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Abstract: We describe a technique for polarization sensitive optical
frequency domain reflectometry (OFDR) that achieves 22 micrometer
two-point spatial resolution over 35 meters of optical length with -97 dB
sensitivity in a single measurement taking only seconds. We demonstrate
OFDR'’s versatility in both time- and frequency-domain metrology by
analyzing a fiber Bragg grating (FBG) in both the spectral and impulse
response domains. We aso demonstrate how a polarization diversity
receiver can be used in an OFDR system to track changesin the polarization
state of light propagating through a birefringent component.
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1. Introduction

Optical reflectometry isacritical diagnostic tool for lightwave systems and components. There
are basically three reflectometric techniques suitable for fiber-based applications: optical time
domain reflectometry (OTDR), low coherence frequency domain reflectometry (OLCR) and
coherent optical frequency domain reflectometry (OFDR). The different methods have trade-
offsin range, resolution, speed, sensitivity and accuracy. Typically, thelow coherencetechnique
is used for sub-millimeter resolution measurements with very high sensitivity but only over
limited range (< 5 m)[1]. OTDR is used for longer range (several kilometers), low-resolution
system-level applications.

OFDR falls between OTDR and OLCR in that its range capabilities are on the order of
tens to hundreds of meters with millimeter-range resolution[2, 3]. OFDR is based on swept-
wavelength homodyne interferometry[4, 5, 6]. Light from atunable laser source (TLS) is split
and sent through measurement and static reference arms of an interferometer and recombined
at an optical detector. Interference fringes are generated as the laser frequency is tuned. Those
fringes are detected and related to the optical amplitude and phase response of the system, or
device under test (DUT). Theinterference fringes, occurring in the spectral domain of the DUT,
data can be processed using the Fourier transform into the time domain. In the time domain, a
map of the reflections as a function of length internal to the DUT can be constructed. Hence,
OFDR can be used for both spectral and time domain reflectometry.

OFDR has advantages over OTDR and OLCR for certain applications. Specificaly, the co-
herent technique is well-suited for applications that require a combination of high speed, sen-
sitivity and resolution over intermediate length ranges. Applications that fall into this cate-
gory include fiber-optic component and module characterization[2, 7, 8, 9], distributed optical
sensing[10], and biomedical imaging[11].

Typically, OFDR systems designed to operate over intermediate length ranges (tens to hun-
dreds of meters) lack the spatial resolution required for component-level metrology[3, 12]. In
this report we describe amethod for polarization diverse OFDR that achieves, to the best of our
knowledge, the highest reported combination of length and resol ution. Specifically, we describe
an instrument for high-speed (< 3 seconds) polarization-resolved measurements of fiber-optic
assemblieswith 22 um spatial resolution (in glass) over 35 meters of optical length with -97 dB
sensitivity. We show results for the reflectivity of afiber Bragg grating (FBG) in the 1550 nm
wavel ength region in both the frequency and time domains. Further, we show that a polarization
diversity detection technique can be used to track changesin the polarization state of light as a
function of propagation length through a component. We use this technique to measure the beat
length and thus the differential group index of refraction of abirefringent FBG.

2. Network layout

A detailed schematic of the optical network for polarization diverse coherent OFDR is shown
below in Fig. 1. The optical system is comprised of atunable laser source (TLS), two interfer-
ometers (one measurement and one trigger) and a polarization sensitive receiver. The receiver
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Fig. 1. Measurement network for polarization diverse OFDR. TLS = tunable laser source,
ADC = analog to digital converter, PC = polarization controller, PBS = polarization beam
splitter, and 1, = the differential time delay of the two paths in the trigger interferometer.
Jones vectors are used to label the electric field at different locations in the network and the
device under test is characterized by the complex spectral reflectivity, r{w)

includes a polarization beam splitter (PBS), three wide-band photodiodes, a high-speed analog
to digital converter and a computer. Jones vectors are used to label the electric field at differ-
ent locations in the network and the DUT is characterized by the complex spectral reflectivity,
o).

The PBS has the effect of splitting the reference field into two orthogonal states. This po-
larization diversity technique is used in OFDR to mitigate signal fading due to misalignment
of the interfering measurement and local-oscillator fields. The addition of a polarizing element
has the added benefit in OFDR [12] and OTDR [13] of allowing one to monitor changesin the
state of polarization of the measurement field caused by the DUT.

When the laser frequency is tuned, interference fringes that can be related to the complex
reflectivity of the DUT are observed at the detectors labeled ‘s’ and ‘p’. Fringes from the
trigger interferometer are used to trigger data acquisition at the s and p detectors. This well-
known triggered-acquisition technique helps to mitigate tuning errors in the laser that would
otherwise adversely affect the data[5].

