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Effect of Amplifier Gain on Photoacoustic SNR
(Signal to Noise Ratio) in an LED-based Photoacoustic
Imaging System

Toshitaka Agano, Kunio Awazu

Graduate School of Engineering, Osaka University

The possibility of using photoacoustic imaging for functional diagnosis has attracted much attention espe-
cially in the clinical field. Among such imaging systems, a system, which offers real-time imaging using
compact and low-priced LEDs as a light source, has appeared. Compared to solid state lasers, the LED pulse
energy was extremely small, so it had been thought that imaging would be extremely difficult, but by add-
ing a pre-amplifier, real time photoacoustic imaging became possible. However the signal-to-noise ratio
(SNR) and the amplifier gain needed for making real time imaging possible have remained unclear. The
present study was designed to clarify these data. The results showed that, using a tissue phantom and hu-
man fingers, an SNR > 4 and amplifier gain > 80dB were required, and demonstrated why making an image

without a pre-amplifier had proved difficult.
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Introduction

Photoacoustic imaging is the creation of an image based
on the detection of ultrasonic waves emitted upon ther-
mal expansion of incident pulsed light-excited light-ab-
sorbing substances. Photoacoustic imaging enables in
vivo mapping of photosensitive agents (e.g. ICG etc.) ?,
detection of hemoglobin #, measurements of function
such as the degree of oxygen saturation® and identifying
foreign objects such as injection needles or markers. ¥
Anticipation is high, especially in the clinical field for this
technology to become a new low-cost and compact mo-
dality for functional diagnosis, compared with the pres-
ently available MRIL

When a human patient is subjected to photoacous-
tic imaging, the excitation light will scatter as it enters the
tissue and therefore coherence of the light is not a re-
quirement, so in which case a low-cost LED light source
may be used instead of solid-state lasers. Although there
are few studies on photoacoustic imaging using LEDs as
the light source > 9, the systems used were not compatible
with real-time visualization which would be required for
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clinical application. This study was therefore designed to
invistigate the basic technology of photoacoustic imaging,
both compact, low-cost and fit for future clinical applica-
tions in human patients. ~'?

In general, the light sources used in photoacoustic
imaging systems are solid-state lasers where the pulse
widths are a few ns to several dozen ns, the energy per
pulse being a few m] to several hundred mJ and the cal-
culated peak power being 0.3 MW-100 MW. Conversely
when LEDs are used as the light source, the pulse-width
is 70 ns, energy per pulse is 400 pJ and the calculated
peak power is 0.0057MW which extremely small com-
pared to that of solid-state lasers ', Although previous
studies have been conducted using LEDs as the excitation
source, these were to confirm the principles of photo-
acoustics in the experimental setting, and detection of
signals was possible ®. However, clinical application of
these systems where real time visualization and imaging
are warranted, was impractical at the time. Recently a
pre-amplifier has however been developed and when
coupled with the LED source,, it increased the amplifier
gain from the normal 40 dB of a normal solid-state laser
excitation photoacoustic imaging system to a significantly
higher 97 dB. This Acoustic X (CYBERDYNE: Tokyo, Ja-
pan) system has made LED-based photoacoustic imaging
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possible for the first time.
2. Purpose

Although real time imaging using an LED-based photo-
acoustic imaging system with an amplifier gain of 97 dB
became possible, the relationship between the required
signal-to-noise ratio (SNR) and the gain required to
achieve that SNR has remained unclear. In the present
study, the authors investigated the relationship using a
phantom and a human finger. The authors also discussed
why real time imaging is difficult when LEDs are used as
the light source in a set-up for a normal solid-state la-
ser-based photoacoustic imaging system with an amplifier
gain of 40dB.

3. Materials and Method

3.1 Measurements of the photoacoustic SNR for
the imaging of bovine blood

The experimental set-up is shown in Figure 1. Acoustic
X (CYBERDYNE: Tokyo, Japan) shown in Figure 2(a)
was used as the measurement system. In order to detect
the photoacoustic signals, the LED arrays were placed on
both sides of the detecting ultrasound probe (central fre-
quency 9.5 MHz, bandwidth 80%, pitch 0.3 mm, 128
channels) as shown in Figure 2(b). The direction of the
ultrasound probes 128ch and the longitudinal direction of
the LED arrays are directed at the depth of this page, as
shown in Figure Figure 1 and Figure Figure 2 (b). As
for the LEDs, near infra-red 850 nm LEDs were chosen
for their deep tissue penetration characteristics and the
availability of high-powered products. The LED chips
were mounted in an array. Each LED array had a 50 mm
x 7 mm aperture, pulse width 70 ns, and pulse energy
200 pJ/pulse per array totaling 400 pJ/pulse for 2 arrays.
The positioning of the ultrasound probe and LED arrays

were such that the LED arrays were placed on both sides
of the probe closer to the sample than the transducer at
the tip of the ultrasound probe. The distance between the
LED arrays was as narrow as possible to allow the light to
be emitted to the area directly beneath the probe.

