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Abstract—Echolocating bats show a unique ability to detect,
resolve and discriminate targets. The Spectrogram Correlation
and Transformation (SCAT) receiver is a model of the Eptesi-
cus fuscus auditory system that presents key signal processing
differences compared to radar which may offer useful lessons
for improvement. A baseband version of the SCAT is used
to investigate advantages and disadvantages of bat-like signal
processing against the task of target resolution. The baseband
receiver is applied to RF experimental data and results show
higher range resolution than the reciprocal of the transmitted
bandwidth can be achieved for two closely spaced scatterers.

I. INTRODUCTION

Detection and recognition of a target amongst other in-
terfering objects has been both a theoretical and a practical
problem since the early ages of radar systems [1]. One of
the first challenges in this area was robust resolution of
individual target scatterers in complex clutter environments and
the subject has now advanced to the latest attempts to develop
cognitive sensing capabilities [2], [3].

Bats can use echolocation alone to detect, localise and
discriminate both moving and stationary targets in a com-
plex environment [4], [5]. A key and interesting feature of
bat echolocation is that recent behavioral experiments have
demonstrated bats are able to resolve closely spaced scatterers.
A behavioural experiment presented in [6] and [7] showed that
the big brown bat (Eptesicus fuscus) could achieve a two-point
resolution between 2 and 10 µs with a transmitted waveform
bandwidth of 85 kHz. Similarly, the bat Megaderma lyra
was able to discriminate between two phantom target echoes
delayed of about 1 µs by transmitting waveforms with a band-
width up to 100 kHz [8]. Discrimination of surface structures
was demonstrated in [9] where a few Glossophaga soricina
individuals were trained to distinguish between smooth and
coarse surfaces with a structure depth difference greater than
0.38 mm. In these experiments, the bats achieved good dis-
crimination performance by transmitting frequency modulated
down-chirp signals consisting of three harmonics covering the
three frequency bandwidths from 95 kHz to 55 kHz, from 150
kHz to 86 kHz and from 190 kHz to 140 kHz, respectively.
The experiments above have clearly shown that certain bat
species can achieve higher range resolution than the one over
the signal bandwidth limit achieved by a typical radar matched
filter.
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There is biological evidence that indicates that the way
bats process signals in the receiving auditory system is not
equivalent to the matched filter used in radar and sonar
systems, and hence it can be useful to investigate differences
and similarities and study how these can be used to improve the
performance of synthetic sensors. In the bat auditory system,
according to the existing literature, both the emitted call and
the received echo are passed through an auditory periphery
followed by some higher level brain structures. The auditory
periphery includes the outer, the middle and the inner ear of
the bat and is modelled as a bank of filters that provides a
time-frequency representation of the input signal (the so called
auditory spectrogram) [10], [11], [12]. The central frequencies
of each filter in the bank are such that the signal frequency
content is sampled in a non-linear scale and typically they
follow a hyperbolic or a logarithmic curve. The following
central nervous system processing provides an estimate of the
time delay between the call and the echo and provides cues
about the structure of each echo.

Multiple studies have proposed a variety of models of the
bat auditory system and explored their performance through
simulations and experiments with ultrasound [10]–[17]. The
Spectrogram Correlation and Transformation (SCAT) receiver
is one of these models and was proposed by Saillant et al. in
[10] for the bat Eptesicus fuscus. The SCAT consists of three
processing modules: the cochlear block, the temporal block
(spectrogram correlation) and the spectral block (spectrogram
transformation).

The model considers down-chirp signals in transmission.
The cochlear block produces an auditory spectrogram of a
target echo which is then converted into the target range profile
in the temporal block. The emitted down-chirp and the received
echo are passed through the bank of bandpass filters and each
filter output is then rectified, low-pass filtered and non-linearly
transformed within the cochlear processing. In the temporal
block, the output of each filter channel is delayed separately
according to the design of the emitted chirp to ensure that
the reflections from the same scatterer are aligned in the
time domain between channels. Summing the outputs of all
frequency channels provides a rough range profile of the target
to achieve a kind of pulse compression. The main targets can
be identified by peak localisation (temporal processing).

