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Abstract: Integrated dispersion management holds the key to enabling a diverse range of on-chip
ultrafast all-optical signal processing operations in large-scale photonic integrated circuits (PICs).
Here, a novel integrated silicon dispersion compensator based on cascading two dual-layer
nested micro-ring resonators (MRRs) boasting an impressively large negative dispersion value is
proposed. The structure was optimized by employing the finite-difference time-domain (FDTD)
method. The numerical results reveal that the maximum group delay and negative dispersion
of 266.41 ps and-34611.6 ps/nm, as well as -112.13 ps and -7567.1 ps/nm, were obtained at
1550 nm and 1545 nm, respectively. Meanwhile, the insertion loss (IL) of the device remains
below 0.44 dB, and its footprint is only 25 µm × 27 µm. Additionally, the cumulative chromatic
dispersion accrued by 40 Gbit/s on-off keying (OOK) signals, following their passage through
100 km of single-mode fiber (SMF), was successfully compensated. The consequent results
validate the outstanding performance of the proposed dispersion compensator. The designed
device is superior to previously reported results in terms of dispersion and footprint, and shows
seamless compatibility with complementary metal-oxide-semiconductor (CMOS) technology,
thus harboring great application potential in ultra-high-speed silicon photonic transceiver chips
and related fields.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Chromatic dispersion represents one of the crucial physical characteristic parameters of optical
fibers. It stems from the phenomenon that light with diverse frequencies travels at different speeds
within the optical fibers. In the domain of an optical fiber communication system, chromatic
dispersion typically leads to the broadening of optical pulses. This pulse expansion, in turn, gives
rise to inter-symbol interference (ISI), which adversely impacts the transmission quality of optical
signals and undermines the overall performance of the optical fiber communication system [1].
With the exponential growth of the data transmission rate and the continuous extension of the
transmission distance in current optical fiber communication systems, the impact of dispersion
has become increasingly prominent. This makes it difficult to accurately recover the optical
signal at the receiving end, thus increasing the system bit error rate (BER) and limiting the further
improvement of the transmission rate and distance of the optical fiber communication system
[2]. An effective solution to eliminate the impact of dispersion on the performance of optical
fiber communication systems is to employ dispersion compensation techniques, which means
introducing an optical device with negative dispersion into the fiber link to offset the accumulated
positive dispersion in the original link [3]. Currently, the three most widely used dispersion
compensators in commercial optical fiber networks are dispersion compensating fiber (DCF) [4],
fiber Bragg grating (FBG) [5,6], and electronical dispersion compensation (EDC) [7,8]. Among
them, the DCF scheme offsets the positive dispersion accumulated in the transmission fiber by
introducing a section of dispersion compensating fiber with negative dispersion into the fiber
link. This method can achieve a relatively large dispersion compensation, but it will increase
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the transmission loss and complexity of the system. By contrast, the FBG scheme is based on
the filtering characteristics of FBG. By reflecting the light of a specific wavelength, a delay is
generated for the light of this wavelength, thus compensating for the dispersion. This scheme has
a low insertion loss (IL) and a high dispersion compensation ability. Nevertheless, FBG is very
sensitive to temperature changes. Slight temperature drift will cause the reflection wavelength to
shift, thus affecting the dispersion compensation effect. Therefore, additional temperature control
measures are generally required to stabilize its performance. Different from the previous two
schemes, the EDC first converts the received optical signal into an electrical signal at the receiving
end, and then processes the electrical signal in real-time by using digital signal processing (DSP)
technology to eliminate the inter-symbol interference caused by dispersion. This method does
not need to change the original fiber link, but it will increase the electrical complexity and power
consumption of the system.

Recently, silicon-based integrated photonic devices have attracted significant attention owing
to their advantages such as low power consumption, high integration density, and large bandwidth.
The integrated photonic devices are capable of directly processing optical signals on the chip,
which reduces the system size and cuts down the power consumption [9]. Moreover, the
silicon-on-insulator (SOI) based on-chip photonic devices are compatible with complementary
metal-oxide-semiconductor (CMOS) processes and offer tremendous application potential in
high-energy consumption scenarios like future large-scale data centers, optical neural networks,
and 5 G/6 G networks [10]. Up to now, various on-chip photonic devices, including on-chip
all-optical wavelength converters [11], all-optical quantizers [12], all-optical logic gates [13],
integrated optical frequency combs [14], quantum optical chips [15], silicon-based lasers [16],
and mode-division multiplexers [17], have been reported. In 2024, Shekhar reported a high-
performance silicon photonic transceiver chip. Nearly 60 active and passive photonic devices
with functions such as optical emission, modulation, and reception were integrated within an
area of less than 50 mm2, achieving the transmission of 400Gb/s signals over 240 km [18].
Thanks to the advantages such as high speed, low cost, small size, and low power consumption,
photonic chips have played a significant role in increasing the data transmission rate, reducing
power consumption, and saving costs. They can be widely applied in optical fiber transmission
networks, data centers, and high-performance computing equipment [19].

