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The development of the pulse compression photoacoustic (PA) radar using linear frequency modu-
lation (LFM) demonstrated experimentally that spectral matching of the signal to the ultrasonic
transducer bandwidth does not necessarily produce the best PA signal-to-noise ratio, and it was
shown that the optical and acoustic properties of the absorber will modify the optimal bandwidth.
The effects of these factors are investigated in frequency-domain (FD) PA imaging by employing
one-dimensional and axisymmetric models of the PA effect, and a Krimholtz—Leedom—Matthaei
model for the employed transducers. LFM chirps with various bandwidths were utilized and trans-
ducer sensitivity was measured to ensure the accuracy of the model. The theory was compared with
experimental results and it was shown that the PA effect can act as a low-pass filter in the signal
generation. Furthermore, with the PA radar, the low-frequency behavior of two-dimensional wave
generation can appear as a false peak in the cross correlation signal trace. These effects are impor-

tant in optimizing controllable features of the FD-PA method to improve image quality.
© 2011 Acoustical Society of America. [DOI: 10.1121/1.3605290]
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. INTRODUCTION

Photothermoacoustics or photoacoustics (PA) is the gen-
eration of acoustic waves as a result of light energy absorp-
tion and subsequent thermo-elastic expansion in a material.
This effect provides a promising technology for non-invasive
medical imaging. In the past decade, a variety of biomedical
applications has been investigated with this imaging tech-
nique, with major focus on breast cancer." PA imaging can
be classified according to the employed irradiation source,
either using powerful nanosecond laser pulses or low power
intensity-modulated continuous wave (CW) laser irradiation.
To-date pulsed laser PA has captured almost exclusive atten-
tion due to the stronger induced signal and straightforward
signal processing algorithms.

The application of CW signals has a long history in ra-
dar technology in the quest for increasing operating range
while employing limited transmission power. Pulse com-
pression by matched filtering could solve this problem.’
Matched filtering enables the detection of a pre-known sig-
nal immersed in Gaussian white noise,” therefore a long
duration coded waveform with moderate power could
replace short high-power pulses. The matched filter for this
coded waveform was shown to be the complex conjugate
of the transmitted signal.* Pulse compression can increase
the signal-to-noise ratio (SNR) without deteriorating the
range resolution, where its effectiveness depends on the
time-bandwidth product of the transmitted waveform. De-
spite the unlimited variety of the input waveforms, they
can all be classified according to the time-bandwidth prod-
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uct.® Applying judicious windowing to the receiver, in view
of the trade-off between SNR degradation and sidelobe level
has been discussed extensively in the literature.”* These find-
ings formed the foundation for employing the CW technique
in the field of ultrasound and, later on, our introduction of the
PA radar.

Although the use of coded waveforms in ultrasound is
more recent than radar technology, nevertheless the smaller
feasible time-bandwidth product in ultrasound is a major ob-
stacle in the implementation of the CW ultrasonic radar.’"'’
O’Donnell'" considered the possible time-bandwidth product
and safety limitations on maximum transmission acoustic in-
tensity in medical ultrasound, and predicted that 15 to 20 dB
SNR improvement is possible. The frequency dependent
acoustic attenuation was shown to reduce the effective time-
bandwidth product.'? Pollakowski and Ermert'® pointed out
that by using square wave pseudochirps, it is possible to
increase the signal amplitude without changing the ampli-
tude of the transmitted power, also while reducing the side-
lobe levels. The same research group also determined that
the optimal bandwidth of the transducer for a cosine square
shaped transfer function is 1.14 times the conventional — 6
dB bandwidth of the transducer.'"* It was shown that the
transducer can have an effect similar to a frequency weight-
ing window and reduce the sidelobes.'*'> A clinical compar-
ison between the coded excitation and pulsed ultrasound was
carried out by Pedersen et al.'® and revealed that CW ultra-
sound can significantly increase the imaging depth by almost
2 cm. A comprehensive overview of the application of the
modulated excitation in medical ultrasound was presented in
a series of papers by Misaridis and Jensen.'’ "

CW or frequency-domain (FD) PA was first proposed
and implemented by our group, featuring heterodyne
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modulation and lock-in detection of a frequency swept laser
source.’*?! This work was backed by a detailed theoretical
analysis of the frequency-domain photoacoustic transient gen-
eration and propagation. The theory was based on one-dimen-
sional thermal-wave and displacement potential equations in
a two-layered model (scattering and absorbing layers). The
solution was attained by utilizing the Fourier transformation
method.?® The two-layered model facilitated a proper analysis
of the back-propagating transients, consistent with the utilized
reflection-mode detection. Later on, employing an analog-to-
digital convertor, the system became more capable of utiliz-
ing different signal processing methods. Matched filter com-
pression and heterodyne mixing were implemented and
tested.”** The PA system was evaluated by imaging differ-
ent turbid-phantoms, ex vivo chicken breast specimens and an
in vivo human finger.?* The maximum depths of the imaged
inclusions were 9 and 17 mm of chicken breast tissue for
high- and low-frequency transducers (3.5 MHz and 500 kHz),
respectively.”>** To be able to perform a comparative study
between pulsed PA and FD-PA, a pulsed laser source was
added to the system, producing a dual-mode PA imaging sys-
tem. The two modalities were compared with respect to the
maximum detectable depth.*’

The FD-PA method using single-frequency modulation
was later implemented by Maslov and Wang for microscopic
imaging a few millimeters below the skin surface. The so-
called PAM (photoacoustic microscope) demonstrated a lat-
eral and axial resolution of 600 and 700 um, respectively.
However, the achieved SNR was one order of magnitude
lower than that of the pulsed PA image.?® It is consistent
with a very recent theoretical account of both modalities by
Petschke and La Riviére.?’

