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Abstract: We use slow-light photonic crystals to enhance optical switching and modulation in silicon. By using dispersion-engineered designs, a switch as short as 5 m was
achieved, in which we have demonstrated rerouting of optical pulses on a 3-ps time scale
through the absorption of a femtosecond pulse. We additionally demonstrate a modulator
with a Mach–Zehnder interferometer (MZI) configuration with flat-band slow-light photonic
crystal phase shifters that is designed to give a large group-index–bandwidth product. An
extinction ratio in excess of 15 dB is obtained over the entire 11-nm bandwidth of the
modulator.
Index Terms: Engineered photonic nanostructures, ultrafast nonlinear processes, nonlinear
effects, slow light, silicon nanophotonics, photonic crystals.

1. Introduction
Optical switches and modulators are key components in next-generation communications technologies. Future terabit-per-second telecommunications networks will need to operate all-optically, avoiding
the bottleneck of electro-optic conversion that is currently required for signal rerouting. Electrical
interconnects in massively parallel multiple-core computer chips would consume excessive amounts of
power, making on-chip optical communication an increasingly attractive alternative. Cheap, reliable,
and compact on-chip optical switches and modulators are key prerequisites for these technologies.
CMOS compatibility is another important concern requiring their fabrication in silicon [1]–[9].
In III–V semiconductor systems and Lithium Niobate, large electro-optic coefficients effects are
available, making optical switching an Beasy[ operation. However, in silicon, the corresponding
nonlinear effects and refractive index changes are weak or small, with the result that switches tend
to be either very long or require high powers to operate [4].
The use of resonant enhancement is one means of increasing the sensitivity of light to the small
changes in refractive index available [3]. However, using the modes of a cavity tends to strongly
limit the bandwidth of the device and make it very sensitive to fabrication imperfections [10]. Slow
light is a resonant effect that is created in periodic structures, such as photonic crystals. When the
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Bragg condition is satisfied, a standing wave is formed and the device acts as a high-reflectivity
mirror. Away from this condition, light coherently scattered by these mirror planes interferes with the
incoming light, forming an interference pattern that moves forward slowly. This effect is known as
slow light and may be used to enhance the refractive index change while preserving bandwidth.
To switch or reroute light, a  phase change is required between two optical paths or modes,
encapsulated in the equation kL ¼ , where L is the switching length, and k is the change in
wave vector between the two paths/modes brought about by the actuator. To reduce L, it is
desirable to design a device in which the k is large, even for small refractive index changes. Such
a condition is provided by a slow-light region [11].
Here, we describe two slow-light-enhanced optical devices: an optical modulator and an optical
switch. The modulator is described in Section 3 and consists of a symmetric Mach–Zehnder
interferometer (MZI) with slow-light dispersion-engineered photonic crystal waveguides comprising
each arm. Switching is demonstrated using the thermo-optic effect. The MZI geometry naturally
provides a large operating bandwidth, but resonant enhancements tend to reduce this. However,
when designed to have a large group-index–bandwidth product, the photonic crystal phase shifter
can provide modulation over an appreciable bandwidthsVhere, we demonstrate 11 nm. The optical
switch described in Section 4 is based on two closely spaced photonic crystal waveguides in a
directional coupler geometry [9]. We have previously demonstrated switching using the thermo-optic
effect with a time scale of 20 s [12]. Here, we report on a similar switch that uses the free-carrier effect
to modulate the refractive index of the silicon (cf. [13]). Using a pump–probe experimental setup, we
demonstrate switching times as short as 3 ps [14], [15], and we show that this time is not limited by the
time of flight of the pulse (which has a subpicosecond time scale). On the contrary, the switch is
bandwidth limited, meaning that a faster switching time can only be demonstrated with a shorter pulse.
To support these pulses, more bandwidth is required than is available with this particular device.
We present two different device geometriesVMZI modulator and directional couplerVeach with
their own advantages. The MZI geometry allows a tradeoff between the length and the phase shift,
which is important in silicon where fast effects, such as carrier depletion [16] provide only small
refractive index modulations. The directional coupler geometry provides a strong interaction and
therefore a very short length, allowing for more densely integrated circuitry. Additionally (and more
importantly for future terahertz networks), the shorter pulse transit times through the device allows
potentially faster operation and lower switching energies. The nature of the slow-light enhancement
in the MZI typically offers a bandwidth of  5–15 nm, while the PhC directional coupler is limited to
around 1 nm. This broad bandwidth of the MZI provides stability against temperature fluctuations
(important for on-chip applications), which is more difficult to achieve in the directional coupler
geometry (possibly requiring active compensation).

