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Acoustic tags have been used in fish behaviour studies in a variety of marine and fresh-water 
environments. The intended objectives of these studies vary widely. In some cases, the studies 
require accurate three-dimensional tracking of the individual fish locations. In other cases, tags 
are used for estimating the fish survival along a migration route. There are varieties of acoustic-
tag signal-encoding schemes that have been proposed and used for implementing tag systems. 
The purpose of this paper is to explain the relationship between the various characteristics of 
acoustic signals transmitted by the tags and the tag-system performance that can be achieved. In 
particular, the ranges at which the tags can be detected and uniquely identified, the positional 
accuracy, as well as the number of unique codes that can be assigned to individual fish are all 
functions of the signal type. This paper demonstrates that when the pulse-repetition period is used 
to encode the tag identification, the range performance for the tag is superior to that achieved by 
using a scheme that has binary-encoded bits as part of the transmitter signal. The parametric 
results presented in this paper will assist investigators in their selection of the type of acoustic 
tags or tag parameters needed to achieve the objectives of acoustic fish-tag studies. 
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Introduction 

Acoustic tags have been used extensively for fresh-water (Steig, 1999; Steig et al., 
2000:Steig and Timko, 2000) and marine (Welch et al., 2006) fish behaviour studies over 
the past several years. Advances in microelectronics have enhanced the capabilities that 
can be incorporated into both the acoustic tags and the associated receiving and 
processing systems. As a result, a number of types of signal have been proposed for tag 
systems. Many of the users of these systems are confused by the various options 
available. 

 The basic goal of all tag studies is to study fish behaviour by observing tagged 
fish as a function of time or location or both factors together. The easiest tag system to 
implement has identical signals transmitted by all units. This is sufficient as long as there 
is no desire to study the behaviour of a number of individual fish simultaneously. For this 
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type of tag, the measure of performance is simply the range at which the tag can be 
detected and, in some cases, tracked in three dimensions. However, in most cases, there 
is a desire to study the behaviour of multiple fish simultaneously. In this case, the signals 
transmitted by the tags must be encoded with a unique identifier that can be recovered by 
the receiving system. There are various signal-encoding methods that have been 
developed for providing unique tag identification (ID). The Methods section of this paper 
will develop the relationship between the tag-signal characteristics and detection range, 
three-dimensional tracking performance, and unique tag ID for two tag-encoding 
techniques representative of the two approaches that have been used. In one approach, all 
the identification information is encoded into the single transmission from the tag. In the 
other, the tag ID is extracted by processing multiple tag transmissions. A comparison of 
two commonly used tag systems is then presented in the results section. 

Methods 

The performance of an acoustic-tag system can be characterized by the range at which 
individual tags can be detected, the range that a tag can be accurately tracked, and the 
range at which a tag can be uniquely identified. Methods for determining the detections, 
tracking, and identification performance for tag systems are developed below. 

 The basic problem of detecting a signal in a noisy environment has been studied 
extensively in the radar, sonar, and signal-processing literature. An interesting result that 
has come out of these studies is that for conditions with no multipath and additive 
Gaussian noise, there is one optimal receiver structure for processing any transmitted 
radar/sonar signal, and a universal expression for characterizing the signal detection 
performance as a function of the signal-to-noise ratio (SNR). This optimal receiver is the 
incoherent matched filter. A block diagram of the receiver is illustrated Figure 1. A 
digital signal-processing method for implementing the incoherent matched filter has been 
described by Baggeroer (Oppenheim, 1978). 

 The threshold, T, is set, based on the noise level, to achieve a desired false 
detection rate. For a higher threshold, there will be fewer false alarms. However, a higher 
threshold will also reduce the probability of detecting an actual tag signal. The trade-off 
between the probability of detection and the probability of false alarm for a given SNR is 
characterized by the receiver’s operating-characteristics curve illustrated in Figure 2 (Van 
Trees, 1968; Nielsen, 1991; Urick 1967). 

 The SNR is 
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where Es is the total energy in the received signal, No is the acoustic-noise, power-
spectral density, Ps is the received acoustic power, and τ is the signal duration. In the 
special case where the transmitted signal is a CW pulse, the receiver has a bandwidth, 
BW = 1/τ and 
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where PN is the noise power in the band. There are two interesting things to note from 
this result. First, the performance of the received signal depends on the energy in the 
received signal. The energy in a signal is the power in the signal times the duration of the 
signal. Second, it is only possible to achieve both a high probability of detection and a 
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low probability of false alarm when the SNR is greater than 10 to 12 dB, as  demonstrated 
in Figure 2. As an example, a 10 dB SNR will provide greater than 90% probability of 
detection with a 0.01 probability of false alarm. This applies for each hydrophone that 
may be used. 

