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Effect of Photoacoustic Radar Chirp Parameters on Signal to Noise Ratio
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Abstract—Continuous wave photoacoustics has been under
investigation for more than a decade. Matched-filtering and
pulse compression techniques, which use a chirp waveform as
input light source, have been implemented into this imaging

modality to improve signal to noise ratio (SNR) and resolution.

However, the chirp parameters’ effects on SNR are still not
clear. The theory behind chirp parameters’ effects on SNR is
discussed in this paper. It is found that in order to get a higher
SNR, chirp duration T should be maximized, chirp center

frequency f0 should be controlled to make the chirp spectrum

overlap with absorber spectrum, and chirp bandwidth
A should be smaller or equal to the absorber bandwidth.
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. INTRODUCTION

Photoacoustic imaging, also called optoacoustic imaging,
for biomedical applications has attracted a lot of interest during
the past several decades. The principle of this imaging method
can be found in recent work [1], [2].

The most common excitation source for photoacoustics has
been a pulsed electromagnetic wave [3]-[5]. The key
advantage of using a short pulse to irradiate the tissue is that
the distribution of heat sources can be directly ascertained from
the shape of the photoacoustic response signal [6]. However,
the pulsed laser modality is limited by incident energy levels
that must meet safety standards for in-vivo tissue imaging [1],
as well as the difficulty in generating and detecting very short
pulses.

An alternative excitation modality, which uses a continuous
incident laser wave, is often referred to as Frequency Domain
photoacoustics (FD-PA) where the acoustic wave is generated
by periodic modulation of a laser [1], [2], [7]-[11]. More
recently, the idea of implementing a pulse compression
approach via matched filtering was introduced and investigated
[2], [7]-[10], [12]-[14]. This is sometimes referred to as
Photoacoustic Radar (PAR). The matched filter approach
enables detection of a pre-known signal immersed in Gaussian
white noise, therefore a long duration coded waveform with
moderate power could potentially replace short high-power
pulses.
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Signal to Noise Ratio (SNR) is one important aspect to
assess the performance of an imaging system. Many theoretical
and experimental investigations have been done on the SNR of
FD-PA [2], [8], [10], [12]. However, the theory behind
optimizing input optical waveform parameters is still not clear.
In this paper, the one-dimensional theory of FD-PA will be
developed, and the incident wave parameters’ effects on SNR
will be discussed.

Il.  1-D THEORY OF CONTINUOUS WAVE PHOTOACOUSTICS
SIGNAL TO NOISE RATIO

Diebold [15] gives a concise explanation of the governing
equation for the pressure that results from launching a
photoacoustic wave. The governing equation is given by
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coefficient, C,is the speed of sound, Cp is the specific heat,

where P, = and £ is the thermal expansion

uF

M, is the optical absorption coefficient of the chromophore
absorber that has been heated by an optical pulse with fluence
F. p(r,t) is the pressure of the acoustic wave, a function of

space and time. A(F) is a function of space that describes the

geometry of the absorber and | (t) is a function that describes
the time dependence of the incident optical pulse.

In one-dimensional model as shown in Figure 1. a), the
space variable I becomes z . The incident laser waveform
| (t) is transmitted from the negative side of Z axis, outside
of the absorbing medium. The absorber is considered as an
infinite sheet with a thickness | . The speed of sound C, is
considered to be the same in all three layers [16]. The pressure
response p(Z,t) is then detected by a transducer and be sent
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to a receiver-filter. The output of the receiver-filter y(z,t) is
the final photoacoustic signal.
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Figure 1. a) Model of absorber and surroundings; b) block diagram

When viewing the system shown in Figure 1. a) as a linear
system, as shown in Figure 1. b), the transfer function concept
is very useful. G(Z,t) in Figure 1. b) denotes the absorber
impulse response, and is given by
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where A(Z) is the spatial shape of the absorber, r(t) is the
receiver-filter impulse response. The signal received at the
receiver-filter also contains noise N (t) which is assumed to be
a zero-mean additive Gaussian white noise [17] which is
assumed to have a double-sided power spectral density of
~ No

