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Underwater Acoustic Communication Using Multiple-Input–Multiple-Output
Doppler-Resilient Orthogonal Signal Division Multiplexing
Tadashi Ebihara , Member, IEEE, Hanako Ogasawara, and Geert Leus, Fellow, IEEE

Abstract—In this paper, we propose a novel underwater acoustic (UWA)
communication scheme that achieves energy and spectrum efficiency simul-
taneously by combining Doppler-resilient orthogonal signal division multi-
plexing (D-OSDM) and multiple-input–multiple-output (MIMO) signaling.
We present both the transmitter processing and the receiver processing
for MIMO D-OSDM. We evaluate the performance of MIMO D-OSDM
in simulations with a large intersymbol interference of 25 symbols and a
Doppler spread with a maximum Doppler shift of 8 Hz. In addition, the
sea trial is performed in Suruga Bay, where the receiver is mounted on a
barge and a research vessel with the transmitter makes round trips along
a line with a speed of 4 kn. In the experiments, we obtain an intersymbol
interference of 3.6–29.7 symbols and a Doppler spread of several Hertz
(leading to a spread of over two to three subcarrier spacings). The simu-
lation results suggest that MIMO D-OSDM has an advantage over normal
D-OSDM, Doppler-resilient MIMO orthogonal frequency division multi-
plexing (MIMO D-OFDM), and classical OFDM with MIMO signaling
(MIMO OFDM)—MIMO D-OSDM achieves better bit error rate perfor-
mance than the benchmarks. The sea trial results also support the advan-
tage of MIMO D-OSDM—it achieves a coded block error rate of 3.2%
while normal D-OSDM and MIMO D-OFDM achieve a coded block error
rate of 9.7% and 9.3%, respectively. We conclude that MIMO D-OSDM
can become a viable technique that achieves reliable and effective UWA
communication.

Index Terms—Delay spread, Doppler spread, underwater acoustic
(UWA) communication.

I. INTRODUCTION

R ECENTLY, underwater wireless communication systems have
diversified dramatically. Multiple media (e.g., acoustic [1], [2],

optical [3], and radio [4]) have been utilized to satisfy system require-
ments such as communication range and speed. Among these systems,
underwater acoustic (UWA) communication offers wide-area connec-
tivity, since acoustic waves propagate over long distances in the under-
water environment.
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Although UWA communication has the potential to provide
wide-area connectivity, achieving reliable and high-speed UWA
communication is still challenging. This is because UWA commu-
nication suffers from the large delay and Doppler spreads of the
UWA channel, whose impact is much larger than for land mobile RF
communication [5]. To achieve reliable communication in such doubly
spread channels, numerous physical layer technologies using single-
carrier [6]–[9] and multicarrier [e.g., orthogonal frequency division
multiplexing (OFDM)] [10]–[17] approaches have been proposed.
In addition, the combination of advanced hardware and signal pro-
cessing techniques, such as multiple-input–multiple-output (MIMO)
signaling, has also been considered to improve the effective data rate
[18]–[22].

To achieve reliable UWA communication, we have proposed
Doppler-resilient orthogonal signal division multiplexing (hereafter, we
call this normal D-OSDM) [23], [24]. Normal D-OSDM is a communi-
cation technique for a single user and it is a combination of OSDM [25]
and orthogonal multiple access [26]; it places the pilot and data signals
on a rectangular lattice in the time–frequency domain so that they do
not interfere even in doubly spread channels. This signal structure en-
ables the receiver to counteract the delay-Doppler spread of the UWA
channel efficiently, resulting in a reduction of the required transmission
power. We have tested normal D-OSDM in simulations and test tank
experiments and found that a normal D-OSDM can reduce the power
consumption requirements compared to the latest techniques based on
OFDM. In addition, we have also conducted a demonstration of a nor-
mal D-OSDM in a harbor with a mobile receiver and confirmed that
the normal D-OSDM delivers excellent reliability in an actual UWA
environment [27]. However, a normal D-OSDM has a small spectrum
efficiency, a limitation that should be addressed before we utilize this
technique in an actual underwater application.

In this paper, we combine single-user MIMO signaling and normal
D-OSDM to achieve both energy- and spectrum-efficient UWA com-
munications. There exist several advanced MIMO techniques in UWA
communication to enhance the communication quality, such as space–
time, space–frequency, and space–time–frequency MIMO techniques
[20], [28], [29]. Furthermore, the study of multiuser MIMO systems,
where multiple transmitters transmit multiple data streams to their cor-
responding receivers using MIMO, has emerged recently as an impor-
tant topic to establish a UWA network [21]. However, the scope of
this paper is to maximize the transmission rate of a single user, since
high data rate transmission systems providing a significant robustness
against delay and Doppler spread are of great importance for UWA com-
munication. Hence, we only consider a traditional MIMO system for a
single-user environment in this paper. Furthermore, traditional single-
user MIMO OFDM is the most popular form of UWA communication
using MIMO [18], [19], [22]. Considering all the above, we prefer to
combine traditional single-user MIMO signaling (with different data
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Fig. 1. Time–frequency structure of communication signals. (a) Single carrier. (b) OFDM. (c) OSDM. (d) D-OFDM. (e) D-OSDM.

streams on different antennas) with OSDM, and we employ normal
D-OSDM and the well-known OFDM techniques [Doppler-resilient
MIMO OFDM (MIMO D-OFDM) and classical MIMO OFDM] as
benchmarks [18].

We develop the transmitter processing and receiver processing for
MIMO D-OSDM and show that MIMO D-OSDM can improve the
spectrum efficiency while preserving the characteristics of D-OSDM
in terms of its resilience against delay and Doppler spreads. We also
evaluate the performance of MIMO D-OSDM in doubly spread chan-
nels in both simulations and sea trials.

The remaining of this paper is structured as follows. Section II ex-
plains the signal processing flow of MIMO D-OSDM at the transmitter
and receiver. Section III evaluates its performance in simulations. Sec-
tion IV evaluates its performance in sea trials. Section V concludes this
paper.

Notation: We use upper/lower bold face letters to denote matri-
ces/row vectors. We definex[i] as the ith element of the vectorx starting
with index 0. (·)∗, (·)T, and (·)−1 denote conjugate transpose, transpose,
and inverse, respectively. The sets of nonnegative integer numbers and
positive integer numbers are defined as Z∗ and Z+, respectively. 0R×C ,
FN , and IM represent the R× C all-zero matrix, the N ×N inverse
discrete Fourier transform (IDFT) matrix, and the M ×M identity
matrix, respectively. WMN represents the basic element of the IDFT
matrix, i.e., WMN = exp

[
2π

√−1/ (MN)
]
/
√
MN . ZM is a cyclic

shift matrix of size M ×M , i.e.,

ZM =

⎛
⎜⎜⎜⎜⎜⎝

0 1 0 · · · 0
0 0 1 · · · 0
...

...
...

. . . 0
0 0 0 · · · 1
1 0 0 · · · 0

⎞
⎟⎟⎟⎟⎟⎠ .

