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7) ABSTRACT

The present disclosure relates to a photoacoustic imaging
apparatus. The photoacoustic imaging apparatus includes a
light irradiation unit, a receiving unit, and a processing unit.
The light irradiation unit irradiates an object with first
intensity-modulated light of a first wavelength correspond-
ing to a first coding sequence and second intensity-modu-
lated light of a second wavelength corresponding to a second
coding sequence different from the first coding sequence.
The receiving unit outputs a first signal by receiving pho-
toacoustic waves generated by irradiating the object with the
first and second intensity-modulated light. The processing
unit obtains at least one of a first decoded signal correspond-
ing to the first wavelength and a second decoded signal

A61B 5/145 (2006.01) corresponding to the second wavelength by performing a
A61B 5/00 (2006.01) decoding process on the first signal based on information on
GOIN 29/24 (2006.01) the first and second coding sequences.
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PHOTOACOUSTIC IMAGING APPARATUS,
METHOD FOR ACQUIRING INFORMATION,
AND NON-TRANSITORY
COMPUTER-READABLE MEDIUM

TECHNICAL FIELD

[0001] The present disclosure relates to a photoacoustic
imaging apparatus using a photoacoustic effect.

BACKGROUND ART

[0002] Research on optical imaging apparatuses that apply
light onto an object to image information on the interior of
the object acquired on the basis of the irradiation light is
being actively pursued in the medical field. One of the
optical imaging techniques is photoacoustic tomography
(PAT). In the PAT, light emitted from a light source is applied
to an object, and acoustic waves generated from tissue that
has absorbed the energy of the light propagated and diffused
in the object are detected. The phenomenon of acoustic wave
generation is referred to as a photoacoustic effect, and the
generated acoustic waves are referred to as photoacoustic
waves. The acoustic waves are generally ultrasonic waves.
[0003] PTL 1 discloses irradiation of an object with a
pulse train in which a plurality of pulsed lights are arranged.
PTL 1 also discloses reconstruction of image data based on
photoacoustic waves generated in an object by light irradia-
tion.

CITATION LIST
Patent Literature

[PTL 1]

Japanese Patent Laid-Open No. 2014-39801

SUMMARY OF INVENTION

[0004] In the case of photoacoustic tomography using a
plurality of times of light irradiation, typically, after recep-
tion of photoacoustic waves generated by light irradiation is
completed, the next light irradiation is performed, and
reception of photoacoustic waves that are generated next is
started. However, with this method, the number of times of
light irradiation per unit time is limited. This makes it
difficult to improve the signal-to-noise (S/N) ratios of the
received signals of the photoacoustic waves obtained per
unit time.

Solution to Problem

[0005] The present disclosure improves the S/N ratios of
the received signals of photoacoustic waves obtained per
unit time in a photoacoustic imaging apparatus using pho-
toacoustic waves generated by a plurality of times of light
irradiation.

[0006] The present disclosure provides a photoacoustic
imaging apparatus. The photoacoustic imaging apparatus
includes a light irradiation unit, a receiving unit, and a
processing unit. The light irradiation unit irradiates an object
with first intensity-modulated light of a first wavelength
corresponding to a first coding sequence and second inten-
sity-modulated light of a second wavelength corresponding
to a second coding sequence different from the first coding
sequence. The receiving unit outputs a first signal by receiv-

Aug. 22,2019

ing photoacoustic waves generated by irradiating the object
with the first and second intensity-modulated light. The
processing unit obtains at least one of a first decoded signal
corresponding to the first wavelength and a second decoded
signal corresponding to the second wavelength by perform-
ing a decoding process on the first signal based on infor-
mation on the first and second coding sequences.

[0007] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0008] FIG. 1A is a graph schematically illustrating light
intensity corresponding to a positive coding element and the
received signal of the photoacoustic wave.

[0009] FIG. 1B is a graph schematically illustrating light
intensity corresponding to a negative coding element and the
received signal of the photoacoustic wave.

[0010] FIG. 2A is a graph schematically illustrating light
intensity corresponding to a coding sequence and the
received signal of the photoacoustic wave.

[0011] FIG. 2B is a graph schematically illustrating light
intensity corresponding to a coding sequence and the
received signal of the photoacoustic wave.

[0012] FIG. 2C is a graph schematically illustrating light
intensity corresponding to a coding sequence and the
received signal of the photoacoustic wave.

[0013] FIG. 3 is a block diagram of a photoacoustic
imaging apparatus according to an embodiment of the
present disclosure.

[0014] FIG. 4 is a block diagram illustrating the configu-
ration of a computer and its peripherals according to an
embodiment of the present disclosure.

[0015] FIG. 5A is a graph illustrating a characteristic of a
semiconductor laser.

[0016] FIG. 5B is a graph illustrating a characteristic of
the semiconductor laser.

[0017] FIG. 5C is a graph illustrating a characteristic of
the semiconductor laser.

[0018] FIG. 6A is a graph illustrating a received signal
corresponding to a positive coding element.

[0019] FIG. 6B is a graph illustrating the reception char-
acteristic of a transducer.

[0020] FIG. 6C is a graph illustrating a signal received by
the transducer in FIG. 6B.

[0021] FIG. 7 is a diagram illustrating the sequence of
encoding according to a first embodiment.

[0022] FIG. 8A is a graph illustrating a driving signal
according to the first embodiment.

[0023] FIG. 8B is a graph illustrating a received signal
according to the first embodiment.

[0024] FIG. 8C is a graph illustrating a driving signal
according to the first embodiment.

[0025] FIG. 8D is a graph illustrating a received signal
according to the first embodiment.

[0026] FIG. 9 is a graph illustrating a received signal in
which noise is added according to the first embodiment.
[0027] FIG. 10A is a graph illustrating a driving signal
according to the first embodiment.

[0028] FIG. 10B is a graph illustrating a received signal
according to the first embodiment.

[0029] FIG. 10C is a graph illustrating a driving signal
according to the first embodiment.
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[0030] FIG. 10D is a graph illustrating a received signal
according to the first embodiment.

[0031] FIG. 11 is a graph illustrating another received
signal in which noise is added according to the first embodi-
ment.

[0032] FIG. 12A is a graph illustrating a decoded signal
according to the first embodiment.

[0033] FIG. 12B is a graph illustrating a decoded signal
according to the first embodiment.

[0034] FIG. 12C is a graph illustrating a decoded signal
according to the first embodiment.

[0035] FIG. 13A is a graph illustrating another decoded
signal according to the first embodiment.

[0036] FIG. 13B is a graph illustrating another decoded
signal according to the first embodiment.

[0037] FIG. 13C is a graph illustrating another decoded
signal according to the first embodiment.

[0038] FIG. 14 is a diagram illustrating the configuration
of a driving unit according to the first embodiment.

[0039] FIG. 15 is a block diagram of a photoacoustic
imaging apparatus according to a second embodiment.
[0040] FIG. 16 is a diagram illustrating the sequence of
encoding according to a second embodiment.

[0041] FIG. 17A is a graph illustrating a received signal
according to the second embodiment.

[0042] FIG. 17B is a graph illustrating a received signal
according to the second embodiment.

[0043] FIG. 17C is a graph illustrating a received signal
according to the second embodiment.

[0044] FIG. 17D is a graph illustrating a received signal
according to the second embodiment.

[0045] FIG. 18A is a graph illustrating another received
signal according to the second embodiment.

[0046] FIG. 18B is a graph illustrating another received
signal according to the second embodiment.

[0047] FIG. 18C is a graph illustrating another received
signal according to the second embodiment.

[0048] FIG. 18D is a graph illustrating another received
signal according to the second embodiment.

[0049] FIG. 19A is a graph illustrating another received
signal according to the second embodiment.

[0050] FIG. 19B is a graph illustrating another received
signal according to the second embodiment.

[0051] FIG. 19C is a graph illustrating another received
signal according to the second embodiment.

[0052] FIG. 19D is a graph illustrating another received
signal according to the second embodiment.

[0053] FIG. 20A is a graph illustrating another received
signal according to the second embodiment.

[0054] FIG. 20B is a graph illustrating another received
signal according to the second embodiment.

[0055] FIG. 20C is a graph illustrating another received
signal according to the second embodiment.

[0056] FIG. 20D is a graph illustrating another received
signal according to the second embodiment.

[0057] FIG. 21A is a graph illustrating a decoded signal
according to the second embodiment.

[0058] FIG. 21B is a graph illustrating a decoded signal
according to the second embodiment.

[0059] FIG. 21C is a graph illustrating a decoded signal
according to the second embodiment.

[0060] FIG. 21D is a graph illustrating a decoded signal
according to the second embodiment.
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[0061] FIG. 21E is a graph illustrating a decoded signal
according to the second embodiment.

[0062] FIG. 22A is a graph illustrating another decoded
signal according to the second embodiment.

[0063] FIG. 22B is a graph illustrating another decoded
signal according to the second embodiment.

[0064] FIG. 22C is a graph illustrating another decoded
signal according to the second embodiment.

[0065] FIG. 22D is a graph illustrating another decoded
signal according to the second embodiment.

[0066] FIG. 22E is a graph illustrating another decoded
signal according to the second embodiment.

[0067] FIG. 23A is a graph illustrating another decoded
signal according to the second embodiment.

[0068] FIG. 23B is a graph illustrating another decoded
signal according to the second embodiment.

[0069] FIG. 23C is a graph illustrating another decoded
signal according to the second embodiment.

[0070] FIG. 23D is a graph illustrating another decoded
signal according to the second embodiment.

[0071] FIG. 23E is a graph illustrating another decoded
signal according to the second embodiment.

DESCRIPTION OF EMBODIMENTS

[0072] It is known in the art that, when light is applied to
a substance, acoustic waves (also referred to as photoacous-
tic waves) are generated owing to a photoacoustic effect.
Furthermore, it is known that the concentration of the
components of a substance can be calculated as spectral
information on the basis of photoacoustic waves generated
by irradiating the substance with lights of a plurality of
different wavelengths. In particular, it is known that the
hemoglobin concentration in blood can be calculated on the
basis of photoacoustic waves generated by irradiating the
blood with lights of a different plurality of wavelengths
using the fact that the optical absorption coeflicient spectrum
of blood depends on hemoglobin concentration.

[0073] However, in the case of using lights of a plurality
of wavelengths, if the period of irradiation with light of a
certain wavelength and the period of irradiation with light of
another wavelength overlap, it cannot be determined from
which of photoacoustic waves the received signal is
obtained. To address it, there is a known method of sepa-
rating received signals in terms of time such that after
photoacoustic waves due to light of a certain wavelength are
received, photoacoustic waves due to light of another wave-
length are received. However, with the method of separating
received signals corresponding to the lights of different
wavelengths by ensuring a sufficient time between the
irradiation of light of different wavelengths, the signal-to-
noise (S/N) ratio of the received signals of photoacoustic
waves obtained per unit time decreases.

[0074] The present disclosure has found out a method of
encoding by irradiating a substance with light of a certain
wavelength in the form of intensity-modulated light corre-
sponding to a certain coding sequence and irradiating the
substance with light of another wavelength in the form of
intensity-modulated light corresponding to another coding
sequence. By decoding the thus-encoded received signals of
the photoacoustic waves using information on the coding
sequences used in encoding, decoded signals corresponding
to the individual wavelengths can be obtained. Such encod-
ing and decoding allows the received signals corresponding
to the individual wavelengths to be separated even if the
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irradiation period of the wavelengths overlap. This improves
the S/N ratio of the received signals of photoacoustic waves
obtained per unit time.

[0075] A method of encoding based on a coding sequence
including positive and negative coding elements by control-
ling irradiation light using a photoacoustic imaging appara-
tus that processes the received signals of the photoacoustic
waves will be described. FIGS. 1A and 1B are graphs that
schematically show temporal changes in the intensity of
irradiation light and the level of the received signal of a
photoacoustic wave generated by the irradiation light. Typi-
cally, as illustrated in FIG. 1A, when the temporal change in
the intensity of the irradiation light is positive, a positive-
level received signal can be obtained. In contrast, as illus-
trated in FIG. 1B, when the temporal change in the intensity
of the irradiation light is negative, a negative-level received
signal can be obtained. The level of the received signal
increases as the change in the intensity of the irradiation
light per unit time increases. In FIGS. 1A and 1B, the
propagation time of photoacoustic waves from a sound
source to a receiving unit is ignored.

