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Abstract: Plasma dispersion modulators (PDMs), such as carrier injection modulators and
carrier depletion modulators, are widely used for high speed phase modulation in silicon photonic
circuits, but they suffer from spurious intensity modulation. This can be a problem in coherent
communication systems that make use of complex multi-level quadrature modulation formats, as
well as analog applications such as microwave photonics. In this article, a method to achieve
pure phase modulation using PDMs is proposed based on a configurable modulator circuit. The
configurable modulator is implemented as a Mach-Zehnder interferometer with a PDM and
tunable couplers (TCs). The spurious intensity modulation of the phase modulated lightwave can
be compensated by tuning the coupling ratios of the TCs and the phase delay between the two
arms of the MZI. Simulation results show that for a depletion modulator, the 1.26 dB spurious
intensity modulation can be suppressed down to 0.023 dB within a phase range of 0.4x, and for
injection modulator, the 1.27 dB spurious intensity modulation can be suppressed down to 0.07
dB within a phase range of 0.76r.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon photonic circuits are becoming ever more popular in recent years, for various applications
in data communication, optical sensing, and microwave photonics [1-4]. In many of these
applications, electro-optical modulators play an important role. Plasma dispersion modulators
(PDMs), implemented by embedding a P(I)N junction into a silicon waveguide, are the most
commonly used solution for high speed optical phase modulation, and the phase modulation
can be easily converted to intensity modulation by using interferometric circuits, such as Mach -
Zehnder interferometers (MZIs) and microring resonators [5,6]. In other material systems, phase
modulators based on the Pockels effect are preferred, but this effect is not present in silicon.
Therefore, the preferred phase modulation mechanisms is based on free carriers.

The refractive index in silicon waveguides depends on the density of free carriers, which is
commonly known as the plasma dispersion effect [7]. By removing or injecting the free carriers
in a silicon waveguide core, a PDM can change the refractive index of the waveguide and induce
a phase shift in the guided light, implementing a carrier depletion modulator or a carrier injection
modulator. The change of the refraction index at 1550 nm can be described as [8]:

An=-54x10"2AN" O — 153 x 107 18APO838 1)

where AN and AP are the carrier densities of electrons and holes [em™3]. However, the change in
carrier density also leads to the change in absorption of the waveguide, which can be described
as [8]:

Aa = 8.88 x 102! AN'167 1 584 x 10720AP" 109 )

Figure 1 shows the measured direct current responses for a carrier depletion modulator and an
injection modulator [9]. As can be seen, the variation in the absorption is not negligible, leading
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to a spurious intensity modulation. In many applications, the introduced intensity distortion can
degenerate the system performance, especially in communication systems based on complex
higher-order modulation formats.
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Fig. 1. (a) Measured intensity modulation and (b) phase modulation response of the used
depletion modulator model (0 V to 6 V) [9]; (c) modulation curve of the depletion modulator
in polar diagram (0 V to 6 V);(d) Measured intensity modulation and (e) phase modulation
response of the used injection modulator model (0.8 V to 0.96 V); (f) modulation curve of
the injection modulator in polar diagram (0.8 V to 0.9 V);

To realize a pure phase modulation in a silicon photonics platform one can use the thermal
effect or introduce new materials with a strong electro-optic effect. In [10], a silicon-organic
hybrid modulator is used to implement a pure phase modulation, and demonstrated a 16QAM
system at 112 Gbit/s with a BER of 5.1 x 107, However, this silicon organic hybrid integration
is not compatible with all silicon photonics platforms. In [11], a thermo-optic phase shifter was
used with no extra absorption, but its modulation bandwidth is limited to a few MHz.

In recent years, PDMs were utilized in numerous structures and applications, and in several
analysis papers the spurious intensity modulation was discussed [9,12—14]. However, there
has been no discussion on compensating this spurious intensity modulation. In this article, we
report a method to compensate the spurious intensity modulation of a PDM, by embedding
it to a configurable modulator circuit. The method is valid for both depletion and injection
modulators, and can be applied in any silicon photonics platform with modulator building
blocks. Simulation results show that a 1.26 dB depletion modulator induced spurious intensity
modulation can be suppressed down to 0.02 dB within a phase range of 0.4x, and a 1.27 dB
injection modulator introduced intensity modulation can be reduced to 0.07dB within a phase
range of 0.4n. Furthermore, the circuit can be used to optimize other performance metrics, such
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as the overall insertion loss, phase modulation range and linearity of the phase modulation, which
are also indicated in Fig. 1. The technique does not change the modulator element itself. Instead,
it is embedded into a small optical circuit that compensates for the nonidealities in the modulator
response. As such, it can be applied to existing platforms and standard building blocks from a
process design kit (PDK), even if the internal details of the building blocks are not available.

