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Optimization of Fiber Ring Resonator Transmission
Spectrum Based on Multi-Beam Interference Theory

and Transfer Matrix Theory
Wenya Liu , Jiubin Tan , and Jiwen Cui

Abstract—Polarization maintaining fiber(PMF) effectively re-
duces mode splitting and back scattering interference compared
to Single Mode Fiber(SMF) in the Fiber Ring Resonator(FRR).
In traditional reflection PMF-FRR(RPMF-FRR) structure, classic
theoretical model suggests that the orthogonal mode loss difference
of the coupler, i.e. the phase difference between the output light field
at the cross end and through end of the coupler is π/2, however, in
practical research, this angle is often less than π/2, which will gen-
erate resonance curve asymmetric and severely exacerbate systems
instability centered on PMF-FRR. To address this issue, based on
the multi-beam interference theory, this article establishes a new
mathematical theoretical model and demonstrate a transmission
PMF-FRR(TPMF-FRR) with two couplers, the symmetry error
has been dwindle to 0.8%, which is a huge improvement compared
to 11% of traditional reflection PMF-FRR(RPMF-FRR). Further-
more, different construction methods of TPMF-FRR were studied
through theoretical analysis and experimental verification based on
the transfer matrix theory, provide guidance for further optimizing
the transmission spectrum. The findings contribute to enhance the
system precision centered on FRR.

Index Terms—Fiber ring resonator, polarization maintaining
fiber, multi-beam interference theory, transfer matrix theory.

I. INTRODUCTION

F IBER ring resonator is an optical resonator formed by
enclosing fibers into a closed loop using fiber couplers [1],

widely used in fiber lasers [2], [3], optical communicator [4],
[5], and fiber sensing [6], [7] due to its simple structure, compact
size, stable performance, and ease of integration. PMF-FRR [8]
is applied to optimize the FRR transmission spectrum by solving
mode splitting and back scattering. However, asymmetric trans-
mission spectrum of FRR has been observed in many researches,
results in the inability of the laser center frequency to track
and lock the resonant frequency of the FRR, thereby seriously
affecting system stability [9]. Prior studies have indicated that
including polarization fluctuation [10], Kerr effect [11], temper-
ature disturbance [12], and coupler manufacturing error [13] will
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affect the symmetry of the resonance curve, of which coupler
error is the most influential. Classic theoretical model simply
define the orthogonal mode loss difference of the coupler asπ/2,
therefore, it can not explain the asymmetry of the resonance
curve caused by the RPMF-FRR constructed as the angle is
not equal to π/2, there remains a need of systemic studies to
identify the mechanism of asymmetric resonance curve caused
by orthogonal mode loss in coupler, and build a structure to
enhance the robustness of FRR. In this paper, based on the
multi-beam interference theory [14], [15], a model is established
to analyze and simulate the asymmetry of the spectrum caused
by difference of coupler orthogonal mode loss in the RPMF-
FRR and a TPMF-FRR made up of 2 couplers is proposed,
the asymmetric error improved from 11% of RPMF-FRR to
0.8% of TPMF-FRR. Furthermore, based on the transfer matrix
theory [16], [17], we evaluate different construction methods of
FRR using key parameters such as Free Spectrum Range(FSR),
Full Width at Half Maximum(FWHM), Fineness(F), and reso-
nant depth(h), both theory and experiment have depict that the
fewer segments, the better performance, provided guidance for
further optimizing the FRR.

II. THEORY AND SIMULATION

To illustrate the issues with traditional models, the influence
of PMF-FRR coupler orthogonal loss difference on resonance
curve is studied in this section. And we establishes a new
mathematical theoretical model and proposed a transmission
PMF-FRR(TPMF-FRR) with two couplers based on the theory
of multi beam interference, an analysis was conducted on why
the structure can eliminate the coupler orthogonal loss differ-
ence influence. What’s more, different construction methods of
TPMF-FRR were studied through theoretical analysis based on
the transfer matrix theory.