2. Dispersion Engineering
A silicon photonic crystal slab consists of a regular lattice of holes etched into a thin silicon
membrane. By removing a single row of holes from the bulk PhC a waveguide known as a W1 is
formed. This waveguide guides light through two effects: 1) index guiding, due to the reduced
average refractive index in the adjacent regions, and 2) band-gap guiding, where light is reflected
by the photonic band gap of the photonic crystal (acting as a Bragg mirror) and can support a single
mode of even symmetry at frequencies within the band gap of the photonic crystal. In the vertical
direction, light confinement is provided by total internal reflection.
The dispersion ðk ; !Þ of the fundamental waveguide mode is shown in Fig. 1(a). The group
velocity is given by its slope: vg ¼ d !=dk . The simulated and experimental (measured using the
technique of [17]) group index is shown in Fig. 1(b) for three different lengths of W1 (20 m, 30 m,
and 80 m). There is excellent agreement between calculation and experiment, even for group
indices in excess of 100, which is testament to the quality of the fabrication. As can be seen in
Fig. 1(b), the group velocity dispersion is high, resulting in rapid temporal broadening of any pulse.
A region in which the GVD is close to zero and is known as Bflat-band slow light[ is preferable for
most applications. The group-index–bandwidth product [10] is the key figure of merit used to

Vol. 2, No. 3, June 2010

Page 405

Authorized licensed use limited to: ST ANDREWS UNIVERSITY. Downloaded on June 18,2010 at 08:20:16 UTC from IEEE Xplore. Restrictions apply.

IEEE Photonics Journal

Compact Optical Switches and Modulators

Fig. 1. (a) Dispersion relation of photonic crystal slab waveguides with a silica cladding. The W1
waveguide mode is shown by the dashed line, and a dispersion engineered PhCW is shown in red, with
the lightline of the silica cladding given by the dotted line. (b) The calculated (black line) and measured
(red, green, and blue lines) group index spectra for the W1 waveguide. (c) Calculated (black) and
measured (red, green, and blue lines) group index spectra for the dispersion engineered PhCW.
(d) Schematic of the W1 photonic crystal slab waveguide. The mechanism of dispersion engineering,
laterally shifting of the first (S1) and second rows of holes (S2), is also shown.

Fig. 2. Group index measurements of photonic crystal waveguides that have been designed to have
regions of flat-band slow light of constant group-index–bandwidth products at differing group indices
(indicated). The shaded bars represent the wavelength range within which the group index varies by
less than 10%.

quantify the performance of these devices. There are now a number of dispersion-engineering
methods available to achieve flat band slow light in photonic crystals. These range from altering the
width of the waveguide [18]–[21] to changing the diameter of the holes near the defect [22], [23] to
dispersion compensating structures [24]. A detailed discussion of these techniques and their
relative merits is given in [10]. Here, we have used the method of laterally shifting the first and
second rows of holes adjacent to the defect [20]; see Fig. 1(d). This scheme avoids the need for
nanometer control the hole size, which is challenging [25], and instead uses nanometer control of
the hole position, which plays to the strengths of electron-beam lithography.
Systematically scanning the parameters s1 and s2 in simulation or experiment provides a means
of designing waveguides with high group-index–bandwidth products. At the desired group index,
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Fig. 3. Fabrication of the photonic crystal Mach–Zehnder modulator. (a) Optical micrograph of the
finished device. The short PhC phase shifters (80 m) can be seen in each arm of the MZI. The nickel
microheater and electrical contact pads are also visible. (b) SEM micrograph of the cross section of the
oxide clad PhC, with the infilling of the holes clearly demonstrated. (c) Closeup of the waveguide. The
lateral shifting of the first and second row of holes can be seen (d) Overview of the complete Mach–
Zehnder (prior to oxide cladding and contact deposition).

the s1 and s2 values that maximize this product should be selected. Fig. 2 shows the measured
group indices for a selection of devices. The flat-band slow-light regions are indicated by the
shaded bands, with the group index defined as Bconstant[ if it varies by less than 10% throughout
the entire band. In all these instances, the normalized group-index–bandwidth product is approximately 0.3, demonstrating the fundamental tradeoff between group index and bandwidth.

