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Abstract
We demonstrate a novel high-speed polarization-sensitive optical frequency domain imaging system
employing high-speed polarization modulation. Rapid and continuous polarization modulation of
light prior to illumination of the sample is accomplished by shifting the frequency of one polarization
eigenstate by an amount equal to one quarter of the digitization sampling frequency. This approach
enables polarization-sensitive imaging with a single detection channel and overcomes artifacts that
may arise from temporal variations of the birefringence in fiber-optic imaging probes and spatial
variation of birefringence in the sample.

Polarization-sensitive optical coherence tomography (PS-OCT) [1,2] is a technique for
quantifying and visualizing the distribution of birefringence in samples. This capability is
relevant to a wide spectrum of biomedical applications and is particularly useful for diagnosing
pathology and characterizing injury in clinical medicine [3,4]. Although ophthalmic [3] and
dermatologic [4] applications of PS-OCT are perhaps the most mature, recent preclinical work
has demonstrated that PS-OCT can quantify collagen content and smooth muscle cell density
in atherosclerotic plaques ex vivo [5]. Performing these measurements in vivo simultaneously
with catheter-based [6] highspeed optical frequency domain imaging (OFDI) [7,8] could
greatly advance the understanding of coronary atherosclerosis and acute myocardial infarction
in humans.

In conventional fiber-optic PS-OCT, polarization-diverse detection and polarization
modulation are implemented to measure birefringence properties of the tissue sample.
Polarization-diverse detection determines Stokes vector components of the light reflected from
each depth of the tissue by measuring projections onto a pair of orthogonal polarization states
through a polarization beam splitter (PBS) and two detection channels. Since two input
polarization states perpendicular to each other on the Poincaré sphere are required for the
determination of the optic axis and phase retardation in the tissue with any arbitrary static
birefringence of the sample arm optical fiber, the polarization state of the light incident on the
sample is modulated between two perpendicular states on the Poincaré sphere on successive
axial scans (A-lines) [2]. A single axial birefringence profile of the sample is then provided
from the Stokes vectors obtained with two perpendicular polarization input states via either
Stokes vector analysis [9] or Jones matrix analysis [10].

However, in high-speed intracoronary imaging through a rapidly spinning catheter,
birefringence images are prone to artifacts that can arise from rapid stress-induced
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birefringence changes in the fiber-optic catheter that occur during the time interval between
successive A-lines [11]. Much faster polarization modulation or simultaneous detection of
these two perpendicular polarization states can overcome such artifacts. Polarization-sensitive
optical frequency domain imaging (PS-OFDI) with a frequency-multiplexing scheme that
enables simultaneous illumination and detection of a pair of perpendicular polarization states
on the Poincaré sphere was recently proposed, and high-speed polarization-sensitive imaging
of human coronary arteries ex vivo using a rotational fiber-optic catheter was demonstrated
[12]. As in the conventional PS-OCT and PS-OFDI approaches, however, the frequency-
multiplexed configuration requires careful orientation of the polarization eigenstates and two
separate detectors for polarization-diverse and polarization-sensitive imaging. In this Letter,
we demonstrate a new PS-OFDI scheme that modulates the sample arm polarization at a rate
comparable to the digitizer sampling frequency, more than 2 orders of magnitude faster than
in conventional PS-OCT, and provides artifact-free polarization-sensitive imaging. The novel
modulation scheme also allows detection of all Stokes components of the light reflected from
the sample using only a single detection channel without polarization diversity, thereby
significantly reducing the complexity of the optical receiver.

In the OFDI with high-speed polarization modulation scheme, Fig. 1, the sample arm
polarization state is continuously rotated on the Poincaré sphere. This is accomplished
conveniently by frequency shifting one polarization eigenstate; the input PBS of the sample
arm Mach-Zehnder interferometer (MZI) divides the input beam into two orthogonal
polarization states, and an acousto-optic frequency shifter modulates one state prior to
recombination. This results in a continuous rotation of the sample arm polarization at a rate
equal to the magnitude of the frequency shift. When the modulation frequency is set to a quarter
of the sampling rate of the data acquisition, the output polarization of the MZI circumnavigates
the Poincaré sphere once in every four sampling periods as described in Fig. 2. A single
digitized A-line is then time demultiplexed into four sets of A-lines: xi, , yi, and . Each of
these demodulated A-lines is associated with states of polarization equally spanning a great
circle on the Poincaré sphere and is separately processed according to conventional OFDI
methods [7]. The odd data sets, xi and yi in Fig. 2, correspond to measurements with two
orthogonal polarization inputs and are used to determine a set of Stokes vectors. Another set
of Stokes vectors was obtained in the same way with the even data set,  and . A single axial
profile of birefringence was then obtained from these two sets of Stokes vector components,
which are perpendicular to each other on the Poincaré sphere. Since the polarization modulation
speed of this scheme is hundreds of times faster than that of conventional PS-OCT or PS-OFDI,
artifacts due to time-dependent birefringence changes of the fiber-optic components, such as
the catheter, can be significantly reduced.