The LED arrays were synchronized by the timing
signal of a controller PC at a rate of 4 kHz and as shown
in the drive circuit of the LEDs (Figure Figure 2 (c)), the
low on-resistance MOSFET (Metal-Oxide-Semiconductor
Field-Effect Transistor) allows r the LED to be switched
on and off at an extremely high rate according to the
pulse signal input. At each on-off signal a 400 V pulse
was applied, creating a pulse current to the LED array,
and as a result pulsed light was emitted. Under these
conditions the halfwidth resolution of a human hair was
268um deep and a line/space of 0.59 mm was able to be
distinguished laterally 2.

As for the phantom sample shown in Figure 1, bo-
vine blood in a micro-test tube as shown in Figure Fig-
ure 2(d) was used. The tube filled with blood was
placed 21 mm away from the transducer of the ultra-
sound probe all of which is submerged beneath the sur-
face of the intralipid. Since the focal distance from the
rubber lens of the ultrasound probe was 15 mm and the
sensitivity was maximum at this distance, the sample was
placed to be as near as possible to this distance while
still being near the center of the image. Scanning of the
sample was performed on the cross section of the mi-
cro-test tube containing the blood as shown by the red
line in Figure 2(d), and photoacoustic signals of this
cross section were attained.

As shown in Figure 1, photoacoustic waves emitted
from the bovine blood were detected by the ultrasound
probe with a128 ch transducer and were converted to
electric signals which were then amplified for a gain of
40 -100 dB. Parallel and simultaneous amplification of
signals from 128 ch requires a multi-channel amplifier IC
(in this case 8 ch). However, presently available
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Fig. 1: Experimental setup.
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multi-channeled amplifiers can only achieve a maximum
gain of 50 dB, and therefore in order to achieve a total
gain of 100 dB, 2-step amplification with 2 units was re-
quired. The set-up of the circuit model is shown in
Figure 3. Each signal amplifier achieved a gain of A and
a total gain AXA was reached with the 2 signal amplifiers.
As an example, if a total gain of 80 dB for the whole sys-
tem was required, both the front and rear units were set
the same at 40 dB per unit. The signals were then con-
verted by a 14 bit 40 MHz sample analog-digital converter
(ADO) to 1024 digital signals in the vertical (depth) direc-
tion (in water this amounts to approximately 38.4 mm).
The created image was a pre-image reconstruction

o—i¢
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with a matrix size 128 x1024 (Rf-raw data image) as
shown inFigure Figure 2(f). This image was sent to an
exclusive PC through a USB 3.0 interface where averag-
ing took place 384 times and by comparison to the sig-
nal, random noise was relatively reduced ». Following
this process, image reconstruction operation and image
output processing took place and the final image wass vi-
sualized on the PC monitor.

Images of bovine blood were taken with an amplifi-
er gain of 40 dB to 100 dB, in 10 dB increments. The re-
constructed image is shown in Figure 4. The size of the
image was 38.4 mm wide (128 ch direction) and 38.4 mm
deep. In this image, the photoacoustic signal from the

Signal
from
Bovine
Blood

...

Fig. 2: (a) Photoacoustic Imaging System AcousticX (CYBERDYNE;Tokyo,Japan). (b) LED arrays and
Ultrasound probe. (¢) Drive circuit of LEDs. (d) Bovine Blood in Micro Test Tube and Scan Direction
(solid line). (¢) Human Fingers and Scan Direction (solid line). (f) Example of Rf- raw data image. (g)
Arrangement of Scanned Human Fingers and Ultrasound probe with LED arrays.
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Fig. 3: Circuit model for SNR simulation.

bovine blood is depicted as a point. In order to calculate
the SNR, the following method was used to attain noise
(N) and signal (S). Firstly, an area of 50 x 50 pixels (actu-
al size 4.5 mm x 4.5 mm) to the right of the photoacous-
tic signal was chosen for evaluation. The standard devia-
tion (0) of the data within this area was calculated and
the peak value £30 containing 99.7% of the data was de-
fined to be noise (N). As for the photoacoustic signal (S),
the maximum value was used, but since it can be as-
sumed that the true value of S would include half of N
(30), therefore 30 was subtracted from the maximum
value and was defined as S.

