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Underwater Acoustic Communication with an
Orthogonal Signal Division Multiplexing
Scheme in Doubly Spread Channels

Tadashi Ebihara, Member, IEEE, and Koichi Mizutani, Non-member, IEEE

Abstract— Underwater acoustic (UWA) communication is an ongoing challenge because of the heavy time spread by multipath
and Doppler spreads. Here we propose a UWA communication system using orthogonal signal division multiplexing (OSDM), a
scheme that measures the multipath profile without an adaptation or interpolation process, to achieve stable communication in
doubly spread channels. We previously evaluated the performance of an OSDM scheme in a UWA communication system in both
an experiment and simulations. In the present study, we experimentally compared the performance of OSDM and existing
communication schemes — single-carrier with decision feedback equalizer (DFE) and orthogonal frequency division multiplexing
(OFDM) — in a test tank with respect to communication quality, data rate, frame length, and calculation complexity. We found that
OSDM with a multichannel receiver is attractive in terms of communication quality; it achieved a far better bit-error-rate (BER)
performance compared to the other schemes in both static and dynamic channels with various input signal-to-noise ratios, although
the complexity is less than that achieved with single-carrier DFE. Based on these findings, we suggest that OSDM can provide a

highly reliable communication environment for UWA communication with multipath and Doppler spread, such as in shallow water.

Index Terms—multipath, Doppler spread, underwater acoustic communication

I. INTRODUCTION

U NDERWATER acoustic (UWA) communication is widely used in many applications and is a particularly critical
technology for underwater exploration activities. Systems based on the phase-coherent modulation technique are
intensively studied with the goal of increasing the bandwidth efficiency of UWA communication systems [1]. However,
several problems present ongoing challenges for UWA communication. UWA channels, especially shallow-water ducts, are
characterized by numerous encounters with both the sea surface and seafloor [2]. This multipath environment causes signal
fading and intersymbol interference (ISI). The multipath-induced channel spread in time in a horizontal shallow-water duct
can cause the ISI to extend to over a hundred symbols [3]. Moreover, the existence of the moving sea surface and the
communication platform's movement cause a Doppler shift, and multiple Doppler-scaling paths and time variation of the
UWA channel lead to Doppler spread. The ISI and Doppler spread can serve as a barrier to UWA communication, because the
effect of ISI and Doppler spread can become several orders of magnitude greater than the one observed in a communication
system using radio, considering the sound velocity underwater.
To achieve high-speed UWA communication in doubly spread (i.e., time-spread and Doppler-spread) channels,
communication systems based on the phase-coherent modulation technique have been studied [4-26]. These systems employ
equalization techniques, array processing, or a combination of these methods to overcome the I1SI. For UWA communication

systems, a single-carrier with an adaptive decision feedback equalizer (DFE) with a least mean squares (LMS) or recursive
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least-squares (RLS) algorithm is usually employed to combat ISI [4-15]. A combination of DFE and array processing has also
been found to achieve high-quality communication [7-13]. In terms of the Doppler effect, an interesting result has been
reported; the communication performance is improved by increasing the transmission rate, which results in a more frequent
observation of channels and reduction of the effect of Doppler spread [11]. For cases in which the Doppler spread becomes
more severe, a receiver with a channel tracker that enables the tracking of Doppler spread has been proposed [14,15]. However,
receiver complexity prevents a substantial improvement of the data rate. Existing equalizers require the following: a number of
taps corresponding to the discretized baseband UWA channel taps, training periods to optimize the taps, and calculations for
optimization. As the data rate increases, more taps are required. Although the LMS algorithm has an advantage in terms of
calculation cost, it has a disadvantage with respect to convergence speed. That is, the training period lengthens and the
effective data rate decreases. Conversely, RLS has an advantage in terms of convergence speed but a disadvantage with respect
to calculation cost.

UWA communication using orthogonal frequency division multiplexing (OFDM) has attracted much attention and is
considered a viable alternative due to the low complexity of the receiver [16-20]. Unlike DFE, which equalizes the received
signal in a time domain, OFDM equalizes the received signal in a frequency domain, and only the complex multiplication for
each subcarrier is required. A pilot signal, which is scattered in a time or frequency domain, is usually employed to obtain the
channel information. However, interpolation is required to obtain the channel information. A densely arranged pilot signal
improves the channel measurement accuracy; however, the effective data rate decreases. A sparsely arranged pilot signal
improves the effective data rate, but the channel measurement error will be increased. In terms of the Doppler effect,
inter-carrier interference occurs even in a small Doppler shift, and a receiver that deals with the Doppler effect has been
considered [19,20].

We have focused on another scheme for UWA communication in shallow water: orthogonal signal division multiplexing
(OSDM) [21-24]. OSDM has been proposed for mobile wireless communication to achieve reliable channel sensing. In terms
of ISI, OSDM has an advantage compared to existing communication schemes: OSDM multiplexes several data vectors — a
pilot signal as well as messages — into a single data stream, and it does not require any interpolation in the process of channel
measurement. The equalization process is conducted frame-by-frame, and OSDM requires a matrix calculation which is
expected to increase the calculation cost compared to OFDM, but its complexity is expected to be low compared to that of
RLS-DFE, which requires iterative calculations in the process of channel estimation. We previously evaluated the
performance of an OSDM scheme for ISI [25, 26], and we found that the OSDM achieves better communication quality than
single-carrier LMS-DFE under the same data rate when the channel is static. In terms of Doppler effect, Doppler shift
correction for OFDM [27], which exploits a guard interval, has been found to work well enough to enable reliable
communication [28-30]. We performed the Doppler shift correction in a previous experiment and found that a smaller frame
length is preferable because it enables the frequent measurement of the UWA channel and keeps up with channel changes [30].
However, a comparison of OSDM and existing communication schemes in doubly spread channels has not yet been reported,
to our knowledge.

