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Abstract

Optical frequency domain reflectometer (OFDR) systems provide for the interroga-
tion of hundreds of fiber Bragg gratings (FBGs) within a single optical fiber. The
coupling of FBG sensors to an OFDR interrogator results in a highly-distributed
measurement system utilizing sensors that are lightweight, immune to electromag-
netic interference, and low-profile. This paper presents and explores a basic deriva-
tion of OFDR-FBG signals, the processing of those signals, the assembly of a basic
OFDR system, an example measurement scenario, and the effects of specific com-
ponent and configuration changes on interrogator speed, resolution, and accuracy.

1



1 Introduction

Advantages of fiber optic sensors over electrical counterparts include electromag-
netic immunity, lower mass, smaller footprint, and higher bandwidth. Of the many
types of fiber optic sensors, the fiber Bragg grating (FBG) continues to be an attrac-
tive choice for engineers and researchers. The first report of an in-fiber reflective
phenomenon due to a light-induced grated index of refraction along a Ge-doped
photosensitive fiber was by Hill et al. [1] in 1978, and research of the phenomenon
continued through the 1980’s. With the introduction of the transverse holography
method for manufacturing FBGs by Meltz et al. [2] in 1989, the research and de-
velopment of the FBG as both a sensor and a critical fiber optic communications
component intensified. Presently, the FBG continues to be a dominant subject in
the field of fiber optics and it has become the sensor of choice for a plethora of fiber
optic sensing systems. Too numerous to individually list, examples of the many
types of detected/measured physical phenomenon by FBGs and the ever-growing
number of FBG demodulation methods are plentiful in literature and summarized
well in book form [3,4].

An FBG is a section of optical fiber in which the index of refraction is periodi-
cally modulated to induce a reflective response at a resonance, or “Bragg”, wave-
length [5]. FBG-based sensing systems typically infer measurements by tracking
Bragg wavelength shifts due to fiber-coupled environmental changes such as struc-
tural deformation/flexing, temperature, chemical presence, and pressure. In 1998,
NASA was issued a patent for a new type of interrogation method and system: the
optical frequency domain reflectometer (OFDR) [6]. An OFDR is capable of simul-
taneously tracking the Bragg wavelength of hundreds of low-reflectivity (< 0.1%)
FBGs in a single sensing fiber, making it a highly-distributed fiber optic sensing
platform [7]. The technology has seen use in several NASA and non-NASA ap-
plications and is now available commercially as both a sensing system and a fiber
optic component analyzer [8, 9]. Existing literature provides some explanation of
basic theory and operation of the OFDR method; however, there is little attention
given to the totality of simplified signal modeling, system analysis, and basic as-
sembly/implementation of an OFDR-FBG sensing system. What follows is a basic
derivation of OFDR-FBG signals, the processing of those signals, the assembly of
a basic OFDR system, an example measurement scenario, and the effects of spe-
cific component and configuration changes on interrogator speed, resolution, and
accuracy.

2 Signal Generation

Electric field representation

In this paper, the modeling of optical signals in an OFDR is accomplished via con-
sideration of the electric field component of an electromagnetic wave. A simplified
electric field representation of a monochromatic plane wave propagating along an
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optical fiber is
E = E0e

i(knz−ωt+δ), (1)

where E0 is the electric field amplitude, k is the free space wavenumber of the field,
n is the effective index of refraction of the fiber, z is propagation distance through
the fiber, ω is the angular frequency of the light, t is time, and δ is a phase offset.
The wavenumber k is explicitly defined as

k =
2π

λ
, (2)

where λ is wavelength, and the angular frequency ω is explicitly defined as

ω = 2πf, (3)

where f is the light frequency. When representing the light electric field as a prop-
agating monochromatic plane wave as in eq. 1, the power P of the light is pro-
portional to the time-average intensity I of the field, which is proportional to the
time-averaged value of the squared electric field:

P ∝ I ∝ EE∗ ∝ E2
0 . (4)

While exact values of power and intensity can be calculated with direct dependence
on fiber index of refraction and permittivity, it is not useful in the discussion of this
paper to include those calculations, as the exact values are not relevant to the signal
analysis presented. Because all optical signals in an OFDR are ultimately detected
using photodetectors, which measure power on a time-average basis, and because
the speed of light is significantly faster than any phenomenon being measured with
an OFDR, it is convenient to omit the ωt term in the complex component of eq. 1.
In many cases, the phase offset δ of eq. 1 is also omitted, as it is either assumed to
be zero or its exact value is inseparable in the absolute sense from the propagator
term knz.

Fiber optic Michelson interferometer

Critical to the modeling and analysis of OFDR operation is an understanding of the
output of the fiber optic Michelson interferometer. While the behavior and output of
the in-fiber Michelson interferometer is elementary and found in multiple textbooks
and articles, it is re-analyzed here in order to form the output signal in the terms
and variables of the monochromatic plane wave as defined in eqs. 1-4. An example
of a simple dual-leg in-fiber Michelson interferometer is shown in figure 1.
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Figure 1. Dual-leg in-fiber Michelson interferometer.

In the simple arrangement of figure 1, a continuous-output, wavelength-sweeping
source laser launches light with power P0 into one leg of a 50/50 coupler where it
is equally split between two separate lengths of mirror-terminated fiber. The back-
reflected light is half-coupled through the coupler to a photodetector termination.
For an electric field of amplitude E0 launched at the laser, the electric field returning
to the detector from the shorter of the two fiber lengths can be represented as

1

2
E0e

i(knzs−π), (5)

where zs is the total physical length of fiber the light traversed from the laser,
through the coupler, out to the mirror, and back through the coupler to the detector.
The phase inverse of the electric field (e−iπ) is included to account for electric field
reflection at a high-index mirror. The factor of two fractional reduction in eq. 5
results from two passes of a 50/50 coupler, with each pass reducing electric field
amplitude via 1/

√
2 scaling. The electric field arriving at the detector as a result of

traversing the longer length of fiber can be represented as

1

2
E0e

i(kn(zs+2l)−π), (6)

where l is the difference in physical length between the two reflective legs of the
interferometer arrangement. The total electric field arriving at the detector is then

Edet =
1

2
E0(e

i(knzs−π) + ei(kn(zs+2l)−π)). (7)

As shown in Appendix B.1, following the conversion of electric field to detected
power as in eq. 4 yields

Pdet ∝
1

2
E2

0(1 + cos(2knl)). (8)

The component of interest in the detected power of eq. 8 is the cosine term. The sinu-
soidal component provides for interferometer fringing based on modulating wavenum-
ber and/or interferometer length. Because an OFDR is a wavelength-swept system,
it is the wavenumber dependence that is of interest here. Fringe spacing of the
interferometer, k∆, in the wavenumber domain is determined by

2k1nl − 2k0nl = 2π

k∆ = k1 − k0 =
π

nl
. (9)
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Figure 2. Single-leg in-fiber Michelson interferometer.

An alternative single-leg in-fiber Michelson interferometer is shown in figure 2. In
this configuration, the interferometer length l is formed in a single fiber using in-line
partial reflectors with unique power reflection coefficients of R1 and R2. The electric
field returning to the photodetector from R1 is similar to the expression of eq. 5;
however, there is now the power reflection coefficient R1 included:

1

2

√
R1E0e

i(knzs−π). (10)

The power reflection coefficient is under the radical in eq. 10 because the power
reflection coefficient is the square of electric field reflection coefficient. In this paper,
the reflectivity of optical power is explicitly referred to as power reflectivity while
the reflectivity of electric field is simply referred to as reflectivity (no specifier). In
eq. 10, zs is still the total path length from the laser, through the coupler, reflected
from R1, and back through the coupler to the detector. Determining the electric
field at the detector as a result of the R2 reflection is similar to the determination
of eq. 6 with additional inclusions to account for losses due to passing through R1
twice and reflecting from R2 with power reflection coefficient R2:

1

2
(1−R1)

√
R2E0e

i(kn(zs+2l)−π). (11)

If only single-pass propagation is considered (omitting multiple reflections between
the two mirrors), the resulting electric field at the detector is the total of the two
reflected fields:

Edet =
1

2
E0(
√
R1e

i(knzs−π) + (1−R1)
√

R2e
i(kn(zs+2l)−π)). (12)

Just as in eq. 8, the power at the detector is proportional to the conjugate square
of the electric field. Omitting reduction steps, the resulting power is given by

Pdet ∝
1

4
E2

0(R1 + (1−R1)
2R2 + 2(1−R1)

√
R1R2 cos(2knl)). (13)

As with the previous configuration, the resulting signal at the detector contains a
term that has sinusoidal dependence on wavenumber and interferometer length. If
the second reflector, R2, of the single leg interferometer is simply a cleaved fiber end
in air, there is no phase inversion of the electric field at the back reflection. The
resulting electric filed at the detector is then

Edet =
1

2
E0(
√

R1e
i(knzs−π) + (1−R1)

√
R2e

ikn(zs+2l)) (14)
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and the corresponding power at the detector is found to be

Pdet ∝
1

4
E2

0(R1 + (1−R1)
2R2 + 2(1−R1)

√
R1R2 cos(2knl + π)). (15)

Comparison of eq. 15 to eq. 13 shows that the inclusion or exclusion of a phase
inversion at a reflection affects only the phase of the oscillatory signal of the inter-
ferometer. Because the reflection phase inversion only affects the phase of the signal
of interest, electric field phase inversion at reflections will not be included in signal
derivations for the remainder of the text. Additionally, of note in the signal repre-
sentations of the two different in-fiber Michelson interferometer configurations is the
absence of the length term zs. This shows that the outputs of the configurations are
unaffected by the traversed distance from the source laser, to the first mirror, and
back to the detector. Because of the absence of dependence on the location of the
first mirror/reflector, the length term zs is omitted from subsequent signal analysis.
Of interest in this discussion is only the length difference between the mirrors, which
determines the interferometer length.