A. Analysis of the Influence of Coupler Orthogonal Loss
Difference

Fig. 1(a) shows the construction of the RPMF-FRR, and the
details of light transmission inside the coupler are illustrated in
Fig. 1(b). Complex amplitude of each port’s optical field signals
defined asEi, where i is the serial number of the port. The output
of port 4 is the result of multi beam interference [18]. According
to traditional models, in an ideal state, the phase of the light
wave will change π/2 every time it passes through the coupler
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Fig. 1. Structure of PMF-FRR. (a) Structure of RPMF-FRR. (b) Partial en-
larged image of coupler C1.

cross port, and there is no problem caused by the difference in
orthogonal mode loss of the coupler. The splitting ratio of the
coupler is defined as k : (1− k), the insertion loss of the coupler
is pc and the transmission loss of fiber is pl, frequency of the
input signal is ω, the time for the optical signal to propagate one
circle in the FRR is τ . And laser line width is defined as �ν.
Therefore, based on classical theory, the output light intensity
signal of the RPMF-FRR can be expressed as follows

E2 =
√
pl e

−j2πωτ e−j2π�ντ E3 (1)

E3 = ejφ13
√

(1− k) pcE1 +
√

k ∗ pcE2 (2)

E4 =
√

kpcE1 + ejφ24
√

(1− k) pcE2 (3)

Simultaneous formulas (1) to (3), We can obtain the light inten-
sity signal based on classical theory.

I =

∣∣∣∣E4

E1

∣∣∣∣
2

= pc

− pc (1− k)
(
1−√

pcple
−4π�ντ

)
1 + kpcple−4π�ντ − 2

√
kpcple−2π�ντ cos 2πωτ

(4)

However, due to the difference of coupler orthogonal mode
loss, the phase difference of the light between the cross port and
the through port will be less thanπ/2, resulting in an asymmetric
resonance curve. Our hypothesis is the light phase changes φ
every time it passes through the coupler cross port, the phase
changes from Port 1 to Port 3 and from Port 2 to Port 4 are φ13

and φ24, respectively. The light fields output by each port can
be represented as:

E2 =
√
pl e

−j2πωτ e−j2π�ντ E3 (5)

E3 = ejφ13
√

(1− k) pcE1

√
k ∗ pcE2 (6)

E4 =
√

kpcE1 + ejφ24
√

(1− k) pcE2 (7)

and the light intensity signal can be written as follows:

I =

∣∣∣∣E4

E1

∣∣∣∣
2

= pck + pc (1− k)

×
[
2
√
k cos (2πωτ − φ0) + (1− k − 2k cos (φ0))

√
pm

1 + kpm2 − 2
√
kpm cos (2πωτ)

]

(8)

where m = e−2π�ντ , p = pcpl, φ0 = φ12 + φ34

Fig. 2. Resonance curve asymmetric generated by orthogonal loss difference
of coupler. (a) Asymmetric resonance curve caused by orthogonal errors of
couplers at different angles(0o to 10o). (b) Partial enlarged image of resonance
curve drift.

Fig. 3. Demodulation curve asymmetric generated by orthogonal loss dif-
ference of coupler. (a) Correspondence between the resonance curve and the
demodulation curve. (b) Asymmetric demodulation curve at different angles.
(c) The drift of resonance peak caused by different angle errors.

From formula (8), we can see that compared to traditional
models, our proposed model takes into account the impact of
angle changes, and proves that the resonance curve is influ-
enced by parameter φ0. Fig. 2 displays the simulation results
obtained from the preliminary analysis. Compared to the blue
resonance curve without error, as the error gradually increases,
the symmetry of the resonance curve is gradually disrupted, and
the resonance peak gradually drifts, which is plainly shown in
Fig. 2(b).

The simulation results validate the previous theoretical anal-
ysis that the coupler orthogonal loss difference can cause the
resonance curve to drift. Furthermore, we need to analyze the
changes of the corresponding demodulation curve when the
resonance peak shifts, which is shown in Fig. 3. The resonance
peak corresponds to the midpoint of the demodulation curve
when there is no error, which is shown in Fig. 3(a). In Fig. 3(b) we
can see that the offset of the demodulation curve increases as the
coupler error angle increases, as shown by the black arrow in the
Fig. 3(b). Furthermore, the relationship between the deviation
angle and the deviation wavelength is plotted in the Fig. 3(c). It
can be observed that when the deviation angle is 10 degrees, there
will be a significant wavelength shift of 0.1 nm. Both theoretical
analysis and simulation results indicate that the current model’s
vague description of phase difference can lead to transmission
spectrum drift. Furthermore, in related frequency stabilization
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Fig. 4. Structure of PMF-FRR. (a) Structure of RPMF-FRR. (b) Partial en-
larged image of coupler C1.

systems and sensing systems based on FRR, accurate frequency
locking cannot be achieved, seriously damaging the stability of
the system, which is unacceptable in high-precision systems.