It is widely recognized that optical signals, before reaching the optical receiver, commonly
undergo long-distance optical fiber link transmissions, wherein a considerable amount of disper-
sion accrues. As a result, dispersion compensation becomes indispensable before photoelectric
conversion. Therefore, should an SOI-based dispersion compensation unit be successfully
devised and subsequently employed to fabricate a high-speed optical transceiver chip endowed
with dispersion compensation capabilities, it would possess outstanding scientific import and
extensive engineering application prospects. Nonetheless, the extant research on on-chip dis-
persion compensators remains relatively scant. The current methodologies predominantly
encompass schemes predicated on hybrid strip-slot optical waveguides [20], waveguide array
gratings [21], waveguide Bragg gratings (WBG) [22,23], chirped multimode waveguide gratings
(CMWGs) [24] and photonic crystal waveguides [25]. When these photonic devices are utilized
as dispersion compensators, their dimensions typically span from several hundred µm to a few
mm. Such dimensions continue to circumscribe their application within large-scale photonic
integrated circuits (PICs). In the past two decades, micro-ring resonators (MRRs) have emerged
as fundamental building blocks in integrated photonics. With advantages like compact size,
low insertion loss, and high Q-value, they are widely used in constructing various functional
photonic devices/chips, such as microwave generators [26], microwave photonic filters [27],
tunable optical delay lines [28], optical frequency combs [29], photonic convolutional neural
network chips [30], entangled photon pair generation [31] and on-chip photonic turnkey quantum
source [32]. In 2013, Raktim Haldar established a theory of off-axis MRRs with single and
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multiple off-axis rings. Through numerical simulations combining the transfer matrix method
and the finite difference time domain method, they found that, compared with the serially coupled
conventional MRRs, off-axis MRRs perform better in terms of device size, faster response speed,
and low dispersion [33]. Subsequently, they verified the performance of silicon-on-insulator
(SOI) off-axis MRRs as electro-optic modulators (EOMs). The research results indicate that
the additional single off-axis inner ring can effectively compensate for the thermal effects of
the EOM. Notably, this structure is highly suitable for realizing high-speed dense wavelength
division multiplexing optical communication systems in an extremely compact device size [34].
In 2016, M. Souza et al. utilized the temporal coupled - mode theory to analyze a nested or
inner - coupled system composed of three MRRs. They demonstrated dispersion engineering
and customized frequency responses, and predicted the existence of a dark state in this coupled
system [35]. In 2018, Haldar further investigated the manufacturing tolerance of non - concentric
nested MRRs (NN - MRRs). The results showed that when the sidewalls of the strip optical
waveguides are either smooth or rough, the NN - MRR structure can relax the requirements for
the critical coupling condition of MRRs by 20% [36]. Recently, dispersion compensators founded
on micro-ring resonators (MRRs) have been put forward. In 2020, Vito. S et al. proposed a
dispersion compensator composed of three all-pass MRRs. It accomplished the compensation
for the dispersion amassed during the 30 km transmission of 100 Gb/s PolMux-NRZ signals with
a central wavelength of 1550 nm in a single-mode fiber [37]. In 2022, Liu et al. introduced a
continuously tunable dispersion compensator predicated on cascaded MRRs. By concatenating
seven micro-rings of varying diameters, this compensator achieved a maximum dispersion value
of -720 ps/nm, empowering it to offset the dispersion generated by a single-mode fiber of up to 40
km in length. The device measured 3.8 mm by 0.3 mm [38]. In the same year, K. Y. K. Ong et al.
proposed a tunable dispersion compensator based on an add-drop MRR, attaining a dispersion
range from +12.9× 103 ps/nm to -12.3× 103 ps/nm. After compensation by this device, the BER
of 25 Gbit/s NRZ data transmitted over 20 km of single-mode fiber diminished from 10−3 to
10−11, markedly augmenting the signal quality [39]. Although the aforementioned devices have
achieved certain feats in on-chip dispersion compensation, with the rapid acceleration of the rate
in optical fiber communication systems, the incessant elongation of the transmission distance,
and the expeditious growth of the rate of silicon photonic transceiver chips, there is an acute
and exigent need for on-chip dispersion compensators with greater dispersion magnitudes and
enhanced levels of integration.

In this work, a novel cascaded nested micro-ring dispersion compensator based on SOI with
an extremely high negative dispersion value was proposed. By cascading two dual-layer nested
micro-rings of different sizes, this device achieves a large group delay and an extremely high
negative dispersion. The simulation results show that the proposed dispersion compensator
has dual operating wavelengths. At 1550 nm, the maximum group delay is 266.41 ps, and the
largest negative dispersion is -34611.6 ps/nm. At 1545 nm, the maximum group delay is -112.13
ps, and the largest negative dispersion is -7567.1 ps/nm. Meanwhile, the device size is only
25 µm× 27 µm, and the IL is less than 0.44 dB. After dispersion compensation using this device,
the BER of the 40 Gbit/s NRZ data signals at 1550.04 nm and 1545.12 nm, after transmission
through 100 km of single-mode fiber (SMF), are reduced to 10−15 and 10−13, respectively, with
a significant improvement in the eye diagram. The proposed on-chip dispersion compensator
is compatible with CMOS technology, has a small footprint, and is convenient for large-scale
integration, demonstrating great application potential in high-performance photonic transceiver
chips and large-scale PICs.

