IEEE PHOTONICS JOURNAL, VOL. 15, NO. 4, AUGUST 2023

7101108

Reduction of the Relative Intensity Noise of
Broadband Sources Using Dual
Fiber Ring Resonator

Yishi Liu ", Jingjing Su

Abstract—Interferometric fiber-optic gyroscopes (IFOGs) are
widely utilized due to their compact size and solid-state design.
However, their sensitivity of detecting rotation is limited by the
relative intensity noise (RIN) associated with the broadband source.
To overcome this limitation, a conventional fiber ring resonator
(FRR) can be employed to filter the RIN specifically at the IFOG
frequency. Nonetheless, implementing this solution necessitates a
fiber delay line with alength equal to that of the fiber coil. To address
this challenge, we propose the utilization of passive and active
dual FRRs and examine their RIN suppression characteristics. By
utilizing the active dual FRR as an optimized gain point filter, we
achieve a theoretical RIN suppression ratio equivalent to that of the
traditional FRR, while significantly reducing the required length
of the fiber delay line.

Index Terms—Gyroscopes, optical fiber applications, optical

fiber sensors.
NOMENCLATURE
c speed of light in vacuum.
n index of fiber.
f electronic frequency.
A frequency at RIN suppression ratio M; .
G; gain.
Gib optimal gain points of active D-FRR.
k; coupling ratios of OC.
l; length of fiber.
Lb_FRR total length of fiber segment in D-FRR.
m fiber savings ratio, fj = m-FSR/2.
M; RIN suppression ratio.
P average power of source.
P.q p and g are co-prime numbers, and p: g =11 : [>.
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RIN(f) relative intensity noise before the optical spectral
filter.

RIN’(f) relative intensity noise after the optical spectral
filter.

S(v) optical spectrum.

S’(v) output optical spectrum.

TriN(H) RIN response.

Ts(v) optical spectral transmission.

Tp light power response.

Qe coupler excess loss of OC.

Qg loss of fiber.

QNL1 equivalent net losses of m-FRR.

QNL2 equivalent net losses of s-FRR.

QNLt total net loss of D-FRR.

v optical frequency.

1. INTRODUCTION

IGH-PRECISION interferometric fiber-optic gyroscopes
(IFOGs) offer several advantages, including all-solid-
state construction, high reliability, extended service life, and
outstanding measurement sensitivity [1], [2], [3]. Consequently,
they are well suited for long-term inertial navigation in ap-
plications such as intercontinental ballistic missile guidance,
geophysical scientific research, and space exploration [4], [5],
[6], [7]. Among the core components of IFOGs, broadband
sources are crucial for determining the overall performance of
the device. The performance of the light source directly affects
the precision, stability, and accuracy of the IFOGs. Therefore,
improving the performance of broadband light sources is a
crucial factor for the development and enhancement of IFOGs.
A broadband light source can produce coherence lengths
at the micrometer level, enabling the effective elimination of
parasitic interference errors caused by backscattering in IFOGs
[1]. However, the use of a broadband light source introduces
relative intensity noise (RIN), which reduces the sensitivity of
the device when performing high-precision measurements of
angular velocity in IFOGs [8].

Various electronic methods have been used for RIN suppres-
sion. Overmodulation, for instance, involves using a modulated
phase approximately equal to 7 (instead of 7/2) in IFOG to re-
duce noise. Killian et al. [9] used two photodetectors to detect the
optical power and determined the time difference between light
intensity fluctuations to counteract RIN. Optical methods have
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also been proposed to suppress RIN. Hakimi et al. [10] and Suo
et al. [11] proposed the reshaping of the optical spectrum using
the saturated nonlinear gain of semiconductor optical amplifiers
to increase the 3 dB linewidth. Guattari et al. [12] and Zheng
et al. [13] used a specific phase-reduction structure comprising
a polarization-preserving coupler and an isolator to reduce the
noise power at the eigenfrequency of the IFOG. Zheng et al. [14]
added a Faraday rotator mirror after the coupler to suppress RIN.
Zheng et al. [15] used an unbalanced Mach-Zehnder interferom-
eter between the amplified spontaneous emission (ASE) and the
coupler to minimize RIN for filtering the optical spectrum based
on the relationship between the two.

