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Abstract—Analog microwave photonic links require high-
linearity electro-optic modulators. We investigate and optimize the
linearity performance of a silicon Fano resonance modulator based
on a reconfigurable microring-assisted Mach–Zehnder interfer-
ometer (MZI). The microring resonator has a tunable coupling
coefficient and the reference arm of the MZI is variable in both
amplitude and phase, allowing for flexible tuning of the operating
point. The on-chip insertion loss of the device is 5 dB. High mod-
ulation linearity can be obtained at both Fano resonant and anti-
Fano resonant wavelengths, among which the latter has a higher
carrier-to-distortion ratio (CDR). However, the Fano resonance
has a higher modulation efficiency due to its sharp slope of the
resonant transfer function, eventually leading to a larger spurious-
free dynamic range (SFDR). Experimental results indicate that the
best SFDR of the third-order intermodulation distortion (IMD3)
is 111.3 dB·Hz2/3 measured at the 1 GHz frequency, comparable to
the commercial lithium niobate modulators.

Index Terms—Linearity, microwave photonics, nonlinear
distortion, silicon modulator.

I. INTRODUCTION

M ICROWAVE Photonics (MWP) has received extensive
attention and seen rapid development in recent years as

it takes the advantages of both the microwave and the photon-
ics fields [1]–[5]. Multiple MWP functions, such as photonic
phased array antennas [6], photonic waveform generation and
frequency conversion [7]–[10], photonic analog-to-digital con-
version [11], and photonic microwave filtering [12], [13], have
been demonstrated. Silicon photonic integration, due to its high
integration density, high energy efficiency, and low cost, is one
of the best platforms for MWP [14]. In general, the third-order
intermodulation distortion (IMD3) is the main limiting factor for
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MWP systems. The linearity can be evaluated by the carrier-to-
distortion ratio (CDR) and spurious-free dynamic range (SFDR)
[15]. The main nonlinear distortion in MWP links comes from
the electro-optic modulators. Therefore, it is highly demanded
to implement high-linearity silicon modulators to propel the
development of integrated MWP systems.

The high-speed refractive index modulation of silicon ma-
terial is always achieved by the free-carrier plasma dispersion
(FCD) effect. Both the FCD effect and the PN junction mod-
ulation are non-linear. This makes silicon modulators inferior
in linearity compared to lithium niobate [16], polymers [17],
and electro-absorption modulators [18]. However, due to the
high integration capability and CMOS-compatibility, silicon
modulators have been studied extensively to achieve high lin-
earity. Silicon modulators are usually based on Mach-Zehnder
interferometers (MZIs) or microring resonators. The SFDRIMD3

of typical silicon MZI and microring modulators are 97 dB·Hz2/3

[19] and 84 dB·Hz2/3 [20], respectively. In recent years, several
feasible solutions have been proposed to improve the linearity
of modulators. Ding et al. improved the SFDRIMD3 of the MZI
modulator to 113.7 dB·Hz2/3 by raising the doping concentration
of the PN junction [21]. However, this also leads to an increased
insertion loss of the modulator, which is highly detrimental in
MWP applications. Cardenas et al. reported a silicon modulator
based on a dual ring-assisted Mach-Zehnder interferometer with
an SFDRIMD3 of 106 dB·Hz2/3 [22]. Zhou et al. used a single-
drive push-pull MZI modulator and a dual-parallel MZI modu-
lator to get an SFDRIMD3 of 97.7 dB·Hz2/3 and 96.5 dB·Hz2/3,
respectively [23]–[26].