[0076] The inventor has found out the present disclosure
from the conception that the positive and negative of the
level of the received signal can be controlled by controlling
the positive and negative of a temporal change in the
intensity of the irradiation light, as illustrated in FIGS. 1A
and 1B. In other words, the inventor has found out that the
positive and negative of coding elements constituting a
coding sequence in encoding by controlling the positive and
negative of a temporal change in the intensity of the irra-
diation light. For example, a coding sequence including
positive and negative coding elements can be defined by
combining light irradiation illustrated in FIG. 1A at which
the coding element is {1} and light irradiation illustrated in
FIG. 1B at which the coding elements is {-1}. In this
specification, light for generating a photoacoustic wave
corresponding to a positive coding element is referred to as
“positive intensity-modulated light”. Light for generating a
photoacoustic wave corresponding to a negative coding
element is referred to as “negative intensity-modulated
light™.

[0077] Examples of sequences of light irradiation corre-
sponding to the coding sequences of several patterns will be
described with reference to FIGS. 2A to 2C. The dotted lines
in FIGS. 2A to 2C each indicate the reference timing of each
coding element.

[0078] FIG. 2A is a graph that schematically illustrates
temporal changes in the intensity of irradiation light and the
level of the received signal of the photoacoustic wave
corresponding to a coding sequence {1, 1}. The sequence of
the irradiation light illustrated in FIG. 2A includes two
consecutive lights (positive intensity-modulated lights)
whose intensity sharply increases in a short time and then
gradually decreases with time. The timing at which the
intensity increases sharply in a short time is adjusted to a
reference timing corresponding to a positive coding element.
For example, the timing at the center of the period during
which the intensity sharply increases in a short time can be
made to coincide with the reference timing. In this case a
large positive received signal can be obtained at the refer-
ence timing. The large positive received signal is a signal
corresponding to the positive coding element {1}.

[0079] FIG. 2B is a graph that schematically illustrates
temporal changes in the intensity of irradiation light and the
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level of the received signal of the photoacoustic wave
corresponding to a coding sequence {-1, -1}. The sequence
of the irradiation light illustrated in FIG. 2B includes two
consecutive lights (negative intensity-modulated lights)
whose intensity gradually increases with time and sharply
decreases in a short time. The timing at which the intensity
sharply decreases in a short time is adjusted to a reference
timing corresponding to a negative coding element. Specifi-
cally, the timing at the center of the period during which the
intensity sharply decreases in a short time is made to
coincide with the reference timing. In this case a large
negative received signal can be obtained at the reference
timing. The large negative received signal is a signal cor-
responding to the negative coding element {-1}.

[0080] FIG. 2C is a graph that schematically illustrates
temporal changes in the intensity of irradiation light and the
level of the received signal of the photoacoustic wave
corresponding to a coding sequence {1, -1}. The sequence
of the irradiation light illustrated in FIG. 2C is such that the
positive intensity-modulated light illustrated in FIG. 2A is
applied, and then the negative intensity-modulated light
illustrated in FIG. 2B is applied. The irradiation timing is
controlled so that the timing at which the intensity of the
positive intensity-modulated light sharply increases corre-
sponds to the reference timing of the positive coding ele-
ment {1}, and the timing at which the intensity of the
negative intensity-modulated light sharply decreases corre-
sponds to the reference timing of the negative coding
element {-1}. In this case, a large positive received signal
and a large negative received signal can be obtained at the
respective reference timings.

[0081] Since the portion of the positive intensity-modu-
lated light that gradually decreases with time and the portion
of the negative intensity-modulated light that gradually
increases with time overlap in time, the overlapping portion
forms a rectangular wave as a result. Thus, when the positive
and negative coding elements of the coding sequence are
next to each other, an unnecessary photoacoustic wave is not
generated by setting the light intensity between the reference
timings substantially constant. This allows high-accuracy
encoding using light irradiation. Although FIG. 2C illus-
trates an example of the coding sequence {1, -1}, the light
intensity between the reference timings may be set substan-
tially constant also for a coding sequence {-1, 1}. The
temporal change in the light intensity between the reference
timings may be assumed to be substantially constant as long
as the temporal change is within a predetermined range in
which a photoacoustic wave having a frequency out of the
reception band of a transducer that receives the photoacous-
tic wave is generated. In FIGS. 2A to 2C, the propagation
time of photoacoustic waves from a sound source to a
receiving unit is ignored.

[0082] Thus, decoding accuracy of decoding based on a
coding sequence including positive and negative coding
elements can be increased by performing light irradiation
corresponding the coding sequence including positive and
negative coding elements and encoding for the positive and
negative coding elements. In particular, for semiconductor
lasers and light-emitting diodes (LEDs) whose output light
intensities are smaller than those of high-output light
sources, such as a solid-state laser, the S/N ratio of the
received signal is desirably improved by increasing the
number of irradiation times per unit time. In such a case, by
executing light irradiation for encoding on the basis of a
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coding sequence including positive and negative coding
elements before reception of a photoacoustic wave genet-
ated first is completed, decoded signals with a high S/N ratio
can be accurately obtained.

[0083] The acoustic waves generated owing to a photoa-
coustic effect according to an embodiment of the present
disclosure is typically ultrasonic waves including sound
waves and acoustic waves. The present disclosure can be
applied to a photoacoustic imaging apparatus that obtains
image data on the basis of photoacoustic waves generated by
the photoacoustic effect.

[0084] A photographic image acquired by the photoacous-
tic imaging apparatus according to an embodiment of the
present disclosure includes all images derived from photoa-
coustic waves generated by light irradiation. The photo-
graphic image is image data indicating the spatial distribu-
tion of at least one of object information such as the
generated sound pressure (initial sound pressure), the optical
absorption energy density, and the optical absorption coef-
ficient of the photoacoustic waves, and the concentration
(the degree of oxygen saturation) of a substance constituting
the object. Object information acquired on the basis of
photoacoustic waves generated by irradiation of light of a
different plurality of wavelengths is spectral information
including the concentration of substances constituting the
object.

[0085] Referring to FIG. 3, the configuration of the pho-
toacoustic imaging apparatus according to the present
embodiment will be described hereinbelow. FIG. 3 is a
schematic block diagram of the overall photoacoustic imag-
ing apparatus. The photoacoustic imaging apparatus accord-
ing to the present embodiment includes a light irradiation
unit 110, a receiving unit 120, a data acquisition unit 140, a
computer 150, a display unit 160, and an input unit 170.
[0086] The light irradiation unit 110 irradiates an object
100 with light, so that acoustic waves are generated from the
object 100. The acoustic waves generated by a photoacoustic
effect due to light are also referred to as photoacoustic
waves. The receiving unit 120 receives the photoacoustic
waves and outputs an electrical signal (a photoacoustic
signal) which is an analog signal.

[0087] The data acquisition unit 140 converts the analog
signal output from the receiving unit 120 to a digital signal
and outputs the digital signal to the computer 150. The
computer 150 stores the digital signal output from the data
acquisition unit 140 as signal data derived from the photoa-
coustic wave.

[0088] The computer 150 serving as a processing unit
performs processing (described later) on the stored digital
signal to generate image data indicating a photographic
image. The computer 150 also performs image processing
on the acquired image data for display and thereafter outputs
the image data to the display unit 160. The display unit 160
displays the photographic image. The user, such as a doctor
or an operator, can make a diagnosis by checking the
photographic image displayed on the display unit 160. The
display image is stored in a memory in the computer 150 or
a data management system connected to the modality over
a network on the basis of a storage instruction from the user
or the computer 150.

[0089] The computer 150 also controls driving of the
components of the photoacoustic imaging apparatus. The
display unit 160 may also display a graphic user interface
(GUI) in addition to images generated by the computer 150.
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The input unit 170 is configured so that the user can input
information. The user can perform operations such as
instructions to start and terminate measurement and store a
generated image.

[0090] The details of the components of the photoacoustic
imaging apparatus according to the present embodiment will
be described hereinbelow.

[Light Irradiation Unit 110]

[0091] The light irradiation unit 110 includes a first light
source 111a and a second light source 1115 as two light
sources of different wavelengths. The light irradiation unit
110 further includes a first optical system 112a and a second
optical system 1125 that respectively guide the light emitted
from the first light source 111a and the second light source
1115 to the object 100. The light irradiation unit 110 further
includes a first driving unit 113¢ and a second driving umt
11354 that respectively control driving of the first light source
111a and the second light source 1114.

[0092] The light emitted from the first and second light
sources 111a and 1115 may have a pulse width of 1 ns or
more and 100 ns or less. The light may have a wavelength
within a range of about 400 nm to 1,600 nm. For imaging
blood vessels at high resolution, light having a wavelength
(400 nm or more and 700 nm or less) with large absorptance
in blood vessels may be used. For imaging a deep part of a
living organism, light having a wavelength (700 nm or more
and 1,100 nm or less) with typically small absorptance in
background tissue (water, fat, etc.) of a living organism may
be used.

[0093] Examples of the first and second light sources 111a
and 1115 include a laser and a light-emitting diode (LED).
A light source capable of changing the wavelength of light
may also be used.

[0094] For example, the first and second light sources
111g and 1115 may be semiconductor lasers or LEDs
capable of emitting light following a saw tooth driving
waveform (a driving current) with a frequency of 1 MHz or
more.

[0095] Examples of the first and second optical systems
112a and 1124 include optical elements, such as a lens, a
mirror, and an optical fiber. If the object 100 is a breast or
the like, the light output units of the first and second optical
systems 1124 and 1125 may be diffuser panels for diffusing
light to increase the beam diameter of the pulsed light. For
a photoacoustic microscope, the light output units of the first
and second optical systems 112a and 1125 may be lenses and
focus the beam to increase the resolution. The light irradia-
tion unit 110 may apply light directly from the first and
second light sources 111a and 1115 to the object 100 without
the first and second optical systems 1124 and 1124.

[0096] The first and second driving units 113¢ and 1135
generate driving current (current to be input to the first and
second light sources 111a and 1115) for driving the first and
second light sources 111a and 1115. The first and second
driving units 113a and 1135 may use a power source capable
of temporally varying the current to be input to the first and
second light sources 11la and 1115. By controlling the
output of the first and second light sources 111¢ and 1115
with the first and second driving units 113a and 1135, the
light as illustrated in FIGS. 1A and 1B is generated to
achieve encoding. The first and second driving units 113a
and 1135 may be controlled by a control unit 153 (described
later) in the computer 150. The first and second driving units
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113a and 1135 may include a control unit for controlling the
current value so that the control unit can control the input
current. The relationship between the driving current and the
intensity of the irradiation light will be described later.
[Receiving Unit 120]

[0097] The receiving unit 120 includes a transducer that
outputs an electrical signal by receiving acoustic waves and
a supporter that supports the transducer.

[0098] Examples of a constituent member of the trans-
ducer include a piezoelectric ceramic material typified by
piezoelectric zirconate titanate (PZT) (lead zirconate titan-
ate) and a high-molecule piezoelectric membrane material
typified by polyvinylidene fluoride (PVDF). Other elements
other than the piezoelectric element may be used. For
example, a capacitive micro-machined ultrasonic transducer
(CMUT) or a transducer with a Fabry-Perot interferometer
can be used. Any transducers capable of outputting an
electrical signal by receiving acoustic waves can be
employed. The signal obtained by the transducer is a time-
resolved signal. In other words, the amplitude of the signal
obtained by the transducer indicates a value based on a
sound pressure received by the transducer at each time (for
example a value proportional to the sound pressure).
[0099] A frequency component constituting the photoa-
coustic wave typically ranges from 100 KHz to 100 MHz,
and a transducer capable of detecting these frequencies can
be employed.

[0100] The supporter may be a supporter that supports a
plurality of transducers on a flat surface or a curved surface
called a 1D array, a 1.5D array, a 1.75D array, or a 2D array.
An array in which a plurality of transducers are arranged in
a curved surface is also referred to as a three-dimensional
transducer array.

[0101] The receiving unit 120 may further include an
amplifier that amplifies time-series analog signals output
from the transducer. The receiving unit 120 may further
include an analog-to-digital converter that converts time-
series analog signals output from the transducer to time-
series digital signals. In other words, the receiving unit 120
may include the data acquisition unit 140 (described later).
[0102] A plurality of transducers may be ideally disposed
around the object 100 to detect acoustic waves at various
angles. However, if the object 100 is so large that the
transducers cannot be disposed so as to surround the entire
periphery thereof, the transducers may be disposed on a
hemispherical supporter to substantially surround the entire
periphery. The arrangement and number of the transducers
and the shape of the supporter may be optimized according
to the object, and any type of receiving unit 120 can be
employed in the present disclosure.

[0103] The space between the receiving unit 120 and the
object 100 may be filled with a medium capable of propa-
gating photoacoustic waves. An example of this medium is
a material in which acoustic waves can propagate and the
acoustic characteristics match at the interface with the object
100 and the transducers and which has the highest possible
transmittance of the photoacoustic waves. For example, this
medium can be water or ultrasonic wave gel.