Simple dual-Michelson OFDR fiber network

An OFDR fiber network, in its simplest form, is simply two in-fiber Michelson in-
terferometers that share a common source. One of the interferometers is configured
as a sensing leg and another configured as a reference leg. The sensing leg contains
the FBG sensor of interest, configured as the second reflector in a single-leg in-fiber
Michelson interferometer, and the reference leg consists of a dual-leg in-fiber Michel-
son interferometer. To maximumize interference in the reference leg, regardless of
polarization changes (birefringence) along the reference fiber, Farady rotator mirrors
are typically utilized for mirrors M1 and M2. A diagram of the network is shown in
figure 3.

Figure 3. Simple dual-Michelson OFDR fiber network.

In the network of figure 3, a coupler splits the source power between the reference leg
and the sensing leg. A circulator replaces the coupler in the sensing leg to provide
isolation of the sensing leg from the rest of the network and subsequently eliminates
the 6 dB power reduction associated with the use of a 50/50 coupler (3 dB loss in
each direction). With the reference interferometer length now specified as lref and
the addition of an extra coupler reducing power by 3 dB, the power Pref at the
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reference leg detector is similar to the result in eq. 8:

Pref ∝ 1

4
E2

0(1 + cos(2knlref )). (16)

The fringe spacing of the reference interferometer in the OFDR network is then

k∆ =
π

nlref
. (17)

The power Ps at the sensing leg detector is expressed similarly to eq. 13, however
modified with the first power reflection coefficient represented as R0 of partial re-
flector R0, the second power reflection coefficient represented as the square of an
FBG reflection function of wavenumber (f2

B(k)), and the interferometer length set
by distance lB between partial reflector R0 and the center of the FBG:

Ps ∝
1

2
E2

0

(
R0 + (1−R0)

2 f2
B(k) + 2 (1−R0) fB(k)

√
R0 cos (2knlB)

)
. (18)

Similar to eq. 13, the resulting signal at the detector of the sensing leg contains a
term that has sinusoidal dependence on wavenumber and interferometer length lB.
For a low-reflectivity FBG, the effects of a second pass, or second order, reflection
caused by the partial reflector R0 reflecting power back into the sensing fiber where
it again reflects at the FBG, and partially transmits through R0 and back to the
sensing leg detector, is insignificant in comparison to the first order interference and
is therefore ignored in this analysis. For consistency with the previously specified
relationship between power reflectivity and reflectivity with no specifier, the FBG
power reflection function f2

B(k) is simply the square of the pure-real FBG reflection
function fB(k), also known as the reflection spectrum or spectral response. The
electric field phase inversion associated with the reflection function is omitted –
consistent with the treatment of simple mirrors in this paper.

Dual-Michelson OFDR fiber network with multiple FBG sensors

The typical OFDR sensing scenario in which M FBG sensors are inscribed on a
single sensing fiber is shown in figure 4.

Figure 4. Dual-Michelson OFDR fiber network with multiple FBG sensors in the
sensing fiber.
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Because the recombining of the electric fields in the sensing fiber occur at the location
of R0, the partial reflector R0 is often referred to as the reference reflector and
sets the z = 0 location in, or distance along, the sensing fiber. Positive z values
correspond to locations in, or distance along, the sensing fiber in a direction away
from R0. Using the location of the reference reflector as z = 0 in the sensing leg of
the network, the E-field reflected at R0 is represented as

1√
2

√
R0E0 (19)

and the electric field propagating out to the FBG cluster is

1√
2

√
1−R0E0e

iknz. (20)

The electric field propagating out to FBG number m and reflecting back through
the reference mirror is given by

1√
2
(1−R0)E0fBm(k)e

ik2nlBm . (21)

Including every FBG in the sensing fiber and ignoring second pass, or second order,
interference as was done in the single FBG analysis leads to the total electric field
Es at the sensing leg detector being

Es =
1√
2
E0

(√
R0 + (1−R0)

M∑
m=1

fBm(k)e
ik2nlBm

)
. (22)

As pointed out earlier, the relative (not absolute) amplitudes of signals are of im-
portance in the analysis presented in this paper, so dropping the common multiplier
E0/

√
2 is acceptable and useful to simplify eq. 22 before determining a propor-

tional corresponding power at the sensing detector. As shown in Appendix B.2, the
corresponding power representation Ps at the sensing leg detector is

Ps ∝ R0 + 2
√

R0(1−R0)

M∑
m=1

fBm(k) cos (2knlBm) + (1−R0)
2

M∑
m=1

f2
Bm

(k)+

2(1−R0)
2
M−1∑
m=1

M∑
j=m+1

fBm(k)fBj (k) cos
(
2kn(lBj − lBm)

)
. (23)

3 Signal Processing

The following uses a simulation of OFDR signals to illustrate the interrogation and
measurement of a sensing fiber with 15 FBGs. The basic steps are summarized as
(1) sample the raw data, (2) Fourier transform the raw data to the spatial set, (3)
Inverse Fourier transform the spatial data of each FBG to individual FBG spectral
sets, and (4) determine the Bragg wavelength of each FBG.
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FBG reflection function

An important component of the signal analysis is to consider a realistic model for
the reflection function fB(k). The particular FBGs typically used as sensors in
OFDR applications are very low in reflectivity. For example, the FBGs utilized in
the demonstration measurement of Section 5 have approximately 0.03% reflectivity.
They are also typically no longer than 10 mm and can be as short as is needed for
the application, although less than two or three mm is not commonly utilized in
practical application. While much attention is given in literature to modeling FBG
modulation structures and their resultant reflection functions, the low-reflectivity
type of FBG used in the configuration described here exhibits a spectral response
that is well approximated by simply Fourier transforming the envelope function of
the periodic index modulation which forms an FBG [10]. For this discussion, the
index modulation amplitude and spacing are considered constant over the length of
the FBG (constant envelope and zero chirp), which results in a reflection spectrum
approximated as a pure-real sinc function vs. wavenumber. Using the derivation
detailed in Appendix C.2, the FBG reflection function will be approximated by

fB(k) ≈
√
RB sinc

(
2nLB(k − kB)

2π

)
, (24)

where
√
RB is the the FBG peak reflection coefficient, LB is the physical length

of the FBG, and kB is the Bragg wavenumber of the FBG. As was present in
previous equations concerning lengths of fiber in the OFDR arrangement, the 2n
term present in eq. 24 scales the apparent length of the FBG to account for the out-
and-back propagation of light through effective index n. The Bragg wavenumber
kB is related to the resonant Bragg wavelength λB by

kB =
2π

λB
. (25)

Sampling the raw data set

The signals of interest in the sensing leg signal of eq. 23 are the grating1 reflection
functions fBm(k). Because fBm(k) appear as amplitude modulations of sinusoidal
functions, Fourier transform analysis is a simple method of decoupling grating re-
sponses. However, such analysis requires that the sampled sensing leg signal have
a linear basis. This is accomplished using the detection and sampling electronics of
figure 5.

1For the purpose of readability through the remaining text, the informal term “grating” will
often be used in place of the more formal terms “fiber Bragg grating” and “FBG”.
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Figure 5. OFDR detection and sampling electronics.

The derivation of the two signals Pref and Ps at the detectors of the dual-Michelson
fiber network typically utilized in an OFDR system was explored in Section 2. In
the arrangement of figure 5, the sinusoidal term of the reference leg signal Pref is
converted to a square wave with a period in the basis of wavenumber as according
to eq. 17: k∆ = π/nlref . The fringe-based square wave is then used to clock
the sampling of the sensing leg signal Ps via an A/D converter when the source
laser is swept in wavenumber. The sampled set, or the raw data, is a discretized
representation of eq. 23:

p [k] ≜ R0 + 2
√

R0(1−R0)

M∑
m=1

fBm(k) cos (2knlBm) + (1−R0)
2

M∑
m=1

f2
Bm

(k)+

2(1−R0)
2
M−1∑
m=1

M∑
j=m+1

fBm(k)fBj (k) cos
(
2kn(lBj − lBm)

)
(26)

for
k ≜ {k0 + i ∗ k∆|i ∈ N0, i ≤ N − 1}, (27)

where k is the linear basis, k0 is the start wavenumber of the basis, k∆ is the
basis interval, and N is the number of data points recorded. To ease analysis,
detector/amplifier transimpedance gain factors and transfer functions such as high-
pass filters are not included in eq. 26. While such factors can be of importance in
more complex OFDR systems and applications, they have little effect on the basic
implementation of an OFDR presented here. Substituting the approximation of an
FBG reflection function as found in eq. 24 for each fBm(k) in eq. 26 and assuming
the gratings have identical maximum reflection RB and length LB leads to:

p [k] ≜ R0 + 2
√

R0RB(1−R0)

M∑
m=1

sinc

(
2nLB(k − kBm)

2π

)
cos (2knlBm)+

(1−R0)
2RB

M∑
m=1

sinc2
(
2nLB(k − kBm)

2π

)
+

2(1−R0)
2RB

M−1∑
m=1

M∑
j=m+1

sinc

(
2nLB(k − kBm)

2π

)
sinc

(
2nLB(k − kBj )

2π

)
cos
(
2kn(lBj − lBm)

)
(28)
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The assumptions – that maximum reflectivity and length are equal from grating to
grating along a sensing fiber – are consistent with common practical implementa-
tion of an OFDR measurement system [11]. Although the maximum reflectivity of
individual gratings can be affected by production discrepancies and environmental
factors, the reflectivity variance does not affect the analysis detailed here.

