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The axial scan rate of optical frequency-domain reflectometry and optical coherence tomography
can be increased to megahertz frequencies by dispersive Fourier transformation. However, the
fundamental connection between dispersion and loss creates a trade-off between detection
sensitivity and acquisition speed. Here we circumvent this predicament by using distributed Raman
postamplification of the reflection from the sample. The Raman amplification enables measurement
of weak signals, which are otherwise buried in detector noise. It extends the depth range without
sacrificing the acquisition speed. Single-shot imaging with improved sensitivity at an axial scan rate
of 36.6 MHz is demonstrated. © 2008 American Institute of Physics. �DOI: 10.1063/1.2963974�

Optical coherence tomography1,2 �OCT� has proven to
be a powerful technique for studying tissue morphology.3,4

Frequency-domain OCT has been demonstrated to provide
higher acquisition speed than time-domain OCT.5 As of to-
day, frequency-domain OCT methods such as Fourier-
domain OCT �Ref. 6� and swept-source OCT �Ref. 4� can
achieve an axial scan rate of more than 10 kHz with ease.

Among the two frequency-domain approaches, the im-
age acquisition speed of Fourier-domain OCT is limited by
the data acquisition speed of the array detector �e.g., a charge
coupled device or complementary metal oxide
semiconductor�,6 which is typically between 10 and
100 kHz. In other words, there is a tradeoff between the
spectral resolution and axial scan rate. On the other hand,
swept-source OCT does not require an optical spectrometer
because the wavelength is known for each time sample, lead-
ing to a higher axial scan rate than Fourier-domain OCT �up
to 100 kHz as of today4�; however, the bandwidth, and hence
the axial resolution, is limited by the tuning range of the
laser, and the broadening of the instantaneous linewidth due
to the rapid sweep rate limits the depth range.

Dispersive Fourier transformation �FT� exploits the
mathematical equivalence between paraxial diffraction and
temporal dispersion.7 Its ability to map spectral information
into a temporal waveform has been used in spectroscopy,8,9

optical frequency-domain reflectometry �OFDR�,10 and
OCT.11 Measuring the spectrum in Fourier-domain OCT us-
ing dispersive FT avoids the issues mentioned above by
eliminating the diffraction grating and detector array.10,11

These elements are replaced by a dispersive fiber, a single
detector and, a digitizer. This simplifies the system and, more
importantly, enables fast real-time image acquisition. This
method also allows a larger bandwidth to be used compared
with swept-source OCT. However, the loss in the dispersive
medium, which at the most basic level is caused by the inti-
mate connection between dispersion and loss described by
the Kramers–Kronig relations,7 limits the detection sensitiv-
ity as well as the depth range.

The latter can be understood by recognizing that by vir-
tue of spectrum-to-time conversion, the spectral resolution
�which determines the depth range� is fixed by the temporal

resolution of the electrical detection system. Stated differ-
ently, the electrical bandwidth of the digitizer limits the spec-
tral resolution, a relation given by �f =0.35�0

2 /cDfdig,
8

where �f is the spectral resolution, �0 is the center wave-
length, c is the speed of light in vacuum, D is the total
group-velocity dispersion, and fdig is the input bandwidth of
the real-time digitizer. The product of �f �D is fixed by the
bandwidth of the digitizer; hence, to increase the optical res-
olution �i.e., to increase the depth range�, one is forced to
increase the total group-velocity dispersion, D. However, this
comes at the expense of increased optical loss and reduced
detection sensitivity. Increasing the detection bandwidth for
higher spectral resolution and lower loss is not desirable be-
cause the electrical gain-bandwidth product and detector
thermal noise reduce detection sensitivity. The loss in the
dispersive element is, therefore, the central problem in high
sensitivity detection. This implies that a longer integration
time must be used, limiting the axial scan rate. Thus, the loss
in the dispersive element creates a tradeoff between the sen-
sitivity and scan rate. Increasing the laser power is not an
attractive solution because it can cause damage to the
tissue12 or unwanted nonlinear signal distortion.