Implementation of coded excitation in PA was created
by utilizing Golay codes. The use of this kind of coding is
widely practiced in ultrasound with the major advantage of
excluding the sidelobe problem as compared with frequency
modulated chirps. A high-power laser diode at a wavelength
of 808 nm and pulse repetition frequencies between 20 kHz
to 1 MHz was utilized to generate the coded irradiation. The
experimental results support the feasibility of this system for
small animal imaging.28

In our previous work,?’ we showed that the FD method
possesses a phase channel, in addition to the amplitude chan-
nel. We introduced the inverse of the standard deviation of
the phase as a statistical tool, capable of image generation
from the phase channel. It was shown that the optimal band-
width for the modulated waveform is not exclusively defined
by the transducer bandwidth, but also by the physical proper-
ties of the material (particularly, absorption coefficient and
acoustic attenuation). It was argued that there is no need for
extra windowing of the received signal, since the transducer
acts as a filter that reduces the sidelobes. In this paper, the
PA wave generation and propagation is theoretically investi-
gated, and the transducer function is modeled by means of
an electrical circuit model. The optimal bandwidth of the
modulated waveform is investigated both experimentally
and theoretically. The roles of the various parameters—
transducer, PA effect, acoustic attenuation, geometry of
wave generation, and propagation—are discussed.
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Il. THEORY OF PHOTOACOUSTIC WAVE
GENERATION AND PROPAGATION

To analyze the generation and propagation of the ultra-
sonic waves induced by laser excitation, the diffusive propaga-
tion of laser light in turbid media must be determined and the
velocity potential equation must be solved considering the
absorber and surrounding media. The PA wave generation and
propagation can be investigated employing the Green-function
method.*® Another method that can be used is Fourier analy-
sis.>! We pursue the latter method, since it uses transfer func-
tions which are more helpful in understanding system behavior
in the frequency-domain. Figure 1 shows a two-layer material
consisting of a chromophore object (absorbing medium) lying
below a layer of scattering medium. As the chromophore
absorbs the laser energy, pressure waves are generated and
propagate through both media. We do not consider the effect
of heat conduction and viscosity dissipation; these effects were
shown to be minor in photoacoustics.’" Also, transverse wave
generation is neglected due to its large acoustic attenuation in
tissue.*> A one-dimensional (1D) as well as a two-dimensional
(2D) axially symmetrical formulation are presented here. By
comparing these models with experimental results, the range of
applicability of each model can be assessed.

A. One-dimensional PA wave generation

Using the Fourier method, a 1D PA wave generation
and propagation analysis is presented which follows earlier
approaches by Mandelis ef al.** and Fan et al.*!

In the 1D model, the optical excitation reaching the absorb-
ing medium can be estimated by the exponential attenuation

i(f) — ]:[Io(t)e—ﬂmL] — fo(f)e—ue«L7 (1)

where I, is the laser intensity on the surface and / is the in-
tensity reaching the absorber, g is the effective optical
attenuation coefficient of tissue, L is the thickness of the
scattering medium, and F and tilde symbolize the Fourier
transformation operation. In the Fourier domain, the velocity
potentials in the absorbing (a) and scattering (s) medium,
respectively, are governed by

V2hu(r f) + Bdo(rf) = Lo prems, (2w
pacp
IO
_ -
Scattering
Medium Hs
I'F : =°
Absorbing u,
Medium
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v

FIG. 1. (Color online) Simple model of photoacoustic signal generation.
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V2 (r, f) + kidy(r, f) =0, (2b)

where k, = w/c, and k; = w/c, are absorbing and scattering
medium wavenumbers, respectively; ¢, and c¢; is the speed of
sound in the absorbing and scattering medium, respectively;
o is the angular frequency, o =2xf; r is a position vector;
(/f;aand(,bs are Fourier transforms of velocity potentials in the
absorbing and scattering medium, respectively; p, is the
absorption coefficient of the absorbing medium (e.g., a can-
cerous lesion); p,andp, are the density of the absorbing and
scattering media, respectively; f5, is the thermal expansion
coefficient; and C,, is the specific heat capacity.

This problem can be solved readily in the one dimen-
sional (z axis) case

bo(z.f) = (Cre e + Cre™ ke 1 Cye ") (f); >0, (3a)

by(z.f) = (C3e™ + Cae™™)[(f); —L<z<0. (3b)

Applying the radiation boundary condition (BC) for outward
moving waves only, we set C, =C3=0. In addition, there
should be pressure and velocity continuity at the interface

Ps(z =0, f) =pa(z =0, f) = p, jod,(0, f)

= p, jo,(0, f) (4a)
and
ddy(z.f)| _ dd,(zf)
dz T dz ’ (4b)
z=0 z=|
which yield
I,
Cy=—2 Ta__ 5
ST e+ ) G
_1. Jﬂ_u
Cy =422 ¢y, (5b)
e
PaCa PsCs
_—
Cp——IHathe o (5¢)

1 1
Ps@ (ﬂaca + p.;cs)

In Equation (5a), I', = B,c2/C, is the efficiency of thermo-
acoustic excitation often called the Griineisen coefficient.
The pressure detected by the transducer, assuming that it is
located at z =— L, can thus be determined:

Ps(—L.f) = —pyjod,(~L.f) = —p, joCse TI(F). (6)
Finally, from Eqgs. (5¢) and (6):

