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Abstract: Since the polarization non-reciprocity errors are canceled out through optical
compensation in dual-polarization interferometric fiber-optic gyroscopes (IFOGs), two ports,
namely, the reciprocal and nonreciprocal ports, are both feasible sensing output. In this work,
we propose and demonstrate a weighted subtraction method for noise suppression that uti-
lizes the partial correlated two-port signals simultaneously. The relative intensity noise has
reduced to 56.2% of its original value in the experiment and agrees with the theoretical anal-

ysis; as a result, the angle random walk is suppressed from 5.7 x 1072t03.2 x 107%°/vh
with a 2-km-long fiber. The improvement on short- and long-term stability performance has
been experimentally verified, which makes dual-polarization IFOG configuration promising
for many applications.

Index Terms: Noise suppression, RIN, dual-polarization, interferometric fiber-optic gyro-
scope, optical compensation.

1. Introduction

As inertial rotation sensors, interferometric fiber-optic gyroscopes (IFOGs) have been widely uti-
lized in many military and civilization applications owing to their excellent performance in sensitivity
and stability [1]. Because the non-reciprocal Sagnac phase shift induced by rotation is ultra-small
and easily overwhelmed by the noises [2], the conventional IFOGs require the light propagating in
absolute reciprocal paths. As a result, the “minimum configuration” that maintain single polariza-
tion to suppress polarization non-reciprocity (PN) errors is proposed and widely adopted in many
researches and products [1].

Recently, an alternative configuration denoted as “dual-polarization configuration” is developed
for PN error suppressing in which two orthogonal and incoherent polarizations are utilized simul-
taneously [3]-[7]. Although the PN errors inevitably accompany with both polarizations, they have
opposite signs thus can cancel out, or say compensated, optically or electronically. A series of
investigation shows that the dual-polarization IFOGs have various benefits in the temperature [8],
[9] and magnetic field [10] stability, as well as cost-effectiveness [11].
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Fig. 1. Schematics of dual-polarization IFOGs. PD: photodetector; PZT: piezoelectric transducer; DP:
depolarizer; SMF: single-mode fiber, I, »/: signals detected by PDs, n: weight coefficient, Qqy: the
demodulated rotation rate from co-processing two-port signals. (a) A modified setup using circulator.
(b) A previous setup [5].

In dual-polarization configuration, one interesting and important fact is that the compensation
of PN errors is valid for both reciprocal and non-reciprocal ports [4], [5], [11], [12]. As a result,
the conventional non-reciprocal port can also be utilized for rotation sensing except it is biased
by a relative stable coupler non-reciprocity (CN) error [11], [13]. This actually re-interprets the
meaning of polarization reciprocity. As a result, an ultra-simple IFOG that possess even fewer
optical components than “minimum configuration” is demonstrated [11], [12].

Since the two-port (i.e., reciprocal port and conventional non-reciprocal port) outputs the rotation
signals simultaneously, it is possible to utilize them together for better noise suppression since the
signals come from the same light source and travel through the same sensing coil, and hence,
should be correlated to a certain extend.

In this work, we demonstrate an optically compensated IFOG setup which is capable of two-
port operation. The correlation between the two-port signals is theoretically modeled and dis-
cussed. We found that the short-term noise is dominated by the relative intensity noise (RIN)
from the light source. Confirmed by experiment results, the two-port signals are partially corre-
lated since the light spectrum at two individual port is complementary. With weighted subtrac-
tion of the two signals, the short-term stability of IFOG is improved. The angle random walk
(ARW) is suppressed from 5.7 x 1072°/+/h to 3.2 x 1072°/+/h, which is 56.2% of its original
value.

2. Theory
2.1 PN Error Suppression

The dual-polarization IFOG setup for this investigation is schematically illustrated in Fig. 1(a), in
which Lyot depolarizers (DPs) are adopted to create two orthogonal and incoherent polarizations
that travel through a single-mode fiber (SMF) coil. The piezoelectric transducer (PZT) provides
sinusoidal phase modulation and we adopt the harmonic demodulation method [14], [15] to obtain
the rotation rate. As will elaborate later, two-port, namely the reciprocal port and conventional non-
reciprocal port of Coupler1, carry the rotation signals simultaneously and are detected by using
two photodetectors (PDs), respectively. The setup of Fig. 1(a) is actually a modified version of our
previous configuration of Fig. 1(b), in which DP3 was moved to the front of the circulator in order to
improve the correlation of the signals from PD1/2 for better noise suppression.
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Under dual-polarization operation, the signals of two orthogonal polarizations x, y at reciprocal
and nonreciprocal ports can be written as [5], [11]:

l)r(,y = l>r(o.y0 + p?x,ry + q?x,ry CoS(¢s + Adrx.ry + Pm)
l)r(l.ry = /)I(]()r,yo + v p%rx,nry + q%rx,nry coS(¢s + ¢¢ + Anrx,nry + ®m). (1)

where ¢s and ¢, are Sagnac phase shift and modulation phase, respectively. The subscripts x and y
correspond to the two polarizations, and the scripts r and nr denote the reciprocal and nonreciprocal
ports, respectively. The coefficients p .1y, Grv.ry @NA Prx.nry, Gnrxonry are given by the system trans-
mission matrices, and hence, the PN errors at two-port are derived as A¢,y ry, = arctan(p x.ry/qrx.ry)
and A¢prx,nry = arctan(p nrx.nry/Gnrx.nry) (S€€ the Appendix of Ref. [5] for the details).

Although the non-zero PN errors always accompany with single x, y polarizations, they have
opposite polarities and thus can be mutually canceled when summing up the intensity of two
polarizations. It is proved by theory and experiments that effective PN error suppression can be
achieved when the two orthogonal polarizations are incoherent and balanced in power, and such
principle is valid for both reciprocal and nonreciprocal ports (see Appendix for the details). The only
difference is that, an extra phase shift ¢, ~ = is induced by the CN at the nonreciprocal port, which
induces a relatively stable bias to the output thus can be calibrated.

2.2 Correlation of the Two-Port Signals

Since the two-port outputs the rotation signals simultaneously, we would investigate the possibility of
utilizing them together for better noise suppression. The short-term noise of IFOGs mainly consists
of three sources [16]-[18]

(i2) = (i) + (i) + (i3) @)

which are the RIN i}, shot noise ig, and thermal noise ir, respectively. More specifically, the thermal
noise is given as (i2) = 4kBT/R,, which depends on the Boltzmann constant k, temperature T, as
well as the detection bandwidth B and resistance R, . The shot noise is given by (i%) = 2ngeeB (i)
with the quantum efficiency nqg, electron charge e and average detection current (i).The RIN can
be expressed as (/%) = B{(i)2/Av in which Av is the bandwidth of the light source [16]. In typical
IFOGs, the RIN is one or two orders of magnitude higher than the other two noises [18], therefore,
it is the dominate noise in short-term time scale. In physics, the phase fluctuation of broadband
light source generate random beatings, i.e. RIN nq(f), and hence, the intensity can be depicted by
i1 (t) = lo + no(t) which is no longer constant. Due to the insertion loss, only portion of light arrives
at the reciprocal and nonreciprocal port outputs, we denote the ratio as «, and «,,, respectively, and
the signals detected by the two PDs are:

I:(t) = arllo + ne(I[1 + K cOs(9)], ®3)
Inr(t) = anello + npr(DI[1 — Knr COS(¢ + ¢c)]. (4)

Here ¢ = ¢s + on(t), ¢s and ¢n(f) are the Sagnac phase shift and modulated phase, respectively. k;
and k,, are contrast weights, and n,(f) and n,,(f) are the RINs detected at the two-port. Notice that
we take a minus sign of the cos(-) term in Eq. (4) which makes ¢, ~ 0 instead of z. As mentioned,
¢¢ is a steady bias under stable temperature [11], [13].

For harmonic demodulation, the RIN distributes to each harmonic that degrade the sensitivity
of IFOG. It is noteworthy that, the RINs at the detected signals differ from the RIN of the light
source. As we discussed previously [19]-[21], the birefringence of polarization-maintaining (PM)
fiber segments in the SM fiber coil (i.e., the DPs) induce different spectrum ripples at the two-ports,
as shown in Fig. 2. As a result, the normalized correlation coefficient y between n.(f) and np(f) is
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Fig. 2. The light spectra at the output from the reciprocal and nonreciprocal ports. (a) The schematic
setup. (b) The measured spectra.

given as [22]-[24]:

o) = 1= =16 [ Gra(vle 2y [ [ G1z(v)e2”f”dvT )

y can be directly calculated from the acquired time domain signals n.(t) and n,(t), or estimated from
the integral of G12(v) which is the mutual light spectral density detected by the PD1/2. Because of
the spectrum ripples as shown in Fig. 2(b), the correlation of the two ports signals is reduced to
some extent. Nevertheless, they are still partially correlated, then we have:

Ine(t) = prno(t) + ne(t) + n1(1)
Nor(t) = pnrno(t) + Ne(t) + N1nr(t) (6)

where p,no(t) and pprno(t) are the noises correlated with the light source with the correlation co-

efficient p, and p,,. The rest of noises can be divided into two parts, namely, the common-mode

component n(t) and random independent components n4,(t) and nq,(f). Therefore, the normalized

correlation coefficient y between n,(t) and n,(t) correlation should be at least larger than p,p,,.
We adopt a weighted subtraction of the two-port signals for noise suppression, as:

Lout(t) = 1+(t) — nl ne(t)

= (ar = meenr)llo + prno(t) + ne()] + 1o (t) cos(¢ + ¢w) + ne() @)
with
Ip(t)y = [lo + prio(t) + ne(D]\/(A1 + A2)2 + A2,
¢y = arctan[Az /(A1 + A2)],
A1 = ok, Az = nankn cos(pc), Az = nonrknr Sin(gc). (8)
and
ne(t) = [1 + kr cos(p)larn1,(t) — [1 — Knr €OS(@ + ¢c)lnetnr [N1nr () + (onr — pr)No(t)] 9)

Assumed p,; ~ p, and we have an ideal 50:50 coupler which gives k, = k,, = 0.5 and perfect sub-
traction at weight nso that o, = napr = «; Also noticed that ¢¢ =~ 0 and n+,(f), ny,(f) are independent,
so we obtained that:

lout(t) = Ip(t) cOS(p + pc/2) + ne(t)
Ne(t) = a,[(1 4 0.5cos(¢))n1,(t) — (1 — 0.5c08(#))N14(1)] (10)

Therefore, the direct components, as well as the correlation part of the RIN, are eliminated. The
residual noise, represented by ne(t), originates from the RINs without correlation. The two-port
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Fig. 3. Simulation results for dual-polarization IFOG outputs with RIN. Q1 »: rotation rates directly
demodulated from PD1, PD2; Qo rotation rate demodulated from the weighted subtraction. Time
domain signals for normalized correlation coefficient (a) y = 0.44 and (b) y = 0.64. (c) Normalized RIN
suppression for different y.

operation induces a stable bias of ¢¢/2 due to coupler nonreciprocity, which has been proved to
have no significant influence on the IFOG stability [5]. By utilizing the signals from the two-ports,
the RIN can be suppressed more effectively.

3. Simulations

We perform time domain simulations for the proposed dual-polarization IFOG setup and the results
are presented in Fig. 3(a) and (b). We apply simulation parameters that best captures our experiment
described in the later section. Specifically, the rotation rate was set to 9.67 °/ h in accordance with
detecting Earth rotation at our laboratory location of latitude 39.99 °N. As will elaborate later, the
CN bias of 5.35 x 1073 rad was obtained in the experiment, and we also add it to the nonreciprocal
port in the simulation. The same level of RIN was set for all simulations, with a signal-to-noise ratio
(SNR) of 65 dB. The sampling interval was 0.1 s and the simulation was performed for 100 s.

For the results shown in Fig. 3(a), the normalized correlation coefficient y was set to approximately
0.44 which is almost equivalent to our experimental observation. Compared with the rotation rates
obtained at the reciprocal and nonreciprocal ports, namely, 24 and Qo, respectively, the short-term
noise was effectively reduced for the final output Q,,; by using weighted subtraction. The RIN was
suppressed to 53.1% of its original value for y = 0.44. More significant noise suppression can
be achieved if the two-port signals are more correlated. As illustrated in Fig. 3(b), the RIN was
suppressed to 42.4% for y = 0.64.

The effectiveness of noise suppression is highly related to the correlation of the two-port signals.
A more detailed simulation was performed to determine the RIN suppression ratio under different
y, as shown in Fig. 3(c). We keep the same level of the RIN and the short-term noise on rotation
rate outputs was normalized by that of the reciprocal port. Even n,(f) and n,.(t) were completely
independent, the noise under weighted subtraction was 71% that of the original two outputs. For
strong correlated n,(f) and n,(f), most of the RIN can be canceled. In other words, the proposed
method is especially useful when y is large, as apparent from Fig. 3(c).