Our approach is different from previously demonstrated
dispersive Fourier-domain OCT �Ref. 11� and OFDR �Ref.
10� through the use of internal amplification in the dispersive
element. By compensating for the loss in the dispersive ele-
ment, it overcomes the tradeoff between the detection sensi-
tivity �and hence the imaging depth� and acquisition speed.
For optimum performance, we perform this function in the
sample arm of the Michelson interferometer �Fig. 1� in order
to increase the strength of the signal reflected from the
sample. This enhances the interference contrast in the inter-
ference fringe that is otherwise buried in detector noise and,
hence, improves the imaging sensitivity. Distributed amplifi-
cation during the process of the dispersive FT has previously
been used to demonstrate real-time spectroscopy.8,9

The desirable features for a dispersive element are high
total dispersion, low loss, large optical bandwidth, smooth
dispersion over the bandwidth, and commercial availability.
Dispersion compensation fiber �DCF� offers an optimum
combination of these parameters and is our preferred choice.
While the loss can also be compensated by discrete optical
amplifiers such as erbium-doped fiber amplifiers or evena�Electronic mail: goda@ee.ucla.edu.
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semiconductor optical amplifiers, distributed Raman amplifi-
cation within the dispersive DCF is superior because it main-
tains a relatively constant signal level throughout the FT pro-
cess. This important property maximizes the signal-to-noise-
and-distortion ratio by keeping the signal power away from
low power �noisy� and high power �nonlinear� regimes. In-
cidentally, this advantage of distributed Raman amplification
over discrete amplification is known in long haul fiber optic
communication links.13

Our Raman-amplified dispersive FT reflectometer is dif-
ferent from previously demonstrated techniques for improv-
ing the sensitivity of OCT by optical postamplification of
sample reflections14,15 through �1� the use of dispersive FT
and �2� the use of distributed Raman amplification as op-
posed to discrete semiconductor optical amplifiers. In addi-
tion to a lower noise figure, Raman amplification also has a
more flexible gain spectrum than semiconductor amplifiers
or erbium-doped fiber amplifiers: in an amorphous medium
such as glass, it is naturally broadband. The gain spectrum
can be further broadened by using multiwavelength pump
lasers, and, surprisingly but fortuitously, extremely broad-
band gain spectra can be realized using incoherent pump
sources.9 This is highly desirable because a large optical
bandwidth results in high axial image resolution in OCT and
OFDR. Raman-amplified dispersive elements also eliminate
the need for a high power source.

The schematic of the Raman-amplified reflectometer is
shown in Fig. 1. The optical source is a mode-locked femto-
second laser �Precision Photonics� with a 36.6 MHz repeti-
tion rate. It is filtered and amplified by an erbium-doped fiber
amplifier �PriTel�, producing the spectrum shown in Fig. 2.
Pulses with a 2.7 kW peak power and a 150 fs pulse duration
are injected into the Michelson interferometer where the ref-
erence and a sample arms contain a mirror and a sample at
their ends, respectively. Each arm has a DCF module with an
equal round-trip dispersion of −1316 ps /nm and loss of
7.6 dB. The DCF performs dispersive FT to map the spec-
trum to a temporal waveform. The equal dispersion balances
the dispersive FTs in the arms. The reflections from the
sample and mirror interfere at the 50 /50 fiber coupler, result-
ing in a spectral fringe in which the depth profile of the
sample is encoded. A variable attenuator and a polarization
controller are used in the reference arm to optimize the spec-
tral interference formed by the reflections from the sample
and reference arms. The mirror in the reference arm is placed
on a translation stage with a micrometer actuator to adjust
the time delay between the return pulses in the sample and
reference arms. Distributed Raman amplification is imple-
mented in the DCF by pumping it with two 98.5 mW diode

lasers with center wavelengths of 1470 and 1480 nm. The
Raman pumps used to pump the DCF module are diode la-
sers �Furukawa� designed for distributed Raman amplifica-
tion in telecommunications systems. Based on the group-
velocity dispersion of −1316 ps /nm and the digitizer
sampling rate of 50 GS /s, the spectral resolution of the
Raman-amplified reflectometer is found to be ��=30.4 pm
�assuming that at least two sampling points are required to
resolve spectra�, which corresponds to a depth range of
20.6 mm in air. The interferometer output is detected by an
ac-coupled AD-50ir amplified photodetector �Newport� with
50 ps response time and is captured with a 50 GS /s real-time
DPO71604 digitizer �Tektronix� with a 16 GHz bandwidth.
Inverse FT is performed on the digitizer output to map the
time-domain waveform into the depth profile. The axial scan
rate is equivalent to the repetition rate of the laser
�36.6 MHz�, which is the highest axial scan speed ever re-
ported in OFDR and OCT. It is two orders of magnitude
faster than conventional OFDR �Ref. 16� and OCT.4