Plotted in figure 6 is simulated raw data using eq. 28 for 15 FBGs (M = 15)with
Bragg wavelengths randomly generated betwen 1553 ± .25 nm (λ1:15), distributed
from 7 to 7.14 m at 1 cm spacing (lB1:15 = {7.00, 7.01, ..., 7.14}), FBG length 9
mm (LB = .009), and maximum reflectivity 0.1% (RB = 0.001). The OFDR fiber
network and scan parameters used in the simulation are a reference length of 20
m (lref = 20), effective index of refraction 1.4682 (n = 1.4682), broadband in-line
reflection coefficient of 30% (R0 = 0.3), laser sweep low wavelength of 1545 nm
(k0 = 2π/1545× 10−9), and raw data set size of 524288 (N = 524288). The data of
figure 6 are not digitized; i.e., the bit resolution of an A/D converter is not imple-
mented in the raw data simulation.

1546 1548 1550 1552 1554 1556 1558 1560 1562 1564 1566

wavelength (nm)

0.2

0.25

0.3

0.35

0.4

0.45

a
m

p
lit

u
d
e
 (

 W
)

Figure 6. Simulated raw data set: power vs. wavelength.

The basis interval k∆ of the simulated raw data is calculated using eq. 17 to be 0.107
m−1 and the basis of the simulated raw data set is accordingly:

k ≜
(
2π/

(
1545× 10−9

)
− i ∗ 0.107

)
|i ∈ N0, i ≤ 524287. (29)

In this simulation, the sampling of the sensing fiber sensor is assumed to occur
during an increasing wavelength sweep – thus the negative iteration of the basis in
wavenumber. Although the raw data is sampled such that it is linear in wavenum-
ber, it is common to characterize the sampling of raw data as versus wavelength.
Accordingly, the wavenumber basis of eq. 29 is converted to wavelength to set the
x-axis of fig. 6. Additionally, because the resolution of an OFDR system is usually
specified in wavelength, the equivalent wavelength resolution at wavelength λi of the
sampled data can be found using

2π(
2π
λi

)
− k∆

− λi. (30)
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At the start of the simulated wavelength sweep (1545 nm), the equivalent wavelength
resolution of the raw data is 40.7 fm and at the end of the sweep (1556.6 nm) the
equivalent wavelength resolution is 41.8 fm.

The spatial set

Before proceeding with the analysis of the signal processing of the sampled raw data
set and beyond, it is important to note that in this discussion, the term “Fourier
transform” refers to the application of Fourier transform theory in a general sense;
precise amplitude scaling and representations customarily applied to discrete imple-
mentations are not necessarily included in the signal processing analysis. Because
the raw data set is sampled vs. wavenumber with the basis unit being radians/meter,
the Fourier transform result has the basis unit of meters/radian, represented as “z”
in this analysis. The location of the partial reflector R0 corresponds to z = 0
and any non-zero z corresponds to a distance from R0 to a location in the sensing
fiber. Fourier transforming the raw data produces a result that is often described as
the spatial set existing in the spatial domain, due to the resulting basis unit being
meters/radian. The spatial set P [z] is formed by

P [z] = F{p[k]} (31)

and the spatial set basis interval z̃∆ determined by

z̃∆ =
1

k∆N
(32)

with the corresponding units of meter/radians. The spatial set of the simulated raw
data, i.e., the Fourier transform (magnitude of the complex result) of the simulated
raw data, is shown in figure 7.

0 1 2 3 4 5 6 7 8 9 10

sensing fiber length (m)

0

1

2

3

4

5

6

re
fl
e
c
ti
o
n
 (

 W
/m

)

10
-5

Figure 7. Fourier transform of the simulated raw data set yields the simulated
spatial set: reflection (magnitude of complex spatial set) vs. sensing fiber length.
Only the front half of the spatial set is plotted.

To comprehend the data of the spatial set and to properly relate the information
of the spatial set to real-world length along the sensing fiber, the spatial set basis
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determined by eq. 32 is scaled by multiplying by 2π radians/meter and dividing by
2n to account for the out-and-back propagation of light through the fiber with index
of refraction n. The real-world basis interval z∆ of the spatial data is thus

z∆ =
1

k∆N
× 2π

2n
=

lref
N

, (33)

and the x-axis of the spatial plot is defined by

z ≜ {i ∗ z∆|i ∈ N0, i ≤ N − 1} . (34)

In this example, z∆, often referred to as the spatial resolution, is 38.2 µm. Because
the raw data is pure-real, the second half of the spatial set is simply a mirror of the
first half. Therefore, in typical applications of the methodology, only the first half
of the spatial set is considered.

By linearity, the Fourier transform of the raw data defined in eq. 28 can be explored
one term at a time. The partial reflector term R0 is the result of a non-varying
reflection from the inline broadband reflector. It Fourier transforms to a delta func-
tion at distance zero (R0δ(0)).

The second term is

2
√
R0RB(1−R0)

M∑
m=1

sinc

(
2nLB(k − kBm)

2π

)
cos(2knlBm), (35)

which, as detailed in Appendix C.4, Fourier transforms to

π (1−R0)
√
RBR0

M∑
m=1

e−ikBm (z−2nlBm ) rect

(
z − 2nlBm

2nLB

)
. (36)

Equation 35 contains the functions of interest fBm(k) acting as amplitude modu-
lators of sinusoids (cosine) whose frequencies are set directly and uniquely by lBm .
This term is the result of grating reflections interfering with the inline broadband re-
flector. The rectangle functions in eq. 36 are non-zero at the unique locations of the
gratings along the sensing fiber and the exponential term accompanying each rect-
angle function uniquely carries the Bragg wavenumber information in the complex
phase of the Fourier transform result. The reflections (magnitude of the complex
spatial set) of the 15 gratings in the simulated spatial set are shown in figure 8.
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Figure 8. Reflections from distributed FBGs in the simulated spatial data set:
reflection (magnitude of complex spatial set) vs. sensing fiber length.

The third term of the raw data in eq. 28 is

(1−R0)
2RB

M∑
m=1

sinc2
(
2nLB(k − kBm)

2π

)
. (37)

As detailed in Appendix C.3, this term Fourier transforms to

√
2π(1−R0)

2RB

2nLB

M∑
m=1

e−ikBmz tri

(
z

2nLB

)
. (38)

This term represents the reflections from all of the gratings directly arriving at the
sensing leg detector. In the result of eq. 38, each grating has a triangle function
that is representative of it interfering with itself, thus creating an auto-convolution
of its reflection (a rectangle function) in the spatial domain. The magnitude of the
Fourier transform of the third term from the raw data simulation is plotted in figure
9.
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Figure 9. FBG auto-convolution result in the simulated spatial data set: reflection
(magnitude of complex spatial set) vs. sensing fiber length.
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The result of summing the terms in the spatial domain is greatly affected by the
differing grating wavenumbers kBm via the relative phase of each triangle function.
However, the non-zero contribution is spatially limited to the grating length LB,
which is 9 mm in the simulated sensing scenario.

The fourth term of the raw data in eq. 28 is a double summation of the interaction
between all of the gratings on the sensing fiber:

2(1−R0)
2RB sinc

(
2nLB(k − kBm)

2π

)
sinc

(
2nLB(k − kBj )

2π

)
cos
(
2kn(lBj − lBm)

)
.

(39)

Equation 39 shows how each grating forms an interferometer with all of the other
gratings. The interferometer lengths are set by the spacing of the gratings (lBj−lBm)
and the level of interaction between gratings depends on the separation between
kBm and kBj . Appendix C.5 details the derivation of the Fourier transform of this
double-sum term to be expressed as

RB(1−R0)
2

2n2L2
B

M−1∑
m=1

M∑
j=m+1

Gm,j (z) . (40)

Gm,j (z) is a grating to grating coss-convolution function, derived in Appendix C.5,
that represents the many possible results of grating to grating interaction and is
non-zero only in the interval z = 2n(lBj − lBm)± 2nLB. It is explicitly defined as

Gm,j (z) =


e−ikBm

z(e
−i(z+nLB)kB∆−e

−i(−nLB)kB∆ )
−ikB∆

if − 2nLB ≤ z − 2n(lBj − lBm) ≤ 0

e−ikBm
z(e

−i(nLB)kB∆−e
−i(z−nLB)kB∆ )

−ikB∆
if 0 < z − 2n(lBj − lBm) ≤ 2nLB

0 otherwise

(41)
where kB∆

= kBj −kBm . This result is similar to the grating auto-convolution result
in that the Fourier transform of the two sinc functions and the sinusoidal (cosine)
of eq. 39 is found via convolution of two rectangle functions based on grating length
and a delta function based on the distance between grating pairs. The differing
grating wavenumbers kBm and kBj between grating pairs affects the convolution of
the paired rectangle functions via complex phase differences between the two. This
work will not explore the explicit solution of Gm,j (z) beyond the definition that
is non-zero only in the interval z = 2n(lBj − lBm) ± 2nLB. The magnitude of the
Fourier transform of the fourth term from the raw data simulation is plotted in
figure 10.
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Figure 10. FBG cross-convolution result in the simulated spatial data set: reflection
(magnitude of complex spatial set) vs. sensing fiber length.