In recent years, a method was developed to suppress the
RIN using a fiber ring resonator (FRR) as an optical spectral
filter [16]. This technique involves filtering the optical spectrum
through an FRR and suppressing RIN via the manipulation of the
relationship between the RIN and the optical spectrum. Exper-
imental results have demonstrated RIN suppression exceeding
20 dB [17]. However, this technique requires an optical fiber
delay line of the same length as that of the coil of IFOG.

To overcome this disadvantage, this study proposed a new
method, referred to as dual FRR (D-FRR for RIN suppression.
Compared with the traditional FRR (T-FRR), this approach
significantly reduces the required length of the optical fiber
delay line used in the FRR. Further, the simulation results indi-
cate that this method maintains the potential for effective RIN
suppression without compromising performance. By selecting
appropriate device parameters, D-FRR can achieve the same
level of RIN suppression as T-FRR.

II. D-FRR PRINCIPLE
A. Principle of RIN Suppression

The intensity noise of optical interferometric is categorized
into three main types: RIN caused by the source, noise caused
by photon scattering, and thermal noise caused by the detector,
which are proportional to P!, P2, and P°, respectively (P is the
optical power of the photoelectric detectors). When the optical
power of the light source is sufficient to reach tens of microwatts,
the RIN becomes the main noise source. Consequently, the
RIN can occupy more than 90% of the total noise, especially
in IFOGs. Therefore, RIN suppression of the broadband light
source is particularly important in applications.

RIN is closely related to the optical spectrum. Let S(v) be
the optical spectrum and v be the optical frequency. The power
spectral density of the RIN at electronic frequency fin broadband
sources RIN( f) can be expressed as follows [15], [18]:

RIN (f) :/ODC de (1)

where P = [[* S(v)duv is the average power of the source.

When the optical spectral transmission 7s(v) is applied as an
optical spectral filter to S(v), the output optical spectrum S’ (v)
can be represented as follows:

5" (v) =Ts (v) S (v), (2)
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Fig. 1. (a) Configuration of the T-FRR. (b) Configuration of the D-FRR (OC:
2x2 optical coupler).

The RIN response Trin(v) can be expressed using (1) as
follows [19]:

_ JrsrTs (f +v) Ts (v) dv

Trin (f) TSR T2 )
P

3)

where Tp = [ rspr Is(v)dv denotes the light power response of
the optical spectral filter, and FSR represents the free spectral
range of FRR. The relationship between RIN after the optical
spectral filter, RIN’( f), and RIN before the optical spectral filter,
RIN( f), can be described as

RIN'(f) =Trix (f) RIN (f). “)

Thus, Trin(f) also represents the RIN suppression ratio of the
optical spectral filter at electronic frequency f. The periodicity
of both Ts(v) and Trin(f) are determined by the FSR, when the
FSR is much smaller than the linewidth of the source [16].

B. D-FRR Configuration

T-FRR, as shown in Fig. 1(a), has been established as an
effective method for RIN suppression using a long fiber delay
line. The term “Gain” refers to optical gain modules such as
erbium-doped fiber amplifiers or semiconductor optical ampli-
fiers. We introduced a D-FRR RIN suppression architecture, as
illustrated in Fig. 1(b). The main FRR (m-FRR) was formed via
the resonator with nodes ¢ ->d ->e->1-> m-> c. The resonator
with nodes f -> h -> g -> fis referred to as the secondary FRR
(s-FRR). ASE was inputted through port a and transported to
port ¢ from optical coupler (OC) 1. After propagation through
Gain 1, the light propagated through the system and was split
into two beams by OC 3. These beams were then directed to
ports e and f. The beam at port e was further transmitted through
the m-FRR. The beam at port f was transported through Gain
2 and fiber 2 and was then re-transmitted into OC 3 to produce
a resonance. Further, the light passing through port e was split
into two beams using OC 2. One beam was outputted through
port n, and the other passed through Fiber 1 and converged with
the ASE to produce another resonance. The D-FRR operates as
a passive D-FRR when Gains (G) 1 and 2 are both less than
or equal to zero. When G, or G is less than zero, the D-FRR
can be considered as an attenuator rather than as an amplifier.
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TABLE I
PARAMETERS, THEIR SYMBOLS, AND STANDARD VALUES OF OPTICAL DEVICES
IN A D-FRR
Name Para. Symbols Standard
values
Coupler  excess
loss of OC i (i = | o 0.3 dB
Loss 123)
Para. S of fiber 7 (1 =
1.2) ag 0.2 dB/km
Coupling ratios of & )
Function OCi(i=1,23) '
l;’arz: Length of fiber i
: i(i=12) '
Gaini (i=1,2) G -
-10 8
@ 20 )
2 =
B s
&7 30 &
-40
-1 -0.5 0 0.5 1
v-v, (<FSR) f(<FSR)
(a) (b)
Fig.2.  (a) Optical spectral transmission and (b) RIN response of D-FRR. The

negative gain corresponds to suppression. For these simulation results, /1 = I
=500 m, k; = ko = 0.05, k3 = 0.3, ac = 0.3 dB, and oy = 0.2 dB/km.