[0104] In the case where the apparatus according to the
present embodiment generates an ultrasonic image, in addi-
tion to the photographic image, by transmitting and receiv-
ing acoustic waves, the transducer may also function as a
transmitting unit that transmits the acoustic waves. The
transducer serving as a receiving unit and the transducer
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serving as a transmitting unit may be a single (common)
transducer or separate transducers.

[Data Acquisition Unit 140]

[0105] The data acquisition unit 140 includes an amplifier
that amplifies an electrical signal, which is an analog signal
output from the receiving unit 120, and an analog-to-digital
converter that converts the analog signal output from the
amplifier to a digital signal. The data acquisition unit 140
may be formed of a field programmable gate array (FPGA)
chip. The digital signal output from the data acquisition unit
140 is stored in a storage unit 152 in the computer 150. The
data acquisition unit 140 is also referred to as a data
acquisition system (DAS). In this specification, the electrical
signal includes an analog signal and a digital signal. The data
acquisition unit 140 is connected to a light sensor mounted
to the light output unit of the light irradiation unit 110. The
data acquisition unit 140 may start processing in synchro-
nism with emission of light from the light irradiation unit
110. Alternatively, the data acquisition unit 140 may start the
processing in synchronism with an instruction given using a
freeze button or the like.

[Computer 150]

[0106] The computer 150 serving as an information pro-
cessing unit includes an operating unit 151, the storage unit
152, and the control unit 153. The function of each compo-
nent will be described in the description of the process flow.

[0107] A unit responsible for an operating function as the
operating unit 151 may include a processor, such as a central
processing unit (CPU) or a graphics processing unit (GPU),
or an operating circuit, such as a field programmable gate
array (FPGA) chip. The unit may include either a single
processor or operating circuit or a plurality of processor or
operating circuits. The operating unit 151 may process the
received signal using various parameters, such as the sound
velocity of the object and the sound velocity of a medium in
which the acoustic wave propagates, sent from the input unit
170.

[0108] The storage unit 152 may be a non-transitory
storage medium, such as a read only memory (ROM), a
magnetic disk, or a flash memory. The storage unit 152 may
be a volatile medium, such as a random access memory
(RAM). A storage medium in which programs are stored is
a non-transitory storage medium. The storage unit 152 may
include either one storage medium or a plurality of storage
media.

[0109] The storage unit 152 can store image data indicat-
ing a photographic image generated by the operating unit
151 using a method described later.

[0110] The control unit 153 includes an operating element,
such as a CPU. The control unit 153 controls the operation
of each component of the photoacoustic imaging apparatus.
The control unit 153 may control each component of the
photoacoustic imaging apparatus by receiving instruction
signals to start measurement or the like according to various
operations from the input unit 170. The control unit 153
reads program codes stored in the storage unit 152 and
controls the operations of the components of the photoa-
coustic imaging apparatus.

[0111] The computer 150 may be a dedicated workstation.
The components of the computer 150 may be different
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pieces of hardware. At least part of the components of the
computer 150 may be a single piece of hardware.

[0112] FIG. 4 illustrates a specific configuration example
of the computer 150 according to the present embodiment.
The computer 150 according to the present embodiment
includes a CPU 154, a GPU 155, a RAM 156, a ROM 157,
and an external storage unit 158. The computer 150 connects
to aliquid crystal display 161 serving as the display unit 160
and a mouse 171 and a keyboard 172 serving as the input
unit 170.

[0113] The computer 150 and the receiving unit 120 may
be housed in a common casing. Part of signal processing
may be performed by a computer housed in the casing, and
the remaining signal processing may be performed by a
computer disposed outside the casing. In this case, the
computers disposed inside and outside the casing can be
collectively referred to as a computer according to the
present embodiment. In other words, the hardware consti-
tuting the computer may not be housed in one casing.

[Display Unit 160]

[0114] Examples of the display unit 160 include a liquid
crystal display and an organic electro luminescence (EL)
display. The display unit 160 displays images and the value
of a specified position based on object information obtained
by the computer 150. The display unit 160 may display a
GUI for operating images and the apparatus. The object
information may be displayed after image processing (ad-
justment of the luminance value, etc.) is performed on the
display unit 160 or the computer 150.

[Input Unit 170]

[0115] The input unit 170 may be an operator operable
console, such as a mouse and a keyboard. The display umt
160 may be a touch panel serving as the input unit 170.
[0116] The components of the photoacoustic imaging
apparatus may be either separate units or a single unit. A
least part of the components of the photoacoustic imaging
apparatus may be a single unit.

[Object 100]

[0117] The object 100, which is not a component of the
photoacoustic imaging apparatus, will be described below.
The photoacoustic imaging apparatus according to the pres-
ent embodiment can be used to diagnose malignant tumors,
vascular diseases, and so on of humans and animals and to
follow up on chemotherapy. Therefore, conceivable
examples of the object 100 include diagnostic target parts,
such as the breasts, the organs, the vascular networks, the
head, the neck, the abdomen, the extremities including
fingers and toes of human bodies and animals. For example,
for a human body, oxyhemoglobin, deoxyhemoglobin, blood
vessels containing much oxyhemoglobin or deoxyhemoglo-
bin or new blood vessels formed in the vicinity of tumor may
be the target light absorber. Furthermore, plaque on a carotid
artery wall may be the target light absorber. Pigments, such
as methylene blue (MB) and indocyanine green (ICG), gold
fine particles, or externally introduced substances in which
the above pigments or gold fine particles are accumulated or
chemically modified may be the light absorber. A puncture
needle or a light absorber put on a puncture needle may be
the observation target.
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[Received Signal of Photoacoustic Wave Corresponding to
Coding Element {1}]

[0118] Irradiation light and the received signal of a pho-
toacoustic wave corresponding to each coding element when
the photoacoustic imaging apparatus according to the pres-
ent embodiment is used will be considered. Referring to
FIGS. 5A to 5C and FIGS. 6Ato 6C, irradiation light and the
received signal of a photoacoustic wave corresponding to a
coding element {1} will be described. The data illustrated in
FIGS. 5A to 6C and FIGS. 6A to 6C is data obtained by
simulation.

[0119] FIG. 5A is a diagram illustrating the current-light
output characteristic of a semiconductor laser serving as the
first light source 111a or the second light source 1115. The
threshold current of the semiconductor laser is 0.5 A, and the
light output when a current of 2 A is input is 1 W. In the case
of the semiconductor laser, the current-light output charac-
teristic is typically substantially linear in a region where the
current is equal to or greater than the threshold current. In
other words, with the semiconductor laser, the temporal
waveform of the input current is the temporal waveform of
the light output (the intensity of the irradiation light).
[0120] FIG. 5B illustrates a driving current (a first driving
current) for generating light corresponding to a positive
coding element, in which the current value is increased from
0 Ato 2 A in the time of 50 ns and is decreased from 2 A to
0 A in the time of 950 ns. In other words, as compared with
the temporal change of the current at the timing correspond-
ing to the positive coding element of the first driving current,
the temporal change of the current at the other timing is
smaller. Thus, the temporal change of the positive intensity-
modulated light corresponding to the positive coding ele-
ment at the reference timing corresponding to the positive
coding element is larger than the temporal change of the
light intensity at the other timing.

[0121] FIG. 5C illustrates light output when the semicon-
ductor laser is driven by the driving current in FIG. 5B. This
shows that the light is output substantially linearly with
respect to the driving current, as described above.

[0122] FIG. 6A illustrates a received signal in the case
where photoacoustic waves generated when a point-like
light absorber is irradiated with light are received by a
transducer with an infinite reception band. This is equal to
the time derivative of the light output curve in FIG. 5C.
Thus, a large positive received signal is obtained in accor-
dance with a sharp rise in light output in a short time.
[0123] However, the reception band of the transducer is
actually unlikely to be infinite and has some frequency
characteristics. FIG. 6B illustrates the reception character-
istics of a transducer having frequency characteristics of a
central frequency of 4 MHz and frequencies of 2 to 6 MHz
in a 6-dB band. FIG. 6C illustrates a received signal when
photoacoustic waves generated by the light irradiation in
FIG. 5C are received by a transducer having the reception
characteristics illustrated in FIG. 6B. Thus, a large positive
received signal can be obtained in correspondence with a
sharp rise in light output in a short time even in consider-
ation of the reception characteristic of the transducer. This
large positive received signal is a received signal corre-
sponding to a positive coding element (for example, the
coding element {1}).

[0124] In FIGS. 6A to 6C, the time of propagation of the
photoacoustic waves from the sound source to the receiving
unit is ignored.
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[Photoacoustic Wave Corresponding to Code Element {-1}]

[0125] The received signal of a photoacoustic wave
obtained by driving the semiconductor laser with a driving
current (a second driving current) which is a current inverted
from the driving current in FIG. 5B on the time axis has a
waveform in which the received signal in FIG. 6C is
inverted on the time axis, and the plus-minus sign of the
signal level is inverted (a detailed description thereof will be
omitted). In other words, as compared with the temporal
change of the current at the timing corresponding to the
negative coding element of the second driving current, the
temporal change of the current at the other timing is smaller.
Thus, the temporal change of the negative intensity-modu-
lated light corresponding to the negative coding element at
the reference timing corresponding to the negative coding
element is larger than the temporal change of the light
intensity at the other timing. The thus-obtained large nega-
tive received signal is a received signal corresponding to a
negative coding element (for example, a coding element

{-1}).
[Sequence of Generation of Photographic Image]

[0126] Next, a method for generating a photographic

image by encoding and decoding (a method for acquiring

information) using the photoacoustic imaging apparatus

according to the present embodiment will be described.

[0127] SI. The light irradiation unit 110 applies light of a
first wavelength encoded with the first coding sequence
and light of a second wavelength encoded with the second
coding sequence.

[0128] S2. A plurality of transducers in the receiving unit
120 receive photoacoustic waves generated owing to the
coded light and output first received signals.

[0129] S3. The light irradiation unit 110 applies light of
the first wavelength encoded with a third coding sequence
and the light of the second wavelength encoded with a
fourth coding sequence.

[0130] S4. The plurality of transducers in the receiving
unit 120 receive photoacoustic waves generated from the
coded light and output first received signals.

[0131] S5. The operating unit 151 performs a decoding
process on the first and second received signals output
from the plurality of transducers to generate a received
signal (decoded signal) decoded for each transducer.

[0132] S6. The operating unit 151 generates a photoacous-
tic image using the plurality of decoded signals corre-
sponding to the plurality of transducers.

[0133] A specific method of encoding and decoding will

be described later in the embodiments.

[Reconstruction Technique]

[0134] The operating unit 151 can generate image data by
performing back projection (simple back projection) of a
plurality of decoded signals on a calculation space. In other
words, the operating unit 151 may convert decoded signals,
which are time signals, to spatial distribution data. For
example, the operating unit 151 may obtain image data (one
line of image data) that is linear in a depthwise direction by
performing phasing addition on a plurality of decoded
signals. The operating unit 151 may generate two-dimen-
sional or three-dimensional image data by executing this
process on a plurality of lines. The operating unit 151 may
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perform envelope processing on the spatial distribution data
obtained by the phasing addition to generate image data.
[0135] A known PAT image reconstruction method is a
universal back projection (UBP) method. This is a method
for acquiring a photographic image by back-projecting data
obtained by temporally differentiating received signals
obtained by the receiving unit and inverting the plus-minus
sign. This method can be employed in the case where a
photoacoustic wave generated when impulse-like pulsed
light is applied has an alphabetical N shape called N-shape.
[0136] It can be understood that the photoacoustic wave
generated in the present embodiment is a photoacoustic
wave in which the former half and the latter half of the
N-shape are separated, and the former half'is a photoacoustic
wave corresponding to the coding element {1}, and the latter
half is a photoacoustic wave corresponding to the coding
element {-1}. For that reason, the coded and decoded
received signals as in the present embodiment cannot yield
a correct result even using the UBP method. Therefore, in
the present embodiment, back projection may be performed
by performing a phasing addition process of phasing and
then adding the decoded received signals without perform-
ing the preprocessing on the decoded received signals,
which is performed in the UBP method. In this specification,
the reconstruction method of performing back projection
without executing the preprocessing on the decoded
received signals in the UBP method is referred to as simple
back projection. Other reconstruction algorithms for con-
verting signal data to three-dimensional volume data include
back projection in the time domain, back projection in the
Fourier domain, a model-based method (a repeated calcu-
lation method), and any other methods.

