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Fast-Light Enhanced Brillouin Laser Based Active
Fiber Optic Sensor for Simultaneous Measurement
of Rotation and Strain
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and Selim M. Shahriar, Member, IEEE

Abstract—We have developed a conceptual design for an active
fast light fiber optic sensor (AFLIFOS) that can perform simul-
taneously or separately as a gyroscope (differential mode effect)
and as a sensor for strain and other common mode effects. Two
Brillouin lasers in opposite directions and separated in frequency
by several free spectral ranges are used for this sensor. By coupling
two auxiliary resonators to the primary fiber resonator, we produce
superluminal effects for the two laser modes. We develop a detailed
theoretical model for optimizing the design of the AFLIFOS, and
show that the enhancement factor of the sensitivity is ~ 8.2 x 103,
under the optimized condition, when the effective change in the
length of the primary fiber resonator is 0.1 pm, corresponding to
a rotation rate of 1.4 x 10~3 deg/sec. With this enhancement fac-
tor, the minimum detectable rotation rate is 2.4 x 10~** deg/sec
when the output power is 1 mW and the measurement time is
1s, which is ~ 8.2 x 10 times better than that of the passive ver-
sion with the same parameters. The minimum measurable strain is
1.4 x 102 fc /,/Hz when 1/4 of the primary resonator is sensitive
to strain and the linewidth of the master laser is taken to be 200 Hz.
It may be possible to get much higher enhancement by adjusting
parameters such as the length of the laser loops and the coupling
coefficients.

Index Terms—-Brillouin scattering, fast light, fiber optics,
gyroscopes.
I. INTRODUCTION

PTICAL interferometers and resonators are commonly
used for precision measurement. These devices can
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accurately measure the phase shifts of light due to rotation and
strain. It is shown in Ref. 1, that the coupled resonant optical
waveguide (CROW) gyroscopes do not offer any fundamental
enhancement in the sensitivity of rotation measurement.
Recently, much theoretical and experimental work [1]-[16] has
been carried out for enhancing the sensitivity of such devices us-
ing the superluminal effect, which produces a very small group
index that is inversely proportional to the sensitivity. These
studies considered both passive [1]-[8], [10], [11], [13]-[15]
and active [2]-[7], [9], [10], [12] versions of the resonators. Fur-
thermore, different physical mechanisms have been considered,
in both active and passive cases, for realizing the anomalous
dispersion that produces the superluminal effect. Previously, we
have shown that in a passive resonator, the enhancement from
the superluminal effect is practically eliminated by the concomi-
tant broadening of the resonator linewidth [6]. Such an offset is
circumvented in an active resonator, where the dispersive cavity
contains an active gain medium [6]. In this paper, we consider
the case of an active resonator, for which the superluminal effect
is produced via coupling to other resonators [17]. Specifically,
we describe a system called Active Fast Light Fiber Optic Sensor
(AFLIFOS). It consists of a primary fiber resonator that is cou-
pled to two auxiliary resonators for creating the superluminal
effects for two counter-propagating Brillouin laser modes.

The rest of the paper is organized as follows. In Section II, we
introduce the realization of the fast light effect using additional
cavity resonators. In Section III, we describe the scheme of the
AFLIFOS. In Section IV, we theoretically model the AFLIFOS
and show the results of the sensitivity enhancement factor under
optimized condition. In Section V, we describe the design for
stabilizing the perimeters of the cavity resonators using mas-
ter lasers. In Section VI, we discuss the detection process for
common-mode and differential-mode effects. We conclude in
Section VII with a summary of our results and future plans.

II. CAvITY PHASE ELEMENT

The basic concept of the AFLIFOS is schematically illustrated
in Fig. 1(a). Two non-degenerate pump beams (P1 and P2) are
sent into a fiber resonator and two counter-propagating Brillouin
lasers (B1 and B2) are generated opposite to the propagating
directions of the respective pump beams. Two additional rings
are coupled to the primary ring resonator in order to produce
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Fig. 1. (a) Schematic illustration of the basic concept of AFLIFOS; (b) Cavity
phase element.

anomalous dispersion necessary for the superluminal effect. The
details of the scheme will be discussed later in Section III. In
this section, we discuss in detail the functionality of each of
these auxiliary resonators, focusing on the section in (a) that is
enclosed with dashed lines. This section is illustrated in greater
detail in Fig. 1(b). In what follows, we will refer to this section
as a cavity phase element (CPE).