I e terl Uy
(1 + ;—) ByCa + joo

ps(—L.f) = e (f). )

This formula is useful in estimating the pressure wave gener-
ated under both pulsed and FD-PA excitation.
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B. Axially symmetric PA transient generation

While the 1D solution is adequate to analyze numerous
applications, especially for high-frequency FD-PA, some
effects such as the bipolar shape of a pulsed transient cannot
be explained by the 1D model.*® An axially symmetric for-
mulation and analysis of PA wave generation and propaga-
tion is consistent with a symmetric Gaussian laser beam. Our
strategy is to simplify the geometry and analyze the temporal
evolution of the signal. In the 1D model, the diffusion of
laser light in a turbid medium was modeled with an exponen-
tial attenuation. The diffusion of light in a scattering medium
for axisymmetric model can be calculated either by Monte
Carlo analysis or using the diffuse-photon-density wave
(DPDW) approximation. An axisymmetric solution of the
DPDW is derived based on the Mandelis and Feng** formu-
lation and shows that the reduction of the peak fluence has a
very good convergence to a spherical scattering source
which is spatially heavily damped according to

- 1 . o HerrL
I(f)%iwolo(f)( I >7 3)

especially at deep locations.*® Here W, is the beam spot size
on the surface. This approximate result or the analytical laser
fluence can be used as the source term in the velocity poten-
tial equation to solve for the propagation of the pressure
transient.

The cylindrical Fourier-domain equations for the velocity
potential in the scattering (s) and absorbing (¢) media, where
the energy source only affects the absorbing medium, are

N ]
79, 10 (rc’kba) 1124, = Patajir e, o)

o2 " ror\ or 2.Cp
Pp, 10 9 ) :

54— J kigp, = 0. b
072 +;’81‘<r 81‘>+ s &5 (©b)

Using the Hankel transformation, yields

82~ g 7 = " z

aia - /lzd)a + kz(i)a - %I(f, /L)eiu"‘7 (103.)
abp

82(;? 2: 22

52 s ko =0, (10b)

where the hat symbolizes the Hankel transform parameter
and / is the Hankel transformation parameter. If we assume
kg < k,, then, for three ranges of /, the system of equations
can be solved. This method is adopted to avoid any indeter-
minate situations.

Range I: 1 < kg < k,,. The solutions are

(za(z,}v,f) =Cre 'V k‘%#'zz-l-Cze v kg*j'zz-l-c‘j(f,i)e*#a“’»
(11a)

$y(2, 1o f) = Cae VBT 4 CpolVi 7z, (11b)

The coefficient of the particular solution is
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1 Bak
C, = afla 12
' <u3+k3—22> e 12

From the radiation BC, C, =C5=0.
The other BCs concern the continuity of pressure and
velocity at the interface, z=0. They yield

(\/kﬁ 22 +Jua>
I

(ZX(Z7 Avf) C4€/ K-i

\/k2 /12+”‘\/k2 2\, iz =22 ) PaCo

Range II: k; < A < k,. The solutions are

o (2, 0uf) =Che V72 4 0 V=7

+CI(f, N)e e (15a)

1

[(f, 2)C (13)
<\/ Py k2 >
therefore
j ﬁ :ua e/\//ﬁ”[(f )) (14)
|
$y(2,1nf) = Che V7 Kz 4 CleV7He, (15b)

The radiation BC and the requirement for boundedness of
the solutions yield C, = C = 0.

Using interfacial continuity of pressure and velocity, we
obtain

212,
= CheV* R =

$,(2, 1)

Range III: k; < k, < /. The solutions are

(za(z, /Lf) :CG/€7MZ + C;/e\/?:?g;

+ C(f, A)e (172)

$y(2, 1, f) = CleV 7k

P2 = 2+ pa 2 = 2 \ i J12 — 72 0.

(}a(z, ﬂ,f) = C/l/e_ VA2 —k2z + Clz/es/)?_kgz + Cj(f, }L)ey[,z.
(17b)
Boundedness requires C5 = C; = 0.

The conditions of pressure and velocity continuity at the
interface yield

(ua - m) (
N RN e

2 k2 — )2

1 )ﬁaua N, as)

I’

Now taking the piecewise inverse Hankel transform of Egs. (14), (16), and (18), gives

ka je] g I(f 2 2o (Ar)d
0 <,ua+j\/k2_)t2> (ps\/kz—)z—f—pa\/kz—/u)
~ ka RV 71\3221 y)
Gy(z.r.f) =t +J : CE ki Jo(Zr)d2 3. (19)
| (i =2 (e - 0V
oo —eVERE(f )
+J ¢ ¢4 ko do(2r)d).
ke (:uu + \/}‘2 - kz%) (pa\//lz - k% + Ps \/ /12 - kg)
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The transform of the pressure at the transducer location is

ﬁf(z = 7L7 r= Oaf) = 7j(1)ps(f)(2 = 7L,}" = Oaf) (20)

C. Asymptotic solution for large laser beams

When the laser beam spot size, W, increases due to scatter-
ing inside a turbid medium or is deliberately expanded and
the low frequencies become insignificant, the asymptotic so-
lution of Eq. (20) in the limit W — oo, is expected to
approach the 1D solution, Eq. (7). The minor contribution of
the low frequencies can occur particularly in the FD method
by specifying the lower limit of the sweep frequency range
or when the low frequencies are eliminated through the
transducer bandwidth acting as a band-pass filter. Here, we
will show that these two conditions can be incorporated into
one. Assuming a Gaussian profile for the laser beam inten-
sity and substituting its Hankel transform into Eq. (19),
yields