Conversely, when Gains 1 and 2 are non-zero, it functions as an
active D-FRR. The response of RIN suppression for passive and
active D-FRRs is discussed in Sections III and IV, respectively.

The parameters of the optical devices used in the D-FRR are
listed in Table L.

The loss parameter in optical systems indicates the amount
of signal loss that occurs in different optical components. Al-
though these loss parameters are not fixed and can vary between
different components, in the case of the most commonly used
components, the values are typically close to the standard values.
Consequently, we employed the standard values of the loss
parameter. Moreover, Ts(v) and Trin(v) of the D-FRR can be
affected by different functional parameters. Therefore, various
functional parameters were used in the analysis to examine the
results.

The D-FRR filtered the optical spectrum based on the prin-
ciple of the optical amplitude, which remained constant at the
same position as the photoelectric field vector in a stable resonant
state. Further information regarding the calculation of optical
spectral responses can be found in Appendix A. A set of device
parameter results is presented herein visually; the analysis of
these results is presented in Sections III and I'V. The functional
parameters /1 = lo = 500 m, k; = ko = 0.05, ks = 0.3, Ts(v),
and Trn(v) are shown in Fig. 2(a) and (b).

As shown in Fig. 2, for the D-FRR, three minima of RIN
suppression points existed within the FSR: (f1, M1), (f2, M2),
and (f3, M3). Because of the symmetry of the optical spectral
and RIN responses, fi + f3 = FSR, fo = FSR/2, and M1 = M3.
Further, FSR = 2c/(n-L) for the set of device parameters. For
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Fig. 3. (a) Optical spectral transmission and (b) RIN response of passive
D-FRR at different /; and I values. For these simulation results, Lp_.Frr =
1000 m, k1 = ko = 0.05, k3 = 0.3, o = 0.3 dB, and ¢ = 0.2 dB/km. The
green, blue, dark gray, red, and pink lines show the 3/1 = l2,2[1 = l2, 11 = l2,
11 = 2ly, and I = 3ls, respectively.

clarity in the presentation and subsequent discussion, we define

f1 asm-FSR/2. In this case, f3 can be expressed as (2 - m)-FSR/2.

For the optical interferometer represented by the IFOG, the
signal to be measured was typically converted to have an appro-
priate frequency via modulation. Consequently, the measured
signal was obtained via demodulation at that frequency. The
signal must only yield a low noise around the modulation
frequency fy,-

When the modulation frequency of the interferometer is at the
proper frequency fi,,, the working point of RIN suppression must
be at this frequency. Consequently, when a T-FRR is used, the
required equation is f;, = (FSRT_rrRr)/2, where FSRT_pRrR 1S
the FSR of T-FRR and is equal to ¢/(2n-I). Thus, the fiber length
is Lr-prr = ¢/(2n:fin).

When using D-FRR, fi; = (m-FSRy.1)/2, where [} = I3, [;:l>
= 1:1, FSR1.1 is 2¢/(n-Lp_rrR), Where the total length Lp_rri
= [1 + l». The required equation is f;, = (m-FSR1.1)/2. Thus,
the fiber length Lp_prr = m-c/(2n-f,,). Consequently, when m
< 1, the length of the fiber used in the FRR was reduced. The
lower the value of m, the lower the amount of fiber used.

III. PASSIVE D-FRR USING RIN REDUCTION
A. Responses Depending on 1;-12 Relationship

First, we consider passive D-FRR, for which G; = Gy = 0.

Section II-B presents an example of RIN suppression cor-
responding to the same fiber lengths of fibers 1 and 2. In this
section, we examine the RIN relationships for different fiber
delay line lengths for fibers 1 and 2.