First Embodiment

[Encoding and Decoding Using Complementary Code]

[0137] Encoding and decoding by light irradiation using
complementary codes will be described.

[0138] A set of two coding sequences {a,} and {c,}, (i=1
to N, where N is a code length, each coding element is 1 or
-1) with a code length of N in which the sum of their
autocorrelation functions are 2N at the peak, and is 0 at the
other all points other than the peak are referred to as
complementary codes.

[0139] The autocorrelation function is expressed as:

[Math. 1]

N (0
(arxa), = Za‘-m -a; where m=(-N+1)to (N-1)
-1

i=

[0140] A set of autocorrelation functions {a,}={1, 1} and
{c,}={1, -1} are complementary codes.

[0141] Thatis, (a*a)={1, 2, 1}, (c*c)={-1, 2, -1}, (a*a)+
(c*c)={0, 4, 0}

[0142] It is known that complementary codes are present
in a code sequence of a code length of n-th power of 2 or n-th
power of 5x2 (n is a natural number).

[0143] A set of coding sequences that are complementary
codes include complementary codes whose sum of cross-
correlation functions is 0. The relationship in which the sum
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of the cross-correlation functions in two sets of complemen-
tary codes is referred to as “complete orthogonal relation-
ship” for convenience sake.

[0144] The cross-correlation function is expressed as:

[Math. 2]

U

(axc), = ) Gy where m=(-N+1)to (N-1)

i

[0145] For example, a set of a second coding sequence
{b,}={1, -1} and a fourth coding sequence {d,}={1, 1}
satisfies “complete orthogonal relationship” with respect to
a set of a first coding sequence {a,}={1, 1} and a third
coding sequence {c,}={1, -1} which are complementary
codes. That is, (a*b)={-1, 0, 1}, (c*d)={1, 0, -1}, and
(a*b)+(c*d)=0 hold. At that time, (b*a)+(d*c)=0 also holds.
[0146] In the case of a code length of 8, if a first coding
sequence {a,}={1, 1, -1, 1, -1, -1, -1, 1}, a second coding
sequence {b}={1, 1, -1, 1, 1, 1, 1, -1}, a third coding
sequence {c;}={1, -1, -1, -1, -1, 1, -1, -1}, and a fourth
coding sequence {d;}={1, -1, -1, -1, 1, -1, 1, 1}, then
(a*a)={1, 0, -3, 0, -1, 0, -1, 8, -1, 0, -1, 0, -3, 0, 1},
(c*¢)={-1,0,3,0,1,0,1,8, 1,0, 1,0, 3, 0, -1}, and
(a*a)+(c*c)={0, 0,0, 0, 0,0, 0, 16,0, 0, 0, 0, 0, 0, 0} hold,
so that a set of the first coding sequence {a,} and the third
coding sequence {c,} are complementary codes. Likewise,
(b*b)={-1,0,3,0,1,0,1,8,1,0, 1,0, 3,0, -1},
(@*d)={1,0,-3,0,-1,0,-1,8, -1,0, -1, 0, 3,0, 1}, and
(b¥b)+(d*d)={0, 0, 0, 0, 0, 0,0, 16, 0, 0, 0, 0, 0, 0, 0} hold,
so that a set of the second coding sequence {b,} and the
fourth coding sequence {d,} are also complementary codes.
Furthermore,

(a*by={-1,0,3,0,3,0,-1,0,-3,0, 1,0, -3, 0, 1},
(c*dy={1, 0, -3,0,-3,0,1,0,3,0,-1,0,3,0, -1},
(a¥b)+(c*d)=0,
(b*a)y={1,0,-3,0,1,0,-3,0,-1,0,3,0,3,0, -1},
(d*c)={-1,0,3,0,-1,0,3,0,1,0,-3,0,-3,0, 1}, and
(b*a)+(d*c)=0 hold, so that a set of the coding sequences
{a;} and {c;}, which are first complementary codes, and a set
of the coding sequences {b,} and {d,}, which are second
complementary codes, satisfy “complete orthogonal rela-
tionship”.

[0147] Thus, using a set of coding sequences that satisfies
“complete orthogonal relationship” enables the following.

[0148] When a signal A encoded with the first coding
sequence {a,} and a signal C encoded with the third
coding sequence {c,} are present, the sum of a signal
obtained by decoding the signal A with the first coding
sequence {a,} and a signal obtained by decoding the
signal C with the third coding sequence {c,} is a delta
function.

[0149] The sum of a signal obtained by decoding the
signal A with the second coding sequence {b,} and a
signal obtained by decoding the signal C with the
fourth coding sequence {d} is zero.

[0150] When a signal B encoded with the second coding
sequence {b,} and a signal D encoded with the fourth
coding sequence {d;} are present, the sum of a signal
obtained by decoding the signal B with the second
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coding sequence {b,} and a signal obtained by decod-
ing the signal D with the fourth coding sequence {d,}
is a delta function.

[0151] The sum of a signal obtained by decoding the
signal B with the first coding sequence {a,} and a signal
obtained by decoding the signal D with the third coding
sequence {c,} is zero.

[0152] Such coding sequences are used in a photoacoustic
imaging apparatus that uses lights of two wavelengths, and
light of the first wavelength is encoded with the first coding
sequence {a,} and the third coding sequence {c,}, and light
of the second wavelength is encoded with the second coding
sequence {b,} and the fourth coding sequence {d,}. In this
case, even if the light irradiation times overlap, signals
obtained from the light of the first wavelength and signals
obtained from the light of the second wavelength can be
separately acquired by a decoding process.

[0153] A casein which lights of two different wavelengths
are used as irradiation light by the photoacoustic imaging
apparatus illustrated in FIG. 3 will be described. In the
present embodiment, the first light source 111a is a semi-
conductor laser having a wavelength 755 nm (a first wave-
length A1) and a maximum light output of 1 W. The second
light source 1115 is a semiconductor laser having a wave-
length 795 nm (a second wavelength A2) and a maximum
light output of 1 W. The receiving unit 120 is a linear array
including piezoelectric elements having frequency charac-
teristics of 4 MHz at the center frequency and 2 to 6 MHz
at a 6-dB bandwidth. Between the receiving unit 120 and the
object 100 is filled with an ultrasonic wave gel for acoustic
matching.

[0154] In the present embodiment, complementary codes
with a code length of 8 are used. Specifically, a first coding
sequence {a,}={1, 1, -1, 1, -1, -1, -1, 1}, a second coding
sequence {b}={1, 1, -1, 1, 1, 1, 1, -1}, a third coding
sequence {c,}={1, -1, -1, -1, -1, 1, -1, -1}, and a fourth
coding sequence {d,}={1, -1, -1, -1, 1, -1, 1, 1} are used.
[0155] In the present embodiment, irradiation with inten-
sity-modulated light of the first wavelength, irradiation with
intensity-modulated light of the second wavelength, and
acquisition of the received signals of photoacoustic waves
generated by the irradiation with the intensity-modulated
light are performed for encoding according to the sequence
of FIG. 7.

[0156] First, the light irradiation unit 110 irradiates the
object 100 with the intensity-modulated light of the first
wavelength corresponding to the first coding sequence {a,}
and the intensity-modulated light of the second wavelength
corresponding to the second coding sequence {b,} in syn-
chronism. The receiving unit 120 receives photoacoustic
waves generated by the light irradiation and outputs a
received signal S,.

[0157] Next, the light irradiation unit 110 irradiates the
object 100 with intensity-modulated light of the first wave-
length corresponding to the third coding sequence {c;} and
intensity-modulated light of the second wavelength corre-
sponding to the fourth coding sequence {d,} in synchronism.
The receiving unit 120 receives photoacoustic waves gen-
erated by the light irradiation and outputs a received signal
S,. The thus-obtained received signals S; and S, are coded
signals (code signals) according to the present embodiment.

[0158] Encoding and decoding according to the present
embodiment will be described in detail hereinbelow.
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[0159] The control unit 153 transmits information on the
first coding sequence {a,} to the first driving unit 1134, and
information on the second coding sequence {b,} to the
second driving unit 1134.

[0160] FIG. 8A illustrates the light output waveform (first
light-modulated light of the first wavelength) of the first
light source 111a driven by a driving current generated by
the first driving unit 1134 on the basis of information on the
first coding sequence {a,}. The time interval of the reference
timing (corresponding to the cycle of the coding elements)
is 1,000 ns. The rise time and the fall time of the first driving
current corresponding to the positive coding element are 50
ns and 950 ns, respectively. The rise time and the fall time
of the second driving current corresponding to the negative
coding element are respectively 950 ns and 50 ns.

[0161] Assume that a point-like light absorber is present at
a depth of 3 mm in the object 100.

[0162] Assume that the ratio of the absorption coeflicient
of the light absorber for light of a wavelength of 755 nm and
light of a wavelength of 795 nm is 1:0.5.

[0163] A received signal obtained by receiving a photoa-
coustic wave generated when the light illustrated in FIG. 8A
is applied to the point-like light absorber (sound source)
with the receiving unit 120 has a waveform as illustrated in
FIG. 8B. Actually, a time corresponding to the time the
photoacoustic wave is propagated from the point-like light
absorber to the receiving unit 120 (about 2 ps) shifts, but the
time 1s ignored in this graph.

[0164] FIG. 8C illustrates the light output waveform (sec-
ond light-modulated light of the second wavelength) of the
second light source 1115 driven by a driving current gener-
ated by the second driving unit 1135 on the basis of
information on the second coding sequence {b,}. As in FIG.
8A, the time interval of the reference timing (corresponding
to the cycle of the coding elements) is 1,000 ns. The rise time
and the fall time of the first driving current corresponding to
the positive coding element are 50 ns and 950 ns, respec-
tively. The rise time and the fall time of the second driving
current corresponding to the negative coding element are
950 ns and 50 ns, respectively.

[0165] A received signal obtained by receiving a photoa-
coustic wave generated when the light illustrated in FIG. 8C
is applied to the point-like light absorber (sound source)
with the receiving unit 120 has a waveform as illustrated in
FIG. 8D. Actually, a time corresponding to the time the
photoacoustic wave is propagated from the point-like light
absorber to the receiving unit 120 (about 2 ps) shifts, but the
time is ignored in this graph.

[0166] When the light output from the first light source
1114 and the light output from the second light source 1115
are synchronized (when the light is emitted at substantially
the same timing), the received signal obtained by the receiv-
ing unit 120 is the sum of FIG. 8B and FIG. 8D. A received
signal S, (t) obtained by performing irradiation with the first
intensity-modulated light of the first wavelength and the
irradiation with the second intensity-modulated light of the
second wavelength at substantially the same timing is illus-
trated in FIG. 9. Here, to describe a noise reduction effect,
noise with a mean value of 0 and a standard deviation of 0.2
is added.

[0167] Subsequently, the control unit 153 transmits infor-
mation on the third coding sequence {c,} to the first driving
unit 113a, and information on the fourth coding sequence
{d;} to the second driving unit 1134.
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[0168] FIG. 10A illustrates the light output waveform
(third light-modulated light of the first wavelength) of the
first light source 111a driven by a driving current generated
by the first driving unit 113a on the basis of information on
the third coding sequence {c,}. As in FIG. 8A, the time
interval of the reference timing (corresponding to the cycle
of the coding elements) is 1,000 ns. The rise time and the fall
time of the first driving current corresponding to the positive
coding element are 50 ns and 950 ns, respectively. The rise
time and the fall time of the second driving current corre-
sponding to the negative coding element are 950 ns and 50
ns, respectively.

[0169] A received signal obtained by receiving a photoa-
coustic wave generated when the light illustrated in FIG.
10A is applied to the point-like light absorber (sound source)
with the receiving unit 120 has a waveform as illustrated in
FIG. 10B. Actually, a time corresponding to the time the
photoacoustic wave is propagated from the point-like light
absorber to the receiving unit 120 (about 2 us) shifts, but the
time is ignored in this graph.

[0170] FIG. 10C illustrates the light output waveform
(fourth light-modulated light of the second wavelength) of
the second light source 1115 driven by a driving current
generated by the second driving unit 1135 on the basis of
information on the fourth coding sequence {d,}. As in FIG.
8A, the time interval of the reference timing (corresponding
to the cycle of the coding elements) is 1,000 ns. The rise time
and the fall time of the first driving current corresponding to
the positive coding element are 50 ns and 950 ns, respec-
tively. The rise time and the fall time of the second driving
current corresponding to the negative coding element are
950 ns and 50 ns, respectively.

