section. The proposed switch requires a chip area of less than 0.01225 mm?. The
switch transmission satisfies WDM requirements with a channel-free spectral range of
100 GHz, channel flat-top response with a passband for the through/drop ports of
64.6 GHz/33 GHz, and a shape factor of 0.76/0.6. Besides, the switch transmission features
an insertion loss for the through/drop ports of 0.23/1 dB, a switching speed of 100 GHz, and

a competitive switch-on/off ratio of 33 dB.

1. Introduction

The progress in integrated optics relies on the development
of new optical materials [1-3] and new photonic circuit
designs, both in the near-infrared range [4-8] and more
recently in the mid-infrared range [9, 10]. To realize optical
integrated circuits, researchers have explored various
platforms, such as ion exchange in glass [11-13], III-V
semiconductors [14], and silicon-on-insulator (SOI)
platform [15]. Given its prominence in electronics [16],
SOI has become a primary focus for developing integrated
optical circuits. The goal is to combine these photonic
circuits seamlessly with existing electronic ones, creating
high-performance hybrid systems. Specifically, the silicon-
on-silica platform offers a significant refractive index
contrast at the C-band, allowing small bending radii and
high-density integration of photonic circuits [17].
Additionally, both silicon and silica possess very low
propagation losses at a wavelength of 1550 nm, enabling
the realization of effective components like ring resonators
[18], interleavers [19, 20], gyroscopes [21], and fiber-
grating couplers [22].
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One key element is optical switches which are
indispensable components for high-performance on-chip
optical networks [23]. Their ability to handle large
bandwidths, low-power consumption, and minimal
footprint make them crucial for multi-core microprocessor
systems [24]. Thus, in this work, the authors propose a
design for a high-speed large-bandwidth hitless switch.
The switch consists of three ring resonators with coupling
control facilitated by a Mach-Zehnder interferometer
(MZI)-based modulator. The modulation is achieved
thanks to an electro-optic polymer placed over SOI. The
design targets wavelength-division multiplexing (WDM)
requirements in terms of channel free spectral range (FSR),
3 dB channel bandwidth and shape factor which are
100 GHz, at least 20 GHz and at least 0.6, respectively. The
article is organized as follows. In section 2, the design
parameters are determined. In section 3, a transfer matrix
analysis is introduced. The results are discussed in
section 4 before the authors conclude in section 5.

2.  Design parameters
The proposed structure is shown in Fig. 1. The structure is

composed of three coupled-ring resonators squeezed
between two bus waveguides. This structure is usually
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Fig. 1. A schematic diagram of the proposed switch. The two
branches of the MZI modulator are shown in green.
This MZI is squeezed between two 3 dB couplers.
Other couplers in the structure provide the required
coupling values.

referred to in the literature as a coupled-resonator optical
waveguide (CROW) structure. The rings take the form of
racetracks to simplify the design of the coupling region.
Hereinafter, the rings are referred to as “ring 1” for the
bottom ring, “ring 2” for the middle ring, and “ring 3” for
the top ring. The lower bus has its input port on the left end
and its output port, called the through port, on the right end.
The other output port in this circuit is the drop port, found
on the left end of the top bus. The right port of the top bus
is supposed to serve as a second input to the circuit, but it
is not used. The lower bus forms an MZI with the lower
side of ring 1 alongside two 3 dB directional couplers. This
MZI structure controls how much power is coupled from
the lower bus into ring 1 by tuning the effective refractive
index of the propagating modes in the two arms of the MZI
[25]. This means that the switch can be put to the ON state
when power is allowed to couple, in a certain amount, from
the lower bus into ring 1. In this state, the through and the
drop ports are transmitting optical signals. When the MZI
is tuned so that no power couples into the bottom ring, the
switch is in the OFF state and the drop port has zero
transmission, while all input power is directed toward the
through port. This coupling modulation technique means
that the switching speed is not limited by the photon
lifetime in the resonator or the channel FSR [26]. Hence,
the limit is set by the modulation mechanism only. This
also means that the switch provides hitless operation since
the drop port signal can be disabled without disturbing the
original signal on the through port, an advantage for WDM
operation [27].