As illustrated in Fig. 1(b), a CPE consists of a fiber ring
resonator coupled to the primary resonator as well as another
segment of fiber, and can be used to produce a negative disper-
sion. g; and b; are complex amplitudes of the fields. We denote
the intensity coupling coefficients as k; (¢ = 1,2) for the two
couplers. We assume that each coupler is internally lossless.
Using the transfer matrix method, we calculate the effective
transmissivity and reflectivity of the CPE as

" b1 \/1—k1—\/1—k26i¢ |t |
= — = - = e
oPE ay 1—e¢i?y/1— kiv1 — ko oPE

il cpe
)

(D

by —e2 ki VEs )
ar 1—e?T—kivI—ky @
where ¢ = ngwL, /cis the phase shift in the CPE ring, n is the
effective index of refraction of the fiber, L, is the perimeter of
the CPE ring, and cpg is the net phase shift imparted by the
CPE ring. The value of 6 opg follows immediately from (1):

"cPE =

Ocrr

= tan~! |— kl\/WSin(Qﬁ)
VI—E1(2 = ky) — VT — E2(2 — k1) cos(¢)

3)

We plot in Fig. 2 the amplitude |t cpg | and the phase 0 cpg as
a function of detuning, A /(2 ), from the resonant frequency for
the CPE, where we can see that the CPE produces an absorption
dip and a negative dispersion. At the resonant frequency of the
CPE ring, which satisfies the condition that ¢ = 27l (where [ is
an integer), we get maximal negative slope of the phase.

As noted above, the AFLIFOS architecture employs two non-
degenerate, counter-propagating Brillouin pumps. In Section III,
we will consider in detail the behavior of the complete system.
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Fig. 2. Plots of (a) [tcpg| and (b) 8 cpg as a function of detuning A /(27)
for the CPE.

Here, as an illustration, we consider the case where a single
CPE and a single Brillouin pump are present in the system. The
resonant frequency of the CPE is set to the peak frequency of
the gain. Then the CPE creates an absorption dip in the center of
the Brillouin gain, which results in a negative dispersion for the
superluminal effect. The width of the Brillouin gain is chosen
to be smaller than the resonator free spectral range. Therefore,
within the gain peak, there is only one cavity mode. At the
edge of the absorption band, lasing is prevented since the phase
condition for lasing is not satisfied. The primary resonator has
a round-trip length L [see Fig. 1(a)]. If w,.s is a frequency that
is resonant in the primary resonator, then it follows that

Wresn[)L/c + GCPE (wres) + oBr(wms) - 27TK, (4)

where K is an integer, and 5, represents the phase shift from
the dispersion induced by the Brillouin pump. The real and
imaginary parts of the susceptibility induced by the Brillouin
pump can be expressed as:

= 2G(w — wy)T N
200 4+ T2 + 4(w —wp)?’

_ —GT?
200 4+ T2 + 4(w — wp)?’
(&)

where G, wy, I', and I are, respectively, the gain parameter,
the peak frequency of the Brillouin gain, the linewidth (of the
Brillouin gain), and the probe intensity per unit area. The pa-
rameter « is such that o] has the dimension of sec 2, and Vol
represents power broadening of the Brillouin gain process. The
lasing condition requires that the gain compensates the overall
roundtrip losses. We define the quality factor of the primary
resonator as () in the absence of the Brillouin pump. Then the
roundtrip transmissivity of the field amplitude in the cavity is
teay = exp[—knoL/(2Q)]. Taking into account the transmis-
sivity |t opg| of the CPE, we can write (for gain larger than loss
at the onset)

teav [topr|exp[—X"(I)nokL/2] = 1. (6)

Solving (6) we can get the value of I as a function of frequency,
from which we can determine g, after lasing, using 05, =
X'kEngL/2.

The white light cavity (WLC) condition (which corresponds
to maximum superluminal enhancement) requires that the phase
accumulated in a round-trip remains 27K regardless of the
frequency for a range of frequencies near the resonant frequency
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Fig. 3. Schematic diagram of the ring resonator sensor.

of the primary resonator. For a frequency that is Aw away from
wres, We then have, for the WLC condition:

(wres + Aw)n()L/C + GCPE (wres + Aw)
+ eBr(Wres + Aw) = 27TK7 (7)

Using the first order approximation in Aw that

ﬁ _ e(wres + Aw) - Q(W'r'es) (8)
dwl, o Aw ’
and using (4) and (7), we get
do deg,« no
— =——0L.
dw|, dw |, c ©)

We take the resonant frequency w,.s to be the same as the
resonant frequency of the auxiliary resonator in the CPE. For a
given set of L, L,, and w,.s, the left-hand side of (9) depends
on the values of k; and k5. In our simulation, we fix k; as 0.1,
and determine ks, from this equation.