Not shown is a portion of the network wherein a Hydrogen Cyanide gas-cell is used to mon-
itor the instantaneous wavelength of the scanning laser. Hence, for a given scan, data is being
taken simultaneously on four channels via the data acquisition card (DAQ).

The laser source used for these experiments was a Radians Pico model continuously tunable
external cavity laser diode operating the C and L communication bands. The typical tuning
rangeisfrom 2.5 nm to 40 nm centered at 1550 nm with atuning rate of 20-80 nm/s, depending
on the particular DUT. The laser tuning is controlled via analog voltage ramp generated using
the DAQ card. Theline-width of the laser used in these experimentsis specified at 200 kHz and
the operational output power used was 1 mW.

3. Theory and results

The amplitude of the measured interference fringes is proportional to the product of the inter-
fering measurement and local-oscillator fields. We can write the field on the input side of the
PBSat time‘t’ during the laser scan as the sum of thefields from thelocal oscillator, |E|o), and
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phase shifted measurement arm, r{w) |Em) exp[jo(t)At], of the measurement interferometer:
[Eps) = [Eio) + () [Em) expljo(t)AT], @

where () is the complex spectral reflectivity of the DUT, o(t) is the instantaneous laser fre-
guency and At isthe delay difference between the two arms of the measurement interferometer.
We use dirac notation to represent the Jones vectors of the field in the fiber. The double-bar no-
tation for the reflectivity represents the fact that in general, the reflectivity of a fiber coupled
component or assembly is sensitive to the polarization state of the input electric field and can
therefore be described by a two-by-two matrix (i.e. Jones matrix). This is equivalent to using
a tensor to describe the complex coupling coefficient and hence the dielectric function of the
DUT.

Using Eq. (1) and making the assumption that the current at the detector is proportional to
the square of the electric field according to i (@) o< ||Eps) |2, we can write a simple form for the
interference terms at the s and p detectors,

is(0) = 2Re{ (Eio| Ts T () [Em) @xpljo(t)AT] }, 7
ip(@) = 2Re{ (Eiol Ty Tpi(0) [Em) epljo(1)AT] }, ®

where Ts and T, are projection operators that represent the splitting action of the beam splitter
on thefield in the fiber (eg. Ts|E) = Es$). Note that terms that do not oscillate as a function of
laser frequency have been dropped. Also, the coherence function of the laser has been left out
of the description of the interference because it does not greatly affect the fringe visibility for
the lengths under consideration in this report.

Information about the complex reflectivity of the DUT can be extracted from the interfer-
ence described by Egs. (2) and (3). The amplitude and phase of the reflectivity can be accessed
directly in the spectral domain or they can be calculated in the time domain by use of a dis-
crete Fourier transform. In the spectral domain, or frequency domain, the amplitude represents
spectral return loss and the phase and its derivatives contain information about the length and
dispersiveness of the DUT. In the time domain, the amplitude can be used to locate different
reflective events within the DUT and the phase, or rather the phase derivative, can be related to
the local wavelength of the reflective structure.

3.1. Calibration

The polarization diversity receiver must be balanced in order for the data to be properly cal-
ibrated. Idedlly, the local oscillator field should be split evenly between the s and p states of
the PBS. This is accomplished by blocking the light in the measurement path and adjusting
the polarization controller while monitoring the dc power levels on the s and p detectors. The
controller is adjusted such that thereis an equal amount of power incident on each detector.

Reflectivity measurements can then be calibrated by measuring the magnitude of the reflec-
tivity of aknown strong reflector. We used a spectrally flat, gold-plated polished fiber termina-
tion with anominal reflectivity of greater than 98%. All reflectivity values are then with respect
to the reference value.

3.2. Frequency domain

Figure 2 shows the reflectivity and group delay (GD) of an FBG in reflection. These data were
generated by digitizing theinterferencefringesassociated withi s(w) andip () in the frequency
domain using a 12-hit, 5 mega-sample per second, four channel DAQ card. For triggered ac-
quisition, the sampling frequency is determined by the laser sweep rate, y, and the differential
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Fig. 2. Reflectivity (return loss) and group delay of afiber Bragg grating.

delay in theauxiliary interferometer, 74, accordingto fs = ytg. A laser sweep rate of 4.35 THz/s
(35 nm/s) and an auxiliary interferometer delay of 800 nswere used to generate these data. This
corresponds to a sampling frequency of fs = 3.48 MHz. The corresponding wavelength reso-
[ution of the raw data setsis 0.01 pm, thus showing OFDR to be an extremely high-resolution
technique.

