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Abstract

Multicarrier M-ary frequency shift keying (MFSK), a parallel transmission of multiple MFSK
data streams, is one basic reference scheme for underwater acoustic communications due to low-
complexity incoherent processing at the receiver and ease of implementation. In this paper,
we provide some further results for multicarrier MFSK based on the recent development of
coherent orthogonal frequency division multiplexing (OFDM) schemes. Specifically, we adopt
an OFDM based representation, develop a residual Doppler shift compensation approach at the
receiver, and present different ways of computing the soft likelihood information for multicarrier
MFSK transmissions in combination with nonbinary channel coding. As compared with coherent
OFDM, simulation and semi-experimental results show that multicarrier MFSK has consistent
performance in channels with different numbers of paths and in environments with different

types of external noise.
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The underwater acoustic channel is commonly regarded as one of the most challenging chan-
nels for communication [1]. Lacking a widely adopted channel model, acoustic communication
algorithms are often developed based on experimental data validation, and performance results
from different experiments are often not directly comparable because the system performance
depends on the site geometry and environmental conditions [1, 2]. On the signal processing level,
the major challenges are due to the large delay spread and fast time variation of the propagation
paths [1, 2]. Based on different principles, a variety of digital modulation schemes have been
studied and tested for underwater acoustic communications over the past three decades [1, 3].

Broadly speaking, they fall into two main categories, as illustrated in Fig. 1.

e Single carrier approaches. Direct sequence spread spectrum (DSSS) (e.g., [4, 5, 6]) as well
as sweep-and-spread carrier (S2C) schemes [7] transmit information sequence in a signal
band that is larger than the information rate. Lowering the spectrum efficiency much
less than 1 bit per second per Hz (bit/s/Hz), robust performance could be achieved in
low signal to noise ratio (SNR) applications or acoustic channels with a large number of
propagation paths. Without spread spectrum operations, phase-coherent transmissions
often operate at spectrum efficiency around one bits/s/Hz (e.g., 0.5 ~ 2 bit/s/Hz). An
effective equalizer is needed at the receiver side, and there are a plethora of receivers
developed (e.g., [8, 9, 10, 11]). Recently, multi-input multi-output (MIMO) techniques have

been adopted to increase the spectrum efficiency to several bits/s/Hz (e.g., [12, 13, 14, 15]).

e Multiple carrier approaches. There are multiple frequency points, or subcarriers, avail-
able in the signal band. Frequency hopped frequency-shift-keying (FSK) hops a FSK-
modulated symbol to a different frequency point at each symbol interval [16]. As a spread
spectrum scheme, it has an efficiency much lower than 1 bit/s/Hz. Multiple FSK data
streams could be transmitted in parallel to increase the data rate, where the center fre-

quency of each data stream could be fixed or could hop within the signal band [17, 18, 19].
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Figure 1: The overview of underwater acoustic communication methods

Orthogonal-frequency division multiplexing (OFDM) uses closely-packed orthogonal sub-
carriers, where the superposition of parallel subcarriers is implemented based on the dis-
crete Fourier transform. On top of OFDM, noncoherent modulations such as on-off
keying (OOK) [20] and coherent modulations such as phase-shift-keying and quadrature-
amplitude-modulation (e.g., [21, 22, 23, 24, 25]) on each subcarrier, or differential mod-
ulation can be adopted across OFDM subcarriers [26, 27]. The spectrum efficiencies are
typically around one or two bits/s/Hz. MIMO-OFDM further increases the spectrum ef-
ficiency to several bits/s/Hz through parallel transmissions in the spatial domain (e.g.,

28, 29]).

Note that different schemes have different characteristics on data rate, operational SNR ranges,
and receiver complexities. Hence a particular application will have its own favorite among the
available choices.

