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Abstract—In biomedical all-optical pulse-echo ultrasound sys-
tems, ultrasound is generated with the photoacoustic effect by
illuminating an optically absorbing structure with a temporally
modulated light source. Nano-second range laser pulses are
typically used, which can yield bandwidths exceedind 00 MHz.
However, acoustical attenuation within tissue or non-uniformities
in the detector or source power spectra result in energy loss at th
affected frequencies and in a reduced overall system efficiency.

In this work a laser diode is used to generate linear and non-
linear chirp optical modulations that are extended to microsecond
time scales, with bandwidths constrained to the system sensitivity
Compared to those obtained using a2 ns pulsed laser, pulse-
echo images of a phantom obtained using linear chirp excitation
exhibit similar axial resolution (99 versus 92 um, respectively)
and signal-to-noise ratios {0.3 versus 9.6 dB). In addition, the
axial point spread function exhibits lower side lobe levels in the
case of chirp modulation.

By using non-linear (time-stretched) chirp excitations, where
the non-linearity is computed from measurements of the spectral
sensitivity of the system, the power spectrum of the imaging
system was flattened and its bandwidth broadened. Consequently
the point spread function has a narrower axial extent and
still lower side-lobe levels. Pulse-echo images acquired with
time-stretched chirps as optical modulation have higher axial
resolution (64 pm) than those obtained with linear chirps, at the
expense of a lower signal-to-noise ratio6(8 dB). Using a linear
or time-stretched chirp, the conversion efficiency from optical
power to acoustical pressure improved by a factor of70 or 61,
respectively, compared to that obtained with pulsed excitation.

I. INTRODUCTION

With all-optical pulse-echo ultrasound, sound is generafsi-
cally by irradiating an optically absorbing coating or sture.

sufficiently high pressure levels can be achieved to allow fo
therapeutic high-intensity focussed ultrasound [12, 13].

Conventionally, nanosecond-scale light pulses are used tc
obtain high acoustic pressures and bandwidths in excess o
100 MHz [4, 14]. However, the light sources tend to be
bulky and expensive, and in addition they typically offer
no control over the pulse shape. Consequently, the acoustic
power spectrum tends to be fixed, whereas different appli-
cations require different resolutions and penetrationtitep
Especially at large penetration depths, high frequencies a
attenuated within the tissue, resulting in a narrower xexki
bandwidth. Moreover, the optical absorbers typically evgptl
in fibre-optic ultrasound sources can exhibit strong adoaist
attenuation, and hence much narrower transmit bandwidéhs a
often observed [2, 15, 16]. As a result, a significant portén
the optical energy is contained outside the bandwidth of the
generated acoustical signal, and hence effectively lost.

To maximise the conversion efficiency from optical to acous-
tical energy, the optical energy should be constrained bmth
the bandwidth supported by the optically absorbing stmactu
and to the bandwidth required by the application. This band-
width limitation could be achieved by employing modulated
CW lasers to perform frequency domain imaging [17, 18].
While in this case spectral matching is trivial, this method
requires multiple measurements at different modulatias fr
guencies to reconstruct a single time-domain image.

In this study, a low-cost, portable laser diode was used in
conjunction with a high-bandwidth driver (combined dimen-
sions:65 mm x 85 mm x 20 mm, total cost: 8500 GBP),
which enabled variation of the shape of the power spectrum
of the optical modulation. As the peak power of these laser
diodes is typically five orders of magnitude lower than thiat o

The absorbed optical energy gives rise to a local pressurdPically employed pulsed light sources [16], coded esxitita
increase, which propagates through the surrounding mediutf{@s Used in conjunction with pulse compression to recower th
as an acoustic wave [1]. Reflections from within the mediumB-mode image signal-to-noise ratio (SNR) [19, Ch.3]. Here,
are received with optical ultrasound sensors, and the {:orrrzlme""r chirps with flat bandwidths [20] were used, of whick th
sponding signals are processed to generated images. dabp PUlS€ energy is determined by the pulse duration. Lineapshi
pulse-echo ultrasound imaging [2—11] is very promising forhave previously been used as optical modulation to improge t

