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A new optical coherence tomography system using a wavelength-scanning laser source is presented. The 
system has the advantage that the depth resolution can be controlled by the scanning range. In general, 
rapid scanning of the wavelength varies the output power of the laser source, and it is difflcult to detect a 
weak signal of reflected light from the scattering object. By synchronizing the intensity-integrated detector 
with the variation, the dynamic range of the detection has been improved. To confirm the performance, 
tomographic imaging of biological tissues is demonstrated. 
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1. Introduction 

Non-invasive techniques like X-ray computed 
tomography, magnetic resonance imaging or positron 
emission tomography have been developed, each of 
which has different advantages and limitations in clinical 
applications. In modern medicine diagnosis during a regu-
lar medical checkup to identify a disease in an early stage 

has become more important than the expensive treat-
ment of an advanced illness. In recent years several so-
called optical coherence tomography (OCT) methods 
have been investigated for imaging inner structures of 
biomedical tissues, based on the probe light being safe 
for living tissues in comparison with ionizing radiation 
such as X-rays and y-rays. The OCT techniques detect a 
reflectance in the tissues from the intensity of reflected 
ballistic light. However, there are dif~culties since a high 

dynamic range is required to detect the ballistic light be-

cause many biomedical tissues act highly scattering and 
the light intensity is usually weak even if near-infrared 
light is used. 

There are two techniques to extract the depth informa-
tion together with the reflectance: optical frequency 
domain reflectometry (OFDR)1-8) and optical coherence 
domain reflectometry (OCDR).9-18) Both are based on an 
interferometry that yields a high depth resolution. OFDR 

uses a narrow band source swept continuously over a 
wide optical frequency and the optical path difference in 
the interferometer is addressed in beat frequencies of the 

interference intensity. The power spectrum of the beat 
signal thus provides the reflectance distribution along 
the depth direction in the object. The depth resolution is 

inversely proportional to the sweeping range. In this 
method of sweeping the optical frequency, however, it is 
difiicult to obtain high depth resolution because of mode-

hopping and power variation of the laser source. OCDR 
extracts the depth information, whose position is 

balanced with the reference arm length in the interferom-
eter, by utilizing a coherence gate of a broad bandwidth 
source such as superluminescent diodes or femtosecond 
pulse lasers. For example, femtosecond pulse laser tech-
nology has the depth resolution of one micrometer.12) 
This resolution cannot be controlled, however, because 
the gate-width of the coherence function is determined 
by the bandwidth of the light source. 

In tomographic imaging it is important that the depth 
resolution can be adjusted to detect weak ballistic light 
with high einciency. Synthesis of the optical coherence 
function makes it possible to control the depth resolu-
tion. Several methods of synthesizing this function have 
been proposedl5-18). in this study, we use high-speed and 

linear wavelength-scanning of the laser source. In the 
scanning method the most serious problem is the power 
variation of the light source. To overcome this, a new 
OCT system synchronizing the integration detector of in-
tensity with a wavelength-scanner is presented, and 
tomographic imaging for biological tissue is then real-
ized. 

2. Principle of OCT hnaging 

To extract the reflectance information at a certain 
depth in an object, most OCT systems utilize a 
Michelson interferometer as shown in Fig. 1. The light is 

divided into two beams by a beam splitter, and il-
luminates simultaneously both a reference mirror and an 
object. The reference beam is reflected by the reference 
mirror, and the object beam is reflected by a plane of an 
amplitude reflectance r*(z +Az) at the depth z +AZ from 
the object surface. Here, z is the position balanced with 
the reference mirror and Az is the deviation from the 
balanced position. These two reflected beams are super-
posed on the beam splitter and detected at the observa-
tion plane. The object beam has a time delay T=2Az/ c in 
comparison with the reference beam, where c is the light 
speed. The intensity on the observation plane is given by 
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Observation plane 

Fig. 1. Schematic diagram of OCT system. 