In this paper, we focus on the multicarrier MFSK scheme. Intuitively, the transmission
consists of multiple M-ary FSK data streams in parallel, with each data stream located at a
different center frequency [17, 18, 19]. Consistent with this intuitive idea, we choose to adopt
the OFDM based implementation, where the subcarriers are overlapping but orthogonal to each
other; hence another suitable name for this particular implementation is OFDM-MFSK. The

key motivation for this paper is to leverage the insights learned from the progresses made on



coherent OFDM (see e.g., [25] and references therein) to the transceiver design of the noncoherent

multicarrier MFSK scheme. The specific contributions of this paper are as follows.

e We present a method for residual Doppler shift compensation at the receiver to reduce the
intercarrier interference (ICI). Different from existing approaches, the proposed method

does not require the existence of null subcarriers [22] or pilot tones [19].

e We evaluate the performance of the OFDM-MFSK scheme with nonbinary channel coding
with two different ways to compute the log-likelihood ratio (LLR). Matching the size of the
M-ary modulation with the size of Galois field avoids the bit to symbol mapping and vice
versa. It also avoids the need to estimate the channel amplitude and the noise variance in

one presented method of the LLR computation.

e We compare the performance of OFDM-MFSK with that of coherent OFDM in the pres-
ence of different types of external noises, including Gaussian noise, impulsive noise, and
partial-band partial-block-duration noise. Performance results show that the OFDM-
MFSK scheme exhibited its consistency over OFDM-BPSK in two aspects: consistency
against different numbers of paths in a multipath channel, and consistency over different

types of external noise.

To our knowledge, these issues have not been explicitly addressed in the literature for the
multicarrier MFSK scheme. The study in this paper hence contributes to further understanding
of this legacy scheme.

The rest of the paper is organized as follows. Section 2 presents the transmitter design
and the PAPR reduction method. Section 3 presents the receiver design, with the Doppler
shift compensation and the coupling with nonbinary channel coding. Sections 4 and 5 contain

simulation and experimental results, respectively. Conclusions are drawn in Section 6.



2. Transmitter Design

In this paper, we adopt an implementation of multicarrier MFSK where overlapping OFDM
subcarriers are used to carry MFSK symbols. The presentation here will follow the zero-padded
(ZP) OFDM structure in [22]. Consider one OFDM block with symbol duration 7', hence the
subcarrier spacing is 1/7. Assume that there are K subcarriers in total over a signal band

B = K/T. The kth subcarrier is located at the frequency

fo="Ffc+ ;, k=—— .., =1, (1)

where f. is the center frequency. Let T, denote the zero-padding interval and Ti, = T+ T; the
total block duration corresponding to one ZP-OFDM block. With d[k] as the information symbol
on the kth subcarrier and ¢[k] a phase rotation term to be specified later, the transmitted signal
is: Kj2-1

Bty=">_ Mkl g(t) (2)
k=—K/2

where g(t) is the rectangular pulse shaping filter: g(t) = 1/T for t € [0,T] and g(t) = 0 elsewhere.

Now, we specify how the information bits are mapped to the data symbols {d[k]}. Suppose
that there are IV, parallel MFSK transmissions in one OFDM block and a channel code of rate 7.
is used. If a binary code is used, r.Ny log, M information bits will be coded into Ny logy M bits,
which will be divided into N, groups. For the ith group, let {ly,...,lyr—1} denote the subcarrier
indexes used by MFSK. Based on the value of logs M coded bits, one of d[ly], ..., d[lrs—1] will be
one and the rest will be zeros. In this paper, we adopt the nonbinary channel codes from [30].
Operating over Galois field GF (M), r. Ny information symbols are mapped to Ny coded symbols,
and each coded symbol is used to choose one frequency out of M choices for transmission.
Matching the size of the MFSK modulation with the size of Galois field avoids the bit to symbol

mapping and vice versa.



One practical issue is that OFDM-MFSK has large peak to average power ratio (PAPR) due

to parallel transmissions, similar to coherent OFDM. The PAPR for each block is defined as:

max |Z(t)]?