II. MIMO DOPPLER-RESILIENT ORTHOGONAL SIGNAL

DIVISION MULTIPLEXING

A. Overview of OSDM and D-OSDM

Before describing MIMO D-OSDM, we would like to present an
overview of the basics of our OSDM and D-OSDM technologies. Fig. 1

shows the time–frequency structure of baseband communication sig-
nals that are considered for UWA communication, where each colored
box represents the information (modulated symbol). In the well-known
single-carrier system, the information appears once in the time domain
[see Fig. 1(a)]. In an OFDM system, the information is transmitted block
by block [with a zero-padded suffix to avoid interblock interference
(IBI)] and each information appears once in the frequency domain [see
Fig. 1(b)]. On the other hand, in OSDM, the modulated symbols period-
ically appear in both the time and frequency domains [see Fig. 1(c)]. In
our previous work, we found that such a signal structure gives resilience
against large delay spreads, and that OSDM outperforms single-carrier
and OFDM systems in a test tank for a static environment [25]. How-
ever, we also found that the performance of OSDM drops in a dynamic
environment, since the symbols interfere in the frequency domain [in-
tercarrier interference (ICI)] due to Doppler spread.

To cope with the Doppler spread in UWA channels, the use of care-
fully spaced null subcarriers was found to be effective in OFDM sys-
tems (D-OFDM) [11]. In D-OFDM, null subcarriers are inserted be-
tween subcarriers (where each modulated symbol is allocated in each
subcarrier) to prevent adjacent-carrier interference [see Fig. 1(d)]. To
give Doppler resilience as in D-OFDM, we proposed D-OSDM, by
combining OSDM and orthogonal multiple access [26]. In D-OSDM,
null subcarriers are inserted between subcarriers as in D-OFDM [see
Fig. 1(e)]. Furthermore, we found that D-OSDM is robust to both large
delay and Doppler spreads, and D-OSDM outperforms D-OFDM (D-
OSDM requires a lower signal transmission power to achieve the same
error probability as D-OFDM) in a test tank for a dynamic environment,
in exchange for effective data rate (spectrum efficiency) and receiver
complexity [24].

In Sections II-B and II-C, we would like to combine single-user
MIMO signaling and D-OSDM to achieve both energy- and spectrum-
efficient UWA communications.

B. Signal Processing at the Transmitter

We would like to show the signal processing flow of MIMO D-
OSDM at the transmitter (Tx) and receiver (Rx) employing J emitters
and K hydrophones, respectively (see Fig. 2), using parameters and
notations shown in Tables I and II, respectively. The Tx calculates
the transmission signal xj (j = 0, 1, . . . , J − 1) from message data
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Fig. 2. Signal processing flow of MIMO D-OSDM at the transmitter and receiver.

TABLE I
PARAMETERS USED FOR THE DESIGN OF MIMO D-OSDM

vectors mj,u,p (u = 0, 1, . . . , U − 1 and p = 0, 1, . . . , P − 1) whose
elements are complex modulated symbols. The signal processing steps
at the Tx can be described as follows.

1) Create data matrices Dj as

Dj =
(
pT
j ,0

T
2Q×M , mT

j,0,0,m
T
j,0,1, . . . ,m

T
j,0,P−1,0

T
2Q×M ,

mT
j,1,0,m

T
j,1,1, . . . ,m

T
j,1,P−1,0

T
2Q×M , . . .

. . . ,mT
j,U−1,0,m

T
j,U−1,1, . . . ,m

T
j,U−1,P−1,0

T
2Q×M ,

)T
(1)

where the structure of Dj is shown in Fig. 3. Q corresponds to
the maximum (discrete) Doppler shift of the UWA channel. pj is
a pilot vector and it is shared between the Tx and Rx before the
communication. More specifically, based on one common pilot
vector p, the pilot vector pj is constructed as

pj = p (ZM )jL̃ (2)

L̃ = �L/J� . (3)

Here, L corresponds to a rough estimate of the delay spread
length of the UWA channel. The reason for constructing the dif-
ferent pilot vectors this way will become clear later on.

2) Convert data matrices Dj to vectors dr
j by reading Dj in a

rowwise direction as

dr
j = (pj ,01×2QM ,mj,0,01×2QM ,mj,1,01×2QM , . . . ,

. . . ,mj,U−1,01×2QM ) (4)

where

mj,u = (mj,u,0,mj,u,1, . . . ,mj,u,P−1). (5)

Fig. 3. Structure of data matrix Dj .

3) Calculate the transmit signal block xj by applying a transforma-
tion matrix to dr

j as

xj = dr
j (FN ⊗ IM ) (6)

Authorized licensed use limited to: TU Delft Library. Downloaded on August 27,2021 at 11:36:29 UTC from IEEE Xplore.  Restrictions apply. 
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TABLE II
NOTATIONS USED FOR THE DESIGN OF MIMO D-OSDM (E: EMITTER AND H: HYDROPHONE)

where “⊗” is the Kronecker product. By this transformation,
the pilot and data blocks appear on a rectangular lattice in the
time–frequency domain so that they do not interfere even in dou-
bly spread channels.

4) Add L zeros to the signal block xj (zero padding) and emit xj

from emitter #j. The transmission happens simultaneously for
all emitters resulting in a boost of the effective data rate.

Note that the above-mentioned signal processing flow of MIMO D-
OSDM is the same as that of D-OSDM [24] when J = 1. Furthermore,
classical MIMO OFDM and MIMO D-OFDM can be calculated by
reading the data matrices Dj in a columnwise direction and applying
an inverse fast Fourier transform when J = 1 and J > 1, respectively.
In that case, the transmit signal block of size 1×MN becomes

xOFDM
j = dc

jFMN (7)

where dc
j is a vector of size 1×MN that is obtained by reading Dj

in a column-wise direction

dc
j = (pj [0],01×2Q, mj,0,0[0],mj,0,1[0], . . . ,mj,0,P−1[0],

01×2Q,
mj,1,0[0],mj,1,1[0], . . . ,mj,1,P−1[0],
01×2Q, . . .
. . . ,mj,U−1,0[0],mj,U−1,1[0],
. . . ,mj,U−1,P−1[0],01×2Q,

pj [1],01×2Q, mj,0,0[1],mj,0,1[1], . . . ,mj,0,P−1[1],
01×2Q,
mj,1,0[1],mj,1,1[1], . . . ,mj,1,P−1[1],
01×2Q, . . .
. . . ,mj,U−1,0[1],mj,U−1,1[1], . . . ,
mj,U−1,P−1[1],01×2Q, . . .

. . . , pj [M − 1],01×2Q, mj,0,0[M − 1],mj,0,1[M − 1],
. . . ,mj,0,P−1[M − 1],01×2Q,
mj,1,0[M − 1],mj,1,1[M − 1], . . . ,
mj,1,P−1[M − 1],01×2Q, . . .
. . . ,mj,U−1,0[M − 1],
mj,U−1,1[M − 1],
. . . ,mj,U−1,P−1[M − 1],01×2Q).

(8)

C. Signal Processing at the Receiver

In the UWA channel, the transmitted signal blocks xj interfere with
each other. In addition, xj is affected by delay and Doppler spreads,
and received by the Rx withK hydrophones. The Rx receivesK signals
simultaneously and obtains sequencesyk (k = 0, 1, . . . ,K − 1), by an
overlap-add operation on each received signal. The obtained sequence

Authorized licensed use limited to: TU Delft Library. Downloaded on August 27,2021 at 11:36:29 UTC from IEEE Xplore.  Restrictions apply. 
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can be expressed using a BEM [30] as follows:

yk =

J−1∑
j=0

{
xj

Q∑
q=−Q

(
Hj→k

q Λq

)}
+ nk (9)

where nk represents the additive noise component. Hj→k
q and Λq

represent the effects of the delay and Doppler spreads, respectively

Hj→k
q =

⎛
⎜⎜⎜⎝

hj→k
q [0] hj→k

q [1] · · · hj→k
q [MN − 1]

hj→k
q [MN − 1] hj→k

q [0] · · · hj→k
q [MN − 2]

...
...

