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A B S T R A C T

This study presents photon-photon coupling (PPC) in a microwave hybrid system consisting of a Split Ring 
Resonator (SRR) and a Complementary Split Ring Resonator (CSRR), both acting as photon modes. Numerical 
simulations using CST Microwave Studio were performed to design the system and analyze the anticrossing 
phenomenon between the photon modes (SRR and CSRR) by examining the |S21| versus frequency spectra while 
varying the size of the CSRR. Additionally, we provide a theoretical framework to explain the observed anti
crossing phenomenon due to photon-photon interaction, which shows strong agreement with the simulation. 
Furthermore, we explore the influence of the substrate’s dielectric constant (εr) on the PPC by estimating the 
coupling constant for different εr values. The results indicate that the coupling strength decreases as εr increases, 
highlighting a tunable parameter for controlling photon interactions in hybrid microwave systems. This dis
covery opens new avenues for developing and optimizing tunable systems, which are crucial for progress in 
quantum technologies.

Introduction

The modern scientific and technological landscape is largely gov
erned by wave phenomena, which are central to both physics and en
gineering. Recent decades have seen a surge in research dedicated to the 
control and manipulation of electromagnetic waves, resulting in the 
observation of numerous intriguing phenomena. Within this paradigm, 
the advancements in quantum information science spotlight the pivotal 
interaction between light and matter underscoring the importance of 
maintaining coherence during information transfer [1,2]. The regula
tion and synergy of these elements hold significant promise for opti
mizing applications across quantum cavities for technological 
applications, quantum phase materials, oscillators, filters, sensors, 
waveguides, switches and a wide range of quantum technologies [3,4].

Among the primary observable effects of coherent light-matter 
interaction are vacuum Rabi splitting, Electromagnetically Induced 
Transparency (EIT), Rabi oscillations, and Autler-Townes splitting. Of 
these, EIT and its complementary phenomenon, Electromagnetically 
Induced Absorption (EIA), are fundamental quantum optical effects that 
serve as the theoretical and experimental basis for numerous applica
tions leveraging quantum interference and quantum information pro
cessing [5–11]. The principle of EIT is grounded in the coherent 
coupling between two optical fields, which mitigates resonant 

absorption and creates a transparent medium or coupling zone. This 
foundational mechanism is significant in applications such as slow light 
dynamics, advanced optical signal modulation, quantum switching 
mechanisms, nonlinear wave mixing, and quantum information pro
cessing. In contrast to EIT, EIA originates from dissipative dynamics that 
promote light absorption within the coupling region, paving the way for 
applications like fast light propagation, narrowband filter implementa
tion, absorption-switching techniques, and optical modulation technol
ogies [12,13]. Both EIT and EIA, rooted in non-linear system dynamics, 
have recently been found to have analogs in a variety of systems, 
including photonic crystals and plasmas.

In this context, coupling-induced absorption (CIA), the linear 
analogue of EIA, is gaining interest due to its association with dissipative 
coupling, where energy dissipation becomes prominent at particular 
frequencies. Similarly, in the linear regime, coupling-induced trans
parency (CIT) serves as an analogue to EIT [10], arising from the phase 
relationship among system modes and enabling coherent energy transfer 
between interacting subsystems [10]. This phenomenon, observed 
through mode splitting (level repulsion, LR) and merging (level attrac
tion, LA) near the coupling center, often requires highly demanding 
experimental conditions, such as ultra-low temperatures and intricate 
three-dimensional structures, thereby limiting its broader applicability 
[14–17]. As a result, significant efforts are underway to develop 
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compact, planar quantum devices capable of hosting and controlling CIT 
and CIA phenomena. These phenomena, rooted in quantum interfer
ence, offer powerful tools for dynamically tuning light-matter in
teractions [15,17].