III. DESCRIPTION OF AFLIFOS

Fig. 3 shows a schematic diagram of the ring resonator sen-
sor embodying the AFLIFOS. The source laser is locked to one
of the optical resonances in an acetylene vapor cell using sat-
urated absorption spectroscopy [18]-[20]. For specificity, we
consider the laser to be locked to the R(5) line at 1530.24 nm
in the v; + vy bands of 'CyH,, whose linewidth can be as
small as 0.7 kHz [21], [22]. For simplicity in our simulation,
we use a wavelength of 1530 nm, rather than 1530.24 nm.
This choice does not affect the results for the enhancement
factor significantly. The output of the locked laser is passed
through an isolator, and split by a beam splitter (BS1) into two
equal-powered beams. One of these beams is again split into
two equal-powered beams P1 and P2 by another beam splitter
(BS2), which are frequency shifted by two separate acoustic-
optic modulators (AOM-1A and AOM-1B, respectively) after
passing through two separate circulators (Circulatorl and Cir-
culator2, respectively). The resulting beams, P1 and P2, are
coupled to the primary fiber ring resonator in opposite direc-
tions. The frequencies of AOM-1A and AOM-1B differ by an
amount that is m times the free spectral range of the primary
resonator, where m > 1 is an integer. Thus, the two laser modes
are non-degenerate, which enables determination of the sign of
rotation and eliminates the lock-in problem [23], [24]. Two Bril-
louin lasers, B1 and B2, are produced along directions opposite
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to those of the respective pumps. The outputs from port 3 of
Circulatorl and Circulator2 are each sent through a Fabry-Perot
cavity, which blocks out the pump, and then sent to the readout
section. The primary resonator is coupled to cavity phase ele-
ments CPE1 and CPE2 in order to produce superluminal effects.

The other beam produced by BSI is split into two equal-
powered beams Prl and Pr2 by another beam splitter (BS3).
These are frequency shifted by AOM-2 and AOM-3, respec-
tively. Each of these “master” beams (Prl and Pr2) is sent
to the side fiber in the corresponding CPE and the output
from the fiber is detected and used as a feedback signal to
stabilize the perimeter of the corresponding CPE with the use
of PZTs. Here, for simplicity, we have shown CPEl and CPE2
to be circular. In practice, the auxiliary cavities are configured
in a figure-eight shape in order to eliminate sensitivity of the
resonances in these cavities to the Sagnac effect.

The ring resonator system can be used to detect differential
mode effects, e.g., a rotation rate €2 orthogonal to its plane.
Effectively, the rotation of the resonator can be viewed as a
change, 0L, in the resonator perimeter for B1, and an opposite
change —¢ L for B2 [6]. With these changes in the perimeter L,
the frequency changes for B1 and B2 are, respectively, dw; and
dwsq, with [25]

0wy = woL/L = —dwy. (10)

Therefore, the beat frequency of B1 and B2 is dwy = dwy —
dwy = 2wd L/ L. For rotation sensing, we get, according to the
Sagnac effect, that

(1)

where () is the rotation rate, A is the area enclosed by the
resonator, n is the index of refraction for the fiber, and c is the
vacuum speed of light. We can thus see that detecting changes
in the perimeter of the same magnitude § L but different signs
for two counter-propagating lights is equivalent to detecting a
rotation rate of

cnogdL
24

Besides the application as a gyroscope, this system can also
be used as a sensor for detecting the change in the perimeter
of the primary ring resonator. This will correspond to sensing
common mode effects such as strain.

In this design, two different types of beat signals are to be
measured: (a) the beat between the two superluminal lasers, and
(b) the beat between each superluminal laser and the master
beam to which the corresponding CPE is stabilized. These sig-
nals can be processed to determine the differential effects (e.g.,
rotation) and common mode effects (e.g., strain), the details of
which are discussed in Section VI.

0= (12)

IV. SENSITIVITY ENHANCEMENT

To achieve the optimal condition for sensing, the resonance
frequencies of CPE1 and the B1 mode of the primary resonator
are both tuned to be at the peak frequency of the Brillouin gain
for B1, denoted as wy;. Similarly, the resonance frequencies
of CPE2 and the B2 mode of the primary resonator are both
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tuned to be at the peak frequency of the Brillouin gain for B2,
denoted by wys. It should be noted that the resonance condition
for each of the two lasing modes (B1 and B2) are affected by
both phase elements (CPE1 and CPE2). We consider the case
where wp; and wy are separated by around 12 times the free
spectral range (FSR) of the primary ring resonator. Each pump
induces Brillouin absorption (gain) for a counter-propagating
probe beam having a frequency that is higher (lower) than that
of the pump by the Brillouin frequency shift wp = 10.867 GHz
[5]. The WLC condition is then determined by the following set
of equations

wornoL/c+ 0cpei (wor) + 0cpra (wor),
+ Opr1(wor) + 0ap1 (wor) =27 M (13)

