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Abstract

Many acoustic channels suffer from interference which is neither narrowband nor impulsive. This relatively long duration
partial band interference can be particularly detrimental to system performance. We survey recent work in interference mitigation as
background motivation to develop a spatial diversity receiver for use in underwater networks and compare this novel multi-receiver
interference mitigation strategy with a recently developed single receiver interference mitigation algorithm using experimental data
collected from the underwater acoustic network at the Atlantic Underwater Test and Evaluation Center. The network consists of
multiple distributed cabled hydrophones that receive data transmitted over a time-varying multipath channel in the presence of partial
band interference produced by interfering active sonar signals. In operational networks, many “dropped” messages are lost due to
partial band interference which corrupts different portions of the received signal depending on the relative position of the interferers,
information source and receivers due to the slow speed of propagation.

I. INTRODUCTION

The U. S. Navy operates an undersea cellular network in the Tongue of the Ocean [1]. Known as the Atlantic Undersea
Test and Evaluation Center (AUTEC), it consists of 96 acoustic sensors placed over a 60 by 30 kilometer square area and is
shown in Fig. 1. As currently configured, approximately 97 percent of transmitted messages are successfully decoded; of the
remaining three percent, many are corrupted by acoustic interference arising from active acoustic emissions. For example, Fig. 2
shows the impact of interference on a received data packet. In pane (a), the data packet was received without interference and
successfully decoded in contrast to pane (b) where interfering signals are clearly evident and the message was lost. Years of
extensive observations of activities in the vicinity of the network demonstrate that the widely separated hydrophones suffer from
partial-band interference emanating from multiple spatially separated sources. The nature of this interference is different from
the impulsive or narrowband interference typically encountered in other applications. Furthermore, unlike RF communications
and acoustic array processing applications where interference is highly correlated in time among the various receivers, in the
acoustic network, interference affects different portions of the received signals due to the wide separation of the receivers and
the low speed of propagation. The degradation in the received signal is highly variable, depending on the relative position of the
interfering signals, information source and receivers as well as the channel conditions. Successful steps to mitigate interference
using a single receiver have been reported in [2], and the potential of using multiple receivers to mitigate interference was
demonstrated in [3]. The motivation behind this work is to compare the potential benefits that each mitigation strategy provides.

Interference mitigation has a long history in RF communications, but the interference is typically impulsive or narrowband [4].
Partial band interference is not addressed [2]. The interference mitigation techniques typically exploit the short time or limited
frequency span of the interfering signal. Examples of impulsive noise suppression techniques for multi-carrier modulation may
be found in [5]-[11], while [12]-[21] address narrowband interference mitigation. Early approaches tended to separate channel
estimation and interference detection, while more recent work has focused on jointly estimating the channel and mitigating
interference. Joint approaches may work iteratively such as in [6] or by expanding the states of the decoding algorithm as in [16]
and [18]. A message-passing approach to jointly estimating the channel and mitigating strong co-channel interference of similar
form as the desired signal was proposed in [22]. Two blind algorithms to mitigate multiple interferers were proposed in [23]. Joint
approaches provide better performance at the cost of additional computational complexity. Limitations on system performance
may be found in [24] for OFDM systems subject to impulsive noise and for multicarrier and single carrier quadrature amplitude
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Figure 1. The AUTEC acoustic network.
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Figure 2. Clean packet reception (a) and packet corrupted by acoustic interference (b).

modulation (QAM) systems in [25]. The capability of low density parity check (LDPC) and turbo coding to mitigate burst errors
is discussed in [26].

Observations from past field experiments indicate that significant improvement in the reliability of message reception can be
realized by mitigating interference. Discussion of the interference typical in the underwater environment is available in [27] and
[28].