In the present study, to identify the characteristics of OSDM for UWA communication, we tested the OSDM scheme in a
doubly spread channel by comparing its performance to that of existing schemes with single-carrier DFE and OFDM, in a test
tank experiment with reverberation and surface waves and in simulation with reverberation and Doppler effects. We compare
the performance of these schemes with respect to communication quality and calculation complexity, under the same data rate
and the same signal bandwidth. The following Section Il overviews the OSDM scheme. Section 111 compares the OSDM and

existing schemes in simulation and experiment. Section IV presents our conclusions.
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II. ORTHOGONAL SIGNAL DIVISION MULTIPLEXING

A. OSDM scheme in transmitter and receiver

Figure 1 shows block diagrams of OSDM in the transmitter and receiver in a baseband system. We consider N data vectors
of length M, xi, (N =0, 1, ..., N-1), as the transmission message. Each X, contains a different message whose elements are
modulated symbols (e.g., QPSK) expressed as complex numbers. The N data vectors x, are multiplexed into a single data

stream of length MN, X, according to:

N-1
X=> f,,®X,,
n=0
(1)
where
fNO Wr\? Wr\? o Wr\?
S I [V
: N |: : Lo
fN(N—l) W,\? W,\SN_l) W,\SN_l)z
(2)
W’\T:exp[h—_lkJ_
N
3)

In Eg. (1), “® ™ denotes the Kronecker product, and each fy, corresponds to a row of the inverse discrete Fourier transform
matrix, F*. Note that X corresponds to an interleaved signal in direct-sequence code-division multiple-access (DS-CDMA)
[31], as well as a signal in OFDM if M equals 1. If the maximum channel delay is L symbols, the transmission data stream,
namely frame, X , is obtained by prepending a cyclic prefix in which the last part of X with a length of L is placed at the

beginning of X, as follows:

X=(X[MN-L] X[MN-L+1] - X[MN-1] X).
(4)

Note that L corresponds to a correctable channel reverberation time in a discrete model, and L < M . The transmission data

stream, X , is transmitted through the channel. In the receiver, we consider that the receiver employs a single transducer

(single-channel) for simplicity; K = 1 in Figure 1b where K is the number of array elements in the receiver. The received data

stream from the channel, Y °, can be expressed using X and a channel response of length L, h°, as:

YO=hosX
5)

where “*” denotes a convolution. There is a relationship between the cyclic-prefix-removed sequence, Y°, the channel

response h°, and multiplexed data stream, X, as:
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h[0] h°[] --- h°[MN —1]
vo - x| h°[MN-1] h°[o] - h°[mN-2]|
h°f] h[2] - n[o]
(6)
where
YO = (VO[] YO[L+1] - YO[L+MN -1))
)
The relationship between Y° and x, is expressed by the following equation:
YODn = mer?,
(8)
where
D,=f,®l,,
9)
h°[0] h°[1] - h°[M =1]
co_|wgh°[M -1] h°[0] - h°[M-2] (10)

wir'l]  win'll - fo]

and Iy is an M-by-M identity matrix, f,:n is a complex conjugate of the transposition of f_ , vTh;‘ is a complex conjugate of
Wy ,and h[l] (I =L, L+1, ..., M-1) is zero. The Kronecker product, D, is prepared in the receiver before communication, and
is called the matched filter. We define the matched-filter-operated sequences as y° . If n = 0, the relationship between YD, and

Xio becomes:

11

If X is shared by the transmitter and receiver, and its periodic autocorrelation function becomes an impulse according to:

tO[O] tO[M _1] _o

oll]
.tO[l] .tO[O] .Xto[z] O ,

x
x

Z|l—\

w1 xM-2] - xo]) Lo

(12)
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the receiver can then obtain the channel response by calculating the periodic cross-correlation function between y? and Xy as:

o] x[M =1] e x[t]

Lyop %l %l Y epg) rep e a)) -

XM 1] %M 2] - %

Using the channel response obtained from the pilot signal, xio, the receiver can calculate the matrix, C°. We can then obtain the
received message, X, by solving:
0 oY1
X, =Y°D,(C°)".
(14)

In the following, we use:

2
X,o[m]= exp(@} M=0,1, ..., M-1),

(15)

whose periodic cross-correlation function becomes an impulse, as .