+o00
és(z,rZO,f'):ﬁé“ ‘ J f(i,ks,ka)(zwze*zwz/z)di. 1)
0

The integrand is the product of two functions. The function f,
is regular (i.e., not singular) for all values of 4, since k; # k,
is assumed for the integrand. The function inside the parenthe-
ses approaches zero rapidly for large values of AW. For exam-
ple, for C=iAW=4, we obtain W2~ W2 — 1 34x%
1073W. The integration can be cut off for 4> C/W. Further-
more, assuming kg, k, > C/W, the denominators simplify:

\/kf — 22~k \/ K2 — J? ~ k,. It can be seen that by

increasing W, the required lower frequency 1-D threshold
decreases. Equation (21) becomes

: Bala ( j ) ( ! )
, :O7 ~ .
¢X(Z r f) Cp Uy, +.]ka pska + pakS

e
xI(f)e’kJZJ

0

IWre FW g, (22)

Since  [§"MaW2e W45~ 1, y(z,r = 0,f) simplifies
further and the transform of the pressure field, Eq. (20),
becomes

- - Paba ( J )( 1 )
I :O, ~ —jw s .
pJ(Z 14 f) J p Cp 'ua +,]ka pska‘i’pak‘v

x I(w)e*s, (23)

which is Eq. (7), the 1D solution at z=— L. Assuming the
increased diameter of the laser spot, W, due to scattering at
the inclusion is 6 mm and the speed of sound in the medium
is 1500 m/s, setting C=4, and k,> C/W leads to
f > 160kHz. This is the frequency threshold above which
the PA behavior converges to the 1D limit.

The spectra of the PA effect [p(f)/I(f)] for 1D and
axisymmetric solutions, Egs. (7) and (20) excluding the
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FIG. 2. (Color online) Simulated PA spectra: 1D versus axisymmetric solution.
(Typical values of parameters are used; g, = lem™! ¢, = 1448 m/s,
¢, =1400m/s,L = 2 cm, W =6 mm)

delay-time term, are shown in Fig. 2. The plots are generated
for typical values of the parameters; p, = lcm™!,
cs = 1.448mm/us,c, = 1.4mm/us, L=2 cm and W=6
mm. It can be seen that above ~300 kHz the axisymmetric

2D spectrum approaches the 1D limit.

D. Acoustic attenuation effect

The effect of acoustic attenuation can be added to the
model by substituting the complex wave number in the scat-
tering medium, which modifies the 1D Eq. (7) as follows:

l"d e~ Hegr L U,

PqC y i
1 + WC'L;) H4Ca —|—j60

ﬁv(_L;f) — ( e*.f(lu/C;)Lefo(gLio(f), (24)

where o, is the acoustic attenuation coefficient in Np/cm. This
coefficient is frequency dependent. For human breast tissue:
o = of; oy = 0.75dB/MHz x cm,>* where the coefficient o,
is reported in the 1 to 10 MHz range (at 37 °C), however, it
also makes a good approximation at frequencies below 1
MHz, although the effect is negligible at low frequencies.

E. Ultrasonic transducer model

The transfer function of the transducer is a crucial piece
of information in understanding the PA response and can be
added to the PA system model using the well-known Krim-
holtz—Leedom—Matthaei model (KLM)*® [Fig. 3(a)]. Geo-
metric parameters, as well as focal distances, resonance
frequencies, and Q-factors can be obtained from manufac-
turer-provided information. Here, we used the transducer
model as a transmitter, which is broadly available in the lit-
erature.”’ Using the reciprocity property of piezomaterials,
the model can be applied for a receiver transducer with a
scaling factor.*® The ratio of transmitted pressure to the input
voltage in transmission mode is derived using the KLM
model*’

pif)  dZu (eikd/Z — [pe 7%/
Vi(f)

n Ejkd — FMFBE_jkd

)(1 +Tw),  (25)

Zin KLM
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High frequency transducer transfer function

Acoustic transmission line
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FIG. 3. (Color online) (a) KLM model transmission-line of piezoelectric transducer (Ref. 37). (b) Simplified electrical model. Z,., Zg, Z,, are the acoustic
impedances of piezoelectric element, backing, and matching layers, respectively; d is the thickness of the piezoelectric element; V, is the voltage at the electri-
cal port of the transducer, p, is the received pressure on the surface of the transducer; Ay, is the area of the transducer; Cj is the electric capacitances of the

transducer; C’ is an equivalent capacitance defined in Eq. (28b); and ¢ is the turns ratio. (c) Transfer function of the high-frequency transducers.

where Z,, Zy, Zp, Z. are the specific acoustic impedances
of the surrounding medium, matching layer, backing layer,
and piezoelement, respectively. d is the piezoelement
thickness and

r_Z—Zn B
M_Z;+ZM7 B —

Z,— 7

—. 26
Zs +ZB ( )

Zin x1M is the transducer impedance when looking into the
electrical port [Fig. 3(b)], and defined by*’

1

Z = Z 27
KM = e +j2nfC’ + ¢ Zeq, (27)
where ¢ (turns ratio) and C” are as follows:
in(rf /2fo)
_p [ sin(f/2%h) (28a)
¢ woCoZ:  7if 2fo

Zeg =

[ZM +Z tan( )} [ZB v tan(%’.‘)}

o — —Co_(nf/fo)
(kt)? sin(xf /fo)