When the lengths of the two FRRs differ, the output of
the D-FRR exhibits significant variance, resulting in Trin(f)
that is obtained through (3). As shown in Fig. 3, there were
2(p+¢q)+1 minimum RIN values within the FSR. However,
owing to changes in the length ratio, the FSR also changed
accordingly. If we represent the FSR as FSR,, , when the fiber
delay line lengths are in the ratio /;:l5 = p:gq, where p and ¢
are co-prime numbers, then FSR, , = (p + q)c/(n-Lp_-FrRR)-
For example, FSR3 ; is twice the size of FSRy ;. If m3 1FSR3 ¢
= m1,1FSRy1 = fi,, then m3 1/m; 1 = 0.5 is required when
using the same fiber length in the FRR as in Section II-B.
This necessitates precise control over the value of m to reduce
the fiber length, which complicates the process. Additionally,
the Trin(f) slope is steeper, thus indicating that f; becomes
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Fig. 4. (a) Optical spectral transmission and (b) RIN response of passive D-
FRR. The negative gain corresponds to suppression. For these simulation results,
Iy =12 =500m, ky = ko =0.05, ac = 0.3 dB, oy = 0.2 dB/km, and k3 ranged
as 0—1 in 0.2 intervals, which is shown by the green, blue, dark gray, red, pink,
and light blue lines. The black circles show the f1 and M as a function of k3.

3 S
. =
0 0.5 1 0 0.5 1
The coupling ratios of OC 3 &, The coupling ratios of OC 3
(a) (b)
Fig. 5. (a) Relationship between frequency of RIN suppression ratio f; and

different coupler ratios of OC 3. (b) Relationship between RIN suppression ratio
M; and different coupler ratios of OC 3. Four different coupler ratios of OC 1
and OC 2 are chosen. The blue, orange, yellow, and violet lines show the coupler
ratios of OC 1 and OC 2 corresponding to 0.01, 0.05, 0.1, and 0.2, respectively.
The black-dashed lines in (a) and (b) show the RIN suppression frequency of
the T-FRR and the cut-offs of RIN suppression, respectively.

unstable. Consequently, ideal RIN suppression parameters are
achieved when the fiber lengths are equal, and the subsequent
discussion is based on /] = 5.

B. Responses Depend on Coupling Ratio of OC

The three couplers OC 1, OC 2, and OC 3 have different
effects in D-FRR. For a resonator, the net loss is closely related
to the optical spectral transmission. The coupler ratios of OC 1
and OC 2 (k; and k2) only affect the loss of the m-FRR but have
no effect on the loss of the s-FRR, whereas OC 3 exchanges
energy between the m-FRR and s-FRR.

First, we consider the effects of OC3. We consider k1 = ko =
0.05 for passive D-FRR and the two fiber lengths as [} =I5 =
500 m. The output response of the optical spectral transmission
and RIN response for k; = ko = 0.05 and k3 with values in the
range of 0—1 at 0.2 intervals are shown in Fig. 4(a) and (b).

When kj3 is increased, the RIN suppression effect improves,
albeit with an increase in fj (or m) in the passive D-FRR,
as shown by the black circles in Fig. 4(b). The analysis in
Section II-B shows that for the corresponding frequency, the
required fiber length also increases, thus offsetting the advantage
of using a passive D-FRR. This presents a tradeoff when a
passive D-FRR is used, wherein a reduction in fiber delay line
length and RIN suppression cannot be simultaneously achieved.
However, this problem can be resolved in active D-FRR, as
described in Section IV.
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Next, we consider OC 1 and OC 2. When ki = ko ( = 0.01,
0.05, 0.1, or 0.2), and k3 is in the range of 0-1, the frequency
response of RIN suppression ratio f; and RIN suppression ratio
M; of different ky and k5 can be obtained with the same k3. The
results are shown in Fig. 5.

When k; and k5 are increased, the net loss within the m-FRR
increases, whereas the net loss in the s-FRR remains unaltered,
resulting in an inferior RIN suppression effect, as shown in
Fig. 5. Because k; and k5 correspond to m-FRR loss changes,
this observation implies that offset losses can enhance RIN
suppression, while ensuring that f; remains small. Thus, using
an active D-FRR as an optical spectrum filter is better than using
a passive D-FRR.