From Eqgs. (8) and (14), the accuracy of the received message, X, depends on the condition number of C°. Figure 2 shows
the histogram of the condition number — the ratio of the largest singular value of C° to the smallest one — assuming that the

channel, h?, is the Rayleigh fading channel of L = 60 with an exponentially decaying (0.33 dB per tap) power profile when
M =63 and N = 2. In case of the single channel (K = 1), as shown in Figure 2, the expected value and the variance of the

condition number of C? is large and the noise enhancement due to the ill-condition of C° is expected. Although this

ill-condition problem results in communication quality deterioration, the problem has remained unsolved. It occurs not only
underwater but also in radio communication, but is more severe underwater than in radio communication due to a large L from
the long reverberation time of the UWA channel. To cope with this problem, we propose the use of a multichannel receiver
[29]. When the receiver employs K array elements, cyclic-prefix-removed sequences, Y°, Y2, ..., Y&, are obtained. Assuming
that the channel profile between the transmitter and the array element #k (k = 0, 1, ..., K-1) as h¥, the relationships between Y°,

YL, ..., Y& and x, are expressed by the following equation:

(v°p, Y'D, -+ YX'D,)=x,C¢.
(16)

where

ce=(co ¢ - cr)
(17)
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. . . . c* c c* -1 . . .
By multiplying the pseudo-inverse matrix, C (CnCn ) , to Eq. (16) from the right side, the received message, X, can be
obtained.

(v°p, Y'D, - YD Jcr(ccs) =x

m

(18)

In Figure 2, we also show the histogram of the condition number of C¢ when K = 2, 3, and 4, assuming that h°, h', ..., h“* are

independent of each other. It seems that the condition number becomes small as K increases. With this finding, the use of a
multichannel receiver for OSDM communication seems to be effective to cope with the ill-condition problem, in exchange for

receiver complexity.

B. Characteristics, data rate, channel coherence time, and complexity of OSDM

We first focus on the characteristics of OSDM before considering the data rate, the required channel coherence time, and its
complexity. The spectrum of OSDM signal can be obtained by computing the Fourier transform of X [32]. By assuming that

the discrete Fourier transform matrix of MNxMN is:

(fM*NO fl\;m f“;N(MN_l)):—\/h;_N \:NMN \:NMN7 \:NMN

W, W

(19)
the Fourier transform of X become (z, 2z, Zyn.)» Where
Z —L(X 0O 0 - O)f* (9=0,1 MN-1. r = mod(q, N))
q_ [M tr Mqu q_ 3 Ay ey . - q, .
(20)

From Eq. (20), it is clear that the spectrum of xy, periodically appears for M times in the spectrum of X. Unlike OFDM, in which
the spectrum of x.,, (M = 1) appears on a unique subcarrier, OSDM is expected to be robust against the deep-fading of the

channel response in the frequency domain, considering that the OSDM combines M-subcarriers information for equalization.

In OSDM, the parameters L, M, and N are determined as follows. First, the duration time of elements of X (symbol time),
T, is determined. By considering the channel reverberation time and T, L is calculated by discretizing the channel reverberation
time. M and N are determined by considering the data rate, frame length, and complexity. The efficient data rate becomes
b-M(N-1)

( )T , Where b is the number of bits in one symbol (e.g., b =2 in QPSK), because Xy is devoted to the pilot and the
MN + L

cyclic prefix of length L does not contain original information. The frame length, which indicates the length of the transmitting

data stream in time, becomes (MN + L)T . This frame length corresponds to the required channel coherence time because

OSDM assumes that the channel is coherent during the transmission of X , as indicated in Egs. (5) and (6).
Next, we focus on the calculation complexity of OSDM. As shown above in Section I1.A, OSDM requires signal processing

in both the transmitter and receiver. We calculated the required complex multiplications and complex additions in both the
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transmitter and receiver. As a result, the required number of complex multiplications for the OSDM receiver is about

KN (M i M 2). More specifically, OSDM requires MN complex multiplications and MN(N —1) complex additions in the

transmitter, ~ and (K +2](N —1M?3 +[@ K+ 2](N ~1)+ K}M 2 {K —(;k +2j(N ~1)+ KN Z}M complex

multiplications and (K +4)(N ~1M*® + KK _BJ(N -1)+ K}M 2 4 {(KN _ﬂ](N -1)- K}M complex additions in the
3 2 6

receiver. The signal calculation in the transmitter is indicated in Eq. (1), which requires MN multiplications and MN(N-1)
additions to calculate the Kronecker product from f, and x,, and to calculate the sum of N Kronecker products, respectively. The
receiver calculates the left side of Eq. (16), Y*D,; KN - MN multiplications and KN - M(N —1) additions are required to

calculate YD, for all k and n. By using the YDy, channel responses, h¥, are obtained in Eq. (13); K - M (M +1) multiplications

and K -M (M —1) additions are required to calculate the right-hand side to obtain h¥, for all k. The channel matrix in Eq. (17)

is then calculated with the obtained channel responses; K(N _1).M
2

multiplications are required to calculate C* for

all k and n=1, 2, ..., N-1. The receiver finally obtains the received message by calculating Eqg. (18); (N —1)- KM@
multiplications and (N —1)-M?(KM —1) additions are required to calculate CSC® for n=1, 2, .., N-1;

(N _1).[2 M3 +M?2 _ZMJ multiplications and (N —1)-(:M 3 _§|\/| 2 +(13MJ additions are required to calculate the

inverse of (Cgcg*)’l by Gaussian elimination for n=1, 2, ..., N-1; and (N —1)-(KM 2. M 2) multiplications and
(N =1)-[M(KM —1)+ M(M —1)] additions are required to calculate the left side forn =1, 2, ..., N-1.