3.2 Measurements of photoacoustic signals,
noise and the evaluation of the image for
the photoacoustic imaging of blood vessels
of a human finger

In compliance to the Helsinki Declaration, written in-
formed consent was attained from the human volunteer
subject for this experiment. The same system was used to
detect photoacoustic signals adjusting the amplifier gain
from 40 dB to 100 dB, in 10 dB increments. The set-up
was the same as in Figure 1 where the bovine blood mi-
cro-test tube was replaced with human fingers and the
photoacoustic imaging was performed (Figure 2(e)).
The skin surface of the finger was submerged in the intr-
alipid and was placed 10 mm deep from the transducer
of the ultrasound probe. This distance was set to be as
near as possible to the distance of maximum sensitivity of
the ultrasound probe, which is 15 mm, and close enough
to the LED arrays so that light attenuation would not be-
come an issue. The positioning of the ultrasound probe
and fingers submerged in intralipid is shown in
Figure 2(g). The solid red line in Figure 2(e) shows the
area of the ultrasound scan, from the index finger, middle
finger and ring finger. The main area, roughly halfway
between the distal and proximal interphalangeal joints of
the middle finger, was scanned and photoacoustic signals
were obtained. In this photoacoustic imaging, the signals
were released mainly from the hemoglobin inside the
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blood vessels, and the image acquired shows cross sec-
tions of subcutaneous veins and capillaries (Figure 5(a)).

The ultrasound image obtained simultaneously
(Figure 5(b)) shows the skin and subcutaneous tissue,
however bone existed 2-3 mm deep and since the acous-
tic impedance of bones differs greatly than that of soft-tis-
sue and blood vessels, the image deeper than this con-
tained many artifacts. The photoacoustic imaging data of
Figure 5(a) was converted from white to red and super-
imposed on the ultrasound image (Figure 5(b)) to create
Figure 5(c) where the relative positional relationship
could be discerned.

For the calculation of the SNR, the maximum signal
of the yellow line in Figure 5(d) was deemed S while
the standard deviations (0) for a 50 x 50 pixel area in the
intralipid just above the area of the signal was calculated
with the same method as in the bovine blood for the de-
termination of N.
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Fig. 4: Photoacoustic signal and noise evaluated area.
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4. Results

Table 1 shows the values of S, N and the SNR from the
photoacoustic imaging of bovine blood with an amplifier
gain of 40 to 100 dB in10 dB increments. A scatter dia-

Blood Vessel
Mainly Veins

Skin of Finger

gram manifesting the amplification dependency of the
SNR is shown in Figure 6. The actual photoacoustic im-
ages of bovine blood at the respective amplifier gains are
shown in Figure 7(a)-(g). The center of the images is
the photoacoustic signals and the size of the images is 50

Noise Evaluated * °
Area

Signal Evaluated
Line

Fig. 5: (a) Photoacoustic image data of human finger (grayscale). (b) Ultrasound image data of human finger
(grayscale). (¢) Photoacoustic (red) and Ultrasound (grayscale) image data of human finger. (d)
Photoacoustic signal evaluated line (yellow) and noise evaluated area (red).

Table 1: Signal, Noise and calculated SNR of bovine

blood at a total gain of from 40 dB to 100 dB.

Total Gain (dB)  Signal (digit)  Noise (digit)

40 1.06
50 3.54
60 15.30
70 54.50
80 189.16
90 631.19
100 1622.70

3.00
414
7.04
13.60
29.10
67.64
165.91

SNR
0.35
0.85
217
4.01
6.50
9.33
9.78

Effect of AMP Gain on SNR in LED-PAI
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12.00

10.00
8.00
6.00
4.00
2.00

0.00
0 20 40 60 80 100 120

Total Gain(dB)
Fig. 6: SNR vs Total Gain when using human blood.
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Fig 7: Photoacoustic signal image of bovine blood in amplifier gain of (a) at 40 dB, (b)
at 50 dB, (¢) at 60 dB, (d) at 70 dB, (e) at 80 dB, () at 90dB, (g) at 100dB.

Table 2: Signal, Noise and calculated SNR of human finger
blood at a total gain of from 40 dB to 100 dB.

Total Gain (dB)  Signal (digit) Noise (digit) SNR

40 1.24 2.89 0.43

50 3.02 4.96 0.61

60 14.84 10.67 1.39

70 55.18 19.13 2.88

80 172.28 38.92 4.43

90 672.90 102.00 6.60

100 1817.40 238.90 7.61

SNR SNR vs Total Gain
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4.00
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0 20 40 60 80 100 120

Total Gain(dB)

Fig. 8: SNR vs Total Gain when using human blood.

x 50 pixels (actual size 4.5 mm x 4.5 mm). From Table 1,
the SNR was 0.35 at an amplifier gain of 40 dB. As the
amplifier gain was increased by 10 dB, the SNR also in-
creased to where the SNR at an amplifier gain of 90 dB
was 9.33 and at an amplifier gain of 100 dB was 9.78,
showing a tendency towards saturation. As seen in
Figure 7(a)-(g), visual recognition of the photoacoustic
signal was barely discernible at the amplifier gain of 40
dB, whereas at 50 dB the signal was readily recognizable.