IV. AcTivE D-FRR USING RIN REDUCTION
A. Possible Range of Coordinates (G4, Gg)

In each steady resonator, the condition of no net gain must be
satisfied because the light power cannot increase continuously
regardless of the position of the FRR. To ensure stability, gains 1
and 2 in the FRR must satisfy the aforementioned requirements
and be limited to a set of interrelated maximum values.

Assuming no energy exchange between the two resonators,
the equivalent net losses of m-FRR (axr,1) and s-FRR (anr.2)
can be expressed by (5) and (6), respectively.

aNL1 = 30, +afl1 + 101g(1 — kz) + 101g(1 — kl)
+101g (1 — k3) + G4 (5)
OzNLQZOtle+OzC+1OIg(1*k3)+G2 (6)

According to the analysis, anr,; < 0 and anre < 0 because
the FRR should be in a steady-state condition.

Owing to energy exchanges between m-FRR and s-FRR, the
analysis presented above only provides a maximum limit for
the gain. Although the net loss of its FRR varies with G; and
Gg, the mutual constraint between G; and G, must be analyzed.
Because the analysis process is complex, a detailed analysis is
presented in Appendix B. The total net loss (ant,t) in the D-FRR
can be expressed as

aNLt =20+ age+asli +101g (1—k1)+10 lg (1—/€2)+G1,

0
w _ 1-ai(agla+Ga) 420 (arla+Go) ks —ks  « _
where o, = T or (0l 1 o) Tar (ot Ga ks (e €Xpre-sses

the actual loss from nodes d to e. To simplify the expression,
the * operation symbol is included in the formula. For o and o*
satisfy the conversion relationship o = 10logy¢ (), where the
unit of « is dB, whereas a* is a unitless quantity.

For a set of coupler ratios ki, ko, and k3, the G; and Go
values must simultaneously satisfy three inequalities: anyy <
0, anp1 <0, and anp2 < 0. The possible range of gains for the
parameters described in Section II-B is shown in Fig. 6.

InFig. 6, the blue region represents the possible range in which
(G1, Go) is located. Further, anr,¢ < 0 is more restrictive on the
coordinates (G, Go) than ant,1 < 0and ang2 < 0. Herein, two
limit cases are analyzed. When G, tends to negative infinity, the
loss of the s-FRR is infinite, and the s-FRR cannot transmit light
power to the m-FRR. Herein, ant,1 = anr. However, when Gy
tends to positive infinity, as in the previous analysis, we obtain
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8 “:IPossible range of gains‘
2 ~————
1
0

N2 =0

G, (dB)

4 3 -2 -1 0 1 2 3 4
G, (dB)

Fig. 6. Possible range between G and Gz. For these simulation results, /; =
lo =500 m, k1 = k2 = 0.05, k3 = 0.3, ac = 0.3 dB, and o = 0.2 dB/km.
The blue region shows the possible range in which (G, G2) is located. When
G1 or G2 is less than zero, it can be considered as an attenuator rather than an
amplifier.

G, (dB)

[ R N S
IS

T3 04 05 6 71 8 9 34
Gl(dB)

(a) (b)

Fig. 7  (a) RIN suppression ratio M1 and (b) frequency f; at RIN suppression
ratio My for ks = 0.3.

anL2 = anrs.- The proof in Appendix B shows that the two cases
presented above are included when axry < 0.

B. Responses Depending on G; and G2

This section discusses the effects of G; and G5 on the D-FRR.
As demonstrated in Section III-B, when the loss decreases,
the proportion of its RIN suppression gradually increases. In
addition, as demonstrated in Section III-C, G1, and G, must
satisfy the anr,1 < 0, anre < 0, anry < 0; therefore, this
section discusses the RIN suppression parameters (f; and M)
for different k3 values under this inequality constraint.

Letl; =15 =500m, ky = k2 = 0.5, a. = 0.3 dB, and oy =
0.2 dB/km. The RIN suppression ratio M; and frequency at the
RIN suppression ratio fi are shown in Fig. 7.