The relationships among the data rate, frame length, and complexity of OSDM can be inferred from their respective
equations shown in Table I. We can increase the data rate by increasing M and N, at the expense of increasing the frame length
and complexity. Considering that the frame length increases linearly with M and N, and that the complexity increases with M*
and N, increasing N effectively increases the data rate. Although using a multichannel receiver for OSDM is effective to cope

with the ill-condition problem, the receiver complexity increases in proportion to K.

C. Existing UWA communication schemes
To identify the characteristics of OSDM for UWA communication, we selected existing schemes, i.e., single-carrier DFE

and OFDM, for a performance comparison. To make a fair comparison of these schemes with respect to communication
quality and calculation complexity, we equalized the data rate, the frame length, and the signal bandwidth of the schemes as
described below. First, the signaling structure for OSDM, single-carrier DFE, and OFDM were defined as shown in Figure 3.
Note that there is an assumption that the symbol time, T, for OSDM and for single-carrier DFE and the sample (sub-symbol)
time, Ts, for OFDM are equal. Citing Figure 3, we provide an overview of the existing schemes in the following paragraphs.

1) Single-carrier DFE

Here we focus on a single carrier that uses RLS-DFE, because LMS-DFE has been found to require on the order of a
thousand symbols to converge, in both experiments and simulation. In UWA communication with single-carrier DFE, the
signal mainly consists of three parts: the training sequence, the message, and the un-signalized interval, and we call the
combination of the three parts the "frame." We show the equations for the data rate, frame length, and complexity of RLS-DFE
in Table I. In UWA communication with RLS-DFE, a message of length B is transmitted following a training sequence of
length A. An un-signalized interval of length C is adopted to avoid the interference between frames. The receiver obtains the

message with aid of DFE. Here we examined multichannel RLS-DFE, as shown in Figure 4. RLS-DFE requires a number of
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calculations on the order of > R2 + 9 R per single iteration, where R is the number of the DFE taps [33]. The DFE consists of
2 2

a feedforward (FF) filter, a decision device, and a feedback (FB) filter (Fig. 4). When the maximum channel delay is L symbols
in length and the receiver employs K array elements, the required taps for FF and FB filters become K(L+1) and L, respectively,
which means that R equals K(L+1)+L [34]. Note that the convergence speed of RLS is sensitive to its forgetting factor.
Assuming that RLS-DFE updates its tap value of FF and FB even in the message section of the frame using a decision-direct
mode, we show the calculation cost of RLS-DFE per frame in Table I, in which (A+B) iterations are performed to optimize
RLS-DFE. Later, we compare the overall cost of OSDM and single-carrier DFE based on our experimental results.
2) OFDM

In UWA communication with OFDM, the signal consists mainly of two parts: the OFDM symbol and the guard interval, and
we call the combination of these two parts the frame. Here, the guard interval is considered the cyclic prefix, as it is in OSDM.
We show the equations for the data rate, frame length, and complexity of OFDM in Table I. The OFDM symbol, which
employs PQ subcarriers, is transmitted following a cyclic prefix of length L samples. The subcarrier spacing, Af, is defined as
1/(PQTs). We consider two types of pilot allocation: block-type and comb-type, as shown in Figure 5. For block-type pilot
allocation, the OFDM symbol for channel estimation, in which all subcarriers are used as pilots, is transmitted every Q
symbols. For comb-type pilot allocation, P subcarriers are uniformly inserted into the OFDM symbol as pilot with Q
subcarriers apart from each other. We examined an OFDM receiver with maximal ratio combining (MRC), as shown in
Figure 6. The receiver removes the cyclic prefix, converts the PQ samples from serial to parallel (S-P), and performs FFT for
each branch. For the block-type, the obtained channel response in the frequency domain is used in the following Q-1 symbols.
For the comb-type, the receiver estimates the channel response at data subcarriers from P pilots with low-pass interpolation, in
which the mean-square error between the interpolated points and their ideal values are minimized. When the receiver employs

K array elements, the decision variable at the output of the MRC becomes:

DEMOERD

XOFDM_R[p]_ K-1 2
Sl
=0

, (p=0,1, ..., PQ-1),

(21)

where YokFDM and H* [p]are the demodulated OFDM symbol and channel response in the frequency domain, on the array
element #k at p-th subcarrier, respectively. Converting the decision variable sequence from parallel to serial (P-S), the receiver

obtains the message. Considering that the Cooley-Tukey FFT with block-length of PQ requires inmgz PQ complex
2

multiplications and PQlog, PQ complex additions, the required number of complex multiplications for the OFDM receiver

is about %KPQ log, PQ- Note that the calculation cost for channel interpolation is not considered. Later, we compare the

overall costs of OSDM and OFDM based on our experimental results.
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I1l. PERFORMANCE COMPARISON OF OSDM, SINGLE-CARRIER DFE, AND OFDM

A. Overview of the experiment and simulation

In this section, we evaluate the performance of OSDM, single-carrier DFE, and OFDM in an experiment and a simulation.
For the experiment, we used a test tank with a wave generator. For the simulation, we used an equivalent baseband model
whose channel properties were as close as possible to the channel properties in the experiment, so that we could confirm the
experimental results. The testing environment is expressed in Section I11.B below. We evaluated the performance of the three
communication schemes in a static channel, in which the effect of noise and multipath are considered. In Section I11.C, the
performance of the communication schemes in various input signal-to-noise ratios (ISNRS) in a static channel is evaluated.
Then, we evaluated the performance of the communication schemes in a dynamic channel, in which the effect of a moving
surface (wave) by the wave generator is considered in addition to noise and multipath (Section I11.D), and the performance of
communication schemes in various ISNR and Doppler spread conditions is evaluated.