Previous research shows that the modulation linearity can be
improved at the anti-Fano resonant wavelength in a microring-
assisted Mach-Zehnder modulator (RAMZM), as the nonlin-
earity caused by the sub-linear sinusoidal transfer function of
the MZI structure is compensated by the super-linear phase
modulation of the microring resonator [27]. The experimentally
demonstrated devices [21], [32], however, have a fixed coupling
coefficient for the microring resonator and therefore lack the
flexibility to set the optimal operation point. As a result, practical
devices do not always arrive at the best performances due to
fabrication deviations. Here, we present a highly-reconfigurable
silicon Fano resonance modulator based on a RAMZM, of
which the fixed components are replaced by variable ones. Fano
resonances are utilized to achieve highly-linear modulation. We
find that although the CDR is lower at the Fano resonant wave-
length than at the anti-Fano resonant wavelength, the modulation
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Fig. 1. Schematic structure of the reconfigurable silicon RAMZM. Insets
illustrate the cross-sections of the PN junction, the thermal phase shifter, and
the VOA.

efficiency is higher due to the sharp slope of the asymmetric Fano
resonant lineshape, which as a result improves the SFDRIMD3.
It should be noted that the effect of modulation efficiency on
SFDR is neglected in previous studies. Our work reveals that
both CDR and modulation efficiency are equally important to
maximize the SFDR.

II. DEVICE ARCHITECTURE

Fig. 1 shows the structure of our reconfigurable silicon
RAMZM. A 500-μm long L-shape PN junction is embedded in
the microring resonator to perform high-speed phase modulation
[28]. The doping concentrations are Cn = 1.2 × 1018 cm−3

and Cp = 6×1017 cm−3 for the n-type and p-type regions,
respectively. This junction shape maximizes the overlap between
the PN junction depletion region and the optical mode, thus
increasing the modulation efficiency. The coupling between the
microring resonator and the MZI is enabled by a small child
MZI coupler, allowing the coupling coefficient to be tuned in
a full range. Each arm of the MZI coupler is 600 μm long
and integrated with a 150-μm-long thermal phase shifter to
tune the coupling coefficient. The phase shifter is based on
a silicon resistive heater made of N++-doped slab beside the
silicon waveguide. The other reference arm of the parent MZI
is embedded with a 300-μm-long variable optical attenuator
(VOA) and a 150-μm-long thermal phase shifter. The VOA
is based on a lateral PIN diode with P++ and N++-doping in
the slab beside the waveguide. When a forward bias is applied,
free-carriers are injected into the intrinsic region, increasing the
optical attenuation.

Depending on the phase difference between the two arms of
the parent MZI, the device exhibits different resonance line-
shapes. In particular, Fano resonances are generated when the
phase of the resonance path differs by π/2 or 3π/2 from the
other reference path. At Fano resonances, the output spectrum
presents sharp asymmetric resonance line-shapes [29].

Fig. 2 shows the photo of the modulator chip wire-bonded to
a printed circuit board (PCB). Direct current (DC) voltages are
applied to the chip through the PCB and radio frequency (RF)

Fig. 2. Modulator chip packaged with a PCB. The zoom-in view shows the
microscope image of the device.

signals are applied to the PN junction through an RF probe.
Optical fibers are coupled with the chip via grating couplers.

III. THEORETICAL ANALYSES

The linearity of a modulator can be characterized by CDR,
which is defined as the power ratio between the fundamental
and the higher-order harmonics. IMD3 is the main limiting
factor for MWP systems, so we mainly consider the CDRIMD3

(PF /PIMD3). In MWP links, SFDR is always used to measure
system performance. SFDR is defined as the range between
the smallest signal just above the noise floor in a system and the
largest signal that can be generated without creating detectable
distortions. It is expressed asSFDRIMD3 = PF |PIMD3=NF

NF (NF:
noise floor level), which can be measured by linear fitting the
fundamental and IMD3 data. As SFDRIMD3 is significantly
affected by the output microwave power, it is necessary to
consider both the nonlinear distortion and the link gain [30].

In our device simulation, we first investigate the linearity
of the modulator and simulate the CDRIMD3. The nonlinear
effect of the PN junction is small and can be compensated by
slightly shifting the operation wavelength. We then simulate the
SFDRIMD3 by taking into consideration both the modulation
linearity and the link gain.