In this regard, several hybrid system configurations, such as photon- 
photon [18], magnon-photon [19,20], and magnon-polariton [21], have 
been put forward. Within these, Photon-Photon coupling (PPC) based 
systems have stood out, drawing considerable scientific interest, due to 
their exceptional tunability, which is crucial for exploring CIA by con
trolling the coupling strength of level attraction (LA), supported by both 
experimental investigations and theoretical modeling. However, limited 
attention has been directed toward manipulating the coupling strength 

through modifications in configurations of system and its components 
properties. In this paper, we present a PPC-based planar hybrid system 
composed of Split Ring Resonator (SRR) and Complementary Split Ring 
Resonator (CSRR) to investigate variations in the coupling strength of 
LA. Our study aims to control the coupling strength and adjust the 
coupling region of PPC by altering the dielectric constant (εr) of the 
substrate. We have also formulated a theoretical framework based on 
quantum mechanical modeling to understand the mechanism of PPC, 
which is in excellent agreement with our simulation. This work provides 
valuable insights into interactions in hybrid systems, offering potential 
pathways for future developments in quantum information processing 
[22].

Fig. 1. The simulation framework designed to investigate the excitation of photon modes employs a planar geometry incorporating a Split-Ring Resonator (SRR) and 
a Complementary Split-Ring Resonator (CSRR) structure, both of which are coupled to a microstrip feeding line. In this setup, ports 1 and 2 of the feeding line are 
connected to a Vector Network Analyzer (VNA) to facilitate the analysis. All components are fabricated on a dielectric substrate. A schematic representation of the 
simulation setup for photon-photon coupling (PPC) is provided, depicting (a) the front side and (b) the back side of the structure.

R.K. Nayak et al.                                                                                                                                                                                                                               Chemical Physics Impact 10 (2025) 100890 

2 



Simulation set-up

In this study, CST Microwave Studio is employed to investigate the 
interaction between two-photon modes within a hybrid planar system 
comprising three layers. The top layer of this system consists of a 40 mm 
long microstrip line, accompanied by an SRR with dimensions N = 8 
mm, q = 1 mm and d = 0.4 mm (see. Fig. 1(a)), while the bottom layer 
consists of a copper ground plane incorporating a CSRR with dimensions 
g = 1 mm, r = 0.4 mm and M values varies from 5 mm to 7 mm. (see 
Fig. 1(b)). Sandwiched between these layers, the intermediate substrate 
is a dielectric material with dimensions 40 mm × 30 mm × 1 mm. The 
SRR, microstrip line, and CSRR are all made of copper with a thickness 
of 0.035 mm.

Initially, the simulations were conducted for individual SRR and 
CSRR separately to obtain the transmission spectra |S21| as a function of 
frequency of the microwave signal in the microstrip line. The photon 
modes in both resonators were excited by the electromagnetic fields 
generated by the propagating microwave signal in the microstrip line. 
This microwave current, with the electric field (E) oriented vertically 
and the magnetic field (H) forming loops around the microstrip line. The 
magnetic field component of microwave current, is perpendicular to the 
SRR plane, induces circulating currents within the metallic rings. This 
results in an LC resonance excitation in SRR. Conversely, the CSRR on 
the bottom layer is excited by the electric field component that pene
trates the substrate, interacting with the etched slots. This simulation 
revealed a resonance frequency peak of the SRR at 6.094 GHz and the 
peaks of CSRR range from 3.475 GHz to 9.712 GHz (See supplementary 
Fig. S1). The intrinsic damping (α) of the SRR has been evaluated based 
on the expressionα = ΔωFWHM /2ωs. Likewise, the intrinsic damping of 
the CSRR was calculated as β = ΔωFWHM/2ωc. Since, the values of α and 
β varies with different dimensions and different dielectric constants in 
order of 10− 3, these fluctuations have an insignificant effect on the 
fitting accuracy. Hence, we employed their average values for consis
tency in the calculations. The resulting average values are α = 5.517 ×
10–2 and β = 5.10 × 10–2.