minimally invasive clinical procedures; high sensitivican

SNR of photoacoustic images [21-23], but to our knowledge

be achieved with MRI-compatible sources and receivers thdf'®y have not been applied to improve the efficiency of all-
are fabricated at the distal end of optical fibres. In addjtio OPtical pulse-echo ultrasound imaging systems.
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The power spectrum of the optical modulation can be mod-
ified to compensate for non-idealities in the power spectrum
caused by the transduction technology, such as non-uniform
detector sensitivity or non-uniform acoustic power. Whiést
type of spectral shaping can be performed using amplitude
modulation, it would significantly decrease the overall o
tical power due to the low maximum optical intensity of a
laser diode. Instead, spectral shaping is achieved byngtiie



rate of frequency change with time, thereby effectivelyeim Read-out laser Optical

stretching a linear chirp. One class of time-stretchedpshir ADC - photodiode hydrophonel™...

was shown to improve the image quality in photoacoustic e,, . ., [Image
imaging [22], but in that work the frequency was restricted 197 ~7|object
to vary with time in a polynomial fashion. In this study, PC ) : /,%

that restriction is lifted and the rate of frequency change L or o7 contimg® |

is computed on a per-frequency basis to allow for greater | AWG H Laser diode |- ’

flexibility in spectral shaping.
In this work, aII-optlcaI pulse-echo Imaging IS demonsidat Fig. 1. A schematic of the experimental setup used in this wdltkasound is

USing a modulated Igser (_jiOde and_ an a_”'OP_tica_l SOUrCE€generated by illuminating an optically absorbing coatinggither a pulsed

receiver transducer pair designed for biomedical intetfgaal laser or a modulated laser diode. One percent of the emittét ifgtapped

use. While both the source and receiver are known to haviom the output to be recorded by a photodiode. The transiitteasound

non-uniform power spectra [16, 24], they provide an effexti scatters off the image object and is recorded using an optiziophone. A

d . fh St | ’ . duckiffi desktop PC was used for data acquisition and synchronisatid to program
emonstration of how an optical-to-acoustic transductin ¢ arpitrary waveform generator (AWG).

ciency gain can be achieved by limiting the bandwidth of the

optical modulation, and how the power spectrum uniformity o

the received acoustical signal can be improved throughtsdec ) , . .

shaping. These demonstrations are achieved through neeasuf€asuring the sensor’s reflectivity using a tunable laser (T
ments of the axial point spread functions using pulsedaline NICS T100S-HP, Yenista, France) and a custom photodiode.
chirp, and time-stretched chirp modulations. In additiga, Th_e wavelength of the interrogation laser was continuously
mode pulse-echo ultrasound images of phantoms are present@diusted to correspond with the peak derivative of the hy-

which demonstrate the gain in spatial resolution achieyed bdrophone’s cavity transfer function [25].

applying a time-stretched chirp modulation. To measure the acoustic power spectrum of the optically
absorbing coating, acoustic transmission measurements we

performed at a distance @ mm with the coated source fibre
. centred and at normal incidence to the planar sensor. Pulse
A. Experimental setup echo measurements were acquired with the coated source fibr:

A step-index optical fibre with a core/cladding diameter ofand optical fibre hydrophone positioned adjacent to eacéroth
200/220 um was used as ultrasound source. This fibre wagnd facing the same direction. The signals from the intgnsit
dip-coated using the process described in [16], resulting i Monitoring and hydrophone interrogation photodiodes were
an optically absorbing coating (transmittanee5%) with a  recorded atl00 MSa/s using a digitiser card (NI PCI-5142,
maximum thickness of approximate0 pm, consisting of National Instruments,T_X, USA). All equipment was conteall

a composite of functionalised carbon nanotubes (CNTs) anflY & desktop PC running MATLAB R2012b and LabVIEW
polydimethylsiloxane (PDMS). This coating was illumindte 2012 SP1. The setup is shown schematically in Fig. 1.

using either a pulsed laser (SPOT-10-500-1064, Elforlight

UK) or a modulated laser diode (LU1064M450, Lumics, . .