[0171] A received signal obtained by receiving a photoa-
coustic wave generated when the light illustrated in FIG.
10C is applied to the point-like light absorber (sound source)
with the receiving unit 120 has a waveform as illustrated in
FIG. 10D. Actually, a time corresponding to the time the
photoacoustic wave is propagated from the point-like light
absorber to the receiving unit 120 (about 2 ps) shifts, but the
time is ignored in this graph.

[0172] When the light output from the first light source
111a and the light output from the second light source 1115
are synchronized, the received signal obtained by the receiv-
ing unit 120 is the sum of FIG. 10B and FIG. 10D. A
received signal S,(t) obtained by performing irradiation with
the third intensity-modulated light of the first wavelength
and the irradiation with the fourth intensity-modulated light
of the second wavelength at substantially the same timing is
illustrated in FIG. 11. Here, to describe a noise reduction
effect, noise with a mean value of 0 and a standard deviation
of 0.2 is added.

[0173] A method for decoding a coded received signal
performed by the operating unit 151 in the computer 150
will be described.

[0174] The operating unit 151 performs a decoding pro-
cess according to Expression 3 on the received signals Sl
and S, to obtain a decoded signal DS,(t) corresponding to
the first wavelength. The operating unit 151 performs a
decoding process according to Expression 4 on the received
signals S1 and S, to obtain a decoded signal DS,(t) corre-
sponding to the second wavelength.
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where At is the time interval of the reference timing.
[0175] As aresult of the decoding process of the first term
on the right side of Expression 3 on the reception waveform
(the received signal S, obtained from the first intensity-
modulated light of the first wavelength and the second
intensity-modulated light of the second wavelength) in FIG.
9, the decoded received signal as in FIG. 12A can be
obtained. As a result of the decoding process of the second
term on the right side of Expression 3 on the reception
waveform (the received signal S, obtained from the third
intensity-modulated light of the first wavelength and the
fourth intensity-modulated light of the second wavelength)
in FIG. 11, the decoded received signal as in FIG. 12B can
be obtained. The sum of the signal in FIG. 12A and the
signal in FIG. 12B forms the waveform (a decoded signal
DS)) in FIG. 12C. In other words, the peak value of the
received signal DS, decoded according to Expression 3 is 16
times the peak value of a received signal obtained by single
light irradiation, and the sidelobes are suppressed below
noise.

[0176] As aresult of the decoding process of the first term
on the right side of Expression 4 on the reception waveform
(the received signal S, obtained from the first intensity-
modulated light of the first wavelength and the second
intensity-modulated light of the second wavelength) in FIG.
9, the decoded received signal as in FIG. 13A can be
obtained. As a result of the decoding process of the second
term on the right side of Expression 4 on the reception
waveform (the received signal S, obtained from the third
intensity-modulated light of the first wavelength and the
fourth intensity-modulated light of the second wavelength)
in FIG. 11, the decoded received signal as in FIG. 13B can
be obtained. The sum of the signal in FIG. 13A and the
signal in FIG. 13B forms the waveform (a decoded signal
DS,) in FIG. 13C. In other words, the peak value of the
received signal DS, decoded according to Expression 4 is 16
times the peak value of a received signal obtained by single
light irradiation, and the sidelobes are suppressed below
noise.

[0177] A comparison between FIG. 12C and FIG. 13C
shows that the ratio of the absorption coefficient of the light
absorber is stored. This indicates that information on the
light absorption of the object, included in the received
signal, is kept stored even after encoding and decoding. This
enables spectral information, such as the hemoglobin con-
centration of blood, to be acquired by analyzing the decoded
signals DS, and DS, corresponding to the individual wave-
lengths.

[0178] The comparison also shows that the noise levels of
the signals illustrated in FIG. 12C and FIG. 13C are respec-
tively lower than the noise levels of the signals illustrated in
FIG. 9 and FIG. 11. The use of the set of coding sequences
having a code length of 8 as in the present embodiment
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increases the signal level by 16 times, the noise level by four
times, improving the S/N ratio by four times.

[0179] The operating unit 151 can obtain a photographic
image in which the signal-to-noise (S/N) ratio is improved
by using the thus-obtained decoded signal. If the receiving
unit 120 includes a plurality of transducers, a received signal
output from each transducer is decoded, so that a decoded
signal is generated for each transducer. The operating unit
151 can generate a photographic image using a plurality of
decoded signals corresponding to the plurality of transducers
with the reconstruction method described above or the like.
[0180] In the present embodiment, light irradiation (nega-
tive intensity-modulated light) corresponding to the negative
coding element is performed at the time of encoding by light
irradiation. This allows high-accuracy encoding on the basis
of a coding sequence including a negative coding element.
Thus, the present embodiment allows such a coded signal to
be decoded with high accuracy by decoding based on a
coding sequence containing a negative coding element (for
example, the decoding process illustrated in Expressions 3
and 4). In this manner, the light irradiation corresponding to
a negative coding element allows higher-accuracy decoding
than that without light irradiation corresponding to a nega-
tive coding element.

[0181] In the present embodiment, simultaneous reception
time is achieved by irradiating the object with the irradiation
light from the first light source 1114 and the irradiation light
from the second light source 1115 at substantially the same
timing. This improves the S/N ratio in a shorter time than a
case in which photoacoustic waves from the lights of two
different wavelengths are separately received.

[0182] In the present embodiment, lights of two wave-
lengths are synchronously applied to the object, but it is not
absolutely necessary to apply lights at the same timing. To
decrease the measuring time, lights may be applied in such
a manner that at least part of the irradiation periods overlap
between the wavelengths (at least part of the reception times
is overlapped between the wavelengths).

[0183] In the case of temporally separately receiving pho-
toacoustic waves from lights of two wavelengths, if the
object moves during that time, a time lag occurs between the
signals. However, the method of the present embodiment
can reduce the time lag between the signals when the object
moves by overlapping the light irradiation time between the
lights of different wavelengths.

[0184] Theupper limit of the time interval of the reference
timing of coding elements according to the present embodi-
ment will be described.

[0185] The present embodiment uses two code sequences
with a code length of 8 in one wavelength, so that the signal
level of a decoded received signal is 16 times, and the noise
level is four times. This increases the S/N ratio by four times.
[0186] To achieve the same S/N ratio with a generally
known method for generating photoacoustic waves by
applying impulse light, it is necessary to simply obtain a
received signal 16 times and average the obtained signals.
The time required to obtain a received signal 16 times by the
general method is 16T,,. Furthermore, it is necessary to
obtain received signals of two wavelengths, so that the time
required for measurement is 32T,

[0187] In the present embodiment, the time required to
obtain a received signal corresponding to the coding
sequence {a,} is the sum of the time during which light
corresponding to the coding sequence {a,} and the time until
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a photoacoustic wave generated by light corresponding to
the last coding element reaches the receiving unit. In other
words, the time is expressed as 7At+T,, . The times required
to obtain received signals corresponding to the second to
fourth coding sequences {b,}, {c,}, and {d,} are also the
same. Therefore, when received signals corresponding to the
first to fourth coding sequences {a,}, {b,}, {c,}, and {d,} are
acquired in sequence (in series), the time required to obtain
received signals based on the first and second wavelengths
is 28At4+T,,,

[0188] In the present embodiment, the light of the first
wavelength and light of the second wavelength are applied
at the same time to acquire the received signals at the same
time. This reduces the time required to obtain received
signals according to the present embodiment to 14At+2T,,,
thus reducing the time required to obtain received signals as
compared with the method of temporally separating signals
of different wavelengths.

[0189] It can be said that the method according to the
present embodiment has a higher effect of improving the S/N
ratio than that of the general method on the condition that the
time required to obtain received signals is shorter. This
condition is expressed as 14At<30T,, . This condition gen-
eralized using a code length N is as follows:

[Math. 3]
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[0190] Itmay be that, if N is great to some extent, At<2T,-
hold. In other words, it may be that the time interval of the
reference timing be shorter than two times the time required
for photoacoustic waves generated at the deepest portion of
the observation region of the object to reach the receiving
unit. For example, when the deepest portion of the obser-
vation region of the object is 5 cm deep, and the sound
velocity in the object is 1,500 m/s, the time required for the
photoacoustic waves generated at the deepest portion to
reach the receiving unit is 33 ps. In this case, the time
interval of the reference timing is preferably shorter than 66
us. In the case of a code length of 8, the time interval is
preferably shorter than 71 ps from Expression 5. The control
unit 153 may change the time interval of the reference
timing according to the region of interest that the user
indicates using the input unit 170 so that the time interval is
shorter than the time until the photoacoustic wave generated
in the deepest part reaches the receiving unit. Alternatively,
the control unit 153 may change the time interval of the
reference timing according to the instruction of the user or
the sound velocity of the object determined by calculation,
so that the time interval is shorter than the time until the
photoacoustic wave generated in the deepest part reaches the
receiving unit. The deepest part is an observation region (the
region of interest) farthest from the receiving unit.

[Configuration of Driving Unit]

[0191] The first driving unit 113a or the second driving
unit 1135 may include one power source capable of gener-
ating both of the first driving current and the second driving
current. Alternatively, the first driving unit 113¢ or the
second driving unit 1135 may include a first power source
capable of generating the first driving current and a second
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power source capable of generating the second driving
current. Here, an example in which the driving currents are
generated from separate power sources will be described
with reference to FIG. 14.

[0192] The first driving unit 113¢ illustrated in FIG. 14
includes a first power source 210a capable of generating the
first driving current and a second power source 220a capable
of generating the second driving current. The control unit
153 has the function of transmitting a first control signal 230
formed of 1 and 0 and a second control signal 240 formed
of -1 and 0 to the first driving unit 113a.

[0193] For example, for light irradiation corresponding to
the first coding sequence {a,}={1, 1, -1, 1, -1, -1, -1, 1},
the control unit 153 separates a control signal into the first
control signal 230 {1, 1, 0, 1, 0, 0, 0, 1} and the second
control signal 240 {0, 0, -1, 0, -1, -1, -1, 0} and transmits
the control signals 230 and 240 to the first driving unit 113a.
In other words, the control unit 153 transmits the first control
signal 230 to the first power source 210a and the second
control signal 240 to the second power source 220a.

[0194] The first power source 210a generates the first
driving current according to the timing of the coding ele-
ment {1} of the first control signal 230 and generates no
electric current or an electric current in which generation of
a photoacoustic wave is suppressed at the timing of the
coding element {0} of the first control signal 230. The
second power source 220a generates the second driving
current according to the timing of the coding element {-1}
of the second control signal 240 and generates no electric
current or an electric current in which generation of a
photoacoustic wave is suppressed at the timing of the coding
element {0} of the second control signal 240. As a result, an
electric current similar to the driving current (FIG. 8A)
corresponding to the first coding sequence {a,} is input to the
first light source 111a.

[0195] The second driving unit 1134 illustrated in FIG. 14
includes a third power source 2105 capable of generating the
first driving current and a fourth power source 2205 capable
of generating the second driving current. The control unit
153 has the function of transmitting a third control signal
250 formed of 1 and 0 and a fourth control signal 260 formed
of -1 and 0 to the second driving unit 1132.

[0196] For example, for light irradiation corresponding to
the second coding sequence {b,}={1,1,-1,1,1, 1, 1, -1},
the control unit 153 separates a control signal into the third
control signal 250 {1, 1, 0, 1, 0, 1, 1, 1} and the fourth
control signal 260 {0, 0, -1, 0,0, 0, 0, -1} and transmits the
control signals 250 and 260 to the second driving unit 1135.
In other words, the control unit 153 transmits the third
control signal 250 to the third power source 2105 and the
fourth control signal 260 to the fourth power source 2205.

[0197] The third power source 2105 generates the first
driving current according to the timing of the coding ele-
ment {1} of the third control signal 250 and generates no
electric current or an electric current in which generation of
a photoacoustic wave is suppressed at the timing of the
coding element {0} of the third control signal 250. The
fourth power source 2205 generates the second driving
current according to the timing of the coding element {-1}
of the fourth control signal 260 and generates no electric
current or an electric current in which generation of a
photoacoustic wave is suppressed at the timing of the coding
element {0} of the fourth control signal 260. As a result, an
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electric current similar to the driving current (FIG. 8C)
corresponding to the third coding sequence {b,} is input to
the second light source 1114.

[0198] An apparatus that uses a different power source for
each driving current can be simplified in the design of the
first driving unit 113a or the second driving unit 1134 as
compared with an apparatus that generates different driving
currents with a single power source. Using a different power
source for each driving current offers high responsivity in
high-speed switching between different driving currents.
Using a different power source for each driving current when
a light source is provided for each driving current allows
different driving currents to be input to the separate light
sources during the same period. This allows lights with
different coding elements to be applied to the object in a
temporally overlapping manner. This increases the light
irradiation efficiency, allowing decoded signals with high a
S/N ratio to be obtained in a short time.