PAPR = ————— %X —
T fo |Z( |2dt

(3)
Since phase rotation at the transmitter side does not affect noncoherent processing at the re-

ceiver, the phases {¢[k]} can be adjusted to reduce the PAPR, i.e.,

max | ZK/2 L eidlk] g[k]ei2m it |2
{[k]}vk = arg min

(olkly L [ | SR eolkldfi]es2n it 2t

(4)

Optimizing the phase values for each OFDM block might be time consuming. Ref. [31] have
compared different methods, including the selective mapping (SLM) method based on random
search [32, 33, 34], the time-frequency swapping method [35, 36], and the sequential algorithm
developed in [31]. In this paper, we adopt the random search method based on the selected
mapping principle due to its straightforward implementation. The transmitter randomly gen-
erates {¢[k|}vx multiple times (say, N times) and chooses the one with the smallest PAPR to
transmit. Note that there is no side information that needs to be communicated to the receiver,
hence there is no overhead.

With the OFDM-MFSK parameters to be specified in the simulation section, Fig. 2 shows the
complementary cumulative density function Pr(PAPR > z) with the random selection method
on the passband data sampled at the sampling rate fs = 48 kHz. Here, the phase value on each
subcarrier ¢[k] is randomly selected from [0, 27]. Repeat this procedure N times and pick the
one with smallest PAPR. Apparently, the PAPR reduction is very effective with a small number
of searches; N = 8 is chosen for the data sets used in the experiments.

Note that the PAPR control is applied on each block. If the transmitter is not operating in

the full power mode, typically the average power of the OFDM blocks within a data burst can be
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Figure 2: PAPR reduction for OFDM-FSK with the selected mapping algorithm
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kept constant, and the peak power has slight variations from block to block. If the transmitter
is operating in the full power mode, the peak power is often required to be strictly limited for
hardware protection. In this case, the peak power of each OFDM block within a data bust is
kept constant, and the average power has slight variations from block to block. Now, let us
generate 1000 blocks, with the peak power fixed at 0 dB for each block, and show the average
power variations in Fig. 3(a) and the empirical probability-density-function (pdf) in Fig. 3(b).
It can be found with the per-block peak power fixed, the average power is varying within a 2
dB range when PAPR control is used, and the variation is much bigger if PAPR control is not
applied. In this paper, we choose the approach to fix the peak power of all the blocks when
preparing the data sets for experiments, as those data will be delivered to the field engineers

with a possible full power transmission’.

3. Receiver Design

A generic time-varying multipath channel for underwater acoustic communications is ex-

pressed as

Npa
h(t,7) = Z Apé(t — [rp — apt]), (5)
p=1

where N, is the number of paths, A, 7,, and a, are the amplitude, delay, and Doppler scale

for the pth path, respectively [37]. The received passband signal is

g(t) = h(t,7) * Z(t) + w(t)
Npa (6)
= Z Ap((1 + ap)t — ) + (1),
p=1

'Note that the average signal-to-noise ratios for all the OFDM blocks can be adjusted to the same level in
offline data processing by scaling the added noise on each block properly. This is done in Sections 5.1 and 5.2.



where w(t) is the additive noise.

Often the Doppler scales {a,} are assumed to be concentrated around a mean, which can be
estimated e.g., through a preamble preceding the data blocks [38] or the joint use of a preamble
and a postamble [22]. Denote the estimated Doppler scale as G. The main Doppler effect is

removed through a resampling step, leading to the resampled signal

0= (1) ")

If the resampling step is not used, then Z(t) = g(¢). The passband signal is shift to baseband

as z(t) = LPF(3(t)e=72"/<t), where LPF stands for low pass filtering. The baseband signal is

sampled at the baseband rate to obtain:

z[n]:z(t)|t:%, n=01,..., K+ L—1, (8)

where L = LKggJ.