In this paper, ISNR and Doppler spread width, f,, are employed to express the channel parameter, and output signal-to-noise
ratio (OSNR) [7] and bit-error-rate (BER) are employed to express the performance of the communication schemes. In our
experiment, the ISNR was defined as (:>- 6:2) / ov?, where o> and o3> are the power of the received sequence (e.g., Y°) and
the power of the received sequence when there are no signals, assuming that the signal and the noise are independent. In the
simulation, ISNR was defined as the ratio between the power of the received sequence (the effects of multipath and Doppler
spread are considered) and the additive noise. Because the amplitude of the output signal from the transmitter is normalized to
avoid the saturation of the amplifier, the ISNR of OSDM is used to express the ISNR, although the ISNRs in OSDM,
single-carrier DFE, and OFDM are different (see Section 111.B).

B. Testing environment

The testing environment for the experiment is shown in Figure 7a. To conduct UWA communication, one transducer, TX,
(H1a, Aquarian Audio Products, Anacortes, WA, USA) and four transducers, Rx #1 to #4, (H2a, Aquarian Audio Products)
were placed in the tank. Tx was connected to the transmitter and acted as the radiator. The other transducers were connected to
the receiver and acted as the hydrophone. Before conducting UWA communication, we measured the channel responses by
transmitting chirp signals of 1-s duration whose frequency was swept from 5 to 35kHz, and by calculating the
cross-correlation functions between the transmitted and received signals. Figure 7b and ¢ show the measured channel response
in the time domain and in the frequency domain, respectively. As indicated in Figure 7b, the obtained channel responses
appear to be on the scale of 10 ms, requiring about 12 ms to decay the signal amplitude 20 dB from its peak. This convergence
time is used to determine L. In the following experiment, we set T and T as 0.2 ms, which results in L = 60. From Figure 7c,
the effect of the multipath can be confirmed as frequency-selective fading with deep fades. To test the experimental results, we
conducted a simulation with an equivalent baseband model. In this simulation, the channel is expressed in as time-discrete,
symbol-spaced (OSDM and single-carrier) or sample-spaced (OFDM). The channel is assumed to have be
Rayleigh-distributed with and exponentially decaying (0.33 dB per tap), considering the channel decay observed in the
experiment.

In the experiment, the transmission data stream (e.g., X ) was calculated. These complex symbols were divided into a real
part and an imaginary part. For OSDM and single-carrier DFE, a raised cosine roll-off filter, whose roll-off rate is 0.5, was
used for pulse-shaping. The symbol time T was determined as 0.2 ms, which is the same as the sample time T for OFDM.
These output signals (the real and imaginary parts) are combined by modulation by two orthogonal carrier wave signals of the

same frequency (20 kHz). The receiving signal was band-pass filtered, down-converted by orthogonal demodulation, and

sampled at the timing of T or Ts. The sampled complex data stream (e.g., \70) was then processed to obtain the message.
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Figure 8 shows the spectra of the received signals of OSDM, single-carrier, and OFDM; the background noise level was set as
0 dB. In light of these results, the spectrum of OFDM with its rectangular shape is preferable in terms of spectral utilization.
The spectra of OSDM and single-carrier DFE have a roll-off shape.

As shown in Table Il, two trials (Cases #1 and #2) were performed. The message was defined as a QPSK-modulated
sequence. The frame length, efficient data rate, and signal bandwidth in OSDM, single-carrier DFE, and OFDM were the same
in each case. Note that the parameter C of single-carrier DFE (un-signalized interval between frames) in Case #1 is zero. C is
preferable to the same value of L to avoid the interference between frames; this is to ensure enough training time for RLS-DFE
without changing the data rate and frame length. Figure 9 shows the performance of RLS-DFE, whose forgetting factor is 0.98,
obtained in the simulation and the experiment. The figure shows that RLS-DFE required a training sequence of a length of
more than 120 symbols to converge a sufficient OSNR. As a result, in Case #1, the length of C is devoted to training and the tap
value of the DFE is not reset and held in subsequent frames (re-training is performed in each frame). In Case #2, the tap value
of the DFE is reset and re-training is performed in each frame.

We considered the number of array elements for the receiver, K, in the simulation and the experiment. Figure 10 shows the
relationship between K and OSNR; Figure 10a and b provides the experimental and simulation results in Case #1 when the
ISNR of OSDM was 30.3 dB. Figure 10c and d are the results in Case #2 when the ISNR of OSDM was 28.0 dB. With the
relevant data from the experiment, we found that the OSNR becomes saturated as the K increases, and the simulation results
support the experimental results. We therefore focused on K=1 and K =3 for single-channel and multichannel cases,
respectively, considering the communication quality and receiver complexity, which increases with K. When K = 1, Rx #1 was
used and when K = 3, Rx #1, #2, and #4 were used, because the ISNR of these are almost the same.

