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Low-noise broadband light generation from optical
fibers for use in high-resolution optical

coherence tomography

Yimin Wang, Ivan Tomov, J. Stuart Nelson, and Zhongping Chen
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Broadband light generation from a single-mode optical fiber was developed for high-resolution optical coher-
ence tomography (OCT). No noise amplification was observed for light broadened by self-phase modulation.
The investigation showed that the intensity noise of light broadened by self-phase modulation in a single-mode
optical fiber was much lower than that of continuum light from a microstructure fiber (MSF). The spectral
width of a femtosecond input laser pulse was successfully broadened by a factor of 11, and a coherence length
of 3.7 �m was achieved with this source. The application of light broadened by a single-mode optical fiber and
MSF was compared for use in OCT imaging. The results showed that a single-mode fiber with a small core
diameter is a useful way to generate low-noise, broadband light for high-resolution OCT imaging. © 2005 Op-
tical Society of America

OCIS codes: 110.4500, 170.1650, 060.5060.
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. INTRODUCTION
ptical coherence tomography (OCT) can be used to per-

orm in vivo, high-resolution cross-sectional imaging of
icrostructures in transparent as well as turbid biologi-

al tissues.1,2 Longitudinal resolution, governed by the
ource coherence length, is inversely proportional to the
ight source bandwidth. Superluminescent diodes (SLDs)
re often used for OCT imaging and typically have
0–15 �m longitudinal resolution.3 However, achieving
ast imaging speed with a high signal-to-noise ratio (SNR)
equires more than the milliwatt-level power typically
vailable from SLDs. Additionally, the limited optical
andwidth of SLDs precludes imaging on a cellular level.
A Kerr-lens mode-locked Ti:sapphire laser, optimized

or a short coherence length, was demonstrated to achieve
ub-2-�m longitudinal resolution.4 Although cellular
esolution imaging was obtained, this source is not widely
vailable due to its inherent complexity. Moreover, the
avelength-dependent penetration depth and group-
elocity dispersion (GVD) in biological tissues require
CT light sources at wavelengths, such as 1.35 and
.0 �m,6 different from that of the Ti:sapphire laser.
Recently, there has been great interest in broadband

ight generation from nonlinear optical fibers. With a
ighly nonlinear material-doped optical fiber, high-
esolution OCT was achieved by broadband light
eneration.7,8 With stimulated Raman scattering (SRS),
roadband light was generated at a wavelength of
.55 �m using erbium-doped fibers.9 However, the broad-
and SRS output had a white amplitude noise. Highly
onlinear microstructure fibers (MSFs) can generate an
1084-7529/05/081492-8/$15.00 © 2
xtremely broadband continuum light spectrum from the
isible �800 nm� to the near infrared �1.6 �m� by using
ow-energy femtosecond (fs) pulses.10 This is achieved be-
ause of the waveguide dispersion characteristics of the fi-
ers, which shift the zero-dispersion wavelength to
horter wavelengths, and the small core diameters, which
rovide tight mode confinement. An OCT system with a
ongitudinal resolution of 2.5 �m using a MSF source has
een reported.11 However, continuum light from a MSF
xhibits a highly complicated structure that is extremely
ensitive to input pulse energy, which results in a poor
NR.12,13 This sensitivity to input fluctuations could limit
he potential utility of MSFs for imaging applications
uch as OCT.

In a low-coherence interferometer, reflection sensitivity
s limited by the intensity noise associated with low-
oherence sources. In OCT, the SNR can be expressed as14

SNR =
2R2PrefPdut

4kT�f/Reff + 2qRPref�f + �RIN�R2Pref
2 �f

, �1�

here Reff and �f are the effective noise resistance and
etection bandwidth, respectively, of the receiver. Pdut
nd Pref are the detected powers from the sample and ref-
rence arms, and R is the responsivity of the photodetec-
or. The three terms in the denominator represent the re-
eiver noise, shot noise, and relative intensity noise (RIN)
ontributions. Equation (1) shows that the SNR of OCT is
nversely proportional to the source RIN and the detec-
ion bandwidth �f. In OCT, the detected signal bandwidth
s proportional to the image acquisition rate and source
andwidth. Improved OCT imaging speed and resolution
005 Optical Society of America
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ill increase �f and, conversely, decrease the system
NR. Therefore, to obtain high-resolution, fast-speed
CT, a low-RIN light source is required to achieve a high
NR. Herein, we present our investigation of broadband

ight generation for high-resolution OCT by using self-
hase modulation (SPM) in a single-mode optical fiber.
ur investigation shows that the intensity noise level of

ight broadened by SPM in fibers is much lower than that
f the light from a MSF. A longitudinal resolution of
.7 �m is achieved with this source.