2. Structure design and optimization

The structure of the proposed cascaded nested micro-ring dispersion compensator is shown in
Fig. 1. The blue part represents the silica substrate, while the red part denotes the silicon core
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layer, and the upper cladding layer of the waveguide is silica. The structure consists of a straight
waveguide and four micro-rings with different radii, where two nested micro-rings are cascaded
via the straight waveguide. In Fig. 1, the optical signal enters through the input port of the straight
waveguide, is subject to dispersion compensation, and is then output through the output port. All
waveguides are strip waveguides, with the width and height being W and H, respectively. The
radius of the large ring in the first nested micro-ring is denoted as R1, and the radius of the small
ring is R2. In the second nested micro-ring, the radius of the large and small rings is denoted as
R3 and R4, respectively. The distance between the straight waveguide and the large ring, as well
as between the large ring and the small ring are both g. The distance between the centers of the
first and second nested rings along the x-axis is denoted by G. Since the resonance wavelength of
a single MRR is closely related to the group refractive index (i.e., different wavelengths of light
travel at different speeds when passing through the micro-ring), the group velocity characteristics
of the micro-ring can be controlled by adjusting the structural parameters of the micro-ring (such
as the radius, coupling coefficient, etc.) or by selecting different waveguide materials, so as to
compensate or regulate the dispersion. The material models for silica and silicon are determined
by their Sellmeier equations [40].

n2(λ) = 1 +
k∑︂

i=1

Biλ
2

λ2 − Ci
(1)

Fig. 1. Schematic of the cascaded nested micro-ring structure.

In the above equation, λ represents the incident wavelength, measured in micrometers; Bi are the
Sellmeier coefficients, which are typically constant terms; Ci is the Sellmeier dispersion constants,
which generally represent the square values of the material’s resonance wavelengths, with units
in µm2; typically, k is taken as 3. For silica, the specific parameters in the Sellmeier equation
are: B1 = 0.6961663, B2 = 0.4079426, B3 = 0.8974794, C1 = 0.00467914, C2 = 0.0135120, and
C3 = 97.934. For silicon, B1 = 10.6684293, B2 = 0.0030434748, B3 = 1.54133408, C1 = 0.301516485,
C2 = 1.13475115, and C3 = 1104.
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The mode characteristics of the strip straight waveguide in the proposed structure are analyzed
using the Finite Difference Eigenmode (FDE) solver in Ansys Lumerical MODE Solutions.
To avoid intermodal crosstalk, the waveguide is designed as a single-mode strip waveguide.
Meanwhile, to reduce the transmission loss of the waveguide, the waveguide dimensions are
set as W = 600 nm and H = 220 nm. Simulation results indicate that this strip waveguide only
supports the TE0 mode, and its electric field distribution is shown in Fig. 2(a). It can be observed
that the energy is well confined within the waveguide core. Moreover, the effective refractive
index of the TE0 mode in the optical waveguide is a key parameter, which will influence the
optical characteristics, including the resonant wavelength and transmittance of the MRR. The
variation of the effective refractive index of the TE0 mode in this optical waveguide with the
operating wavelength is shown in Fig. 2(b). As seen, the effective refractive index of the TE0
mode in the straight waveguide is approximately 2.566 at the operating wavelength of 1550 nm.

Fig. 2. (a) Mode profile of the straight waveguide at 1550 nm. (b) The variation of the
effective refractive index with wavelength.

For a single micro-ring, when light propagates through one circumference of the micro-ring
and the resulting phase shift is 2π, the micro-ring will be in a resonant state. The resonance
condition of the micro-ring can be expressed as follows [41]:

λres =
neff L

m
, m = 1, 2, 3 . . . (2)

here, λres is the resonant wavelength, neff is the effective refractive index of the guided mode
supported by the optical waveguide, L is the circumference of the micro-ring, and m is the
resonance order. According to Eq. (2), we first set the resonant wavelength at 1550 nm, which is
the center wavelength of the C - band in optical fiber communication. Meanwhile, considering
the precision of the existing CMOS technology and referring to the initial structure of the MRRs
reported in previous literature [42], the resonant orders of the four micro-rings in the designed
cascaded MRRs were determined respectively, that is m1 = 80, m2 = 40, m3 = 40, and m4 = 20,
respectively, and the corresponding radii were also obtained. Then, according to the relevant
empirical on the influence of the coupling distance on the coupling efficiency in silicon-based
MRRs, the structural parameters such as the size of the micro-rings and the coupling spacing
were scanned from small to large, and numerical simulations were carried out for each set of
parameters. Finally, the initial radii of the four micro-rings were roughly determined to be around
R1= 6.706µm, R2= 4.785µm, R3= 4.792µm, R4= 2.982µm, and G= 10µm. Nevertheless, at this
time, the total dispersion of the proposed cascaded nested MRRs-based dispersion compensator
is still small, and efficient dispersion compensation cannot be achieved. To obtain a higher total
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dispersion value, we need to optimize each structural parameter one by one using the control -
variable method, to achieve a large group delay and acquire the maximum negative dispersion.
In the following optimization process, we will use the Finite-Difference Time-Domain (FDTD)
solver in the Ansys Lumerical photonic simulation software.

