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Abstract— This letter proposes a circular superposition spread
spectrum (CSSS) scheme for multiple input-multiple-output
(MIMO) underwater acoustic (UWA) communications where the
multipath channel length is long and the Doppler spread is severe.
The proposed CSSS scheme divides the spreading sequence into
several sub-sequences, and the circular shifting of the sub-
sequences forms multiple spreading sequences. Each spreading
sequence spreads different payload symbols individually, then
the multiple spread symbols are summed to form the transmitted
signal at one transducer. The CSSS signaling enables the receiver
to apply a circularly shifted coherent RAKE to harvest the
delay-spatial diversity of the MIMO UWA channels. If one of
baseband symbol is known to the receiver, then the known symbol
is utilized as the training symbol to estimate the time-variant
channel impulse response (CIR) at every sub-sequence length.
The receiver also reduces the co-channel interference (CCI) by
exploiting the periodical auto-correlation property of the circular
spreading sequences. Simulation results demonstrate that the
proposed CSSS achieves more robust performance than the
conventional direct sequence spread spectrum (DSSS) approach
while reducing the training overhead for MIMO systems.

Index Terms— Direct-sequence spread-spectrum (DSSS), circu-
lar superposition, RAKE receiver, multiple-input multiple-output
(MIMO), underwater acoustic (UWA) communications.

I. INTRODUCTION

CHIEVING reliable Underwater Acoustic (UWA) com-

munications is recognized as a challenging problem due
to the harsh doubly-selective channels: i) the channel impulse
response (CIR) due to the excessive multipath delay spread
induces severe intersymbol interference (ISI) across hundreds
of symbol periods; ii) significant time variation and Doppler
scattering impair the reliable channel tracking and coherent
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phase detection; iii) the limited channel bandwidth provides
low frequency diversity for Orthogonal Frequency-Division
Multiplexing (OFDM) or spread-spectrum schemes. [1].

Achieving high data rate and maintaining high reliability are
often conflicting goals for UWA communications. To realize
high data rate transmission for UWA channels, multiple-
input multiple-output (MIMO) schemes have attracted much
attention thanks to the temporal and spatial diversity gains,
as well as multiplexing gains. Meanwhile, the processing
gain provided by MIMO in the delay-spatial correlated UWA
channels is limited, and MIMO co-channel interference (CCI)
overwhelms the signal from a given front-end pair, especially
in the fast time-varying channels. Long training pilots for
channel estimation and powerful channel equalization are
often required to achieve satisfactory robustness, but the more
advanced the receivers are, the more computations they will
consume. Therefore, it is a difficult trade-off among data rate,
system performance, and complexity.

Spread-spectrum based modulation techniques have been
investigated for UWA communications over the past two
decades [2]-[9], including both the Direct-Sequence Spread
Spectrum (DSSS) and Frequency-Hopping Spread Spec-
trum (FHSS). The SS schemes benefit from the low probability
of detection (LPD) and low probability of interception (LPI),
as well as robust receiver performance at a low received signal-
to-noise ratio (SNR) [2]. By sacrificing the data rate, DSSS
techniques exploit the inherent frequency diversity and the
spreading gain [3]. To combat the limited bandwidth of UWA
channels, differential coding metric is adopted in [4], [5] for
transmission diversity. The decentralized receiver schemes,
including nonlinear hypothesis feedback equalizer [6] and
linear RAKE receiver [7], are investigated.

Motivated by the waveform superposition scheme
in [8], this letter presents a circular superposition spread-
spectrum (CSSS) transmission scheme for MIMO UWA
communications. The proposed waveform exploits the ideal
periodical correlation function of the chosen zero correlation
zones (ZCZ) sequence [10], and enables the coherent receiver
to combat the severe inter-block interference (IBI), the CCI
from the inner superimposed symbols, and the multiplexing
access interference (MAI) from multiple transmit front-end
pairs. Simulation results demonstrate the effectiveness of the
proposed scheme in fast time-varying and frequency-selective
UWA channels.