 Acoustic-tag systems capable of three-dimensional tracking are based on the same 
algorithms  that are used to determine position accurately with the Global Position 
System, GPS (Parkinson and Spilker, 1996). The acoustic-tag signal must be received by 
at least four hydrophones. By knowing the positions of the four hydrophones and 
measuring the relative signal arrival times at the hydrophones, the location of a tagged 
fish can be estimated. The performances of acoustic-tag tracking systems are affected by 
acoustic noise, uncertainties in the sound speed, and multipath. An analysis of the effect 
of noise and uncertainties in sound speed has been presented in an earlier paper 
(Ehrenberg and Steig, 2002). They demonstrated that the standard deviation (s.d.) of the 
arrival time measurement is 
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where BW is the baseband-signal bandwidth. In the case of the standard CW-pulse signal, 
the baseband bandwidth, BW, is the reciprocal of τ. For example, a one ms long CW 
pulse signal has a baseband bandwidth of 1/.001 = 1000 Hz. If the received signal level is 
ten times greater than the noise s.d. out of the matched filter (SNR = 100 or 20 dB), then, 
using this equation, the s.d. of the arrival-time measurement is 0.1 ms. If one attempts to 
increase the SNR for a CW signal by transmitting a longer pulse, the required bandwidth 
is decreased as the inverse of the pulse length, and the denominator in the equation for 
the s.d. remains constant. Similarly, if a shorter pulse is used with a wider bandwidth, the 
increase in the bandwidth is cancelled by a decrease in the SNR (Ehrenberg and 
Torkelson, 2000). The way to get around this limitation is to use a wideband signal 
waveform such as a Barker-encoded signal, rather than a CW pulse. Barker-encoded 
signals are implemented using phase-reversal encoding to achieve higher time-resolution 
measurement (Ehrenberg and Steig, 2003). The implementation of an incoherent, 
matched-filter receiver for phase-encoded signals, such as the Barker-encoded signal, has 
been described by Baggeroer (ibid). The effects of multipath on tracking performance can 
vary greatly depending on the acoustic environment. In general, multipath effects 
decrease as the temporal resolution of the signal increases. Therefore, another advantage 
of a wideband signal, such as the Barker-encoded signal, is that it minimizes the adverse 
effects of multipath. 

 For three-dimensional positioning, it must be emphasized that there must be 
sufficient SNR at the receiving hydrophones to assure that there is a high probability of 
detecting the tag signal simultaneously at four hydrophones. For the single-hydrophone- 
detection criteria of a 90% probability of detection and 0.01 probability of false alarm, 
there is a 65% probability of simultaneous detections on four hydrophones. Most 
biological-behaviour studies using acoustic tags require that the individually tagged fish 
can be uniquely identified. This can be achieved by a variety of signalling schemes. Two 
techniques that are being used will be considered here. The first uses a signalling scheme 
where the signal from each tag is encoded with a unique digital ID. 

 This approach is being used by the Juvenile Salmon Acoustic Telemetry System 
(JSATS; US Army Corps of Engineers, 2006) and its signal design is displayed in Figure 
3. The tag signal is encoded using differential phase-shift keying, DPSK. The advantage 
of DPSK is that it does not require an exact knowledge of the carrier phase at the receiver 
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(Haykin, 1973). The ’1’s and ’0’s are encoded by differentially changing the phase of an 
individual bit relative to the phase of the previous bit. The first bit is used as a phase 
reference. If the next bit is a ’0’, the phase is not changed, and if it is a ‘1’, the phase is 
shifted by 180°. For the JSATS signal, the first bit provides the phase reference, and the 
next seven bits are a Barker-encoded sequence used for tag detection. The next 16 bits 
have the unique tag ID (65 535 possible codes), and the last 8 bits are used for error 
detection and correction. The advantage of the approach is that each transmitted tag 
signal contains the unique ID. The disadvantage is that range, tag ID, and tracking 
performance is adversely affected by including all of this information into a single pulse. 
Note that only 7/32 or 22% of the energy is used for tag detection and 1/32 or 3% of the 
energy is used for each bit of the unique ID code. The eight parity bits can correct any 
single bit error that occurs in the 32 bit sequence. For the binary-phase encoded signal 
with single bit error correction, the SNR per bit must be sufficient to result in 23 of the 24 
information plus parity bits being correct. A 5 dB SNR per bit will provide a 0.1 
probability of incorrectly decoding the tag ID. However, because only 1/32 of the energy 
is in each bit, the SNR for the total encoded signal required to achieve this identification 
performance is 10 log(32) + 5 = 20 dB. 