A straight line representing M; tends towards negative infinity
corresponding to the best RIN suppression ratio as shown in
Figs. 7(a). Theoretically, the actual RIN suppression on these
lines tends to infinity, or the RIN tends to zero (minus infinity in
dB). However, owing to the simulation inaccuracy, a small offset
exists in the RIN. Moreover, not all points at this straight line
can satisfy the steady-state resonator condition. The coordinates
(G1, G2) must be constrained using (3). Considering Fig. 7(a)
as an example and combining it with Fig. 3, the only possible
cross point of this line and the possible range of (G, Gs) are
obtained as shown in Fig. 8(a).
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Fig. 8.  (a) Black line represents the boundary condition for (G1, Gz2), and the
thermodynamic diagram is the same as that in Fig. 7(a). (b) f1 and m vs. k3.
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Fig. 9. (a) Optical spectral transmission and (b) RIN response of D-FRR the
negative gain corresponds to suppression. For the simulation, the following
values were set: [1 = [o = 500 m, ky = ko = 0.5, k3 = 0.3, G; = 7.02006,
Gy =04.

The optimal gain point is achieved as follows:

G, =
Gop, =

— 3ae — aply — 101g (1 — ky) — 101g (1 — ko), (8)
— e — ayly, ©

where Gy, and Goy, are the optimal gain points of the active
D-FRR.

The G1}, and Gop, correspond to the total loss of the m-FRR
and s-FRR without the loss of the coupler ratio k3 (the derivation
is provided in Appendix C). In the parameters shown in Fig. 7,
the coordinates (Gyp, Gap,) correspond to (7.0206, 0.4), which
meet the requirements of the boundary range at anr; = 0.
Moreover, we observed that by adopting the optimal gain point
(G1p, Gop) in an active D-FRR, the suppression of RIN M; can
be approximated to infinity, which indicates that the RIN is close
to zero.

If the parameters listed above are used, the optical spectral
transmissions 7s(v) and RIN response Trin(v) are as shown in
Fig. 9.

Here,fi = 0.11 FSR; ;,M; = —49.9dB,f; = 0.5FSR; 1,
Mo = —53.9 dB. The length of the fiber delay line is reduced to
22% of its value used in the T-FRR. In addition, RIN suppression
in M; is similar to that in My, which provides a more intuitive
explanation for the impact of the active D-FRR on resolving
the tradeoff of the passive D-FRR. By further decreasing ks,
the length of the fiber delay line is shortened further, and the
suppression of RIN is not weakened.

V. EXPERIMENTS

In this section, we present an example of a passive D-FRR
to validate our model. The configuration of the D-FRR remains
the same as shown in Fig. 1(a), with each fiber having a length
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w/o D-FRR(theory)
w/ D-FRR(experiment)
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RIN (dB/Hz)

-130
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Fig. 10.  (a) RIN analysis system used to measure RIN experimentally. (b) RIN
response of D-FRR. For the simulation and experiment, the following values
were set: [y = I =25 m, k1 = ko = 0.98, ks = 0.55.

of 25 m. The coupler ratios of OC 1 and OC 2 are set to k; = ko
= 0.02, while the coupler ratio of OC 3 is 0.55.

The setup of the RIN analysis system, which is used to mea-
sure RIN experimentally, is shown in Fig. 10(a). The power spec-
tral density of the detector voltage of RIN, Sy (f), is analyzed
using an electronic spectrum analyzer. In addition, a multimeter
measures the direct current (DC) signal of detected voltage V.
The MFLI from Zurich Instrument and KEITHLEY 2010 were
the electronic frequency spectrum analyzer and multimeter used
to measure the noise and DC signals, respectively. Firstly, we
used a multimeter to measure the bias voltage V of the detector
when there was no light input. We then connected the light source
to the detector and measured the noise signal Sv(f) and DC
voltage V using an electronic frequency spectrum analyzer and
multimeter, respectively, when there was an optical input. The
measured noise intensity (when MFLI was used) was less than
10 nV/rt-Hz, which was much smaller than the RIN.

In this case, the RIN is given by

Sv (f)
avt’
where AV =V — V, and AV is the average AV over time.

The measured and simulated RIN at the output of the FRR
are shown in Fig. 10(b). The simulation values for f; and M; are
1.368 MHz and —5.826 dB, respectively, while the experimental
values are 1.478 MHz and —4.97 dB, respectively. The error
arises from variations in ring length and insertion loss. Despite
errors, the simulation accurately and reliably represents the RIN
response.

Under these conditions, the T-FRR requires a 50 m fiber delay
line, equivalent to the length of the fiber coil in the IFOG. In
contrast, the D-FRR requires a fiber coil length of 138.3 m.
Thus, a substantial saving of approximately 64% of the fiber
delay line length is achieved.