Notation: Upper (lower) boldface letters are used for
matrices (column vectors). (-), ()T and (-)* repre-
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Fig. 1. Structure of the baseband waveform at the nth transducer.

sent the Hermitian, transpose, and conjugation, respectively.
In addition, I denotes the identity matrix, || - ||? is the squared
Frobenius norm of a vector or matrix, | - | is the scalar norm,
and [-] denotes the floor function. The i X j complex matrix
space is represented by C**/. Other mathematical symbols are
defined after their initial appearance.

II. SYSTEM MODEL

Consider an N x M MIMO communication system, where
N and M are the numbers of the transducers and receivers,

respectively. Each transducer adopts one K-length uni-
modular spreading sequence {c,, = [cn.0,---,Cn—1]T 1N 4
to spread J payload symbols s, ; for j = 0,...,J — 1. For

the traditional DSSS system, payload symbol s,, ; is spread
by a unique spreading sequence, and the baseband waveform
of the nth transducer is

Xn,j = Sn,jCn; (1)

The transmitted baseband waveform x,, is then concatenated
by X, = [x4, %0 1, %) ;4]

In contrast, the proposed CSSS scheme divides the
K-length spreading sequence c,, into J sub-sequences c,, ; =
[Cnij’ Cn,jL+1, """ acny(j‘Fl)Lfl]T for .7 =0,1,--- 7J -1
where L is the maximum channel length. The circular shifting
of ¢, by (jL) chips gives

~ _ T T T T
Cn,j = [Cn,ija < Chgre e Cnyjfjfl}
T
= [Cn,K—jLs- 1 Cn,K—1,Cn,0s s Cn, K—jL—1]

T
= [Cn,j,0,Cnyj1s -5 CnjK—1] - 2)

The CSSS then spreads the J symbols with the phase-
shifted spreading sequences ¢,, ; and sum them together as

J—-1

_ o . — [xT T
Xn = E :Sn,Jcn,J = [Xn,OvXn,la SRR

J=0

xI " ®)

Figure 1 illustrates the baseband structure of the nth trans-
ducer corresponding to (3). The maximum length J of the
superimposed symbols is selected such that J < L%J, which
prevents the auto-correlation property of the circular spreading
sequences ¢,, ; from being impaired by the multipath UWA
channels.

After cyclic prefix (CP) insertion at the transmitter and
CP removal at the receiver on a block-by-block basis, the
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equivalent baseband input and output (I/O) relationship is
given by

N L—-1
ym,k’zzz mnklmnk 1+ Wk
=11=0

N L-1J-1

2 b

where {hp, n(k, l)}lL o is the [th channel tap between the
nth transducer and the mth hydrophone at time instant k
over the period of the superimposed vector X,,, and w,, j is
the additive white Gaussian noise (AWGN) with variance o2.
When the time duration of the baseband waveform {z,, x }1 '
is less than the channel coherence time, the channel tap is
approximated as time-invariant, i.e., R, (k1) = hpn(l).
The system model is then rewritten as

k l Sn,]cnjk l+wmk; (4)

N J-1
Ym = Z Z Sn,jcn,jhm,n + W, %)
n=1 j=0
where
Ym = [ym,O; cee aym,K—l]T S CKXl
B = [hnn(0), .o (L — 1)]7 € CEX1
Wi = (Wm0, - ,wm}Kfl]T e it

The AWGN vector w,,, is assumed to be circularly symmet-
ric independent and identically distributed (i.i.d) denoted as
CN(0,0°I). The matrix C,, ; is defined as

Cn,j,0 Cn,j,K—1 Cn,j,K—L+1
Cn,j,1 Cn,5,0 0 Cng K—L+2
Cn;= : . . . . (6)
Cn,j,K—1 Cn,j K—2 Cn,j,K—L

Equation (6) makes sense by exploiting the CP operation, and
C,,; becomes an equivalent circulant matrix.