The magnitude of the cross-convolution result goes to zero at .149 m, which cor-
responds to the maximum distance between two gratings (14 cm) plus the length
of the gratings (9 mm). Note that the magnitude of the cross-convolution terms is
only 1 order of magnitude below that of the grating reflection magnitude. For this
reason, when OFDR is used to interrogate hundreds of gratings, it is best practice to
place the first grating at a distance from the reference reflector that is at minimum
the largest distance between two grating pairs. For example, if 300 gratings are in
a sensing fiber and distributed 1 cm center-to-center, the largest spatial separation
between two grating pairs is 299 cm. Any gratings within 299 cm of the reference
reflector could experience interference from the cross-convolution terms, introducing
degradation of measurement accuracy.

FBG reflection spectra and Bragg wavelength determination

The spectrum of an individual grating is found by inverse Fourier transforming the
complex spatial data of the grating of interest. The spatial reflection data, separated
into magnitude and unwrapped phase, for the first grating in the simulated sensing
fiber are plotted in figure 11.
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Figure 11. Reflection of the first FBG in the simulated spatial data set: reflection
(magnitude of complex spatial set) vs. sensing fiber length.
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The complex spatial data of the grating shown in figure 11 inverse Fourier transforms
to the individual reflection spectrum of the grating, the magnitude of which is plotted
in figure 12. It is important to note that the inverse Fourier transform operation is
not performed on the magnitude of the grating spatial data, which is used to form
the plot in figure 11 - it is performed on the complex spatial data, which, as was
shown in eq. 36, carries the Bragg wavenumber information within its phase.
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Figure 12. Reflection spectrum of the first FBG in the simulated sensing fiber:
power vs. wavelength.

The formal representation of this transformation to the grating spectral set p̃[k̃] is

p̃[k̃] = FFT −1{PB[z]}, (42)

where PB[z] is the set of windowed, or band pass filtered, complex grating spatial
data and k̃ is the wavenumber basis of the grating spectral set. As was implemented
in plotting raw data in figure 6, the x-axis of figure 12 is converted to wavelength
for only for ease of qualitative comprehension. Calculations involving the spectral
set should use the wavenumber basis of spectral set. The spectral set basis interval
k̃∆ of the spectral set in eq. 42 and the data in figure 12 is determined by

k̃∆ =
1

z̃∆Ñ
=

k∆N

Ñ
, (43)

where Ñ is the number of data points in the grating spectral set. Of note in the
spectral data of figure 12 is the limited number of points (∼ 9) that define the grat-
ing’s reflection band. As discussed in Section 1, the use of an FBG sensor typically
involves tracking shifts in the sensor’s Bragg wavelength. For this reason, the par-
ticular algorithm or method used to calculate the Bragg wavelength from a spectral
set such as is shown in figure 12 can have a significant effect on the accuracy of
an OFDR FBG measurement. Additionally, processor-intensive algorithms such as
correlation or curve-fitting can significantly affect measurement latency. A discus-
sion of the pros and cons of the numerous possible algorithms that may find use
in determining the Bragg wavelength is not included in this paper. What is pre-
sented here is a commonly-utilized, relatively simple method that makes use of the
previously considered approximation of the FBG spectral response as a sinc function.
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Zero-padding the windowed complex grating spatial data of figure 11 before the
inverse Fourier transform operation results in a reflection spectrum that resembles
the expected sinc function and is conducive to simple thresholding and center-of-
mass peak detection. Plotted in figure 13 is the reflection spectrum of the first
grating after zero padding the complex grating spatial set to Ñ = 2048. With the
assumption that the Bragg wavelength is the centroid of the singular dominant spec-
tral peak as is seen in figure 13, the spectral points of the dominant peak are isolated
via thresholding and then processed via a center-of-mass algorithm to determine the
Bragg wavelength.
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Figure 13. Reflection spectrum of the first FBG in the simulated sensing fiber using
the zero-padded spatial set: power vs. wavelength.

A zoomed view of the spectral data at and around the grating reflection peak is
shown in figure 14. Also plotted in figure 14 are the points used in the center-of-
mass calculation and the associated centroid result. In this simulation, the threshold
value was set at 60% of maximum amplitude. Note that the points bounding the
thresholded spectral set are linear interpolations based on neighboring points.
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Figure 14. Reflection spectrum data (power vs. wavelength), in the vicinity of the
Bragg wavelength, of the first FBG in the simulated sensing fiber with center-of-
mass and threshold interpolation points identified.
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The center-of-mass algorithm

kB =

∑
i
k̃i ∗ |p̃i|∑
i
|p̃i|

, (44)

where k̃i and |p̃i| are the ith wavenumber and reflection magnitude, respectively, of
the thresholded spectral set, determines the Bragg wavenumber, and the subsequent
conversion to Bragg wavelength follows eq. 25. In the typical implementation of the
methodology, completing the interrogation of the sensing fiber requires repeating the
steps of: (1) windowing complex FBG spatial data, (2) zero-padding and inverse
Fourier transforming the windowed complex FBG spatial data, and (3) calculating
the Bragg wavelength from the resulting reflection spectrum, for every FBG sensor
of interest.

With the Bragg wavelengths of every FBG sensor determined, the next interro-
gation of the sensing fiber is initiated with a new sweep of laser wavelength, fol-
lowed by all of the signal processing steps. As discussed in Section 1, how the Bragg
wavelength measurements are utilized depends on the particular application of FBG
sensing. In Section 4, the necessary components to assemble an OFDR system are
discussed, followed by an example of using FBG sensors to measure surface strain
of an aluminum dog bone sample detailed in Section 5.

4 System Primary Components and Requirements

A block diagram of a basic OFDR system is shown in figure 15. In the most basic

Figure 15. OFDR system block diagram.

configuration, a central processing unit (CPU) controls the laser, stores data, and
provides for digital signal processing (DSP). A fiber network distributes the laser
output to the internal reference interferometer and the external sensing fiber, and
directs optical output of the reference interferometer and the optical reflections of the
sensing fiber to the detection/amplification electronics. A data acquisition (DAQ)
module performs A/D sampling of the sensing fiber signal and provides the sampled
data to the CPU.
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Source laser

At the heart of an OFDR is a high spatial-coherence (narrow linewidth), swept wave-
length, single longitudinal mode laser providing excitation light for interferometry
that occurs both inside the system and in the sensing fiber. The minimum coher-
ence length requirement is governed by the longest expected propagation length for
a given application. In a lab setting, this longest length will most likely be twice
the length of the OFDR’s internal interferometer plus an extra meter to account for
system-internal fiber routing, while in a field application, in which the interrogation
system and the sensing fiber may be considerably separated (100s of meters), the
longest length will be twice the total length of connecting fiber and sensing fiber
plus some minimal length (∼ 1 m) to account for system-internal fiber routing. The
wavelength sweeping operation must be smooth and monotonic to give smooth in-
terference and ease the acquisition of data during the sweep. Linear sweeping of
the laser wavelength vs. time is not required; however, a highly variable sweep rate
should be avoided to simplify data acquisition. A monotonic sweep function elimi-
nates the need for extra processing and wavelength tracking, thus simplifying data
acquisition.

Fiber and connectors

While a typical OFDR will rely solely on single mode (SM) fiber, some sections of
the OFDR network may include the use of polarization maintaining (PM) fiber to
eliminate low interference conditions due to differing polarization states of the in-
terfering signals. Depending on the application, the sensing fiber may have different
characteristics than the system’s internal fiber network; however, it will most likely
retain the SM characteristic. For example, a bonded FBG strain gauge applica-
tion requires the use of bend-insensitive sensing fiber to eliminate the loss of light
power due to stress-induced micro-bending along the sensing fiber, yet the internal
network components of the OFDR will most likely be linked together via the stan-
dard, cheaper, communications-grade SM fiber. Any necessary connectors should
be angle-polished to avoid stray reflections appearing in the data. Fusion splices
are utilized, when practical, to provide for minimum stray reflections and maximum
signal transmission.

Sensors

Because an OFDR is used as a distributed sensing solution, the maximum reflectiv-
ity of the individual sensor sections of the sensing fiber should be no more than a
fraction of a percent, typically. Special applications in which only a limited num-
ber of sensors are utilized allow for higher reflectivity coefficients along the sensing
fiber; however, it should be noted that such applications are usually more appropri-
ately addressed with alternative FO sensing solutions such as wavelength division
multiplexed (WDM) or optical time domain reflectometer (OTDR) technology. Al-
though an OFDR can be configured to monitor multiple characteristics of a given
sensor type, including reflection spectrum (both amplitude and profile), transmission
spectrum, group delay, and birefringence, as examples, the typical OFDR sensing
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configuration is to monitor the reflection spectra of multiple FBGs to provide dis-
tributed strain and/or temperature sensing. Therefore, the focus of this paper is
the operation of an OFDR coupled to distributed low-reflectivity FBG sensors in
a single sensing fiber. As mentioned previously, FBG sensors have found use in
sensing a plethora of physical phenomena; however, in the demonstration of the
OFDR-FBG sensing methodology presented in this paper, FBG strain sensing will
be the application of interest.