Germany) driven by a high-frequency driver (BFS-VRM-03- B. Light modulation
HP, Picolas, Germany). Both lasers operated at a wavelengifhe light generated by the laser diode was modulated by a
of 1064 nm. The excitation voltage provided to the laser driverchirp of which the frequency increased monotonically with
was generated by an arbitrary waveform generator (33611Ajme. Two types of chirp modulations were considered: adline
Agilent, CA, USA) and sampled @00 MSa/s. One percent of chirp and a time-stretched version of the linear chirp. Both
the optical power was tapped using@: 1 fibre optic coupler ~ chirp signalsc(t) had the general form

(FC1064-99B-APC, Thorlabs, Germany) and its modulated .

intensity was monitored with a fast photodiode (DET10A, c(t) = Asin (¢0+27T/ f(T)dT), 1)
Thorlabs, Germany); the remainifg % was used to generate 0

the ultrasound. As the light generated by both sources was

coupled into the same multi-mode source fibre, the acousti?Nere f(t) is the time-dependent frequency, the integration

source geometry was independent of the light source ancehenE!UNS OVer timer, ¢y is a constant phase offset, andis the

so was the directivity pattern of the acoustic source. amplitude of the chirp signa!. In_thg case ofa Iinea_r chirg, t
Acoustical detection was performed using either a custoniat€ Of frequency change with timg() is constant, i.e.,

Il. METHODS

planar Fabry-Brot etalon {0 um spacer thickness) featuring ) Finax — Fuin

a uniform sensitivity [25], or a custom fibre-optic hydropieo ft) = A constant, (2)
with a plano-convex Fabryé&Pot cavity at the distal end, sim- P — foni

ilar in construction to that presented in [26]. While the fibre = f(t) = fon+ 0 (3)

optic hydrophone is known to have a non-uniform frequency A

response [24], it was selected for its high sensitivity andwhere fiin, fmax, and A are the minimum frequency, max-
small lateral dimensions<{ 250 um) suitable for biomedical imum frequency, and chirp duration, respectively, and the
interventional application. Both sensors were interredaby  integration constant is determined by requirifi) = fumin-



Consequently, the analytic expression for a linear chigiien ~ scaled and offset so that they ranged between the extremun
by values of 0.09 V and 0.7 V, corresponding to zero and
maximum light intensity, respectively. For all three optic
ce(t)

t T
Asin (¢0+27T/ / f(@)d@dr) (4)  modulations, the repetition rate of the chirps was chosen
0o Jo such that the time-averaged optical power of excitatiohtlig

) fmax — fmin .2 delivered to the absorbing coating w@s= 5.00 mW. At this
= Asin <¢0 +2m {fmint + oA ¢ D : optical power level, reproducible acoustical responsesewe
. ] . } generated without causing damage to the coating. For the
The idealised case, in which the power spectiittw)|” of  pulsed laser, this amounted to a repetition ratel$ Hz,
the acoustical responggt) is uniform across its bandwidth, whereas the scaled chirp signals were zero-padded to cdotain
1e., repetition rate oB350 Hz. As the discontinuities introduced by
2 2 . w this zero-padding give rise to additional unwanted acoakti
[PW)[” = [F{p(t)}|" = constant, funin < ‘Z‘ < fmax, responses, the offset was tapered using a Tukey window with
o . (5) parametera = 11% (determined empirically). All acoustical
where 7{.} indicates the Fourier transform and= 27f is  yesponses presented below are averages over the releval
the angular frequency, yields the smallest possible axiaitp  nhymber of acquisitions1(5 for pulses or3350 for chirps) to

spread function within the bandwidth constraints. Howgverensyre that the same total optical energy was associatéd wit
in reality there are non-uniformities in the power spectrumeach measurement.

that decrease the spatial resolution of the imaging system.
To correct for these non-uniformities, a time-stretchedpch Sianal processing and analvsis
signal can be used, of which the rate of frequency changg' gnaip 9 ) y ] )
f(t) is adjusted so that more time is spent at frequencie§ower spectra of both the optical modulation and the actalsti
corresponding to low acoustic power. To compensate for thééSponse were computed using MATLAB's FFT routine. Band-

non-uniformities in the power spectrum, the rate of freqyen Widths were defined by the-6 dB level in | P(w)|* relative
change is set to to the maximum power. Pulse compression based on cross