4. Experiment

We also experimentally verify the effectiveness of the two-port noise suppression method. In the
experiment, an amplified spontaneous emission (ASE) light source with a center wavelength of
1550 nm and a bandwidth of 70 nm was used. The decoherence length was calculated as L 4, =
34 um. The refractive index difference between the fast and slow axes of the PMF in the DPs
was An =5 x 1074, To depolarize the source, the length of AB in DP3 was required to be longer
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Fig. 4. Normalized correlation coefficients calculated from time domain signals for (a) the modified setup
presented in Fig. 1(a) and (b) the previous setup presented in Fig. 1(b). (c) Normalized RIN suppression
vs. different weight coefficient 7.

than L, = L ¢c/An = 0.068m. The coil length, coil diameter, and fiber core diameter were 2000 m,
0.14 m, and 125 u m, respectively. To cancel the random birefringence in this coil, a DP length of
L;,p = 1.25 m was required [25]. We used a redundant depolarizing length L ; = 2.0 m instead of

L ;,p = 1.25 m. Accordingly, the lengths of the AB parts in DP1, DP2, and DP3 were chosen to be 2,

8, and 32 m, respectively. Therefore, DP3 could effectively depolarize the source. Every BC length
was twice the length of the connected AB. In practical applications, temperature changes influence
the stability of the PMF length and An [26]. Therefore, in our design, the lengths were redundant
to ensure that the orthogonal polarizations obtained from a DP were always incoherent under our
laboratory temperature range. Therefore, the IFOG avoided the influence of PMF instability related
to temperature.

The experiments were conducted under an uncontrolled room temperature (15 ~ 25 °C). Note
that the Earth’s rotation rate is approximately 9.67 °/ h at our laboratory. The digitizer used in the
experiments had a sampling rate of 2 MSPS. The IFOG operation at open-loop configuration and
harmonic demodulation method is adopted to obtain the rotation rate.

The correlation coefficients are calculated directly from the time-domain signals that acquired
from the two-port, and the results for our modified setup Fig. 1(a) and previous setup Fig. 1(b) are
illustrated in Fig. 4(a) and (b), respectively. The modified setup achieves better correlation (44%)
than the previous one (16.3%), mainly because we adopt a circulator to pick up the reciprocal port
signal before its re-entrance into DP3 that modifies the light spectrum and lowers the correlation.

The effectiveness of noise suppression also depends on the weight subtraction coefficient . As
shown in Fig. 4(c), there exist an optimal weight coefficient for best noise suppression, when the
correlation coefficient y is given. Under the conditions that the independent noises ny.(t), n1(t) are
sufficient small, or say the two-port signals are highly correlated, the optimal weight approaches to
the power balance case p, = p,r, Which gives n= 0.5 in theory. The red and yellow lines indicate
two extreme scenarios that n,(f) and n,,(f) are completely independent and correlated, respectively,
which sets up a possible area of the proposed method. The optimal weight n depends on the
optical structure and the power ratio between the two-port, which is a constant number once the
IFOG setup was assembled. In experiment, we demodulate the rotation signal with a series of n
in order to find the optimal one that minimizes the ARW, as shown in Fig. 4(c). For our previous
setup of Fig. 1(b), we have the correlation coefficient y = 0.163 which results in suppressed noise
ratio of 66.7% when the optimal coefficient n = 0.71 is adopted. In this case, it is noteworthy that
n # 0.5 because p, # pnr. The correlation coefficient increases to y = 0.44 for the modified setup
of Fig. 1(a), and hence, a better noise ratio of 56.2% has been achieved with optimal = 0.5.
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Fig. 5. Experiment results for IFOG outputs with the modified setup of Fig. 1(a). (a) Rotation rate in time
domain. (b) Allan variance analysis of IFOG outputs.

TABLE 1
Allan Variance Indices of IFOG

Ql QQ Qout
ARW(°/vh) 57x10"2 6.0x10"2 3.2x 102
BI (°/h) 6.6x 1073 7.0x1073 4.8x 1073

For the setup of Fig. 1(a), the time domain signals are recorded with an integration time of 0.35 s
and a test duration of 30 min, as shown in Fig. 5(a). Hence, we can intuitively observe that output
applied with optimal weight coefficient n = 0.5 features less short-term noise than any of the direct
outputs Q4 or Q.. Besides, the bias in Q,,; was approximately half the CN bias in Qo, which was
observed in both the experiments and simulations. The bias was stable, therefore, can be calibrated.
For instance, the CN bias can be extracted by linear least squares fitting the demodulated signals
with the angular velocities of the rotary table, or the tilted angles when inclining the IFOG. In this
work, CN bias was determiend as 5.35 x 1073 rad. As verified previously [5], the CN bias would not
seriously degrade the stability performance of IFOG when an appropriate initial calibration method
is adopted.

