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Abstract—In this paper, we analyze the performance of
Alamouti-coded orthogonal frequency division multiplexing
(OFDM) systems over time-varying underwater acoustic (UWA)
channels. A realistic UWA channel model has been considered,
which can be correlated in either time or space or simultaneously
in both domains. An exact analytical expression for the bit
error probability (BEP) is necessary to analyze accurately
the performance of Alamouti-coded OFDM systems over the
spatio-temporally correlated UWA channel model. Hence, by
using this UWA channel model, an expression has been derived
for the BEP of Alamouti-coded OFDM systems assuming that
the receiver knows perfectly the channel state information.
The BEPs of two special cases are also studied, where the
UWA channel is only correlated in either time or space. The
performance of the Alamouti-coded OFDM system over UWA
channels has been assessed for different maximum Doppler
frequencies and antenna spacings. All theoretical results are
validated by system simulations.

Index terms — Underwater acoustic channels, bit error prob-
ability, Alamouti scheme, orthogonal frequency division multi-
plexing, space time block coding.

I. INTRODUCTION

Multiple-input multiple-output orthogonal frequency divi-
sion multiplexing (MIMO OFDM) systems, which are very
advantageous for band-limited underwater acoustic (UWA)
channels, have been thoroughly investigated in recent years
[1], [2]. Space-time block coding (STBC) techniques such as
the Alamouti scheme [3] coupled with OFDM provides more
reliable communications with high data rate transmissions [4].

The application of the simple Alamouti scheme in UWA
communication systems has been extensively studied in the
literature [S5]-[7]. For example, in [5], a detection algorithm
has been proposed for UWA communication systems exploit-
ing the Alamouti STBC scheme. In contrast, two different
detection algorithms have been proposed in [6] and [7] for
UWA communication systems by employing Alamouti space-
frequency block coding (SFBC) techniques.

It is shown in [8] that the Alamouti scheme performs well if
the channel remains constant over the duration of an Alamouti
codeword. Owing to the fact that UWA channels cannot be
assumed to be constant over the duration of two consecutive
OFDM blocks [5], there is a need to study the degradation
effect of the temporal correlation of UWA channels on the
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performance of Alamouti-coded OFDM systems for UWA
communications. This effect has been investigated in [9]-
[12] for mobile radio communications over Rayleigh fading
channels. It has been shown in [10] by simulation and in [11]
and [12] by theory that the performance of Alamouti STBC
OFDM systems depends on both the temporal correlation and
the spatial correlation of the 2-by-1 channel. For an accurate
performance analysis of communication systems over spatio-
temporally correlated UWA channels, the exact theoretical
expression for the bit error probability (BEP) is required.

In this paper, we first extend the UWA channel model devel-
oped in [13] with respect to spatial selectivity. Then, we study
the performance of Alamouti-coded OFDM systems over the
proposed UWA channel model, which is correlated in time and
space. The performance is assessed by taking into account that
the UWA channel varies during two consecutive transmission
time slots. Starting from the instantaneous output signal-to-
interference-plus-noise ratio (SINR), we derive a general exact
expression for the BEP. This expression is then used to study
the performance for several specific cases, where the channel
is correlated in time or space or even in both domains. The
general expression is not limited to UWA channels. In fact, it
can also be used for analyzing the performance of any time-
varying multipath Rayleigh fading channel. It needs to mention
that the detection scheme used in this paper is different from
those of the aforementioned in [9]-[12]. The obtained results
allow us to study the influence of the antenna spacing and
maximum Doppler frequency on the system performance. It
will be shown that the performance of Alamouti-coded OFDM
systems depends greatly on the statistics of the UWA channel
assessed at the antenna spacing and symbol duration.

The rest of this paper is structured as follows. Sections II
and III represent the geometrical model and the therefrom
derived UWA channel model, respectively. In Section 1V, the
Alamouti scheme and the symbol detection method are re-
viewed. The performance of Alamouti-coded OFDM systems
over the proposed UWA channel model is studied in Section V.
In Section VI, some numerical results are presented. Finally,
the conclusions are drawn in Section VII.
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Fig. 1.
distributed scatterers .S; ,,(8) (n =1,2,...
bottom (7 = 2) of the ocean.