We also analyzed the peak-to-average power ratio (PAPR) of OSDM and OFDM, because the amplitude of the output signal
from the transmitter was normalized (in the following subsections). Figure 11 shows the histograms of PAPR of OSDM and
OFDM obtained in the simulation. Because the OSDM sequence is the sum of N sequences, which consists of QPSK symbols
with phase-rotation by fy, as shown in Eqg. (1), the maximum PAPR become N. As shown in Figure 11a, we found that the
PAPR of OSDM became almost N because the number of N was small (N =2 or 4) in this simulation. In OFDM, which
employs PQ subcarriers, the maximum PAPR is known to become PQ. However, it is also known that the PAPR distributes
when the number of PQ is large, as shown in Figure 11b.

Because the amplitudes of OSDM, single-carrier DFE and OFDM were normalized, the ISNRs of these schemes became
different, as shown in Table I1l. In the simulation, the ISNR of OSDM was larger than that of OFDM and lower than that of
single-carrier DFE, and the difference reflects the existence of the PAPR. However, the ISNR difference that we obtained in
the experiment is different from the simulation results. This is due to the effect of the raised cosine roll-off filter. As mentioned
in Section 111.B, a raised roll-off cosine filter was used to shape the signal in the transmitter for OSDM and single-carrier DFE.
Figure 12 shows the output of the transmitter when OSDM and single-carrier DFE sequences were input. Although the
amplitudes of the input sequence of OSDM and single-carrier DFE were normalized, the amplitude of the output signal of
single-carrier DFE jumps to about~/2 . This means that the single-carrier also has a PAPR in terms of passband-signal, and this
results in the difference between the simulation and experimental results. In the following subsections, the wording "the ISNR"
indicates the ISNR of OSDM, for convenience; however, note that the actual ISNRs for single-carrier DFE and OFDM are

different owing to amplitude normalization.

C. Performance comparison in a static channel with various ISNRs

We evaluated the performance of OSDM, single-carrier DFE, and OFDM in a static channel, in which the effects of
multipath and noise become problematic. The communication was performed in a test tank (Fig. 7a) by varying the amplitude

of the signal, which resulted in different ISNRs. In the experiment, the signal frame which contains random information was



2011JOE000813 11

transmitted continuously for 100 and 32 frames for Cases #1 and #2, respectively. The communication was performed five
times for each ISNR.

Figures 13 and 14 show the experimental and simulation results in Cases #1 and #2, respectively. First, we focused on the
effect of a multichannel receiver for OSDM. By comparing the single-channel (Figs. 13a, 14a) and multichannel case (Figs.
13c, 14c), we saw that the performance of multichannel OSDM was greatly improved compared to that of the single-channel,
and the use of an array in the receiver was found to be effective in terms of communication quality. The simulation results
confirmed the experimental results, and they support the effectiveness of multichannel OSDM.

Now we will compare OSDM and the other communication schemes. In the single-channel conditions, in terms of
communication quality, single-carrier DFE achieved the best quality. OSDM performed almost as well as block- and
comb-type OFDM in both Case #1 and Case #2. In light of these results, for the single-channel case, single-carrier DFE and
OFDM are attractive in terms of communication quality and receiver complexity, respectively. However, in the multichannel
case, the advantage of OSDM may be greater than those of single-carrier DFE and OFDM. As shown in Figures 13c and 14c,
OSDM achieves better BER performance compared to single-carrier DFE while the complexity of OSDM is less than 1/10 and
1/2 of single-carrier DFE in Case #1 and Case #2, respectively, as shown in Table Il. This means that OSDM may be a viable
alternative to single-carrier DFE in terms of both communication quality and complexity. Moreover, the ISNR of OSDM to
achieve a BER of 102 is 7.5 and 5 dB lower than that of OFDM in Case #1 and Case #2, respectively. Note that even
considering the ISNR differences listed in Table 111, multichannel OSDM remains attractive. This means that OSDM is more
attractive than OFDM in terms of communication quality, but multichannel OFDM is more attractive than OSDM in terms of
complexity because its complexity is less than 1/1000 of OSDM.

To summarize, considering the factors of communication quality and calculation complexity, multichannel OSDM s
well-suited as a UWA communication scheme in multipath channels, and it achieves better communication quality than the

other schemes tested.

D. Performance comparison in dynamic channel with various ISNR

We evaluated the performance of OSDM, single-carrier DFE, and OFDM in a dynamic channel, in which the effects of
multipath, Doppler spread, and noise are a problem. The communication was tested in a test tank as described above in Section
I11.C, but a wave generator of periodic motion was also used to make a Doppler spread. Because we confirmed the advantage
of multichannel OSDM, we consider only the multichannel case (K = 3) here, and we compare the performances of the
communication schemes without any solutions (e.g., channel tracker) to compare them in the simplest state.