. . .
...

hj→k
q [1] hj→k

q [2] · · · hj→k
q [0]

⎞
⎟⎟⎟⎠
(10)

Λq = diag
[
W 0

MN ,W q
MN , . . . ,W

(MN−1)q
MN

]
. (11)

Here, hj→k
q [m] (hj→k

q [m] = 0 when m > L) is the channel impulse
response from emitter #j to hydrophone #k at Doppler scale q.

The relationship between dr
j and yk can be expressed as

(y0,y1, . . . ,yK−1) (IK ⊗ F ∗
N ⊗ IM )

= (dr
0,d

r
1, . . . ,d

r
J−1)Ca + (η0,η1, . . . ,ηK−1) (12)

where Ca is the combined channel matrix

Ca =

⎛
⎜⎜⎜⎝

C0→0 C0→1 · · · C0→K−1

C1→0 C1→1 · · · C1→K−1

...
...

. . .
...

CJ−1→0 CJ−1→1 · · · CJ−1→K−1

⎞
⎟⎟⎟⎠ (13)

with Cj→k the delay-Doppler channel matrix from emitter #j to hy-
drophone #k

Cj→k =

Q∑
q=−Q

diag
(
Cj→k

0,q ,Cj→k
1,q , . . . ,Cj→k

N−1,q

)
ZMq

MN (14)

Cj→k
n,q =

⎛
⎜⎜⎜⎝

hj→k
q [0] hj→k

q [1] · · · hj→k
q [M − 1]

W−n
N hj→k

q [M − 1] hj→k
q [0] · · · hj→k

q [M − 2]
...

...
. . .

...
W−n

N hj→k
q [1] W−n

N hj→k
q [2] · · · hj→k

q [0]

⎞
⎟⎟⎟⎠

(15)

and ηk represents the additive noise component.
The signal processing steps at the Rx can be described as follows.
1) Combine the received signals yk and transform the received sig-

nal to compute the vector z

z = (y0,y1, . . . ,yK−1) (IK ⊗ F ∗
N ⊗ IM ) (16)

= (z0,z1, . . . ,zK−1) + (η0,η1, . . . ,ηK−1) (17)

where

zk =
J−1∑
j=0

(
dr
jC

j→k
)

(18)

=

J−1∑
j=0

(
z0→Q
p,j,k,zj,k,0,zj,k,1, . . . ,zj,k,U−1,z

−Q→−1
p,j,k

)
(19)

=
(
z0→Q
p,k ,zk,0,zk,1, . . . ,zk,U−1,z

−Q→−1
p,k

)
. (20)

2) Obtain hj→k
q [m] by channel sensing (using the received pilot

blocks z0→Q
p,j,k and z−Q→−1

p,j,k ). Specifically, there is a relationship

between the pilot block pj and z0→Q
p,k and z−Q→−1

p,k in (20) as

(
z−Q→−1
p,k ,z0→Q

p,k

)
=

J−1∑
j=0

{
pj

(
Cj→k

0,−Q,C
j→k
0,−Q+1, . . . ,C

j→k
0,Q

)}
(21)

= p
(
C̃

k

0,−Q, C̃
k

0,−Q+1, . . . , C̃
k

0,Q

)
+ ηp,k

(22)

where C̃
k

0,q is a circulant matrix given by (23), shown at the
bottom of this page, whose elements are the channel impulse re-
sponses of length L̃ from all emitters to receiver #k, and ηp,k is
an approximation error. This approximation comes from the fact
that we ignore the latter part of the channel impulse response
as we assume that (hj→k

q [0], hj→k
q [1], . . . , hj→k

q [L− 1]) �
(hj→k

q [0], hj→k
q [1], . . . , hj→k

q [L̃− 1],01×(L−JL̃)). By this as-
sumption, (22) can be obtained from (2) and (21) as

J−1∑
j=0

{
pj

(
Cj→k

0,−Q,C
j→k
0,−Q+1, . . . ,C

j→k
0,Q

)}

�
J−1∑
j=0

{
pj

(
C̃

j→k

0,−Q, C̃
j→k

0,−Q+1, . . . , C̃
j→k

0,Q

)}
(24)

=
J−1∑
j=0

{
p (ZM )jL̃

(
C̃

j→k

0,−Q, C̃
j→k

0,−Q+1, . . . , C̃
j→k

0,Q

)}
(25)

= p
(
C̃

k

0,−Q, C̃
k

0,−Q+1, . . . , C̃
k

0,Q

)
(26)

where C̃
j→k

0,q is a matrix given by (27) and (28), shown at the
bottom of the next page. Hence, the Rx obtains hj→k

q [m](m ≤
L̃− 1) by calculating (22).

C̃
k

0,q =

⎛
⎜⎜⎜⎝

h0→k
q [0] h0→k

q [1] · · · h0→k
q [L̃− 1] h1→k

q [0] h1→k
q [1] · · · h1→k

q [L̃− 1] · · ·
hJ−1→k
q [L̃− 1] h0→k

q [0] · · · h0→k
q [L̃− 2] h0→k

q [L̃− 1] h1→k
q [0] · · · h1→k

q [L̃− 2] · · ·
...

...
. . .

...
...

...
. . .

...
. . .

h0→k
q [1] h0→k

q [2] · · · h1→k
q [0] h1→k

q [1] h1→k
q [2] · · · h2→k

q [0] · · ·
· · · hJ−1→k

q [0] hJ−1→k
q [1] · · · hJ−1→k

q [L̃− 1] 01×(M−JL̃)
· · · hJ−2→k

q [L̃− 1] hJ−1→k
q [0] · · · hJ−1→k

q [L̃− 2] 01×(M−JL̃)
. . .

...
...

. . .
...

...
· · · hJ−1→k

q [1] hJ−1→k
q [2] · · · h0→k

q [0] 01×(M−JL̃)

⎞
⎟⎟⎟⎟⎟⎠ (23)
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3) Obtain message mj,u by equalization. Specifically, there is a
relationship between the message blockmj,u andzk,u in (20) as

(z0,u,z1,u, . . . ,zK−1,u) = (m0,u,m1,u, . . . ,mJ−1,u)Ccu

(29)

= (m0,u,m1,u, . . . ,mJ−1,u)⎛
⎜⎜⎜⎝

C0→0
cu C0→1

cu · · · C0→K−1
cu

C1→0
cu C1→1

cu · · · C1→K−1
cu

...
...

. . .
...

CJ−1→0
cu CJ−1→1

cu · · · CJ−1→K−1
cu

⎞
⎟⎟⎟⎠ (30)

where Cj→k
cu is given by (31), shown at the bottom of this page,

and ũ = (1 + 2Q) + u(P + 2Q).
Hence, the Rx calculates C̃cu = Ccu|hj→k

q [m]=0 (m≥L̃)
us-

ing hj→k
q [m](m ≤ L̃− 1) and obtains the received message

rj,u as

(r0,u, r1,u, . . . , rJ−1,u)

= [(z0,u,z1,u, . . . ,zK−1,u)

+ (η0,u,η1,u, . . . ,ηK−1,u)] C̃
∗
cu

(
C̃cuC̃

∗
cu

)−1

(32)

= (m0,u,m1,u, . . . ,mJ−1,u) +
(
η̃0,u, η̃1,u, . . . , η̃J−1,u

)
(33)

where ηk,u is a part of ηk. Notice that η̃j,u is a sum of three
noises; part of the additive noise, approximation error in Step 3),
and the channel measurement noise (if an estimated channel is
used).