The work in [2] developed a single receiver parameterized interference cancellation (PIC) algorithm to mitigate partial band
interference through a representation of the interference based on a rough estimate of its time duration and bandwidth. The PIC
algorithm explicitly cancelled the interference without information loss or performance degradation caused by approximations.
In [3] we developed a multi-receiver algorithm that relied on the spatial diversity inherent in an acoustic network to facilitate
the reconstruction of the transmitted waveform from the clean portions of the received signals. Our algorithm also relied on the
known time duration and bandwidth of the interference to perform mitigation. While both approaches rely on prior knowledge
of the interference band and time duration, the techniques differ in the use of the knowledge. In [2] prior knowledge aids in
the estimation of the interference parameters and facilitates coherent cancellation where as in [3] prior knowledge facilitates the
detection and excision of portions of the received signal that suffer from interference. For both approaches, knowledge of the
interference parameters does not need to be particularly precise and can be determined in situ. The experiment reported here
used Linear Frequency Modulated (LFM) signals as interference. However, both approaches are applicable to any time and band
limited signal such as Hyperbolic Frequency Modulated (HFM) waveforms or marine mammal vocalizations.

A. Parameterized Interference Cancellation

The work in [2] developed an iterative single receiver algorithm to mitigate partial band interference of known time duration,
T}, and interference bandwidth, By . Since the interference is time and band limited, it can be represented by a Fourier-series.
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Figure 3. OFDM waveform reconstruction process.

The algorithm employs an iterative approach to estimate the Ny = [B;T7| complex coefficients as well as the time delay (with
respect to the start of the OFDM block) of the interference. On each iteration, the estimates of the interference and detected
symbols from the previous iteration are used to construct a Generalized Likelihood Ratio Test (GLRT) to see if interference
is still present. If residual interference is detected, its model parameters are calculated with a maximum-likelihood approach.
The modeled interference is than subtracted out, and the channel is equalized and symbol estimation is again attempted. This is
repeated until the parity checks are satisfied or some maximum preset iteration limit is reached.
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OFDM Parameter Value

Center frequency fe 11 kHz
Bandwidth B 6 KHz
# of subcarriers K 1024
# data subcarriers Sp| 86
# pilot subcarriers Sp]| 256
# null subcarriers Sn| 96
Symbol Duration T 104.68 ms
Symbol Constellation BPSK
Subcarrier spacing Af=1/T | 9.54 Hz
Guard interval Ty 24.6 ms
Number of Guard Samples | N, 240
Synthesized Interference Parameters Value
Center Frequency fe,r 11 kHz
Bandwidth Br B/2
Duration Tr T/3

Table T. EXPERIMENT PARAMETERS.

B. Spatial Diversity Reciever

The spatial diversity receiver identifies portions of the signal suffering from interference on different receivers, removes these
portions of the signal and then optimally combines the remaining clean portions of the signal. The process, illustrated Fig. 3,
involves switching between the time and frequency domain because interference excision and waveform recombining must be
done on equalized time-domain waveforms and all of the information for channel estimation is present in the frequency (or OFDM
symbol) domain. Pre-processing synchronizes the received signals and adjusts for Doppler induced dilation or contraction. The
signals are then transferred to the frequency domain for removal of any residual Doppler effect, channel equalization and testing
for the presence of interference. The frequency domain interference detector compares the signal power on the null subcarriers
inside and outside of the interference band to determine if interference is present. Signals having interference are transferred back
to the time domain where knowledge of the interference time duration aids in determining which portion of the time domain
waveform suffers from interference. Reconstruction of time domain waveform excises time orthogonal interference and averages
across portions of the waveform suffering from only noise. If the interference is not time orthogonal (e.g. it occupies the same
time bins on all receivers), averaging is performed. The synthesized signal is then transferred back to the frequency domain for
data detection.

II. EXPERIMENTAL RESULTS

During May 2014, experiments were conducted at AUTEC to test the interference mitigation algorithms. A multichannel
projector was configured for multichannel simultaneous transmission of both interfering and desired acoustic waveforms. The
desired OFDM signal consisted of a channel probe, four data packets and a final channel probe while LFM waveforms of
various time durations and bandwidths provided the interference. Multiple interfering and desired waveforms were simultaneously
transmitted from AUTEC’s acoustic transmitters and recorded on more than forty distributed ocean-bottom hydrophones. Examples
of the received data packets are shown in Fig 4. The interfering LFM waveform is clearly evident in both spectrograms. In addition
to the LFM interference, the third data block suffers interblock interference (IBI) as portions of the surface bounce arrival of
the first data block coincides with the direct path arrival of the third data block.