(wo1 +Aw)ngL/c + 0 cpr (wo +Aw) + Ocpre (wor + Aw),

+ OB (UJol + Aw) + 6 ap1 (wm + Aw) =27 M (14)
woenoL/c+ 0cpri (wo2) + 0cpra (wo2),
+ Opra(wo2) + Oap2(wo2) = 20N (15)

(woe+ Aw)ngL/c + 0cpri (woe +Aw)+ O cpra (wor + Aw),
+ OB (wOQ + Ao.)) + 640 (UJQQ + Aw) =2nN (16)

Here 0 ¢pg; is the phase shift from CPE;, and M and NV are inte-
gers. We have also included the frequency pulling effect by con-
sidering the phase terms due to the dispersion from the Brillouin
gain (0 p,;) and absorption (6 45;) induced by the pump Pj. No-
tice that only the field that is counter-propagating to the Brillouin
pump experiences the corresponding Brillouin gain/absorption.

We assume that ng = 1.45 is the same for all fiber me-
dia, and choose the perimeter of the primary resonator to
be L = LO + AL, where L(®) = 10.5 m. To attain resonant
pumping and resonant Brillouin lasing simultaneously, we need
to choose the value of AL to be such that while Brillouin lasers
(B1and B2) are on resonance, the pumps P1 and P2 are also close
to resonance. The frequency of P1 (P2) is wp; = wo1 +wp
(wpas = wpo + wp), which is assumed to be Awp; (Awps)
away from the nearest cavity mode at w’p, (wWp,). Therefore,
we find the following conditions:

W' prngL/c+ 0cppi (W p1) + 0cpe2 (W p1),

+ Opra(Wp1) + Oape(W'p1) =270y (17
W' pangL/c+ Ocppi (W p2) + Ocpre (W' p2),
+ O0pr1 (W p2) + Oap1 (W p2) = 27J5 (18)

where wjpj =wpj + Awpj,j = 1,2, J; is an integer.

We choose the perimeters of the CPEs to be Lopr =
L(CO})3E1 + ALcpg1 and Lopgs = L(C(V)I)JEQ + ALcpg2, where
L(coz)vm and L<C’01)3E2 are each fixed to be 0.78 m. For CPE1, we
define k11 and k»; to be the intensity coupling coefficients for
the interface with the primary resonator and the external fiber,
respectively. The corresponding coefficients for CPE2 are de-
fined as k1o and k9. With k11 = k1o = 0.1, we scan AL,
ALcpr1, ALcpgs, ko1 and kss to obtain the optimal operating
condition. The optimal values are found to be AL ~ 1.14cm,
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Fig. 4. Plot of the inverse of the group index n;l versus frequency around
the center frequency of (a) w01 and (b) w02.

ALCPEl ~ ALCPE2 ~ 0.71 mm, and ]{321 ~ k’QQ ~ 0.1501.
In this case, the frequency difference between the pumps
and the nearest resonances are Awpi/(27) ~ 7.5 kHz and
Awpy/(2m) =~ —7.9 kHz, which are more than ~60 times
smaller compared to the linewidth of the primary resonator
of 0.46 MHz. The amount of frequency shifts for the various
beams are as follows: ~615.5 MHz for AOM-1A, ~850.8 MHz
for AOM-1B, ~335.3 MHz for AOM-2, and ~597.8 MHz for
AOM-3.

The inverse of the group index (ng’l) for optimal operat-
ing conditions is plotted in Fig. 4. The peak value at the center
reaches as high as 5.8 x 10*, which corresponds to the enhance-
ment in sensitivity when the effective change in the perimeter
due to common-mode or differential-mode effects is infinitesi-
mal. The enhancement factor is reduced for increasing change
in the length of the perimeter, as discussed in more details later.

When the change in the perimeter for B1 is §L while that
for B2 is —dL, the round trip (RT) phases for frequencies at
(wo1 + dwp) and (wo2 + dwps), respectively, are

Vrr1 = (Wor + dwp1)ng(L + 0L)/c + Ocppi(wor + dwpr ),
+ Ocpr2(wor + 6wp1) + Opr1 (wor + dwpr)
+ Oap1(wor + dwp1), (19)
Urr2 = (wo2 + dwpa2)no(L — 6L)/c + Ocppi (wo2 + dwp2),
+ Ocpr2(wo2 + 6wp2) + Opr2 (wo2 + dwp2)
+ Oap2(wo2 + dwp2). (20)

We define 00pr1 = Opr1 — 27 M and 0Ugr7o = Vp1o —
2m N, where M and N are the same as in (13)—(16). The change
in the resonant frequency for B1, denoted by dwp1, and that for
B2, denoted by dwps, are then determined by d g7 = 0 and
0rre = 0.