3. Photonic Crystal Modulator
3.1. Modulator Design and Fabrication
To achieve broad bandwidth switching, we placed dispersion-engineered photonic crystal
waveguides in each arm of a symmetric MZI, as shown in Fig. 3. The phase shift is provided via the
thermo-optic tuning of one of the arms by means of an integrated microheater. Following the above
procedure, the PhCWs are designed to have a constant group index of 28 over a bandwidth of
approximately 13 nm. The entire structure is clad with silica [the cross section is presented in
Fig. 3(b)], which, although reducing the index contrast, improves the CMOS compatibility. It also
provides a spacer layer to isolate the optical mode from the lossy metal of the microheaters. The
reduced refractive index contrast introduces some additional design limitations, slightly reducing the
group indices achievable relative to air-bridge versions, but crucially, the loss per unit delay figure of
merit (introduced in [10]) is not increased [26]. Mode conversion interfaces, which are described in
[10], have also been included to aid coupling.
The fabrication closely follows that of [20] (c.f. the fabrication of the switch in [12]). A SOITEC
silicon-on-insulator wafer with 220 nm of silicon on a 2-m-thick buried oxide layer is spun with
400-nm layer of ZEP-520A (Zeon Chemicals). The ZEP-520A is patterned with the MZI and PhC
designs using electron-beam lithography, and this pattern is transferred to the silicon layer by
reactive ion etching with a SF6 =CHF3 gas mixture. The holes making up the PhC waveguide and
the MZI design can be seen in Fig. 3(c) and (d), respectively. A silica cladding is then deposited
using the spin-on-glass FOx-14 (commercially available from Dow-Corning), which leaves a 600-nm
layer after hard-baking at 400  C for 3 h. An integrated nickel microheater, consisting of 5-m-wide,
8-nm-thick strips of nickel, is then added over one of the PhC phase shifters using a
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Fig. 4. (a) Theoretical transmission spectra of MZI modulator as a function of n, which is the change of
refractive index of the silicon in one of the PhC phase shifters. The color bar gives the transmission in
decibels. (b) Measured transmission spectra of MZI modulator as a function of the electrical power
delivered to the integrated microheater. The dashed lines represent the limits of the 11-nm bandwidth,
which is defined by the spectral region of flat-band slow light in the dispersion engineered PhC phase
shifters. The color bar gives the transmission in decibels. (c) Measured (red crosses) and calculated
(blue lines) transmission as a function of electrical power delivered to the microheater at a wavelength
of 1581 nm, as marked by the solid line in (b). (d) Average transmission over the 11-nm bandwidth as
indicated by the dashed lines in (b).

photolithography, evaporation deposition, and lift-off procedure. A micrograph of the final device is
shown in Fig. 3(a).
As silicon has a thermo-optic coefficient of dn=dT ¼ 1:8  104 K1 , its refractive index increases with temperature. When the microheater is on, the dispersion curve of the photonic crystal
waveguide mode is shifted to lower frequencies, changing the k -vector and thus inducing a phase
shift between the two arms. When this phase shift kL reaches a value of , the light propagating
in each arm of the MZI destructively interferes at the output, switching the device to its off state.
The slow-light enhancement is now apparentVa greater phase shift per unit length of the
waveguide is achieved, allowing the physical length of the device to be reduced (whereas the
optical length is constant).
When heat is applied, the shift in wave vector is given by k ¼ n!0 S, where S ¼ ng =n is the
slowdown factor, n is the change of refractive index, and !0 is the frequency. The length required
for the  phase shift is reduced by a factor S. To give figures for the example shown here, a phaseshifter that is 80 m long is required to operate with an index change of approximately 103 .