A geometrical scattering model for a UWA channel with IV, f randomly
, N$) on the surface (i = 1) and

II. THE GEOMETRICAL UWA MODEL

In this paper, we first extend the 1-by-1 UWA channel
model presented in [13] to a 2-by-1 channel to make it readily
available for systems with two transmit antennas and one
receiver antenna. Fig. 1 presents the geometrical scattering
model for UWA communication channels assuming that the
scatterers S;, (n = 1,2,..., NS and i = 1,2) are uniformly
distributed on the surface (¢ = 1) and bottom (i = 2) of
the ocean between the transmitter and the receiver. Moreover,
single-bounce scattering is assumed, i.e., each transmitted
acoustic signal arrives at the receiver after a single bounce
on the surface or bottom of the ocean. The fixed transmitter
T, is positioned at y! and y seen from the surface and
bottom of the ocean, respectively. Moreover, the transmitter
T, is equipped with two omnidirectional acoustic antennas
separated by the antenna distance d7. The single hydrophone
receiver R, is located at the distance yf* and y&* from the
surface and bottom of the ocean, respectively. We assume
that the receiver R, is moving with constant velocity Vg in
the direction determined by the angle-of-motion (AOM) «o/*.
According to Fig. 1, the distance along the x-axis between T},
and R, is denoted by D. The symbol «; ,,(5;,) denotes the
angle-of-arrival (AOA) (angle-of-departure (AOD)) of the nth
path associated with the ocean’s surface (¢ = 1) and the bottom
(i = 2). The symbol «g (By) stands for the AOA (AOD) of
the line-of-sight (LOS) component. Finally, the parameter Dy
denotes the total distance which the LOS component travels
from T, to R,.

III. UWA CHANNEL MODEL

In this section, we present first the complex space-time
variant channel transfer function (STVCTF) of the UWA
channel model, and then we study the correlation functions of
the UWA channel model required for the performance analysis
of MIMO-OFDM UWA communication systems.

A. The STVCTF of the UWA Channel Model

The function Hy1(f’, yx, tm) represents the STVCTF of the
transmission link between the kth transmit antenna located
at yi (k = 1,2) and the single receive antenna at the time
slot ¢, (m = 1,2). We assume that the real and imaginary
parts of Hpyi(f',yg,tm) are uncorrelated, each having the
variance o3. The STVCTFs Hy (f’, y,tm) can be presented
by their envelopes R, = |Hy1(f’, yx,tm)| and phases O, =
arg{ Hi1 (', yr,tm)} for p=1,2,3, and 4 as follows

Hi(fy1,t1) = Rie?®, Hy(f,y1,t2) = Roel®?
Hoy (f,y2,t1) = R3e?®% Hay(f', ya,t2) = Rye?®4. (1)

According to the geometrical model illustrated in Fig. 1, the
STVCTF Hy (f, yk, tm) can be split into three parts. The first
part Ho ,(f', yx,tm) is associated with the LOS component,
whereas the second part Hy i (f’, yi,tm) and the third part
Hy i, (f', Yk, tm) are determined by the scattered components
from the surface and bottom of the ocean, respectively. Thus,
the STVCTF Hy1(f', yx,tm) can be expressed by

Hit(f Yk tm ZHka Yk tm)

where k =1,2 and m =1, 2.
The LOS part Ho 1 (f', Yk,

(€5

L) of the STVCTF is given by
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HO,k(f/ayk,tm) = COej

1+cr

. e—j[QTﬂDo,k]

3)

in which cg is the Rice factor, and the quantities ¢y, 7,
and 6y denote the gain, delay, and the phase shift of the
LOS component, respectively. The parameter A\ designates the
wavelength, which is determined by A = ¢,/ f., where ¢, and
fc are the speed of sound and the central carrier frequency,
respectively. The symbol Dy ; stands for the total distance
which the transmitted signal travels from the kth transmit
acoustic antenna to the receiver hydrophone. This quantity is
given by

or(3 — 2k
Doy = Do + 0r(3 = 2k) sin(Bo), k=1,2. (4)
The Doppler frequency fy in (3) is determined by
fo = fiax cos(an — o) )

where fE is the maximum Doppler frequency associated

with the receiver R,.