3.1. Residual Doppler Shift Compensation

The residual Doppler shift after the resampling step can still be a major factor to limit the
system performance. In [22], null subcarriers have been inserted in each OFDM block to facilitate
the residual Doppler shift estimation. For OFDM-MFSK, residual Doppler shift estimation can
be carried out without the use of null subcarriers.

Assume that the residual Doppler shift is the same for all subcarriers, and is in the range
of [—%, %] Collect the time-domain samples into a vector z = [2[0],... 2[K + L — 1]]”, and

Doppler shift compensation is performed in the time domain before frequency-domain samples

are obtained. For clarify of presentation, first define a diagonal matrix as

A(E) — diag(l,eﬂ”/B, . ’ej27re(K+L—1)/B). (9)



Then define a matrix O = [Ix Iy] that performs an overlap-add operation on a vector, where
I is the first L columns of Ix. Finally define a K x K Fourier transform matrix F with the
(p+1,q+ 1) entry e 72™4/K A one-dimensional search can be adopted to estimate € as:

Ng—1

€ = arg ?laX OS?%%\}(—I[Z(E)]Q ) (10)

where [; is the index corresponding to the ith frequency of the Ith group and the frequency-

domain vector is evaluated as

Z(e) = FOA*(¢)z. (11)

Instead of minimizing the energy on the null subcarriers as in [22], here the maximum energy is
sought on tentative MFSK frequencies to determine the residual Doppler shift. Also, unlike the

traditional method as in [19], the proposed method does not require the insertion of pilot tones.

3.2. Log-Likelihood Ratio Calculation
After Doppler shift compensation, the equivalent channel input and output model for the
lth group is
Z[L) = H[L)eMd[l] + nll;], i=0,...,M -1 (12)

The receiver needs to generate soft information for the nonbinary channel decoder. Specifically,

a vector

L[l] = [LLRo[l],....,LLRy—1 [1]]” (13)

of the log-likelihood ratios (LLRs) is needed, where the LLR is defined as

Pr ({Z[li]}é‘ial | dlli] = 1)
Pr ({ZLYM5" | dlio] = 1})

LLR;[l] = In (14)

10



First, we consider the case where the receiver does not attempt to acquire the channel
amplitude information. Instead, the receiver views |Z[l;]| as Rayleigh distributed with variance

o[l + o2[l] if dl;] = 1, and Rayleigh distributed with variance o2[l] if d[l;] = 0. The LLR can

n

be calculated as
o ll] | Z[1;]12 — | Z[lo]]?
ofill] + a2[l] a2[l]

LLR;[l] = (15)

Assume that the channel and noise variances are similar across all groups, one can adopt an

approximate version as (after scaling by a constant)

LLR,[1] oc (1Z[1]1° — | Z[lo] ). (16)

This computation solely depends on the measurements on the subcarriers, and hence it could
be a robust statistics under various conditions.

Further, we consider the possibility that estimation of the channel amplitude and the noise
variance might help to improve the receiver performance. Among M subcarriers in each group,
only one subcarrier is used and there are noises on the rest M — 1 subcarriers. The presence of
a signal component most likely increases the energy on a subcarrier, and hence an estimate of
the noise variance can be formed by:

~92 o . 112
o2l =, _min_ |20 a7)

where based on the order statistics, « is chosen to be M — 1 according to [39, eq. (5)]. A
smoothing operation, or, local averaging, across multiple neighboring groups will be applied to
obtain better estimates of the noise variance. In this paper, we assume that the noise is white,

and thus the average of G2[I] over all groups is taken as a refined noise variance estimate. The

11



square of the channel amplitude on the Ith group |H[I]|? is obtained as follows:

\ﬁwz( i \Z[mr?)—&ﬁm. (18)

0<i<M -1

A moving averaging operation can be applied on |H[]|? to smooth the noisy estimates.