As shown in Fig. 1, a wavelength-swept laser employing a polygon scanning filter was used
as a light source for the system, providing a wavelength sweep range of 1245-1355 nm with a
continuously variable repetition rate of up to 100 kHz and an instantaneous linewidth of 0.11
nm. The average output power of the polarized light source was 51 mW. Ninety percent of the
laser output was coupled to the sample arm of the system interferometer, where it was further
divided into two orthogonal polarization states with a PBS. One of the polarization states
experienced a frequency shift of 50 MHz (Brimrose, Inc., AMF-50-1300, 50 MHz), and the
other polarization state passed through an AMTIR glass block that provides the same amount
of chromatic dispersion as the frequency shifter. The two polarization states were then
recombined with a second PBS, resulting in a polarization state that circumnavigates the
Poincaré sphere at a constant rate of 50 MHz. Light reflected from the sample was polarized
using a linear polarization and then combined with the reference arm light using a 50/50 beam
splitter. Source relative intensity noise and autocorrelation noise were suppressed with a
balanced receiver (Thorlabs PDB110C, 100 MHz), and the receiver output was digitized with
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a high-speed and high-resolution data acquisition board (National Instruments PCI-5124, 200
MS/s, 12 bits).

Each of the four demodulated A-lines occupied a signal band from 0 to 25 MHz with the zero
frequency corresponding to the zero delay depth, and the sampling rate for each demodulated
A-line was 50 MHz (one quarter of the native acquisition sampling of 200 MS/s), ensuring
Nyquist sampling as described. Considering these parameters, operation of the laser at its
maximum repetition rate of 100 kHz would provide a ranging depth of 1.9 mm. For the purpose
of demonstration, the laser was operated at a repetition rate of 50 kHz, corresponding to a
ranging depth of 3.8 mm, which is comparable to the single-sided coherence length of the laser
of 3.6 mm (0.10 nm instantaneous linewidth at 50 kHz). The sensitivity of the system was
measured to be 108 dB near zero delay.

Intensity and phase retardation images of a chicken leg muscle tissue ex vivo are shown in Figs.
3(a) and 3(b), respectively. The images comprise 504 A-lines and span 10 mm in transverse
extent and 3.6 mm in depth. While the intensity image shows relatively homogeneous structures
in the sample, the periodic axial banding structure was observed in the phase retardation image,
showing the existence of strong birefringence in the tissue. By taking into account the rotational
direction of the Stokes vectors on the Poincaré sphere in the Stokes vector analysis [9], phase
unwrapping was performed as depicted in Fig. 3(c) [10]. A swine coronary artery was also
imaged through the rapidly spinning fiber-optic catheter at a rate of 100 rps ex vivo as shown
in Fig. 4. As expected, periodic circumferential artifacts that could result from stress-induced
birefringence variations in the fiber-optic probe are not observed in the phase retardation image.

Although not demonstrated here, we note that the high-speed modulation approach to PS-OFDI
is compatible with previously demonstrated methods to remove frequency degeneracy between
positive and negative delays [13]. For example, a 25 MHz frequency shifter could be used in
the reference arm to offset the zero delay depth point to 25 MHz. In this case, the signal
bandwidth would become 50 MHz, and the sampling rate for each demodulated A-line, which
is equivalent to the sample arm frequency shift, should be increased to 100 MHz for Nyquist
sampling, resulting in a native digitization rate of 400 MS/s on a single channel.

In conclusion, we have demonstrated a novel high-speed PS-OFDI scheme based on rapid
polarization modulation. This approach is unique in that it allows a full determination of the
Stokes components with a single-detector and a single data acquisition channel, thus
significantly reducing the complexity of the optical receiver. Spectral-domain PS-OCT could
also potentially benefit from this scheme by implementing the four-step polarization
modulation and using a single spectrometer camera for simplification of the system design and
cost reduction, although lateral oversampling would be required to maintain the phase
sensitivity for an accurate Stokes vector determination [14]. OFDI systems that utilize one data
acquisition channel for recalibration of nonlinear wavelength tuning can also utilize the
proposed scheme, since polarization-sensitive imaging can be achieved with a single detection
channel [15].
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Fig. 1.
Schematic of the PS-OFDI system. FBG, fiber Bragg grating; PC, polarization controller; PBS,
polarization beam splitter; FS, frequency shifter; GB, AMTIR glass block; Pol, polarizer; BS,
beam splitter; BR, balanced receiver, HS-DAQ, high-speed digitizer.
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Fig. 2.
Phase plot and the Poincaré sphere representation. The parameter Δϕxy represents the phase
difference between orthogonal components of the light polarization incident on the sample.
Gray dots in the phase plot and the Poincaré sphere representation show the polarization states
on the sample when the digitizer acquires data; Δϕxy=mod[|ϕx-ϕy|].
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Fig. 3.
(a) Intensity, (b) phase retardation, and (c) unwrapped phase retardation images of chicken
muscle ex vivo. Scale bar, 1 mm.
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Fig. 4.
Intensity and phase retardation images of a swine coronary artery ex vivo acquired through the
rapidly spinning fiber-optic catheter.
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