To investigate photon-photon coupling between the SRR and CSRR 
modes, both resonators were simultaneously excited using a microwave 
signal propagating through the microstrip line. The SRR and CSRR are 
coupled via the substrate and the fields generated by the microstrip line. 
The SRR modifies the magnetic response, while the CSRR modifies the 
electric response. To observe the behavior of coupling strength between 
SRR and CSRR with a variation of the dielectric constant of the substrate, 
we have performed simulation for different dielectric constant sub
strates (Ɛr). To ensure a characteristic impedance of 50 Ω, the width (w) 
of the microstrip line varies depending on the dielectric constant of the 
substrate. For dielectric constant Ɛr = 2.5, 3, 4, 5, 6, 7, 8, and 9, the 
corresponding widths of the microstrip line are taken as w = 2.78 mm, 
2.45 mm, 2 mm, 1.68 mm, 1.44 mm, 1.25 mm, 1.10 mm, 0.98 mm 
respectively. The simulation for transmission spectra for different Ɛr 
value is performed by parameter sweeping of the size of CSRR from M =
5 mm to 7 mm while keeping the other CSRR dimensions fixed and also 
the dimensions of SRR are kept fixed.

Result and discussions

Observation of anti-crossing

Fig. 2(a) presents the transmission spectra ∣S21∣ of the SRR-CSRR 
hybrid system as a function of microwave frequency for different 
values of M (the size of the CSRR), while keeping the SRR dimensions 
fixed. The spectra exhibit two distinct resonance peaks, the peak, 
marked by a black arrow, exhibits a relatively lower gain and shows a 
strong dependence on ‘M’ the size of the CSRR. As M increases M = 5 to 7 
mm, this peak gradually shifts to lower frequencies and eventually in
tersects with the higher gain resonance peak indicated by a red arrow. 

Fig. 2. (a) The stacked plot of the transmission spectra |S21| is shown as a 
function of microwave frequency for multiple sizes of the CSRR (M). This 
analysis captures the dynamic response of the planar hybrid system that in
tegrates both the SRR and CSRR, thereby revealing the interaction mechanism 
between two photon modes. (b) The transmission spectra of the SRR-CSRR 
hybrid system are depicted using a colormap, which visualizes the frequency- 
dependent response of the structure. The overlaid solid line represents the 
theoretical model fitting, demonstrating consistency between the numerical 
simulations and analytical predictions for a dielectric substrate with a dielectric 
constant of εr= 3.
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The resonance peak, indicated by a red arrow remains largely unaffected 
by changes in the CSRR dimension, suggesting its association with a 
stable photon mode. This behavior of peak marked by black arrow aligns 
with simulations conducted exclusively for the CSRR (see Supplemen
tary Fig. S2), which demonstrate that its resonance frequency decreases 
as M increases. This frequency shift results from an increase in the 
effective inductance of the CSRR, thereby lowering the resonance fre
quency in accordance with the relation ωc = 1/

̅̅̅̅̅̅̅̅̅̅
LcCc

√
. Therefore, Dur

ing PPC between the CSRR and SRR modes, the resonance peak marked 
by black arrow that continuously shifts toward lower frequencies is 

identified as the CSRR photon mode, while the fixed resonance peak 
corresponds to the SRR photon mode. Notably, as the CSRR resonance 
approaches that of the SRR, the amplitude of its peak increases, whereas 
the amplitude of the SRR peak decreases. Once the peaks move apart, 
their original amplitudes are restored. This reciprocal modulation of 
peak intensities signifies coherent energy exchange between the two 
coupled resonators. As a result of this interaction, two distinct hybrid 
modes emerge, each representing a superposition of the original SRR 
and CSRR resonances, as clearly illustrated in the colormap of Fig. 2(b). 
These hybrid modes exhibit a characteristic frequency splitting: one 

Fig. 3. Simulation result of (a) electric field distribution (b) magnetic field distribution for a planar hybrid system integrating a SRR and CSRR with different sizes of 
CSRR (M = 4.5 mm, 5.5 mm, 6.0 mm, 7.5 mm, 8.5 mm). The left panel represents mode-1 and the right panel corresponds to mode-2. The color gradient represents 
the field intensity, with red denoting the highest field concentration and blue indicating low-field regions.
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branch shifts to a higher frequency and the other to a lower frequency, 
relative to the point at which the uncoupled modes would have inter
sected. This splitting directly reflects the coupling strength and serves as 
a clear spectral signature of strong coupling and level repulsion. This 
distinct anti-crossing effect provides direct evidence of the coupling 
between the two photon modes [23].