(28b)

where f and wy are the resonance frequency and angular fre-
quency of the transducer. k' is the effective piezoelectric cou-
pling coefficient. Cy is the electric capacitance of the
transducer and can be calculated by determining the piezocer-
amic thickness corresponding to the half wavelength of the
resonance frequency and the area of the transducer. However,
a more accurate method for estimating the clamped capaci-
tance is to measure the unclamped electric capacitance with
an ordinary multi-meter, and utilize the permittivity of the
clamped and unclamped piezomaterial.>* The second method
is more reliable as the effective area of the transducer is not
necessarily the geometric area. The measured unclamped
capacitances are 850 and 1180 pF and the corresponding esti-
mated clamped capacitances are 462 and 642 pF for our 3.5
MHz and 500 kHz transducers, respectively. Z.q in Eq. (27) is
the acoustic impedance of the transducer replaced in the elec-
trical circuit [Fig. 3(b)] and can be calculated as

The normalized transfer function [Eq. (25)] of the high-fre-
quency transducer is plotted in Fig. 3(c). To employ this
model for a receiver transducer, a scaling factor must be
used, otherwise, the sensitivity () can be measured at the
center frequency and, in combination with the normalized
transfer function, the complete role of the transducer can be
quantified in pulsed and FD PA signal detection. Using a
calibrated hydrophone, the sensitivity of the 3.5 MHz trans-
ducer was measured and was shown that it operates at 31.8
uV/Pa at the center frequency.

F. PA signal and SNR

Using the PA formulation and transducer transfer func-
tion model, the detected PA response voltage is

1318  J. Acoust. Soc. Am., Vol. 130, No. 3, September 2011

(2 + Zevan (52)] |7 + iz an (55) | + (26 + 2. tan( | |7 +izsan(5)]

(29)

Vie(t) = 1{P(f ﬂHtr )}

(30)
The above formula can be used for both pulsed and FD
modes. In the FD method, the acoustic delay time can be
found by determining the cross correlation, R(7), of output
and input signals.

R(t) = F H{Vulf) - 1) }-
The input signal is the intensity of the laser beam (W/cmz). For
a linear frequency modulation (LFM) waveform, /(f) becomes

3D

ﬂBCh T Tch
Iy(t)=A;|1 ot , t<—,
() 1|: +COS(60 + T >:| 2 — << >
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where A; is the average power measured by a power meter.
T.n and By, are the duration and frequency bandwidth of the
chirp, respectively, and o, is the center angular frequency of
the chirp. In the cross correlation process, the detected signal

]"ae—#effL
R =\ 7
1 + psCS

The procedure for axisymmetric solution is similar. To esti-
mate the detected signal, the fact that the peak value of the

]"a e—ﬂeffL

,Daca
1+ PCs -0

L
Rinax (t = ) =
Cs

For the chirp bandwidth we can substitute the rectangular
bandwidth approximation Io(f) - I+(f) ~ Aj(Ten/4Be).>> A
combination of the in-phase and the quadrature signals yields

Zra,u ei'ue“L’/] Tch
Rinax =~ L A
max ( 1_’_% 14Bch

fotBa/2 [ gl .
X j (—) Ac(p)df| (35)
fL.—Bch/Z Hac(l +jw

max

where “max” on the right-hand-side refers to the maximum
of real and imaginary values. These two maxima are not at
the same delay time, however, the quadrature maximum is
also located inside the axial resolution limit (full width at

2
2 (w Tch)
PaCa
SNRCW = ‘R(t)|max — 1+/7.\-L’y 4Bch

V|

J“ B /2 [ ol
Jfe=Ben/2 \ pyCatjo

is multiplied by the complex conjugate of the input signal.
The dc part of the input signal is eliminated and the amplitude
of the waveform is normalized to produce the reference sig-
nal, 7::(f). Using the 1D model, Eq. (24), R(?) is written as

F (e ) e i i) )} Y

cross correlation is the total spectral energy of the matched
filter output must be taken into account:

+00 Hy —ofL 1 - -
J <W> ¢ nHtr(f)IO (f) ' Iref(f)df- (34)

half maximum) of the envelope signal. It should be consid-
ered that through the cross correlation algorithm, the noise is
also multiplied by a factor \/Tch/4Bch through the complex
conjugate of the reference signal. The phase change induced
in noise is ignored as it does not affect the noise level.
Therefore, to find the optimal bandwidth which maximizes

the cross correlation signal, the ratio
Jﬂ +Ben/2 ( e~ /L )
o —Ban/2 \MqCa T JO

x Hy(f)df| . (36)

Tch 1 +M

Rmax _ 1—‘a ,uae_HCHL WAI Tch
e PsCs Ben

4BCh

must be maximized. The SNR of the cross correlation sig-
nal*! is given by

max

Nou

—Ben/2 4Bch

where N, is the mean noise power of the detected signal and
any noise outside the chirp bandwidth is assumed to be auto-
matically eliminated through matched filtering. The result is

fotBen/2 ol 2

Ifo—Ben /2 W Catjo Ht"(f)df

2
(1+2) NouB?,

(Capze el nAr) 2Tch

max

SNRcw =

(38)
Equation (38) is very useful for comparing the SNR of the
FD-PA with the pulsed laser PA. This equation shows that
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X 2
+Ben/2
AN,

) (37)

SNR is proportional to the chirp duration. It is also known
that SNR is proportional to the number of averages in the
case of repetitive excitation.>® Therefore, Ty, in Eq. (38) can
be considered as the total exposure duration.

lll. EXPERIMENTAL RESULTS AND THEORETICAL
SIMULATIONS

Theoretical simulations were performed for both
pulsed transient and cross correlation signals and were
compared with experimental results. The experiments were
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FIG. 4. (Color online) Block diagram of the experimental setup. The laser
source can be switched between pulsed and CW lasers with sliding one
mirror.