3.2. Modulator Performance
Using an end-fire characterization setup, light from a broadband (1520–1620 nm) amplified
spontaneous emission (ASE) source was passed through a polarizing beam splitter cube, selecting
only the transverse electric (TE) polarization (electric field in the plane of the silicon slab) and
coupled to the modulator chip. Needle probes were used to contact the microheaters, and the
transmitted light analyzed using an optical spectrum analyzer (OSA) as function of the electrical
power delivered to the heater. The results are shown in Fig. 4.
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Comparison of silicon optical MZI modulators

In Fig. 4(a) and (b), the theoretical and measured transmission spectra are shown as a function of
the refractive index change n of the PhC phase shifter (theoretical) or the electrical power
delivered to the microheater (experimental). The color bar shows the transmission in decibels
covering a range of 10 dB. With the conversion from power to refractive index change, there is good
qualitative agreement between the experimental measurements and the simulations.
Fig. 4(c) shows the transmission at a wavelength in the middle of the flat-band slow-light region
[1581 nm, shown by the solid line in (b)] as a function of the thermal heating. It should be noted that
the first peak in transmission occurs at a power of approximately 9 mW, indicating that the MZI is
initially slightly unbalanced. This unbalancing is due to fabrication imperfections meaning that the
arms are not quite perfectly equal in length or that the metal for the heater slightly disturbs the
optical mode. The power required to achieve the  phase change needed to switch the modulator
from on to off is 17 mW, and the measured modulation depth is an impressive 20 dB. Fig. 4(b) also
demonstrates the broadband nature of the modulator designVmodulation is obtained over a
bandwidth of 11 nm (marked by the dashed lines). In Fig. 4(d), the average transmission over this
11-nm bandwidth is plotted as a function of the electrical power. It is remarkable that the extinction
ratio exceeds 15 dB over this whole range. In the current device, the insertion efficiency is relatively
lowVthe insertion loss is measured to be 8–12 dB. This high value is a consequence of fabrication
errors in the y-junction and photonic wires, and does not represent a limit to the design. In fact, the
PhC phase shifters are expected to have a total loss of G 0.5 dB, given a loss per unit length in the
flat-band slow-light region of the PhC phase shifters of 30–40 dB/cm [27].
Table 1 presents a comparison of the performance of our modulator device to other state-of-theart PhC-based thermo-optic and electro-optic modulators [28], [29] and electro-optic modulators
with conventional waveguide-based designs [4], [7].
With the exception of our device, the modulators in Table 1 use an unbalanced MZI configuration
and thus the true bandwidth is not experimentally measured. We estimate that of [4] and [7] to be
large, i.e., more than tens of nanometers, while [28] and [29] have very limited bandwidths due to
the highly dispersive nature of the modes used.

4. Photonic Crystal Switch
4.1. Design and Fabrication
A directional coupler geometry is an alternate means of switching or modulating an optical signal.
This consists of two identical waveguides placed in close proximity to one another. Slow light also
offers significant enhancements to this device, and here, we show a PhC directional coupler that
exhibits a very short coupling length and switching times as low as 3 ps.
Fig. 5 shows SEM images of the photonic crystal switch. The two PhC waveguides are placed
sufficiently closely that the optical modes in each waveguide overlap and interact with each other. As
with a conventional directional coupler, two supermodes are supported: one with even and the other
with odd symmetry. Each mode has a different wave vector and therefore light in the system will couple
from one waveguide to the other after a relative phase shift of  has occurred. This gives a switching
length of L ¼ =k . Similar to the case of the dispersion-engineered modulator above, a large k is
desirable to keep the switching length L small. The available change in refractive index is small and
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Fig. 5. (a)–(c) Scanning electron micrographs of the directional coupler switch. (a) The switch design is
based on two closely spaced PhC waveguides in a directional-coupler geometry. Scale bar 1 m.
(b) Close-up of holes in the PhC. Scale bar 300 nm. (c) Overview of the chip layout. S-bends are used to
separate the access waveguides. Scale bar 10 m. (d) Cross section through the PhC switch after silica
infilling. Scale bar 1 m.

slow-light enhancement is necessary. Here, due to symmetry restrictions, we use a dispersionengineering scheme following that of [22] and [30] and alter the sizes of the holes of the first two rows
closest to the waveguide. Fig. 5 shows the design geometry. The resulting dispersion relation of the
coupled modes in the central switch region is shown in Fig. 6(b). The design also includes mode
conversion interface regions [10] with a slightly different dispersion to the switch region. These
interfaces give a much improved coupling efficiency between the fast light of the input/output slab
waveguides into/out of the engineered modes of the switch. This is achieved by increasing the lattice
constant of the switch region along the direction of the waveguide only; see [10] for more details.
The PhC directional coupler switches are fabricated in the silicon-on-insulator similar to that of the
modulator geometry described in Section 3.1; further details are available in [9] and [12].