82

Image Quality
Evaluated Area

Fig 9: Photoacoustic image data area (yellow)
for image quality evaluation.

As the amplifier gain increased the signal intensity in-
creased while the surrounding noise decreased inversely.
The size of the signal increased in proportion to the in-
crease of the amplifier gain, but after the amplifier gain of
70 dB, the change in size became minute.

Table 2 shows the values of S, N and the SNR for
the photoacoustic imaging of the human fingers with an
amplifier gain of 40 to 100 dB at 10 dB increments, while
Figure 8 shows the dependence of SNR on the amplifier
gain. The image evaluation area is shown as a rectangular
box in Figure 9. The area is 200 pixels x 100 pixels (ac-
tual size, 18 mm x 9 mm). Actual photoacoustic images
are shown in Figure 10 (a)-(g). From Table 2, the SNR
was 0.43 at amplifier gain 40 dB, and as the amplifier
gain increased SNR also increased reaching 7.61 at ampli-
fier gain 100 dB. Visual recognition of the signal, was un-
discernible at amplifier gain 40 db where the signal was
completely buried in the surrounding noise, as seen in

Agano Tet.al.
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Fig 10: Finger blood image in amplifier gain of (a) at 40 dB, (b) at 50 dB, (¢) at 60 dB,
(d) at 70 dB, (e) at 80 dB, () at 90 dB, (g) at 100 dB.

(a)
I 20000000
-3

Fig 11: FHistogram (a) and image (b) of noise
evaluated area at 40 dB gain.

Figure 10(a). The signal is barely noticeable at 50 dB
but as the amplifier gain increased the noise decreased,
and distribution of the blood vessels become more and
more clear. After the amplifier gain of 80 dB, improve-
ments in the image clarity decreased. Although there was
a tendency that more subtle structures could be visual-
ized at higher amplifier gains, the differences was not sta-
tistically significant.

Effect of AMP Gain on SNR in LED-PAI
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Fig. 12: Curve fitting for SNR of bovine blood experiment.

5. Discussion

The relationship between signal and noise in the signal
processing circuit of a photoacoustic imaging system,
where the detected signals from the transducer of the ul-
trasound probe are amplified in a two-step fashion (front
and rear) and the amplified signal is converted from ana-
log to digital, can be explained by a circuit model as
shown in Figure 3. The signal (s), detected by the trans-
ducer of the ultrasound probe is amplified A times in the
front amplifier and then is amplified again at the rear am-
plifier for further A times for a total amplification of A x
A. Noise, on the other hand, can be categorized into
three types. First is noise amplified A x A by both front
and rear amplifiers, the same as (s), (N1). Second is noise
amplified just once at the rear amplifier for an amplifica-
tion of A times (N2) and the third is noise fixed and unaf-
fected by the amplifiers (N3). Such noise can be consid-
ered random as shown in the histogram (Figure 11 (a))
and image (Figure 11(b)) of the noise evaluation at 40
dB gain. In order to evaluate the size of the noise in rela-
tion to the signal, the energy of the noise (amounting to
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the squared value of the noise) can be summed and
used. Therefore, in this circuit model the SNR can be ex-
pressed as the following equation.

SXAXA

SNR = > 5
\/(NIXAXA) + (N2 x A)"+N3

2

From the curve of Figure 6 and curve fitting using the
above equation, the values of N1-N3 as multiples of (s)
were, N1=0.935 x s, N2=10.5 x s, N3=300 x s. The curve
fitted SNR of Figure 6 superimposed on the actual mea-
sured values of Figure 6 is shown in Figure 12. When
the values of N1-N3 attained from the fitted curve
were assigned to the equation, the SNR (A=) =
1/0.0935 = 10.70. This means that no matter how much
the amplifier gain is increased, the SNR will be a ratio of
the output signal (s) from the transducer of the ultra-
sound probe and noise (N1) and will reach saturation at
SNR = 10.70.

When a photoacoustic imaging system using sol-
id-state lasers as the light source is used, the photoacous-
tic signal is large due to the extremely high peak power
from a laser, compared to the photoacoustic signal of an
LED-based system. Therefore, only a single step, single
amplifier with a gain of 40 dB, as seen in generally mar-
keted ultrasound diagnostic devices, is required. The cir-
cuit model in such systems would be such as the model
of Figure 3 without the rear amplifier. In this case the
SNR can be expressed as the equation shown below.

SX A
VINT x A)2+N32

When the amplifier gain is 40 dB, meaning 100

SNR =

times, this number is assigned as A, while N1 and N3 at-
tained from curve fitting is substituted in the equation,
the value of the SNR can be predicted. The result would
be SNR = 0.33, and matching images such as those in
Figure 7(a) and Figure 10(a) would be useless.
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