The spectrogram block is responsible for extracting the fine
range characteristics of a target echo and it can be summarised
as follows. For each target the energy spectrum is calculated
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for the central frequencies of the bandpass filters. Each filter
output is integrated over a specific time interval around the
target. Then it is normalised by the energy of the emitted
signal for the corresponding filter (it varies by filter if the
chirp is not linear). This is the frequency representation of
the spectral output. The fine delay profile is calculated as the
weighted inverse cosine transform of the normalised energy
spectrum. The weights are introduced to compensate for the
hyperbolic shape of the chirp. Calculations involve the removal
of the mean energy as explained in [18]. This is the time
representation of the spectral output.

The SCAT receiver performance was studied analytically
in [19] and [18] where the outputs of the bandpass filters
representing the auditory periphery were approximated with
cosines shaped by Gaussian envelopes. Peremans and Hallam
[19] showed the limitations of the temporal block. Park and
Allen [18] further explored the output of the spectral block.

There has been very little research to investigate the
performance of these models with radar signals. The Baseband
Spectrogram Correlation and Transformation Receiver (BSCT)
is a receiver that was developed based on the SCAT model to
allow a mathematical treatment of the output of the SCAT
and the processing of RF signals centred on very high carrier
frequencies [20]. To date, the BSCT has been used to study
the output of two closely-spaced scatterers both analytically
and experimentally at ultrasound frequencies [21].

In this paper, we assess the performance of BSCT against
radio frequency (RF) measurements. The response of two
closely spaced targets was measured using a Vector Network
Analyser (VNA) transmitting a stepped frequency waveform.
The experiment tested the range resolution properties for
two stationary targets as a function of the transmitted signal
bandwidth. By increasingly reducing the bandwidth of the
transmitted signal we compared the performance of the BSCT
with respect to the Matched Filter (MF). Two flat plates were
used as a physical realisation of two scatterers.

II. BIO-INSPIRED MODEL DESCRIPTION

The BSCT was developed to allow an analytical treatment
of the spectral output of the SCAT [20]. A block digram of the
BSCT is shown in Fig.1. The input signal is passed through
a bank of filters, all characterised by the same design but
centred at different carrier frequencies. The amplitude of the
output of each filter is then used to calculate the energy of
each channel. An inverse Fourier transform of the sequence of
energy samples is then used to obtain the time-domain output
of the block. It has been shown that, when the input of the
model consists of the echoes from two closely spaced scatter-
ers, the BSCT output is a profile that provides information on
the relative distance between the two scatters and that discards
the information on the scatter absolute locations. The output is
also referred to as the fine delay profile in the SCAT literature
[18], [19].

The case of echoes from two closely spaced targets for a
linear chirp in transmission is treated in [21] for a bank of
flat filters with a constant spacing so to allow the use of a
conventional Inverse Fast Fourier Transform (IFFT). The core
of the algorithm, in this case, is equivalent to firstly calculating
the frequency profile of the target with the following steps:

Fig. 1. Baseband implementation of SCAT spectral processing [20]. Model
input x(t) is analytical signal. It is passed through filter bank of M complex
bandpass filters hi. The absolute value of each filter output yi is squared and
integrated over time to get the energy E[i] of the corresponding frequency.

• calculate the energy density spectrum of the return
signal x(t)

P (f) = |X(f)|2

• average as

E[i] =
1

B

∫ fi+B/2

fi−B/2
P (f)df (1)

so that the signal spectral energy of the input signal
is integrated for the i-th channel over a bandwidth B
around the selected centre frequencies fi.

and then take the inverse Fourier transform of the frequency
profile E[i] to obtain the time/space domain output

For two ideal scatterers the energy spectral density can be
expressed as

P (f) = 2PC(f) [cos(2πfτ + ψτ ) + 1] (2)

where τ is the delay between the two targets, ψτ =
2πτf0 is a phase component resulting from frequency down-
conversion and PC(f) is the energy spectrum of the transmit-
ted call. It can be shown that Eq.(1) becomes

E[i] = 2EC [sinc(τB) cos(2πτfi + ψτ ) + 1] (3)

where EC is a constant and sinc(x) = sin(πx)/(πx)
defines a sinc function.