Note that the above-mentioned signal processing steps are based on
the following assumptions.

1) All transmitted signals reach the Rx at the same time.
2) The Doppler shift is the same for all the Tx–Rx pairs.
In simulations (see Section III), we will consider the communication

quality of MIMO systems if there exist time and frequency lags between
the significant paths.

D. Characteristics of MIMO D-OSDM

In this paper, we employ normal D-OSDM and MIMO D-OFDM
as main benchmarks. First, we briefly discuss our MIMO D-OSDM in
comparison to the existing normal D-OSDM approach. The advantage
of MIMO D-OSDM is an improvement of the spectrum efficiency; it

Fig. 4. Channel impulse response obtained at Suruga Bay (Tx–Rx distance:
350 m).

can improve the spectrum efficiency J times that of normal D-OSDM
while almost preserving its resilience against delay and Doppler spread
without employing a higher modulation rate (e.g., QPSK to 16QAM)
that is sensitive to channel noise. On the other hand, the disadvantage
of MIMO D-OSDM is an increase in noise in the received message,
since the measurable delay spread of MIMO D-OSDM is limited com-
pared to normal D-OSDM, as described in Section II-C. Specifically,
MIMO D-OSDM measures hj→k

q [m] for 0 ≤ m ≤ L̃− 1 and assumes

hj→k
q [m] = 0 for m ≥ L̃. Hence, MIMO D-OSDM can be extended

to larger architectures, but the maximum tolerated delay spread is in-
versely proportional to the number of senders. In other words, the com-
munication speed increases proportional to the number of senders, but
the communication quality becomes worse. However, the increase in
noise due to the above-mentioned assumption remains small when the
number of senders J is small, since the average power of the chan-
nel impulse response decays with the delay, as shown in Fig. 4. In
Sections III and IV, we show that the advantages of MIMO D-OSDM
outweigh its disadvantages when J = 2.

We also briefly discuss our MIMO D-OSDM in comparison to the
existing MIMO D-OFDM approach. Fig. 5(a) shows the signal struc-
ture of the MIMO D-OSDM signal (emitted from a specific emitter #j)
in the time–frequency domain, where T represents the symbol time.
As shown in the figure, the data matrix Dj periodically appears in the
MIMO D-OSDM signal in the time–frequency domain. Focusing on
the structure of the MIMO D-OSDM signal in the frequency domain,
there are MN subcarriers with M pilot subcarriers and U groups of
P data subcarriers. Both pilot and data subcarrier groups are separated
using 2Q null subcarriers. In that sense, the MIMO D-OSDM signal is

C̃
j→k

0,q = Cj→k
0,q

∣∣∣
h
j→k
q [m]=0 (m≥L̃)

(27)

=

⎛
⎜⎜⎜⎝

hj→k
q [0] hj→k

q [1] · · · hj→k
q [L̃− 1] 0 0 · · · 0

0 hj→k
q [0] · · · hj→k

q [L̃− 2] hj→k
q [L̃− 1] 0 · · · 0

...
...

. . .
...

...
...

. . .
...

hj→k
q [1] hj→k

q [2] · · · 0 0 0 · · · hj→k
q [0]

⎞
⎟⎟⎟⎠. (28)

Cj→k
cu =

⎛
⎜⎜⎜⎜⎝

Cj→k
ũ,−Q Cj→k

ũ,−Q+1 · · · Cj→k
ũ,Q−1 Cj→k

ũ,Q 0M×M · · · 0M×M

0M×M Cj→k
ũ+1,−Q · · · Cj→k

ũ+1,Q−2 Cj→k
ũ+1,Q−1 Cj→k

ũ+1,Q · · · 0M×M

...
...

. . .
...

...
...

. . .
...

0M×M 0M×M · · · 0M×M Cj→k
ũ+P−1,−Q Cj→k

ũ+P−1,−Q+1 · · · Cj→k
ũ+P−1,Q

⎞
⎟⎟⎟⎟⎠ (31)

Authorized licensed use limited to: TU Delft Library. Downloaded on August 27,2021 at 11:36:29 UTC from IEEE Xplore.  Restrictions apply. 



1600 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 45, NO. 4, OCTOBER 2020

Fig. 5. Structure of (a) MIMO D-OSDM signal and (b) MIMO D-OFDM signal in the time–frequency domain.

comparable to the MIMO OFDM signal that also separates data sub-
carrier groups from pilot subcarriers using null subcarriers (MIMO
D-OFDM), as shown in Fig. 5(b).

In [24], we showed that normal D-OSDM has advantages over nor-
mal D-OFDM [11]–[13] in terms of the low dynamic range of the
transmitted signal and a better communication quality, in exchange for
receiver complexity. These advantages and disadvantages still hold true
when we compare MIMO D-OSDM and MIMO D-OFDM. Let us first
focus on the peak-to-average power ratio (PAPR) of these signals. The
maximum PAPR of the MIMO D-OSDM signal is proportional to the
total number of message and pilot blocks (1 + PU ), whereas that of
the MIMO D-OFDM signal is proportional to the total number of active
subcarriers M(1 + PU). Hence, MIMO D-OSDM is attractive from a
practical point of view, since a small PAPR can avoid problems derived
from the nonlinearity of the signal power amplifier at the Tx. Next,
let us focus on the delay and Doppler resilience of these signals. In
both techniques, the null subcarriers between the pilot and data sig-
nals are used to facilitate Doppler compensation by avoiding ICI. On
the other hand, comparing Fig. 5(a) and (b), it is clear that both the
message and pilot signals appear periodically in both the time and fre-
quency domains in the MIMO D-OSDM signal, whereas they appear
at unique subcarriers in the MIMO D-OFDM signal. This periodical
appearance of pilot and data signals in MIMO D-OSDM provides ro-
bustness against frequency-selective fading, hence, MIMO D-OSDM
would achieve better communication quality than MIMO D-OFDM in
a UWA channel with a large delay spread. Note that such information
spreading in this way is not unique to OSDM; it can be done with mul-
tiple frequency-shift keying [31] and Leus and van Walree [15] did it
with OFDM.

III. PERFORMANCE EVALUATION IN SIMULATIONS

A. Simulation Environment

In this section, we evaluate the performance of MIMO D-OSDM
in simulations. In simulation I, we evaluated the performance [out-
put signal-to-noise ratio (OSNR) and bit error rate (BER)] of MIMO
D-OSDM, normal D-OSDM, MIMO D-OFDM, and classical MIMO
OFDM in a UWA channel with various fd values at a specific Eb/N0

of 25 dB. In simulation II, we evaluated the BER of MIMO D-OSDM,
normal D-OSDM, and MIMO D-OFDM in a UWA channel with var-
ious Eb/N0 values at a specific fd of 8 Hz. In simulation III, we
evaluated the OSNR and BER of MIMO D-OSDM and MIMO D-
OFDM in a UWA channel at a specific Eb/N0 of 15 dB and fd
of 8 Hz, with time and frequency lags of the significant paths (Δt
and Δf ).

Table III shows the parameters used in simulation I. We consider
MIMO D-OSDM with two emitters and two hydrophones (2× 2).
We also consider normal D-OSDM with a single emitter and two hy-
drophones (1× 2), as well as MIMO D-OFDM and classical MIMO
OFDM with two emitters and two hydrophones (2× 2) as references.
Note that the signal bandwidth, data rate, and total output power of
the MIMO D-OSDM, normal D-OSDM, and MIMO D-OFDM are the
same, whereas the data rate of classical MIMO OFDM is double to those
of Doppler-resilient schemes (MIMO D-OSDM, normal D-OSDM, and
MIMO D-OFDM).