The coupling mechanism is further illustrated in Fig. 3(a) and (b), 
which present the electric and magnetic field distributions due to PPC. In 
Fig. 3(a), as M increases, the electric field strength of mode-1 decreases, 
while for mode-2, it increases correspondingly. Similarly, in Fig. 3(b), 
the magnetic field strength of mode-1 diminishes with increasing M 
whereas mode-2 exhibits enhanced magnetic field strength. This redis
tribution of field intensity underscores the interaction between the 
coupled photon modes and provides insights into the energy transfer 
dynamics within the hybrid resonator system.

Analytical model

A quantum theoretical framework is discussed to describe the 
coupling dynamics between the SRR and CSRR, allowing for an esti
mation of the coupling strength. The schematic representation of this 
model is shown in Fig. 4.

The general Hamiltonian for SRR, CSRR and microstrip line, after 
applying the rotating wave approximation is given by [4,24–27], 

H = ℏ (ωs − iα) ŝ† ŝ + ℏ (ωc − iβ) ĉ† ĉ + ℏY (ŝ ĉ†
+ ŝ† ĉ)

+ℏ
∫

ωk p̂†

k p̂kdk + ℏ
∫

νs
(
ŝ p̂†

k + ŝ† p̂k
)
dk + ℏ

∫

vc
(
ĉ p̂†

k + ĉ† p̂k
)
dk

(1) 

Where, the operators ŝ and ŝ† are the annihilation and creation op
erators of the SRR mode, while ̂c and ̂c† are the annihilation and creation 
operators of the CSRR mode. The parameters ωs and ωc correspond to 
the resonance frequencies of the SRR and CSRR, respectively, in the 
absence of coupling. Additionally, α and β characterize the intrinsic 
damping rates associated with the SRR and CSRR, respectively. The 
coupling strength is expressed as Υ =Ј+iΓ, where J and Γ denote the 
real-valued components associated with the coherent and dissipative 
interactions between the SRR and CSRR, respectively. In this Hamilto
nian description, an additional coupling is introduced via traveling 
photons propagating along the microstrip line, with their influence 
being integrated over the full real domain, extending indefinitely in both 
directions. Due to their bosonic nature, these photons are described by 
the creation and annihilation operators p̂†

k and p̂k respectively, which 
satisfy the commutation relation [p̂k,p̂

†

kʹ ] = δ(k − k′). Here, k denotes the 
wave vector, while ωk in Eq. (1) represents the frequency associated 
with the traveling photons. The interaction between the traveling pho
tons propagating along the microstrip line and the individual modes 
(SRR or CSRR), is captured in the final term of the Hamiltonian, where 
the interaction strengths, denoted by νs and vc, are modeled as linear 
functions of p̂†

k and p̂k.
Now, the equations of motion of the operators ŝ and ĉ are given by 

˙̂s =
− i
ℏ
[ŝ, H] = − iω̃s ŝ −

∫

iνs p̂kdk − iYĉ (2) 

˙̂c =
− i
ℏ
[ĉ, H] = − iω̃c ŝ −

∫

iνc p̂kdk − iYŝ (3) 