 The second approach uses multiple transmissions from the tag to provide the 
unique ID. This approach has been adopted by Hydroacoustic Technology Incorporated 
(HTI). The HTI signal is illustrated in Figure 4. Rather than encoding the unique code in 
the transmitted signal, the ID is encoded in the period between pulses. 

 The advantage of this period-encoding scheme is that all the energy in each 
transmitted signal is used in both the detection and tag ID. The disadvantage is that at 
least two sequential tag transmissions must be used for period measurements and the 
period timing must be tightly controlled. The jitter in the period of the signal is 
minimized by using a crystal-controlled oscillator in the tag. In this case, the performance 
is limited by the SNR for the received pulse. For typical SNRs, period differences of less 
than 1.0 ms can be accurately measured. Ehrenberg and Steig (2002) demonstrated that 
the s.d. in the arrival time for a 20 dB SNR is 0.1 ms. Other potential issues with the 
period-encoding scheme are the effect of multiple tags within a given area and the 
number of possible unique codes. Various methods have been developed for 
distinguishing the signal from individual tags. One visual method for identifying the tag 
period utilizes an echogram for displaying the signals, with the vertical scale equal to the 
tag period and the horizontal axis corresponding to the scan number (Ehrenberg and 
Steig, 2003). They also established that by utilizing this method, large numbers of tags 
(greater than 50) could be tracked simultaneously by the tag receiver without confusion 
between individual tags. The number of possible codes is determined by the selection of 
the encoding periods. For example, by varying the periods over a ten-second interval, 10 
000 unique codes can be achieved. By using two pulses at 15 unique time slots, 150 000 
unique codes can be achieved. 

 The ranges at which a tag can be detected, uniquely identified, and accurately 
tracked, provide a useful measure of the performance of a tag system. In all cases, the 
range performance depends on the received SNR, as defined in (1) and can be written in 
dB as 

   os NPSNR −++= )log(10)2log(10 τ , (4) 

where Ps and N0 are in dB. The received power is a function of the tag’s acoustic source 
level, SL, the range from the tag to the hydrophone, R, and the acoustic absorption α  (dB 
m–1). Therefore, SNR in dB is 
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where N0 is in dB. Note that τ depends on how the signal is being used. In particular, for 
the binary-phase-encoded signal illustrated in Figure 3, the signal duration for detection 
and tracking is the length of the seven Barker-encoded bits. However, the single bit 
duration must be used to determine the SNR and to calculated bit-error probability for tag 
ID. For the period-encoded signal illustrated in Figure 4, the entire signal is used for 
determining whether there is detection, and for identification and tracking. 

Results 

This section presents a comparison of the detection, tracking and identification 
performance of two common applications of acoustic-tag systems. One very common 
application for tags is to study the behaviour of fish near hydropower dams. The second 
application is for an open-river environment. The acoustic noise near a hydropower dam 
can be very high and is typically at least 20 dB higher than it would be in an open river. 

 Figure 2 reveals that the received SNR must be at least 5 dB to get acceptable 
detection performance; a 5 dB SNR will provide a probability of detection of 0.65 with a 
probability of false alarm of 0.1. For three-dimensional tracking, which requires 
simultaneous tag detections on four hydrophones, a 5 dB SNR would provide a 
probability of detection of only 0.18 with a probability of false alarm of 0.1. As stated 
earlier, a 10 dB SNR will provide a 0.65 probability of four detections with a 0.01 
probability of false alarm at each hydrophone. 

 For the period-encoded signal, a 5 dB SNR will result in sufficient tag detections 
to allow the period to be measured and the tag uniquely identified. The encoded signal 
requires a 5 dB SNR per bit for tag ID. However, as pointed out earlier, a 5 dB SNR per 
bit is equivalent to a 20 dB SNR for the total signal, because there is only 1/32 of the 
energy in each bit. 