. ANALYSIS
he evolution of an optical pulse in a single-mode fiber
an be described by the dimensionless nonlinear
chrödinger equation,15 which includes the effects of SPM
nd GVD:

i
�V

��z/z0�
=

�

4
� �2V

��t/t0�2 + 2�V�2V� , �2�

here the complex variable V is pulse amplitude. High-
rder nonlinear terms, such as SRS, are not considered in
q. (2). The time variable t is a retarded time and is de-
ned such that, for any distance z along the fiber, the cen-
er of the pulses is at t=0. The normalized length z0 is de-
ned by

z0 = 0.322
�2c2�0

2

�D�����
, �3�

here �0 is the intensity FWHM of the input pulse, D���
s the GVD in dimensionless units, c is the velocity of
ight, and � is the vacuum wavelength. Numerical solu-
ions of Eq. (2) are obtained and shown in Fig. 1 for the
ulse output spectrum after light propagation through a
ingle-mode optical fiber. The input pulse duration is
00 fs. After the output laser pulse passes through an
0 cm long optical fiber, the pulse duration is broadened
o 5 ps.

As the pulse propagates through the fiber, the fiber re-
ractive index n is related to light intensity I owing to the
err effect, which can be expressed as n=n0+n2I. The
onlinear refractive index n2 will introduce an additional
hase shift �� to the input light, which can be expressed
s ��=2�n2Il /�0, where l is the fiber length. Thus, for ul-

ig. 1. Input and output spectra of an ultrashort laser pulse
roadened by SPM. The laser wavelength is 800 nm, pulse dura-
ion is 100 fs, and pulse energy is 5 nJ. The fiber length is 80 cm
ith a mode field diameter of 3.3 �m. The fiber GVD is
0 fs2/mm.
rashort pulses passing through a nonlinear optical fiber,
he rapid intensity variation dI /dt will introduce a rapid
hase shift:

�����

�t
=

2�

�0
n2l

�I

�t
, �4�

hich is equivalent to a frequency shift with the expres-
ion �	=−����� /�t. Thus, the steep leading and trailing
dges of the laser pulse generate additional frequencies
hrough the nonlinear index of the fiber.16 The resulting
roadening of the spectral width can be seen in Fig. 1,
here the solid and dashed curves show the output and

nput spectra, respectively. Because the new frequencies
re primarily generated at the leading and trailing edges
f the laser pulse, the output spectrum is symmetric. It
an be seen that the spectrum broadened by SPM was
mooth compared with the continuum light generated
rom MSF as shown in Fig. 3 in Ref. 13.

Noise in the wideband light from an optical fiber can be
haracterized by the RIN measured on a photodetector,
hich is related to the fluctuations of the input pulse en-
rgy. To the first order, the RIN of light from an optical
ber can be written as the product of the laser RIN and a
onlinear amplification factor.12 The smooth spectrum
tructure in Fig. 1 indicates that the output spectrum
roadened by SPM has low spectrum fluctuations and
hat the intensity noise level of the input laser would not
e significantly amplified.

. EXPERIMENT
n our experiment, a single-mode optical fiber (F-SPV,
ewport) was employed for the investigation of broad-
and light generation. The fiber length was 70 cm with a
ode field diameter of 3.2 �m. With a small core diam-

ter, light can be confined in a small area for high light
ntensity, which increases nonlinear broadening. The
umping source for continuum generation was a self-
ode-locked Ti:sapphire laser. The total output power of

he laser was greater than 700 mW, with a pulse duration
f 110 fs and repetition rate of 76 MHz. The laser output
avelength was 803 nm. The laser beam was then

oupled into the single-mode fiber after it passed through
Faraday isolator to prevent interference of backreflected

ight with the mode locking, as shown in Fig. 2. The focus
ength of the coupling lens L1 was 6 mm, and the beam
iameter was 1.0 mm before L1.
The spectrum of light was broadened when the light

ropagated through the fiber because of SPM. The broad-
and output of light was collimated by a 4.5 mm focal-
ength lens L2. The output spectrum was broadened
radually as the laser intensity increased. In Fig. 3(a) the
utput spectrum width varied as the pump power in-
reased. It can be seen that increasing the pump power
nhances broadband light generation. When the input
ower was 700 mW, the output light spectrum was broad-
ned to a FWHM of 90 nm. Broadband light generation
rom 730 to 880 nm was observed from the fiber, as shown
n Fig. 3(b) by the solid line. The central wavelength was
09 nm. The dashed curve in Fig. 3(b) shows the input
pectrum with a FWHM of 8 nm. Note that the output
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pectrum was successfully broadened by a factor of 11.
he total output power from the optical fiber can be as
igh as 350 mW. The influence of fiber length on broad-
and light generation was also investigated. In this ex-
eriment, a different type of small-core optical fiber was
sed (FS-PM-4611). The output spectra for different fiber

engths were recorded, as shown in Fig. 4. When the fiber
ength was shorter than 53 cm, the output spectrum
idth was gradually broadened with increasing fiber

ength. When the fiber length was increased from
3 to 200 cm, the spectrum width did not increase fur-
her. However, the spectrum became smooth.