; s correlations using matched filters was applied to determine
; — o | o max — Jmin , P, (6 the axial _point spread'functl'ons (PSFs), where the filters
f (w T {f * A D x| P(w)l © were obtained by time-windowing the A-scan measurements of
where use was made of equation (3) to convert frequency intfc110€s off a steel block. Main lobe widths were determined by
time. On a discrete time grid, equation (6) yielﬁ(st) on a locating (by means of cubic |nterpolat|on') the a>qa| pasit
non-uniform time axis, which was converted to a uniform axis\évgir_?ogzelepjz V\;arz éee?.lrj](;%d ago thh:hrcngesm rg?ﬁlgurmnav%]uerﬁ
by means of nearest-neighbour interpolation and thendg¢ale %€ Vels were detl \ ximu
yield the correct duratiom. Finally, the non-linear, or time- amplitudes of the first side-lobe occurring before and after

S - : ; the main lobe. Envelopes of PSFs and images were computec
tsgreetiﬁ?sgrégglrzg 3&2?; Ie\\llvgli ;f[ztda'rrlfg :r? ér;glglyequatlon (4yevhe using the absolute value of MATLAB'’s Hilbert transform.

For a fixed temporal step size (i.e., for a fixed sample rate) oA eTe':Sg(;ﬁ gItézetgogggrz'tqgaleﬁ'r(gggcy ata‘é"hc"%?a.?]%t('jcal
the fidelity with which non-uniformities in the power speatr power i v ustl P une, w :

can be compensated increases with the chirp duration, as t & computing the ratio between the maximum amplitude of
chirp duration is inversely related to the rate of frequency: ' acoustical measurement (average(;l] over _e]rr?@nr 3350
changef (t). Consequently, for a longer chirp duration the rateacqwslmons toh_suppress noise) and the optical power gurin
of frequency change can be sampled more densely and hen@ee pulse or chirp,
the numerical integrations in equation (4) can be evaluated _ maxq[p(t)] 7
more accurately. To demonstrate this, results for lineat an =70 /(R-A) Q)
time-stretched chirp lengths of bothand 40 ps are provided. . . . .
However, in a pulse-echo imaging context, a longer pulsdVNeremax; is the maximum value of its argument is the
duration could result in motion artifacts and reduced imagdiMme-averaged optical power is the relevant repetition rate
quality. Additionally, longer pulse durations result imger  &nd A the optical pulse duration. As the applied hydrophone
A-scan acquisition times and consequently lower image dram S NOt callbrated, this eﬁ'c'ency prqwdes a I’Qh"ﬂthE measn
rates. The linear chirps used ranged betweemd 50 MHz, arbitrary units. The conversion efficiency ratids defined as
corresponding to the full bandwidth of the digitiser cardda N ®)

the acoustical response to this optical modulation was used €= Npulsed
as inputp(t) to compute the time-stretched chirp. The time-
stretched chirp was computed for frequencies betwkeand

35 MHz, corresponding to the bandwidth where the receive
ultrasound signal was above the noise level. ) )

The chirped input signals were provided to the laser diodd- Phantom imaging

driver by the arbitrary wave generator in the form of a dis-Two separate phantoms were used in this study. The first
cretised voltage time series. The analogue voltage valees w phantom consisted of a steel block placed, at right angles,

wheren,uiseq iS the conversion efficiency obtained with pulsed
OIexcitation.