III. RECEIVER DESIGN

The circularly shifted coherent RAKE receiver exploits
the periodical auto-correlation of the spreading sequences
to eliminate the CCI from the inter superimposed baseband
waveform and the MAI from other front-end pairs. We assess
the impact of the auto-correlation on the output of each RAKE
finger. Figure 2 shows the structure of the proposed circularly
shifted MIMO RAKE receiver.

The received baseband signal y,, is first projected onto
the local de-spreading vector ég?j which is the circular shift
version of the spreading sequence ¢, ; by [ chips with [
corresponding to the lth channel tap. The output of each RAKE
finger, denoted dm n,j» 18 weighed by the channel coefficient
hum (1), and then the outputs of L fingers are summed to yield
branch output 3, ,, ;. The M branches corresponding to the
received signals {ym} ,0 are summed and decision is made

for each symbol {3, ]}n J1]1 0
~(1)

Since the vector ¢€,’; is the (I + 1)th column of C,, ; as

sV _

T
g = [Cng k=155 Cn g0y Crgils -+ s Crk—i—1]" 5 (7)
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Fig. 2. Structure of the circularly shifted coherent RAKE receiver
corresponding to the nth transducer.

for{ =0,...,L — 1, the projection output is expressed as
~()H
EL)] Conj=1[rnjk—tssTnjorsTnjr-1-1], @8)

where the auto- and cross-correlation functions of {c,,, j7k}kK:BI
s [11]

Mf

J— . * J—
Tn,j,0 = CnjkCr g = I
k:
K—
Tn,ji = § Cn,j.kCr, noj ki T § Cn,j kCr, n,j,k+i—K>
k=K—i
for z:1,2,...,K—1. )

Note 7, ;0 = K holds because the spreading sequence is of

uni-modular. The output of a RAKE finger dm n.j is then
N J-1
l ~(WH )H
Ay =8 DD 50 Crihima + &0 W (10)
n=1 j=0
N J-1
= Sn’jrnd"ohm}n(l) —+ C(l)H Z Z Sn/,j/cn’,j/hM,n
n'=1;'=0
w0 £norj # ], (11)
where {w b~ CN(0,7,,500%) is complex Gaussian

noise. The second term in (11) are the CCI and MAI to be
eliminated. Ideally, we would like to have

Tnji=0, t€[l,L-1JUK-L+1,K-1], (12)

when K > 2L — 1 so that the second term in (11) vanishes.
Luckily, the ZCZ sequence has been shown [10] to have “half-
zone” perfect auto-correlation, i.e., 1, ;; =0, ¢ € [1,K/4 —
1JU[K/4+ 1, K — 1]. Therefore, we set the superimposition
length to the maximum channel length and let L < K/4 to
achieve interference free since

N J-1
~(WH
EL) Zan 3 Cuw iy, =0, n' #n, orj #j.
n’=1j5'=0
(13)
The RAKE outputs {dgl) e L 01 over the M hydrophones

are weighted by the est1mated channel taps ﬁm}n(l) with
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TABLE I
SIMULATION PARAMETER SETUP
Carrier Frequency fe =13 kHz
Sampling Rate fs =39.06 kHz
Bandwidth fp =17.8125 kHz
Number of Transducers N =2
Sequence Length K =1024
CP Length Nep = 101
Channel Length L =100
Modulation Size QPSK, 8PSK, 16QAM
Number of Superimposed Symbols J =5

quantitative signal-to-noise ratio (SNR). By collecting the
delay-spatial diversity, the transmitted symbol is then esti-
mated by summing the M branches:

M L-1 R
Z > dS) ()
s m=11=0
Snj = M L—1,, 2
Tn,5,0 Z Z hm,n(l)‘
m=1 1=0
ML=l
21 ZZ: wn,j jn,n(l)
= 8+ 0 —, (14)
K Z Hhm,n
m=1

where the second term in (14) contains the estimation error
which is related to the noise, i.e., the larger the spreading
sequence length K, the smaller the RAKE receiver error.
Note here we ignore the error between the true channel taps
him.,n (1) and the estimated channel ﬁn,,,n(l). Assuming that the
channel is time-invariant within the sequence block and the
equivalent channel is on the “chip” level, this letter adopts
{sn.0}N_, as the training symbols to estimate the channel by

dm nO

]A'me(l) - KS 0

1=0,...,L—1, (15)

This is straightforward from (11).