The profile in (3) can be used directly to identify the
spacing between the two scatterers. Removing the constant
component in (3) will result in a single sinusoid which, in
the time domain, translates into two sinc functions centred at
±τ . A simple solution to remove the constant component is
to subtract the mean of the frequency profile E[i] as

Eac[i] = E[i]− 1

BC

N∑
i=1

E[i] (4)

Unlike the matched filter response, the output of the BSCT
encodes directly the spacing between the scatterers and not
the absolute range of the targets. The problem of measuring
the relative distance is converted to a problem of measuring the
range to a single target. As the representation is symmetrical,
there is a second peak at negative delays but the peaks interfere
less than the peaks produced by a matched filter because the
separation is double.



We will further refer to the fine delay profile as the spacing
profile to emphasise the nature of the information conveyed,
i.e. not the absolute location of the scatterers but the spacing
between them.

For practical applications, in the presence of clutter and
multiple scatterers, the echo has to be firstly compressed in
order to identify and select the range bins around the two
interfering targets. This way, the noise level is reduced and
the scatterers from other targets are not processed.

III. DESCRIPTION OF THE EXPERIMENTS

Measurements were performed at radio frequency using
two 5x4 cm horn antennas and a Vector Network Analyzer
(VNA) (MS46322A, Anritsu) to transmit a stepped frequency
waveform between 13 GHz to 17 GHz with a step frequency of
250 kHz. The VNA provides a measurement of the frequency
response of a target so that High Range Resolution Profiles
(HRRPs) can be obtained by taking an Inverse Fast Fourier
Transform (IFFT) of the output data. The use of the VNA
allowed us to vary the range resolution of the data, as desired,
by processing different sub-bands within the available 4 GHz
bandwidth.

Two closely spaced flat plates (Fig. 2) were measured
to investigate the range resolution properties of the BSCT
model. During the measurements, the targets were facing the
transmitting and receiving antennas with an aspect angle that
provided approximately equal Radar Cross Sections (RCS).
The radial distance between the two flat plates was kept
constant at 0.12 m and both the targets and the antennas were
placed 1.1 m above the floor level. The distance between the
antennas and the closer flat plate was about 3.1 m.

The BSCT algorithm presented in [21] was modified to
account for the type of input provided by the VNA, i.e the
frequency response of the targets.

The BSCT frequency profile was obtained with the follow-
ing steps:

1) isolate the range bin of the target [x1, x2], m by
Inverse FFT of the measured frequency response
XM (f) and zeroing all elements outside the interval
t1 = 2x1/c, s and t2 = 2x2/c, s in the time
representation of the signal, where c is the speed of
light, x1 = 1 m and x2 = 5 m. Apply FFT to get the
frequency response of the target.

2) calculate the energy spectrum by multiplying the
target frequency response XM (f) by its complex
conjugate;

3) average the spectrum over a bandwidth B for K cen-
tral frequencies linearly spaced in the measurement
band. Averaging was performed over 100 samples and
the signal was downsampled by 100 which resulted
in B = 25 MHz and K between 160 for bandwidth
4 GHz and 8 for 0.2 GHz.

The BSCT spacing profile was then obtained by:

1) modify the frequency profile by subtracting its aver-
age; this will result in a real signal with both positive
and negative values.

Fig. 2. Two flat plates as a target

2) inverse Fourier transform with an IFFT the modi-
fied frequency profile; zero-padding was applied to
achieve an appropriate time sampling rate.

Targets were identified by peak extraction. A threshold
equal to the mean signal power plus two times the standard
deviation of the data was used. The minimal peak prominence
to consider it as a separate peak was 3 dB. Target spacing was
estimated as the distance between the two highest peaks in the
MF range profile and as the location of highest peak in the
BSCT spacing profile.

IV. RESULTS

The target range profiles of the two flat plates were studied
using both the MF and the BSCT as a function of the range
resolution.