performed using our dual-mode PA system,?” where pulsed
and CW lasers were employed on the same sample (Fig. 4).
The wavelength of both lasers was 1064 nm. The CW
source features a fiber laser (IPG Photonics, Boston, MA)
and an acousto-optic modulator which modulates the laser
intensity according to waveforms defined in the software
function generator. The pulsed source was a Q-switched
Nd:YAG laser (Continuum, Santa-Clara, CA) which pro-
duces pulses of 5.2 ns duration. Two single focused ultra-
sonic transducers were used with central frequencies 0.5
and 3.5 MHz, bandwidths 0.32 to 0.63 MHz and 2.66 to
5.23 MHz, and focal lengths 5.27 and 2.54 cm, respec-
tively. The function generation, signal acquisition, and
processing were implemented using the LABVIEW platform
(National Instruments, Austin, TX).

The sample was a thick plastisol material with absorp-
tion coefficient 4 cmfl, located at a depth of 10 mm in 47%
Intralipid solution. The energy fluence of the irradiated
pulsed laser was 100 mJ/cmz, and the utilized intensity of
the CW laser was 15.6 W/cm? (250 ms laser exposure time).

The experimental pulsed transient and corresponding
1D and 2D axisymmetric simulated pressure transients are
shown in Fig. 5(a). The laser fluence on the absorber was
calculated for both cases using exponential attenuation and
spherical propagation [Eq. (8)] to attain consistent results.
Equations (7) and (20) were solved where the irradiation (/)
is considered a very short rectangular pulse. For the 2D solu-
tion a Gaussian radial profile was assumed for the laser
beam. The simulated pressure transients show approximately
similar peak values for 1D and 2D solutions, however, the
1D solution is not capable of predicting the bipolar shape of
the signal and the peak width, whereas the 2D solution can
be used to predict such details.

The FD envelope signal trace obtained by utilizing a
LFM chirp with frequency sweep 200 kHz to 3 MHz was
compared with simulations in Fig. 5(b). The results of the
1D and 2D solutions are very close [Egs. (7) and (20)] and
coincided completely when the transducer effect was con-
sidered. The cross correlation signal incorporating the
effect of the transducer [“PA system” in Fig. 5(b)] shows
that the transducer transfer function acts as a window
reducing the sidelobes. This conclusion is consistent with
previous experimental results.?’
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FIG. 5. (Color online) (a) Experimental pulsed transient versus 1D and

axisymmetric pressure transients. Best-fit parameters: g, =4cm™!,

¢y = 1440m/s, ¢, = 1400m/s, L = 1cm, g = 1.3cm™!. (b) Experimen-
tal cross correlation signal versus simulations of the cross correlation of the
pressure waveform and detected voltage signal. The “PA system” accounts
for transducer contribution as well as PA effect and 1D and 2D simulations
coincide.

IV. PHOTOACOUSTIC RADAR PARAMETER
OPTIMIZATION

A. Optimal chirp bandwidth

In this section we present experiments and theoretical
procedures carried out to determine the optimal bandwidth of
the LFM chirp for different ultrasonic transducers. It was
shown in our earlier measurements° that for a high frequency
transducer (center frequency 3.5 MHz), the largest available
frequency range is not optimal, and the optimal bandwidth
may not be symmetric around the center frequency. In those
experiments, we showed that among three bandwidths; 0.5-3
MHz, 1-3 MHz, and 0.5-5 MHz, the first frequency range
generates the highest SNR. In this work, the lower bandwidth
limit for the same sample was reduced. The sample used in
this experiment was a flat plastisol inclusion 6 mm beneath
plastisol surroundings. The absorption coefficients of inclu-
sion and surroundings were 4 and 0.2 cm ™", respectively, and
the reduced scattering coefficient of the surroundings was 3.1
cm . The signal traces generated with several bandwidths
are shown in Fig. 6. In the signal traces, two peaks are visible
which correspond to the surface of the plastisol (at ~17 us)
and to the inclusion (at ~21 us). The SNRs shown in the inset
were calculated according to the definition in Eq. (37) based
on the later peaks due to the inclusion. It can be seen that the
optimal bandwidth is 200 kHz to 3 MHz, which is far below
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FIG. 6. (Color online) Experimental PA bandwidth optimization of the fre-
quency modulation chirp with a 3.5 MHz transducer. The sample consisted of
an absorber with 4 cm™ ! absorption coefficient, 6 mm beneath the surface of
plastisol with reduced scattering and absorption coefficients of 3.1 and 0.2
cm ™, respectively. The laser spot size on the plastisol surface was 2 mm.

the range of the transducer. This bandwidth enhanced the
SNR by 10 dB over the largest bandwidth, 1 to 5 MHz.

A similar experiment was conducted with the low fre-
quency transducer. The tested sample had similar physical
properties to the one described above, only the inclusion was
located approximately 14 mm below the surface. Several
bandwidths were tested with 200 kHz used as the low cutoff
frequency of the chirp. The upper cutoff frequencies were
set to 700, 800, 850, and 900 kHz, and the corresponding
measured SNRs were 17.5, 17.8, 18.1, and 17.7 dB, respec-
tively. This experiment showed that the optimal bandwidth
is 200 to 850 kHz, however, the SNR variation was very
small, with a maximum of 0.6 dB.