Multiple modulation techniques can be used to achieve
coupling modulation in silicon to get around its poor
electro-optic coefficient [28—30]. One technique could be
the thermal tuning of the silicon refractive index thanks to
its good thermo-optic coefficient. However, thermal
modulation is relatively slow [28—30]. Next comes plasma
injection and extraction in silicon waveguides. Introducing
or removing free carriers (electrons and holes) can alter the
waveguide refractive index. Injection-based devices offer
a strong refractive index change, leading to compact size
and low operating voltage. However, such devices suffer
from electrical DC loss, high optical absorption, and
limited bandwidth due to carrier lifetime constraints [31].
Depletion-based devices [32—-36] are preferred due to their
high speed, zero DC loss, and low optical losses. Yet, an
attractive alternative, which the authors adopt in this work,

is modulating the coupling using electro-optic polymers,
specifically CLD1/APC [37]. Due to its high electro-optic
coefficient, this material grabbed much attention in
modulation applications [37, 38]. The design in [38] shows
the polymer on top of a silicon-on-silica waveguide with
all layers eventually sandwiched between two electrodes.
The device is designed to operate around free space
wavelength, 4,, of 1550 nm. The effective refractive index,
ne, responds to the tuning voltage as given by

dne _
ar
of the MZI modulator. This is about one magnitude greater

response than in plasma extraction-based modulators [33].

Thus, based on the structure in [38] and the WDM
requirements given in [39], the rest of the device
parameters are determined as follows. At 1550 nm,
n,=2.159 and the group refractive index, n,, is equal to
4.11 [38]. To determine the circumference, L, the WDM
condition on the FSR, is equal to 100 GHz around
1550 nm. This FSR is equal to 0.8 nm in terms of
wavelength [39]. Therefore, the ring circumference is

L= CFSR = 729.5 um, where ¢ =3 x 10% m/s is the speed
ng X

of light in space. The authors adopt the power loss factor in
[38], which is a =6 dB/cm. This means an optical power
loss of approximately 10% for one cycle around the ring.
This power loss matches also the assumption in [39]. The
authors also adopt the number of rings to be three in order
to simplify the structure while satisfying the WDM
requirements. For a waveguide-waveguide separation, g, of
0.2 um, the coupling length is /=9.75 um [40]. This is the
interaction length of each of the two adjacent waveguides
in a directional coupler to enable 100% power coupling
from one waveguide to the other. The field coupling
coefficient is given by k=sin(L,, X g) Thus, for a 3 dB

—2.48 x107*/V where V is the voltage applied to one arm

directional coupler, kK*=0.5, and hence the interaction

length is found as L,, = zsin’1 (+/0.5) = 4.87 um . One can
T

also define r=+/1+k* as the field through coupling
coefficient. Thus, the authors allow more length for the
3 dB directional coupler structure, so that its share of the
ring circumference is 10 um to account for the S-bends
around the coupling region of the coupler. Thus, on the
lower side of the bottom racetrack, a length of 20 pm is
dedicated for the 3 dB couplers. A similar length is
assumed on the other side of the racetrack. However, away
from the bottom bus, coupling is enabled through one
directional coupler that requires an interaction length less
than 20 pm. The extra length can be exhausted in the
S-bends. The power coupling coefficient for two
neighbouring rings is 0.39, while for ring 1 or ring 3 and
the neighbouring bus it is 0.8. These two coupling coeffi-
cients result in interaction lengths 0of 4.18 um and 6.87 pum,
respectively, for g=0.2 pm. Recall that the coupling
between ring 1 and the lower bus is controlled through the
MZI modulator. Hence, when the tuning voltage is zero
(ON state), the MZI should provide a power coupling of

0.8,i.e,k= m , between ring 1 and the lower bus. When
the modulating voltage is applied (OFF state), the coupled
power should drop to zero. Therefore, only ring 3 and the
top bus require a directional coupler of length 6.87 pm. It
is noteworthy to mention that having a gradually changing



M. Elkattan, M. Gad /Opto-Electronics Review 33 (2025) el 53810 3

coupling coefficient throughout the structure, known as
“apodization”, is needed to reduce the transmission side
lobes and to enhance the flat transmission band [39]. The
bending radius is taken as R =5 pm for negligible bending
losses [40]. Finally, the MZI arm length, Lmzi, is found
from Ly, =0.5x(L—4x10 pm—27R) =329 pm. This is

the allowed length for modulation and consequently, along
with the desire phase shift, it determines the required
tuning voltage, V. The design parameters are summarized in
Table 1.