Group delay is an important parameter for micro-ring-based dispersion compensators. The
group delay in the MRR reflects the propagation delay of light wave within the micro-ring, and
its value is closely related to the structural parameters of the micro-ring. It can be derived from
the derivative of the phase concerning frequency. It is typically expressed as [43]:

τg =
dϕ(ω)

dω
=

L
c
·

dneff(ω)

dω
+

neff(ω) · L
c

(3)

here, τg is the group delay, ϕ represents the phase shift generated after light propagates one full
circumference around the micro-ring, ω is the optical frequency. L is the circumference of the
micro-ring, and c is the speed of light.

Dispersion is typically expressed as the inverse of the derivative of group delay with respect to
wavelength, i.e., [43]

D(λ) =
dτg(λ)

dλ
(4)

here, D represents the dispersion, and λ is the wavelength.
Based on the above analysis, the dispersion characteristics of micro-rings are closely related

to their specific geometric structures. Therefore, for the designed cascaded nested micro-ring
dispersion compensator, it is necessary to analyze the influence of structural parameters including
the large ring radius R1, the small ring radius R2 in the first nested ring, the large ring radius
R3, the small ring radius R4 in the second nested ring, and center-to-center distance G, on its
group delay and dispersion one by one, with the expectation of obtaining the optimal dispersion
compensator structure.

Firstly, the influence of the radius R1 of the large ring in the first nested MRR on the dispersion
and delay characteristics of the device was investigated. In the simulation, the radius R2 of the
small ring in the first nested ring was set as 4.795 µm, the radius R3 of the large ring in the second
nested ring was set as 4.802 µm, the radius R4 of the small ring in the second nested ring was set
as 3 µm, the coupling gap g was set as 0.1 µm, and the distance G between the centers of the two
nested rings was set as 10 µm. R1 was increased from 6.706 µm to 6.726 µm with a step size of
0.005 µm. The dependency of the group delay and dispersion with the working wavelength are
shown in Figs. 3(a) - (b) respectively. It can be observed that as R1 increases, the wavelengths
corresponding to the peak group delay in Fig. 3(a) and the peak dispersion in Fig. 3(b) gradually
shift towards the red end of the optical spectrum. Meanwhile, the maximum group delay has
changed from positive to negative. For R1= 6.706, 6.711, and 6.716 µm, the dispersion value
jumps from anomalous dispersion to normal dispersion. For R1= 6.721, 6.726 µm, it jumps
from normal dispersion to anomalous dispersion. The variation trend of the dispersion slope
changes from positive-negative-positive to negative-positive-negative. When R1 increases from
6.706 µm to 6.716 µm, the maximum value of the group delay increases from 20.41 ps to 179.38
ps, and the dispersion value decreases from -269.58 ps/nm to -16148.7 ps/nm. When R1 increases
from 6.716 µm to 6.726 µm, the maximum value of the group delay decreases from 179.38 ps
to -28.86 ps, and the dispersion value increases from -16148.7 ps/nm to -1072.01 ps/nm. Thus,
R1 = 6.716 µm is selected as the optimal structural parameter for the large ring in the first nested
ring.

Secondly, the impact of the small ring radius R2 in the first nested MRR on the group
delay and dispersion of the proposed structure is investigated. In the simulation, R1 = 6.716 µm,
R3 = 4.802 µm, R4 = 3 µm, g= 0.1 µm, and G= 10 µm. The value of R2 is increased from 4.785 µm
to 4.805 µm in a step size of 0.005 µm. The resulting group delay and dispersion as a function
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Fig. 3. (a) Variation of group delay with wavelength for different values of R1. (b) Variation
of dispersion with wavelength for different values of R1.

of the operating wavelength are shown in Fig. 4(a) and (b), respectively. It can be observed
that as R2 increases, the peak wavelengths corresponding to both the group delay and negative
dispersion gradually redshift. The peak group delay has changed from negative to positive,
and the variation trend of the dispersion slope has changed from negative-positive-negative to
positive-negative-positive. Compared to Fig. 2, the influence of R2 on the operating wavelength is
less pronounced than that of R1. For the five selected values of R2, the corresponding dispersion
extrema wavelengths are all within the range of 1550 nm to 1550.05 nm. When R2 increases from
4.785 µm to 4.795 µm, the peak values of the group delay are -32.9 ps, -67.53 ps, and 179.38 ps,
and the peak values of dispersion are -491.34 ps/nm, -2203.15 ps/nm, and -16148.7 ps/nm. When
R2 increases from 4.795 µm to 4.805 µm, the peak group delay decreases from 179.38 ps to 17.11
ps, and the peak negative dispersion increases from -16148.7 ps/nm to -180.67 ps/nm. Based on
these results, a value of R2 = 4.795 µm is chosen for the small ring radius in the first nested ring.

Fig. 4. (a) Variation of group delay with wavelength for different values of R2; (b) variation
of dispersion with wavelength for different values of R2.

