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Abstract: We demonstrate that the linearity of silicon ring modulators can be improved
significantly by manipulating the dynamics of photons in the cavity. A theoretically model
is established to analyze the dependence of the modulation linearity on lifetime and wave-
length of photons. By reducing Q factors of silicon ring modulators from 11000 to 5880
and tuning the operation wavelength, measured Spurious-Free Dynamic Ranges for the
third-order intermodulation distortion are improved from 98.5 dB·Hz2/3 to 104.3 dB·Hz2/3

and from 90.6 dB·Hz2/3 to 94.7 dB·Hz2/3 at 1 GHz and 10 GHz, respectively.

Index Terms: Silicon nanophotonics, microwave photonics, microwave photonics signal
processing.

1. Introduction
Microwave photonics (MWP) is a fast-developing field that studies the interaction between mi-
crowave and optical waves to realize generation, processing, control and distribution of microwave
signals in the optical domain [1], [2]. Conventional MWP systems are usually composed of discrete
fiber-optic components, and therefore suffer from bulky sizes and high sensitivities to external
perturbations such as vibrations and temperature gradients [3], [4]. In order to solve these issues,
the photonic integration technique is leveraged to implement on-chip MWP circuits on a variety of
material systems, such as SiN [5]–[7], III-V compound semiconductor [8]–[10], silicon-on-insulator
(SOI) [11]–[14], etc. Compared with other integration platforms, the MWP integration on SOI plat-
form has many advantages, such as CMOS compatibility, high integration density, well-developed
device library, and potential for seamless integration with electronics. As a result, it has received
growing research attention [15], [16].

For an MWP link, a highly linear modulator is strongly demanded as it dominates the linearity
of the entire link which is characterized quantitatively by the spurious free dynamic range (SFDR).
Despite the MWP integration on SOI platform offers many advantages, it is challenging to achieve
a silicon-based modulator with high linearity due to the lack of linear electro-optic (EO) effect on
silicon [3]. Most all-silicon modulators therefore utilize the plasma dispersion effect by depleting
free carriers in PN junction embedded rib waveguides with reverse bias voltages [17]–[19]. This
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mechanism results in a nonlinear dependence of the effective index change on the driving voltage.
However, a carrier-depletion-based silicon Mach-Zehnder modulator (MZM) can be linearized
by choosing proper operation point and phase shifter length. The principle behind is that the
nonlinearity of the PN junction cancels that of the cosine-squared transfer function of the MZM
[20]. An alternative solution is to cascade dual MZMs in parallel or in series so that nonlinearities
of the two sub-MZMs counteract each other [21]. With all these efforts, linearities of silicon carrier-
depletion-based MZMs are improved to a level that is comparable with the LiNbO3 modulator.

Another configuration widely used by the silicon photonics community is the silicon ring mod-
ulator [22]–[27]. Thanks to the resonance enhancement effect, ring modulators have significantly
reduced driving voltages which are very prospective for improving the gain characteristics of MPW
links. However, the modulation dynamics in a ring modulator is far more complex than that in
an MZM [25]. Modulation linearities of silicon ring modulators are generally inferior to those of
silicon MZMs, e.g., the SFDR of the all-silicon carrier-depletion-based ring modulator is measured
to be 84 dB·Hz2/3 in [24]. In order to linearize the silicon ring modulator, an x-cut ion-sliced
LiNbO3 membrane with linear EO effect is transferred to the top of a silicon ring resonator by the
bonding technique in [28]. The resultant hybrid silicon-LiNbO3 ring modulator presents SFDRs of
98.1 dB·Hz2/3 and 87.6 dB·Hz2/3 at 1 GHz and 10 GHz, respectively. Although the hybrid integration
of EO materials could improve the modulation linearity significantly, the CMOS compatibility rises
as an issue. Recently, the convex nonlinearity of the DC-Kerr effect is utilized to balance the
concave nonlinearity of the carrier-depletion effect [29]. The interplay of the two effects inside a
well-designed silicon PIN junction produces a nearly linear relationship between the effective index
change and the driving voltage. A linear silicon ring modulator thus is demonstrated with a SFDR
of 103.6 dB·Hz2/3 at 1.2 GHz. To further increase the linearity, based on the previous work [29], the
SFDR is improved to 108 dB·Hz2/3 by the method of predistortion [30]. However, the cost is that
its modulation efficiency degrades to 7 pm/V. In contrast, modulation efficiencies of most reported
silicon ring modulators are well beyond 20 pm/V [31], [32]. Moreover, the predistortion method
needs an external high-speed predistorter circuit, introducing more complexity to the link.