The paper is organized as follows: In Section 2, we show the structure of the proposed
configurable modulator and elaborate the principle for suppressing spurious intensity modulation
of a PDM; In Section 3, models for depletion and injection modulators are built and simulation
results are elaborated. A conclusion is made in Section 4.

2. Principle

The proposed configurable modulator circuit is an MZI structure consisting of two tunable
couplers (TCs), a PDM and a phase shifter, as shown in Fig. 2. The phase shifters can be
implemented by silicon heaters [15] or liquid crystal infiltration [16]. The PDM in one arm is
used to introduce a phase modulation, and the phase shifter in the other arm adjusts the phase
delay between the two arms. The TCs are utilized to tune the relative intensity of the light fed
into the two arms, which is realized by tuning the phase shifters in the MZI splitter/combiner
with 50:50 directional couplers [17].

Iy o

Fig. 2. Schematic of the proposed configurable modulator. PS: phase shifter; PDM: plasma
dispersion modulator; TC: tunable coupler.

Because the phase difference between the two arms of the MZI can be fully tuned by the phase
shifters [15], the precise phase response of the TCs is not relevant. The transformation matrix of
TC can be described as:

Ecl _ V(l_K) ]\/E % EL‘3 (3)

EcZ ]\/E V(l - K) Ec4

where E.| and E., are the complex amplitude of the TC’s outputs’ modes, E 3 and E 4 are the
complex amplitude of inputs’ modes, and « is the splitting ratio of the TC.
Meanwhile, the transformation matrix of both MZI arms can be expressed as:

E a(V)e7en) E
al _ ( ) ' % a3 (4)
E.» 0 e(J®s) Eu4

where E;; and E,3 are the output field and input of the PDM arm, E,» and E,4 are the output and
input of the phase shifter arm, a(V) and ¢,,(V) are the intensity and phase response of the PDM,
and ¢, is the phase response of the phase shifter.
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Thus, the transformation matrix of the proposed configurable modulator can be calculated as:

Eoun VA -k)  Jk a(V)e V) [\/(I_Kl) Ikt 9 Ein
1

Eourz | J\/E V(l - K2) 0 e/ V(l — K1) Einz

VI = k)1 = k)a(V)e 7o Y) — yJiiige s
yva - x1)kaa@(V)e 7D+ j iy (1 = kp)e 7%

JVKkI (1 = k2)a(V)e7nV) 1 j3[(1 = ky)kpe 795 Einl
X

—vikika(V)e V) 4 \[(1 = k)(1 = ka)e 7| | Eing
()
where E,,;1 and E,,» are the electrical field of the TC’s outputs, E;,; and E;;; are the inputs’
electrical field, x| and «; are the splitting ratios of the TC1 and TC2.
To implement a pure phase modulation, we set Ejpp = 0 and monitor Eqy¢1, which is:

Epur = N1 = k1)(1 = k)(V)e 7 Y) — \fkkze 7% Einy
= V(I = k)1 = k)a(V)e? D) + Ve ) By,

It can be seen that the transmission of the configurable modulator is the sum of two complex
phasors, where the PDM rotates one phasor (say, 71) and varies its amplitude with the applied
modulation signal, and the PS rotates the other phasor (say, 72) with applied bias voltage. If
a phase shifter with 27 tuning range is used, the angle between 71, 72 can be arbitrarily set.

Because «; and «» € [0, 1], the ratio 4/ (I_KX# can be tuned in [0, c0), which means that the
relative intensity of 11, 72 can be arbitrarily set.

Adjusting the two phasors’ relative intensity and angle can significantly suppress the spurious
intensity modulation introduced by the PDM. The principle can be illustrated by phasor diagrams.
Figure 3 shows the phase diagrams for a carrier depletion modulator based configurable modulator.
The output amplitude is the magnitude of the phasor, while the output phase rotation is indicated
by the angle of the phasor. The phasor of the modulator arm 77 is drawn in red, while the phasor
of the phase shifter arm 7, is drawn in blue. The sum of the phasors, corresponding to the output
signal, is drawn in green. The relative magnitude and orientation of the red and blue phasor is
determined by the «i, 2 of the TCs and ¢y of the static phase shifter. When the carrier depletion
modulator is being modulated, the red phasor will move. For instance, with a carrier depletion
modulator rotates 11 clockwise and increases in amplitude, as shown as the red curve. As a result,
the angle between 71 and 7, changes, which has an effect on the intensity of the sum of the two
phasors. When the magnitude and phase of the blue phasor is properly chosen, this effect will
compensate the effect of the intensity increase of the carrier depletion modulator in the sum of 71
and 12, as shown as the green curve. As such, the spurious intensity modulation is suppressed.