 The relative performance of a period-encoded tag and a binary-phase-encoded tag 
in a hydropower-dam and in an open-river environment illustrated in Figures 5 and 6 
respectively. The tag and environmental parameters used for this comparison are typical 
of values for these applications. The acoustic frequency of the tag is 300 kHz. The fresh- 
water acoustic absorption is 28 dB km–1. The source level produced by the tag is 150 dB|| 
μPa, and the total pulse length is 1 ms. The noise spectral density at the dam is assumed 
70 dB|| μPa in a one Hz bandwidth and is 50 dB|| μPa in a one Hz bandwidth in the open 
river. These noise spectral-density values are typical of what has been measured at actual 
tag-deployment sites. The plots clearly display the binary-phase-encoded-pulse, signal-
performance penalty that results from partitioning the signal into a seven-bit sequence 
used for detection and tracking and a twenty-four-bit segment used for ID and error 
correction. For the dam environment (Figure 5), the binary-phase-encoded signal had a 
detection range of approximately 75 m, a tracking range of approximately 50 m, and an 
identification range of less than 25 m. The period-encoded pulse has a detection and 
identification range of approximately 140 m and a tracking range of about 90 m. Figure 6  
demonstrates the same relative performance for an open-river environment. The ranges 
achieved for the river environment are greater because of the lower noise present. 

 For three-dimensional tracking studies, the individual fish must be detectable over 
the entire area of interest. Therefore, the number of receiving hydrophone systems that 
the encoded-pulse technique will require to provide equivalent detection-tracking 
performance will be between 5.7 and 14.4 times the number that the period-encoded 
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technique will need. This is because the number of hydrophone systems required to cover 
a given area is proportional to the square of the distance between hydrophones. For line-
array studies designed to determine the number of migrating fish passing a point in the 
river, the number of hydrophone systems required for the encoded-pulse technique is 
between 2.4 and 3.8 times that required for the period-encoded approach. 

 Alternatively, if the same number of detection-hydrophone systems were used in a 
line array to detect period-encoded-signal tagged fish and the binary-encoded-signal 
tagged fish, there would be lower detectability of the latter. As an example, to achieve 
similar precision in paired-release detection studies comparing acoustic tags and passive, 
integrated-transponder (PIT) tags, approximately 100 times more PIT tags are required 
(Steig et al., 2005). This is because they have limited detection ranges (0.3–0.6 m) and 
the detectors are primarily installed in relatively small bypass channels, pipes, and fish 
ladders. As a comparison, acoustic tags have relatively large detection ranges (100+ m) 
and are primarily installed in front of dams and in open rivers. For acoustic tags, this 
greater detection range translates into higher detection rates compared with PIT tags. The 
higher detection rates for acoustic tags translate into smaller sample sizes to achieve 
comparable precision estimates. For the same reason, the binary-encoded tags have 
shorter detection ranges than the period-encoded tags and require a significant increase in 
sample size of the tagged fish to achieve comparable precision as the period-encoded 
tags. This translates into increased costs that stem from the additional number of tags and 
hydrophones  required. This in turn results in increased deployment and analysis efforts. 

Conclusion 

This paper describes the detection, tracking, and identification performance as a function 
of range for two commonly used acoustic-tag signals. Directly compared are the binary-
phase-encoded and period-encoded signalling schemes for the same set of operating 
parameters (e.g. pulse length and source level), therefore both tags should have similar 
size and tag life. Because the period-encoded technique uses all the energy in the pulse 
for detection, tracking, and identification, its range performance is significantly better. 
Thus, the number of hydrophone receivers required to cover a specific area will be less. 
The price  paid for this increased performance is additional complexity in the processing 
required to extract the unique tag ID. 
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Figure captions 

Figure 1. Optimum receiver for detecting a transmitted tag signal. 

Figure 2. Probability of detection and false alarm as a function of the received signal‐to‐noise ratio output from the 
incoherent matched filter. 

Figure 3. Structure for the differential phase‐encoded signal used for the JSAT tag. 

Figure 4. Structure for the HTI tag signal with identification encoded in the period. 

Figure 5. Received SNR as a function of range for 1 msec binary phase‐encoded and period‐encoded pulses for a typical 
noise environment at a dam. 

Figure 6. Received SNR as a function of range for 1 msec binary phase‐encoded and period‐encoded pulses for a typical 
noise environment in an open river. 
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Figure 5 
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Figure 6 

 