We plot in Fig. 5 the value of d¥gp; for Bl around wy;
and 0Ugpo for B2 around wyo when 6L is 0.1 nm. In this
case, the enhancement factor for B1 (§; = dwp /dw;) and that
for B2 (& = dwpa/dws) are both ~91. For rotation sensing,
0L = 0.1 nm corresponds to a rotation rate of 1.4 deg/sec,
if we consider the primary resonator that consist of ten loops
with each loop approximately 1 m in length. Of course, akin
to what was done in [17], by adjusting the parameters such as
the perimeters and the coupling coefficients, it is possible to
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Fig. 6.  Plot of the enhancement factor £ as a function of the change § L in the
length of the primary resonator, or the corresponding rotation rate €2.

get much higher enhancement. We have also investigated the
degree of enhancement achievable for different values of L.
This is illustrated in Fig. 6. We show that the enhancement
factor £ = &, = £ increases with smaller change in the length
of the resonator §L, corresponding to a smaller rotation rate
Q). When § L = 0.1 pm corresponding to a rotation rate of {2 =
1.4 x 103deg/sec, the enhancement factor is 8.2 x 10°.

When the system is used for common mode sensing, the
changes in the length L are in the same direction for B1 and
B2. The system can be operated in the same condition as in
Fig. 5, and the enhancement factor is ~91 for both B1 and B2
when §L = 0.1 nm.

The minimum measurable spectral uncertainty Aw gy for the
active ring resonator determines the minimum measurable ro-
tation rate Qyn [26]-[29], that is, AWQN =NENH,Q QMIN,
where npnp o = dwp /2 =E&n o is the enhanced sensitiv-
ity for detecting the rotation rate, and 19 o = dwy /2 =
4wA/(engL) follows from (11). In general, the spectral un-
certainty is given by the geometric mean of twice Schawlow-
Townes linewidth (yg7y,) for each laser and the measured band-
width v, = 7']\}1:

1 hw
Awon = V2ystimr = — ) 5——
7.V PourTu

where 7. = 7,71 = wy/Q is the empty cavity decay rate, Poyr
is the output power, and 7); is the measurement time. In
Ref. 30, we have shown via numerical simulation that the decay
rate of a perturbation in a superluminal laser is close to that

2D
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for a conventional laser with identical parameters. As such, it is
reasonable to assume that the spectral uncertainty for a super-
luminal laser will be given by this expression [i.e., (21)]. The
minimum measurable rotation rate is then

S enoll 1
Omin = E(POUTTM)ANMS = i*(hwo)l/?

22
dwA TC ( )

The value of Oy when Poyr =1mW and 7y =
1sec is used as a reference, which is Quvin per = 2.4 X
107! deg/sec, where the enhancement factor & ~ 8.2 x 10°
when d L = 0.1 pmis used. Therefore, the minimum measurable
rotation rate for arbitrary values of PQ ur and 17 i8S Qyn =
O rer (Pour - ) ~Y?, where Poyr = Poyr /(1 mW)
and 7~'M = TM/(I SCC).

Similarly, we can determine the minimum measurable strain.
Since for detection of the common mode effect, a pickoff from
the master laser needs to be mixed with the Brillouin laser, the
minimum measurable spectral uncertainty is determined by

Awviiy = (Vs + Yaaz) v (23)

where vz, is the linewidth of the master laser. If the master
laser is at the quantum limit, v;,7, will be the same as the STL
for the master laser. However, that may not be the case for
a commercial laser. Thus, we use the best available practical
laser, which has v, = 200 Hz. The STL for the Brillouin laser
vysrr = hwo/(2Pourté) will be larger than 1 kHz when the
output power is lower 4.4 x 1071 W. Since typically the output
power is much higher than that, we can ignore the contribution
of vgrr in (23).