A. Modulation Linearity

The output electric field of the optical wave from our modu-
lator can be written as

Eout =
Ein

2

[
a1e

iϕ1Tr (θ) + a2e
iϕ2

]
(1)

and the optical power is

Pout = |Eout|2 =
Pin

4
[a2

2 + a1
2|Tr (θ)|2 + 2a1a2 |Tr (θ)|

× cos (Δϕ+ ϕr (θ)] (2)

whereEin is the input optical field, a1 and a2 are the loss factors
of the two arms of the parent MZI,ϕ1 andϕ2 are the phase shifts
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through the two arms of the parent MZI, Δϕ = ϕ1 − ϕ2 is the
phase difference between the two arms, Tr(θ) is the transfer
function of the microring resonator, and ϕr(θ) is the phase
response of the microring resonator. The phase shifter and the
VOA in the reference arm of the parent MZI control ϕ2 and a2,
respectively. They are expressed as:

ϕ2 = ϕwg + ϕps + ϕV OA (3)

a2 = awgaV OA (4)

where ϕwg ,ϕps, and ϕV OA are the phase shifts from the passive
waveguide, the phase shifter, and the VOA, respectively,awg and
aV OA are the loss factors associated with the passive waveguide
and the VOA, respectively. The transfer function and phase
response of the microring resonator are expressed as

Tr(θ) =
t− are

iθ

1− arteiθ
(5)

ϕr(θ) = tan−1

[
imag (Tr (θ))

real (Tr (θ))

]

= tan−1

[
ar

(
t2 − 1

)
sin (θ)

(1 + ar2) t− ar (1 + t2) cos (θ)

]

(6)

where t is the transmission coefficient of the child MZI coupler,
ar is the loss factor of the microring resonator, and θ is the
round-trip phase of the microring resonator.

The transfer function given by Eq. (2) can be written in a
series of the high-order harmonic terms as a function of phase
detuning dθ = θ − θ0 (θ0 is the operation point):

Pout (θ0 + dθ) =
∑

n

1

n!
P (n) (θ0) (dθ)

n (7)

where P (n)(θ0) =
dPout

(n)(θ0)
dn(θ0)

. When the waveguide loss is
negligible (a1 ≈ 1, a2 ≈ 1 and ar ≈ 1) and the Fano resonance
is generated, i.e.,Δϕ = (n± 0.5)π, the transfer function can be
simplified as

Pout (θ) =
Pin

4

[

2−
(
t2 − 1

)
sin (θ)

1 + t2 − 2tcos (θ)

]

(Δϕ = 0.5π)

(8)

Pout(θ) =
Pin

4

[

2 +

(
t2 − 1

)
sin (θ)

1 + t2 − 2tcos (θ)

]

(Δϕ = −0.5π)

(9)

High-order harmonic distortions are generated due to the
nonlinear transfer function. The IMD3 that we mainly consider
is generated by the third-order harmonic term.

The transfer function is anti-symmetric about θ = 0 and θ =
π, so the even-order harmonic term of Pout(θ) is absent around
these two points. P (3)(θ) at the point θ = 0 is much larger
than that at the point θ = π. Therefore, the transfer function
is more linear around the point θ = π. Let P (3)(π) = 0 and
we can solve to get t = 2−√

3. As shown in Figs. 3(a) and
3(b), the third-order harmonic term is 0 at the point θ = π.
The transfer function has a wide linear modulation interval. We
compare the transfer function of the RAMZM with those of the

Fig. 3. (a, b) Ideal transfer function of RAMZM when (a)Δϕ = −0.5π and
(b)Δϕ = 0.5π. (c) Ideal transfer function of an MZM. (d) Ideal transfer function
of a microring modulator.

Fig. 4. Normalized transfer function of the RAMZM when ar changes from
1 to 0.6 (Δϕ = 0.5π, t = 2−√

3).

microring and MZI modulators, as illustrated in Figs. 3(c) and
3(d). Although the second-order harmonic term of the sinusoidal
transfer function of the MZI structure is zero at the quadrature
point, the third-order harmonic is not zero, leading to IMD3. Due
to the Lorentzian transfer function of the microring resonator,
there is no point where the second- and third-order harmonic
terms are both close to zero. Therefore, there is no good linear
interval in the spectrum. The RAMZM has a broader linearity
zone and is more suitable to be applied in analog optical links
than the MZI and microring modulators.