[0199] In the present embodiment, the maximum intensi-
ties of the peak light output of the first light source 111a and
the second light source 1115 are equal. However, the present
disclosure is not limited thereto. In the present embodiment,
the level of {1} and the level of {-1} of the first wavelength
need to be equal to some extent, and the level of {1} and the
level of {-1} of the second wavelength also need to be equal
to some extent, where “to some extent” means that varia-
tions in the level are averaged to a negligible level. However,
the level of {1} of the first wavelength and the level of {1}
of the second wavelength do not need to be equal. For
example, depending on the individual differences of the light
sources, light output can differ even with the same input
current. In that case, the input current may be changed for
each wavelength so that the maximum intensities of the light
outputs match. Even if the maximum intensities of the peak
light outputs differ, the difference can be corrected by
standardizing the decoded received signals to the maximum
peak intensities of the respective light outputs. Alternatively,
after the received signals are standardized to the maximum
peak intensities of the respective light outputs, the decoding
process may be performed.

[0200] The code length and the time interval of the refer-
ence timing in the present embodiment are not limited to the
above. They may be selected as appropriate according to the
depth of the observation region in the object or the perfor-
mance of the light source driving unit so that the S/N ratio
can be improved. In the present embodiment, an example of
acquiring decoded signals corresponding to two wave-
lengths has been described, but it is only required to acquire
a decoded signal corresponding to at least one of the two
wavelengths. That is, in the present embodiment, it is only
required to acquire a decoded signal corresponding to at
least one of the plurality of wavelengths. This also allows
acquisition of a decoded signal corresponding to a desired
wavelength.

Second Embodiment

[Encoding and Decoding Using Orthogonal Codes]

[0201] Although two sets of complementary codes that
satisfy “complete orthogonal relationship™ are present, three
or more pairs of complementary codes that satisfy “complete
orthogonal relationship” one another are not present. There-
fore, the method described in the first embodiment cannot be
applied to lights of three or more wavelengths.
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[0202] A method of encoding and decoding using lights of
three or more wavelengths will be described below.

[0203] Consider four coding sequences {a,*} (k=1 to 4, i=1
to 4) orthogonal to one another and having a code length of
4:

a first coding sequence {a,'}={1, -1, -1, 1}

a second coding sequence {a,*}={1, -1, 1, -1}

a third coding sequence {a’}={1, 1, -1, -1}

a fourth coding sequence {a*}={1, 1, 1, 1}

Furthermore, consider four different permutations {g,}
(m=1 to 4, each element is one of 1 to 4) indicating the order
for arranging these four coding sequences in order without
overlapping:

a first permutation {g,}={{a}, {a’}, {a,*}}

a second permutation {g,}= At {8}

a third permutation {g;}={{a’}, {a,*}, {a,*}}

a fourth permutation {g,}={{a,*}, {a;*}, {a,*}}

[0204] Consider the total sum of the respective cross-
correlation functions of the four coding sequences arranged
according to the permutations g, and g,. The total sum can
be expressed as follows:

[Math. 6]

4 ©)
Z (@82 1By

=L

(p and q are integers from 1 to 4)

[0205] If p=q, Expression 6 takes the total sum of the
autocorrelation functions. The total sum is 16 at the peak,
and O at all points other than the peak. That is,

(a'* a')= {1 =2, -1,4, -1, =2, 1}
(aZ* 2) { ls 25 35 4; 35 25 _1}
(@* 2)={-1,-2,1,4, 1, -2, -1}
4* 4) {1,2,3,4,3,2,1}
and at any p,
4 [Math. 7]

Z @V 1 a® D) = (@l val) + (@® 2 ®) + (@ xa®) + (@ xa*) =
=

{0,0,0,16,0,0,0}

holds.
[0206] If p=q, Expression 6 takes the total sum of the
autocorrelation functions. The total sum is 0 in all combi-
nations of p=q. For example, if p=1 and q=2,
("* a®={-1,2,-1,0, 1, -2, 1}
(az* ah)={1,-2,1,0, -1, 2, -1}
(@** ah= {1 2, 1 0,-1,-2, -1}
(a** a’)y={-1 10121}

4 Math. §]
Z (@819 4 a820) =

=

(@' xab) + (@ xa") + (&® xa*) + (a* xd®) = {0, 0,0, 0,0, 0, 0}

holds.
[0207] Using a set of coding sequences having such char-
acteristics allows the following to be achieved.
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[0208] When signals encoded according to four coding
sequences determined by a permutation g, are sequen-
tially obtained, and the obtained signals are sequen-
tially decoded according to four coding sequences
determined by the same permutation g, the total sum
of the decoded signals is a delta function.

[0209] When signals encoded according to four coding
sequences determined by a permutation g, are sequen-
tially obtained, and the obtained signals are sequen-
tially decoded according to four coding sequences
determined by a different permutation g _, the total sum
of the decoded signals is zero.

[0210] Using such coding sequences and permutations
indicating their orders in a photoacoustic imaging apparatus
that uses lights of a plurality of different wavelengths allows
a signal obtained from light of a certain wavelength and a
signal obtained from light of the other wavelengths to be
separately obtained even if the light irradiation times over-
lap.

[0211] The relationship among the number of wave-
lengths, code lengths, and the number of coding sequences
orthogonal to each other will be described. When the num-
ber of wavelengths is from two to four, it may be to set the
code length to 4, and the number of orthogonal codes to 4.
When the number of wavelengths is from 5 to 8, it may be
to set the code length to 8, and the number of orthogonal
codes to 8. It may be to set the number of orthogonal coding
sequences to the power of 2 equal to or greater than the
number of wavelengths.

[0212] In the present embodiment, a case in which lights
of three different wavelengths are used as irradiation light in
the photoacoustic imaging apparatus illustrated in FIG. 15
will be described. Components common to FIG. 3 are given
the same reference signs, and descriptions thereof will be
omitted. In the present embodiment, a semiconductor laser
with a wavelength 755 nm (first wavelength Al) and a
maximum light output of 1 W is used as a first light source
311a. A semiconductor laser with a wavelength 795 nm (a
second wavelength A2) and a maximum light output of 1 W
is used as a second light source 3115. A semiconductor laser
with a wavelength 825 nm (a third wavelength A3) and a
maximum light output 1 W is used as a third light source
311c. The receiving unit 120 is a linear array including
piezoelectric elements having frequency characteristics of a
center frequency of 4 MHz and frequencies of 2 to 6 MHz
in a 6-dB band. Between the receiving unit 120 and the
object 100 is filled with an ultrasonic wave gel for acoustic
matching.

[0213] In the present embodiment, four coding sequences
orthogonal to one another and having a code length of 4 are
used. Specifically,

a first coding sequence {a,'}={1, -1, -1, 1}

a second coding sequence {a,*}={1, -1, 1, -1}

a third coding sequence {a*}={1, 1, -1, -1}

a fourth coding sequence {a,*}={1, 1, 1, 1}

are used. Permutations assigned to the lights of the first,
second, and third wavelengths are a first permutation
{lg={{a2), {37}, {a'}}, a second permutation
{g.}=1a?}, {a*}. {a’}}, and a third permutation
{ga}={{a’} {a,"} {a'}, {a7}).

[0214] In other words, the four coding sequences are
assigned to the light of the first wavelength in the order
determined by the first permutation. The four coding
sequences are assigned to the light of the second wavelength
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in the order determined by the second permutation. The four
coding sequences are assigned to the light of the third
wavelength in the order determined by the third permuta-
tion.

[0215] A process of encoding and decoding of the pho-
toacoustic imaging apparatus according to the present
embodiment will be described. Assume that a point-like
light absorber is present at a depth of 3 mm in the object 100.
Assume that the ratio of the absorption coeflicient of the
light absorber for light of a wavelength 755 nm, light of a
wavelength 795 nm, and the light of a wavelength 825 nm
is 1:0.5:0.75.

[0216] In the present embodiment, intensity-modulated
lights with elements of the same number of the permutation
are synchronously applied to the object 100 in the sequence
of FIG. 16 for encoding.

[0217] First, for the first permutation element, the light
irradiation unit 110 synchronously applies intensity-modu-
lated light of the first wavelength corresponding to the first
coding sequence {a,'}, intensity-modulated light of the
second wavelength corresponding to the second coding
sequence {a,’}, and intensity-modulated light of the third
wavelength corresponding to the third coding sequence
{a;}. The receiving unit 120 receives photoacoustic waves
generated by the light irradiation and outputs a received
signal S1.

[0218] Next, for the second permutation element, the light
irradiation unit 110 synchronously applies intensity-modu-
lated light of the first wavelength corresponding to the
second coding sequence {a”}, intensity-modulated light of
the second wavelength corresponding to the first coding
sequence {a,'}, and intensity-modulated light of the third
wavelength corresponding to the fourth coding sequence
{a,*}. The receiving unit 120 receives photoacoustic waves
generated by the light irradiation and outputs a received
signal S,.

[0219] Next, for the third permutation element, the light
irradiation unit 110 synchronously applies intensity-modu-
lated light of the first wavelength corresponding to the third
coding sequence {a’}, intensity-modulated light of the
second wavelength corresponding to the fourth coding
sequence {a,*}, and intensity-modulated light of the third
wavelength corresponding to the first coding sequence {a,'}.
The receiving unit 120 receives photoacoustic waves gen-
erated by the light irradiation and outputs a received signal
S3.

[0220] Next, for the fourth permutation element, the light
irradiation unit 110 synchronously applies intensity-modu-
lated light of the first wavelength corresponding to the fourth
coding sequence {a*}, intensity-modulated light of the
second wavelength corresponding to the third coding
sequence {a]}, and intensity-modulated light of the third
wavelength corresponding to the second coding sequence
{a,%}. The receiving unit 120 receives photoacoustic waves
generated by the light irradiation and outputs a received
signal S4.

[0221] The irradiation with the lights of the individual
wavelengths of each permutation element may not be syn-
chronized completely. However, at least part of the irradia-
tion periods of the intensity-modulated lights of the plurality
of wavelengths may be overlapped to improve the S/N ratio
of the signals obtained per unit time.
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[S1.  Application of Intensity-Modulated  Light

Corresponding to First Permutation Element]

[0222] The control unit 153 transmits information on the
first coding sequence {a,'} to a first driving unit 313a
according to the assigned permutation. The control unit 153
transmits information on the second coding sequence {a,*}
to a second driving unit 3136 according to the assigned
permutation. The control unit 153 transmits information on
the third coding sequence {a,*} to a third driving unit 313¢
according to the assigned permutation.

[0223] The first light source 311a is driven by a driving
current generated by the first driving unit 313 according to
the information on the first coding sequence {a,'}. The
generated light is applied to a point-like light absorber
(sound source) via a first optical system 312a. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 17A.

[0224] The second light source 3115 is driven by a driving
current generated by the second driving unit 3134 according
to the information on the second coding sequence {a,*}. The
generated light is applied to the point-like light absorber
(sound source) via a second optical system 312b. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 17B.

[0225] The third light source 311c is driven by a driving
current generated by the third driving unit 313¢ according to
the information on the third coding sequence {a]>}. The
generated light is applied to the point-like light absorber
(sound source) via a third optical system 312¢. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 17C.

[S2. Acquisition of Received Signal Corresponding to First
Permutation Element]

[0226] When the light outputs from the first light source
311a, the second light source 3115, and third light source
311c are synchronized (when the lights are emitted at
substantially the same timing), the signal received by the
receiving unit 120 is the sum of the signals illustrated in
FIGS. 17A, 17B, and 17C. The received signal S,(t)
obtained at that time is illustrated in FIG. 17D. In other
words, the signal S,(t) is obtained by applying intensity-
modulated light of the first wavelength corresponding to the
first coding sequence {a,'}, intensity-modulated light of the
second wavelength corresponding to the second coding
sequence {a,’}, and intensity-modulated light of the third
wavelength corresponding to the third coding sequence
{a,’} at substantially the same timing. To describe the effect
of reducing noise, noise of a mean value of 0 and a standard
deviation of 0.2 is added.

[S3.  Application of  Intensity-Modulated
Corresponding to Second Permutation Element]

Light

[0227] The control unit 153 transmits the information on
the second coding sequence {a’} to the first driving unit
313a according to the assigned permutation. The control unit
153 transmits the information on the first coding sequence
{a,'} to the second driving unit 3135 according to the
assigned permutation. The control unit 153 transmits the
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information on the fourth coding sequence {a,*} to the third
driving unit 313¢ according to the assigned permutation.