The second part Hiy(f',yk,tm) and the third part
Ho k(' Yk, tm) of the STVCTF Hyq(f', Yk, tm) in (2) are
given by

1 : ; ot .
Hi e (f yrtm) = — Z Cim eI 27 (fintm—f'7] )+0in]
v n=1

. e_j[2T7rDi,n,k]

(6)
for i = 1,2, where ¢;n, fin, Tl-l’n and 6, ,, denote, respec-

tively, the gains, Doppler shifts, delays, and the phase shifts



of the nth received component from the surface (¢ = 1) and
bottom (i = 2) of the ocean. The parameter D, ,, ;. stands for
the total distance which the transmitted signal travels from the
kth transmit antenna to the receive antenna after the interaction
with the nth scatterer on the surface (¢ = 1) and bottom
(i = 2) of the ocean. This parameter can be expressed by

(—D)hyT
Sil’l(ﬁi)n)
or(3 — 2k

n 7( . )

fori,k=1,2and n=1,2,..., N>.

(-1 DyR

sin(a; )

sin(Bin) (7

Di,n,k -

B. Correlation Functions of the UWA Channel Model

In this section, we define the correlation functions of the
UWA channel model, such as the space-time cross-correlation
function (CCF), temporal autocorrelation function (ACF), and
the space CCE. The space-time CCF rpypy(dp,7) of the
subchannels Hyq(f,y1,t1) and Hap (f7,y2,t2) is defined by

raa(0r,7) = E{H{ (' y1,t1) - Ha(f' y2,t2)}  (8)

where ()* and E{-} represent the complex conjugate opera-
tion and the statistical expectation operator, respectively. The
quantity 7 = t5 — t; denotes the time separation variable and
d0r = yo — yp denotes the antenna spacing. According to the
generalized principle of deterministic channel modelling [14,
pp. 418], a stochastic simulation model can be derived by
using only a finite number of scatterers .S; ,, and placing them
at fixed positions on the surface (: = 1) and the bottom (¢ = 2)
of the ocean. Without proof, we mention that the resulting
space-time CCF 7 (07, 7) of the simulation UWA channel
model can be computed as

. S5 .
by, 7) = o el )
1 B s
+ 2 edmlfinT—=Fsin(Bin)] (g
Tren 2 25 ©

For the parametrization of the channel simulator, i.e., obtaining
the channel simulator parameters including ¢; ,, fi n, Bin, and
o n, we employ the parameter computation method, which is
called the method of equally spaced scatterers (MESS) [13].
It should be noted that the temporal ACF #H H(7) and the
space CCF 7y (dr) are obtained from the space-time CCF
7 (dr,T) by setting 7 and Jdr to zero, respectively, i.e.,
fHH(T) = fHH(O, ’7') and 72HH(5T) = 72HH(5Ta 0)

IV. REVIEW OF THE ALAMOUTI-CODED OFDM SYSTEM

As mentioned in Section II, in this paper, an OFDM
system equipped with two transmit antennas and one receive
antenna is considered. A complex data symbol pair (S, S2)
is encoded first by means of the Alamouti scheme, and then
it is transmitted over a UWA channel. The received symbols

Y7 and Y5> at the time slots ¢; and to, respectively, can be
expressed in matrix form as

|:Y1]{H11(f/71/17t1)

- Hgl(f/a y27t2)

- sl

—Hy (f y1,t2)] [S2| [N
(10)

where N,, denotes a zero-mean additive underwater noise
component at the time slot ¢, (m = 1,2). Thus, we have
equivalently

Y =HS+N (11
in which H denotes the 2-by-2 channel matrix, and N is the
noise vector. The symbol S and Y are the transmitted symbol
vector and received symbol vector, respectively. Under the
assumption that the receiver knows perfectly the channel state
information and there is no synchronization error, the symbol
vector S can be estimated as [15]

S = HYY = HYHS + HIN (12)
where H¥ is the conjugate transpose of the channel ma-
trix H. Thus, the estimated symbols gl and gg at the
output of the combiner can be expressed by (13a) and
(13b) (see (13) at the bottom of the next page). As can
be seen from (13a) and (13b), each estimated symbol ex-
periences intersymbol-interference (ISI). But, due to the fact
that the space CCFs E{H7j,(f',y1,t1)H21(f",y2,t1)} and
E{H (' y1,t2)H21(f', y2,t2)} are equal, no diversity order
is lost in the system [15].