In this work, we develop a much simple and useful technique to improve the linearity of silicon
ring modulators. With the intrinsic advantage of low driving-voltage, highly linear ring modulators
can play an important role in integrated MWP systems on SOI platform. Specifically, we optimize
the photon dynamics inside the silicon ring cavity by tuning the quality factor (Q-factor) and the
operation wavelength for a high linearity modulation. The measured SFDRs for the third-order
intermodulation distortion (IMD3) are as high as 104.3/94.7 dB·Hz2/3 at 1/10 GHz with a silicon
ring modulator whose Q factor is 5880. To the best of our knowledge, this result represents the
highest linearity achieved with silicon ring modulators instead of complex signal processing such
as predistortion.

The paper is organized as follows: At first, the principle of linearizing the silicon ring modulator
by manipulating the photon dynamics is explained in Section 2. Subsequently, we design, fabricate
and characterize two silicon ring modulators with different Q factors in Section 3. After that, the
SFDRs of the two devices are characterized and compared by sweeping the operation wavelength
at different frequencies. Finally, we reach a conclusion in Section 5.

2. Theoretical Basis of Linearization
It is known that the dynamic response of photons in a cavity is dominated by the Q factor of
the cavity and the wavelength of photons [25]. Therefore, we analyze the linearity of the silicon
ring modulator with the Q factor and the operation wavelength being variables in this section.
The normalized transmission at the through port of a ring resonator can be represented by the
normalized Lorentzian function T(λ) in Eq. (1) [33], [34]

T (λ) = 1 − A

1 + 4
[

λ−λ0−λshift (v)
�λ

]2
(1)
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Fig. 1. (a) Contour map of 10lgM as a function of the Q factor and the operation wavelength. (b) The
relationship between 10lgM and the operation wavelength at different Q values.

where A is a constant which determines the intrinsic extinction of the ring. The value of A equals
to one if the ring is critical coupled. The Q factor of the ring is calculated as λ0/�λ, where λ0

and �λ denote the central wavelength and the optical 3-dB bandwidth of the resonance curve
respectively. For a silicon carrier-depletion-based ring modulator, the relationship between the
resonance wavelength shift λshift(v) and the applied voltage v can be described by Eq. (2) [35].

λshift (v) = α
(√

v + β −
√

β
)

(2)

The parameters α and β in Eq. (2) reflect the modulation efficiency of the practical device. Their
values can be extracted from measured resonance spectra by data fitting. The plasma dispersion
effect changes both refractive index and absorption coefficient of silicon. However, for simplicity, we
do not consider the variation of waveguide propagation loss during the modulation. It implies that
the value of A is a constant. Substituting Eq. (2) into Eq. (1) yields the transmitted optical power at
different bias voltages. By calculating the voltage-induced change in the transmitted optical power,
we deduce the modulation transfer function in Eq. (3)

I(v) = 1 − Aλ2
0

λ2
0 + 4Q2

[
(λ − λ0) + α

√
β − α

√
v + β

]2
(3)

The intensity modulation in Eq. (3) depends on both operation wavelength λ and Q factor.
According to the nonlinear modulation theory [21], amplitudes of the first harmonic (FH) and the
IMD3 components in the modulated optical field are I

′
(VDC)v0 and I

′ ′ ′
(VDC)v03/8 and I

′ ′ ′
(VDC)v03/8,

respectively, in the small signal regime. Here, VDC and v0 denote the DC bias point and the
amplitude of driving AC signal, respectively. The parameter M = 8I

′
(VDC)/I

′ ′ ′
(VDC) denotes the

relative amplitude of the FH component with respect to the IMD3 component when v0 = 1 V. It
therefore can be utilized to evaluate the linearity of the ring modulator approximately. A widely
used performance metric to reflect the modulation linearity is the carrier-to-distortion ratio (CDR)
which varies with v0 [20]. Therefore, the parameter M is actually equivalent to the CDR/2 at the
certain driving level of v0 = 1 V. A large M implies a weak IMD3 component relative to the FH
component, and hence a high linearity.

In Fig. 1(a), we calculate 10lg(M) as a function of Q factor and λ−λ0 at a reverse bias voltage
of −2 V. Values of α, β and A in our calculation are 0.09, 3.5 and 0.997, respectively. These
values are acquired from measured resonance spectrum shifts of practical ring modulators as
will be presented in Section 3. It is apparent in Fig. 1(a) that as long as the value of Q is fixed,
an optimal wavelength can be found to produce the highest modulation linearity. As the value
of Q decreases, this optimal wavelength would gradually shift away from the resonance central
wavelength. As elucidated in Fig. 1(b), a low-Q ring modulator exhibits a better linearity than a high-
Q ring modulator when both devices operate near their optimal wavelengths. More importantly, the
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Fig. 2. (a) Microscope image of the ring modulator, G: ground; S: signal; H: heater. (b) Cross-sectional
view of the PN junction of the ring modulator.

wavelength span to support a high modulation linearity becomes wider as the value of Q decreases.
For example, wavelength ranges where M>25 dB in Fig. 1(b) are 28 nm and 2 nm for Q = 5000
and Q = 15000, respectively.