The theory developed in Sec. II can be used to interpret
the experimental results. The cross correlation signal is
affected by three factors: The physics of the PA response,
the acoustic attenuation of the propagating waves in the me-
dium and the transducer transfer function [Eq. (35)]. The fre-
quency dependence (spectrum) of the integrand of Eq. (36)
for the high-frequency transducer with typical parameters is
shown in Fig. 7. This figure shows that the rising part of the
transducer transfer function amplitude compensates for the
PA response decay and the acoustic attenuation and is fol-
lowed by a rapid decrease above this frequency region. This
spectrum explains why a frequency range below the center
frequency generates the optimal bandwidth for a high fre-
quency transducer. Equation (36) can be used to determine
the bandwidth which generates the highest peak signal. With
a high-frequency transducer, when the lower frequency was
decreased from 500 to 200 kHz, the SNR increased, how-
ever, decreasing the lower frequency to 100 kHz did not aug-
ment the SNR. The lower limit of the bandwidth was fixed at
200 kHz, and the maximum signal was calculated, depend-
ing on the variation of the upper limit of the bandwidth for
both transducers. The most important physical property
involved here is the value of the optical absorption coeffi-
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FIG. 7. (Color online) PA system frequency response, consisting of the
PA response, the acoustic attenuation and the high-frequency transducer
transfer function. Typical parameters used: u, = 4cm~! ¢, = 140m/s,
o, = 0.0863 Np/cm (human breast), L =2 cm.

cient. The variation of speed of sound in tissue is less than
10%." Therefore the calculations were performed for absorp-
tion coefficients between 0.2 and 10 cm™'. The other param-
eters used in Figs. 7 and 8 are typical values for soft tissues.
The chromophore was assumed to be 2-cm deep. Plots in
Fig. 8(a) show the peak variation for the high-frequency
transducer. The figure shows that the absorption coefficient
has minor impact on the optimal bandwidth and the best
upper cutoff frequency is between 2.9 to 3 MHz, which is
completely consistent with the experimental results, Fig. 6.
The two maximum points in Fig. 8(a) correspond to the max-
ima of the real and imaginary part, respectively [Eq. (36)].
We should mention that the depth of 2 cm was selected as it
is around the maximum depth at which our system was able
to detect absorbers with high frequency transducer. The SNR
was maximized for the deepest possible absorbers to
increase depth detectivity. However, variation in L in the
range of 0.5 to 3 cm will generate a very small deviation in
the optimal bandwidth.

Similar calculations for the low-frequency transducer
are shown in Fig. 8(b). In this case the optimal maximum
frequency was found to be between 700 to 800 kHz (750
kHz for pu, =4 cmfl), which is within 100 kHz of the experi-
mental results. Figure 8(b) predicts that the variation of the
cross correlation peak for an upper cutoff frequency between
700 and 900 kHz is less than 0.7 dB, as was borne out
experimentally.

The reason for optimizing the bandwidth with respect to
maximum matched filter signal, Eq. (36), and not the maxi-
mum SNR, Eq. (38), is that using the latter equation one
finds a single spike at the location of the maximum of the
spectrum (Fig. 7). This zero bandwidth result indicates that
the optimization constraints are not properly set. The main
constraint is the requirement for large bandwidth so as to
minimize the sidelobes, which is not accounted for in Eq.
(38). Our experiments demonstrate that the achieved band-
width with Eq. (36) is very close to the one generating the
highest SNR experimentally. This is consistent with the pure
ultrasound case where the optimal bandwidth was deter-
mined based on the maximum cross correlation peak.'* It
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FIG. 8. (Color online) Predicted chirp optimal bandwidth that generates the
highest detected cross correlation signal. (a) 3.5 MHz transducer, (b) 0.5
MHz transducer.

should be noted that while the optimal bandwidth maximizes
the SNR, it may be less than the transducer bandwidth, there-
fore, it could compromise the axial resolution for SNR.
However, it has been shown that when the SNR is low, high
resolution does not help to distinguish chromophores at dif-
ferent depths.>

This procedure can also be applied to the determination
of the optimal lower cutoff frequencies. These frequencies
are important for deep tissue penetration and imaging. How-
ever, experiments reveal that at low frequencies, the effect
of the lateral degrees-of-freedom for PA wave generation
and propagation is significant and requires a more detailed
investigation. This effect can generate artifacts or false peaks
in the A-scans. This is discussed in the next section.

The same procedure can also be repeated using the axi-
symmetric PA solution. The deviation in the plots will be
very small for high-frequency and visible for low-frequency
bandwidths. However in both cases the deviations of the
optimal bandwidths are very small. Furthermore, it should
be noted that the spatial resolution of our imager cannot be
better than the transducer lateral resolution (0.87 and 5.4
mm for high- and low-frequency transducers). Therefore this
PA system is applicable for detection of chromophores a few
millimeters in size. On the other hand, to detect smaller
objects, the frequency range of the employed transducer
should be higher and therefore, still consistent with the 1D
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approximation. Experimentally generated signals from inclu-
sions as small as 2 mm demonstrate the applicability of the
foregoing theory.>

B. Low-frequency effects on FD PA

The low cutoff frequency of the modulated signal can
affect PA A-scans and images. An experiment was imple-
mented with the low-frequency transducer and the same
plastisol sample mentioned in the previous section. Using
the same procedure, the lower limit of the frequency range
was decreased from 200 kHz to 150 and 100 kHz. Figure 9
shows the experimental A-scans, where two peaks corre-
spond to the sample surface and to a subsurface inclusion
(arrow). On decreasing the low cutoff frequency, an extra
peak appeared (at ~35 us) and grew beside the first (surface)
peak. One factor contributing to the generation of these large
false peaks is acoustic diffraction due to the small laser spot
size (~2 mm) on the plastisol surface which is commensu-
rate with the acoustic wavelength. Using the 2D theory, the
generation of the first cross correlation peak and its adjacent
artifacts were simulated. Figure 10 shows the results of these
simulations for a medium with an absorption coefficient 0.2
cm~ ' when employing the aforementioned three bandwidths.
Figure 10 also compares the experimental and simulated A-
scans for a frequency sweep between 150 and 800 kHz. Only
the first peak on the surface of the plastisol is simulated and
demonstrates how a small laser spot size and low-frequency
excitation can cooperate to produce artifacts.