2

With the channel amplitude |H[l]| and the noise variance 62

[l] available, |Z[l;]| is viewed as
Rician distributed if d[l;] = 1, and Rayleigh distributed if d[l;] = 0. The LLR for the [th MFSK

group is computed as [40]:

Io (218001 20:)1/520)

LLR;[l] = In - ,
o (21A 10112 l0)l /5310))

where Ip(-) is the Oth-order modified Bessel function of the first kind.

4. Simulation Results

In this section, we investigate the performance of the OFDM-MFSK scheme under differ-
ent settings, and compare it with a coherent OFDM with BPSK modulation, where the total
transmission power and the data rate are set to be the same.

Assume that there are a total of K = 1024 OFDM subcarriers within a total bandwidth of
B = 6 kHz, hence, the subcarrier spacing is B/K = 5.86 Hz and the OFDM symbol duration
is T = K/B = 170.7 ms. The carrier frequency f. can be shifted to match with the transducer
used in a practical system. It is selected to be f. = 17 kHz in our simulation and experimental
results. For the OFDM-MFSK scheme, only the middle K4 = 672 subcarriers are used, and are
divided into 168 groups with four subcarriers in each group to accommodate a 4-FSK modulation.
Nonbinary rate-1/2 LDPC coding over GF(4) is used. Two settings are considered. In the first
setting, 84 GF(4) source symbols are coded into 168 GF(4) symbols. In the second case, 42

GF(4) source symbols are coded into 84 GF(4) symbols, which are then repeated to form 168

12



symbols (a repetition redundancy with a factor of 2). In both cases, there are 168 GF(4) coded
symbols that are modulated on the 168 subcarrier groups with 4-FSK modulation. Consider a

guard interval Ty = 79.3 ms, the data rates for the two settings are

~ 84 -logy4

R = — 672 b 20

YT, P, (20)
42 -log, 4

Ry = 229822 _ 336 jys. 21

2= T, ps (21)

For the OFDM-BPSK scheme, the number of data subcarriers is Kq = 672, the number of pilot
subcarriers is K}, = 256, and the number of null subcarriers is K, = 96 [22]. There are 24 null
subcarriers on each edge of the frequency band, and 48 null subcarriers are mixed with data and
pilot subcarriers. Similarly, two cases are considered. In the first case, 84 GF(4) source symbols
are coded into 168 GF(4) symbols, followed by a repetition with a factor 2 to generate 336 GF(4)
symbols. In the second case, 42 GF(4) source symbols are coded into 84 GF(4) symbols, which
are then repeated four times to generate 336 GF(4) symbols. In both cases, there are 336 GF(4)
symbols that can be mapped to 672 BPSK symbols to be loaded to the 672 data subcarriers.
Hence, the same data rates of Ry and Ry are achieved. For clarification, these parameters are
summarized in Table 1.

Note that the effective bandwidth for the OFDM-MFSK scheme is only 4 kHz as only the
middle 672 subcarriers are used, while it is around 6 kHz for the OFDM-BPSK scheme. To
make a reasonable comparison, all the performance plots will be evaluated based on the input

signal to noise ratio defined over the 6 kHz bandwidth:

Signal power within the 6 kHz signal band

Input SNR = (22)

Noise power within the 6 kHz signal band

That is, OFDM-MFSK and OFDM-BPSK are compared with the same transmission power and

the noise level. Or, one can say that these two schemes are compared with the same energy

13



Table 1: List of the system parameters for the OFDM-MFSK and OFDM-BPSK schemes
Common 1024 OFDM subcarriers, total system bandwidth 6 kHz
Subcarrier spacing: 6000/1024 = 5.86 Hz
OFDM symbol duration 170.7 ms, guard time 79.7 ms
OFDM-MFSK | 672 data subcarriers in the middle of the band
Effective bandwidth 3.94 kHz
Rate R; = 672 bps: 84 x 168 LDPC over GF(4), no repetition
Rate Ry = 336 bps: 42 x 84 LDPC over GF(4), repetition by two
OFDM-BPSK | 672 data subcarriers, 256 pilot subcarriers, 96 null subcarriers
Effective bandwidth 5.72 kHz.