The basic performance of the Raman-amplified reflecto-
meter is shown in Fig. 2. Single-shot OCT point spread func-
tions with a mirror in the sample arm at various imaging
depths are evident in the figure. In this proof-of-principle
demonstration, the axial resolution �227 �m� is limited by
the modest bandwidth of the source �15 nm� centered at
1583.8 nm, but we emphasize that this is not an inherent
limitation of the technique and can be significantly improved

FIG. 1. �Color online� Schematic of the experimental
Raman-amplified dispersive Fourier-transform reflecto-
meter. WDM: wavelength-division multiplexer; DCF:
dispersion compensation fiber; FC: fiber collimator.
Each interferometer arm has a DCF module with equal
round-trip dispersion of −1316 ps /nm and loss of
7.6 dB. Dispersive FT is performed in the DCF of each
arm, mapping the spectrum into a temporal waveform.
During the dispersive Fourier transformation in the
sample arm, distributed Raman amplification is imple-
mented by pumping it with two diode lasers. The Ra-
man pumps are injected into and removed from the
DCF by the WDMs. Inverse FT is performed on the
digitizer output to map the temporal waveform into the
depth profile.

FIG. 2. �Color online� Basic performance of the Raman-amplified reflecto-
meter showing the spectrum of the optical source and single-shot point
spread functions at various imaging depths. After filtering and amplification,
a spectrum centered at 1583.8 nm with a full width at half maximum band-
width of 15.0 nm is obtained. The axial resolution �227 �m� is limited by
the modest bandwidth of the source �15.0 nm� centered at 1583.8 nm in this
proof-of-principle demonstration.
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using a supercontinuum source with a much broader band-
width. To avoid temporal pulse overlap—after dispersion—
this will require a proportional reduction in the pulse repeti-
tion rate. As an example, a source with a 150 nm bandwidth
will give an axial resolution of 22.7 �m �with a theoretical
limit of 7.4 �m� while still achieving an axial scan rate of
3.66 MHz.

Figure 3 shows the single-shot spectrum of an interfer-
ometer output pulse �with and without the Raman amplifica-
tion� encoded using a sample with multiple reflecting layers.
The sample consists of a weakly reflecting transparent thin
film and a weakly reflecting mirror that is located 2.5 mm
apart from the film. The incident light is focused onto the
film so that the mirror reflection coupled back into the fiber
is about −60 dB of the light incident on it. The amplification
scheme utilizes two diode lasers to create Raman gain across
the signal bandwidth, as described above. The amplification
improves the fringe visibility of the interferometer, which is
otherwise buried in noise.

Figure 4 shows the depth profile obtained by performing
inverse FT on the pulse in Fig. 3. The depth profile, which is
otherwise buried in detector noise �hence, invisible�, be-
comes visible due to the amplification. Although signals in
both directions �to and from the sample� pass through the
amplifier, only the return signal is effectively amplified—the
incident signal is not amplified significantly because its peak
power is much larger than the pump power supplied to the
Raman amplifier.

In conclusion, we have demonstrated improved sensitiv-
ity by using distributed Raman postamplification of the re-
flection from the sample in dispersive FT reflectometry to
overcome the fundamental tradeoff between dispersion and

loss. The Raman postamplification brings the system closer
to the shot noise limit. Raman-amplified reflectometry can be
extended to any wavelength band where dispersive elements
and Raman pump lasers are available. Balanced detection4

can also be incorporated into Raman-amplified OFDR and
OCT to further increase the detection sensitivity. The sensi-
tivity can also be improved by multishot time-integrated de-
tection and averaging. While the sensitivity enhancement
factor is moderate in this proof-of-principle demonstration,
the use of more powerful Raman pumps or a fiber with
higher Raman gain coefficient can enhance the sensitivity
significantly.
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FIG. 3. �Color online� Single-shot interference spectrum measured on a
digital oscilloscope, with and without the Raman amplification. The sample
is a partial reflector with two layers �both with about −60 dB reflectivity� at
imaging depths of 6.6 and 9.1 mm. The spectrum is mapped into the time-
domain waveform by the dispersive FT. Raman amplification improves the
fringe visibility, which is otherwise invisible. The spikes at 13 ns are due to
the reflection of the input beam from the 50 /50 fiber coupler without going
into the interferometer and are removed from the spectra before inverse FT.
The calibrated wavelength axis is shown above the figure.

FIG. 4. �Color online� Depth profile of the sample obtained by performing
inverse FT on the pulses in Fig. 3. The depth profile only becomes visible
with the Raman amplification.
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