Time domain

at a distance ofi mm from the source/receiver fibre pair. As
these fibres were facing the same direction, pulse-echo datas
were acquired to obtain the matched filters applied duringgou =
compression and to measure the axial point spread function.
The second phantom consisted of two layers of parallel
carbon fibres 100 pum diameter) spaced mm apart. The
first layer was located at a distance of approximatelgnm
from the fibres, the second layer at rougldymm. A two-
dimensional pulse-echo image of this second phantom was
acquired by translating the source and receive fibres along &'
a straight path (forming the lateral direction) perpentdicu &
to the fibre orientation. This translation was performednn a
automated fashion using a motorised stage (MTS50/M-Z8 +
TDCO001, Thorlabs, Germany), and acoustical pulse-echo A-
scans were acquired &b um intervals. A-scans averaged over
the same numbers of acquisitions as above were recorded, and

pulse compression based on matched filtering was applied 'igg. 2. Acoustical measurements usin@ as duration optical pulse. In the

each A-scan. top panel, the optical pulse (thin line) is shown, togethéhuhe acoustical

Image reconstruction was performed using the k-Wave toolsignal measured with both the fibre hydrophone (thick soli)liand the
box [27], and the envelope of the resulting B-mode imageplanar sensor (thic'k dotted Ii_n_e)_.'The botto_m panel showscthre;ponding
was taken along the axial dimension. In the case of the timeﬁg‘évjsrt;‘;‘?féf;;]"sgF;]ra‘l’\‘/’:b"e'se'rt:"r']%’r%’;‘l’iS“:g'{ga;emqa‘i(?’gﬁrﬁ‘;%?ﬁdo”n'qg‘e
stretched chirp, A-scans were first band-pass flltel_’ed Wltr?actual extreme values:-323 mV and 290 mV), the optical modulation
a pass-band betweeh < f < 35 MHz, tapered with @ was acquired using a-40 dB neutral density filter to avoid saturation of
Tukey window (parametery = 1.5%), to suppress signals the photodiode, an offset df.15 mV was added to the optical modulation
at frequencies that were not excited. Signal-to-noiseosati trace, and the opti(_:al mc_)dulation traces were temporallyyedl#o ensure the
(SNRs) were computed as the ratio between the mean imag| E'r“’;"”ggg fg)oé’;t'ca' signals all starttat: 5.5 is. The power spectra were
amplitude within a region of interest containing the image '

of a single carbon fibre over that of an equally large region

containing only noise. excitation betweer8 and 35 MHz. The differences observed
below 3 MHz are due to the Tukey-windowed offset applied
to the chirp excitation (visible between25 <t < 5.5 yus and

9.5 <t < 9.75 ps in the thin dashed line in the top panel),
and the differences abow® MHz are due in part to noise and

in part to harmonics generated by the non-linear response of
the laser driver.

The apparent amplitude modulation visible at higher fre-
Guencies in the chirp optical modulation (dashed thin line)
is due to the low sampling rate of the acquisition card
(100 MSa/s), and this amplitude modulation disappears (dotted
thin line) when the same signal is recorded2at) MSa/s
using a different acquisition card (M4i.4420-x8, Spectrum
Germany). As the frequency content of the chirp modulation
does not exceed the Nyquist bandwidth of the acquisitiod,car
the power spectrum of the chirp optical modulation sampled
at 100 MSa/s does not reflect the time domain amplitude
modulation. In addition, the acoustic responses to botkgull
and chirp optical modulation exhibit still narrower bandtis,
and hence a sampling rate t§0 MSa/s was sulfficient for the
experiments presented in this work.
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1. RESULTS
A. Pulsed optical excitation

The large bandwidth contained in tRens long optical pulse
is visible in Fig. 2 (thin line, bottom panel). Using the
planar sensor exhibiting a uniform sensitivity, the acmust
field generated through pulsed excitation was found to have
—6 dBb bandwidth ranging from.6 < f < 25.8 MHz (thick
dotted line, bottom panel), which is significantly lower tha
the theoretical bandwidth. In addition, the fibre hydrophon
was observed to have a non-uniform sensitivity, resulting i
bandwidth of46 % around a peak power frequency8of MHz
(thick solid line, bottom panel) and a finite temporal exteht
the acoustical response of about half a microsecond (tloiidk s
line, top panel).