Rate Ry = 672 bps: 84 x 168 LDPC over GF(4), repetition by two
Rate Ry = 336 bps: 42 x 84 LDPC over GF(4), repetition by four

per information bit used. The block error rate (BLER) after channel decoding is used as the
performance metric.

The passband data sets are generated with a sampling rate fs = 48 kHz. The inter-arrival-
time of paths follows an exponential distribution with a mean of 1 ms. The amplitudes of paths
are Gaussian distributed with the average power decreasing exponentially with the delay, where
the difference between the beginning and the end of the guard time is 20 dB. For each path, the

Doppler scale ay, is generated from a Doppler speed v, (with unit m/s)

ap = vp/c (23)

where ¢ = 1500 m/s is the sound speed in water. The values of the Doppler speed will be
specified in each test case individually. Note that a block fading assumption is used, where each

realization of the multipath channel is applied on a short data burst of five OFDM symbols.

4.1. Comparison between Two LLR Computation Methods

The LLR computation in (16) (termed as method 1) does not require estimation of the
channel amplitude while the computation in (19) (termed as method 2) requires estimation of

the channel amplitude and noise variance. The channels are generated without Doppler, where

14
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Figure 4: Comparison of the LLR computation methods for MFSK (30 paths, Gaussian noise).

a, = 0, Vp. Fig. 4 compares the performance of both methods, where the channel amplitudes
could be obtained through moving average with different window lengths. In the figure, “n-avg”
means that the sliding average window has a size of n. Indeed, when the channel amplitude
information is perfectly known, method 2 is better than method 1. However, with estimated
channel amplitudes, method 2 is not as good as method 1 while the latter is even much simpler.
This is an encouraging observation that supports the adoption of method 1 in practical systems.

The following simulation and semi-experimental results are all performed using method 1

which does not need the knowledge of the channel amplitude and noise variance.

4.2. Doppler Shift Compensation Effect on OFDM-MFSK

We now enforce that all the channel paths have the same Doppler speed, v, = v,Vp, and
compare the system performance with and without residual Doppler shift compensation. Fig. 5
shows the simulation result when v = 0.1,0.15,0.2 m/s and non-Doppler case (v = 0) respec-
tively, under the 10-path channel condition.

Note that the resampling step in (7) is intentionally switched off in this investigation; oth-

erwise the common Doppler scale could be corrected by the resampling step. Clearly residual

15
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Figure 5: Performance comparison with and without Doppler shift compensation under a 10-path Channel

Doppler shift compensation plays an important role in delivering satisfactory performance. As
Doppler speed increases, the receiver without Doppler compensation suffers significant drop of

performance, while the one with Doppler compensation is nearly not affected.

4.8. Performance Comparison for Multi-path Channel under Different Types of Noise

Now we compare the performance of OFDM-MFSK and OFDM-BPSK in the presence of
different types of noises, specifically, white Gaussian noise, impulsive noise and partial-band
partial-block-duration interference. The simulation is performed using 10, 30 and 60-path con-
ditions. As a reference, the performance with the AWGN channel is also included. Figs. 6 (a)
and (b) show the performance comparison for both schemes with white Gaussian noise.

Due to human activities in close-to-harbor areas, impulsive noise exists widely and cannot be
ignored as sometimes it even becomes the dominant interference in a sea environment. Impulsive
noise behaves quite differently from Gaussian noise in terms of the large amplitude but very short

duration. We are interested in how both schemes behave in environments with impulse noises.

16



For each data block, we fix a number of 20 impulses with similar amplitude to be generated and
placed randomly into the block. Also a background white Gaussian noise 20 dB lower than the
signal is added to each data block. Figs. 6 (c) and (d) show the performance of the two schemes
with impulsive noises.