The principle for a carrier injection modulator is similar, as shown in Fig. 4. With forward
biased PIN junction, the injection modulator rotates 71 counterclockwise and reduces its intensity.
However, if 1, is set as shown in Fig. 4(d), the angle between 71 and 7, is decreased when 7 is
rotated. Thus the intensity of the phasor sum is increased, compensating the spurious intensity
modulation.

(6)
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Fig. 3. Phasor diagrams for a carrier depletion modulator based configurable modulator.
(a) All light feeds into the depletion modulator; (b) half of the light feeds into the modulator
and the other half goes into the phase shifter with zero phase shift; (c) half of the light feeds
into the modulator and half goes to the phase shifter with a nonzero phase shift; (d) one of
the optimized conditions for pure phase modulation.
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Fig. 4. Phasor diagrams for a carrier injection modulator based configurable modulator. (a)
All light feeds into the injection modulator; (b) half of the light feeds into the modulator and
the other half goes to the phase shifter with zero phase shift; (c) half of the light feeds into
the modulator and half goes to the phase shifter with a nonzero phase shift; (d) one of the
optimized conditions.



Vol. 27, No. 19/16 September 2019/ Optics Express 27196 |

Optics EXPRESS

3. Simulation and discussion

3.1. Carrier depletion modulator

To implement a simulation, a physical depletion modulator model with 1000 um length is
constructed, and its direct current response is shown in Fig. 1(a) and 1(b) [9]. A direct description
between the phase change and the intensity change using a polar diagram is shown in Fig. 1(c),
where the radius indicates the intensity on a linear scale and the azimuth shows the phase shifts.
As can be seen, for reverse biased voltage from 0 to 6 V, the depletion modulator provides a 0.4 &
phase modulation (from 0° to -71.7° ) and a 1.26 dB spurious intensity modulation (from 0.75 to
0.87).

From Eq. (6), we can find three degrees of freedom, «i, «; and ¢y, to minimize the spurious
intensity modulation. First we performed a sweeps of k| and «; at fixed ¢,. Figure 5(a) and 5(b)
show the spurious modulation at ¢; = 0 and ¢; = —0.27. The contour line shows the spurious
intensity modulation, where lower values are better. From Fig. 5(a), it can be found that two areas
have lower intensity modulation than the other parts. Area 1 is located near x; = 1 or ki = 1,
where nearly no light is fed to the depletion modulator, which will result in little or no modulation
at all. Area 2 is more useful, where «; and «; are somewhat lower than 0.5. Comparing Fig. 5(a)
and 5(b), we can find that different ¢, lead to different varying range, but the target area still
locates at a similar area. In addition, the figures show a symmetry between «; and «», which can
be proven by Eq. (6).
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Fig. 5. (a) Spurious intensity modulation with depletion modulator: sweep x| and «; at
¢s = 0; (b) Spurious intensity modulation with depletion modulator: sweep «; and «; at
¢s = —0.27.

this symmetry allows us to set k = x| = « for the remainder of the discussion and then
sweep « (from 0.02 to 0.49), and ¢ (from —nx to 7) to investigate how the spurious intensity
modulation changes, and the simulation results are shown in Fig. 6. Again, the contour line
shows the spurious intensity modulation. A,B,C,D represent four different operating points and
their corresponding polar diagrams. Red curves show the modulation curve of the depletion
modulator and the green ones show the modulation curve of the configurable MZI modulator. In
a crescent region, the minimum spurious intensity modulation can be suppressed down to 0.023
dB minimally, as shown at the operation point A and in Fig. 8. At point B, the modulation curve
shows a large intensity modulation, but with a small phase modulation, turning the configurable
modulator into an intensity modulator. At point C, it can be seen that the total insertion loss
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is reduced, but the phase modulation range is also significantly suppressed. At point D, the
modulation curve is close to the zero point, and phase modulation of more than & phase range is
achieved, which makes the modulator suitable for binary 7 phase modulation.

A 90°

Depletion Modulator
— Phase Shifter

—p MZ1

Offset Phase Shift (pi)

270° 7700

Fig. 6. Simulation results with depletion modulator for minimal spurious intensity modu-
lation: sweep splitting ratio and offset phase shifts. Operation points: A: xk = 0.092 and
¢s = —0.384x; B: k = 0.42 and ¢5 = 0.87; C: k = 0.42 and ¢5 = 0.057; D: k = 0.42 and
¢s = —0.87.