V. PERFORMANCE ANALYSIS OF ALAMOUTI-CODED
OFDM SYSTEMS

In this section, we first analyze the instantaneous output
SINR, and then we study the BEP of the Alamouti-coded
OFDM system over UWA channels.

A. The Instantaneous Output SINR

Due to the fact that the system model is symmetrical, the
BEPs of S; and S5 are equal. Thus, it is sufficient if we
only focus on analyzing the BEP of S;. From (13a), the
instantaneous output SINR ~s of S; can be expressed as
(14) (see (14) at the bottom of the next page), in which 202
represents the variance of the noise.

B. The Joint Probability Density Function of the Envelopes

An expression for the joint probability density func-
tion (PDF) of the envelopes R;,R., R3, and R4 is re-
quired for the performance analysis. In [12], the joint PDF
DPRyRoRsRs (1,72, 73, 74) Of four envelopes has been derived.
The obtained expression (see [12, Eq. (16)]) is represented at
the bottom of the next page (see (15)), where the symbols A,
B, C, D, and E are given by [12, Eq. (13)]



A =2prpeper + 03(0G — 7 ch r),  (16a)
B =20 pupar — pr(og — pT + px + pw ), (16b)
C =200 prpa1 — pal0) + pT pm + pm ), (160)
D =203prps — par(og + 07+ 02 — P r),  (16d)
E= (05— p7)+ (03— pir)”

— 205 + p7) (P2 + P2.7) + 800 prpaper  (16€)

T5)/2, py = rau(ér)/2, and
T,)/2. The symbol Ty denotes the OFDM

respectively, where pr = 7y (
pzr = THH(OT,
symbol duration.
C. Derivation of the PDF of the Instantaneous Output SINR

It is shown in [11] that the differences between the phase
changes ©3 — ©; and ©4 — O3 can be neglected, i.e., O3 —

O1 — (04 — O2) ~ 0. This allows us to approximate the
instantaneous output SINR ~s; as
R?+ R
Vo R ( 0 (17)

(RiR3 — RyR4)? + 202 - (R + R%)

To obtain the PDF p., () of the instantaneous output SINR
presented in (17), we define a system of equations as follows:

= (7} )

= (rirg —rara)” + 207 - (r} +77)
= (23 —rors)® + 202 - /21
Bm=rirs, =717, (18)

This system of equations has the following real-valued so-

lutions under the preconditions that z3 > /29 — 202 - /21,

24 < /21, and 25 > 202 - (/21
Z3 — —202 /71
™ = \/aa ro = \/7 \/7
ry = =1\/V=1 (19)

The joint PDF of the random variables 71, Z5, Z3, and Z4
can be obtained by applying the concept of transformation of
random variables [16, p. 244]. Thus,

D2y 222524 (21, 22, 23, 24) = \J(Z1,Z2,Z3,Z4)\

— /72 — 202
*PRiR2R3Ry <\/Z
/21—

= )
(20)

where J(z1, 22, 23,24) denotes the Jacobian determinant,
which can be expressed as

1

J(21, 22,23, 24) =

16(2124 — 25\/71) - /22 — 202 - /21 '
21

Now, integrating the joint PDF py, 7, 7.z, (21, 22, 23, 24) Over
the variables z5 and z4 results in the joint PDF pyz, z, (21, 22)
of the random variables Z; and Zs, which is presented in
(22) at the bottom of the next page. By applying the rule
presented in [16, Eq. (6-59)], the PDF of the random variable
Vs = Z1/Zs can be expressed in terms of the joint PDF

pR1R2R3R4(7‘1,T2,7‘377“4) as

pww):TG // wz47wz4 -C
/4% ¢ 0
*PRiR>R3R \/24,7Z3 _C 7Z737m dZ4dZ3d22
1102 i3 Iy /70‘)72:4 /724