The real-valued interference data is digitized in the frequency domain. A complex data set
is generated in the frequency domain by (1) applying a discrete Fourier transform (DFT) to
the real-valued data, (2) applying the appropriate window in the transform domain to extract
the response of the DUT, and (3) transforming back to the frequency domain. This type of
processing has the effect of down-sampling the resolution in the frequency domain. The datain
Fig. 2 was down-sampled at an effective resolution of 1 pm.

The spectral reflectivity, r (), and GD, t4(w), are then calculated according to

r@) = /lis@)2+fip(@)?, (4)
(@) = Z{is(a))ig(a)+Aw)A—&a-)ip(w)i§,(w+Aa))}7 -

where Ao isthe effective frequency resolution and /{u} denotes the phase of the complex data
set u. Notethefidelity of the GD measurement in the -50 dB to -60 dB reflectivity range. Coher-

ent detection enablesthis high sensitivity GD measurement. The GD outside of the passband of

the grating becomes indeterminate due to the low reflectivity in the region (-60 dB to -90 dB).

3.3. Timedomain

The coherent frequency domain technique was originally developed to measure reflections as a
function of length in optical components. Often, optical component metrology requires spatial
resolution in excess of 50 um. Below we show that this spatia resolution can be achieved
over measurement lengths exceeding 30 meters thus allowing for high speed, high resolution
metrology of assemblies of components.
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Fig. 3. (@) The reflectivity as a function of length of a 35 m optical assembly consisting
of two fiber connectors and a fiber Bragg grating,(b) a reflectivity trace with no device
connected, and (c) a blow up of the grating and fiber termination. These data were taken
using a 40 nm wavelength scan centered at 1550 nm which corresponds to a resolution
along the length axis of 20 um. The time-synchronous electrica artifact in (b) isconfirmed
by taking data with no optical input.

The time domain representation of the datais given by the DFT of the raw data according to

~ Nil. Zﬂkn
= Y i(amep |- 220, 6
) = 3, il@ne |~ 27 ©

wherei(7) isthetime domain response of the DUT to the frequencies defined by the scan range
ini(w) and the subscripts denote the discrete nature of the data sets. Note that i s(w) and ip(@)
must be transformed individually into is(7) and 1,(7). OTDR-like plots can be generated using
the time-domain reflectivity: r () = /|is(t)|2 + |ip(7)[2.

Figure 3(a) shows the time domain response of the grating assembly from Fig. 2. These data
show clean reflectivity traces with identifiable reflection peaks over 35 m of optical length with
-97 dB sensitivity. Figure 3(b) isthe transform domain for ascan with no DUT connected and is
shown for reasons of comparison. There are two measurement artifactsin the data: one dueto an
extraoptical path in the system and one due to time synchronous clock noise in the acquisition
electronics. The electrical contribution is confirmed by measuring the noise spectrum with no
laser light present in the system. Figure 3(c) shows the portion of the assembly containing only
the grating and the fiber termination. Thetime axis, 7, has been scaled to represent length using
the group index of the fiber, ng = 1.48, and the speed of light.

Noise effects in OFDR have been studied elsewhere[2] and we will not go into great detail
here, but there are basically four contributions to the noise floor of -97 dB observed in Fig. 3.
They are laser noise (intensity and phase), shot noise, thermal noise and amplifier noise. By
process of elimination, we have determined that electrical noise in the amplifiers is dominat-
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Fig. 4. The reflectivity on alinear scale of slightly mismatched, polished fiber (PC) termi-
nations showing a 100 um separation between the two fiber endsand 22 um full width half
maximum resolution of the individual peaks.

ing the -97 dB floor. Indeed our own investigations with “quieter” electronics have revealed
Rayleigh-level sensitivitiesin asimilar instrument[14].

The maximum DUT length of 35 m is determined by the differential delay in the trigger
interferometer using the Nyquist sampling criteria by

(")

Lmax = —

max 4ng )
where cisthe speed of light inavacuum, ng isthe group index of the DUT and the factor of four
is due to the sampling theorem and the double-pass nature of the measurement interferometer.
For an 800 ns differential delay, the maximum measurable DUT length is given by L max = 40
m.

The spatial resolution of the measurement, Az, is directly related to the resolution in the time

domain and is determined by the spectral bandwidth of the scan range according to

c

A2 AT

(8)

where Af = cAA /A2, Equation (8) represents the minimum separation distance necessary to
resolve two reflective events. This resolution can be corrupted by environmental noise, insuf-
ficiently linear laser tuning and and excess of unbalanced dispersion in the measurement arm.
For our system, taking no special steps for temperature or vibration isolation, Eq. (8) holds and
the corresponding maximum resolution for a40 nm scan is 22 um.