Fig. 4. Schematic representation of the quantum model illustrating the interaction among the microstrip line, SRR, and CSRR. The diagram highlights two distinct 
modes, A and B, which share a common signal line while exhibiting different system attributes. A traveling photon is coupled with both Mode A and Mode B, 
facilitating a coupling between these two modes and enabling their interaction through the common signal pathway.
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Where ω̃s = (ωs − iα) and ω̃c = (ωc − iβ) represent the complex reso
nance frequencies of the SRR and CSRR, respectively. By incorporating 
the solution of the traveling photon mode into the above equation, the 
extrinsic damping rates of the SRR and CSRR are derived as μ= 2πν2

s and 
λ=2πν2

c respectively. The numerical values are found to be μ = 0.0421 
and λ = 0.0578. Furthermore, the above two equations lead to the 
formulation of a coupling matrix given by 

Hcoupling =

(
ω̃ś Y ʹ

Y ʹ ω̃ć

)

(4) 

Where, ω̃sʹ = ωs − i(α + μ),ω̃cʹ = ωc − i(β + λ) and Yʹ = J + iΓʹ, where 
substituting the value Γʹ = Γ + 2πνsνc gives Yʹ = J + i(Γʹ + 2πvsvc). 
where numerical value is Γʹ = 0.052 . The complex eigen frequencies 
ω± of the coupling matrices are given by 

ω± =
ω̃ś + ω̃cʹ ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ω̃ś − ω̃ć )
2
+ 4 ( Y ʹ

)
2

√

2
(5) 

We have numerically determined ω± = ωreal + iωimag using this Eq. 
(5) and achieved a good agreement between the fitted real part of the 
eigenvalues (ωreal) and the simulation dispersion as illustrated by the 
solid black line with the upper branch indicating the higher-frequency 
hybrid mode (ω+) and the lower branch corresponding to the lower- 
frequency mode (ω− ) in Fig. 2(b), yielding a coupling strength value 
of 174.3 MHz.

Tuning of coupling strength

In order to examine the variation of coupling strength between two 
modes with changes in the dielectric constant of the substrate, the nu
merical CST microwave simulations were performed for different 
dielectric constant Ɛr = 2.5, 3, 4, 5, 6, 7, 8, 9 and plotted corresponding 
dispersion spectra respectively, shown in Fig. 5(a). Additionally, nu
merical fitting was applied to the transmission spectra using Eq. (5), 
with the fitted results represented by the solid black line in Fig. 5(a). The 
transmission spectra ∣S21∣, from Fig. 5(a), reveal a maximum coupling 
strength of 186.2 MHz for Ɛr = 2.5, which gradually decreases with 
increasing Ɛr, reaching a minimum coupling strength of 106.1 MHz for 
Ɛr = 9.

The variation of coupling strength corresponding to Ɛr are shown in 
Fig. 5(b). Here, we noticed that Yʹ decreases as Ɛr increases. This result 
signifies that as εr increases, the propagation of electromagnetic waves 
through the material slows down. This reduction in phase velocity re
sults in an increased ability of the substrate to store electric energy, 
leading to a higher concentration of the electric field within the sub
strate. Consequently, the electric field becomes more confined within 
the dielectric layer, thereby reducing the extent of field interaction be
tween the SRR on the top layer and the CSRR on the bottom layer. Since 
Yʹ between these resonators is dependent on the overlap of their elec
tromagnetic fields, its magnitude diminishes as εr increases. This 
behavior can be mathematically described through complex eigen fre
quencies analysis. From Eq. (5) frequency gap (ω+ − ω− ) can be written 
as 

(ω+ − ω− ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ω̃ś − ω̃cʹ)
2
+ 4 ( Y ʹ

)
2

√

(6) 

Now on putting the value of parameters ω̃ś , ω̃cʹ and Y ʹ in Eq.(6), we 
get the (ω+ − ω− ) in real and imaginary parts [26]. Since in level 

repulsion, the imaginary part of (ω+ − ω− ) vanishes at anticrossing 
centre so equating it to zero, which gives (see supplementary S3), 

J =
[(α + μ) − (β + λ)](ωs − ωc)

4Γʹ (7) 

Since the parameters α, β, λ, Γʹ remain fixed during the theoretical 
fitting, so the coherent coupling strength (J) is directly proportional to 
(ωs − ωc). The resonance frequency of a resonator is given by 1̅̅̅̅