First, we focus on the property of the Doppler spread obtained in the channel in this experiment. The continuous sinusoidal
signal, whose frequency is the same as the carrier, is input to Tx. An example of the signal obtained from Rx #1 is shown in
Figure 15a: the wave height at Rx is superposed to the waveform, which can be eliminated by applying a band-pass filter that
passes around the carrier frequency (Fig. 15b). By performing short-time Fourier transform and observing the spectrum
broadening, we were able to measure the Doppler spread. Figure 16 shows an example of the spectrum, which can be obtained
from the signal whose length corresponds to three frames in Case #2, as shown in Figure 15b. In this experiment, we found that

the spectrum can be approximated to the bell-shape.

(1) C, Ja

% ¢- <1,

1+ a(f] ar
fq

where a is positive scalar. The bell-shape function approximated to the obtained spectrum is also shown in the dotted line in

(22)
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Figure 16. This bell-shape spectrum is used to express the indoor multi-input multi-output (MIMQO) channel in which the
Doppler spread assumes reflectors moving in the environment [35]. Because the surface wave acts as a moving reflector, the
use of the bell-shape function is considered valid. Based on Ref. [35], we set a = 9. The effect of the Doppler spread based on
the bell-shape function was also considered in the simulation.

To evaluate the effect of the Doppler spread on the communication schemes, we performed the experiment as follows. The
wave-making device was activated at various frequencies, resulting in various wave heights and wave lengths (Table V). In
each frequency, the signal frame which contains random information is transmitted continuously for 100 and 32 frames for
Cases #1 and #2, respectively, and the communication is performed five times for each ISNR, as was described in Section 111.C.
To evaluate the relationship between the BER and the Doppler spread, we used the wave height information obtained in Rx.
Figure 15c,d shows an example of received signal. In Figure 15c, the wave height at Rx is superposed to the waveform, as is
Figure 15a. The relationship between the BER and the Doppler spread can be mapped by comparing f, from the sinusoid signal
and the BER from the communication signal at the same phase of the wave height. To ensure the frequency resolution, we used
the received sinusoid signal — which has a length of 7 and 3 frames and whose center corresponds to the focusing frame in the
communication signal —to obtain the Doppler spread for Cases #1 and #2, respectively. Because S(0)/S(fy) = 10 in Eq. (20),
the Doppler spread was obtained by measuring the width of the spectrum of the received sinusoid signal, which reaches 1/10
from its peak.

Figures 17 and 18 show the experimental and simulation results in Cases #1 and #2, respectively. In Case #1, the ISNRs in
the experiment were 30.3, 20.6, and 10.1 dB, and the ISNRs in the simulation are 30.6, 20.6, and 10.6 dB. In case #2, ISNRs in
experiment are 28.1, 17.8, and 8.4 dB, and ISNRs in simulation are 30.7, 20.7, and 10.7 dB. By comparing Case #1 (Fig. 17)
and Case #2 (Fig. 18), it is clear that the performance of the multichannel for the Doppler spread in Case #1 is better than in
Case #2. One of the reasons for this is the frame length difference [30]. As discussed above in Section 11.B, the frame length of
OSDM corresponds to the required channel coherence time, and the long frame length results in an increase of channel
measurement error when the channel is dynamic.

Now we compare OSDM and the other communication schemes we tested. OSDM in Case #1 is very attractive in terms of
communication quality. For example, multichannel OSDM achieved error-free communication up to a Doppler shift of 15 Hz
when the ISNR is sufficient (Fig. 17a). Even with a low ISNR, multichannel OSDM achieves the best communication quality
(Fig. 17¢). The advantage of multichannel OSDM for a dynamic channel was also supported by our simulation. Considering
the results described in Section 111.C, the robustness of OSDM for a low ISNR is expected to be maintained in a dynamic
channel. In Case #2, the advantage of multichannel OSDM for the Doppler spread remains superior to those of the other
schemes, regardless of the ISNR. DFE achieves error-free communication within several Hz of Doppler spread; however, it
does not exceed OSDM. In OFDM, comb-type achieves better BERs compared to block-type, especially in Case #2. This is
because the comb type can update the channel information symbol-by-symbol, whereas the block type cannot update the
channel for Q symbols, which results in an increase in channel measurement error when the channel is dynamic.

To summarize, multichannel OSDM is well-suited as a UWA communication scheme in which the effects of a Doppler
spread are severe. Therefore, we expect that OSDM will enable UWA communication at practical data rates and levels of

complexity in shallow water.
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I\VV. CONCLUSIONS

We reported the performance comparison of the OSDM scheme and existing schemes in doubly spread channels. We found
that the ill-condition problem exists for conventional OSDM, which employs asingle transducer in the receiver. The
introduction of a multichannel receiver was found to be effective against the ill-condition problem. We evaluated OSDM
communication by comparing it to existing schemes with single-carrier RLS-DFE and OFDM, in a test tank whose
reverberation time extended to almost 60 symbols and a Doppler spread up to 15 Hz. In addition, we compared the
performance of these schemes with respect to communication quality, data rate, frame length, and calculation complexity. We
found that OSDM with a multichannel receiver is attractive in terms of communication quality; it achieved far better BER
performance compared to the other schemes in both static and dynamic channels, although its complexity is less than that of
RLS-DFE. We expect that OSDM can become a viable alternative offering a highly reliable communication environment for

UWA communication with multipath and Doppler spread (such as shallow water) with practical complexity.
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Figure and Table Captions
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1. Block diagram of OSDM in the (a) transmitter and (b) receiver.