Independently processing the third block from the channels shown in Fig 4 without interference suppression resulted in thirteen
errors on channel 68 and eight errors on channel 76 where as applying the parameterized interference mitigation algorithm resulted
in no errors. Processing the block using maximum ratio combining (MRC) resulted in three errors while applying spatial diversity
reconstruction (SDR) resulted in no errors. The distance between these receivers is approximately 4,000 yards.

In order to test the performance of the algorithms at different interference and noise level, a data set of 1,500 synthesized
received signals was created from the interference and noise sampled during the experiment. The pseudo-experimental interference
was created by windowing the appropriate portions of the received direct path LFM signals and amplifying them to the appropriate
interference level.. Similarly, noise from portions of the experiment when no signal or interference was present was amplified
to the appropriate level to vary the signal to noise ratio. The amplified interference and noise was added to received OFDM
blocks in which the symbols were all detected correctly prior to decoding. For testing of the SDR and MRC algorithms, the
interference was time orthogonal on the two receivers. Table I-B provides details about the experiment.

The results of the processing the pseudo-experimental signals prior to decoding are shown in 5 for signal channel processing,
MRC and SDR. A clairvoyant (shown in cyan diamonds) and non-clairvoyant (shown in blue circles) SDR algorithm were tested.
The clairvoyant algorithm always excised the correct portion of the signal suffering interference whereas the non-clairvoyant
algorithm had to detect the presence of interference as well as select the portion of the received signal to excise. At low SIRs
(when the interference is large), there is a clear benefit to excising the interference for all values of SNR but more dramatic at
higher SNRs. As the interference power approaches the noise power, the benefit of excising the interference diminishes and the
loss from not averaging over the noise becomes apparent. This is demonstrated at higher SIRs in the results for the clairvoyant
SDR receiver where applying the algorithm, even with perfect knowledge of the time window suffering interference, results in
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Figure 4. The OFDM signals received on channels 68 (panel a) and 76 (panel b) during an experiment at AUTEC in May 2014. Note that LFM interference

corrupts for the beginning of block 3 of the data packet on channel 68 and the end of the same block on channel 76. The receivers are separated by approximately
4,000 yards.
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Figure 5. Bit error rate performance as a function of SIR for the different mitigation strategies.

degraded performance as compared to MRC . However, the interference detection threshold can be set to smoothly transition

between the SDR and MRC combining strategies. By only declaring interference when it is sufficiently large, the SDR receiver
without clairvoyance exhibits the same performance as MRC at high SIRs.

Fig. 6 shows the bit error rate after decoding for the various receivers. (The single channel uncoded bit error rate is also
shown for comparison). The single channel PIC algorithm (green triangles) is effective at moderate SIR levels. This is the region
of where Fig. 5 indicated the most effective strategy was to transition SDR to MRC. The PIC technique is ineffective at high
SIRs; precisely the region where the SDR gains are most dramatic. Thus, the two approaches are complimentary and an effective
multi-channel receiver strategy would be to adaptively utilize both techniques.

III. SUMMARY

Many acoustic channels suffer from interference which is neither narrowband nor impulsive. This relatively long duration
partial band interference can be particularly detrimental to system performance. However, some parameters of the interference
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Figure 6. Coded bit error rate performance as a function of SIR for the different mitigation strategies.

are usually known or can be acquired and exploited to facilitate interference cancellation on a single receiver. For multiple
receivers, the prior knowledge can be used to exploit the detection and excision of portions of the received signals suffering from
interference so that they can be combined more effectively. While the single receiver technique relies on accurately estimating
and subtracting the interference, the multi-receiver technique exploits the slow speed of sound propagation in water and the
geographical extent of networks, to combine clean portions of the received signals. The experimental results from AUTEC
demonstrate that both techniques are effective mitigation strategies. Parameterized interference cancellation is most effective at
moderate SIRs whereas spatial diversity reconstruction is effective and realizes the most gain at high SIRs. The two approaches
are complimentary and an effective multi-channel receiver strategy would be to adaptively utilize both techniques.
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