Table 1.

Summary of the device parameters.
Parameter Value
Free space wavelength 4, 1550 nm
Effective refractive index at A, = 1550 nm, n, 2.159
Group refractive index at 4, = 1550 nm, n, 4.11
Power loss factor a 6 dB/cm
Ring circumference L = c/(n,FSR) 729.5 pm
MZI arm length Lyzi 329 um
Bend radius R 5 um
Ring-ring power coupling coefficient 0.39
Ring-bus power coupling coefficient 0.8

Device footprint 400 pm x 40 pm

3.  Transfer matrix analysis

Let the number of rings in the switch be n. Then, n =3 for
the structure shown in Fig. 1. The input field is given by a,,
the through port field by b,, and the drop port field by
¢, = ¢3. The other input field is d, = d; = 0. The goal now is

to determine the normalized through field transmission,

b, . .. c
p,=— and the normalized drop field transmission, 7, = =3
do do

The MZI section has input and output electric fields on the
ring side given by ¢, and d,, respectively. The MZI fields
can be related through [25, 41]:

b, = xa, +x,c,, 1)
d, =x5a, +x,C,, (2)
where
X =-x, = o.s(e‘“gl —e ) 3)
Xy =Xy = —O.Si(efie‘ +e ' ), 4)
2 dn
0 =—1L V—= |+ ®,,
1 2/0 'MZI ( de 1 (5)
2 dn
0, =—L -V —=1+0,.
2 2, MZI ( dVJ 2 (6)

Here, V' is the voltage applied to one arm of the MZI
modulator, Lvzi, the Mach-Zehnder arm length, n. is the
effective refractive index of the propagating mode, 4, is the
free space wavelength. The two parameters 6, and 6, give
the propagation phase change through the upper arm and

the lower arm of the MZI, respectively. Besides, ®; and
@, are the constant phase shifts added to each of the two
arms of the MZI. This is different from the traditional
analysis given in [25, 41] where the phase shift in one arm
is met with its negative in the other arm. Therefore, tradi-
tionally with @; =®,=0, the MZI parameters change to

.| 27 dn

X, =—x, =—isin [/1—0 Luyzn (Vd—;jj and

2 dn
X, =Xy = —icos(/l—fLMZI (V dVe
when the applied voltage is zero, 100% of the power
couples between lower bus and ring 1. This does not yield
the desirable WDM channel transmission characteristics as
shown in [39]. Providing specific power coupling is where
the authors’ work departs from the classic work in [25, 41].
Also, in [25, 41], the switch has only one output port and
the switch turns off when the coupling changes to the critical
coupling condition. In the authors’ work, the switch is turned
off by reducing the coupling to zero. This allows the hitless
operation where the through port keeps transmitting and
the drop port shuts down. For acceptable transmission, the
power coupling coefficient is 0.8 and this can be satisfied
by shifting the phase in each arm by a constant value which
is achieved through a very small extra length added to each
arm. The authors found that the right phase shift values are
®;=2rad and ®,=1.11rad. The corresponding extra
lengths are 0.23 um and 0.12 pum, respectively. Such small
lengths will effectively not affect the FSR of the rings.
Equations (1) and (2) can be put in the form:

A Y

X:i[ X 1}. ®)

X, L0~ 0% X

j] This means that

where

Thus, matrix X is the matrix that relates to the electric
fields of the MZI section. The rest of the analysis can be
done using the well-known technique in [42], with the
modification of using the MZI X matrix driven above.
Then, the fields in the two buses are related through:

a,|_ d,|_|M,, M,]|d,
A R P i e
Matrix M is given by:
n—1
M:XP[HQJPJQn (10)
j=1
with
1|r, -1
=—] , 11
0, ikj[l _rj} (11)
_is
2
p=| % 7| (12)
e 0

. 27n ioL
where « is the power loss factor, d = ;—‘)L-T represents
‘0

the complex phase change for one complete round, QO is
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the coupling matrix and P is the phase matrix. Here,
k =k, =~/0.39 and k, =k, =~/0.8. Note that in a clas-

sical analysis, X =0 with k, =k; =+0.8. Using d, =0,
one finally gets:

M
p, =2 (13)
12
7, - (14)
M12

4. Results and discussion

The device performance is shown in Fig. 2. With V=0,
typical transmission characteristics for the through and the
drop ports are shown. The through/drop ports show
insertion loss (IL) of 0.23 dB/1 dB, 3 dB bandwidth (BW)
of 64.6 GHz/33 GHz (equivalently 0.516 nm/0.264 nm),
crosstalk (CT) of —19 dB/-20 GHz within 20 GHz of the
channel centre wavelength, and shape factor (S) of
0.74/0.6. The shape factor is defined as the ratio of the
—1 dB BW to the =10 dB BW [39]. The channel spacing is
given by FSR=0.8 nm or equivalently 100 GHz. The
channel bandwidth, the shape factor, and the FSR all meet
the WDM requirements [39].

When tuning voltage V'=3.3 V is applied to the bottom
arm of the MZI modulator and its negative value to the top
arm, the drop port becomes OFF by at least 33 dB below
its transmission level in the ON state. This is the switch-
on/off ratio. Again, in the OFF state, the drop port only
shuts down while the regular channels on the through port
keep transmitting without change constituting the hitless
switch operation. The speed of operation is independent of
the photon lifetime since it is based on coupling modulation
rather than frequency modulation. Therefore, the switching
speed can reach 100 GHz. Finally, with all these
advantageous performance metrics, the device requires less
than 350 pm x 35 um = 0.01225 mm? of chip area.

The advantages of the proposed design become clearer
when compared to other designs. In the pioneering work
presented in [41], amplitude modulation is used in a III-V

platform switch. However, only one ring is used, hence, the
transmission characteristics take a typical Lorentzian shape
without regard to WDM requirements on BW, S, or FSR.
As mentioned above, the switch has one output only,
through the port, where power turns on and off as
amplitude modulation turns between maximum coupling,
ie., 100% power coupling and critical coupling. The
reported switching time is 1.8 us due to relying on thermal
tuning, which is too slow compared to the proposed design.

In another interesting work [43], an SOI second-order
switch, i.e., with two resonators, is demonstrated. The
device employs a vertical PN junction as the tuning
mechanism. Electric current is turned on and off to switch
the structure at a 2.4 ns speed. The drop port BW is
40 GHz, the drop port switch-on/off ratio, called extinction
ratio in [43], is 25 dB and the device is compact with a disk
radii of 3 um each. Again, the WDM requirements are not
a focus in that work and the switching speed is much less
than the proposed one. Besides, both channels, the through
and drop, get turned on and off together, which is not
a hitless operation.

In Ref. [44], a quadruple SOI multi-channel hitless
switch is demonstrated. The switching mechanism is
thermo-optical, which limits the speed to 15 ps. Using four
rings of course enhances the transmission extinction ratio,
reported as 39—46 dB, and the CT reported as 19.3-24.5 dB.
The FSR is equal to 0.5 nm, which is less than the WDM
specification of 0.8 nm.

In Ref. [45], a 4 x4 SOI hitless router is demonstrated
where each of the eight 10 um radius rings is thermally
tuned to route the optical signal. The device footprint is
0.07 mm?. The reported extinction ratio is 20.79 dB, FSR
is 38.5 GHz and switching speed is in the range of
microseconds. These results are less efficient compared to
our proposed design.

In [46], an SOI CROW of five apodized rings is used.
The laser is focused on a spot in the structure to inject free
carriers to turn the switch on and off. The footprint is, the
40 x 12 pm? switching speed is less than 2 ns (still slower
than the proposed design and the extinction ratio is limited
to 10—-17 dB (while the authors’ is in the range of 33 dB).
Besides, using the laser in tuning the switch adds more
complexity to the system design.

0 ===3 /T._.. =T =
10+ Crosstalk Crosstalk 4
of -19.dB of -20 dB N

o /f Switch-on/off .
o pra ratio =33dB N e
20+ " S
[5}
=
Q
Q
2 -30
% ./"\“ ',f"\_ ..»"\‘ 'I ]
£ = Through port transmission (\pa\z) atVv=0 \‘ ’I
E -40 === = Drop port transmission (\Ta\z) at v =-3.3 Volt “ 'l
z Through port transmission (\pu\z) atVv=0 \‘ ,I

50 == == Drop port tranmsimission (|rﬂ\2) atV =-3.3 Volt \\ :’ B

S 7 N g
™\, s A d
N e hS e
~ e FSR =0.8 nm No ‘ ‘
-60 :
1549.4 1549.6 1549.8 1550 1650.2 1550.4 1650.6 1550.8 1551

A (nm)

Fig. 2. The switch transmission in the ON state (= 0) and in the OFF state (V'=3.3 V)
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In [47], a p-i-n lateral diode is used to switch the 10
order switch on and off with a 100 GHz passband and
a 10 dB switch-on/off ratio. The switching speed is 1 ns.
While this switch has good performance, the switch-on/off
ratio and the switching speed are not competitive compared
to the authors’ design.