B. Analysis of TPMF-FRR Signal Transmission Process

Based on previous theoretical analysis, an error was intro-
duced when the phase change was not strictly equal to π/2,
which will generate resonance curve asymmetric. The traditional
model sets the phase as a constant and lacks analysis of phase
changes, that is, the structure constructed based on the classical
model introduced the error. Although previous work has pro-
posed TPMF-FRR, there is still a scarcity of theoretical analysis
and structural design to eliminate resonance curve asymmetric
generated by coupler orthogonal difference in this structure. To
address the above issues, we intend to use two couplers with
the same parameters to form a TPMF-FRR for eliminating the
impact of coupler orthogonal loss difference, and to demonstrate
this hypothesis based on the theory of multi beam interference.
We build a TPMF-FRR and conduct a systematic study on how
it can improve the resonance curve asymmetry. Fig. 4(a) shows
the structure, which consists of two PM couplers, C1 and C2, the
splitting ratios are k1 : (1− k1) and k2 : (1− k2), the insertion
loss are defined as p1c and p1c, the fiber transmission loss is
p1 l and p2 l. Complex amplitude is defined as Ei and E,

i, phase
changes from Port E1 to E3 and from E,

3 to E,
1 are φ13 and φ,

31.
Following the previous process, the multiple-beam interference
theory was employed to analyze the optical signal transmission
process in TPMF-FRR.

E3 = ejφ13
√

(1− k1) p1cE1 +
√

k1p1cE4 (9)

E3′ = √
p1 le

−j2πωτ1e−j2π�ντ1E3 (10)

E4′ =
√

k2p2cE3′ (11)

E4 =
√
p2 le

−jωτ2e−2π�ντ2E4′ (12)

E1′ = ejφ13′√(1− k2) p2cE3′ (13)

Following the previous process, the optical power is:

I =

∣∣∣∣E1′
E1

∣∣∣∣
2

=
(1− k1) (1− k2) p1cp2cp1 le

−4π�ντ1

1 + kpm2 − 2m
√
kp cos (τ1 + τ2)

(14)

where kp = k1pk2pk1 lk2 l,m = e−2π�ν(τ1+τ2). From the for-
mula (14), it can be seen that the expression for the output optical
power does not include phase error, which theoretically proves

Fig. 5. TPMF-FRR constructed by three methods.

that TPMF-FRR can solve the problem of asymmetric resonance
curves. In the following chapters, we will experimentally ver-
ify the improvement of resonance curve asymmetry using the
TPMF-FRR constructed based on this theory.

C. Analysis of the Construction Method of TPMF-FRR

Furthermore, this article use the transfer matrix theory to
study the different construction methods of TPMF-FRR [19].
Jones matrix is used to build the system models, the attenuation
and phase change of the intrinsic light can be obtained by
solving the Eigenvalues and eigenvectors, which characterized
the suppression of intensity and phase during beam propagation,
respectively. However, since the matrix multiplication does not
conform to the Commutative property, the transmission matrix
constructed based on the three structures shown in Fig. 5 will
theoretically generate different eigenvalues and positive vectors.
Our hypothesis is the coupling coefficients of coupler C1 and
couplerC2 are k, so the transfer matrix of the direct transmission
port of coupler is:

Ct =
√
10−ac

[√
1− k cos θ −√

1− k sin θ√
1− k sin θ

√
1− k cos θ

]
(15)

where θ indicates the coupler polarization axis angle alignment
error, and ak is the loss coefficient. The matrix of PMF can be
expressed as:

FPM =

√
10

−aPMLPM
10

[
e−jβPMxLPM 0

0 e−jβPMyLPM

]
(16)

where aPM , LPM , βPMx and βPMy are the loss, length and the
propagation constant of PMF. And the fiber connection loss is
defined as R = e−ar/2. The matrix of light wave for one cycle
can be written as:

S1 = Ct · FPM1 ·R · FPM2 ·R · FPM3 · Ct

· FPM4 ·R · FPM5 (17)