For the analysis of the results, the classical range reso-
lution was defined as the reciprocal of the signal bandwidth
transformed into a distance:

dR =
1

BC

c

2
(5)

The spacing between the two targets d was expressed
relative to the classical resolution limit dR as the relative
spacing d̄ = d/dR. The relative spacing is a parameter that
embeds the information about the bandwidth of the transmitted
signal and hence allows to encode the resolution performance
with a single parameter.

Scatterers spaced well above the classical resolution limit
(5), e.g. d̄ ≥ 2, for good signal to noise ratio (SNR) leads to
spacing (range) profile as in Fig. 3a (Fig. 3c). There is a strong
peak at the true target spacing. In the example provided, the
signal bandwidth BC was 4 GHz and the relative spacing was
d̄ = 3.28. The continuous vertical line marks the true scatterer
spacing and the dashed line is at the classical resolution limit.
The red circle marks the estimate of the spacing based on the
peak location for the BSCT and the estimated range of the
scatters for the MF. Another peak close to the resolution limit
can be observed in Fig. 3a and this is likely due to residual
background clutter as it cannot be reproduced with simulations.
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Fig. 3. BSCT spacing profile (top) and regular range profile (bottom) for target spacing 12.2 cm. The bandwidth is 4 GHz (left) and 0.5 GHz (right). The true
target spacing or range is marked by continuous vertical line. The dashed line denotes the resolution limit. The peak of the profile is marked by a circle.

We would expect the target separation to become less
clear when the resolution is reduced by reducing the signal
bandwidth. Data to investigate this was obtained by taking a
0.5GHz section of the whole 4GHz data set. The interference
pattern for scatterer spacing close to the resolution limit (5),
e.g. 0.5 < d̄ < 2, is shown in Fig. 3b and Fig. 3d. Results
clearly show that the BSCT provides the correct spacing
between the two scatterers whilst the two MF peaks have
merged.

Target spacing estimates based on the BSCT and the
conventional MF (or just IFFT in our case) are presented as
a function of the relative spacing d̄ in Fig. 4. In the figure,
the BSCT target estimates are presented as circles and the
MF based estimates, when available, are marked as crosses.
The dotted line is the classical resolution limit dR. At low
bandwidths the target interaction peak tends to merge with
the classical resolution limit for the BSCT. For the MF case
both scatterer peaks merge. It can be seen that targets can be
resolved at 0.7dR and above (Fig. 4) for the spacing model
(BSCT) and at above 1.5dR for the range model (MF).

The resolution capabilities are influenced by the central
frequency of the signal. We were able to examine this effect
by taking different lower-resolution sub-sections of the total
bandwidth over which we have collected data (Fig. 5) and
produce different estimates of the separations from those sub-
sections. The top plot in Fig. 4 is produced by using the lower
frequency section of the available spectrum and the bottom plot
by using the central section. The central frequency have effect
on the range profile created using matched filter also. Even
though the performance of BSCT is degraded the tendency of
better spacing resolution compared to MF is preserved.

V. CONCLUSION

In this paper, the output of a bio-inspired baseband receiver
named the BSCT has been studied at radio frequencies. We
have observed that the bio-inspired model is capable to resolve
fine target details by producing a spacing profile, i.e a profile
who is a function of the distance between scatterers, rather
than by a typical echo range profile.

Results have shown that the two target range resolution
of the BSCT was nearly double that achieved by pulse com-
pression. The strategy which has been used replaces the two-
target resolution problem by the ‘single target’ problem of
just estimating the position of a single peak that indicates
the separation between the two targets. This means that the
techniques used to estimate the parameters of a single signal
can also be brought to bear to further increase the resolution,
analogous to measuring the range to a single target, although
demonstrating this with RF signals remains a subject for
further work.

Future work should investigate how additional parametric
frequency estimation techniques, such as MUSIC or Non-linear
Least Square curve fitting [22], can be considered to improve
the BSCT.

Another subject for further work is to extend this technique
to the case where more than two targets are present. Low and
high pass filtering of the frequency profile can be applied for
handling specific cases as unwanted clutter and worth further
exploration together with other standard signal processing
techniques.
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