LC
√ , it will 

be directly proportional to 1̅̅̅εr
√ , considering that the capacitance is 

expressed as C= εrA/h. Therefore, the frequency difference (ωs − ωc)

exhibits the same inverse square root dependence on Ɛr, leading to a 
similar dependence for J. Since the level repulsion phenomenon satisfies 
the condition, J >> Γʹ, furthermore Υ ’=Ј+i Γ’, with magnitude pri
marily depends on J and thus Y ʹ follows the same inverse square root 
dependency on εr, 

Yʹ =
Y0
̅̅̅̅̅̅εr

√ (8) 

The dependence of Yʹon εr, is illustrated in Fig. 5(b), where the Yʹ 

values were derived from an eigenvalue fit to the simulation results for 
the corresponding εr which show excellent agreement with Eq. (8) and 
yield Y0= 0.3047 GHz.

In Fig. 5(a), we notice that the frequencies of each mode with the 
anticrossing center are also shifting towards a lower frequency region 
with an increase of εr. This shift arises because, upon applying a mi
crowave to the microstrip line, the electromagnetic wave propagates 
partly in the substrate ( εr) and partly in the air (ε0=1). As a result, the 
effective permittivity lies between these two values and depends on the 
geometry and the relative distribution of the fields. Since the resonant 
frequency of SRR and CSRR is given by ω= 1̅̅ ̅̅

LC
√ , which primarily 

depending on the inductance and capacitance of its geometry, so it 
directly affects the resonant frequency of SRR and CSRR. Thus, 
increasing the dielectric constant of the substrate reduces the resonant 
frequency of both SRR and CSRR, resulting in the anticrossing shift to
ward lower frequencies. Overall, our finding indicates that tuning the 
dielectric constant of the substrate plays a crucial role in modifying both 
the coupling strength and coupling region. To achieve strong PPC be
tween two modes, the substrate of hybrid system should be made of 
lower dielectric constant. This finding has important implications for the 
advancement of high-sensitivity sensing devices and quantum infor
mation processing, where controlled coupling mechanisms are crucial 
for enhancing device functionality and performance.

Summary

A planar microwave hybrid system, incorporating a split-ring reso
nator and a complementary split-ring resonator, was meticulously 
designed to facilitate photon-photon coupling. To investigate the 
coupling behavior, dispersion spectra were simulated while systemati
cally varying the dielectric constant of the substrate, maintaining a 
constant thickness throughout the study. The results revealed a pro
nounced reduction in coupling strength with an increase in the dielectric 
constant, highlighting the critical role of the dielectric properties of the 
substrate in governing the interaction dynamics. To further substantiate 
these findings, a quantum analytical model was developed, which 
exhibited strong agreement with the simulation data, validating the 
theoretical framework underlying the observed coupling phenomena. 
This comprehensive approach not only enhances the understanding of 

Fig. 5. (a) Colormap of the transmission spectra for the SRR-CSRR hybrid system, with the dielectric constant varied from 2.5 to 9. The color scale represents the 
transmission intensity, revealing the change in mode interaction with increasing dielectric constant. The solid lines indicate the theoretical eigenvalues, with upper 
and lower curve fits corresponding to the respective transmission plots. (b) This plot illustrates the relationship between coupling strength (Yʹ)and the dielectric 
constant (εr). The solid red line represents the fitted data, providing a smooth trend, while the blue star markers indicate the values of Yʹ as a function of εr calculated 
from theoretical quantum model. The comparison between the fitted curve and the computed data points highlights the consistency of the model in capturing the 
dependence of coupling strength on the dielectric properties of the system.
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photon-photon interactions but also enables precise tuning of the anti
crossing region to achieve strong coupling. These advancements are 
instrumental in controlling light-matter interactions, with significant 
implications for quantum information technology, fostering the devel
opment of highly efficient microwave photonic devices and meta- 
materials with tailored electromagnetic properties.
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