RIN (f) =

(10)

VI. CONCLUSION

We proposed the D-FRR as a novel approach and compre-
hensively investigated its optical spectral transmission and RIN
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responses. By utilizing the same fiber length in both the m-FRR
and s-FRR, we observed three distinct minima within the FSR.
We discussed both the passive and active D-FRR in detail.

We demonstrated that the use of a fiber delay line ¢ in the
passive D-FRR can be minimized by adjusting k3, where smaller
values of k3 result in shorter delay coil lengths. However, the
RIN suppression is inferior. In the active D-FRR, the use of
a fiber delay line can also be minimized by adjusting k3. Upon
applying the gains G; and G5, at optimal gain points G, and Gay,,
the RIN suppression tends towards infinity and the RIN tends
to zero. Finally, a passive D-FRR experiment was conducted to
demonstrate the reliability of our analysis.

The proposed approach effectively addresses the limitations
of the traditional T-FRR, which typically requires the same fiber
length as the sensing coil of the IFOG. Furthermore, our solution
has the potential to revolutionize RIN suppression by enabling
precise control of the loss in FRR and the coupling ratio of the
coupler, resulting in a significant reduction in the required fiber
length.
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APPENDIX A
DERIVATION OF SPECTRAL RESPONSE

ASE
Fiber 1

()
Output

Fig. Al.  Model of a dual fiber ring resonator with nodes.

The model of a dual ber ring resonator with nodes is shown as
Fig. Al. The transmission relationships between the input and
output ports of each OC are expressed as

o] =Ko teai | 2] (A1)
] =Ko |71). (A2)
| = o) [ ] (A3)
where [20], [21]
Ke (e, k) = 1035 [\/J{}? \/][ik] . (A.4)

Here, o is the excess loss of OCs and k is the coupling ratio
of the OC.

The transmission relationships between the input and output
ports of optical fibers are expressed as

Ew = Ks (as1, 1) B, (A.5)
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Eg = K¢ (o, l2) En, (A.6)

where

K (ar,1) = 1073 exp (—jB1). (A7)

Here, 8 = 2nvn/c is the transmission constant of light, 7 is
the refractive index of the optical fiber, oy is the loss of fiber,
and [ is the length of the fiber.

The transmission relationships between the input and output
ports of gains are

Eq =K (Gh) E, (A.8)
Eyn =K (G2) Ex, (A.9)
where
G(dB)
K (G)=10"2 =G". (A.10)

where G is the gain coefficient; when G > 0 dB, G indicates
the gain provided by the gain module; when G < 0 dB, G
indicates the loss provided by the gain module, and when
G = 0 dB, G indicates that the gain module has no effect.
To simplify the expression, the operator symbol * is included
in the formula. The unit of G is dB, while G* is a unitless
quantity. These parameters satisfy the conversion relationship
G* = 1010g10(G)

We define a;; = E;/E;, which can be found in (A.1)-(A.6),
where a;; is the amplitude transfer relationship from i to j (i
#+ j). Further, E; and E; are the amplitudes at positions 7 and
J, respectively. Because the amplitudes of the electric field at
the same position are the same after the FRR is stabilized [22],
we can deduce the response of optical spectrum 77, (/) between
nodes a and n as follows.

2
ne Ged Qe Aea ™ Gne Geg Agh (V) At At Gde Gea

- ’ 1—aemami (V) Qe Ged ge — Aem i (V) Qe Geg Qgh (V) Ghf At Gac

(A.11)

APPENDIX B
DERIVATION OF TOTAL NET LOSS ant;r

We still use the method of optical amplitude to deduce ant.
First, the power transfer relationship between the couplers of
the m-FRR and s-FRR is analyzed. The amplitude relationship
between m-FRR and s-FRR can be expressed as

B = Vo [VimhoEe + VEE]
Bt = /ai [VksBe+ V1= ksEy) .

Consequently, the light power of nodes e and f can be ex-
pressed as

(B.1)

P, = E.E;

=0 [(1=ks) Pa+ksPytv/(1—ks) ks (Ea By + By )|
P = BiE;
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—a s Pa+ (1—ks) Pyt /A=) b (EaFy+ EiF)
(B.2)

According to the method shown in Appendix A, we have

A ghhf (U) afq

Fe=—"—-"—"F;="T, E B.3
&1 — agnan (v) ag d e (0) Ea, (B-3)
where
’L'\/Oz*k‘g
ng (I/) = ¢

(—Gg — OéfLQ)*eiB(V)LZ —\ag (1 — k3) .