In [24], a review of more recent designs is provided.
The switches operate using electro-optical or thermo-
optical mechanisms. The switching speed ranges from
41 ns to 76 us. The footprint ranges from 0.0058 mm? to
0.0225 mm?. The IL ranges from 0.5 dB to 9 dB. The CT
ranges from —11.5 dB to —41.7 dB. This review shows the
trade-off between design parameters where, for example,
amore box-like transmission comes at the expense of
footprint. It also shows that the proposed design possesses
competitive characteristics with state-of-the-art designs.

A comparison of the current work with other designs is
provided in Table 2. In Table 2, the advantages of the
proposed work manifest themselves in different aspects,
such as operating BW, FSR, and S. The switching speed
for the authors’ design is also clearly higher than that for

other devices, especially those that rely on the thermo-optic
tuning mechanism.

Finally, to characterize the proposed switch, the authors
can use a measurement system like the one shown in their
previous work [20]. A simplified optical diagram for such
a setup is shown in Fig. 3. In this setup, a tunable near-
infrared laser source with a central wavelength of
A, = 1550 nm is used as the source of radiation. A computer
is used to tune the wavelength through the range of
measurements. The source is vertically coupled to an
optical fibre that couples light into the SOI chip via on-chip
grating couplers. These grating couplers allow only
trnsverse electrics (TE) field modes and eliminate other
polarizations as in [20]. Power is received on the other end
of the chip through a similar mechanism, where an optical
fibre couples power out of the chip and into the
photodetector. A 3D positioning system is used to align the
fibres and the chip to achieve the right power coupling
position to decrease power losses in the measurement
system. The transmission profiles are then shown on an
oscilloscope.

Table 2.
A comparison of the proposed design with work in literature.
. . . Hitless . . -
Ref. |Platform| Device footprint | Switching speed operation Switching mechanism | Transmission profile
[45] SOIL 0.07 mm? 1 s Yes Thermo-optic BW=38.5 GHz
[48] SOI NA NA No Thermo-optic BW=0.12t02.91 nm
Ri h 3 BW =40 GHz
[43] | sor mgsr:(vi‘itus wm 2.4 s No PIN junction CT=-25dB
FSR=4.2 THz
[49] o1 NA Rise time <12.5 ns No PIN iunction BW=31nm
Fall time < 6.1 ns Junet CT=-20dB
BW =60 nm
) L
[50] SOI 4.6 X 2 mm 64 Gb/s No PIN junction CT=—-194 dB
FSR =100 GHz
For the through/drop channels:
This 5 Electro-optic polymer | BW = 64.6/33 GHz
work | SO 0.01225 mm 100 GHz Yes | onsor Switch-on/off ration 33 dB
IL=0.23/1
S=0.76/0.6
Photodetector .
Oscilloscope
*
Tunable laser
Computer source SOI chip

Positioning system

Fig. 3. An optical diagram for the setup that can be used to characterize the proposed switch. A tunable near-infrared laser source is used
as the radiation source. A computer is used to sweep the wavelength of the laser through the range of measurements. An optical
fibre is used to couple power from the source to the switch chip under investigation. Power is then coupled out from the chip to the
photodetector using another optical fibre. A positioning system is used to align the chip with the fibres for an appropriate power
coupling. An oscilloscope is used to show the transmission characteristics.
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5. Conclusion

A detailed design is proposed for an electro-optical switch
that considers the WDM conditions on channel BW, S, and
FSR. The design uses coupling modulation to eliminate the
photon lifetime limitation on the switching speed in
a hitless operation. The matrix analysis of the CROW
structure is modified to accommodate the MZI coupling
modulator. Combining all these ideas results in
a competitive switch with very high speed, low CT, high
switch-on/off ratio, low IL, and WDM-compatible BW and
FSR.
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