We performed Allan variance analysis to conduct a detailed comparison of the effectiveness of
noise suppression [27], as shown in Fig. 5(b). The Allan curve of the weighted subtraction output was
consistently lower than those for the two directly demodulated ones, especially for the short-term
region. The ARW and bias instability (Bl) noise indices of the experiment results are listed in Table 1.
The ARW was suppressed from 5.7 x 1072°/v/h to 3.2 x 1072°/+/h and the Bl was suppressed
from 6.6 x 1073°/h to 4.8 x 10~3°/h. Both the short- and long-term noises indices were improved
by the proposed method, especially for the short-term ones. The RIN was suppressed to 56.2% of
the original value, agrees with the simulation result of 53.1%.

Above experiments verify the validity of co-utilizing the partially correlated two-port signals in
dual-polarization IFOG for better noise suppression. The effectiveness of the proposed method is
particularly evident in short-term time scale. For long-term instability, such method still works but
the optimal weight may vary slowly with temperature and needs updating in real-time. The proposed
method can also combine with other sophisticated signal processing methods [28], [29] to further
improve the performance, which makes dual-polarization IFOG configuration promising for many
applications.

Vol. 11, No. 2, April 2019 6801309



IEEE Photonics Journal Two-Port Noise Suppression in Dual-Polarization IFOG

TABLE 2
Derivation Results for Dual-Polarization IFOGs

Reciprocal port Nonreciprocal port
Dz —(1 = d)Arazsingras (1 — d)Anr23singnras
Gz (14 d)|Cr1]? + (1 — d)Aragcospras  —(1+4 d)|Crr1]® + (1 — d) Anr2zcosnras
Dy (14 d)Ar23singras —(1 4 d)Anr235indnra3
qy (1= d)|Cral® + (1 + d)Arazcosdras  —(1 — d)|Crr1l? + (1 + d) Anr23cosnraz
Az |CraCr3|T(223) |Crr2Chrrs|T(223)

5. Conclusion

In this work, we proposed and demonstrated a weighted subtraction method for noise suppression,
based on the correlation characteristics of the two-port signals in dual-polarization IFOG. We
derived the noise model at the two-port signals and found an optimal weight coefficient for best
noise suppression. The correlated portion of noise appeared at reciprocal and nonreciprocal ports
mutually cancels out, and the RIN has reduced to 56.2% of its original value in the experiment. The
ARW was suppressed from 5.7 x 1072°/+/h to 3.2 x 1072°/+/h and the Bl was suppressed from
6.6 x 1073°/h to 4.8 x 10-3°/h, which validates the effectiveness of the proposed two-port noise
suppression method.

Appendix

In dual-polarization IFOGs, the intensity of the two orthogonal polarizations is summed up directly at
the PD, which we refer it as to “optical compensation.” Assuming the two polarization are incoherent,
the PN errors at reciprocal and nonreciprocal ports can be expressed as [5], [30]

Prx+Pry 20|C2Cr3|T(223) SiN P23
A¢, = arctan —— = arctan
¢r qrx + er |Cr1 |2(1 + d) + |Cr4|2(1 - d) + 2|Cr20r3|r(223) Cos ¢r23
Parx + Pary 2d|Cnr2Cnr3|T(223) SIN ¢proz
A¢y, = arctan ——— = arctan
¢nr Qnrx + Qnry |Cnr1 |2(1 + d) + |Cnr4|2(‘I - d) + 2|Cnr20nr3|r(223) Ccos ¢nr23

(11)

where P iy, Grx.ry @NA P arx nrys Gnex,nry @re listed in Table 2; d is the degree of depolarization (DOP)
before entering the loop; note that d = 0 for well depolarized light. Furthermore, C;1 (Cpr1) and C,4
(Cprq) are diagonal terms and Co (Cpr2) and C,3 (Cpr3) are off-diagonal terms of the transmission
matrices for counter-propagating beams meeting at the reciprocal port (nonreciprocal port); these
coefficients are complex numbers. I'(zo3) is the degree of coherence of the light source [31], where
zo3 represents the birefringent delay induced by C2C;; (Crr2Cs 5). Finally, ¢ros (¢nr23) is the phase

nr3
of C1C;, (Cnr1C,,). Therefore, when d ~ 0, namely two orthogonal polarization are balanced in
power, the PN errors of the two polarizations cancel each other at the reciprocal port as well as
nonreciprocal port, i.e. A¢, ~ 0 and A¢,, ~ 0. Thus, the reciprocal port and the nonreciprocal port

can be both feasibly employed as sensing outputs.
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