Detection electronics

The conversion of optical signals to electrical signals occurs via photodetectors cou-
pled to transimpedance amplifiers with subsequent signal conditioning, such as filter-
ing and amplification, being application specific. Satisfactory detection/amplification
electronics are widely available as COTS items and custom electronics are also rela-
tively simple to construct. The primary specification of OFDR conversion/conditioning
electronics, when configured as is detailed in this paper, is the minimum upper band-
width necessary to perform optical signal conversion and amplification. The factors
that influence the minimum upper bandwidth are explored in Section 6.

Data acquisition

The purpose of the DAQ hardware in an OFDR is to record the reflected signal
from the sensing fiber while the source laser is swept in wavelength, resulting in a
raw data set defined as reflection vs. wavenumber, with a linear wavenumber basis.
The DAQ of an OFDR configured in the manner presented in this paper primarily
consists of an analog-to-digital (A/D) converter capable of external clocking control
(non-constant sampling frequency). Because the source laser is not required to be
time-linear in its wavenumber tuning, the A/D sampling rate will most likely be
variable, and simply setting an A/D clock speed to a specific frequency will not give
satisfactory results. The reasons behind this requirement were explained Section
3. Similar to the detection electronics, the primary specification of the A/D unit
is the upper bandwidth limit. Multiple available COTS versions of the necessary
DAQ hardware exist, and in specialized applications custom DAQ modules may be
required.

Processing and control

A central CPU ties together the sweeping of the laser, data acquisition and output,
DSP activities, and recording of data and measurement results. The choices of
CPU architectures with satisfactory capabilities are many, from general-use desktop
configurations to custom built, flight-qualified, miniaturized systems.

5 Measurement Example

The following example uses a simple aluminum dog bone sample to induce strain
into surface-bonded FBG sensors which are interrogated by an OFDR to formulate
a strain measurement.
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Dog bone sample configuration

The layout of the aluminum 6061 dog bone coupon is diagrammed in figure 16.

Figure 16. Aluminum coupon layout.

The sensing fiber (FBGS2 part no. AGF-LBL-1550-125; see Appendix D for specs
[11]) contains FBG sensors 9 mm in length, spaced 1 cm center-to-center, and is
bonded along the center of the coupon for 12 cm using Henkel Loctite EA 9394
AERO adhesive. To connect to the inline reflector and ultimately to the OFDR
interrogator, it is fusion spliced to a standard 900 micron-buffered SMF-28 fiber
terminated with an FC/APC connector. A single-axis resistive foil strain gauge
(not shown) is bonded to the side opposite of the sensing fiber, centered in width
and length, and oriented to measure coupon strain length-wise (in same direction as
sensing fiber). An illustration of FBG sensor locations in the sensing fiber is shown
in figure 17. There are 20 full-length (9 mm) gratings in the sensing fiber and one

Figure 17. Dog bone coupon sensing fiber diagram. Each FBG sensor is represented
by a dark blue section of fiber.

partial-length grating at the fusion splice between the sensing fiber and the SMF-28
fiber leading to the interrogator.

System specifications

The OFDR system used in this example is custom assembled and housed in a Na-
tional Instruments (NI) PXIE-1065 chassis. The system laser is a New Focus TLM-
8700-H-CL. Both the reference leg detector and the sensing leg detector is a Thorlabs
model PDB460C. Two National Instruments (NI) DAQ cards, model PXI-6115, con-
trol the system timing and raw data sampling. The system control and processing

2Specific vendor and manufacturer names are explicitly mentioned only to accurately describe
the test hardware. The use of vendor and manufacturer names does not imply an endorsement by
the U.S. Government nor does it imply that the specified equipment is the best available.
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CPU is an NI PXIE-8135 embedded controller. The fiber network is made of stan-
dard communications grade components (SMF-28 equivalent) and contains a 30.182
meter long reference leg of standard SMF-28 fiber with two Faraday rotator mirrors
serving as the reference interferometer reflectors. The inline broadband reflector is
a titanium-oxide partial reflector (30%) manufactured by AC Photonics. FC/APC
connectors are used where necessary (from the laser to the fiber network, for exam-
ple). The resistive foil gauge is interrogated using an NI cDAQ-9178 chassis with
the NI 9236 quarter-bridge strain gage module. An electro-mechanical load frame,
the MTS Alliance RT/100 with compression grips, provides tensile exercising of the
Al coupon.

Raw data

Shown in figure 18 is a raw data set (524288 points) plotted as return signal vs.
wavelength for the Al coupon sensing fiber. The data displayed in figure 18 is mean-
zeroed to remove non-oscillatory components of reflection that are of no interest in
the measurement. The concentration of substantially increased amplitude at 1550.8
nm is a result of the sensing fiber gratings all having a Bragg wavelength at or near
that particular wavelength.
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Figure 18. Raw data set: power vs. wavelength..

Zooming in on the wavelength band around 1550.8 nm shows the overlay of multiple
FBGs of similar Bragg wavelengths reflecting simultaneously in a single sensing fiber
(figure 19).

1550.5 1550.6 1550.7 1550.8 1550.9 1551 1551.1 1551.2

wavelength (nm)

-100

-50

0

50

100

a
m

p
lit

u
d
e
 (

 W
)

Figure 19. FBG reflection band of raw data set: power vs. wavelength.
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With a reference leg length lref of 30.182 m and an effective index of refraction n
of 1.4682, the wavenumber interval k∆ of the raw data, as specified in eq. 17, is
calculated to be .0709 m−1, or approximately 27.1 fm. The start wavelength λ0 of
the sampling is 1549 nm. Using eq. 27 the basis set of the raw data is given by

k ≜
(
2π/

(
1549× 10−9

)
− i ∗ 0.0709

)
|i ∈ N0, i ≤ 524287. (45)

Spatial set

As previously detailed, the raw data of figure 18 is Fourier transformed to give the
spatial set; in this example, the commonly utilized FFT is used. The magnitude of
the front half of the resulting complex spatial set is plotted in figure 20.
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Figure 20. FFT of the raw data set yields the spatial set: reflection (magnitude of
complex spatial set) vs. sensing fiber length. Only the front half of the spatial set
is plotted.

The gratings in the sensing fiber appear at around 2.8 m. Although the raw data
is mean-zeroed, there are still low-frequency components in the spatial set from the
auto- and cross-convolution terms, connector discontinuities, and general noise of
the system. The sensing fiber in this examples terminates at the end of the grating
sensor cluster. Therefore, any significant spatial components located beyond the
grating cluster, such as the two strong narrow components near 10 meters, are
artifacts of discontinuities and spurious reflections most likely caused by connector
imperfections or similar discontinuity-induced reflections in the fiber network. A
zoomed in view of the spatial set magnitude at the area of the grating cluster is
shown in figure 21.
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Figure 21. Sensing fiber FBG cluster in the spatial set: reflection (magnitude of
complex spatial set) vs. sensing fiber length.

The first grating is cutoff at a fusion splice that connects FBG fiber to a SMF-28
lead cable while the narrow spike at the end of the last grating is the reflection
back from the end of the fiber. As specified earlier, the gratings are 9 mm in
length with 1 cm center-to-center spacing along the sensing fiber. The non-constant
reflection amplitudes of the gratings are due to varying polarization of the light as it
propagates through the slightly birefringent fiber. The degree to which the electric
field at the reference reflector and the electric field reflected from gratings along the
fiber interfere with each other is affected by the relative polarization states of the
fields. This phenomenon is addressed in more detail in Section 6.

FBG spectrum

The spatial reflection magnitude and unwrapped phase data for the grating located
just after 2.75 m in the sensing fiber are shown in figure 22. This particular grating
is within the bonded fiber region with its center located 2.5 cm from the bond line.
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Figure 22. A single FBG reflection in the spatial set: reflection (magnitude of
complex spatial set) vs. sensing fiber length.

The complex spatial data of the grating in figure 22 is zero-padded to Ñ = 2048
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and inverse Fourier transforms via IFFT to the individual reflection spectrum of
the grating, the magnitude of which is plotted in figure 23. A zoomed view of the
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Figure 23. Reflection spectrum of the FBG centered at 2.755 m along the sensing
fiber: power vs. wavelength.

spectral data at and around the reflection spectrum peak is shown in figure 24. Also
plotted in figure 24 are the points used in the center-of-mass calculation and the
associated centroid result. In this example, the threshold value was set at 60% of
maximum amplitude. The points bounding the thresholded spectral set are linear
interpolations based on neighboring points. Using the center-of-mass calculation of
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Figure 24. Reflection spectrum data (power vs. wavelength), in the vicinity of the
Bragg wavelength, of the FBG centered at 2.755 m along the sensing fiber with
center-of-mass and threshold interpolation points identified.

eq. 44, the Bragg wavelength of this grating is determined to be 1550.849 nm.