B. Pulsed versus linear chirp excitation

When a4 ps linear chirp with a frequency ranging between
0 and 50 Mhz is used as optical excitation (Fig. 3, thin
dashed line, top panel), the acoustical response (thickedias _ ) ) o
line, top panel) exhibits the same non-uniformities in theC: Linéar versus time-stretched chirp excitation

acoustical emission spectrum and detection sensitivityutih

The process of time-stretching a linear chirp to comperfsate

strong amplitude modulation. As the power spectrum of thenon-uniformities in the acoustical power spectrum is tHated

optical chirp signal (thin dashed line, bottom panel) isuatly
identical to that of the pulsed excitation, the power speuotr
of the acoustical response to optical chirped excitatibickt

in Fig. 4. The power spectrum of the acoustical response to
a linear chirp for a chirp duration ol ps (bottom panel,
dashed line) was used to compute the rate of frequency chang

dashed line, bottom panel) is very similar to that for pulsedf(¢) for frequencies3 < f < 35 MHz, corresponding to the
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Fig. 4. The effect of time-stretching a linear chirp opticatiéation on the
acoustical response. In the top panel, the measured powetraeé a linear
chirp (dashed line4 ps duration) and a time-stretched chirp (dotted lihes
duration) optical modulation are shown. Time-stretching e@sputed using
the acoustical response to a linear chirp optical excitatibFig. 3, and was
applied to flatten the power spectrum of the acoustical respdetweers

Frequency [MHz|

Fig. 3. Comparison betweed ns duration pulsed ot ps duration linear
chirp optical modulation. The data obtained with pulsed maiiomh is identical

to that in Fig. 2. In the top panel, the optical modulation sign(thin
lines) and the corresponding acoustical A-scans (thickslirare shown for
a pulsed laser (solid lines) and a laser diode modulated withear chirp
(dashed lines sampled &0 MSa/s, dotted line sampled 250 MSa/s). The
optical modulation signals are scaled and offset to improgénity. In the

and35 MHz (indicated by the solid lines), corresponding to thedwidth in

which the acoustical power was above the noise level. In tteoim panel,
the power spectra of the acoustical responses to the limehtime-stretched
chirp optical excitation are shown. The response to theatirghirp (dashed
line) is identical to that in Fig. 3, whereas the responseh&otime-stretched

chirp (dotted line) has a much flatter spectrum betw&end 35 MHz. The
acoustical response to4) us time-stretched chirp optical modulation has a
nearly uniform power spectrum (dash-dotted line).

bottom panel, the corresponding power spectra are shownle\ite power
spectra of both optical modulation signals are smooth andaliyt constant,
the acoustical responses exhibit strong non-flatness amu/enall decrease
with increasing frequency. To improve visibility and fatilie qualitative
comparison, an offset df.15 mV was added to both optical modulation traces
sampled atl00 MSa/s, and the optical modulation traces were temporally
delayed to ensure the optical and acoustical signals all ata = 5.5 ps.
The power spectra of the pulsed optical modulation, linearpcbptical
modulation, and acoustical response to the pulsed laserfiset by +11,
420, and —46 dB, respectively.

by the non-linearity of the laser driver.

The energy conversion efficiency ratios for the linear and
time-stretched chirpst(us duration) were found to bg,c.r =
69.6, and egretchea = 60.9, respectively. The conversion
efficiency is hence almost two orders of magnitude higher for
the chirp excitations than for pulsed excitation, as in tivener
region where the signal is stronger than the noise. Acrdss thcases the optical energy is confined to the transmission anc
bandwidth, the power spectrum of the resulting time-stredc ~ detection bandwidths of the acquisition system.
chirp optical modulation4 us duration, top panel, dotted line)
is proportional to the inverse of the power spectrum of the , . .
acoustical response to a linear chirp, and the power spactruD- AXial point spread functions
of the acoustical response to this time-stretched chirtddo The point spread function (PSF) obtained after pulse com-
line, bottom panel) is significantly more uniform. Its peak pression in the case of pulsed excitation (solid line in Big.
power frequency has increased frdirl to 13.7 MHz, and  exhibits a main lobe width 068 ns, corresponding t69 pum,
the trough aroun@®5 MHz has been removed. However, due and a relative side-lobe level 6f41. As the acoustical power
to the remaining drop in acoustical power Bt MHz, the  spectrum and bandwidth obtained using linear chirp exoitat
—6 dB bandwidth has not been improved. When a longer chirare very similar to that obtained using pulsed excitaticae (s
duration of40 ps is used (dash-dotted line), even the sharg-ig. 3), the main lobe width68 ns /92 um) and relative
drop at12 MHz is accurately corrected and the resulting powerside-lobe level ((.37) of the PSF using a linear chirp (dashed
spectrum is nearly uniform. Note that the obtained acoaistic line) are comparable. However, when a time-stretched déhirp
power spectrum is more uniform than that of the acousticepulsapplied, the main lobe width is smallet4(ns /64 um, dotted
generated by the coating (dotted line in Fig 2), demonsigati line) due to the broader bandwidth demonstrated in the totto
that the time-stretching mechanism compensates for bath thpanel of Fig. 4, and relative side lobe levels are furtheuced
emission and detection spectra simultaneously. The sneict to 0.30. The reduction in side lobe levels observed for both
visible at24 MHz is due to interference of harmonics generatedchirp excitations was due to the smoothly varying amplitude
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the source and receiver fibre pair and recording A-scari®) atm intervals,
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Fig. 5. Normalised envelope of the axial point spread fumatiof the setup
using a pulsed (solid line), linear chirp (dashed lidgys duration) and time-
stretched chirp (dotted ling, ps duration) optical modulation. Matched filter
pulse compression was applied, and the envelopes of thegmrd functions
are shown. The inset contains a magnification of the regionligigted in gray.