[0228] The first light source 311a is driven by a driving
current generated by the first driving unit 313a according to
the information on the second coding sequence {a,’}. The
generated light is applied to the point-like light absorber
(sound source) via the first optical system 312a. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 18A.

[0229] The second light source 3115 is driven by a driving
current generated by the second driving unit 3135 according
to the information on the first coding sequence {a,'}. The
generated light is applied to the point-like light absorber
(sound source) via the second optical system 312b. A
received signal obtained by receiving photoacoustic waves
generated at that time with the receiving unit 120 has a
waveform as illustrated in FIG. 18B.

[0230] The third light source 311c is driven by a driving
current generated by the third driving unit 313¢ according to
the information on the fourth coding sequence {a;*}. The
generated light is applied to the point-like light absorber
(sound source) via the third optical system 312¢. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 18C.

[S4. Acquisition of Received Signal Corresponding to
Second Permutation Element]

[0231] When the light outputs from the first light source
311a, the second light source 3115, and third light source
311c are synchronized (when the lights are emitted at
substantially the same timing), the signal received by the
receiving unit 120 is the sum of the signals illustrated in
FIGS. 18A, 18B, and 18C. The received signal S,(t)
obtained at that time is illustrated in FIG. 18D. In other
words, the signal S,(t) is obtained by applying intensity-
modulated light of the first wavelength corresponding to the
second coding sequence {a>}, intensity-modulated light of
the second wavelength corresponding to the first coding
sequence {a,'}, and intensity-modulated light of the third
wavelength corresponding to the fourth coding sequence
{a,*} at substantially the same timing. To describe the effect
of reducing noise, noise of a mean value of 0 and a standard
deviation of 0.2 is added.

[S5.  Application  of Intensity-Modulated
Corresponding to Third Permutation Element]

Light

[0232] The control unit 153 transmits the information on
the third coding sequence {a;’} to the first driving unit 313a
according to the assigned permutation. The control unit 153
transmits the information on the fourth coding sequence
{a,*} to the second driving unit 3135 according to the
assigned permutation. The control unit 153 transmits the
information on the first coding sequence {a,'} to the third
driving unit 313¢ according to the assigned permutation.

[0233] The first light source 311a is driven by a driving
current generated by the first driving unit 313a according to
the information on the third coding sequence {a’}. The
generated light is applied to the point-like light absorber
(sound source) via the first optical system 312a. A received
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signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 19A.

[0234] The second light source 3115 is driven by a driving
current generated by the second driving unit 3135 according
to the information on the fourth coding sequence {a,*}. The
generated light is applied to the point-like light absorber
(sound source) via the second optical system 3126. A
received signal obtained by receiving photoacoustic waves
generated at that time with the receiving unit 120 has a
waveform as illustrated in FIG. 19B.

[0235] The third light source 311c is driven by a driving
current generated by the third driving unit 313¢ according to
the information on the first coding sequence {a,'}. The
generated light is applied to the point-like light absorber
(sound source) via the third optical system 312¢. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 19C.

[S6. Acquisition of Received Signal Corresponding to Third
Permutation Element]

[0236] When the light outputs from the first light source
311a, the second light source 3115, and third light source
311c are synchronized (when the lights are emitted at
substantially the same timing), the signal received by the
receiving unit 120 is the sum of the signals illustrated in
FIGS. 19A, 19B, and 19C. The received signal S3(t)
obtained at that time is illustrated in FIG. 19D. In other
words, the signal S3(t) is obtained by applying intensity-
modulated light of the first wavelength corresponding to the
third coding sequence {a,*}, intensity-modulated light of the
second wavelength corresponding to the fourth coding
sequence {a,*}, and intensity-modulated light of the third
wavelength corresponding to the first coding sequence {a,'}
at substantially the same timing. To describe the effect of
reducing noise, noise of a mean value of 0 and a standard
deviation of 0.2 is added.

[S7.  Application of  Intensity-Modulated
Corresponding to Fourth Permutation Element]

[0237] The control unit 153 transmits the information on
the fourth coding sequence {a,*} to the first driving unit
313a according to the assigned permutation. The control unit
153 transmits the information on the third coding sequence
{a,’} to the second driving unit 3135 according to the
assigned permutation. The control unit 153 transmits the
information on the second coding sequence {a,*} to the third
driving unit 313¢ according to the assigned permutation.
[0238] The first light source 311a is driven by a driving
current generated by the first driving unit 313a according to
the information on the fourth coding sequence {a,*}. The
generated light is applied to the point-like light absorber
(sound source) via the first optical system 312a. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 20A.

[0239] The second light source 3115 is driven by a driving
current generated by the second driving unit 3134 according
to the information on the third coding sequence {a,*}. The
generated light is applied to the point-like light absorber
(sound source) via the second optical system 312b. A
received signal obtained by receiving photoacoustic waves

Light
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generated at that time with the receiving unit 120 has a
waveform as illustrated in FIG. 20B.

[0240] The third light source 311c is driven by a driving
current generated by the third driving unit 313¢ according to
the information on the second coding sequence {a,*}. The
generated light is applied to the point-like light absorber
(sound source) via the third optical system 312¢. A received
signal obtained by receiving photoacoustic waves generated
at that time with the receiving unit 120 has a waveform as
illustrated in FIG. 20C.

[S8. Acquisition of Received Signal Corresponding to
Fourth Permutation Element]

[0241] When the light outputs from the first light source
311a, the second light source 3115, and third light source
311c are synchronized (when the lights are emitted at
substantially the same timing), the signal received by the
receiving unit 120 is the sum of the signals illustrated in
FIGS. 20A, 20B, and 20C. The received signal S,(t)
obtained at that time is illustrated in FIG. 20D. In other
words, the signal S,(t) is obtained by applying intensity-
modulated light of the first wavelength corresponding to the
fourth coding sequence {a,*}, intensity-modulated light of
the second wavelength corresponding to the third coding
sequence {a,’}, and intensity-modulated light of the third
wavelength corresponding to the second coding sequence
{a;?} at substantially the same timing. To describe the effect
of reducing noise, noise of a mean value of 0 and a standard
deviation of 0.2 is added.

[0242] In FIGS. 17A to 20D, actually, a time correspond-
ing to the time the photoacoustic wave is propagated from
the point-like light absorber to the receiving unit 120 (about
2 us) shifts, but the time is ignored in this graph.

[S9. Encoding]

[0243] A method for decoding a coded received signal
with the operating unit 151 in the computer 150 will be
described.

[0244] The operating unit 151 performs a decoding pro-
cess according to Expressions 7 to 9 to obtain decoded
signals DS, (t), DS,(t), and DS5(t) corresponding to the
individual wavelengths, where At is the time interval of the
reference timing. The four coding sequences are used for
decoding in the order determined by the same permutations
as those in assignment to the lights of the first, second, and
third wavelengths.

[Math. 9]

N N €)1
DS)(1) = Zsl(” (i- DAn-a! +Zsz(z+ (i-DAD-a? +
=1 i=1
N N
ng(m (i- DAD-@ + Zs4(z+ (i—1)AD-a?
i=1 i=1
[Math. 10]

N N ®
DSy 0)= Y Si(e+(i- DAY -af + ) Sale+(i- DAY -af +
=1 i=1
N N

ZS3(1+ (i—DAD-a} +ZS4(1+ (i-1)A)-a’

i=1 i=1
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-continued
[Math, 11]
N

N
DS3(1) = Zsl(” (i- DAD-a’ + Zszm (i-DAD-d +
=1 i=1

.
S3(1+ (i— DAD- a! +Zs4(z+ (= 1AD-a?
i=1

-

i

[0245] Generalization of Expressions 7 to 9 results in
Fxpression 10, where N is the code length, and K is the
number of coding sequences orthogonal o each other (the
number of permutation elements).

[Math. 12]

(10)

1=

DSpn) =

J

N
Zsj(m (i- DAD g
i=1

where1 is a natural number equal to or greater than 1, {g,(j)}
is a permutation assigned to each of the plurality of wave-
lengths, S, is a received signal corresponding to a permuta-
tion element, j is a natural number equal to or greater than
1, K is the power of 2 that satisfies [K is equal to or greater
than M], m is a natural number equal to or greater than 1 and
equal to or less than M, M is the number of a plurality of
wavelengths, t is time, and At is the time interval of the
reference timing of the coding elements of the coding
sequence.

[0246] Decoding corresponding to the first wavelength
will be described with reference to FIGS. 21A to 21E.

[0247] As aresult of the decoding process of the first term
on the right side of Expression 7 on the reception waveform
(8,)in FIG. 17D, the decoded received signal as in FIG. 21A
can be obtained. As a result of the decoding process of the
second term on the right side of Expression 7 on the
reception waveform (8,) in FIG. 18D, the decoded received
signal as in FIG. 21B can be obtained. As a result of the
decoding process of the third term on the right side of
Expression 7 on the reception waveform (S;) in FIG. 19D,
the decoded received signal as in FIG. 21C can be obtained.
As a result of the decoding process of the fourth term on the
right side of Expression 7 on the reception waveform (S,) in
FIG. 20D, the decoded received signal as in FIG. 21D can
be obtained. The sum of the signals in FIGS. 21A to 21D
forms the decoded signal DS, corresponding to the first
waveform illustrated in FIG. 21E. In other words, the peak
value of the received signal DS, decoded according to
Expression 7 is 16 times the peak value of a received signal
obtained by single light irradiation, and the sidelobes are
suppressed below noise.

[0248] Likewise, decoding corresponding to irradiation of
light of the second wavelength is illustrated in FIGS. 22A to
22E, and decoding corresponding to irradiation of light of
the third wavelength is illustrated in FIGS. 23A to 23E. This
shows that the peak values of the signals DS, and DS,
decoded according to Expressions 8 and 9, respectively, are
16 times the peak value of a received signal obtained by
single light irradiation, and the sidelobes are suppressed
below noise.
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[0249] A comparison of FIGS. 21E, 22E, and 23E shows
that the ratio of the absorption coefficient of the absorber is
stored. This indicates that information on light absorption of
the object is stored even if encoding and decoding is
performed. This allows spectral information, such as the
hemoglobin concentration of blood, to be acquired by ana-
lyzing the decoded signals DS, , DS, and DS, corresponding
to a plurality of wavelengths.

[0250] As in the first embodiment, the control unit 153
may set the time interval of the reference timing according
to the observation region (the region of interest) or the sound
velocity of the object so that a signal with a high S/N ratio
can be obtained in a short time. A method of reconstruction
may be the same method as that of the first embodiment. The
present embodiment may also employ the configuration of
the driving unit 113 described in the first embodiment.
[0251] Although the present embodiment illustrates an
example of acquiring decoded signals corresponding to
individual three or more wavelengths, it is only required that
a decoded signal corresponding to at least one of three or
more wavelengths is acquired. In other words, in the present
embodiment, a decoded signal corresponding to at least one
of a plurality of wavelengths is acquired. This also allows a
decoded signal corresponding to a desired wavelength to be
acquired.

Third Embodiment

[Encoding and Decoding Using Small Number of Coding
Sequences]

[0252] The method described in the second embodiment
can improve the S/N ratio using a coding sequence with a
code length of 8 instead of 4. However, this increases the
number of coding sequences orthogonal to each other to 8.
This requires repeating light irradiation and reception of
photoacoustic waves for encoding eight times, increasing
the measurement time.

[0253] In the present embodiment, an example of improv-
ing the S/N ratio while preventing an increase in measure-
ment time by decreasing the number of coding sequences.
[0254] Consider four coding sequences {a,“}(k=1 to 4, =1
to 8) orthogonal to one another and having a code length of

a first coding sequence {a,'}={1, 1, -1, -1, -1, -1, 1, 1}
a second coding sequence {a,*}={1, 1, -1,-1,1,1,-1, -1}
a third coding sequence {a’}={1, 1, 1, 1, -1, -1, -1, -1}
a fourth coding sequence {a*}={1,1,1, 1,1, 1,1, 1}
These are the results of assigning {1, 1} to {1} and {-1, -1}
to {1} in the coding sequences described in the second
embodiment. In other words, by repeating each coding
element of the four coding sequences orthogonal to each
other twice, the number of coding elements is doubled. The
repeat count of each coding element may be any natural
number that is equal to or greater than 2.

[0255] Furthermore, consider the following four different
permutations for arranging the four coding sequences in
order without overlapping:

a first permutation {g,}={{a,'}, {2}, {a’}, {a,*}}

a second permutation {g,}={{a,’}, {a,'}, {a,*}, {a’>}}
a third permutation {g;}={{a>}, {a,*}, {a;*}}

a fourth permutation {g,}={{a,*}, {a,>}, {a}, {a,'}}
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Here consider the total sum of the respective cross-correla-
tion functions of the four coding sequences arranged accord-
ing to the permutations g, and g, as expressed by Bxpres-
sion 6.