Table IV shows the parameters used in simulations II and III. Dif-
ferent from simulation I, we do not employ classical MIMO OFDM
since the performance of MIMO OFDM was not good in UWA chan-
nels with large Doppler spread. Hence, we consider MIMO D-OSDM
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TABLE III
PARAMETERS OF NORMAL D-OSDM, MIMO D-OSDM, CLASSICAL MIMO OFDM, AND MIMO D-OFDM USED IN SIMULATION I

TABLE IV
PARAMETERS OF NORMAL D-OSDM, MIMO D-OSDM, AND MIMO D-OFDM USED IN SIMULATIONS II AND III AND EXPERIMENTS

with two emitters and two hydrophones (2× 2) and normal D-OSDM
with a single emitter and two hydrophones (1× 2), as well as MIMO
D-OFDM with two emitters and two hydrophones (2× 2) as refer-
ences. Note that the signal bandwidth, data rate, and total output power
of MIMO D-OSDM, normal D-OSDM, and MIMO D-OFDM are the
same. Furthermore, a Turbo code with a code rate R of 1/3 is employed
in simulations II and III, to evaluate the performance of communication
schemes in practical circumstances. The channel encoding is performed
block by block so that the input block length to the encoder is the same
for D-OSDM, MIMO D-OSDM, and MIMO D-OFDM. Specifically,
the following statements hold.

1) The transmitter reads binary data of length 328 b.
2) The transmitter calculates the encoded message of length 328×

3 + 12 (tail bits) = 996 b using the considered Turbo code (code
rate R: 1/3).

3) For the 2× 2 MIMO system (MIMO D-OSDM and MIMO D-
OFDM), the transmitter calculates 498 QPSK symbols from
996 b and adds ten redundant symbols to generate a symbol
length of 508 (JMPU). Note that the redundant symbols are
not used to calculate the BER.

4) For the 1× 2 single-input–multiple-output (SIMO) system (nor-
mal D-OSDM), the transmitter calculates 249 16QAM symbols
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Fig. 6. Results of simulation I. Relationship between the normalized maxi-
mum Doppler shift and (a) OSNR and (b) BER without coding.

from 996 b and adds five redundant symbols to generate a sym-
bol length of 254 (JMPU). Note that the redundant symbols
are again not used to calculate the BER.

5) These JMPU symbols are then converted to vectors mj,u,p of
size 1×M .

6) Finally, the transmitter calculates x0,x1, . . . ,xJ−1 and
xOFDM

0 ,xOFDM
1 , . . . ,xOFDM

J−1 from mj,u,p, and outputs them
to the UWA channel.

In simulations, a discrete-time equivalent baseband channel model
was established with a maximum delay of 127 taps (26.4 ms) and a
maximum Doppler spread of fd (Hz) taking various values, to simulate
a UWA channel with large delay and Doppler spreads. The first path
exhibits a Rice distribution with Rice factor (the ratio of signal power in
dominant component over the scattered power) of 0 dB, considering the
fact that the experiment was performed in a line-of-sight environment,
where the direct-path signal and surface-reflected signal arrive within
a symbol time. Other paths exhibit a Rayleigh distribution where the
gain of the discrete paths decreased 0.31 dB per tap in power. In such
condition, the root-mean-square (rms) delay spread of the channel was
about 5 ms (approximately 25 symbols) [32]. The channel impulse
responses from emitter #j to hydrophone #k were independent of each
other. The Doppler spectrum was assumed to have a bell shape with
a maximum Doppler shift of fd (Hz). A Gaussian white process was
used as additive noise.

B. Results of Simulations I and II

Let us focus on the result of simulation I (see Fig. 6). Fig. 6(a) and
(b) shows the relationship between the normalized maximum Doppler
shift (ratio of fd to subcarrier spacing) and the OSNR and BER with-
out coding, respectively. Note that the OSNR is the ratio of the average
reference signal power to the mean square error. It is computed by
measuring the modulation accuracy by comparing the received sym-
bol constellation with the ideal input signal (reference constellation).
Specifically, the OSNR is calculated as follows:

OSNR =

∑J−1

j=0

∑M−1

m=0

∑P−1

p=0

∑U−1

u=0
|Mj,u[p,m]|2∑J−1

j=0

∑M−1

m=0

∑P−1

p=0

∑U−1

u=0
|Mj,u[p,m]− M̃j,u[p,m]|2

(34)
where M̃j,u[p,m] and Mj,u[p,m] are the received symbol constella-
tion and ideal input signal (reference constellation), respectively.

As shown in Fig. 6(a), classical MIMO OFDM performs best without
any Doppler spread, and the OSNR curve of classical MIMO OFDM
is a monotonically decreasing function. This is because the Doppler
factor becomes noise to the classical MIMO OFDM scheme due to
ICI. Different from classical MIMO OFDM, the decrease in the OSNR
of normal D-OSDM is suppressed until the normalized Doppler shift
is about 2.4 times larger than the subcarrier spacing (as indicated by
the dotted line in Fig. 6). Furthermore, the OSNR curves of MIMO D-
OSDM and MIMO D-OFDM have a local maximum at the dotted line.
This is because they can utilize both the delay and Doppler diversity
as fd increases, but if fd is too high, it causes interference between the
pilot and data subcarriers.

Focusing on the BER curves of MIMO D-OSDM, normal D-OSDM,
MIMO D-OFDM, and classical MIMO OFDM at the dotted line in
Fig. 6(b), it is clear that MIMO D-OSDM achieves a better perfor-
mance than the benchmarks.1 As shown in the figure, MIMO D-OSDM
achieves a BER of 2.5× 10−5 at the dotted line, whereas normal D-
OSDM, MIMO D-OFDM, and classical MIMO OFDM achieve a BER
of 5.6× 10−5, 1.4× 10−3, and 9.0× 10−2 at the same Doppler shift,
respectively.

Let us next focus on the result of simulation II (see Fig. 7). Fig. 7(a)
and (b) shows a relationship between Eb/N0 and BER with/without
coding, respectively, when the normalized Doppler shift is about 2.4
times larger than the subcarrier spacing (fd = 8 Hz). As shown in
Fig. 7(a), MIMO D-OSDM achieves a BER of 10−3 when Eb/N0

is 18.0 dB, whereas normal D-OSDM achieves the same BER when
Eb/N0 is 22.0 dB and MIMO D-OFDM has a BER floor above 10−3.
The advantage of MIMO D-OSDM over normal D-OSDM and MIMO
D-OFDM still holds true when we compare them with channel coding.
As shown in Fig. 7(b), MIMO D-OSDM achieves a BER of 10−3 when
Eb/N0 is 7.4 dB, whereas normal D-OSDM and MIMO D-OFDM
achieve the same BER when Eb/N0 is 8.7 dB and 9.1 dB, respectively.

These simulation results suggest that MIMO D-OSDM is attractive
for UWA communication. From simulation I, we found that MIMO
D-OSDM, normal D-OSDM, and MIMO D-OFDM achieve better per-
formance than that by the classical MIMO OFDM under the presence of

1Note that the BER curves cross one another, but not the OSNR curves in
Fig. 6. This is because we employ different symbol constellations in the red,
green, blue, and orange lines. In this paper, we compare 16QAM (red line,
sensitive to noise, fast) with one transmit antenna and QPSK (green, blue, and
orange lines, robust to noise, slow) with two transmit antennas resulting in the
same effective data rate. Hence, the relationship between OSNR and the BER
of 16QAM (red line) and QPSK (blue, green, and orange lines) is different,
resulting in a different tendency for the two graphs.
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Fig. 7. Results of simulation II. Relationship between Eb/N0 and (a) BER
without coding and (b) BER with coding.