We also investigate the performance under partial-band interference whose duration is less
than the block duration 7. In real scenarios, narrow band interference or jamming occurs
frequently, e.g., due to concurrent sonar operations, or marine mammals. The work in [43] has
explicitly dealt with the partial-band partial-block-duration interference in a coherent OFDM
system. Here, small pieces of the LFM (Linear Frequency Modulation) signal are generated as
the interference source. The LFM signal would spread 2 kHz in the middle of the passband
of 6 kHz. The time duration of the LFM signal lasts 40 ms, which takes around 13% of total
block duration. The interference is placed at a random position in the data block, along with
a Gaussian background noise 20 dB below the useful signal. Figs. 6 (e) and (f) show the
performance comparison of two schemes in presence of partial-band interference.

From Fig. 6, we have the following observations.

e As the number of paths increases, the performance of OFDM-MFSK improves while the
performance of OFDM-BPSK deteriorates. Since channel estimation is not needed for
OFDM-MFSK, the performance improvement could be attributed to the increased fre-
quency diversity when the number of paths increases. The performance of OFDM-BPSK
deteriorates due to the increased channel estimation error when the number of unknowns

increases.

17
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Figure 6: Performance comparison under multipath channels



e No matter for the high data rate (R;) or the low data rate (R2), OFDM-MFSK shows
more consistent performance across different numbers of paths. Specifically, the curves for
OFDM-BPSK span a wider range for 10, 30 and 60 paths, where the curves for OFDM-
MFSK are closely spaced. This agrees with the intuition that OFDM-MFSK does not
require channel estimation, and hence is less sensitive to the number of channel parameters

to be estimated.

e For the high data rate case (R;), OFDM-BPSK outperforms OFDM-MFSK in either the
impulsive-noise or partial-band-interference scenario, indicating that OFDM-BPSK could
achieve better performance. A possible reason is that the OFDM-BPSK scheme fully uses
all 6 kHz bandwidth while the OFDM-MFSK scheme only uses 4 kHz, which brings an

advantage in a high data-rate setting. But for the low data rate, OFDM-MFSK shows

performance advantages, especially in the presence of the Gaussian noise.

e There is another aspect of robustness for OFDM-MFSK against different types of noises.
Fig. 7 further illustrates this argument by comparing the performance with different types
of noise in a 30-path channel. Clearly, the curves for OFDM-MFSK are spaced much closer
to each other than those for OFDM-BPSK.

In short, simulation results show that OFDM-MFSK is a reliable scheme whose performance is

not sensitive to the channel and noise characteristics.

5. Performance Results with Experimental Data

5.1. Experiment Data from A Swimming Pool

In this section, we present performance comparison of OFDM-MFSK and OFDM-BPSK
schemes with experimental data sets collected from a swimming pool. Two AquaSeNT modems

[41] have been used, one playing the pre-stored passband waveform files and the other recording
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Figure 7: Performance comparison with different types of noise

the incoming data. The parameter settings are kept consistent with the simulation part, where
the sampling rate is fs = 48 kHz, the center frequency is f. = 17 kHz, the data block duration
is T'+ T, = 250 ms, and two different rates Ry = 672 bps and Ry = 336 bps are considered.
Each burst of transmission consists of 5 blocks of the MFSK R; data, followed by 5 blocks of
the MFSK Ry data, followed by 5 blocks of the BPSK R; data, and then 5 blocks of BPSK R».
This way, each recorded data set contains different types of data blocks together, which shall
experience the same or very similar channels. The transmitter and the receiver are 25 meters
away, and hundreds of data sets were collected. An estimated channel response is shown in
Fig. 8, where the delay spread is more than 30 ms.