For real devices, both the fabrication process and the doping
cause extra loss, resulting in a microring resonator loss factor ar
less than 1. Fig. 4 shows the variation of the normalized transfer
function when ar reduces from 1 to 0.6. We observe that the
linear modulation interval slightly red-shifts and narrows with
the decreasing ar.

The influence of the decreasingar on modulation linearity can
be compensated by adjusting t and Δϕ accordingly to make the
even-order harmonic termP (2)(π) and the third-order harmonic
term P (3)(π) become zero. The modulation efficiency can be
improved by adjusting a2. Fig. 5 shows the variations of t, Δϕ
and a2 as ar decreases from 1 to 0.6. We can change t, Δϕ and
a2 by tuning the thermal phase shifter in the child MZI coupler,
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Fig. 5. Compensation of microring resonator loss factor ar by adjusting (a)
transmission coefficient t of the child MZI coupler, (b) phase difference Δϕ
between the two arms of the parent MZI, and (c) loss factor a2 of the reference
arm of the parent MZI.

Fig. 6. Normalized transfer functions of the RAMZM before and after adjust-
ing parameters to compensating for a reduced microring loss factor of ar = 0.8.

the thermal phase shifter in the parent MZI, and the VOA,
respectively. Fig. 6 shows the transfer functions before and after
adjusting the three parameters for the device with an internal
loss factor ar = 0.8. The modulator linearity and modulation
efficiency are both improved by changing the parameters t, Δϕ
and a2.

The nonlinearity of PN junctions also deteriorates the linearity
of the silicon modulators. The nonlinearity of the PN-junction-
based phase shifter is mainly caused by two factors. One is
the nonlinearity of the FCD effect itself and the other is the
nonlinear relationship between the carrier concentration and the
drive voltage.

At the wavelength of 1.55 μm, the refractive index change
(Δn) and the optical absorption coefficient change (Δa) pro-
duced by the FCD effect are calculated as follows [31].

Δn = Δne +Δnh

= −(5.4× 10−22ΔN1.011 + 1.53× 10−22Δ P 0.838)

(10)

Δa = Δae +Δah

= −(8.88× 10−21ΔN1.167 + 5.84× 10−20ΔP 1.109)
(11)

Fig. 7. (a) Free-carrier concentration distribution and (b) waveguide modal
profile at a 3V reverse bias. (c) Simulated waveguide effective index as a function
of the reverse bias voltage.

where ΔN (ΔP ) is the variation of the electron (hole) concen-
tration, Δne (Δnh) is the refractive index change due to ΔN
(ΔP ), and Δae (Δah) is the absorption coefficient change due
to ΔN (ΔP).

The effective refractive index of the active waveguide is
determined by the overlap integral of the carrier concentration
distribution and the optical modal profile. We first calculate the
free-carrier concentration distribution in the waveguide cross-
section at different bias voltages. According to (10) and (11), the
variation of silicon complex refractive index in the waveguide
is obtained. With a finite-element method (FEM)-based mode
solver, we get the waveguide effective refractive index. As an
example, Figs. 7(a) and 7(b) show the carrier concentration
distribution and waveguide electric-field intensity (|E|2) modal
profile at a 3V reverse bias, respectively. Fig. 7(c) shows the
relationship between the effective refractive index and the bias
voltage. It can be observed that the effective refractive index
increases more slowly as the reverse bias voltage increases.

The linearity of the modulator is finally obtained by combin-
ing the optical transfer function of the RAMZM and the phase
shift given by the PN junction. The two-tone test is commonly
used to measure the linearity of the modulators. RF signals at
frequencies f1 and f2 are used to drive the modulator. Due to
the nonlinearity of the modulator, new frequency components
are produced, which are schematically shown in Fig. 8. The
third-order intermodulation distortion (IMD3) components at
frequencies 2f1-f2 and 2f2-f1 are close to the fundamental fre-
quency. They are difficult to be filtered out by an optical filter,
making it a preliminary factor affecting the linearity of the MWP
link. Therefore, we mainly focus on the IMD3 to optimize the
device operation point.