Next, the influence of the outer ring radius R3 of the second nested MRR on the group delay
and dispersion of the proposed structure is investigated. In this simulation, R3 is increased from
4.792 µm to 4.812 µm with a step size of 0.005 µm, while keeping other structural parameters
constant. The results are shown in Fig. 5. As can be seen from Fig. 5(a), with the increase of
R3, the peak values of group delay corresponding to the five R3 values are -41.19 ps, 67.29 ps,
179.38 ps, 76.72 ps, and 43.2 ps, respectively. In Fig. 5(b), the corresponding peak values of
dispersion for the five R3 values are -935.72 ps/nm, -2560.08 ps/nm, -16148.7 ps/nm, -3434.84
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ps/nm, and -1026.61 ps/nm, respectively. Only when R3= 4.792µm, the corresponding group
delay is negative, and the dispersion slope shows a trend of negative-positive-negative. For the
other values of R3, the corresponding group delays are all positive, and the dispersion slope
presents a variation trend of positive-negative-positive. Thus, R3 = 4.802 µm is selected.

Fig. 5. (a) Variation of group delay with wavelength for different R3. (b) Variation of
dispersion with wavelength for different R3.

Furthermore, the influence of the inner radius R4 of the second nested MRR on the group
delay and dispersion is investigated. In this analysis, R4 is gradually increased from 2.982 µm
to 3.002 µm in a step size of 0.005 µm, while other parameters are constant. The results are
shown in Fig. 6. As seen in Fig. 6(a), the wavelength corresponding to the peak group delay
gradually redshifts with the increase of R4, with each step increase in R4 resulting in a redshift
of approximately 0.02 nm. Figure 6(b) shows that the peak dispersion value first decreases
and then increases with the increase of R4. Specifically, when R4 increases from 2.982 µm
to 2.992 µm, the peak of group delay increases from 179.375 ps to 266.41 ps, and the peak
dispersion value decreases from -15605.4 ps/nm to -34611.6 ps/nm. When R4 increases from
2.992 µm to 3.002 µm, the peak of group delay decreases from 266.41 ps to 218.38 ps, and
the peak dispersion value increases from -34611.6 ps/nm to -22150.4 ps/nm. It can be learned
that for all values of R4, the group delay is positive, and the dispersion slope shows a trend of
positive-negative-positive. Based on the above analysis, R4 = 2.992 µm is selected.

Fig. 6. (a) Variation of group delay with wavelength for different R4. (b) Variation of
dispersion with wavelength for different R4.

Finally, the impact of the center-to-center distance G between the left and right nested MRRs
on the group delay and dispersion of the proposed cascaded nested micro-ring dispersion
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compensator is investigated. In the numerical analysis, G is increased from 9.8 µm to 10.2 µm
in a step size of 0.1 µm, while the other structural parameters remain unchanged. The results
are shown in Fig. 7. As observed from the figure, when G increases from 9.8 µm to 10 µm, the
wavelengths corresponding to the peak group delay and peak dispersion gradually approach 1550
nm, while the peak group delay increases from -27.81 ps to 266.41 ps, and the peak dispersion
value decreases from -26.8 ps/nm to -34611.6 ps/nm. When G increases from 10 µm to 10.2 µm,
the wavelengths corresponding to the peaks group delay and peak dispersion gradually shift
away from 1550 nm. Additionally, the peak group delay decreases from 266.41 ps to 19.14
ps, and the peak dispersion value increases from -34611.6 ps/nm to -217.3 ps/nm. Only when
G= 0.1µm, the group delay corresponding to this structure is negative, and the variation trend
of the dispersion slope is negative-positive-negative. In contrast, when G takes other values,
the group delays corresponding to this structure are all positive, and the dispersion slopes all
show a variation trend of positive-negative-positive. Then, G= 10 µm is selected as the optimal
center-to-center distance between the two nested MRRs.

Fig. 7. (a) Variation of group delay with wavelength for different values of G; (b) variation
of dispersion with wavelength for different values of G.

Based on the above analysis results, the optimal structural parameters for the cascaded nested
MRRs are W = 600 nm, H = 220 nm, g= 0.1 µm, R1 = 6.716 µm, R2 = 4.795 µm, R3 = 4.802 µm,
R4 = 3 µm, and G= 10 µm.

3. Performance analysis

For the optimized cascaded nested MRR dispersion compensator, numerical analysis was
conducted on the relationship between its group delay and dispersion concerning wavelength,
and the results are shown in Fig. 8. The blue curve represents the group delay, while the red
curve denotes the dispersion. Specifically, as can be seen from Fig. 8(a), the device can achieve
extremely large group delays and high dispersion values at two wavelengths. Among them, the
group delay reaches a maximum value of 266.41 ps at a wavelength of 1550.032 nm, and the
dispersion reaches its maximum value of -34611.6 ps/nm at a wavelength of 1550.034 nm. This
indicates that at these wavelengths, the propagation speed of light waves within the nested MMR
is significantly slowed down, implying that the transmission time of light in the resonant state is
significantly increased. In addition, as shown in Fig. 8(b), another relatively large group delay
and a high dispersion value near 1545 nm for this structure are observed. The group delay reaches
a minimum value of -112.13 ps at a wavelength of 1545.13 nm, and the dispersion value reaches
a minimum value of -7567.1 ps/nm at a wavelength of 1545.125 nm.