Snn (60) = 7 .
contains the photoacoustic signal ys(z,t) and the noise

The output of receiver-filter y(Z,t)

signal Yy, (Z,t) and is given by
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Given a chosen waveform/receiver filter pair, the

instantaneous signal-to-noise ratio (SNR) at time t; is defined
as

(5)
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)| refers to the noise expectation value.
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I1l.  MATCHED-FILTER AND THE CHIRP

Matched-filtering is a traditional way to improve SNR in
radar technology, and the transfer function of the receiver-filter
for the ideal matched-filter for any arbitrary input waveform

I (t) is given by [17]

R(w)= kG™ (z,0)1" (w)e™™ (7
where K is a scaling constant. However, (7) is not necessarily
implementable for a typical photoacoustic system since
G(Z,a)) (determined by the absorber profile) is not known
apriori. In this case, the receiver-filter is implemented as

R(w)=ki" (o)™ &)

Under the condition of (8), (4) becomes
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In (9), k is simply a scaling factor and the €' is just a time
delay. Hence, (9) can be interpreted in input/output form as a
pressure response to an input pulse | sP (a)) where
~ ~ 2

1 () =‘I (a))‘ is the spectral energy density of I(t).

~ 2

The inverse Fourier transform of ‘I (a))‘ in time domain is
known to be

R, (t)= ]O | (t+7)1 (7)dr

—00

which is the autocorrelation of | (t) . The SNR in (6) can then
be then written

(10)
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By implementing matched-filtering, the SNR is improved.
However, R, (t) generally has a longer duration than | (t)

which may leads to a worse resolution. However, there exist
classes of specific waveforms which possess the property of
pulse compression, which means that the waveform will have
shorter duration after autocorrelation. The chirp is one such
waveform that can be compressed and is given by
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where T is the duration of the chirp. During the T second
interval of the pulse, the instantaneous frequency changes

linearly from ( f, —KT /2) Hz to (f,+ KT /2) Hz. The

~ 2
sweep A is the difference in these two values. The ‘I (a))‘ of

the chirp shown in (11) can be approximated as a rectangular
function and is given by [18]
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0 otherwise
V. CHIRP PARAMETER EFFECTS ON SNR

From (11), it becomes clear that the SNR is determined by the
absorber frequency spectrum that lies within the frequency

A
interval bounded by the chirp sweep range f0+5

A
and f, R Now consider a simple bandlimited absorber.

The bandlimited absorber is considered as a square function in
the frequency domain as

A
- 1 fl<—2
A(f)= ] 2 (14)
0 otherwise

Taking the chirp rectangular approximation shown in (13), the
equation of SNR for a bandlimited absorber can be written as

SNR = 1;—CZ:x(Overlapping Area)2 (15)

P
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independent of the chirp, and the overlapping area is the

shaded area shown in Figure 2. It is obvious from (15) that
SNR is proportional to chirp duration T.

where C = is a constant factor which is
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Figure 2. Bandlimited absorber and chirp frequency spectrum

In Figure 2. , the black boxes denote the bandlimited
absorber frequency spectrum, and the red boxes denote the
rectangular approximation of the chirp spectrum. Figure 2.
a) shows that the chirp bandwidth A remains constant and

the chirp center frequency fO moves from left to right of
the absorber. The relationship between SNR and f; is

shown in Figure 3. a). The SNR first increases with f0

until a maximum value is reached and then decreases,
corresponding to the overlapping conditions. Figure 2. b)
visualize the overlapping conditions when the chirp center
frequency remains constant and bandwidth increases. The
trend of the SNR is shown in Figure 3. b). The overall
trend is that SNR decreases with increasing chirp
bandwidth, and the maximum value occurs when the chirp
bandwidth is smaller or equal to the absorber bandwidth,

A<A, .
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Figure 3. Bandlimited absorber and chirp frequency spectrum

In conclusion, by controlling the chirp parameters, the
SNR for a photoacoustic radar signal can be optimized. In
order to get a higher SNR, chirp duration T should be

maximized, chirp center frequency 1:0 should be

controlled to make the chirp spectrum overlap with that of

the absorber spectrum, and chirp bandwidth A should be
smaller or equal to the absorber bandwidth.
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