IV. SIMULATION AND RESULTS

The proposed CSSS approach was tested under the realistic
sea trial MIMO UWA channels. The simulation adopts the
direct-replay method in [12]. The chosen spreading sequence is
zero correlation zones (ZCZ) sequence. The detailed parameter
setup is illustrated in Table L.

The simulated channel is truncated from undersea 2008 Sur-
face Processes and Acoustic Communications Experiment
(SPACEOQS8) where the the communication distance was 200 m
at a sea depth of 15 m. A 4-transducer vertical array was
deployed with the top transducer in the array approximately
three meters above the bottom, and a 16-hydrophone vertical
array was adopted with the top of array 3.25 meters above the
sea floor. The carry frequency, sampling rate and bandwidth
were consistent with the simulation environment. The down
sampling baseband CIR distribution and equivalent channel
coherence time are depicted in Fig. 3. The CIRs are time-
variant (first sub-figure), in which the coherence time are
used to evaluate the correlation level. The coherence level
decreased to 0.4 at 0.125 s, spanning 0.125 x 7.1825 ~ 1000
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Fig. 3. The underwater channel CIR and its coherence time: from
Transducer 1 to Hydrophone 2 at 200 m range.
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Fig. 4. BER comparison of CSSS and conventional DSSS, two transducers
and four hydrophones.
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Fig. 5. BER comparison of CSSS and conventional DSSS, two transducers
and eight hydrophones.

spreading chips. The CIRs were changing upon each instant
k when the signals were convoluted with the UWA channels.

Two configurations were used to test the performance of
the proposed CSSS scheme in comparison to the traditional
DSSS. The number of the transducers was two for both
configurations, and the numbers of the hydrophones were four
and eight, respectively. To make a fair comparison, the DSSS
counterpart also shares the same data rate by carrying the
same symbols in (1) and the same CP length. Besides, all the
other simulation setup remains consistent with the proposed
CSSS scheme. The BER curves of the proposed CSSS and
the conventional DSSS are depicted in Fig. 4 and Fig. 5.
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For the CSSS approach itself, the QPSK modulation out-
performs the 8PSK by 4 dB of the chip-to-noise ratio (CNR),
at the BER of 10~2. Moreover, the simulation result demon-
strates two order of magnitude improvement of BER per-
formance over the conventional DSSS scheme at 24 dB
of CNR. The BER performance with higher 8PSK degraded
due to the lower unit chip energy and the channel esti-
mation accuracy at lower CNR. Nevertheless, the proposed
CSSS method with higher order modulation still outperforms
the conventional DSSS. More processing gain is observed
in the eight-hydrophone configuration. For QPSK modula-
tion, the eight-hydrophone configuration outperforms the four-
hydrophone configuration by 3 dB at BER = 1073,

V. CONCLUSION

This letter proposes a robust CSSS scheme for MIMO UWA
communications. By exploiting the periodical sequence super-
position and CP operation, all the superimposed sequences
modulate multiple symbols simultaneously and experience
the same channel state, releasing the influence of channel
variation on the waveform sequence. The improved RAKE
receiver takes advantage of the perfect correlation property of
the spreading sequence, the target front-end sequence can be
detected out of the CCI and MAI. Simulation results demon-
strate that the proposed CSSS outperforms the conventional
DSSS under the time-varying UWA channels.
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