In the high-frequency A-scans presented in Fig. 6, it can
be seen that the sidelobes grow by extending the frequency
range to low frequencies. However, even in the 100-3500
kHz frequency range, no extra peak artifacts appear.
Although the sidelobes adjacent to the strong main peak due
to the absorber which is very close to the surface peak may
possibly hide such artifacts, this is not likely: The wider
chirp bandwidth limits the low-frequency contribution; the
higher center frequency of the transducer also diminishes the
weight of low frequency contributions; and acoustic

Cross-correlation amplitude [arb.u.]

Delay time [us]

FIG. 9. (Color online) Experimental artifacts generated with the 0.5 MHz
transducer in the cross correlation PA amplitude. Laser spot size: 2 mm.
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FIG. 10. (Color online) 2D simulated cross correlation signals exhibit low-
frequency artifacts and comparison with experimental signal amplitude in
the bandwidth 150 to 800 kHz. Laser spot size: 2 mm.

diffraction is less efficient at high frequencies at which the
ultrasonic wavelength 0.94 mm is small compared to the
laser beam spot size (~2 mm).

Another experiment with the high-frequency transducer
was performed in the frequency range between 200 kHz and
3 MHz. The properties of the plastisol sample were as
described above. The absorbing inclusion was located ~14
mm beneath the surface. The A-scan generated with the FD
PA method is shown in Fig. 11(a). It can be seen that,
although the frequency range starts at 200 kHz, there are
large artifacts present in this signal trace, mostly generated
by acoustic diffraction; the surface was ~13 mm (at ~9 us)
away from the transducer which is out of the focal zone and
very close to the near field.

The low-frequency artifacts were diminished by high-
pass filtering of the averaged waveform before performing
the cross correlation operation. A high-pass filter able to
eliminate these artifacts with a cut-off frequency of 325 kHz
was employed [Fig. 11(a)]. This figure shows that by high-
pass filtering, the true peaks also decrease, as they lose part
of their energy content. High-pass filtering demonstrates the
connection of these artifacts with low-frequencies, otherwise
it is not advisable to use a bandwidth with low starting fre-
quency and filter it afterward.

A cross-sectional image of the sample was produced
from a line scan over the inclusions and as well depicted in

. 50 5
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Fig. 11(b). The surface of the plastisol and two inclusions
are recognizable, although, the artifacts degrade the image.
The large inclusion is a flat absorber and the small inclusion
is a cylindrical absorber, 1/4 in. diameter, both with absorp-
tion coefficient 4 cm ™' at approximately 14 mm below the
surface. Figure 11(c) also shows how the image artifacts
were eliminated after high-pass filtering.

V. CONCLUSIONS

PA wave generation and propagation was modeled in
axisymmetric coordinates and compared with the one dimen-
sional solution in the frequency domain. The 1D and 2D PA
spectra coincided above a few hundred kHz. It was thus con-
cluded that a 1D PA mathematical model is sufficient for
FD-PA analysis when the starting frequency is high enough.
Furthermore, the 1D solution was used to relate the maxi-
mum matched filter peak and SNR to system parameters:
bandwidth, chirp duration, physical properties of the sample,
and transducer transfer function.

The effect of bandwidth in the generation of the FD-PA
signal was investigated theoretically and experimentally. It
was shown that the optimal bandwidth generating the highest
SNR for a low-frequency transducer (0.5 MHz) is roughly
centered at the peak frequency of the transducer. For a high-
frequency transducer (3.5 MHz), however, the decaying
effects of the PA response and acoustic attenuation with
increasing frequency, shift the optimal bandwidth to the
lower frequencies, where the rising amplitude of the trans-
ducer transfer function counterbalances those low-pass-
equivalent factors. Experiments revealed that by tuning the
modulated chirp bandwidth with respect to that of a high-fre-
quency transducer, the SNR of the A-scan can be improved
by 10 dB. It was demonstrated theoretically that by proper
selection of the chirp bandwidth, the transducer can act as a
window or a filter, reducing the sidelobes. As a result extra
windowing was not required. This procedure amounts to fre-
quency (spectral) fine-tuning of the PA radar.

Photoacoustic-ultrasonic diffraction effects related to
laser beam spot size and ultrasonic wavelength generate arti-
facts at low frequencies. This effect was demonstrated exper-
imentally and accounted for with the 2D axisymmetric

After high-pass filtering
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FIG. 11. (Color online) (a) A raw high-frequency A-scan with artifacts (frequency range: 200 kHz to 3 MHz) and the high-pass filtered cross correlation signal
(laser spot size: 2 mm) and corresponding FD PA images (b) before and (c) after high-pass filtering.

J. Acoust. Soc. Am., Vol. 130, No. 3, September 2011

B. Lashkari and A. Mandelis: Photoacoustic radar: Optimal bandwidth 1323



theory. Thus, the starting frequency of the chirp should be
selected carefully, especially when the laser spot on the sur-
face is very small, to avoid artifacts.
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