The intensity noise of the broadband light was mea-
ured by an electrical spectrum analyzer (HP 8560E), as

ig. 2. Diagram of broadband light generation through optical
ber. WP, waveplate; PD, photodetector; OSA, optical spectrum
nalyzer; ESA, electrical spectrum analyzer; AC, autocorrelator;
F, optical fiber; AT, attenuator; L1, L2, optical lenses; M1, M2,
irrors.

ig. 3. (a) Output spectrum width with increasing of pump
ower. (b) Input–output spectra; the dashed and solid curves, the
nput and output spectra, respectively.
hown in Fig. 5(a) by the solid curve. The dashed curve in
ig. 5(a) shows the intensity noise of the pump laser. A
eutral-density attenuator was used to keep the same
0 mW light power onto the photodetector without focus-
ng for both measurements. The bandwidth of our detec-
or was 200 kHz (New Focus, 2001). Note that the noise
evel of light from the optical fiber is identical to that from
he laser. The measured intensity noises of the laser and
roadened light from the fiber were −112 and
114 dBm/Hz at 100 kHz, respectively. No noise amplifi-
ation was observed. This is in contrast to the supercon-
inuum generation from MSF, which is extremely sensi-
ive to initial pulse energy.13,17 An increase of 0.1% in the
ulse energy can dramatically change the fine structure
f the output spectrum from a MSF. In our previous ex-
eriment, we obtained continuum light generation from
00 to 1400 nm using a MSF.18 In order to compare the
oise between a single-mode fiber and MSF, we also mea-
ured the noise level of continuum light from a MSF as
hown in Fig. 5(b). The solid curve shows the intensity
oise from the MSF. The dashed curve shows the inten-
ity noise from the pump laser. An attenuator was used to
eep the same 20 mW light power from both the MSF and
he pump laser for the measurements. Note that there is
hite amplitude noise at a level about 10 dB higher than

hat of the pump laser. The measured intensity noise of
ight from the MSF was −102 dBm/Hz at 100 kHz. This
ncrease resulted from nonlinear amplification of the in-
ensity noise of the input light by the MSF12 due to com-
lex nonlinear procedures that included SRS, four-wave
ixing, and SPM. As light power onto the photodetector

ncreased, we observed an increase in the intensity noise.
hus, increasing the light power from the MSF will not

ncrease the SNR of the OCT system. However, for light
roadened by the SPM in a single-mode fiber, no noise
mplification was observed with different pump powers.
To demonstrate the application of broadband light from
single-mode fiber for high-resolution OCT, we measured

he coherence function of the broadened spectrum shown

ig. 4. Output spectra for different fiber lengths. (a) 23 cm, (b)
3 cm, (c) 53 cm, (d) 200 cm. This fiber is different from the
mall-core fiber for Fig. 3.
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n Fig. 3(b). To overcome the bandpass limitation in fiber-
ased OCT systems, we designed and constructed an
pen-air, high-resolution OCT system as shown in Fig. 6.
pair of prisms made of fused silica glass was chosen to

alance the GVD of the two arms of the interferometer. A
eutral-density filter was inserted into the reference arm
o decrease the intensity and reduce background noise.
oth an objective lens and a rectangular prism were
ounted on a voice coil translation stage to track dy-
amic focusing during longitudinal scanning to keep a
ero path-length difference in the focus region between
he reference and sampling arms.19 This made it possible
o increase imaging depth with constant high lateral reso-
ution. The baseplate was mounted on a stage for lateral
canning. In the experiment, the high-resolution OCT
ystem was optimized to support a 3.7 �m longitudinal
esolution with broadband light from optical fiber, as
hown in Fig. 7(a). Considering the refractive index of tis-
ue (1.35), the corresponding resolution is 2.7 �m in tis-
ue. The FWHM of the coherent function of the input
ight with a spectrum shown as the dashed curve in Fig.

Fig. 5. Intensity noise of light
(b) was about 35 �m, as shown in Fig. 7(b). Thus, OCT
esolution was enhanced.