Strain measurement

In typical application, the measurement of strain in an FBG strain sensor is inferred
via the tracking of the Bragg wavelength shift. The dependence of FBG spectral
shift on axial strain, for constant temperature, is given by

∆λB = λB0(1− pe)ε, (46)
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where ∆λB is the spectral shift of the Bragg wavelength, λB0 is the Bragg wavelength
at zero strain, pe is the effective strain-optic constant, and ε is the axial strain within
the FBG [12]. The gauge factor of an FBG strain gauge is thus (1 − pe). Shown
in figure 25 are the reflection spectra of the previously explored FBG (the FBG of
figure 22) for seven different strain levels, as measured by the resistive foil gauge,
in the dog bone sample. Each reflection spectrum is normalized to the maximum
value of the zero strain case. Applying the threshold and center-of-mass algorithm
to the spectra of figure 25 yields the Bragg wavelength vs. strain plot of figure 26.
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Figure 25. Reflection spectra (power vs. wavelength) of the FBG at 2.755 m along
the sensing fiber for various dog-bone sample strain levels.
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Figure 26. Bragg wavelengths of the FBG at 2.755 m along the sensing fiber vs.
dog-bone sample strain.

A linear fit of the data in figure 26 gives a slope of 1.216x10−3 nm/µstrain (95%
confidence interval = ±8x10−6 nm/µstrain) and a zero intercept of 1550.858 nm
(95% confidence interval = ±5.5x10−3 nm). The gauge factor, (1 − pe), is then
determined by dividing the slope (λB0(1 − pe)), by the zero intercept (λB0), and
is found to be 7.838x10−7 µstrain−1, which is within 1/2 % the FBG supplier’s
specification of 7.8x10−7 µstrain−1 for the sensor’s strain sensitivity. Inverting the
slope of the linear fit shows that the FBG sensor requires 822.67 µstrain to induce a
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1 nm change in Bragg wavelength. Applying the gauge factor to the measured Bragg
wavelength shifts of 16 gratings along the dog bone sample while at maximum load
gives the measured FBG sensor strain plot of figure 27. The grating strain data of
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Figure 27. Measured strain of 16 FBG sensors along the dog-bone sample at maxi-
mum load: strain vs. distance from coupon center.

figure 27 shows an obvious differentiation between bonded gratings and non-bonded
gratings, and the effects of bond-line edges are also observable. The non-symmetrical
(length-wise) strain behavior along the coupon can be attributed to geometrical non-
symmetry in the coupon and the sensing fiber not being perfectly aligned length-wise
across the entirety of the bond-line.

6 System Design Trade-off Considerations

An OFDR FBG-based sensing system, as described in this paper, relies on a wavelength-
sweep of a source laser to simultaneously illuminate a sensing fiber and an internal
in-fiber reference interferometer. The return signal of the reference interferometer
controls the sampling of the back-reflections from the sensing fiber, and the process-
ing hardware of the OFDR subsequently executes signal processing of the sampled
data set to yield the Bragg wavelengths of every grating along the sensing fiber.
Typical architecture-specific performance parameters of interest for an FBG-based
OFDR measurement system are measurement rate, raw data sampling rate, accu-
racy, and resolution, all of which are dependent upon the relationships between fiber
length, laser tuning speed, spectral width, data size, and processing speed.

Measurement rate vs. laser tuning speed and spectral width

In this discussion, the term measurement rate refers to how many times a second an
OFDR system wavelength-sweeps the source laser and outputs the Bragg wavelength
of every grating along the sensing fiber. While it is very possible to interrogate a
sensing fiber and formulate measurements in both an up-sweep (increasing wave-
length) and a down-sweep (decreasing wavelength) of the laser wavelength, this
discussion will assume data acquisition and measurement occur solely during the
up-sweep of the laser. Because laser sweep rate is typically specified in terms of
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wavelength (nm/s) and not wavenumber, this analysis will designate the variable
λlsr to represent the wavelength sweep rate of the source laser in nm/s. In the case
of a source laser using one sweep rate in both directions of wavelength sweep, the
rate of measurement is the inverse of the time required for the laser to sweep up and
back in wavelength. Designated as fmeas, the measurement rate is determined by

fmeas =

(
2× λsw

λlsr

)−1

, (47)

where λsw is the length of the wavelength band covered during data acquisition, or
spectral width of the measurement. Note that in the previous example of strain sens-
ing, it was shown that 1 nm of Bragg wavelength shift corresponds to ∼ 823 µstrain.
The measurement rate determination of eq. 47 and the associated curves shown in
figure 28 can be recalculated to incorporate various sweep characteristics of a given
laser. As an example, a laser may have the capability to have two different wave-
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Figure 28. OFDR measurement rate vs. sweep spectral width for various laser sweep
rates.

length sweep rates in the up and down directions. In such a case, if data is being
sampled only in one direction, it may be desirable to bring the laser wavelength back
to the starting position as quick as possible to ready the system for the next mea-
surement cycle. There may also be some time delay between the end of a wavelength
sweep in one direction and the beginning of a wavelength sweep in the opposite di-
rection. Not included in eq. 47, however elementary to do so, are delays related to
processing constraints.

Raw data sampling rate

The OFDR detection and sampling electronics of figure 5 illustrate the dependence
of the raw data A/D module on the fringe spacing of the internal reference inter-
ferometer. As such, the minimum upper bandwidth of the detection/amplification
electronics and the sampling rate, or sampling frequency, or clocking frequency, fp of
the A/D is directly dependent on the source laser’s sweep rate λlsr, the length lref
of the internal reference interferometer, and the effective index of refraction n of the
fiber forming the reference interferometer. The derivation of an approximated raw
data sampling rate follows.
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Previously defined in Section 2, eq. 17, the wavenumber fringe spacing is depen-
dent on the reference length using k∆ = π/nlref . To convert the fringe spacing
to an approximate time interval, the sweep rate of the laser must be considered.
Considering that the fringe spacing is the sampling basis interval k∆ = k1 − k0 and
using the relationship λ = 2π/k of eq. 2 leads to the defining of fringe spacing in
terms of wavelength:

2π

λ1
− 2π

λ0
=

π

nlref
. (48)

Introducing a common denominator on the left of eq. 48 and rearranging leads to
an explicit solution for the raw data set wavelength basis interval λ∆:

λ∆ = λ0 − λ1 =
λ0λ1

2nlref
. (49)

For an OFDR operating around the typical wavelength range of 1550 nm, it is useful
to assume λ0λ1 ≈ (1550 × 10−9)2 to allow for a simple, approximate solution. Di-
viding the wavelength sampling basis interval by laser sweep rate λlsr gives the time
between consecutive raw data point sampling, and the sampling frequency is found
via the inversion of the sampling time. The approximate raw data A/D clocking
frequency fp of an OFDR, as a function of the source laser’s sweep rate λlsr, the
length lref of the internal reference interferometer, and the effective index of refrac-
tion n of the fiber forming the reference interferometer, can thus be approximated
using

fp ≈
2nlrefλlsr × 10−9

(1550× 10−9)2
. (50)

In this particular derivation of OFDR sampling rate, the possibility of a negative
value of λ∆ is neglected, as sweeping of the laser wavelength up or down results in
the same raw data sampling frequency. The approximated values of fp vs. reference
interferometer length for various laser sweep rates are plotted in figure 29. The
effective index refraction n of the reference interferometer fiber is set to 1.4682 for
this analysis.
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Figure 29. Raw data sampling frequency vs. reference interferometer length for
various laser scan rates.
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Resolution and Accuracy

Because the Bragg wavelengths are calculated from processed data (as opposed to
directly measured), the resolution of an OFDR sensing system is theoretically in-
finitesimal. However, because an OFDR system is based on discrete sampling and
processing of continuous phenomenon, noise in both the reference signal and the
sensing signal will degrade the resolution and accuracy of an OFDR system. As
such, it is critical to maintain as high a signal-to-noise ratio as possible through
well-designed, low-noise detection and amplification electronics.

The configuration of the FBG sensors themselves may also affect accuracy. Ex-
amples of problematic sensor configurations include highly dynamic vibrating struc-
tures and the bonding of sensors onto surfaces which may experience high strain
variations across areas which are smaller than the FBG physical length. An addi-
tional source of accuracy degradation is polarization misalignment between interfer-
ing electric fields. The interference signal produced by the combining of a reflected
FBG electric field with the reflected field from the in-line broadband mirror can be
degraded by the polarization misalignment of the two signals. The apparent varying
amplitude of grating reflections seen in the measurement example of figure 21 is due
to the varying polarization state of the light as it propagates through the sensing
fiber. It is possible to have sufficient misalignment such that the FBG sensor signal
of interest in the raw data is near zero, in which case measurement accuracy is sig-
nificantly degraded. Not explored in this paper, the implementation of polarization
diverse detection in an OFDR overcomes the polarization misalignment issue.