Doppler spread. In UWA communication, the channel diversity can en-
hance the communication system performance, whereas the noise lim-
its the communication system performance. Since MIMO D-OSDM,
normal D-OSDM, and MIMO D-OFDM have null subcarriers to safe-
guard against ICI, they can utilize the Doppler factor to give the com-
munication system channel diversity, resulting in a better performance
than classical schemes under the presence of Doppler spread [33]. Fur-
thermore, from simulations I and II, we found that the performance
of MIMO D-OSDM is better than those of the normal D-OSDM and
MIMO D-OFDM. This means that the advantages of MIMO D-OSDM
(increase in spectrum efficiency without using a higher modulation rate)
outweigh its disadvantage (an increase in noise due to channel approx-
imation), as described in Section II-D. In addition, the resilience of
MIMO D-OSDM with respect to the delay spread is better than that of
MIMO D-OFDM, as described in Section II-D. These advantages of
MIMO D-OSDM were also validated in the following experiments.

C. Results of Simulation III

Let us next focus on the result of simulation III. In simulation III,
we evaluated the OSNR and BER of MIMO D-OSDM and MIMO
D-OFDM in a UWA channel with time and frequency lags between
the significant paths. Fig. 8(a) shows a scenario when there exist a
time lag between significant paths. As shown in the figure, there are
four significant paths between the Tx and Rx (E#0 → H#0, E#0 →
H#1, E#1 → H#0, and E#1 → H#1), and the spatial position difference
between emitters and hydrophones causes a different time of arrival

Fig. 8. Results of simulation III. (a) Simulation scenario and relationship be-
tween the time lag Δt between significant paths and (b) OSNR and (c) BER
without coding.

(in this figure, the transmitted signals passing through E#1 → H#0
and E#1 → H#1 arrive at the Rx with a delay of Δt compared to the
signals passing through E#0 → H#0 and E#0 → H#1). Fig. 9(a) shows
a scenario when there exist a frequency lag between significant paths.
As shown in the figure, the Doppler shift of each path differs due to the
movement of the communication platform (in this figure, E#1 → H#0
and E#1 → H#1 have a Doppler shift of Δf compared to that passes
through E#0 → H#0 and E#0 → H#1).

Fig. 8(b) and (c) shows the relationship between Δt and the OSNR
and BER with coding, respectively. From these figures, we found that a
small time lag between the received signals does not affect the perfor-
mance of the MIMO system much. As shown in Fig. 8(b), the OSNR
curves of MIMO D-OSDM and MIMO D-OFDM gradually decrease as
the time lag between the two received signals increases, and suddenly
drops whenΔt exceeds the maximum tolerated delay spread [L/(JB)].
However, as shown in Fig. 8(c), the BER remains under 10−4 when Δt
remains within 10 ms. Hence, a time-lag among the received signals
does not affect the performance of a MIMO system much, since Δt of
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Fig. 9. Results of simulation III. (a) Simulation scenario and relationship
between the frequency lag Δf between received signals and (b) OSNR and
(c) BER without coding.

10 ms already corresponds to a length difference of 15 m. However, it
was also found that an extension to larger architectures and an increase
in bandwidth (increase in J and B) limit the allowable time lag, and a
careful design of the Tx and Rx (e.g., physical arrangement of emitters
and hydrophones) is necessary.

Fig. 9(b) and (c) shows the relationship between Δf and the OSNR
and BER with coding, respectively. As before, the OSNR curves of
MIMO D-OSDM and MIMO D-OFDM gradually decrease as the fre-
quency lag between the two received signals increases, and the BER
remains under 10−4 when Δf remains within two subcarrier spacings
[2B/(MN) = 6.2 Hz]. From these results, it was found that the effect
of frequency lag among the received signals may affect the performance
of a MIMO system, since the rotational movement of the communica-
tion platform can easily exceed the allowable frequency lag for practical
parameter values. Specifically, a velocity difference Δv of 0.4 m/s be-
tween E#0 and E#1 creates Δf of two subcarrier spacings when we
use the parameters shown in Table IV, where

Δv = c
Δf

fc +Δf
(35)

Fig. 10. Side view of the transmitter and receiver.

Fig. 11. Top view of the transmitter and receiver.

and c is the sound velocity in water (approximately 1500 m/s). How-
ever, considering the facts that the rudder of underwater vehicles has a
deflection to avoid stalling and the turning radius increases as the speed
increases [34], such a maneuver generates a large velocity difference
between emitters or hydrophones and thus a performance degradation
remains rare in actual underwater vehicle operations. Of course, a care-
ful design of the Tx and Rx (e.g., parametersM ,N , andB) is necessary,
since an increase in M and N and a decrease in signal bandwidth B
make the subcarrier spacing small, and an increase in the carrier fre-
quency makes the Doppler difference Δf large, which all limit the
allowable frequency lag.

These simulation results suggest that MIMO D-OSDM is attractive
for UWA communication, but careful consideration is necessary since
the communication quality of MIMO systems drops if there exist time
and frequency lags of the significant paths. Especially, the effect of
frequency lag among the received signals may affect the performance of
a MIMO system, since the rotational movement of the communication
platform can exceed the allowable frequency lag easily for practical
parameter values (see Table IV). Such effects were also validated in the
following experiments.

IV. PERFORMANCE EVALUATION IN SEA TRIALS

A. Experimental Setup and Procedure

In this section, we evaluate the performance of MIMO D-OSDM
in sea trials. The experiment was performed in the Suruga Bay, Japan
(35.02◦ N, 138.89◦ E) on June 22, 2018. Figs. 10 and 11 show the
experimental setup. As shown in the figures, the Tx and Rx are mounted
on a research vessel and a floating barge, respectively. At the Tx, two
emitters (OST-2120, OKI Seatec, Shizuoka, Japan) were fixed 2.0 m
below the water level using a stainless tube, and the distance between
emitters was about 3.2 m. At the Rx, two hydrophones (OST-2120,
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Fig. 12. Map of the sea trial area.

OKI Seatec) were hung 12.4 m below the water level, and the distance
between hydrophones was about 3.0 m. The water depth at the Rx was
32 m, and it increases up to 54 m as the Tx–Rx distance increases.
The position and velocity of the Tx were monitored by a GPS receiver
throughout the experiment.

During the sea trial, the research vessel with the Tx makes round trips
between the starting point and turning point (see Fig. 12). Specifically,
the round trip was performed by the following steps.

Step 1: The Tx starts emitting the signal.
Step 2: The Tx departs the starting area located 35 m from the Rx

and runs toward the turning area with constant speed.
Step 3: When the Tx approaches the turning area located 550 m

from the Rx, the Tx decreases its speed, changes its direc-
tion, and runs toward the starting area with constant speed.

Step 4: When the Tx approaches the starting area, the Tx decreases
its speed, changes its direction, and stops emitting the signal.

The sea trial was divided into two parts—channel probing and testing
the UWA communication. In the channel probing, we measured the de-
lay and Doppler spreads of the UWA channel. As probing signal, two
signals—a burst chirp signal (center frequency: 24 kHz, bandwidth:
4.8 kHz) and a continuous sinusoid of 24 kHz—are employed to mea-
sure the delay and Doppler spread. The above-mentioned round trip
was repeated two times for each signal.