With a fast Fourier transform (FFT) of the interference
ringe, the dynamic range of the OCT system can be ana-
yzed. In Fig. 8, the dynamic range of the interference
ringe in Fig. 7(a) was analyzed by FFT. The result
howed that the dynamic range of the OCT system with
roadband light broadened by SPM was about 50 dB. In
ig. 5, we showed that the light from a MSF has a high

ntensity noise. To compare the influence of noise from a
PM light source with a MSF source on OCT, continuum

ight from a MSF was generated. The pumping source for
he MSF was the same Ti:sapphire laser used in the first
xperiment. The total output laser power was about
00 mW, with a pulse duration of 110 fs. To get con-
inuum light generation from a MSF fiber, the pump laser
avelength must be set near the zero-dispersion wave-

ength of the MSF. Thus, the laser output wavelength was
djusted to 780 nm, which was near the zero-dispersion
avelength of our MSF. The laser beam was then coupled

nto the MSF after it passed through the Faraday isolator

(a) single-mode fiber, (b) MSF.
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nd � /2 wave plate. The focal length of the coupling lens
1 was 6.0 mm. A half-wave plate after the Faraday iso-

ator was used to adjust the polarization state of the light
nput to the fiber to optimize the spectrum. Continuum
ight generation from 400 to 1400 nm was observed from

ig. 6. Schematic of the ultrahigh-resolution OCT system: M3,
ideband cube beam splitter; M1, M2, M4, and M5, silver mirrors;
1, long-pass filter; L1, coupling lens; L2, collimated lens; L3, ob-

ective lens; P, rectangular prism; D, InGaAs detector; F2,
eutral-density filter; OF, optical fiber; FS, fused-silica prisms.

ig. 7. (a) Interference fringe of light broadened by SPM. (b) In-
erference fringe of the input laser.
he fiber. A long-pass filter F1 was used to block all light
ith wavelengths shorter than 800 nm. The output spec-

rum ranging from 800 to 1430 nm from the fiber is
hown in Fig. 9 after a long-pass filter. The total output
ower from the MSF could be as high as 100 mW, and the
emaining power was approximately 50 mW after the fil-
er. In the experiment, the ultrahigh-resolution OCT sys-
em was optimized to support a 1.8 �m longitudinal reso-
ution in free space at a center wavelength of 1.1 �m.
igure 10(a) shows the interference fringe with a silver
irror as the sample. Considering the refractive index of

issue, the corresponding resolution is 1.3 �m in tissue.
ecause the spectrum from the MSF is not perfectly
aussian shaped, sidelobes in the interferometeric auto-

orrelation are visible. The dynamic range of the interfer-
nce fringe is analyzed by the FFT and shown in Fig.
0(b). It can be seen that the dynamic range is about
5 dB, which is 15 dB lower than the SPM source dy-
amic range as shown in Fig. 8. Therefore, with a MSF

ight source, the OCT system dynamic range is decreased
reatly compared with that from a SPM light source be-
ause of its high intensity noise, although it has higher
xial resolution.
The lateral resolution of our OCT system was 4 �m,

hich was determined by the achromatic lens. The feasi-
ility of high-resolution imaging was demonstrated in bio-
ogical tissues by using a New Zealand white rabbit eye.

Fig. 8. FFT of the interference fringe in Fig. 7(a).

ig. 9. Broadband light generation from a MSF after a long-
ass filter.
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igure 11(a) shows an in vitro OCT image of the rabbit
ornea with the SPM light source shown in Fig. 3(b). The
ncident power of the system was 20 mW. The voice coil
tage was scanned at a speed of 20 mm/s at a repetition
ate of 5 Hz. The image size is 1.3 mm
1.0 mm at
.7 �m
4 �m �longitudinal
 lateral� resolution. The
alibrated thickness of the epithelium is 47 �m. Figure
1(b) shows an in vitro OCT image of the rabbit cornea
ith the MSF light source shown in Fig. 9. The voice coil

tage was scanned at a speed of 4 mm/s at a repetition
ate of 1 Hz. The image size is 1.3 mm
1.0 mm at
.3 �m
4 �m �longitudinal
 lateral� resolution. Be-
ause the rabbit eye was kept in liquid over night, the cor-
eal stroma was thicker than that shown in Fig. 11(a) as
result of tissue hydration. It can be seen from the image

n Fig. 11(b) that there is a background noise distribution
hat is much higher than that of Fig. 11(a). This high
ackground noise is due to the intensity noise of the MSF
ight source. With faster imaging speed, image quality
as decreased. Therefore, with a MSF light source, OCT

maging speed is limited, and the system dynamic range
s low even at a slower imaging speed.