(23)

where ¢ and w are defined as ( = /22 — 203w/ and w =
/Y72, respectively. The variance 202 of the noise in (22) has

been replaced by 202 = 202/ in which the parameter ¥
stands for the average signal-to-noise ratio (SNR). As can be
seen in (23), the precondition zo > 20,% - /71 results in zp >
dogv /77

St =[[Hur(f' sy, t0) 1> + [Hoa (f y2, t2) 2181 + [Hiy (f w1, t) Hoa (f y2, t) —

+ Hy (f  y1,t1) N1+ Ho(f, oy, t2) Ny

= [[Hu(f yr, t2)” + [Haa (f y2, t0) 2152 + [Hua (f s y1 ) Hay (f 2. ta) —

+ Hy, (f' y2,t1) N1 — Hii(f, 91, t2) N3

(BT + R3)*

H (' y1,t2)Hoa (f, y2, t2)]S2
(13a)

Hii(f', g1, t2) Hsy (f, g2, t2)] 51
(13b)

s = (R1R3)2

PRiR2R3R, (7‘17 2,73, 7“4) = We

+ (R2R4)2 —2R1RoR3R, COS(@g — 01+ 065 — @4) + 20721 . (R% + Ri)

TT2T3Te [~ A (ri4r3+ri+r])]

(14)

2m 27
/ 6_%[BT3T4 cos(p2)+Crara cos(p1+p2)+Drars cos(¢1)]

0 0

x Iy (2 \/327% + C2r3 + D?r? + 2[BCrars cos(¢1) + BDrary cos(p1 + p2) + CDrsry cos(gog)]> dp1dps (15)



D. Derivation of the BEP
The instantaneous output BEP of the system can be obtained

by using [17, Eq. (7.2)]
Po= [ D) P

0

(24)

where Py, () denotes the conditional BEP of a digital
modulation scheme for a specific value of . For example,
for the binary phase shift keying (BPSK) modulation scheme,
Py, () s given by Py, (v) = erfc(,/7)/2, where erfc(x)
denotes the complementary error function. Thus, the BEP P,
of the Alamouti-coded OFDM system can be computed by

means of
oo

Py = %/pm( Jerfe(y/y)dy .
0

Now, by inserting (15) in (23), and then substituting p.. ()
in (25), we obtain the desired exact solution of the BEP of
BPSK Alamouti-coded OFDM systems as shown in (26) (see
the bottom of this page). The function Iy(-) in (26) is the
zeroth-order modified Bessel function of the first kind. In
the following, we will discuss two special cases where the
UWA channel is correlated either in time or space. If we set
Pz = pz,r = 0 and pr # 0, then the BEP in (26) reduces to

e pT////

(w224 —w23) - ¢
0 408~/52

'“(ﬁfiiﬁoi%)“(jza;3;>

o3 (23-0°?
| " ]erfc(ﬁ)d24dz3dz2dfy 27)

e v Sl e

(25)

2’223 z3 — )

which presents the performance of the Alamouti-coded OFDM
system over a UWA channel that is only correlated in time.
Analogously, if we consider the Alamouti-coded OFDM sys-
tem over the UWA channel that is only correlated in space,
i.e., pr = py,r = 0 and p, # 0, then the BEP in (26) reduces

to
/ // 2223(23 — ()
(w224 —w23) - ¢
¢ 0
23 Px ZB_C)pa:
I I
O(Ué—pi) 0( o5 — P2 >

2 23
_ 70 (23-0)2
.e Z(Gé—p%)[ w—zy tw +

] erfe(\/7)dzadzsdzody. (28)
VI.

In this section, we illustrate the theoretical BEP results
presented in (26), (27), and (28) for different maximum
Doppler frequencies f  and different normalized transmit
hydrophone spacings d1 /. The correctness of the theoretical
results has been confirmed by system simulations. In the
simulation setup, an OFDM system with K = 64 subcarriers
and channel bandwidth B = 4000Hz is considered. The
symbol duration 7T equals 16ms, and the central carrier
frequency f. has been set to 10 kHz. The speed of sound
¢ 1s assumed to be 1500 m/s which results in a wavelength A
of 15 cm. The remaining parameters have been set as follows:
yl' =yl = yff = y& = 50m, D = 1km and af = 0.
As mentioned in Section III-B, for the parametrization of the
UWA channel simulator the MESS has been used.