To test the UWA communication, we emitted MIMO D-OSDM, nor-
mal D-OSDM and MIMO D-OFDM signals with parameters as in Ta-
ble III. Different from the simulation that is performed using baseband
signals, the experiment was performed using passband signals whose
center frequency was 24 kHz. As for channel probing, the Tx made two
round trips for each signal. During the round trips, the Tx outputs 36
signal blocks 49 times (in total: 1764 signal blocks) with an interval of
30 s for each signal. The Rx recorded the signal, performed the Doppler
shift correction, performed the signal demodulation, and calculated the
Eb/N0 and output BER of the received signal. Specifically, the Rx
removes the overall Doppler shift before the signal demodulation in
the following two steps: First, rough Doppler shift correction using
measured velocity of the Tx by the GPS; and second, precise Doppler
shift correction by minimizing the spillover energy in null subcarriers
block by block. Furthermore, the Eb/N0 is calculated by measuring
the signal-to-noise ratio (SNR) under the following assumptions on the
communication signal and noise.

1) During the sea trial, the transmitter outputs 36 signal blocks 49
times with an interval of 30 s for each signal. We call a group of
36 signal blocks as frame.

2) The receiver first calculates the mean power of each received
signal block (with a bandpass filter whose cutoff frequencies are
21.5 and 26.5 kHz) and stores it as Snb,nr +Nnb,nr , where
nb = 0, 1, . . . , 35 (block number) and nr = 0, 1, . . . , 48 (frame
number).

3) Then, the receiver calculates the mean power of the noise from
the recorded signal and stores it as Ñnr when the transmitter is
not active.

4) The SNR of each signal block is calculated as (Snb,nr +

Nnb,nr − Ñnr )/Ñnr .
5) Finally, the Eb/N0 is calculated by dividing the SNR by the

(effective) spectrum efficiency, as shown in Table III.
In experiments, the distance between transmitters/hydrophones was

set as 3.2 m and 3.0 m, respectively. In this case, the maximal time
lag Δt in Section III-C becomes approximately 4 ms, when the Tx
changes its direction at the starting and turning areas (path length from
E#0 and E#1 to the Rx differs 3.2 m at most). Since the length of
the guard interval was 26.5 ms, such a time lag does not affect the
communication quality much.

B. Results of Channel Probing

Fig. 13 shows the results of channel probing. Let us focus on the
results obtained by GPS [see Fig. 13(a) and (b)], which show the re-
lationship of the experiment time with the Tx–Rx distance and speed
of the Tx. As shown in Fig. 13(a), the Tx makes two round trips between
the starting area (Tx–Rx distance: 35 m) and turning area (Tx–Rx dis-
tance: 550 m) for 26 min. As shown in Fig. 13(b), the Tx runs between
the starting area and turning area with almost constant speed (4 kn).
When the Tx changes its direction, the Tx speed was reduced to 0.5 kn.

Let us next focus on the results obtained by the probing signals [see
Fig. 13(c) and (d)]. The figures show the relationship of the experiment
time with the delay and Doppler spreads of the UWA channel. Note that
the delay and Doppler spreads are corrected for the transmission loss
using the Tx–Rx distance. The white dotted lines in Fig. 13(c) show the
maximum delay spread that can be measured by normal D-OSDM (L)
and MIMO D-OSDM (L̃). The white dotted lines in Fig. 13(d) show the
subcarrier spacing of normal D-OSDM, MIMO D-OSDM, and MIMO
D-OFDM in the frequency domain.

Focusing on the delay spread of the UWA channel, Fig. 13(c) shows
that we can test UWA communication with various delay spreads. The
figure clearly illustrates that the delay spread of the UWA channel (−20
to 0 dB) ranges from a few to tens of milliseconds. To evaluate this
more quantitatively, we calculated the rms delay spread of the UWA
channel [32]. Fig. 14 shows a histogram of the rms delay spread using
the dominant paths of the UWA channel (−20 to 0 dB). As shown in the
figure, the rms delay spread distributes from 7.5× 10−1 (3.6 symbols)
to 6.2 ms (29.7 symbols), and their average was 2.0 ms (9.6 symbols).
By comparing Fig. 13(a) and (c), we found that the delay spread of the
UWA channel becomes large when the Tx is in the starting area, and it
sometimes exceeds the white dotted lines meaning that it results in IBI.
Note that the effect of IBI on MIMO D-OSDM is larger than that on
normal D-OSDM (the measurable delay spread of MIMO D-OSDM is
half that of normal D-OSDM),

Furthermore, since the performance of MIMO systems depends
largely on the correlation between the UWA channel coefficients, we
also calculated the correlation coefficient among four significant paths
between the Tx and Rx (E#0→H#0, E#0→H#1, E#1→H#0, and E#1
→ H#1). The correlation coefficient is computed by taking the impulse
response values in each path, and then calculating the Pearson correla-
tion coefficient between them. As a result, we found that many of the
UWA channels are only slightly correlated, but some UWA channels
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Fig. 13. Experimental environment. Relationship between experiment time
and (a) Tx–Rx distance, (b) speed of Tx, (c) delay spread, and (d) Doppler
spread of the UWA channel. “S” and “T” show the periods when the Tx is
located at the starting area and turning area, respectively.

Fig. 14. Histogram of rms delay spread of the UWA channel.

have a high correlation value, because the spatial diversity of the Rx is
weak compared to that of the Tx.

Fig. 15 shows a histogram of the channel correlation coefficient from
the experiment, where values 0 and 1 indicate that the UWA channel
is low and high correlated, respectively. From this figure, it was found
that many of the UWA channels are only slightly correlated [average
correlation coefficient of (E#0 → H#0, E#1 → H#0), (E#0 → H#0,
E#1 → H#1), (E#0 → H#1, E#1 → H#0), and (E#0 → H#1, E#1 →
H#1) is approximately 0.3]. However, some UWA channels have a high
correlation value [average correlation coefficients of (E#0 → H#0, E#0
→H#1) and (E#1→H#0, E#1→H#1) are 0.78 and 0.62, respectively].
This means that the spatial diversity of the Rx (H#1 and H#2) is weak
compared to that of the Tx (E#1 and E#2). However, we will show that
MIMO systems (MIMO D-OSDM and MIMO D-OFDM) outperform
SIMO systems (normal D-OSDM) in such an environment.

Focusing on the Doppler spread of the UWA channel, it was found
that the Doppler spread is large enough to boost the Doppler diversity.
Note that the averaging time for the Doppler spread was 1.5 s, whereas
the block duration of the communication signal was 264.6 ms. As shown
in Fig. 13(d), the maximum Doppler spread of the UWA channel (−20 to
0 dB) was about several Hertz, and sometimes spreads over two to three
subcarrier spacings. In addition, by comparing Fig. 13(b) and (d), we
found that the effect of the Doppler spread is dominant when the Rx is at
the starting and turning areas, where the velocity and direction of the Tx
changes dynamically. Such an environment would be ideal for UWA
communication, since the performance of MIMO D-OSDM, normal
D-OSDM, and MIMO D-OFDM would be good when the normalized
Doppler shift is about 2.4 times larger than the subcarrier spacing, as
described in Section III.

Consequently, we can conclude that the UWA channel used in this
experiment has various delay and Doppler spreads, which makes it
desirable to evaluate the UWA communication performance.