Next, the electric field distribution (X-O-Y plane) in the cascaded nested MRR dispersion
compensator is analyzed, and the results are illustrated in Fig. 9(a). It can be observed that the
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Fig. 8. (a) Group delay and dispersion versus wavelength near 1550 nm for the optimized
structure. (b) Group delay and dispersion versus wavelength near 1545 nm for the optimized
structure.

energy is higher in the large ring of the first nested MRR and the small ring of the second nested
MRR, indicating an over-coupled state. Conversely, the energy is lower in the small ring of the
first nested MRR and the large ring of the second nested MRR, indicating an under-coupled
state. Figure 9(b) and Fig. 9(c) show the modal field distribution at the input and output ports,
respectively, on the cross-sectional view (Y-O-Z plane). It can be observed that compared with
the input end, when the optical wave reaches the output end after being transmitted through the
cascaded nested MRRs, its mode field energy distribution remains nearly unchanged and is still
in the TE0 mode.

Fig. 9. (a) Electrical field distribution in the X-O-Y plane. Electrical field distribution at
(b) the input port and (c) the output port of the straight waveguide.

For a single-ring MRR, its transmission spectrum T(ω) can be expressed as [38]:

T =
t2 + a2 − 2ta cos ϕ

1 − 2ta cos ϕ + (ta)2
(5)

here, k is the coupling coefficient between the input straight waveguide and the micro-ring, t is
the transmission coefficient, satisfying |k|2 + |t|2 = 1; a is the loss coefficient of the micro-ring,
representing the loss of light after one round-trip propagation within the micro-ring; and ϕ is the
phase shift induced by the light after one round-trip propagation within the micro-ring. Based on
this, the transmission spectrum of the proposed cascaded nested MRRs is shown in Fig. 10. It
can be observed that there are two minimum values in the transmission spectrum near 1545 nm
and 1550 nm respectively, with the corresponding transmittances being -0.44 dB and -0.43 dB.
This indicates that the designed cascaded nested MRRs are indeed in a detuned state at these two
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wavelengths, which meets the conditions for generating large dispersion values. In addition, this
figure also shows that the insertion loss of the designed device within the wavelength range of
1540 to 1560 nm is less than 0.44 dB, indicating that the cascaded nested MRRs-type dispersion
compensator has the advantage of low insertion loss. It is worth noting that the insertion loss
of the device obtained from the simulation in Fig. 10 only represents the insertion loss of the
proposed integrated dispersion compensator itself. When integrating the designed device into
an actual optical fiber communication link, the coupling loss from the fiber to the chip is a key
issue that needs to be addressed [32]. The coupling loss between the optical fiber and the optical
chip can be further reduced by fabricating tapered waveguides at the end - faces of the input and
output straight waveguides of the dispersion compensation optical chip containing nested MRRs.

Fig. 10. Transmission spectrum of the cascaded MRRs.

The local zoomed-in transmission spectrum around 1550 nm and 1545 nm is compared with
the corresponding group delay curves within the same wavelength range, as shown in Fig. 11.
The red curve represents the transmission spectrum, and the blue curve represents the group
delay. From Fig. 11(a), it can be seen that at the resonant wavelength of 1550 nm, the group
delay reaches its peak value of 266.41 ps. Similarly, in Fig. 11(b), the group delay at the resonant
wavelength of 1545 nm reaches its peak value of -112.13 ps.