and images were reconstructed from pulse compressed radjoeincy (RF)
data. In the time-stretched chirp case, RF data was filteried) asband-pass
filter with a pass band betweeh and 35 MHz. The regions indicated by
the dashed boxes are magnified in Fig. 7, and the regions oégttased to
determine the signal and noise levels are indicated by thd aod dotted

boxes, respectively.

modulation introduced by the non-uniform detector sevijti
which suppresses discontinuities such as those obsentbd in
acoustic response to pulsed excitation (Fig. 3). As a redhdt
acoustic responses to chirp excitations are effectivebyleed,
which decreases pulse compression side lobe levels [18].Ch.
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E. Phantom B-mode imaging

In the reconstructed images, the carbon fibres were clearly
visible (Fig. 6). In the top left panel, the image obtainedhgs
pulsed optical excitation is shown, which clearly repraehic
the structure of the phantom at an SNR ©i.3 dB. The
regions of interest used to determine the signal and noistsle
are indicated by the solid and dotted boxes, respectivéig. T
phantom geometry, orientation of the source and receivedijbr
and scan direction are shown in the top right panel.

A similar image quality is obtained when a linear chirp
is used, as is visible in the bottom left panel. The image is
virtually identical to that obtained using pulsed exciati Fig. 7. Magnifications of the dashed boxes in the images in Gjgand
and has a similar SNR 0.6 dB. When a time-stretched amplitude profiles (top right) through the image along the patficated by
chirp is used, the improved bandwidth results in a higheithe dashed line.
axial resolution that manifests itself in the higher retiolu
observed in the bottom right panel. However, as in this case
more time is spent at frequencies of low acoustical power oimages generated using a time-stretched chirp is narrailler s
sensitivity, thereby decreasing the mean acoustical paer (dotted line) due to the increased bandwidth.

SNR is reduced t6.8 dB.

To facilitate image quality comparison, the sections indi-
cated by the dashed boxes are magnified in Fig. 7. Normalised
profiles through the images of one of the carbon fibres (alonghis study provided the first demonstration of applying mod-
the dashed lines) are shown in the top right panel. Due to thelated instead of pulsed excitation to all-optical pulsbesul-
lower sidelobes demonstrated in Fig. 5, the profile obtainedrasound. The presented advantages of using modulate@ihst
using a linear chirp (dashed line) is marginally narrowes (a of pulsed optical excitation depend strongly on the banthsid
is visible at a depth of around.4 mm) than that obtained of the applied source and receiver technologies. For suffi-
using pulsed excitation (solid line). The profile obtaineal  ciently thin optically absorbing structures, thin-filmnalsound
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IV. DISCUSSION