I (T) =10 + 2r.(z +Az) I I~T) I cos (27rfT - c.), (1 ) 

where f is the optical frequency, I F(T) I is the coherence 

function, Io is the dc term independent of T and c* is the 

initial phase of the reference beam. The interference 
term contains information on reflectance distribution 
rs(z). If the reflectance r*(z) is distributed along the depth 

direction, the equation is transformed by a convolution in-

tegral of the reflectance function with the coherence func-

tion. Therefore, the coherence function I r(T) I acts as a 
window function for the distribution rs(z) . 

As a light source, Iet us use a wavelength-scanning 
laser source, whose scanning speed is sufficiently rapid. 

We assume that average power within the response time 
of the detector to be used has a rectangular spectrum as 

( , ) f - fc 

S( f ) = rect A f (2) 
where f* and Af are the center frequency and the 
bandwidth of the scanning, respectively. By Wiener-
Khinchine's theorem, the normalized coherence function 
is given by 

I F(T) I = I sinc(AfT) [ . (3) 
Io 

As seen from Fig. 2, the coherence length is 

cT. - A f ' (4) 
where Tc is the coherence time. The coherence length can 
be controlled by synthesizing many laser beams of differ-
ent wavelengths. The laser source whose wavelength is 
scanned over a wide bandwidth has a short coherence 
length and its coherence function becomes a delta-func-
tion-1ike shape whose center is T= O or Az = O. Therefore, 
interference intensity gives the reflectance on the plane 
of the depth z. 

Now let the reference beam be phase-modulated in 
time. Since the initial phase is time-varying as c*(t), the 
interference intensity is also rewritten by a time-depen-
dent function as 
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I r( ~ )1/1. 

l 

Fig. 2. 

O ~c T 

Coherence function of rectangular spectrum. 

I (t) =10 + 2l~(z) I F(T) I cos [2ltfcT ~ c'(t)]. (5) 

The reflectance information is contained within the am-
plitude of temporally fluctuating intensity. The ampli-
tude can be evaluated by the variance or the 2nd order 
moment. When cr(t) is linearly modulated in time, the 
time-averaged moment M is 

M= <(1(t)02 Io)2> 2 1 FJT) 1 2Rs(z), (6) 

where < > means the time-averaging and Rs(z) =rs(z)2 
is the reflectance at a position z. The moment provides 
the reflectance R~(z) at a depth z in the object. If either 

the reference mirror or the object is scanned along the op-

tical axis, the reflectance distribution along the depth 
direction of the object can be obtained. 

3. OCT System with a Wavelength-Scanning Laser 
Source 

3.1 Experimental Setup 
The OCT imaging system which consists of an optical 

system of a Michelson interferometer and a detection sys-
tem of the moment processing has been prepared as sche-
matically shown in Fig. 3. The light is divided into two 
waves whose intensity ratio is adjusted by a I /2-wave 
plate and a polarizing beam splitter. The object- and the 

reference-waves are superposed on a polarizing beam 
splitter, and passed through the spatial filter of the two-

lens imaging system with a pinhole. The superposed 
light is detected by a CCD camera (Hamamatsu Photon-
ics; Model C4880-80, 14 bit). The object is mounted on a 
pulse-motor-driven stage which moves along the optical 
axis with a resolution of 0.5 plm/pulse. The depth to be 
measured is selected by the stage. 

The reference mirror is mounted on a piezoelectric 
transducer (PZT). The applied voltage to the PZT is a 
triangular waveform whose amplitude gives the phase-
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Fig. 4. Phase modulation synchronized with VS signal. 

Fig. 3. OCT imaging system with the optical system of Michelson 
interferometer and the data processing system due to the moment 
method. 
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change of 21T. The phase-modulation is done step by step 
as shown in Fig. 4. By synchronizing the applied voltage 
with the vertical synchronizing signal (VS signaD of the 
CCD camera, the modulated phase is kept at a constant 
value during a frame time. The video signal from the 
CCD camera is stored as 14bit quantization signals over 
N frames. Here the frame number N is an even number. 
Let us define I(~) =1i to the signal of the i-th frame for a 

certain pixel. The 2nd order moment is calculated by 

IN -~] (Ii-Iav')2 

lav*2 

where 

IN I.ve =~~ Ii. (8) Ni=1 

If a large number is selected as N, the averaging is 
sufiicient. 