S2 = Ct · FPM1 ·R · FPM2 · Ct · FPM3 ·R · FPM4

·R · FPM5 (18)

S3 = Ct · FPM1 ·R · FPM2 ·R · FPM3 · Ct · FPM4

·R · FPM5 ·R · FPM6 (19)
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TABLE I
ABILITY TO SUPPRESS POLARIZATION NOISE OF THREE FRR

Eigenvector vx,m, represents the intrinsic polarized light
ESOPs in the FRR, and eigenvalues λx,m, phase and mode
represent the phase change and intensity loss experienced by
the intrinsic polarization state after one cycle of transmission
(x = 1or2;m = 1or2), satisfies

Sx · vx,m = λx,m · vx,m (20)

we need to conduct simulation analysis on the three construction
methods based on the results of theoretical analysis, with the
main evaluation goal being the ability of the three construction
methods to suppress polarization noise. We set li = 0.6m, (i
= 1, 2, 3, 4, 5), l5a + l5b = l5, k = 0.5, aR = 0.05, ac = 0.05,
aPM = 0.05, calculating the transfer matrix according to the
parameters above and the transfer matrix eigenvalues for three
construction structures are:

S1,2 =

[
12 0
0 0.0014 + 0.00073i

]
(21)

S3 =

[
3.72 + 0.05i 0

0 0.0026 + 0.0009i

]
(22)

We define a parameter to evaluate the ability to suppress polar-
ization noise, where:

Is = real
(λ(1, 1))

(λ(2, 2))
(23)

indicates intensity suppression. Calculated results are shown in
the Table I. It can be found that the three types FRR have strong
suppression of polarization noise intensity, but compared to the
third one, but the first two construction methods have stronger
signal strength, we will also verify the above analysis in the
following chapters.

III. EXPERIMENT AND DISCUSSION

In this section, we first established an experimental setup to
verify the suppression of mode splitting and backscattering by
PMF-FRR, and demonstrated the phenomenon of asymmetric
resonance curves. Secondly, based on the theoretical analysis in
Section II, a TPMF-FRR was constructed, and its optimization
for the asymmetry of the resonance curve was verified through
experiments. Finally, based on the transfer matrix theory, we
validated the advantages and disadvantages of resonance spectra
under different construction methods.

A. Suppressing of Mode Splitting and Backscattering

Fig. 6 shows the experiment setup for obtaining the forward
and backward transmission spectrum of FRR. The light emitted
from a tunable laser (center wavelength 1550 nm) is first directed
to the FRR (SMF or PMF) through port 2 of an fiber Optic circu-
lators, the forward transmission optical signal is converted into

Fig. 6. FRR transmission spectrum detection system.

Fig. 7. Spectrum of FRR. (a) Spectrum of SMF-FRR. (b) Spectrum of PMF-
FRR. (c) Partial enlarged image of PMF-FRR.

an electric signal by a photo detector(PD), the backward signal
was detected by another PD through port 3 of the circulators.
The SMF-FRR is composed of an SMF coupler and a two meter
long SMF. Correspondingly, the fiber optic devices that make
up the same length of PMF-FRR are polarization maintaining.
Transmission spectrum are showed in Fig. 7. Fig. 7(a) shows
the spectrum of SMF-FRR, due to the inherent fiber loss, the
curve is rough and exist many side lobe peaks caused by mode
splitting. What’s more, the backward signal show in red curve
composed of scattered signals and reflected signals is not only
an interference, but also, more seriously, it will obstruct the
forward signal. Both of these phenomena will result in the
laser being unable to track and lock the resonant peak of the
resonant cavity, reducing the stability of frequency stabilization
or sensing systems centered on SMF-FRR. On the contrary,
mode splitting does not exist in PMF-FRR, and the backward
signal is too small to affect the forward transmission signal as we
can see from Fig. 2(b). However, from Fig. 2(c), we can observe
the phenomenon of curve asymmetry of the PMF-FRR. To better
evaluate the symmetry of the two structures, a parameter ϕ is
defined as follows,

ϕ =

∣∣∣∣ la − lb
la + lb

∣∣∣∣ (24)

where la and lb marked on Fig. 7(c) indicate the absolute distance
between the full width at half maxima (FWHM) position coordi-
nate and the trough coordinate, respectively. From Fig. 7, it can
be seen that the total length of the FWHM is equal to la plus lb,
since the overall length remains largely unchanged, the FWHM
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Fig. 8. Transmission spectrum of RPMF-FRR and TPMF-FRR. (a) Transmis-
sion spectrum of R-FRR. (b) Transmission spectrum of T-FRR.