7 Conclusion

This paper serves as a basic manual for understanding, assembling, and utilizing
an OFDR to perform measurements using FBG sensors. A basic OFDR signal
model is derived, followed by an explanation of processing via simulation, a system
component overview, a measurement example, and a brief discussion of basic param-
eters that can affect system speed, resolution, and accuracy. With the fundamental
theory and signal processing of an OFDR understood, areas of further exploration
and detailed discussions include polarization diverse detection, flight-hardening of
hardware, dedicated DSP architectures for real-time OFDR measurement output,
vibration effects in OFDR-FBG signals, the effects of non-uniform environmental ef-
fects along the length of an FBG sensor, and the adaptation of the signal models and
processing methodology to enable fiber optic sensing based on Rayleigh scattering.
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Appendix A. List of variables

variable description
δ wave phase offset
ε axial strain
λ wavelength
λ∆ raw data set basis interval in wavelength
λ0 raw data set start wavelength
λB FBG Bragg wavelength
λB0 zero-strain, or baseline, FBG Bragg wavelength in a strain measurement

application
λlsr source laser wavelength sweep rate
λsw data acquisition spectral width
ω angular frequency
E electric field representation of a monochromatic plane wave
E0 electric field amplitude
Es electric field representation of light at the sensing leg detector face
Edet electric field representation of light at a detector face
Eref electric field representation of light at the reference leg detector face
f frequency
fB(k) FBG reflection function; FBG reflection spectrum; FBG spectral

response
fBm(k) specification of fB(k) for FBG number m in a sensing fiber
fmeas system measurement rate
fp raw data sampling rate; raw data sampling frequency; raw data A/D

clocking frequency
Gm,j(z) FBG number m to FBG number j cross-convolution function
I time-average intensity
k free space wavenumber; raw data set basis
k∆ wavenumber fringe spacing of an interferometer; raw data set basis
k0 raw data set start wavenumber
kB FBG Bragg wavenumber
kBm specification of kB for FBG number m in a sensing fiber
kB∆

wavenumber difference between FBG number m and FBG number j

k̃ FBG spectral set wavenumber basis

k̃∆ spectral set basis interval
LB FBG length
LBm specification of LB for FBG number m in a sensing fiber
l physical fiber length difference between two legs of a simple in-fiber

Michelson interferometer
lB length difference of the sensing interferometer; location of an FBG

in the sensing fiber relative to mirror M0
lBm specification of lB for FBG number m in a sensing fiber; location of

FBG number m in the sensing fiber relative to mirror M0
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lref length difference of the reference interferometer
M number of FBG sensors in a sensing fiber
n fiber effective index of refraction
N raw data set sample size

Ñ FBG spectral set size
P power
P0 power of light having electric field amplitude E0

Pdet power of light at detector face
P [z] spatial set
PB[z] windowed FBG spatial set
Pref power of light at the reference leg detector face
Ps power of light at the sensing leg detector face
p [k] raw data set; sensing fiber sampled set

p̃[k̃] FBG spectral set
pe effective strain-optic constant
R0, R1, R2 power reflection coefficient of reflectors R0, R1, and R2, respectively
RB FBG peak power reflection coefficient
RBm specification of RB for FBG number m in a sensing fiber
t time
z axial distance along a fiber; spatial set basis
zs total physical traverse length of a light wave from laser to detector
z∆ real-world spatial set basis interval; spatial resolution
z̃∆ spatial set basis interval
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Appendix B. Signal Derivations

B.1 Michelson interferometer signal

The total electric field arriving at the detector is represented by

Edet =
1

2
E0(e

i(knzs−π) + ei(kn(zs+2l)−π)) (B1)

and can be rewritten as

Edet =
1

2
E0e

−iπ(eiknzs + ei(kn(zs+2l))). (B2)

Using P ∝ EE∗ yields

Pdet ∝ EdetE
∗
det

Pdet ∝
1

4
E2

0e
−iπeiπ(eikn(zs) + eikn(zs+2l))(e−ikn(zs) + e−ikn(zs+2l))

Pdet ∝
1

4
E2

0(1 + 1 + eikn(zs−zs−2l) + eikn(zs+2l−zs))

Pdet ∝
1

2
E2

0(1 + cos(2knl)). (B3)

B.2 Signal from sensing fiber with multiple gratings

The total electric field at the sensing leg photodetector is represented by

1√
2
E0

(√
R0 + (1−R0)

M∑
m=1

fBm(k)e
ik2nlBm

)
. (B4)

Using P ∝ EE∗ and eliminating common multiplier 1√
2
E0 gives

Ps ∝

(√
R0 + (1−R0)

M∑
m=1

fBm(k)e
ik2nlBm

)
×(√

R0 + (1−R0)
M∑

m=1

fBm(k)e
−ik2nlBm

)
. (B5)

Multiplying terms through yields

Ps ∝ R0+
√
R0(1−R0)

M∑
m=1

fBm(k)e
−ik2nlBm +

√
R0(1−R0)

M∑
m=1

fBm(k)e
ik2nlBm+

(1−R0)
2

M∑
m=1

fBm(k)e
ik2nlBm

M∑
m=1

fBm(k)e
−ik2nlBm . (B6)
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Separating out the terms of the double-sum for which m = j yields

Ps ∝ R0 + 2
√
R0(1−R0)

M∑
m=1

fBm(k) cos(k2nlBm)+

(1−R0)
2

M∑
m=1

f2
Bm

(k) + (1−R0)
2

M∑
m=1

M∑
j=1
j ̸=m

fBm(k)fBj (k)e
ik2n(lBm−lBj

)
. (B7)

Equation B7 contains a complex exponential in the double-sum that is eliminated
via symmetry. Given a pair of integers [a, b] the following it true:

lBm=a − lBj=b
= −

(
lBm=b

− lBj=a

)
. (B8)

Then for a ̸= b terms in the double sum can be paired according to [a, b]:

fBm=a(k)fBj=b
(k)e

ik2n(lBm=a−lBj=b
)
+ fBm=b

(k)fBj=a(k)e
ik2n(lBm=b

−lBj=a
)
. (B9)

Applying the symmetry of eq. B8 leads to reordering the paired terms as

fBa(k)fBb
(k)
(
eik2n(lBa−lBb

) + e−ik2n(lBa−lBb
)
)
, (B10)

which reduces to
2fBa(k)fBb

(k) cos (k2n(lBa − lBb
)) . (B11)

Including the reduction result of eq. B11 to rewrite the double-sum term in eq. B7
gives the final representation of the signal as

Ps ∝ R0 + 2
√
R0(1−R0)

M∑
m=1

fBm(k) cos (2knlBm) + (1−R0)
2

M∑
m=1

f2
Bm

(k)+

2(1−R0)
2
M−1∑
m=1

M∑
j=m+1

fBm(k)fBj (k) cos
(
2kn(lBj − lBm)

)
. (B12)

36



Appendix C. Fourier Transform Derivations

C.1 Useful Fourier transform properties and pairs

Given function g(k), define the Fourier transform of g(k) as:

F {g(k)} = G(z) =
1√
2π

∫ ∞

−∞
g(k)e−izkdk (C1)

and the inverse Fourier transform as:

F−1 {G(z)} = g(k) =
1√
2π

∫ ∞

−∞
G(z)eizkdz (C2)

Fourier transform of a rectangle function:

F {rect(ak)} =
1√
2πa2

sinc
( z

2πa

)
(C3)

Fourier transform of a sinc function:

F {sinc(ak)} =
1√
2πa2

rect
( z

2πa

)
(C4)

Fourier transform of a squared sinc function:

F
{
sinc2(ak)

}
=

1√
2πa2

tri
( z

2πa

)
(C5)

Fourier transform of a cosine:

F{cos(z0k)} = π [δ(z + z0) + δ(z − z0)] (C6)

Time-shift Fourier transform property:

F {g(k − a)} = e−iazG(z) (C7)

Fourier transform convolution theorem:

F {g(k)h(k)} =
(G ∗H)(z)√

2π
(C8)

C.2 Response function of a low-reflectivity fiber Bragg grating

Consider an optical fiber containing a Bragg Grating with a periodically-modulated
index structure that begins at length −LB/2 and ends at length LB/2, and has
spatial periodicity, or grating pitch, Λ along the length z of a fiber with effective
index of refraction n. The resonant, or Bragg, reflection wavelength of the grating
is set by

λB = 2nΛ (C9)
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and the associated Bragg wavenumber is

kB =
2π

λB
. (C10)

The normalized envelope of the periodically-modulated index perturbation function
of the grating can be represented as

κ(z) = rect

(
z

LB

)
. (C11)

For a deviation from the resonant Bragg condition of the grating defined by

φ = k − kB, (C12)

the response ρ of the grating for wavenumbers at or near the Bragg resonance
condition can be approximated by

ρ(φ) = F {κ(z)} . (C13)

Applying the Fourier transform pair of eq. C3 to eq. C11 leads to the following
grating response approximation:

ρ(k − kB) =
LB

2
sinc

(
LB(k − kB)

2π

)
. (C14)

The goal of this derivation is to approximate the grating response function fB(k),
which is accomplished by Fourier transforming of the index perturbation function
of the fiber grating section. The peak amplitude of the response function was not
determined because a normalized envelope function was used in the derivation. In
place of a derived peak amplitude of response, the term

√
RB will be used, where

RB is the peak reflectivity of the FBG reflectivity function. Additionally, because
the OFDR interferometric method scales all fiber lengths by 2n, the length, LB, of
the grating will also be scaled accordingly in the approximated response function.
The final result of the derivation is an FBG response function that is approximated
by the Fourier transform of the index perturbation function with an arbitrary peak
response:

fB(k) ≈
√
RB sinc

(
2nLB(k − kB)

2π

)
(C15)

C.3 Fourier transform of squared sinc term

The third term of eq. 28 is a summation of

(1−R0)
2RB sinc2

(
2nLB(k − kBm)

2π

)
. (C16)

Applying the time-shift Fourier transform property of eq. C7 to the Fourier trans-
form pair of eq. C5 yields

√
2π(1−R0)