3.2 Synthesis of the Optical Coherence 
The laser light source (Environmental Optical Sensors; 

Model 2001-ECU) has been developed for rapid scanning 
of laser oscillation frequency. As shown in Fig. 5, the 
light source consists of a laser diode, a grating and a mir-

ror mounted upon a galvanometer (Cambridge Technol-
ogy; Model 6450). The wavelength of laser light is con-
trolled by the rotation-angle of the mirror. The mirror is 
rotated to right and left by the galvanometer, the period 
of which is synchronized by the control signal generated 
by the half period pulse generator. The relation among 
the VS signal, the control signal of the pulse generator, 

applied voltage to the galvanometer and the output 
power is shown in Fig. 6. It is found that, although the 
VS signal of the present CCD camera can be varied from 
an interval of 2.0 s to 20.0 ms, the mirror responds with a 

Laser diode 
Galvanometer 

Mirror 

Laser output 

Fig. 5. 

Grating 

Arrangement of wavelength scanning laser diode. 

sufficient speed. On the other hand, the laser power is va-

ried because the wavelength is scanned widely beyond a 
gain range of laser oscillation. If the periodic variation of 

the power is synchronized with the control signal (or the 

VS signaD, however, the variation is removed by the 
time-integrated intensity during a frame time. The 
power spectrum detected by the CCD camera is shown in 
Fig. 7. The response time of the camera is equal to the 
frame time and the coherence function is accurately syn-
thesized by synchronous detection of the integrated in-
tensity. The depth resolution depends on the bandwidth 
of the light source. As seen in the figure, the bandwidth 
is A~ =37 nm, or Af= 16.5 THz, so the depth resolution 
of the system is very high. The wavelength-scanning 
laser source has a peak gain near the center wavelength 
of 820 nm, while the output power becomes lower at 801 
and 837 nm away from the wavelength. The variation of 
intensity suppresses the sidelobes of coherence function. 

4. Measurements of Physical Objects 

4.1 Performance of the Synthesized Light Source 
The performance of the present system is made evi-

dent by measuring a single reflection plate. The plate has 
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Fig. 6. Relation among the VS signal, the control signal of half 
period pulse generator, applied voltage to galvanometer and output 

power. 
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Fig. 7. Power spectrum of the light source whose wavelength is 
scanned in a frame time. 

been moved along the optical axis by the deviation Az 
from the position z balanced with the reference arm 
length in the interferometer. The normalized moment (or 
variance) of integrated intensity at a certain pixel is 
shown in Fig. 8, which represents the squared coherence 
function as seen from Eq. (6). The full width of the half 

maximum (FWHM) of the coherence function cor-
responds to 10 pm. It is found that the synthesized coher-
ence function is sharp so that the depth resolution of the 
present OCT system is sufiiciently high. If the voltage ap-
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plied to the galvanometer is set to a lower amplitude, the 

scanning range of wavelength becomes narrower with 
decrease of the amplitude, and as a result the depth reso-
lution becomes wider than 10 pm. That is, use of the syn-
thesized light source provides the advantage that the 
depth resolution can be electrically controlled. 