TABLE II
ASYMMETRY DEGREE ϕ IN DIFFERENT CONSTRUCTION FORMS

of the FRR constructed according to the proposed scheme in this
article is not significantly different from the classical method.
However, the classical method simply considers the orthogonal
mode loss difference as π/2 will result the left half length la and
right half length lb of FWHM to be unequal, severely disrupting
the symmetry of the resonance curve. The scheme proposed in
this article can optimize the symmetry of the resonance curve by
optimizing the structure of the fiber ring resonator reasonably. In
the next section, we will conduct experimental analysis, and the
parameterϕ will be used to evaluate the symmetry of resonance
curves.

B. Suppression of Resonance Curve Asymmetric Generated by
Coupler Orthogonal Loss Difference

Prior to the simulation, the expression for the output optical
power of TPMF-FRR does not include phase error, compared to
traditional PMF-FRR, it eliminates the influence of errors, and
experiment was conducted to verify the correctness of the theory.
The transmission spectra of TPMF-FRR and RPMF-FRR with
the same length of 1 m were displayed in Fig. 8. Partial enlarged
images of the transmission spectra of two types FRR are shown
in Fig. 8(b) and (c), respectively. Compared to the case where
there is significant disturbance in the spectrum of RPMF-FRR,
TPMF-FRR is smoother. In order to evaluate the symmetry of the
resonance spectra of two types FRR, parameter ϕ is calculated,
as can be seen in Table II.

The parameter ϕ of R-FRR and T-FRR are 12.9% and
0.8%,respectively, which means the T-FRR can significantly
improve the asymmetry as what we have predicted earlier in
the paper.

C. Evaluation of Spectral Properties

The experiment results are shown in the Fig. 9. No sidelobe
peak in the experimental results proves that all three structures
can effectively suppress polarization noise, and the third method
has a greater effect on signal attenuation. The experimental

Fig. 9. TPMF-FRR constructed by three methods. (a) TPMF-FRR constructed
by three methods. (b) Partial enlarged view.

TABLE III
COMPARISON OF KEY PARAMETERS

results are consistent with the simulation results. As key param-
eters of the resonance spectrum, Free spectrum range(FSR) [20]
and full width at half maximum(FWHM) [21] can be used to
describe the resonance curve, furthermore, finesse(F), defined
as

F =
FSR

FWHM
(25)

and resonance depth, can evaluate the quality of the resonant
cavity, since the larger these two parameters, the more energy is
coupled into the resonant cavity [22]. Analyze the results marked
in the Fig. 9(a) and (b), and the comparison results are shown in
the Table III.

The results indicate that due to the same length, the FSR of
three type are same. About the F and the resonance depth, the
first two FRRs are very close without changing the parameters
of the coupler and polarization maintaining fiber, however, due
to the increased complexity of the structure, the precision and
resonance depth of the third type of FRR are severely attenuated,
accounting for 50% and 60% of the first two, respectively.
This indicates that energy is not fully coupled into the resonant
cavity, which is exactly what high-precision sensing systems
built centered the FRR do not expect.

IV. CONCLUSION

In conclusion, classic theoretical model simply define the
orthogonal mode loss difference of the coupler as π/2, which
makes it impossible to describe the asymmetric phenomenon
of the resonance curve and will severely exacerbate systems
instability centered on PMF-FRR. To address this issue, based
on the multi-beam interference theory, this article establishes a
new mathematical theoretical model and demonstrate a trans-
mission PMF-FRR(TPMF-FRR) with two couplers, fill the gap
in theory. Experiments have shown that compared to traditional
SMF-FRR, the asymmetry parameter has been improved from
the original 11% to 0.7%. Based on transmission matrix theory,
We analyzed the impact of different construction methods on
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FRR transmission spectrum. Simulation and experimental re-
sults show that, under a certain length, the fewer fiber segments,
the stronger the suppression of polarization noise, and the higher
the resonance depth and fineness of the spectrum, this is what
high precision frequency stabilization system and sensing sys-
tem need, the outcomes of this study are expected to optimize
the system centered as FRR.
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