[0256] If p=q, Expression 6 takes the total sum of the
autocorrelation functions. The total sum is 16, 32, and 16 in
the vicinity of the peak, and O at all points other than the
peak. That is,

(a'*ah)={1,-2,1,-4,-3,-2,3,8,3,-2,-3,-4,-1,2, 1}
(@* 2)={-1, 2, 1,4,-1,-6, 1,8, 1, -6, 1,4, 1, -2, -1}
(@*a*y={-1,-2,-3,-4,-1,2,5,8,5,2,-1,-4,-3,-2, -1}
(a**ah=11,2,3,4,5,6,7,8,7,6,5,4,3,2, 1} and, at any

P,

4 Math. 13]
Z (@D s gt D) =

=1
(al *al) + (a2 *a2)+ (a3 *as) + (a4 *a4) =

{0,0,0,0,0,0, 16,32, 16,0,0,0,0, 0, 0}

holds.

[0257] If p=q, Expression 6 takes the total sum of the
autocorrelation functions. The total sum is O in all combi-
nations of p=q. For example, if p=1 and q=2,

(@' a®={-1,-2,1,4,1,-2,-1,0, 1,2, -1, -4, -1, 2,1}
(@*ah={1,2,-1,-4,-1,2,1,0,-1, -2, 1, 4,1, -2, -1}
(@** a™={1,2,3,4,3,2,1,0, -1, -2, -3, -4, -3, -2, -1}
(a™* a3):{—1, -2,-3,-4,-3,-2,-1,0,1,2,3,4,3,2,1}

4 [Math. 14]
Z (agl(j) % agz(j)) -

=1
(al *az) + (a2 *a1)+ (a3 *a4) + (a4 *a3) =

{0,0.0,0,0,0,0,0,0,0,0,0,0,0, 0}

holds.

[0258] Using such coding sequences and permutations
indicating their orders in a photoacoustic imaging apparatus
that uses lights of a plurality of different wavelengths allows
a signal obtained from light of a certain wavelength and a
signal obtained from light of the other wavelengths to be
separately obtained even if the light irradiation times over-
lap. Thus, spectral information, such as the hemoglobin
concentration of blood, can be acquired by analyzing the
decoded signals corresponding to a plurality of wavelengths
thus separated.

[0259] Compared with the second embodiment, if At<T,, -
holds, the peak intensity of a decoded signal corresponding
to each wavelength can be increased with little increase in
measurement time. At that time, sidelobes also increases, but
its pattern is known. Therefore, the decoded received signals
are corrected as appropriate as the need arises. For example,
of decoded received signals, only signals of a certain thresh-
old or greater may be validated. Furthermore, it is known
that the decoded received signals have a signal ratio of 1:2:1
at an interval of At, Therefore, a deconvolution filter that
corrects the signals to signals of a signal ratio of 0:1:0 may
be superposed thereon.

[0260] Although the present embodiment is an example of
acquiring decoded signals corresponding to a plurality of
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wavelengths, a decoded signal corresponding to at least one
of a plurality of wavelengths may be acquired. Also in this
case, a decoded signal corresponding to a desired wave-
length can be acquired.

Other Embodiments

[0261] Embodiment (s) of the present invention can also
be realized by a computer of a system or apparatus that reads
out and executes computer executable instructions (e.g., one
or more programs) recorded on a storage medium (which
may also be referred to more fully as a ‘non-transitory
computer-readable storage medium’) to perform the func-
tions of one or more of the above-described embodiment(s)
and/or that includes one or more circuits (e.g., application
specific integrated circuit (ASIC)) for performing the func-
tions of one or more of the above-described embodiment(s),
and by a method performed by the computer of the system
or apparatus by, for example, reading out and executing the
computer executable instructions from the storage medium
to perform the functions of one or more of the above-
described embodiment(s) and/or controlling the one or more
circuits to perform the functions of one or more of the
above-described embodiment(s). The computer may com-
prise one or more processors (e.g., central processing unit
(CPU), micro processing unit (MPU)) and may include a
network of separate computers or separate processors to read
out and execute the computer executable instructions. The
computer executable instructions may be provided to the
computer, for example, from a network or the storage
medium. The storage medium may include, for example, one
or more of a hard disk, a random-access memory (RAM), a
read only memory (ROM), a storage of distributed comput-
ing systems, an optical disk (such as a compact disc (CD),
digital versatile disc (DVD), or Blu-ray Disc (BD)™), a
flash memory device, a memory card, and the like.

[0262] While the present invention has been described
with reference to exemplary embodiments, it is to be under-
stood that the invention is not limited to the disclosed
exemplary embodiments. The scope of the following claims
is to be accorded the broadest interpretation so as to encom-
pass all such modifications and equivalent structures and
functions.

[0263] This application claims the benefit of Japanese
Patent Application No. 2016-228059, filed Nov. 24, 2016,
which is hereby incorporated by reference herein in its
entirety.

1. A photoacoustic imaging apparatus comprising:

a light irradiation unit;

a receiving unit; and

a processing unit,

wherein the light irradiation unit irradiates an object with
first intensity-modulated light of a first wavelength
corresponding to a first coding sequence and second
intensity-modulated light of a second wavelength cor-
responding to a second coding sequence different from
the first coding sequence,

wherein the receiving unit outputs a first signal by receiv-
ing photoacoustic waves generated by irradiating the
object with the first and second intensity-modulated
light, and

wherein the processing unit obtains at least one of a first
decoded signal corresponding to the first wavelength
and a second decoded signal corresponding to the
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second wavelength by performing a decoding process
on the first signal based on information on the first and
second coding sequences.

2. The photoacoustic imaging apparatus according to
claim 1, wherein an irradiation period of the first intensity-
modulated light and an irradiation period of the second
intensity-modulated light at least partly overlap with each
other.

3. The photoacoustic imaging apparatus according to
claim 1, wherein the processing unit acquires the first and
second decoded signals and acquires spectral information
based on the first and second decoded signals.

4. The photoacoustic imaging apparatus according to
claim 3, wherein the spectral information comprises oxygen
saturation.

5. The photoacoustic imaging apparatus according to
claim 1, wherein each of the first and second coding
sequences includes a positive coding element and a negative
coding element.

6. The photoacoustic imaging apparatus according to
claim 5, wherein the light irradiation unit comptises:

a light source comprising a semiconductor laser or a

light-emitting diode; and
a driving unit configured to input a driving current to the
light source,

wherein the driving unit inputs a first driving current for
generating positive intensity-modulated light corre-
sponding to the positive coding element to the light
source in accordance with reference timing correspond-
ing to the positive coding element, and

wherein the driving unit inputs a second driving current
for generating negative intensity-modulated light cor-
responding to the negative coding element to the light
source in accordance with the reference timing corre-
sponding to the positive coding element.

7. The photoacoustic imaging apparatus according to

claim 6, wherein the driving unit comprises:

a first driving unit configured to input the first driving
current to the light source; and

a second driving unit configured to input the second
driving current to the light source.

8. The photoacoustic imaging apparatus according to

claim 1, wherein the light irradiation unit comprises:

a first light source comprising a semiconductor laser or a
light-emitting diode that emits light of the first wave-
length; and

asecond light source comprising a semiconductor laser or
a light-emitting diode that emits light of the second
wavelength.

9. The photoacoustic imaging apparatus according to

claim 1,

wherein the light irradiation unit irradiates the object with
third intensity-modulated light of the first wavelength
corresponding to a third coding sequence and fourth
intensity-modulated light of the second wavelength
corresponding to a fourth coding sequence different
from the third coding sequence,

wherein the receiving unit outputs a second signal by
receiving photoacoustic waves generated by irradiating
the object with the third and fourth intensity-modulated
light,

wherein the processing unit obtains the first decoded signal
corresponding to the first wavelength by performing a
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decoding process on the first and second signals based on
information on the first and third coding sequences, and
wherein the processing unit obtains the second decoded
signal corresponding to the second wavelength by
performing a decoding process on the first and second
signals based on information on the second and fourth
coding sequences

10. The photoacoustic imaging apparatus according to
claim 9,

wherein the first and third coding sequences are first

complementary codes having complementary relation-
ship,

wherein the second and fourth coding sequences are

second complementary codes having complementary
relationship, and

wherein a sum of a cross-correlation function of the first

coding sequence and the second coding sequence and a
cross-correlation function of the third coding sequence
and the fourth coding sequence is zero.

11. The photoacoustic imaging apparatus according to
claim 9,

wherein an irradiation period of the first intensity-modu-

lated light and an irradiation period of the second
intensity-modulated light at least partly overlap with
each other,

wherein an irradiation period of the third intensity-modu-

lated light and an irradiation period of the fourth
intensity-modulated light at least partly overlap with
each other, and

wherein the irradiation periods of the first and second

intensity-modulated light and the irradiation periods of
the third and fourth intensity-modulated light do not
overlap with each other.

12. The photoacoustic imaging apparatus according to
claim 9, wherein the processing unit acquires the first
decoded signal DS, (1) and the second decoded signal DS,(t)
by performing the decoding process according to a follow-
ing expression:

N N
DS(n) :ZSI(HU_ DAD-a; + > So(t+(i—- DA ¢
i=1 i=1

[Math. 1]

N N
DSH(1) = ZS1(1+(1'— DAD - b; +ZS2(1+(1'— DAY-d

i=1 i=1

where At is a time interval of a reference timing correspond-
ing to a coding element, {a,}, {b;}, {c;}, and {d,} (i is an
integer from 1 to N, where N is a code length, and each
coding element is 1 or —1) are respectively the first, second,
third, and fourth coding sequences, S, (t) is the first signal,
and S,(t) is the second signal.
13. An photoacoustic imaging apparatus comprising:
a light irradiation unit;
a receiving unit; and
a processing unit,
wherein the light irradiation unit irradiates an object with
intensity-modulated lights of a plurality of wavelengths
corresponding to a plurality of coding sequences,
wherein the receiving unit outputs signals by receiving
photoacoustic waves generated by irradiation with the
intensity-modulated lights of the plurality of wave-
lengths, and
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wherein the processing unit obtains a decoded signal
corresponding to at least one of the plurality of wave-
lengths by performing a decoding process on each
signal based on information on the plurality of coding
sequences.

14. The photoacoustic imaging apparatus according to
claim 13, wherein the processing unit acquires the decoded
signal DS (1) (m is a natural number equal to or greater than
1 and equal to or less than M, where M is the number of the
plurality of wavelengths, and t is time) by performing the
decoding process on each signal according to a following
expression:

[Math. 2]

=

N
DSu)= ) 3" Sjtr+ i = DAD -af"
i=1

S

where ({a} is a coding sequence, i is a natural number
equal to or greater than 1, N is a code length, At is a time
interval of a reference timing of a coding element of a
coding sequence, {g (j)} is a permutation that determines an
order of a coding sequence assigned to each of the plurality
of wavelengths, j is a natural number equal to or greater than
1, K is the number of elements of the permutation and the
power of 2 that satisfies [K is equal to or greater than M], and
S, is the signal corresponding to a permutation element.

15. The photoacoustic imaging apparatus according to
claim 13, wherein the plurality of coding sequences are
orthogonal to each other.
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16. The photoacoustic imaging apparatus according to
claim 13, wherein the plurality of wavelengths comprises
three or more wavelengths.
17. A method for acquiring information, comprising:
irradiating an object with first intensity-modulated light of
a first wavelength corresponding to a first coding
sequence and second intensity-modulated light of a
second wavelength corresponding to a second coding
sequence different from the first coding sequence;

outputting a first signal by receiving photoacoustic waves
generated by irradiating the object with the first and
second intensity-modulated light; and

obtaining at least one of a first decoded signal correspond-

ing to the first wavelength and a second decoded signal
corresponding to the second wavelength by performing
a decoding process on the first signal based on infor-
mation on the first and second coding sequences.

18. A method for acquiring information, comprising:

irradiating an object with intensity-modulated lights of a

plurality of wavelengths corresponding to a plurality of
coding sequences;

outputting signals by receiving photoacoustic waves gen-

erated by irradiation with the intensity-modulated
lights of the plurality of wavelengths; and

obtaining a decoded signal corresponding to at least one

of the plurality of wavelengths by performing a decod-
ing process on each signal based on information on the
plurality of coding sequences.

19. A non-transitory computer-readable medium includ-
ing a program for causing a computer to execute the method
for acquiring information according to claim 17.

I S I
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