2. Histogram of the condition number when M =63 and N = 2.

3. Signaling structure for (a) OSDM, (b) single-carrier DFE, and (c) OFDM.
4. Block diagram of multichannel RLS-DFE.

5. Pilot allocation for OFDM; (a) block-type and (b) comb-type.

6. Block diagram of OFDM receiver with maximal ratio combining.

7. Testing environment and obtained channel response; () testing environment, (b) channel response in the time domain,

and (c) channel response in the frequency domain.

8. Spectrum of the received signal of (a) OSDM, (b) single-carrier DFE, and (c) OFDM.

9. Relationship between training sequence length and OSNR for RLS-DFE; (a) experiment and (b) simulation.

10. Relationship between number of array element for receiver K and OSNR; (a) Case #1, experiment, (b) Case #1,

simulation, (c) Case #2, experiment, and (d) Case #2, simulation.
11. Histograms of PAPR of (a) OSDM and (b) OFDM.
12. Output of the transmitter; (a) OSDM and (b) single-carrier in Case #1.

13. Relationship between ISNR and BER in Case #1: (a) K = 1, experiment, (b) K = 1, simulation; (c) K = 3, experiment,

and (d) K = 3, simulation.

14. Relationship between ISNR and BER in Case #2: (a) K = 1, experiment, (b) K = 1, simulation, (c) K = 3, experiment,

and (d) K = 3, simulation.

15. Doppler spread measurement in experiment in Case #2: (a) received signal when input: sinusoid signal, (b)

bandpass-filtered signal of (a), (c) received signal when input: OSDM signal, and (d) bandpass-filtered signal of (c).
16. Example of the spectrum obtained in the experiment (solid line) and approximated bell-shape function (dotted line).

17. Relationship between the Doppler spread and the BER in Case #1: ISNR ~ 30 dB (a) K = 3, experiment, (b) K = 3,
simulation, ISNR ~ 20 dB (c) K = 3, experiment, (d) K = 3, simulation, and ISNR ~ 10 dB (e) K = 3, experiment, (f)

K = 3, simulation.

18. Relationship between the Doppler spread and the BER in Case #2: ISNR ~ 30 dB (a) K = 3, experiment, (b) K = 3,
simulation, ISNR ~ 20 dB (c) K = 3, experiment, (d) K = 3, simulation, and ISNR ~ 10 dB (e) K = 3, experiment, (f)

K = 3, simulation.
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TABLE I. Equations for data rate, frame length, and complexity in OSDM, single-carrier RLS-DFE, and OFDM.

TABLE Il. Relationships among parameters, complexity, frame length, data rate, and signal bandwidth used in the
experiment and the simulation.

TABLE I11. Differences in the input signal-to-noise ratio (ISNR) in single-carrier DFE and OFDM compared to that of
OSDM.

TABLE IV. Wave heights and lengths in various frequencies of the wave generator.
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TABLE |
Scheme Data rate Frame length Multiplications per frame
b-M(N-1) s
OSDM TMN+L) (MN +L)T KN(M®+M?)
5, 9
Single-carrier b-B (_R "'_RJ(A"' B)
RLSOFE  T(A+B+C) (A+B+CJT 2 2
R=K(L+1)+L
OFDM b-PQ-1) (PQ+LJT 1 KPQlog, PQ
T.(PQ+L) : 2 2

OSDM, orthogonal signal division multiplexing; RLS-DFE, recursive least-squares-decision
feedback equalizer; OFDM, orthogonal frequency division multiplexing
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TABLE Il
Tvoe Parameters Multiplications Frame length, data rate,
yp (per frame) and signal bandwidth
M 63 5
5.0x10 (K=1)
OSDM N 2 5 —
L 60 15.3x10 (K=3)
A 123 5 _ Frame length: 37.2ms
Case #1  Single-carrier DFE B 63 1332285 Eﬁ B g Data rate (QPSK): 3.3 kbps
C 0 ' B Signal bandwidth: 5 kHz
P 63 2
4.4x10 (K=1)
OFDM Q 2 3 _
L 60 1.3x10 (K=3)
OSDM ',:l/' 127 8.2x10° (K=1)
6 —
L 60 24.7x10 (K=3)
A 127 5 _ Frame length: 113.6 ms
Case #2  Single-carrier DFE B 381 %ggﬁgﬁ Eﬁ B g Data rate (QPSK): 6.7 kbps
C 60 ' B Signal bandwidth: 5 kHz
P 127 3
2.3x10 (K=1)
OFDM v 6.8x10° (K =3)
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TABLE Il

ISNR difference

ISNR difference

Type from OSDM from OSDM
(Simulation) (Experiment)
OSDM 0 0
Case #1  Single-carrier DFE +3.11 +1.63
OFDM -4.23 -2.81
OSDM 0 0
Case #2  Single-carrier DFE +6.04 +3.75
OFDM -2.32 -1.95
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TABLE IV
Frequency (Hz)  Wave height (m)  Wave length (m)
1.03 0.08 1.2
0.84 0.06 1.7
0.62 0.05 1.9
0.41 0.02 4.9
0.20 0.02 5.9
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