The device linearity is simulated with the same system config-
uration as the experiment. First, a two-tone signal with 10 dBm
power at frequencies of 0.995 GHz and 1.005 GHz is generated



CHEN et al.: HIGH-LINEARITY FANO RESONANCE MODULATOR USING A MICRORING-ASSISTED MACH–ZEHNDER STRUCTURE 3399

Fig. 8. (a) Two-tone test to measure the linearity of the modulator. (b) Input
RF spectrum. (c) Output RF spectrum.

Fig. 9. Simulated CDRIMD3 when (a)Δϕ = −0.55π, (b)Δϕ = 0.55π. The
input RF signal power is 10 dBm.

to modulate the RAMZM. The output optical power is amplified
to 10 dBm and received by a PD with a responsivity of 0.65 W/A.
From the power spectrum of the RF signal generated by the PD,
we thus obtain the powers of the fundamental and IMD3 tones.

Ideally, the highest CDRIMD3 is obtained at the center of
the linear interval. However, because of the nonlinearity of the
PN junction, the optimal linear modulation point is located
where the nonlinearities of the optical transfer function and
the PN junction cancel each other. Fig. 9 shows the CDRIMD3

changing as a function of microring resonator phase θ when
Δϕ = −0.55π and 0.55π (ar = 0.8, t = 0.33, and a1 = 0.77).
It can be observed that the device has a broad linear interval
with a high CDRIMD3 around θ = π (anti-Fano resonant wave-
length). When the reverse bias voltage increases, the effective
refractive index of the active waveguide increases which causes θ
to increase. On the right side of the anti-Fano resonant region, the
change rate of the output power becomes faster as θ increases. On
the other hand, the change rate of the effective refractive index
becomes slower as the reverse bias voltage increases. Therefore,
the PN junction nonlinearity is canceled by the transfer curve
nonlinearity on the right part of the linear interval. Simulation
reveals that the best working point needs to be set near θ = 0.7π
to get perfect nonlinear cancellation and hence a high CDRIMD3.
From the simulation results in Fig. 9, it can be observed that CDR
of >40 dB is achieved in a range of 1.1π, which accounts for
55% of the free spectral range (FSR). The wavelength region of
high linearity is affected by the FSR of the microring resonator.
As the FSR increases when the microring resonator becomes

Fig. 10. (a) Optical transfer function when Δϕ = −0.55π. Three typical
working points are labeled as A, B, and C in the curve. (b-d) Simulated
SFDRIMD3 at (b) the left side of the anti-Fano resonant point A, (c) the right
side of anti-Fano resonant point B, (d) the Fano resonant point C. (e) Optical
transfer function when Δϕ = 0.55π. Three typical working points are labeled
as D, E, and F in the curve. (f-h) Simulated SFDRIMD3 at (f) the left side of the
anti-Fano resonant point D, (g) the right side of anti-Fano resonant point E, and
(h) the Fano resonant point F.

smaller, the linear wavelength range is thus broadened for a
smaller microring resonator.

B. SFDR Calculation

To retrieve the SFDR, the modulated optical signal is post-
amplified to 10 dBm before it is received by a PD. The RF
modulation with a lower DC component can provide a higher
gain to the RF signal. The output RF signal power is thus
dependent on the operation point of the modulator. Figure 10
shows the simulated SFDRIMD3 at several typical operation
points. The noise floor is at -163 dBm (consistent with the
experimental result).

The SFDRIMD3 is affected by both CDRIMD3 and output RF
power. Point A and point D have the same CDRIMD3, but the
output RF power at point D is larger. Therefore, the SFDRIMD3 at
point D (113.11 dB·Hz2/3) is greater than that at point A (109.54
dB·Hz2/3). Point A and point E have a similar output RF power,
but the CDRIMD3 at point E is larger, so the SFDRIMD3 at point
E (110.88 dB·Hz2/3) is greater than that at point A. The working
point B has a large CDR and meanwhile a high RF power, and
therefore, it has the largest SFDRIMD3 (114.43 dB·Hz2/3) among
all four operation points (A, B, D, and E).