Suppose that a part of the primary resonator is sensitive to
strain, whose length is a fraction I of the length of the primary
resonator L. The minimum measurable strain [h = 0L/(FL)]
is determined by Awyiin = nenm.phviN, Where npy g, =
owp /h = &ngy, is the enhanced sensitivity for strain measure-
ment, and 79 ;, = dwy /h = wy F. Therefore, the minimum mea-
surable strain is

Sy [vmeL 1
Iy = 20 ML g = L
MIN eF\ h o

The value of hyn when F'=1/4 and vy, = 200 Hz is
used as a reference, which is hyy rpr = 1.4 x 107fe//Hz,
which means the minimum measurable change in the length of
the primary resonator is 3.7 x 10’2fm/ v/Hz. Thus, the mini-
mum measurable strain for arbitrary values of F' and v,z can
be written as hyn = hMIN’REF(FPl . ’5/11\4[2/), where F =4F
and 457, = yar/(200 Hz). Fiber Bragg gratings are often used
for building a highly sensitive strain sensor. The lowest value for
the minimum measurable strain of a fiber strain sensor is as low
as 30 fs/\/IE with a length of 25 mm [31], [32]. This means a
minimum measureable length change of 0.75 fm/ v/Hz, which
is ~20 times larger than the value we showed above.

(24)

V. STABILIZATION OF THE CPE LENGTHS

In order to stabilize the perimeter of each CPE, we send a
master laser (Pr1/Pr2) to the side fiber in the CPE and detect the
output signal using the detectors (D1/D2), as shown in Fig. 3.
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Fig. 7. (a) Plot of the output signal Sp;; = |tp,1 |2 versus the change

ALcgpg1 in the perimeter of CPEL; (b) plot of the output signal Sp,o =
[tpy2|? versus the change ALCPE2 in the perimeter of CPE2.

The output tp, 1 (tp;2) from the side fiber of Prl (Pr2) normal-
ized by the input can be calculated from

9
ropeitoPE2teavBr2g A2
b
1 —tepritepratcavdBragan?

tPrl = th'PEl + (25)

2
TCPEQtCPEltcavgBrlgAbl

tprz - t/CPEQ + (26)

1 —topeitcpEatcavgBrigab |
Here tcppj and roppg; are the effective transmissivity and
reflectivity of CPE;j (j = 1,2) following (1) and (2), gprj =
|gBri|€?? is the Brillouin gain from Pj, g5 = |gap;|e’?4¥ is
the Brillouin absorption from Pj, and ¢/-p g 1s determined by

\/17k2j 7\/17k1j6i¢7‘

1 — ¢i%; mmy

As the perimeter of the CPE;j (j = 1, 2) deviates from L cpg; by
an amount of AL cpgj, the output changes as shown in Fig. 7.
Each of the output signals is sent to an AC-Servo, which sta-
bilizes the perimeter of CPEj to the center dip position where
ALcpg; = 0(j = 1,2) as shown in Fig. 7. The frequency mod-
ulation necessary for the AC-servo can be applied to AOM-2 and
AOM-3.

tepm = 27)

VI. SIMULTANEOUS DETECTION OF COMMON-MODE AND
DIFFERENTIAL-MODE EFFECTS

In this section, we discuss how to detect, simultaneously,
effects due to common-mode and differential-mode perturba-
tions. As specific examples, we consider rotation as a differ-
ential mode effect, and strain as a common mode effect. How-
ever, the same analysis would also apply to other such effects.
In the absence of rotation and strain, we assume the frequency
of the CW laser (B1) to be fp1, and the frequency of the CCW
laser (B2) to be fp2. The corresponding mode numbers are m
and (m + 12), respectively. In the case we consider below, m is
around 1.0 x 107.

The common mode effect can be represented as a common
change in the length 6 L ooy for both B1 and B2. The frequency
change in each Brillouin laser (B1/B2) as a result of the common
mode effect is a function of d L o s . Assume that the frequency
change is FCOMl (§LCOM) for B1 and FCOMQ (5LCOM) for
B2. Similarly, the differential mode effect can be represented as
a change in the length 0 L p;p for Bl and —d L p;r for B2. The
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Fig. 8.  Schematic illustration of the readout section.

frequency change for each laser due to the differential mode
effect is again a function of 6L p;pr, which is assumed to be
FDIFl (éLD[F) for B1 and _FDIF2(5LDIF) for B2, respec-
tively. Notice that the functions Fooar; and Fprrj (7 = 1,2)
have odd symmetries. In the presence of possible rotation and
strain, represented by 6 Loy and L pyr, we can express the
lasing frequencies as

51 = 1+ Fcomi(6Lcom) + Fprr1(0Lpir)
IB2 = fB2 + Fecom2(6Lcom) — Forra (6L prr)

(28)
(29)

Since the mode number m is very large (2 x 107), the
common-mode-effect induced frequency shifts have almost
the same magnitudes in each direction, even though the
base frequencies differ by 12 times the FSR. The same
approximation also applies for the differential-mode-effect
induced frequency shifts. We can then simplify the anal-
ySiS by assuming Feoonn (5LCOM) =~ Foomo (5LCOM) =
Foom(0Lcon) and Fprei(0Lprr) = Fprra(0Lprr) =
Fpir(0Lprr).