3. Measurement of DC and Dynamic Modulation Characteristics
Two silicon ring modulators with different Q factors are fabricated by joining the silicon photonics
multi-project wafer (MPW) service of IMEC (ISIPP50G). Detailed descriptions of the processing
platform can be found in [31]. Ring modulators are composed of rib waveguides which are incor-
porated with identical PN junctions. Dimension and etching depth of rib waveguides are 450 nm ×
220 nm and 150 nm, respectively, while the radii of the two rings are 7 μm. The nominal doping
concentration of the PN junctions is 1.5 × 1018/cm3. The ohmic contact regions are heavily doped
to 1020/cm3 to reduce the contact resistance. They are optically isolated from the guided optical
mode by 2-μm-wide trenches. In order to obtain different Q factors, the two devices have different
gaps between bus waveguides and rings, which are 180 nm and 360 nm. The modulation areas
where PN junctions are buried take up 70% of the overall perimeters of the two rings, while the
rest parts of the two rings are uniformly doped to act as waveguide heaters. Fiber grating couplers
interface the two devices with single mode fibers at their input and output ports. Microscope image
and cross-sectional schematic diagram of one device are shown in Figs. 2(a) and 2(b), respectively.

After normalizing the insertion loss of the two fiber grating couplers, we plot measured transmis-
sion spectra of the two devices at different reverse bias voltages in Figs. 3(a) and 3(c). From the
measured spectra, we can extract the Q factors and the resonance wavelength shifts of the two
rings. Results then are displayed in Figs. 3(b) and 3(d) as a function of VDC. At −1 V bias voltage,
the two devices present similar modulation efficiencies of ∼20 pm/V. As the reverse bias voltage
increases, free carriers that causing strong optical absorption are depleted. Owing to reduced
round trip losses, Q factors of the two rings increase with the reverse bias voltage as shown in
Figs. 3(b) and 3(d). The parameters α, β and A can be determined easily by using formulas in
Eqs. (1)–(3) to fit curves in Figs. 3(a)–(d). Their values are α = 0.09, β = 3.5 and A = 0.997 for the
low-Q ring modulator, and α = 0.078, β = 3.5 and A = 0.93 for the high-Q ring modulator.

Dynamic performances of the two devices are characterized by measuring their small-signal
frequency responses with a light-wave component analyzer (LCA Keysight N4373D). The RF output
power of the LCA is 0 dBm (vpp = 0.63 V) for the small-signal frequency response measurement. It
is known that the dynamic response of a silicon ring modulator relies on the operation wavelength
[25]. In order to make a fair comparison, operation wavelengths of both devices are tuned carefully
to maximize the strength of the S21 parameter before we measure the bandwidth. Measured EE-
S21 parameters are displayed in Fig. 4, where electrical 3 dB modulation bandwidths of the low Q
and the high Q ring modulators are 33 GHz and 11 GHz, respectively.

If the wavelength dependence is not considered, an empirical formula to simply estimate the
3 dB bandwidth of a ring modulator is 1/f3dB2 = 1/fQ2 + 1/fRC

2. Here fQ and fRC are the bandwidth
limitations imposed by the photon lifetime and the RC time constant, respectively. Since the
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Fig. 3. (a) and (c) Measured transmission spectra of the two ring modulators at different reverse bias
voltages. (b) and (d) Resonance wavelength shifts and Q factors of the two rings vs. the reverse bias
voltage.

Fig. 4. Measured small signal frequency responses of two devices at a reverse bias voltage of −2 V.
(a) Q = 5880 and (b) Q = 11000.

two devices differ only in their coupling gaps, their RC time constants are identical in principle.
According to the PDK document released by imec, the RC time constant limited 3 dB bandwidth is
more than 50 GHz thanks to compact footprints of the two rings. It is far higher than the measured
bandwidths in Fig. 4. On the other hand, photon lifetime limited 3 dB bandwidths of the two
devices are 33 GHz and 17 GHz according to the formula fQ = c/(Qλ0), which are very close
to the measurement results in Fig. 4. Therefore, the photon lifetime is the major limiting factor of
modulation bandwidth. Thanks to its short cavity photon lifetime, the low Q ring has a much higher
bandwidth than the high Q ring modulator.