4.2. Switch Performance
Using this design, we have demonstrated switching in a 5-m-short device using a refractive index
modulation of only n ¼ 4  103 , close to a 40-times reduction in length relative to conventional
switches that operate with a similar n [28]. The total device area (including the interface regions) is
just 10 m  10 m, making it very useful for densely integrated networks. The insertion loss is
comparable to that of the simple W1 photonic crystal waveguideVaround 1 dB. The switch has a
bandwidth of 1–2 nm, which compares favorably with switches and modulators based on cavity
resonancesVthe competing means of realizing reduced footprint devices [8].

4.3. Ultrafast Measurements
To study the ultrafast dynamics of the switch, a pump–probe experiment was conducted. 100-fs
duration pump pulses at a center wavelength of 800 nm and with a repetition rate of 80 MHz
(provided by a Ti:Sapphire laser oscillator) were focused onto the silicon slab from above. The
pumped area had an diameter of approximately 20 m. The 800-nm wavelength radiation has an
energy greater than that of the band gap of silicon and is absorbed, creating an electron-hole
plasma that is homogeneous across the small dimensions of the device. Probe pulses with a center
wavelength of 1486 nm (the operating wavelength of the switch) and a pulse duration of 2.8 ps
(a bandwidth of 1.2 nm corresponding to the switching bandwidth) were used to measure the
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Fig. 6. (a) Schematic of the device and the pump–probe experimental setup. (b) Dispersion relation of
the even and odd coupled supermodes of the device in the switching region, both before and after
arrival of the pump pulse. (c) Rerouting process for delays around  ¼ 0. Probe light that arrives before
(after) the pump pulse exits the device at the through (cross) output ports.

Fig. 7. Experimental data demonstrating the ultrafast rerouting of light. (a) The spectra of the probe
pulses arriving at the through port as a function of the pump–probe delay time. (b) Similar spectra for the
cross port. (c) Total power in the probe beam arriving at the through port (black circles) and cross port
(red squares) as a function of . The lines are calculations based on eqs. (1) and (2).

instantaneous transmission from both the through and cross ports. The probe pulses are derived
from the same laser source as the pump through the use of an optical parametric oscillator and a
grating-based reflexive pulse shaper [31]. The probe pulses are then given a variable delay relative
to the pump (with zero delay defined as the pump and probe arriving together at the center of the
device) and coupled to the input port of the device. The transmitted probe pulse is collected by a
lensed fiber at either the through or cross port and coupled into an OSA.
In Fig. 7(a) and (b), the probe intensity that reaches the through and cross ports, respectively, is
shown as a function of the wavelength and the pump–probe delay. For delays G 2 ps, the device is
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in its ground state when the probe pulse arrives, and it passes straight through the device to be
collected at the through port. For delays 9 2 ps, the pump pulse has already been incident on the
device switching its state, resulting in the probe pulse being coupled into the cross port. Fig. 7(c)
shows the total probe power arriving at the through and cross ports. Over 80% of the power is
switched between ports in a window of less than 3 ps. The behavior of the device can be accurately
modeled using
through-port probe power /

Z1

Iðt Þdt

(1)



cross-port probe power /

Z

Iðt Þdt

(2)

1

where Iðt Þ is the intensity of the incident 2.8-ps Gaussian probe pulse centered at  ¼ 0. This
comparison between experiment and theory leads to the conclusion that the 3-ps switching time is
not given by the time of flight of the pulse through the device but is purely limited by the duration of
the probe pulse. This in marked contrast to alternative (longer) designs [3], [32], [33] and originates
in the cutting of the probe pulse into two separate pulses when  is around zero, as illustrated in
Fig. 6(c). Upon arrival of the pump pulse, the leading edge of the probe pulse has already exited the
device via the through port. The trailing edge of the pulse is yet to enter the device, and will thus
encounter the switching state and be directed to the cross port. The remaining part of the probe
pulse (that part actually inside the switching region on arrival of the pump) can be neglected, as the
transit time of the pulse (0.2 ps) is much smaller than its total duration (2.8 ps).
The longer time-scale dynamics of the device are also shown in Fig. 7. After a switching event,
the switch takes approximately 400 ps to relax back to its ground stateVvery much longer than
the 3-ps switching time. This relaxation time is governed by the time taken for the free carriers in the
electron-hole plasma to recombine. This time could be shortened (for example) by placing the
device in the middle of a pin diode. By applying a reverse bias, the generated free carriers could
be Bswept out,[ resulting in much shorter relaxation times.