2RB

2nLB
e−ikBmz tri

(
z

2nLB

)
. (C17)
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Reincorporating the summation notation yields

√
2π(1−R0)

2RB

2nLB

M∑
m=1

e−ikBmz tri

(
z

2nLB

)
. (C18)

C.4 Fourier transform of sinc-modulated sinusoid term

The second term of eq. 28 is a summation of

2(1−R0)
√
R0RB sinc

(
2nLB(k − kBm)

2π

)
cos(2knlBm). (C19)

Applying the time-shift Fourier transform property of eq. C7 and the Fourier trans-
form convolution theorem of eq. C8 to the Fourier transform pairs of eqs. C4 and
C6 (positive fiber lengths only) yields the Fourier transform result of eq. C19 as

π (1−R0)
√

R0RBe
−ikBm (z−2nlBm ) rect

(
z − 2nlBm

2nLB

)
. (C20)

Reincorporating the summation notation yields

π (1−R0)
√

RBR0

M∑
m=1

e−ikBm (z−2nlBm ) rect

(
z − 2nlBm

2nLB

)
. (C21)

C.5 Fourier transform of multiple grating double-sum term

The term in the double-sum of eq. 28 was shown to be

2(1−R0)
2RB sinc

(
2nLB(k − kBm)

2π

)
sinc

(
2nLB(k − kBj )

2π

)
cos
(
2kn(lBj − lBm)

)
(C22)

The two-function Fourier transform convolution theorem of eq. C8 is applied to the
Fourier transform of a three-function product as

F {g1(k)g2(k)g3(k)} =
(G1 ∗G2 ∗G3)(z)

2π
(C23)

and the three different wavenumber-dependent functions of eq. C22 are defined as

g1(k) = sinc

(
2nLB(k − kBm)

2π

)
(C24)

g2(k) = sinc

(
2nLB(k − kBj )

2π

)
(C25)

g3(k) = cos
(
2kn(lBj − lBm)

)
(C26)

Using the Fourier transform for a sinc function as in eq. C4 and the time shift
property of eq. C7 yields

G1(z) =

√
2π

2nLB
rect

(
z

2nLB

)
e−ikBmz; (C27)
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G2(z) =

√
2π

2nLB
rect

(
z

2nLB

)
e
−ikBj

z
. (C28)

Using the Fourier transform for a cosine function as in eq. C6 and considering only
positive fiber lengths yields

G3(z) = π
(
δ(z − 2n(lBj − lBm))

)
(C29)

The convolution (G1 ∗G2)(z) is explicitly defined as

G1 ∗G2(z) =
π

2n2L2
B

×∫ ∞

−∞
rect

(
z − τ

2nLB

)
e−ikBm (z−τ) rect

(
τ

2nLB

)
e
−ikBj

τ
dτ. (C30)

Rearranging the exponential terms yields:

G1 ∗G2(z) =
π

2n2L2
B

×

e−ikBmz

∫ ∞

−∞
rect

(
z − τ

2nLB

)
rect

(
τ

2nLB

)
e
−iτ(kBj

−kBm )
dτ. (C31)

It is clear from eq. C31 that if two gratings have identical Bragg wavenumbers
(kBm = kBj ), the exponent term inside the integral is unity and the result is the
convolution of two identical rect functions, resulting in a triangle function (in z) with
total width 4nLB, centered at distance z = 0, of a maximum amplitude of (2nLB)

−2.
Additionally, in this case, the phase of the triangle function vs. z is dependent on the
Bragg wavenumber. In practical application, gratings will have Bragg wavenumber
values that are not precisely equal. The evaluation of the convolution integral for the
more likely scenario of unequal Bragg wavenumber among gratings (kBm ̸= kBj ) is
more complicated than simple convolution of two identical rectangle functions, but
the result of the integral can be partially explored here to determine the qualitative
aspects of the result. Limiting the integral evaluation interval to only the range in
which the second rect function is non-zero (|τ | ≤ nLB) gives

e−ikBmz

∫ nLB

−nLB

rect

(
z − τ

2nLB

)
e
−iτ(kBj

−kBm ))
dτ. (C32)

The rectangle function in the integral is dependent on both z and τ and is non-zero
only for |z − τ | ≤ nLB. The evaluation of the definite integral,therefore, has two
sets of interval limits, depending on the value of z. For −2nLB ≤ z ≤ 0 the integral
is evaluated from −nLB to z + nLB. For 0 < z ≤ 2nLB the integral is evaluated
from z − nLB to nLB. Applying the interval limits accordingly yields

e−ikBmz

∫ z+nLB

−nLB

e
−iτ(kBj

−kBm )
dτ ;−2nLB ≤ z ≤ 0 (C33)

e−ikBmz

∫ nLB

z−nLB

e
−iτ(kBj

−kBm )
dτ ; 0 < z ≤ 2nLB (C34)
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The explicit integration notation is

e−ikBmze
−iτ(kBj

−kBm )

−i(kBj − kBm)

∣∣∣∣z+nLB

−nLB

;−2nLB ≤ z ≤ 0 (C35)

e−ikBmze
−iτ(kBj

−kBm )

−i(kBj − kBm)

∣∣∣∣nLB

z−nLB

; 0 < z ≤ 2nLB (C36)

Inserting the definite integral limits and using kB∆
= kBj − kBm gives

e−ikBmz(e−i(z+nLB)kB∆ − e−i(−nLB)kB∆ )

−ikB∆

;−2nLB ≤ z ≤ 0 (C37)

e−ikBmz(e−i(nLB)kB∆ − e−i(z−nLB)kB∆ )

−ikB∆

; 0 < z ≤ 2nLB (C38)

Firstly, eqs. C37 and C38 sum to zero at z = −2nLB and z = 2nLB, respec-
tively, and have decreasing amplitude as the Bragg wavenumber difference between
gratings increases. This is expected since the farther apart two gratings are in
wavenumber, the less they will interfere/interact with each other in the spectral
domain. Secondly, although the two equations show decreasing amplitude with
increasing grating length LB, grating reflection strength typically increases with
grating length, and the increased amplitude would be realized in the multiplier of
eq. C22 where RB is in the numerator. Thirdly, as previously discussed, when kB∆

is zero, the convolution of the two rectangle functions converges into a triangle func-
tion of z with width 4nLB. However, as kB∆

increases, the convolution result shows
spreading of amplitude between ±2nLB and increasing oscillatory amplitude as the
various phase terms become more oscillatory. Finally, both equations have kB∆

in
the denominator, which would seem to be an issue should two gratings have equal
Bragg wavenumber. However, expanding the complex exponential representation
into rectangular coordinates and implementing trigonometric assumptions as kB∆
goes to zero results in kB∆

factoring out of the equation, therefore eliminating the
issue of zero in the denominator. Numerical simulations in which raw data with
precisely equal Bragg wavenumber is Fourier transformed to spatial data reveal a
triangle function of z for these particular terms, as previously discussed, proving
that there is no issue of zero in the denominator when Fourier transforming the
raw data. To continue with the development of the Fourier transform of the mul-
tiple grating double-sum term, eqs. C37 and C38 will be given the representation
Gm,j(z):

Gm,j (z) =


e−ikBm

z(e
−i(z+nLB)kB∆−e

−i(−nLB)kB∆ )
−ikB∆

if − 2nLB ≤ z ≤ 0

e−ikBm
z(e

−i(nLB)kB∆−e
−i(z−nLB)kB∆ )

−ikB∆
if 0 < z ≤ 2nLB

0 otherwise

(C39)

The final step to complete the Fourier transform derivation of the multiple grating
double-sum term is the convolution ofGm,j(z) withG3(z) = π

(
δ(z − 2n(lBj − lBm))

)
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from eq. C29, which results in a shift in z to 2n(lBj − lBm). Bringing the two con-
volution results together to complete the Fourier transform of the multiple grating
double sum term is expressed as

(G1 ∗G2 ∗G3)(z)

2π
=

1

2π
· 2(1−R0)

2RB · π

2n2L2
B

·Gm,j (z)

=
RB(1−R0)

2

2n2L2
B

Gm,j (z) (C40)

and the shift in z is now included in the specification of Gm,j(z) as

Gm,j (z) =


e−ikBm

z(e
−i(z+nLB)kB∆−e

−i(−nLB)kB∆ )
−ikB∆

if − 2nLB ≤ z − 2n(lBj − lBm) ≤ 0

e−ikBm
z(e

−i(nLB)kB∆−e
−i(z−nLB)kB∆ )

−ikB∆
if 0 < z − 2n(lBj − lBm) ≤ 2nLB

0 otherwise

(C41)
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Appendix D. Sensing Fiber Specifications

Reflectivity < 0.1%

FBG center wavelength (approximate) 1550.85 nm

FBG length 9 mm

Attenuation @ 1550 nm < 8.6 dB/km

Mode Field Diameter (MFD) @ 1550 nm 6 µm (typical)

Numerical Aperture (NA) 0.26 (typical)

Cladding diameter 125 µm ± 1 µm

Coating type single layer acrylate

Coated fiber diameter 195 µm (typical)

Tensile load at break > 50 N

Temperature sensitivity (formula: ∆λ/(λ ·∆T)) 6.5K−1 · 10−6 (typical)

Strain sensitivity (formula: ∆λ/(λ ·∆ε) 7.8µε−1 · 10−7 (typical)

Table D1. Sensing fiber specifications [11]
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