To enlarge a measurable depth range in a scattering 
medium requires a wide dynamic range for detection of 
the reflected interference intensity. As seen from Fig. 8, 

the background level of the empty region is the order of 
10-5, which gives the dynamic range of 50 dB in the sys-
tem . The level is the result of both the power fluctuation 

of the laser source and the sidelobes of the coherence 
function. The rapid wavelength-scanning of the laser 
source causes obstructive periodic variations of the out-

put power. The variance (moment value) due to data-
processing used in the present system is also equivalent 
to the variation strength itself. Therefore, the obstruc-
tive variation of the power yields an undesirable increase 

of background levels . By synchronizing both the scan-
ning and the phase-modulation of the reference light with 

intensity-integration in the CCD camera, however, the 
undesirable variation of the interference intensity is 
sufficiently removed. The sidelobe level of the other fac-

tor depends on the spectral shape of synthesized light. 
For a rectangular spectrum, the sidelobe level is of the 
order of 10-4. As seen in Fig. 7, the spectrum is for-
tunately given by a smooth function, so that it suppresses 

the sidelobe level to one order lower. The dynamic range 
has been improved by working the scanning system and 
the phase-modulation system with the VS signal of the 
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Fig. 9. Structure of the test sample. 

CCD carnera. 
4.2 Reflectance Imaging through Scattering Media 

To confirm the possibility of reflectance measure-
ments through scattering media, the test sample of a mul-
ti-1ayer object has been examined. The sample consists 
of three sheets of adhesive tape closely superposed on a 
glass plate as shown in Fig. 9. The three sheets are 60, 80 

and 60 pm thick and both sides of each sheet are rough 
surfaces. When mean output power of the laser source is 
about 25 mW, the normalized moment of the interfer-
ence intensity at a certain pixel is shown in Fig. 10. 
These peaks A, B, C and D show boundaries between the 
air and the first sheet, between the first and the second 

sheet, between the second and the third sheet and be-
tween the third sheet and the glass plate, respectively. 
Since the refractive index of the sheet is n = 1.5 in the 

present wavelength region, the distance between the 
peaks corresponds to the optical path length 90, 120 and 
90 pm. The peak-height decreases as the position of 
boundaries deepens from the object surface. This means 
that the incident light diffuses and/or reflects at each 
boundary. The last peak D is higher than peak C because 
a normal reflection light due to the smooth surface of the 
glass plate is included in addition to the reflected light 
scattered by the rough surface of the sheet. 

The present system is available for imaging a cross sec-

tion in xy-plane perpendicular to a depth direction both 
by using the CCD camera of an area sensor and by proc-
essing experimental data at each pixel independently. 
Furthermore , the focusing condition of the cross section 
on the observation plane is always satisfied by position-
ing the object with the stage. To investigate the perfor-

mance of the imaging system, tomographic imagings at 
different depths in onion cells were measured as shown 
in Fig. 11. Here, the sizes of all images are 150 x 200 pm 

(300 x 400 pixeD , the frame time of the CCD camera is 
0.812 s and the number of frames is N= 128. So, the data 
required for each image have been stored in frame memo-
ries within a measuring time 104 s. The figure(a) shows 
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Fig. 11. Tomographic images of onion cells: (a) Normal 
microscope-image of the onion cells, (b) Upper surface of onion 
cells, (c) Cross section of 150 pm below the surface, (d) Bottom 
surface of one onion cell located 300 pm below the upper surface. 

the normal microscope-image of the onion cells obtained 
only by the object light. The figures (b),(c) and (d) show 
the upper surface of the onion cells, the cross section of 
150 /am below the surface, and the bottom surface of one 
onion cell located 300pm below the upper surface, 
respectively. As seen from the figure (c), the structure of 

inner cell and the cell wall are clearly imaged. Thus , two-

dimensional tomographic imaging of a depth chosen 
arbitrarily is possible. 
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5. Conclusions 

A new OCT system based on synthesis of the coher-
ence function using a wavelength-scanning laser source 
has been presented. The system can control its depth 
resolution, because the broadness of the synthesized co-
herence function can be arbitrarily selected by changing 

the wavelength-scanning range. The power variation 
caused by the wavelength-scanning has been suppressed 
by synchronously combining the intensity-integration in 
the CCD camera with the periodic variation of the power. 
Consequently, the dynamic range of the moment detec-
tion has been improved. Finally, two-dimensional tomo-
graphic imaging of reflectance in onion cells as the scat-

tering medium has been realized by the CCD camera. 
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