The BEP performance of the Alamouti-coded OFDM sys-
tem over the spatio-temporally correlated UWA channel is
shown in Fig. 2 for different maximum Doppler frequen-
cies and different hydrophone spacings J7. It can be

NUMERICAL RESULTS

max

L) NER
()= [ :
21, 2
leZz 1 2 2 ) 16 ZlZ4_ZZ\/Z)' 22_20%\/Z
z272o;1» VZzL
202 -\/21 23
, ——, 21 — 24 | dzqdz (22)
*PRiR>R3R,4 (\F \/Z* ) Nen NEN 4 4023
1 [e%e} [e%s} oo w 2223 - ) 7%[(% 02 . +Z3:| 21 27
P, . T rf
® T 12872E / / // (w224 —wz2) - ¢ ¢ erfe(v/7) //
0 405~/3% ¢ 0 00
A2 2
I (\/a (32(230 + 02273 —i—DQ‘(w — 24)
FE W — Z24 Z4
(23 — Cz3) Z3\/w — z e
+2[BC’3732 cosp1 + BD(z5 — () cos(p1 + p2) + CDZEYE ™ og 2]
V2w — 23 NN
+(B 3 V ~ 24 cos po+C(23—C) cos(apl—&-gog)-i-DM cos 1]
e 0T dp1dpodzadzsdzody (26)



_4
—e—Theory, fiax = 50 and op = 0.5\
- e-Simulation, fp.x = 50 and dp = 0.5\

—e—Theory, fmax = 5 and o7 = 20\ 5
_s|-*-Simulation, fu. =5 and dp = 20\ ‘
10 0 4 8 12 16 20
Average SNR, 7 (dB)
Fig. 2. The BEP performance of an Alamouti-coded OFDM system over

an UWA channel correlated in space and time for different values of the
maximum Doppler frequencies f£,. = 5Hz and fnlfax = 50Hz and

max
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Fig. 3. The BEP performance of an Alamouti-coded OFDM system over

UWA channels, which are only correlated in time for different values of the
maximum Doppler frequencies f£, = 5Hz and f2,. = 50Hz.

concluded that both the maximum Doppler frequencies and
hydrophone spacing influence the system performance. With
reference to Fig. 2, the BEP described in (26) fits closely to
the one obtained by simulations.

Fig. 3 illustrates the BEP performance of an Alamouti-coded
OFDM system for the special case where the UWA channel
is only correlated in time for ff = 5Hz and fE, = 50Hz
(see (27)). As can be seen in this figure, the BEP performance
experiences a degradation if the maximum Doppler frequency

R .
hax 1DCreases.

For the special case that the UWA channel is only correlated
in space, the BEP performance of Alamouti-coded OFDM
systems is depicted in Fig. 4 for different hydrophone spacings
or = 0.5\ and d7 = 20\ (see (28)). From this figure, we
can conclude that the performance improves if the hydrophone
spacing Jdr increases. As can be observed in Figs. 3 and 4, the
theoretical results have been validated by simulation results.

3 —e—Theory, o7 = 0.5\
-e-Simulation, 7 = 0.5\
—=—Theory, o7 = 20\
0l -%-Simulation, d7 = 20\
Ay
~ 3
A 10
&5
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107
5 *
10 0 4 8 12 16 20
Average SNR, 7 (dB)
Fig. 4. The BEP performance of an Alamouti-coded OFDM system over

UWA channels, which are only correlated in space for different values of the
hydrophone spacing 7 = 0.5\ and 7 = 20A.

VII. CONCLUSION

In this paper, the performance of Alamouti-coded OFDM
systems over a proposed UWA channel correlated in time
and/or space has been analyzed. The channel envelope can
change during two consecutive transmission time slots which
accounts for realistic UWA propagation scenarios. An exact
analytical expression for the BEP of the system has been
derived for a spatio-temporally correlated UWA channel. The
derived expression for the BEP has been reduced to the
special cases that the UWA channel is either correlated in
time or correlated in space. The simulation results show that
the performance of Alamouti-coded OFDM systems over the
UWA channel depends strongly on the value of the STVCTF
evaluated at the symbol duration and the antenna separation.
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