4. Measurement of the Modulation Linearity
In order to verify the theoretical analysis in Section 2, the two-tone test is implemented to char-
acterize SFDRs of the two devices. The measurement setup is shown in Fig. 5. TE polarized
light from a continuous wave (CW) tunable laser (Santec TSL-710) is coupled into the modulator
by the fiber grating coupler. The driving two-tone signal is generated by a RF source (Keysight
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Fig. 5. Setup for the SFDR measurement. CW Laser: continuous wave tunable laser; EDFA: erbium
doped fiber amplifier; OBPF: optical bandpass filter; ESA: electrical spectrum analyzer; and PC:
polarization controller.

Fig. 6. Measured SFDRs of the two ring modulators at different modulation frequencies. (a) Q = 5880
at 1 GHz, (b) Q = 5880 at 10 GHz, (c) Q = 11000 at 1 GHz, and (d) Q = 11000 at 10 GHz.

E8267D). It is combined with a DC bias voltage before being fed to the modulator by a 50 GHz
RF probe. The output of the modulator is amplified by an erbium doped fiber amplifier (EDFA)
(Amonics AEDFA-PA-35-B-FA) so as to compensate the ∼8 dB coupling loss of the two fiber grating
couplers and the insertion loss of the device itself. An optical bandpass filter (OBPF WaveShaper
2000A) is used to suppress the amplified spontaneous emission noise (ASE) of the EDFA.
The optical-to-electrical conversion is performed by a 30 GHz photodiode with a responsivity of
0.75 A/W. The output RF signal of the PD is analyzed by a 67 GHz electrical spectrum analyzer
(ROHDE&SCHWARZ FSWP). During the measurement, the amplification rate of the EDFA is
maintained at 18 dB. As shown in Fig. 5, two 1/99 power splitters and a two-channel optical power
meter are used to monitor the amplification ratio. The two tones with a spacing of 10 kHz are
centered at 1 GHz or 10 GHz in the measurement. The noise floors measured by the spectrum
analyzer are 156 dBm/Hz and 152 dBm/Hz when frequency centers of the two tones locates at
1 GHz and 10 GHz, respectively. The higher noise floor at high RF frequency is mainly due to the
signal source and the ESA which are frequency dependent.

As analyzed in Section 2, the linearity of a ring modulator depends on the operation wavelength.
Therefore, the SFDRs of the two devices are measured by sweeping the wavelength of the laser.
In Fig. 6, SFDRs of the two devices are compared while both of them operate at their optimal
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Fig. 7. The relationship between the SFDR and the operation wavelength λ–λ0 of (a) Q = 5880 and
(b) Q = 11000. The relationship between the power of FH component and the operation wavelength
λ–λ0 of (c) Q = 5880 and (d) Q = 11000.

wavelengths with the highest modulation linearities. It can be seen that as the Q factor decreases
from 11000 to 5880, SFDRs are improved by 5.8 dB·Hz2/3 and 4.1 dB·Hz2/3 at 1 GHz and 10 GHz,
respectively.

To find the dependence of the modulation linearity of the ring on the operation wavelength,
we plot SFDRs of the two devices as a function of λ−λ0 in Figs. 7(a) and 7(b). It should be
noted that the exact resonance central wavelength λ0 of the ring resonator is uncertain during
the SFDR measurement. The reason is that the local temperature of the ring varies with the
power of the driving RF signal due to the accompanying heating effect. Therefore, we infer the
approximate value of λ−λ0 according to the average optical power probed by the power monitor
in the link and the resonance spectra in Fig. 3. At 1 GHz, the measured optimal linear operation
wavelengths are ∼100 pm and ∼38 pm away from the resonance central wavelengths for Q =
5880 and Q = 11000, respectively. Here the optimal linear operation wavelength is defined as
the wavelength with the highest SFDR. In contrast, the calculated optimal wavelength detunings
from the resonance central wavelengths in Fig. 1(a) are 60 pm for Q = 5880, and 20 pm for Q =
11000. The deviations between measurement and calculation can be attributed to the imprecise
estimation of λ−λ0 according to the average power of the modulated optical signal. The SFDRs in
Figs. 7(a) and 7(b) deteriorate as the frequency rises from 1 GHz to 10 GHz. This phenomenon
is universal for SFDR measurements [28] due to the reason that signal-to-noise ratios of any links
always drop at high operation frequencies. In addition, modulation depths of any modulators also
drop with increasing the frequency, so powers of FH components at 10 GHz are weaker than those
at 1 GHz in Figs. 7(c) and 7(d).