The readout process (see Fig. 8) measures the frequency dif-
ferences induced in the two Brillouin lasers in order to extract
the rotation and strain experienced by the system. There are
four signals that are used in this process: the two Brillouin laser
outputs (B1 and B2), and the pickoffs from the master lasers
(Prl and Pr2).

The two superluminal lasers, B1 and B2, are combined with
each other on a 50/50 beamsplitter (BS4) and its output is di-
rected into a high-speed photodetector (HSPD3). The beat fre-
quency at HSPD3 will be fBQ — fBl — 2FD1F(5LDIF)’ which
is less (greater) than the frequency difference between the
two superluminal lasers expected from an undisturbed system
(fB2 — fB1 = Af)if Fprr(0Lprr) is positive (negative). The
beatnote measured by this detector is then mixed with the out-
put of a voltage controlled oscillator (VCO3) set to match A f
and is demodulated using the rotation demodulator, which is a
phase-locked-loop frequency demodulator (PLL-FD) [33]. As
a result, we get a signal of Fp;p — ppr = |2Fpir(0Lpir)|-
This gives the magnitude of rotation, but not direction [i.e.,
it does not reveal the sign of Fprr(dLprr)]. However, we
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can remedy this easily as follows. We modulate the fre-
quency of VCO3 around its quiescent value of Af. When
the VCO3 frequency is Af + |e|, Fprr - prpr will be greater
than |2Fprr(dLprr)| if the sign of Fpir(dLprr) is positive,
and less than |2FDIF(6LDIF)| if the sign of FDIF((SLDIF)
is negative. Thus, we can determine both magnitude and sign
of Fprr(dLprr). Alternatively, we can determine the sign of
Fprr (0L prr) by sending a small part of the output from HSPD3
through a low-pass filter (LPF) whose maximal slope is set to
A f and then detecting the power of the filtered signal. We cal-
ibrate the LPF with the output power Py, pp of the signal when
the system is undisturbed. In a disturbed system, if the output
power is lower than Py, pp, the sign of Fprr (0L prr) is negative;
otherwise, the sign of Fpr (0L prr) is positive.

To determine the common mode effect, a small part of each
Brillouin laser is combined with its corresponding master laser
on a 50/50 beamsplitter (BS7/BS8) and the resulting beat signal
is detected with a high-speed photodetector (HSPD1/HSPD2).
The output of each detector is then mixed with the output of a
voltage-controlled oscillator (VCO1/VCO2) set at f1 / f2, which
equals the difference in frequency between the master laser and
the Brillouin laser from the undisturbed system. This signal
is sent to a low pass filter so that we get only the difference
frequency and then it is converted to a voltage signal using a
PLL-FD (DEM1/DEM2). As a result, we get a DC signal pro-
portional to the departure of each superluminal laser frequency
from the value expected from an unmoving system.

Consider now the output of DEM1. It will produce a signal
proportional to |Foon (6Lcom) + Fprr(dLprr)|- By modu-
lating VCO1 around f;, we can determine the magnitude as
well as the sign of the signal produced by beating the output of
HSPD1 with VCOL. For example, by increasing the frequency of
VCOL slightly, if we see an increase in the output, we can deter-
mine that § f1 = Fcom(6Lcom) + Fprr(0Lprr) > 0; other-
wise, if we see a decrease in the output, we can determine
that § f; < 0. Alternatively, we can determine the sign of J f;
using a low pass filter whose maximum slope is set to the fre-
quency difference between the master laser and the Brillouin
laser, similarly to the process described in the differential-
mode detection. Thus, we can produce a voltage that corre-
sponds to 0 f1 = FCOM((SLCOM) + Fprr (5LDIF) rather than
|0 f1]. Similarly, by modulating VCO2 around f5, we can pro-
duce a voltage that corresponds to 6 f, = Foom (0Lcom) —
Fpip(0L prr) rather than |0 f2|. Summing up these two sig-
nals yields 2Fcon (0 Lcon ), from which we can determine
the magnitude and sign of Feonm (0L oo )-