Previous studies have demonstrated that RAMZM has im-
proved linearity at the anti-Fano resonant wavelengths by com-
pensating the sub-linear sinusoidal transfer curve of the MZI
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Fig. 11. Experimental setup to measure the SFDRIMD3.

by the super-linear transfer curve of the microring resonator
[27], [32]. Our theoretical investigation confirms that CDRIMD3

and SFDRIMD3 can indeed be greatly improved compared with
the conventional MZI and microring modulators. However, we
also find that SFDRIMD3 at the Fano resonant wavelengths can
even be higher as shown in Figs. 10(d) and 10(h), although
CDRIMD3 is not the maximum. This is due to the fact that
the transfer function of the Fano resonance has a sharp slope,
giving rise to a high modulation efficiency compared to the
anti-Fano resonance modulation. As a result, large output RF
power is produced, leading to a high SFDRIMD3. The simulated
SFDRIMD3 reaches the maximum (115.37 dB·Hz2/3) at the Fano
resonant wavelengths.

IV. EXPERIMENTS AND RESULTS

Fig. 11 shows the experimental setup for measuring the
CDRIMD3 and SFDRIMD3. Light from a tunable continuous
wave (CW) laser passes a polarization controller to set the
transverse electrical (TE) polarization before coupled into the
modulator. A two-tone RF signal generated by microwave gen-
erators (KEYSIGHT N5183B, R&S DSG830) at the frequencies
of 0.995 GHz and 1.005 GHz is combined with a DC voltage
through a bias-tee to drive the modulator. The drive signal is
applied through a 40-GHz-bandwidth microwave GS probe. The
other end of the electrode is terminated with a 50 Ω resistor. The
modulated light is amplified by an erbium-doped fiber amplifier
(EDFA) to compensate for the insertion loss of the modulator,
followed by an optical filter to suppress the amplified sponta-
neous emission (ASE) noise. The light is eventually received
by a 50-GHz-bandwidth PD (u2t XPDV2120R). The CDRIMD3

is obtained by comparing the power of the fundamental signal
and the IMD3. The SFDRIMD3 is obtained by measuring the
fundamental and IMD3 components in the RF spectrum analyzer
(Keysight N9000B). A noise floor of −163 dBm/Hz with a 1 Hz
resolution bandwidth, limited by the RF spectrum analyzer, was
observed and used to calculate SFDR.

We first measured the optical transmission spectrum of the
device. Fig. 12(a) shows the spectra when the reverse bias
voltage increases from 0 V to 6 V. The phase difference between
the two arms of the MZI is 0 and the spectrum shows symmetric
Lorentzian resonance line-shapes. The spectra were normalized
to a passive straight waveguide. The total fiber-to-fiber insertion
loss is 11 dB, including 5 dB on-chip insertion loss and 6 dB

Fig. 12. (a) Optical transmission spectra when the reverse bias voltage on the
PN junction changes from 0 V to 6 V. (b) Waveguide effective refractive index
change as the reverse bias voltage increases from 0 V to 6 V.

coupling loss. The 3-dB electro-optic (EO) bandwidth of the
modulator is about 5 GHz, which is mainly limited by the
large Q-factor of the microring resonator. The bandwidth can
be increased by lowering the Q-factor with a smaller microring
resonator [33]. Alternatively, we can purposely add a drop wave-
guide as an external coupling channel to lower the Q-factor. The
small-signal modulation efficiency (Vπ·L) was measured to be
0.96 V·cm at a reverse bias of 3 V. Fig. 12(b) shows the extracted
effective refractive index change as a function of reverse bias
voltage. The measured result is consistent with the simulation,
except that the modulation efficiency is slightly lower than the
simulated one. This causes the output RF signal power and hence
the SFDRIMD3 to be smaller than the simulation prediction.

The device operating condition can be changed to obtain high
modulation linearity by varying t, Δϕ and a2. The reverse bias
voltage on the PN junction was set to 3 V. Fig. 13(a) shows
the overall transmission spectrum after tuning the phase shifter
and VOA in the MZI reference arm. Figs. 13(b) and 14(c) show
the magnified transmission spectra around Δϕ = −0.55π and
Δϕ = 0.55π, respectively.