5. Comparison
For silicon-based optical modulators to reach the small footprints required for optical interconnects,
the weak refractive index changes available need significant enhancements. The recent plasmonicbased modulator of Dionne et al. [34] is an interesting development offering modulation with a very
short, 2 m, length though currently with prohibitive 20-dB loss. To date, the most popular and
successful means of realizing this enhancement has been the use of high-Q micro ring resonators
[6]. However, the high Q factor of the resonator is itself a major drawback, being very sensitive to
thermal fluctuations and fabrication imperfections. Active compensation has been proposed as a
solution, but this introduces a power consumption penalty. In [35], active compensation consumed
up to 3 pJ/b at a bit rate of 1 Gb s1 . While operation at higher bit rates should bring this number
down, active compensation is still likely to consume more than the power budget available (for
example, 0.097 pJ/b has been projected for 2015 from the ITRS 2007 roadmap [36]).
The need to avoid active compensation in devices targeting optical interconnect applications
is thus a clear message. MZIs naturally give broad bandwidth operation even with small n.
Chen et al. have used a slotted photonic crystal to reduce the device footprint achieving very low
power consumptions, though with low bandwidth. The dispersion-engineered slow-light design
described here, recovers sufficient bandwidth (11 nm) to give thermal insensitivity over a 100  C
range, for example, easily sufficient to cover the 55  C fluctuations in microprocessor temperature
during operating system boot-up reported in [37].
In future all-optical terahertz networks, performance, switching times and energies, may be
expected to be the primary concern. High-Q micro ring resonators and photonic crystal cavities
have been very successful in reducing switching energies to the sub-100-fJ range [38], but the
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high Q factors used tend to limit the speed due to long photon lifetime (10s ps for Q  50 000).
The bandwidth of the cavity is also insufficient to support the ultrashort G 5 ps pulses, which offer
many advantages to these networks.
The PhC directional coupler switch provides an alternative to the high-Q approach. This design
enhances the change in k-vector without actually slowing light down (see Fig. 6), resulting in a very
short transit time (0.2 ps) through the device. This provides the potential for very fast operation. The
relatively large bandwidth of the device (1 nm) unavoidably requires a large n but readily
supports picosecond pulses.
The recovery time remains an issue, though our value of 400 ps compares well with the 2 ns
reported in [13]. This is a common issue and solutions such as ion implantation [38], and reverse
biasing may be used. Alternatively, carriers may be allowed to recombine at the etched sidewalls of
the photonic crystal holes offering a very convenient and fast 100-ps recovery mechanism [39].
The directional coupler switch also lends itself to the push–pull configuration in which a second
switch is placed after the first and an additional control pulse is used to reroute the probe pulses
back to the original path.

6. Conclusion
The design, fabrication, and characterization of a photonic crystal Mach–Zehnder optical modulator
and a photonic crystal directional-coupler-based all-optical switch have been described. Both
designs use the slow-light effect to provide resonant enhancement.
In the Mach–Zehnder modulator, flat-band slow-light photonic crystal waveguide phase shifters
were placed in each arm with an integrated microheater used to actuate the device via the thermooptic effect. The phase shifters exhibited a large group-index–bandwidth product allowing them to
be just 80 m long while still providing high extinction ratios over a large bandwidth. When
combined with a pn diode, the small size of the PhC phase shifter will allow extremely small
capacitances, enabling very high-speed operation.
The slow-light design of the directional coupler switch enabled a very short device length of just
5 m. Ultrafast pump–probe measurements were used to demonstrate switching times as short as
3 ps. Due to the short transit time in the 5-m device, the switching time is limited only by the duration of
the input pulse. Therefore, the speed of the switch is bandwidth limitedVfaster switching times may
only be shown by increasing the bandwidth of the device allowing the use of shorter probe pulses.
These two devices demonstrate slow light may enhance device performance and achieve
ultracompact, low-power optical devices. As opposed to cavity-based solutions, slow-light
enhancement provides an excellent compromise between size and switching power limitation on
the one hand and bandwidth availability on the other. The designs are fully CMOS compatible and
can be used with high-speed modulation approaches based on electro-optic effects to offer very
exciting performance enhancements.
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