The imaging abilities of SPM and MSF sources for
ighly scattering biological tissue were compared in Fig.
2. In Fig. 12(a), a human nail bed was imaged in vivo
ith broadband light from the single-mode fiber. The im-
ge size was 1.5 mm
1.5 mm. The tissue structure can
e seen clearly. In Fig. 12(b), the same sample was im-
ged by the continuum light from a MSF. The image size
as 1.5 mm
1.5 mm. Compared with Fig. 12(a), it can be

een that the area marked A in Fig. 12(b) is not as clear as
hat area in Fig. 12(a). It is hard to see the nail plate and
ail matrix under the proximal nail fold. At the same
ime, the imaging depth of Fig. 12(b) is not as deep as in
ig. 12(a). In Fig. 12(b), the center wavelength of the light
ource was at 1.1 �m. According to a previous report,5

ig. 10. (a) Interference signal at the detector with a MSF light
ource. (b) FFT of the interference fringe as shown in (a).
ig. 11. High-resolution OCT imaging of the rabbit cornea. Ep,
pithelium; En, endothelium; CS, corneal stroma. (a) Imaging by
SPM light source. (b) Imaging by a MSF light source.
ig. 12. High-resolution OCT imaging of a human nail bed. NP,
ail plate; NM, nail matrix; PNF, proximal nail fold. (a) Imaging
y a SPM light source. (b) Imaging by a MSF light source.
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ear-infrared light should penetrate more deeply into
ighly scattering tissue than 800 nm light. Thus, this ex-
eriment shows that a MSF source is not suitable for OCT
maging of highly scattering tissue because of its high in-
ensity noise.

Researchers routinely use dual-balanced detection to
educe the influence of the source intensity noise to get
igh system SNR. This technique has also been used for
he high-resolution OCT system with a MSF source. With
alance detection, the reported OCT system sensitivity
as 94 dB with longitudinal resolution of 2 �m with a
SF source.11 However, with a broadband self-mode-

ocked laser as the light source, the OCT system sensitiv-
ty can achieve 110 dB with resolution of �1 �m with bal-
nce detection.4 Both of these results were reported by
he same group at MIT with the same OCT configuration.
t can be seen that with a MSF and a fs laser source, there
s a system SNR difference of 16 dB, which coincides with
he result measured in this paper. The dynamic range
hown in Fig. 8 with a SPM source is 15 dB higher than
hat with a MSF source as shown in Fig. 10(b). In our ex-
eriment, we observed that the intensity noise of a SPM
ource is the same as that of the fs laser. Therefore, with
alance detection, the decrease in SNR resulting from the
igh intensity noise from MSF cannot be reversed.
To get continuum light generation from a MSF fiber,

he pump laser wavelength must be set close to the zero-
ispersion wavelength of the MSF. At the same time, the
utput spectrum is very sensitive to the input polariza-
ion state. The stability of the MSF source is limited be-
ause of the special requirement of the pump wavelength
nd polarization state. However, with a SPM source,
here is no special requirement regarding the pump wave-
ength and polarization state. It is easy to generate a
roadband light with a stable spectrum for OCT applica-
ion. Moreover, with a different fs pump laser, SPM has
he flexibility to produce broadband light sources at dif-
erent wavelengths. For example, with a fs 1.3 �m laser
ulse to pump a piece of dispersion-shifted fiber, a wide-
and light spectrum with a FWHM of 120 nm was gener-
ted at 1.3 �m by SPM several years ago.20 The system
esolution was improved to 6 �m, and the measured SNR
f the OCT system was 115 dB with this SPM source.

. SUMMARY
n summary, broadband light generation from a single-
ode optical fiber was evaluated. No noise amplification
as observed for light broadened by SPM in a single-
ode optical fiber. The investigation showed that the in-

ensity noise of light broadened by SPM in a single-mode
ber was much lower than that of light from a MSF. The
oherence length of a fs laser was successfully shortened
rom 35 to 3.7 �m after propagation through a small-
ore-diameter optical fiber. High-resolution OCT imaging
as demonstrated. The imaging ability of light broadened
y a single-mode fiber and a MSF were compared. The re-
ults show that the application of a MSF is limited for
ighly scattering biological tissue. It is also not suitable
or high-speed imaging applications because of its high in-
ensity noise, although it has high axial resolution. A com-
arative study shows that a low-intensity-noise light
ource is very important for fast-speed, high-resolution
CT. Our investigation showed that a single-mode fiber
ith a small core diameter is a useful way to significantly
roaden relatively low-bandwidth pulses from a fs laser to
et low-noise, reliable broadband light for high-resolution
CT imaging.
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