From Fig. 6, it can be seen that different operation points lead to different phase modulation
ranges, optical losses, and nonlinearities. The other performance metrics which are indicated
in Fig. 1 are plotted in Fig. 7. Figure 7(a) shows the spurious intensity modulation as shown
in Fig. 6. Figure 7(b) indicates the nonlinearity of the phase modulation, which is defined by
the maximum phase deviation from a fitted straight line over the phase modulation range, and it
should be as low as possible for many microwave photonic applications. Figure 7(c) expresses
the minimum intensity (i.e the lowest optical transmission during modulation), which should be
as high as possible. Figure 7(d) elaborates the phase modulation range. In addition, the green
curves in those figures are the characteristics of the bare depletion modulator model that we used,
which are 1.26 dB intensity modulation, 0.058 nonlinearity, 0.750 minimum intensity and 0.398
m phase modulation. According to Fig. 7, we can determine the operation point to implement a
phase modulator with required performance.

The green curve in Fig. 8 shows a modulation curve for pure phase modulation (as operation
point A in Fig. 6), with a intensity modulation of 0.02 dB, 0.040 nonlinearity, a phase modulation
range of 0.41 m and 1 dB extra optical loss. If a large modulation range is needed, several of
these configurable modulator circuits can be cascaded to achieve a larger modulation range with
a low spurious intensity modulation. These cascaded modulators can be driven from the same
high-speed signal, not complicating the electrical control.

3.2. Carrier injection modulator

For the modelling of an injection modulator, we measured a device with a length of 500 pm. The
measured direct current responses for intensity and phase are shown in Fig. 1(d) and 1(e), and
the modulation curve in polar diagram is shown in Fig. 1(f). Because the PIN junction varies
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Fig. 7. Simulation results with depletion modulator within 0 V to 6 V. (a) spurious
intensity modulation; (b) nonlinearity of phase modulation; (c) minimal intensity; (d) phase
modulation range. Green curve show the performance of the used depletion modulator.
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dramatically with the forward biased voltage, we limited the voltage range from 0.8 V to 0.9
V, with a spurious intensity modulation of 1.27 dB and a phase modulation range of 0.75 7.
Following the simulation steps described above, we can get the simulation results shown in Fig. 9.
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Fig. 9. Simulation results with injection modulator within 0.8 V to 0.9 V. (a) spurious
intensity modulation; (b) nonlinearity of phase modulation; (c) minimal intensity; (d) phase
modulation range. Green curve show the performance of the used injection modulator.

Also, according to Fig. 9 we can determine the best operation point. Figure 10 shows a
modulation curve for pure phase modulation, with an intensity modulation of 0.07 dB, a phase
modulation range of 0.76 & and an extra 0.5 dB optical loss.

It should be noted that the spurious intensity modulation cannot be suppressed efficiently
when the phase modulation range of the proposed configurable modulator becomes too large,
which depends on the modulation curve of the used PDM. If a smaller voltage range is selected,
a better performance can be achieved, which is a trade-off. Figure 11(a) shows the achievable
lowest spurious intensity modulation with the injection modulator model at different voltages and
Fig. 11(b) shows the corresponding phase modulation range. It can be seen that, the optimized
configurable modulator has a similar phase modulation range as the injection modulator, while
its spurious intensity modulation goes up rapidly when the phase range exceeds 7. When the
injection modulator provides a 2z phase range (0.8 V to 0.953 V), the optimization can only
provide a 0.28 dB suppression on spurious intensity modulation. Again, a larger modulation
range can be achieved by cascading several configurable modulators, with a low spurious intensity
modulation.
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Fig. 11. (a)Minimal intensity modulation and (b) phase modulation range for the injection
modulator and the optimized configurable modulator at different voltage ranges (0.8 V to
Max voltage).

4. Conclusion

In this article, we proposed a method to realize pure phase modulation using an unmodified
silicon plasma dispersion modulators, by embedding them in a configurable modulator MZI
circuit. By tuning the coupling ratios of the TCs and the phase delay between the two arms of the
MZI, the spurious intensity modulation introduced by the PDM can be suppressed. We explored
this behaviour in simulation for both depletion modulators and injection modulators. Simulation
results show that, for depletion modulator, the 1.26 dB spurious intensity modulation can be
suppressed down to 0.023 dB within a phase range of 0.4r, and for injection modulator, the
1.27 dB spurious intensity modulation can be suppressed down to 0.07 dB within a phase range
of 0.75x. In addition, the trade-off among spurious intensity modulation, modulation range,
linearity and optical loss of a phase modulator was discussed.
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