We selected the operating wavelength around 1554.1 nm and
1559.8 nm (Δϕ = −0.55π and Δϕ = 0.55π) to measure the
CDRIMD3. Fig. 14 shows the CDRIMD3 changes as a function of
wavelength when the input power is 10 dBm. The experimental
results reveal the same trend as the simulations. Our device has a
very narrow interval for linear modulation around the Fano reso-
nant wavelength but a wide linear interval with a high CDRIMD3

around the anti-resonant wavelength. The nonlinear cancellation
of the optical transfer function and the PN junction occurs to the
right of the wide linear interval. We observe that there is a peak
in CDRIMD3 on the right side of the anti-resonant wavelength.
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TABLE I
COMPARISON OF MODULATION LINEARITY FROM MULTIPLE SILICON EO MODULATORS

Fig. 13. (a) Overall transmission spectrum showing the resonance lineshape
evolution for one cycle in the measured wavelength range. (b) Magnified trans-
mission spectrum around Δϕ = −0.55π. (c) Magnified transmission spectrum
around Δϕ = 0.55π.

Fig. 14. Measured CDRIMD3 when (a)Δϕ = −0.55π, (b)Δϕ = 0.55π.

The wavelength range with CDR >35 dB is 0.18 nm, which
accounts for about 50% of the FSR (0.36 nm).

We also measured the SFDRIMD3 around the Fano reso-
nant wavelengths and the anti-Fano resonant wavelengths when
Δϕ = ±0.55π, as shown in Fig. 15. At the anti-resonant wave-
lengths, we measured SFDRIMD3 on the left and right sides
of the linear interval. A larger SFDRIMD3 (110.1 dB·Hz2/3)
is obtained at point B than at the points A, D, and E, due to

Fig. 15. (a) Measured optical transfer function when Δϕ = −0.55π. Three
working points are labeled as A, B, and C in the curve. (b-d) Measured
SFDRIMD3 at (b) the left side of the anti-Fano resonant point A, (c) the right
side of the anti-Fano resonant point B, and (d) the Fano resonant point C. (e)
Measured optical transfer function when Δϕ = 0.55π. Three working points
are labeled as D, E, and F in the curve. (f-h) Measured SFDRIMD3 at (f) the
left side of the anti-Fano resonant point D, (g) the right side of the anti-Fano
resonant point E, and (h) the Fano resonant point F.

the high modulation linearity and the high output RF signal
power. Although the linear interval around the Fano resonant
wavelength is narrower and the CDRIMD3 is lower than those at
the anti-Fano resonant wavelength, the SFDRIMD3 is improved
due to the higher modulation efficiency, consistent with the
simulation. The highest SFDRIMD3 (111.3 dB·Hz2/3) is obtained
at points C and F.
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Table I compares the modulation linearity of several typical
silicon modulators based on MZI, ring resonator, and ring-
assisted MZI (RAMZI) structures. Although the MZI modulator
in [21] exhibits a high SFDRIMD, it is achieved by using very
high doping concentrations in both p-type and n-type regions.
The doping-induced waveguide propagation loss is 2.2 dB/mm,
much higher than the waveguides with regular doping.

V. CONCLUSION

We have investigated the modulation linearity of a Fano res-
onance modulator composed of a Mach-Zehnder interferometer
coupled with a microring resonator on one arm. The device on-
chip insertion loss is 5 dB and small-signal modulation efficiency
is 0.96 V·cm under a reverse bias of 3 V. A theoretical model
is established to analyze the sources of nonlinear distortion.
The device can work in two regimes to get high modulation
linearity. Around the anti-Fano resonant wavelength, it has a
broader linear modulation interval and a high CDRIMD3. Around
the Fano resonant wavelength, although the linear interval is
narrower and CDRIMD3 is low, the modulation efficiency is high,
leading to a high SFDRIMD3. The measurements reveal that the
highest SFDRIMD3 is 110.1 dB·Hz2/3 when the device works in
the anti-Fano resonant wavelength regime and 111.3 dB·Hz2/3

in the Fano resonant wavelength regime at the RF frequency of
1 GHz. The experimental results agree well with the theoretical
calculations. The modulation linearity is significantly improved
compared to conventional silicon MZI and microring modula-
tors, which makes microwave photonic link possible by using
silicon photonic integrated chips.
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