Figure 4 shows the reflectivity of two dlightly mismatched fiber PC terminations and demon-
strates the resolution of the OFDR measurement described here. The peaks in the data have a
measured spatial separation of 100 um and are clearly resolved. The measured resolution of
the system based on the full-width-half-maximum of the individual reflectivity peaksis about
22 um. It isimportant to note that this resolution is maintained over the entire 35 m of optical
length.
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The measurement time for the highest resolution scans over 35 m including laser scan time
and data processing is about 5 seconds.

3.4. Polarization evolution
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Fig. 5. Thetotal reflectivity (black), and the reflectivity components recorded on the sand p
detectors (blue and red) of astrong fiber Bragg grating. Beating in the sand p components
represents birefringence in the grating and a rotation of the polarization state of the back-
reflected light.

Birefringence can cause a change in the polarization state of the forward propagating and
hence back-reflected light-wave in a given test sasmple or DUT. The interaction between the
different propagating polarization modes can be described by vector coupled-wave analysis
wherein the coupling coefficient is given by atensor[15]. The tensor nature of the coupling co-
efficient for fiber-based devices |eads directly to our description of the reflectivity using matrix
notation.

The polarization diversity technique described here allows oneto track changesin the state of
polarization as the probefield propagatesthrough the DUT. Asthe polarization state of thefield
reflected from the DUT changes, the polarization state of the light entering the PBS changes.
This manifests as a change in the relative amplitudes of the interference fringes measured at
the sand p detectors. By tracking separately the amplitudes of the DFTs of Egs. (2) and (3), a
picture of the polarization change as a function of propagation time (or distance) is formed.

Figure 5 shows the time domain reflectivity of a strong, birefringent grating. The s and p
components of the total reflectivity are calculated from the amplitudes of the DFTs of i s(w)
andip(w) separately. The birefringent nature of the grating causes beating in the s and p com-
ponents as the field propagates through the grating. The beat length can be extracted from these
data by measuring the time over which one of the reflectivity components goes through one
complete cycle.

The duration of the impulse response of the grating shown in Fig. 5 is about 2.8 ns, though it
falls much faster to its half-width in about 12 ps (note the logarithmic scal€). The propagation
length in fiber corresponding to 2.8 ns of delay is about 0.6 m. Thisis much longer than the
physical length of thisgrating (whichislessthan 1 cm). The apparent lengthening of the grating
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is due to Fabry-Perot effects which cause light to make multiple round trips within the grating
structure. The data in Fig. 5 have been smoothed using a box-car filter to an effective spatial
resolution of 3 mm (15 ps) to show the slowly varying changesin the electric field polarization
state over the course of multiple round trips through the grating.

An effective beat length for propagation in the grating of 0.16 m is established using | , =
(c/2ng)(1.6ns). The beat time of 1.6 ns is measured using Fig. 5 and we'veused ng = 1.5 as
the average group index in the grating. The beat length can be converted to a index difference
using An= 1/l = 9.7x10(-8). Thisis a very reasonable estimate of the birefringence in this
type of grating structure.

4. Conclusion

Tunable laser-based OFDR has specific advantages over other fiber-based reflectometric tech-
niques for metrology of components and systems on the order of tens to hundreds of meters
of optical length. We have shown that availability of high fidelity tunable laser sources and
modern computing and data acquisition products can extend the high-resolution capability of
the technique out to cover distances over tens of meters. This enhanced range-(resolution) (—)
product is particularly useful for metrology of components that are already embedded in op-
tical assemblies, components with long fiber pigtails, and for measuring multiple components
simultaneously.

There are two ways to increase the length restriction of thisinstrument. Oneisto sampleat a
higher rate and the other is to decrease the laser tuning rate. Indeed OFDR systems with longer
reach have been reported, though with lower resolution[3]. Our own investigations show that
the technique described here can indeed be effective for lengths over 200 m with resolution in
the 100 um range.

The data presented here are single-scan in that no averaging was performed in producing
them. Thisis akey element in the high-speed nature of the data acquisition and display. Further
investigation using averaging to increase the measurement fidelity is currently underway.

We have employed FBGs in this paper as a canonical fiber-optic component with interesting
characteristics in both the frequency and time domains. It should be noted that the technique
described here is good for metrology of all fiber-coupled components that operate in the wave-
length region of the tunable laser source.
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