Fig. 11. Transmission spectrum and group delay as a function of wavelength (a) near
1550 nm and (b) near 1545 nm.
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To verify the dispersion compensation effect of the designed cascaded nested MRR dispersion
compensator, it was used to compensate for the dispersion of high-speed data transmitted through
long-distance SMF. Considering that although coherent optical communication technology is
widely adopted in current long-distance backbone networks, the intensity-modulation direct-
detection (IMDD) scheme is still used in some special application scenarios with an optical
fiber transmission distance exceeding 100 km, especially in fields such as military defense and
national security. Take the underwater fiber-optic guided torpedo combat system as an example.
It usually adopts the IMDD scheme [44]. After the torpedo is launched, the operators on the
submarine can remotely guide the torpedo through the fiber-optic communication system to
carry out long-range and precise strikes on targets 100 km away and even farther. In addition, in
situations where secure communication is required, chaotic secure communication technology is
often employed. In 2019, Fu et al. proposed and experimentally verified a new physical-layer
encryption scheme for high-speed optical communication, achieving the secure transmission
of a 10 Gbit/s on-off keying (OOK) signal in a 100-km standard single - mode fiber (SMF)
[45]. Therefore, here, we used the commercially available optical fiber communication system
simulation software OptiSystem to build an IMDD optical fiber communication system based on
a 100 - km SMF, to evaluate the performance of the proposed integrated dispersion compensator.
OptiSystem creates a system - level simulator, integrating functions such as designing, testing,
and optimizing of various types of broadband optical networks [46]. It enjoys extremely high
popularity in the field of optical fiber communication and is widely used for simulating various
issues, including wavelength division multiplexing (WDM), optical time division multiplexing
(OTDM), optical code division multiplexing (OCDMA), and coherent as well as IMDD optical
communication systems [47–49]. Its accuracy has been unanimously recognized by numerous
researchers from academia and industry. The specific dispersion compensation system is shown
in Fig. 12. A pseudo - random bit sequence (PRBS) generator produces a 40 Gbit/s PRBS, which
is injected into a non-return-to zero (NRZ) generator to generate a 40 Gbit/s NRZ signal. This
signal is then injected into a Mach-Zehnder intensity modulator to perform intensity modulation
on the continuous light injected into the modulator. A polarization controller (PC) is used to
optimize the polarization state of the continuous light to ensure the optimal intensity modulation
effect. The modulated optical signal passes through an erbium-doped optical fiber amplifier
(EDFA) to amplify its optical power and is then injected into a 100 - km SMF for long - distance
transmission. Since the SMF has an attenuation coefficient of 0.2 dB/km around 1550 nm,
the optical power of the signal after long - distance transmission is relatively low. It is further
amplified by another EDFA and then injected into the designed integrated dispersion compensator
for dispersion compensation. The compensated optical signal is injected into a PIN photodetector
for photoelectric conversion, then passes through a Bessel low - pass filter to filter out low -
frequency electrical noise. Finally, an oscilloscope and a bit - error rate (BER) tester are used
to monitor the waveform, eye diagram, and BER of the terminal signal. During the simulation,
the selection of the central wavelength of the optical signal to be compensated is of critical
importance. By referring to the group delay and dispersion curves (as depicted in Fig. 8), we
deliberately avoid the peak of the group delay, because the dispersion is zero at this point. Given
that a larger negative dispersion value leads to better dispersion compensation, we draw a dashed
line at D= - 9556 ps/nm in the vicinity of 1550 nm. This dashed line intersects with the dispersion
curve, yielding two intersection points, as illustrated in Fig. 8(a). The corresponding wavelengths
at these two points are 1550.031 nm and 1550.04 nm, respectively. According to the principle of
dispersion compensation: D1L1 =D2L2, where D1 and L1 is the dispersion coefficient and length
of the standard SMF at wavelength λ, D2 and L2 is the dispersion coefficient and length of the
dispersion compensator at wavelength λ. Considering the dispersion coefficient of a SMF at 1550
nm is D1 = 17 ps/nm/km, thus, if the central wavelength of the optical signal to be compensated
is set within this wavelength range, it can ensure good dispersion compensation results. Similarly,
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for the other operating channel, we draw a dashed line at D= - 4613 ps/nm around 1545 nm. This
line intersects with the dispersion curve, resulting in two intersection points (the corresponding
wavelengths are 1545.12 nm and 1545.13 nm, respectively), as shown in Fig. 8(b). If the central
wavelength of the optical signal to be compensated is set within this range, it can ensure good
dispersion compensation results. Therefore, in the simulation system, a continuous wave laser
with a central wavelength of 1550.04 nm or 1545.12 nm was selected.

Fig. 12. Experimental setup of the dispersion compensation system.

As illustrated in Figs. 13(a) and 13(d), the waveform and eye diagram of the original signal
with a wavelength of 1550.04 nm are presented respectively. Subsequently, Figs. 13(b) and 13(e)
respectively depict the waveform and eye diagram of this optical signal following its transmission
through 100 km of SMF. Moreover, Figs. 13(c) and 13(f) show the waveform and eye diagram
of the signal after undergoing dispersion compensation. In a similar vein, Figs. 13(g) and 13(j)
display the waveform and eye diagram of the original signal possessing a wavelength of 1545.12
nm, while Figs. 13(h) and 13(k) illustrate the waveform and eye diagram of the signal after its
transmission through 100 km of SMF. Finally, Figs. 13(i) and 13(l) present the waveform and
eye diagram of the signal after dispersion compensation. Evidently, for the optical signals with
wavelengths of 1550.04 nm and 1545.12 nm, upon transmission through the long-distance SMF,
the dispersion effect leads to a severe distortion of the optical signals, with the eye diagrams nearly
closing. However, in comparison to the eye diagrams of the optical signals prior to compensation
(as shown in Figs. 13(e) and 13(k)), the openings of the eye diagrams in Figs. 13(f) and 13(l) are
noticeably enlarged. Concurrently, for the optical signal with a wavelength of 1550.04 nm, the
Q factor after dispersion compensation reaches 7.71, and the minimum BER is 10−15. For the
optical signal with a wavelength of 1545.12 nm, the Q factor after dispersion compensation is
7.18, and the minimum BER is 10−13. This demonstrates that after the dispersion compensation
is carried out by the designed cascaded nested MRR dispersion compensator, the degree of signal
distortion is remarkably reduced, and the performance of the optical fiber communication system
is substantially enhanced. Hence, it verifies the outstanding dispersion compensation effect of
the designed cascaded nested MRR dispersion compensator.