C. Results of UWA Communication

The experimental results are shown in Figs. 16 and 17 and Table V.
At first, we would like to discuss whether we can compare the perfor-
mances of MIMO D-OSDM, normal D-OSDM, and MIMO D-OFDM.
Fig. 12 shows the Tx courses measured by GPS. As shown in the fig-
ure, the test courses of MIMO D-OSDM, normal D-OSDM, and MIMO
D-OFDM are almost the same. Hence, it is considered that the perfor-
mances of MIMO D-OSDM, normal D-OSDM, and MIMO D-OFDM
are evaluated under almost the same experimental conditions. In the fol-
lowing, we show that MIMO D-OSDM can achieve more reliable UWA
communication than normal D-OSDM and MIMO D-OFDM even in
the experiments.
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Fig. 15. Histogram of correlation coefficients of channel impulse response obtained in the experiment (E: emitter and H: hydrophone).

1) MIMO D-OSDM Versus Normal D-OSDM: Let us com-
pare the performance of MIMO D-OSDM and normal D-OSDM.
Fig. 16(a) and (c) shows the relationship of the experiment time with the
BER without coding and BER with coding, respectively. As shown in
Fig. 16(a), the BER (without coding) of MIMO D-OSDM (blue points)
is smaller than that of normal D-OSDM (red points) generally. This
means that the advantages of MIMO D-OSDM (increase in spectrum
efficiency without using a higher modulation rate) generally outweigh
its disadvantages (an increase in noise due to channel approximation).
On the other hand, the BER of MIMO D-OSDM is larger than that of

normal D-OSDM when the Tx is in the starting area, where the de-
lay spread of the UWA channel largely exceeds the measurable delay
spread [see Fig. 13(c)]. In such cases, it was found that the advantages
of MIMO D-OSDM do not outweigh its disadvantages.

The advantage of MIMO D-OSDM over normal D-OSDM still holds
true when we compare their performances with channel coding [see
Fig. 16(c)]. As shown in Fig. 16(c), the BERs of MIMO D-OSDM and
normal D-OSDM improve dramatically. As for the experimental results
without coding, the BER of MIMO D-OSDM is smaller than that of
normal D-OSDM in general, except when the Tx is in the starting area.
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Fig. 16. Experimental results. Relationship between experiment time and (a) BERs of MIMO D-OSDM and normal D-OSDM (without coding), (b) BERs of
MIMO D-OSDM and MIMO D-OFDM (without coding), (c) BERs of MIMO D-OSDM and normal D-OSDM (with coding), and (d) BERs of MIMO D-OSDM
and MIMO D-OFDM (with coding). “S” and “T” show the periods when the Tx locates at the starting area and turning area, respectively.

TABLE V
UNCODED AND CODED BLOCK ERROR RATE (BLER) OBTAINED IN THE SEA TRIAL

From the experimental results, we also found that MIMO D-OSDM
has several errors even at the starting area although normal D-OSDM
achieves error-free communication [see Fig. 16(a) and (c)]. One of the
reasons considered is the existence of the frequency lag among the re-
ceived signals, which was considered in simulation III. As described
in Section III-C, the frequency lag among the received signals affects
the performance of a MIMO system when the communication platform
makes a rotational motion, and the Tx actually makes such a motion
in this experiment. However, as discussed in Section III-C, such a ma-
neuver that creates a large velocity difference between emitters or hy-
drophones remains rare in actual underwater vehicle operations. Hence,
it would not affect communication much in actual underwater vehicle
operations.

We would also like to compare the experimental results and simu-
lation results. Fig. 17(a) and (c) shows the relationship of the Eb/N0

with the BER without coding and BER with coding, respectively. Simi-
lar to the simulation results [see Fig. 7(a) and (b)], it seems that MIMO
D-OSDM has a better BER performance than normal D-OSDM. On
the other hand, the BER of MIMO D-OSDM is sometimes larger than
normal D-OSDM when the Eb/N0 is larger than 30 dB, due to the

effect of a large delay spread. These results suggest that we should
use MIMO D-OSDM and normal D-OSDM depending on the delay
spread length—when the delay spread greatly exceeds the guard inter-
val, the use of normal D-OSDM would be better than the use of MIMO
D-OSDM.

Finally, we would like to compare the advantages of MIMO D-
OSDM over normal D-OSDM from a practical perspective. Table V
shows the BLER of normal D-OSDM and MIMO D-OSDM. The BLER
was calculated by dividing the number of erroneous blocks to the total
number of transmitted blocks. As shown in the table, MIMO D-OSDM
achieves a better BLER than normal D-OSDM. Especially, the BLER
of MIMO D-OSDM is about one-third compared to that of normal D-
OSDM when we use channel coding. The obtained results suggest that
MIMO D-OSDM can achieve more reliable UWA communication than
normal D-OSDM.

2) MIMO D-OSDM Versus MIMO D-OFDM: Let us next
compare the performance of MIMO D-OSDM and MIMO D-OFDM.
Fig. 16(b) and (d) shows the relationships of the experiment time with
the BER without coding and BER with coding, respectively. Different
from Section IV-C1, we could not observe a clear difference between
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Fig. 17. Experimental results. Relationship between Eb/N0 and (a) BERs of MIMO D-OSDM and normal D-OSDM (without coding), (b) BERs of MIMO
D-OSDM and MIMO D-OFDM (without coding), (c) BERs of MIMO D-OSDM and normal D-OSDM (with coding), and (d) BERs of MIMO D-OSDM and
MIMO D-OFDM (with coding).

the BER (without coding) of MIMO D-OSDM (blue points) and MIMO
D-OFDM (green points) generally. However, the performance differ-
ence becomes clear when we focus on the communication results with
channel coding [see Fig. 16(d)]. As shown in Fig. 16(d), the BER of
MIMO D-OSDM is smaller than that of MIMO D-OFDM in general.

We also would like to compare the experimental results and sim-
ulation results. Fig. 17(b) and (d) shows the relationships of Eb/N0

with the BER without coding and BER with coding, respectively. From
Fig. 17(b), we could not find a clear difference between MIMO D-
OSDM and MIMO D-OFDM when we compare them without channel
coding. On the other hand, the number of errors in MIMO D-OFDM
seems to be larger than that of MIMO D-OSDM, when we compare
them with channel coding [see Fig. 17(d)].

Finally, we would like to show an advantage of MIMO D-OSDM
over MIMO D-OFDM from a practical perspective. As shown in
Table V, MIMO D-OSDM achieves a better BLER than normal D-
OSDM. As in Section IV-C1, the BLER of MIMO D-OSDM is about
one-third compared to that of MIMO D-OFDM when we use channel
coding. The obtained results suggest that MIMO D-OSDM can also
achieve more reliable UWA communication than MIMO D-OFDM.

V. CONCLUSION

In this paper, we have combined MIMO signaling and normal
D-OSDM to achieve both energy- and spectrum-efficient UWA com-
munications. We developed the transmitter processing and receiver
processing for MIMO D-OSDM and showed that MIMO D-OSDM can
improve the spectrum efficiency while preserving the characteristics

of D-OSDM in terms of its resilience against delay and Doppler
spreads. We also evaluated the performance of MIMO D-OSDM
in doubly spread channels in both simulations and sea trials. The
simulation and experimental results suggested that MIMO D-OSDM
has an advantage over normal D-OSDM, MIMO D-OFDM, and
classical MIMO OFDM—MIMO D-OSDM achieved a better BER
than the benchmarks. In addition, in the sea trial, the BLER of MIMO
D-OSDM was about one-third compared to that of normal D-OSDM
and MIMO D-OFDM. We can conclude that MIMO D-OSDM is a
viable technique that achieves reliable and effective UWA commu-
nication. An extension of our technique to a multiuser environment
and the consideration of multiuser interference is one of our future
works.
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