Now we add different types of recoded noises to the data sets. The Gaussian-type environ-
mental noise was recorded in the swimming pool. The impulsive noise data sets were collected
from the experiment conducted in May 2013, Kaohsiung, Taiwan, as used in [42], and the partial-
band Sonar interference data sets were recorded in the experiment carried out in March 2010,
Atlantic Undersea Test and Evaluation Center (AUTEC), Andros Island near the Tongue of

the Ocean, Bahamas, as used in [43]. Fig. 9 (a) shows an example of the impulse noise in a
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Figure 8: One estimated channel impulse response from the pool data

one-minute time duration, and Fig. 9 (b) shows the partial band Sonar interference, appearing
about every other second. For both impulsive data and partial-band noise data, we pre-process
them by cutting them into pieces of 100 ms per piece. When dealing with Gaussian noise, each
OFDM block of duration 250 ms will be added to a noise block of 250 ms. When dealing with
the impulsive noise or the partial-band noise, the noise segments of 100 ms will be scaled to a
different amplitude and added to the OFDM data blocks at random position within the block.

Fig. 10 shows the performance results as a function of the input SNR, in the presence of three
different types of noises. The pool environment is stable, and the Doppler shift compensation
has negligible effect on the performance. We clearly see that OFDM-MFSK exhibits more
consistent performance in different types of noise. This observation agrees well with that from

the simulation results.

5.2. Experimental Data from Lake Superior

An experiment was carried by a research group from the Michigan Technological University
in the L’Anse Bay, Lake Superior, May 14, 2015. Our data sets as used in the swimming pool

tests have been transmitted and recorded using AquaSeNT modems. We will use the data sets
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Figure 10: The performance using the recorded data from a swimming pool mixed with different types of noise

collected at two distances, 460 m and 2000 m, where the transmitter and the receiver were

stationary in both cases. Table 2 shows the exact locations of the transmitter and the receiver,

the water depths and the depths of the deployed modems.
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Table 2: [’Anse Bay Experiment Settings
Distance [m] Latitude Longitude Water depth [m] | Modem depth [m]
0 (Transmitter) | 46°47'3.40" | —88°27'17.65" 54.98 8
460 46°47'17.82" | —88°27'11.80" 54.14 8
2000 46°48'6.39" | —88°26'55.50” 74.11 8

Fig. 11 shows the example channel impulse responses at two distances, where the channel
clusters (from e.g., direct paths, surface bounces and bottom bounces) of the channel at 460 m
are more spread out than those at 2000 m, as expected based on the geometry. Even though
the transmitter and the receiver were stationary, Fig. 12 shows that Doppler shift compensation

can improve the system performance by 0.5 to 1 dB in terms of input SNRs, where the recorded

environmental noise was added to the data sets.

Three types of noise (environmental, impulsive noise and partial-band interference) are added
for performance comparison, where the impulsive noise and partial-band interference are the
same as used in Section 5.1. Fig. 13 shows the consistency of OFDM-MFSK in the presence of
different types of noises. Also, at the low rate setting, OFDM-MFSK outperforms OFDM-BPSK

considerably in the presence of environmental noise.
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Figure 12: The effect of Doppler shift compensation, data collected from the L’Anse Bay
6. Conclusions

This paper presented several improvements for the OFDM-MFSK modulation (a.k.a. mul-
ticarrier MFSK), where multiple MFSK symbols are carried by the OFDM subcarriers. The
selective mapping approach can effectively reduce the PAPR at the transmitter, and the pro-
posed Doppler shift compensation estimation method can mitigate the Doppler effect at the
receiver. Comparisons were carried out between two different likelihood-ratio computation meth-
ods, which showed that the low-complexity approach is in fact better without trying to estimate
the channel amplitudes.

Using both simulation and experimental data sets, we carried out comprehensive comparisons
between OFDM-MFSK and OFDM-BPSK subject to the same data rate and the same energy per
bit, but with different bandwidths and receiver complexity. The OFDM-MFSK scheme exhibited
its consistency over OFDM-BPSK in two aspects: consistency against different numbers of paths

in a multipath channel, and consistency over different types of external noise.
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Figure 13: The performance using the recorded data from L’Anse Bay mixed with different types of noise
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