If the difference in mode number m for Bl mode and
m + Am for B2 mode is taken into account [25], the frequency
change due to the common or differential mode effect is differ-
ent for the two modes, i.e., Fiy1(0Ly)/Fo2(6La) =m/(m +
Am),a = COM, DIF. Note that the output of DEM1 will be
a signal proportional to |Feom1 (0Lcom) + Fprri (0L prr)|-
Using the same method as above, we can determine the magni-
tude as well as the sign of the signal, i.e., we can determine § f; =
Feomi(0Lcom) + Fprri (L prr). Similarly, we can pro-
duce a voltage that corresponds to 0 fo = Foonrz (dLcon) —
Fprr2 (6L prr). Therefore, the common mode effect signal can
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be produced by
1 1 m

F oL == —— 0 0
com1(6Lcom) 501+ ST Am f2, (30

and the differential mode effect signal can be produced by

1 1 m

F oL =—0ff —=———dfs. 31
p1r1(0Lpir) 5 fi S - f2 (€20)

Similarly, if FCOMI (5LCOM) 75 FCOMQ (5L COM) or
Fprri1(0Lprr) # Fprr2(Lprr) due to other reasons and we
know their relation, for example, from experiment, it is possible
to account for the difference exactly as well.

In proposing the concept presented in this paper, we have used
an inherent assumption that, before the superluminal effect is
added, the base-line gyroscope is at the quantum noise limit.
When this is not true, special care has to be taken to consider
the nature of the excess noise and how it may be affected by the
superluminal operation. Consider first the case of Rayleigh scat-
tering. It is indeed true that the sensitivity of a typical fiber optic
gyroscope may be limited by this scattering. In Ref. 34, it has
been pointed out that the error is due primarily to backscatter-
ing from one direction to the other, and forward scattering does
not add any significant error. In the design proposed here, we
are making use of non-degenerate modes in the two directions.
As such, the effect of Rayleigh back-scattering should be fully
suppressed. On the other hand, the noise due to the Kerr effect
[35] is caused by residual imbalance in the power in the two
directions. There are schemes [36], [37] that can reduce such
errors very significantly. In this paper, we assume that the Kerr
effect is suppressed to be below the quantum noise.

VII. CONCLUSION

We have developed an Active Fast Light Fiber Optic Sensor
(AFLIFOS) that can be used for high sensitivity measurements
of many parameters of interest, both due to common mode
effect (e.g., strain) and differential mode effect (e.g., rotation).
Both common mode effects and differential mode effects can
be viewed as a change in the length of the primary resonator.
The superluminal effects for two counter-propagating Brillouin
laser modes are produced by two auxiliary resonators (CPEs)
that are coupled to the primary resonator.

We first developed a detailed theoretical model for optimiz-
ing the design of the AFLIFOS. In the optimal operating con-
dition, we determined the enhancement factor of the sensitivity
for detecting varying magnitude of the change in the length
of the primary resonator, corresponding to detecting varying
rotation rates, and showed that the factor is ~8.2 x 10° un-
der the optimized condition, when the effective change in the
length of the primary fiber resonator is 0.1 pm, correspond-
ing to a rotation rate of 1.4 x 1073 deg/sec. With this enhance-
ment factor, we show that the minimum detectable rotation rate
is 2.4 x 107!! deg/sec when the output power is 1 mW and
the measurement time is 1 sec, which is ~8.2 x 103 times
better than that of the passive version with the same param-
eters. The minimum measurable strain is 1.4 x 1072 f= /\/Hz
when 1/4 of the primary resonator is sensitive to strain and the
linewidth of the master laser is taken to be 1 kHz. The minimum
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measurable length change is then 3.7 x 1072 fm/\/Hz, which is
~20 times smaller than that for the fiber strain sensor with the
lowest reported minimum measurable strain 30 fe/\,/Hz with
a length of 25 mm. By adjusting the parameters such as the
perimeters and the coupling coefficients, it may be possible to
get much higher enhancement. We then showed the design of
using master lasers for stabilizing the perimeter of the CPEs.
We also showed the design for the readout section, where the
beats between two Brillouin lasers and the two reference master
lasers are measured. Assuming that the change in frequency for
the lasers as a function of the change in the perimeter of the pri-
mary resonator is known, we can determine the common mode
effects and differential mode effect separately.

In the future, we will carry out experimental demonstration
of the AFLIFOS capable of measuring rotation as well as strain.
In general, gyroscopes require temperature controls. The main
fiber loop and the auxiliary loops will be contained in a foam
box to reduce the airflow and hence the temperature variations
during the operation of the system. Moreover, for the AFLIFOS
we need to use active temperature controller to the precision
of 1 mK, because, as recently found in Ref. 38, Brillouin fiber
lasers are strongly affected by thermal effects from the change
in lasing power. In addition, the whole system is mounted on a
floating table to reduce the effect of vibrations. This will make
it easier to isolate the Brillouin effect from parasite effects.
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