generation occurs and the generated acoustic field exhibifsequency can be optimised for different imaging contexts.
a wide bandwidth. However, if a thicker source structure isUsing the same optical acoustic source and modulated light
employed, such as th## pm thick coating used in this work, source, ultrasound can be generated with a bandwidth that is
bulk ultrasound generation occurs. In this case, the geatera either very narrow (useful for Doppler flowmetry or sample
acoustic field is convolved with the spatial distributiontbé  characterisation), very broad (for high resolution imagin
absorbed optical energy, and consequently an acousticisield or intermediate (for larger penetration depth). This appho
transmitted that has a narrower, non-uniform bandwidth. can be extended to photoacoustic imaging, where the light
Optically-absorbing CNT-PDMS nanocomposite coatingsis absorbed within biological tissue or other samples. & ha
were chosen in this study as promising pulse-echo ultrasourbeen shown that the emitted acoustical spectrum depends ol
imaging results were previously achieved [11, 12, 28], andhe geometry of the optical absorber [35, 36], and hence
in addition these coatings tend to be robust and easy tby applying modulated instead of pulsed light the spectral
fabricate. However, acoustic attenuation within this tygfe sensitivity of the system can be tuned to the specific gegmetr
coating results in lower bandwidths than those previouslyunder study. In a similar manner, an all-optical pulse-echo
achieved (cf. [14, 29]); for instance, as demonstrated @,[3 ultrasound system could be tuned using modulated optical
a 25 um thick carbon-black PDMS coating gives risel®odB  excitation to enhance sensitivity for particular struesisuch
attenuation at a frequency 86 MHz. For many applications, as micro-bubbles.
the resulting source bandwidth decrease is acceptable. For
instance, in ultrasound imaging applications requiringgtiea- V. CONCLUSION
tion depths exceeding a few millimeters, acoustical ation
within the tissue limits the effective bandwidth 30 MHz or
less. Using bandwidth-limited optical modulation, theteys's
efficiency can therefore be greatly improved.

By switching from pulsed optical excitation to an optical

modulation of larger temporal extent, the bandwidth of the
optical modulation can be constrained to those frequenloas

! g : . . are generated and detected by the optically absorbingngpati

In this work, time-stretched chirp optical modulations ever and receiver. As a result, losses due to acoustical atienuat

successfully used to simultaneously compensate for non-... . . . . ;
uniformities in both the source power spectrum and detectgfv'thm the coating or tissue or due to a non-uniform detettio

sensitivity, and the resulting pulse-echo ultrasound enex- fggesil\sgrltﬁ sg?jninbter:}is \;?L'J%eydihglégnwgs?étrza:f%g%iCsyogfg?btand
hibited a higher spatial resolution. Transmitting timeetthed T - |
chirps to compensate for a non-uniform detector sengijtigit energy 1o detected acoustic signal was increased by almos

preferred to applying calibration curves, as the latterhoet gy)?aﬁ]rggrjs?g gn;ag]nol:julﬂ; ezulgséregi]gde&frgrog: r:?n?igsiisd%a\r/lvibe
tends to amplify and spectrally colour noise.

The accuracy with which the acoustic power spectrum canl ignal-to-noise ratios similar to those of images acquirsidg

be flattened can be improved by extending the duration of th?vpljlsed laser, despite a peak power that is lower by nearly

. ; AR . . ive orders of magnitude. In addition, by using non-linear
Sgit:lcgalog:ﬁ:g?lgggi?étiggg%ﬁ:’ I<|)rr]1;e“r] o\llllj\:gtimasg::r:)gulzeggﬁ’ (time-stretched) chirp excitations, where the non-liftgais
motion artifacts that suppress the benefits of spectrabfiity. computed from measurements of the spectral sensitivithef t

Harmonic components in the optical signal generated by th ygﬁm’mthgngopﬁgnéfgt;rgltifssgqn;nﬁ/i?mg;id S?;%Tgfgﬁ Wb
laser driver further limit the spectral flattening accurabty b y y

addition, due to acoustic diffraction, the pulse compussi reduced, resulting in an increased bandwidth and conséguen

scheme will be most accurate in the location where thén an improved spatial resolution.
matched filter was obtained.
Even in the ideal case in which the transmitted ultrasound
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