In Figs. 7(a) and 7(b), the peak SFDRs of the low Q ring (104.3/94.7 dB·Hz2/3 at 1/10 GHz)
are higher than those of the high Q ring (98.5/90.6 dB·Hz2/3 at 1/10 GHz). Moreover, the low
Q ring present a much wider linear operation wavelength range than the high Q ring. Here the
linear operation wavelength range is defined as the wavelength span in which the SFDR is higher
than 95 dB·Hz2/3 at 1 GHz. Its values are 100 pm and 16 pm for the low Q and the high Q
rings, respectively. Therefore, reducing the Q factor indeed improves the modulation linearity of
the ring. However, on the other hand, it suppresses the sensitive of the ring to the refractive index
modulation and then weaken the optical modulation amplitude. It is hence necessary to examine
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Fig. 8. Measured SFDRs of the ring modulators (Q = 5880) at different modulation frequencies. (a) at
20 GHz and (b) at 30 GHz.

TABLE 1

A Comparison of Our Device With the State of the Art

the penalty to the FH component when we linearize the ring modulator. In Figs. 7(c) and 7(d), we
plot the power of the FH component versus the operation wavelength for the two devices. When
operating at wavelengths with maximum SFDRs, the low-Q ring modulator of Q = 5880 generates
FH components of −35.6 dBm and −36.7 dBm at 1 GHz and 10 GHz, respectively. In contrast, the
high-Q ring modulator of Q = 11000 generates FH components of −34.4 dBm and −35.5 dBm at
1 GHz and 10 GHz, respectively. Therefore, the power penalty to the FH component is ∼1.2 dB
when the ring modulator is linearized by reducing the Q factor.

We note that almost all linearity measurements of ring modulators are performed at frequencies
lower than 10 GHz [24], [28]–[30]. However, for many wideband MWP systems, frequencies of RF
signals can reach dozens of Gigahertz. Thus, it is very necessary to characterize the linearity of
the silicon ring modulator at higher frequencies. In Fig. 8, SFDRs of the low Q ring modulator are
measured to be 92.5 dB·Hz2/3 and 89.2 dB·Hz2/3 at 20 GHz and 30 GHz, respectively. The two
measurements here are implemented with the two devices operating at the optimal wavelengths
for high linearity modulation. Exact operation wavelengths are labeled inside Fig. 8. The relative
intensity noise (RIN) of our tunable laser is −145 dB/Hz. We believe that if a laser with lower RIN
noise is utilized to suppress the noise floor, the measured SFDR then can be improve significantly.
For example, the SFDR would increase about 3 dB if the RIN of the input laser decrease 5 dB.

5. Conclusion
The device in this work is compared favorably with published highly linear silicon ring modulators
in Table 1. It can be seen that manipulating the dynamics of photons by optimizing operation
wavelength and Q factor is a simply effective way to improve the linearity of the ring modulator.
Ring modulators in [28] and [29] utilize modulation effects which have much better linearity than
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the carrier depletion effect we used in this paper. However, ultimate SFDRs in [28] and [29] are
inferior to our device as a result of their high Q factors. Though the ring modulator in [30] utilizes
the predistortion to further improve the linearity, it needs a complex external predistortion circuit
whose bandwidth requires higher than the highest harmonic generated by the predistorter. We
want to stress that different linearization techniques in Table. 1 can be combined so as to generate
a silicon ring modulator with ultrahigh linearity.

In conclusion, we systematically characterize and compare linearities of two silicon ring modula-
tors with different Q factors by sweeping the operation wavelength. A theoretical model is provided
to explain the comparison result. Specifically, we demonstrate a highly linear silicon ring modulator
whose SFDR for the IMD3 is 104.3/94.7/92.5/89.2 dB·Hz2/3 at 1/10/20/30 GHz by reducing the
Q factor and choosing proper operation wavelength. This work proves that the linearity of silicon
ring modulators can be improved substantially by manipulating the photon dynamics. Compared
with previously reported high linearity silicon ring modulators, this technique is easy to implement
with no additional processing development cost, and is helpful to build high-performance MWP
links based on silicon ring modulators. For example, feedback control systems similar to those in
[36], [37] can be easily established with the average optical power as the feedback signal, then
the resonance wavelength can be tuned by the heater and locked at the optimal offset position
with respect to the lasing wavelength. Our theoretical calculation suggests that SFDRs higher than
110 dB·Hz2/3 can be achieved with Q factors less than 4000. However, this benefit in modulation
linearity comes at the expense of degraded modulation depth and link gain.
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