On the other hand, the current CMOS manufacturing process inevitably has limitations in
controlling the dimensional accuracy of waveguides. This issue is particularly prominent for
MRRs with high refractive index contrast, which can cause changes in the resonant wavelength.
Meanwhile, in actual optical fiber communication systems, the light source may also experience
frequency chirping or wavelength drift. Therefore, the operating wavelength of the dispersion
compensator should have dynamic tuning capabilities. Tuning the resonant wavelength of the
MRRs based on the electro-optic or thermo-optic effect are two viable solutions [50,51]. However,
compared with the electro - optic effect, the thermo-optic effect in silicon waveguides is more
significant, which allows the phase shifter to require a lower driving voltage. In addition, the
thermo-optic effect does not have the DC drift phenomenon and can provide a more stable
solution for phase tuning [51]. Therefore, for the integrated dispersion compensator proposed in
this paper, dynamic tuning of the device’s operating wavelength can be achieved through the
thermo-optic effect by depositing nickel - chromium metal electrodes on the optical waveguide.
The specific physical mechanism of thermo-optic tuning is as follows: when current is injected
into the heater, the temperature of the optical waveguide will rise. Since silicon has a relatively
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large positive thermoelectric coefficient, an increase in the temperature of the silicon waveguide
leads to an increase in the waveguide’s refractive index, which in turn causes a drift in the
resonant wavelength of the MRRs, thus achieving the purpose of dynamically tuning the operating
wavelength.

The main performance parameters of the proposed cascaded nested MRR dispersion compen-
sator are compared with those of previously reported on-chip dispersion compensators, and the
results are shown in Table 1. The typical parameters for comparison include device structure,
dispersion value, IL, and device size, etc. It can be learned that for the structure reported in [39],
although its IL is slightly smaller than that of the proposed structure in this work, its dispersion
value is also smaller than our scheme. More importantly, its size is significantly larger than that

Fig. 13. Dispersion compensation in high-speed optical fiber transmission system: Wave-
form of (a) original signal, (b) before dispersion compensation, and (c) after dispersion
compensation at 1550.04 nm. Eye diagram of (d) the original signal, (e) before dispersion
compensation, and (f) after dispersion compensation at 1550.04 nm. Waveform of (g) original
signal, (h) before dispersion compensation, and (i) after dispersion compensation at 1545.12
nm. Eye diagram of (j) the original signal, (k) before dispersion compensation, and (l) after
dispersion compensation at 1545.12 nm.
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of the structure designed in this work. Meanwhile, for the structures suggested in [22–24], not
only do they have large ILs and small dispersion values, but also the device sizes are relatively
large. Compared with them, the cascaded nested MRR dispersion compensator proposed here
has excellent advantages in both dispersion value and device size.

Table 1. Performance comparison of on-chip dispersion compensators

Ref Type Material Dispersion
(ps/nm)

Insertion loss
(dB)

Size Physical device/
simulations

[22] WBG SOI +250 @1540nm 3 1cm physical device

[23] WBG SOI +20 @1270nm 4 8.5mm physical device

-28 @1335nm

[24] CWMG TFLN -39.3@1550nm 6 0.16mm× 4.65mm physical device

[38] MRR SiON -4000@1550nm 3 2.5 mm× 2.5 mm physical device

[39] MRR Si3N4 -12.3× 103 @1550nm 0.1 100µm× 100µm physical device

[52] WBG SOI -11@1570nm 2 4µm× 3.72mm simulations

[53] MRR ∼ -3.6× 103@1550nm 3 ∼ simulations

[54] MRR ∼ -3993@1550nm 19 ∼ simulations

This Work MRR SOI -34.6× 103 @1550nm 0.44 25µm× 27µm simulation

-7567.1@1545nm

4. Conclusion

A novel dual-channel dispersion compensator with ultra-compactness based on SOI is proposed.
By cascading two sets of nested MRR with different sizes, the dispersion compensator achieves
large group delay and extremely high negative dispersion at two distinct wavelengths, thereby
enabling dual-channel dispersion compensation. The proposed cascading nested MRRs structure
is optimized by employing the FDTD method, and its group delay and chromatic dispersion
characteristics are analyzed. The results indicate that when the structure parameters are set as
W = 600 nm, H = 220 nm, R1 = 6.716 µm, R2 = 4.795 µm, R3 = 4.802 µm, R4 = 3 µm, g= 0.1 µm,
and G= 10 µm, the maximum group delay of 266.41 ps and the largest negative dispersion of
-34611.6 ps/nm can be attained at 1550 nm. Meanwhile, at 1545 nm, the maximum values of the
group delay and negative dispersion are -112.13 ps and -7567.1 ps/nm respectively. Moreover,
the device size is only 25 µm× 27 µm, and the IL is less than 0.44 dB. In addition, the device
is utilized for dispersion compensation of a 40 Gbit/s NRZ signal transmitted through 100 km
of SMF. The results reveal that after dispersion compensation, the Q factor of the 1550.04 nm
signal is 7.71 with a minimum BER of 10−15. The Q factor of the 1545.12 nm signal is 7.18 with
a minimum bit error rate of 10−13. All these validate the efficacy of the dispersion compensator.
The proposed cascaded nested MRR dispersion compensator features higher dispersion and
compact size, showing great application potential in high-speed optical transceiver chips as well
as large-scale PICs.
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