(B.4)
Therefore, the amplitude cross product term can be expressed
as

EdE; + EZ;Eg = [ng (V) + ng(l/)*] Pd = 2Re (ng (1/)) Pd.
(B.5)
Moreover,

2ReT (v) + 2ReT (—v)
= 2Re *i" achy
(_G2_afL2) ei2mnvLla/c_
i\/a(’;kg

+2Re —
(—GQ—O(fLQ) 6%271'77,’0[/2/0_

Z'\/Oét*:k‘g

(_G2 _ afL2)*ei27rnvL2/c —

—Z'\/ Oézk'3

(_G2 _ asz)*eleﬂ'nng/c _

i\ / OéZkg

(_G2 _ afL2)*e—i27rn’uL2/c _

—’i\ / 0[2163

(_G2 _ afL2)*ei2ﬂnvL2/c _

a; (1 —k’g))

O((*: (1 — k‘3)>

a; (1 —ks)

+
Oéz (1 — k3)

+
Oéz (1 — ]63)

+

OZ’CF (1 — k?g)

—0. (B.6)

This term is an odd function centered on v = FSR; therefore,
the integral in the FSR is zero. The equation listed above can be
simplified to

PC =aof [(1 — k‘g) Pd + kgpg]

N . B.7
Pr = o [ksPa+ (1 — k) P,] (B.7)

Because node g and node f are associated based on the
relationship

Pg = (afZQ + GQ)*Pf, (B.8)

we obtain
« PC - ].—az(afl2+G2)*+2aZ(OZflz+G2)*k3—k3 «

=== . - al.
de Pd ].—CVZ(OZEZQ-FGQ) +C¥:§(O[flg+G2) kg (B 9)

Therefore, the net total loss coefficient in the D-FRR can be
expressed as

aNL =20+ +agli +101g (1 —k1) +101g (1—k2) +G.
(B.10)
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APPENDIX C
BEST RIN SUPPRESSION GAIN PARAMETER

Two methods, maximum gain, and equivalent resonator, were
used to derive the gain parameter, which corresponded to the best
RIN suppression.

A. Maximum Gain

In a stable FRR, the maximum power relationship is allowed
in the m-FRR and s-FRR when OC 3 introduces only insertion
loss between nodes e and d or between nodes f and g. Further,
there is no energy exchange between nodes d and f or between
nodes e and g.

Pe = Ozzpd

Pr = o' P,, (C.1)

where P; represents the optical power at node i in the resonant.
The total net loss line is as shown in (B.10). Consequently, o=

*
Oéc,

]. — CEZ(O[flg -+ GQ)* + QQZ(O[le + GQ)*]Cg — ]Cg
1 — oi(aply + Ga)" + af(agly + Go) ks

The result for G, corresponds to the maximum RIN suppres-
sion. Equation (C.2) can be simplified as [22]

=1. (C2)

e + aglyg + Go = 0. (C.3)

The value of G; at maximum RIN suppression can be derived
using .=« and (7)

3ae + agly +101g (1 — k) +101g (1 — ko) + G1 = 0.
(C4)
Thus, the best working point (G11,, Gap,) is obtained as follows:

Gip = —3ae —agly — 101g (1 — k1) — 101g (1 — ko)

sz = — Q¢ — aflz. (C.S)

B. Equivalence of m-FRR and s-FRR

First, we disregard the gain stability constraint (5)—(7) and
assume that the best gain parameter (G1p, Gap) corresponds to
the best RIN suppression. The slope of the best RIN suppression
line formed by (G11,, Gay,) 18 kgiope1r = k (k < 0).

The m-FRR and s-FRR can be reciprocally swapped because
of the gain equivalent of the resonant. The RIN suppression ratio
obtained at this time should be at the same point, with the best
resonant RIN suppression line tangent point being the same as
the previous analysis point, which is the same (G1},, Gap) point.
Based on the m-FRR and s-FRR swap analysis, the slope of the
best-resonant RIN suppression line as the maximum gain line
should be kgiope2 = 1/ k at this time.

Because the two curves are the same, their slopes are equal,
i.e., kslope1 = Kslope2, implying that k = —1. Therefore, the slope
of the maximum gain point is the cross-point of the maximum
gain line, and anpy = 0.

It can be proven that the result is the same as that shown in
Appendix C-A.
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