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ABSTRACT

The performance of multi-hop underwater acoustic network
is known to be limited by the long propagation delays and by
the limited bandwidth of the underwater acoustic (UW-A)
channel. Recent work on analog network coding (ANC) has
shown that significant throughput gains can be achieved in
multi-hop wireless networks. However, implementing ANC
for UW-A communications is very challenging as the UW-A
channel is severely affected by multipath. In this paper,
we propose CE-CDMA, a collision-enabling direct-sequence
code-division multiple-access scheme for multi-hop under-
water acoustic sensor networks (UW-ASNs). In CE-CDMA
two nodes, separated by two hops, are assigned the same
code-division channel (i.e., spreading code) to communicate
concurrently. The transmission of packets by the two nodes
will therefore collide at the intermediate (relay) node. How-
ever, we show that by exploiting a priori information, i.e.,
the interfered packet previously received from one of the
nodes, and an adaptive RAKE receiver that jointly esti-
mates the two multipath-affected channels, the relay node
can cancel the interference before decoding the packet of in-
terest. Experiments demonstrate that for a 1−2dB tradeoff
in signal-to-noise ratio (SNR) the proposed scheme can po-
tentially improve the channel utilization of a unidirectional
multi-hop linear network by up to 50%. We also outline the
basic functionalities of a MAC protocol (CE-MAC) designed
to support the proposed scheme.

1. INTRODUCTION
Underwater sensor networks have attracted considerable

attention recently, due to increasing interest in many mili-
tary and commercial applications [2, 15, 24, 12]. Although
radio frequency (RF) electromagnetic and optical waves are
the dominant physical communication carriers in terrestrial
wireless communications, in water they are severely affected
by high attenuation and scattering, respectively. Acoustic
communication is therefore the transmission technology of
choice for underwater networked systems [15].
The UW-A channel is known to suffer from limited band-
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width and spectral efficiency. Recently proposed physical
layer network coding (PNC) [28] and analog network coding
(ANC) [10] schemes have demonstrated significant improve-
ments in spectral efficiency and throughput gains under sev-
eral network scenarios. The basic idea of PNC and ANC is to
better utilize the wireless bandwidth by allowing concurrent
transmissions of signals over the wireless medium so that
they intentionally interfere with each other. The receiver,
having heard the interfered signal from prior transmissions,
will cancel the interference before decoding the desired in-
formation.
The objective of this paper is to explore the idea of ANC,

which is essentially a form of linear self-interference cancel-
lation with the use of a priori information [3], in multi-hop
UW-ASNs. The idea of linear self-interference cancellation
was first introduced in [8] and over the years it has evolved
in different forms [13, 20, 19, 5, 3].
Unlike in terrestrial wireless communications, in UW-A

communications multipath is prevalent. Therefore, design-
ing a receiver tailored for ANC that extracts the information
of interest from the two interfered signals in severely affected
multipath channels is very challenging. To the best of our
knowledge, no prior work has explored ANC in such chan-
nels; particularly in shallow water UW-A channels.
We consider a code-division multiple-access (CDMA)

scheme. CDMA is considered one of the most promising
physical layer and multiple access techniques for UW-ASNs
[18], since it is robust to frequency-selective fading and can
compensate for the effect of multipath through RAKE re-
ceivers [24].
We therefore introduce CE-CDMA, a collision-enabling

direct-sequence code-division multiple-access scheme for
multi-hop UW-ASNs. We develop a CDMA-based scheme to
cancel interference by using a priori information and jointly
estimating the two multipath channels. We outline the basic
functionalities of a MAC protocol (CE-MAC) that leverages
the proposed CE-CDMA scheme. Simulations and testbed
experiments are conducted to evaluate the performance of
the proposed scheme in terms of bit error rate (BER) and
packet error rate (PER) and are compared to conventional
DS-CDMA. Performance evaluation results reveal that the
proposed scheme performs close to conventional DS-CDMA
in terms of BER and PER for a given SNR. Moreover, at the
price of 1−2dB increase in SNR, it can achieve a throughput
gain of up to 50 % for a target BER level.
The rest of this paper is organized as follows. We first

introduce the collision-enabling CDMA scheme in Section 2.
In Section 3, we describe the system model of a DS-CDMA
scheme. Detailed discussions on joint channel estimation
and the proposed receiver design are presented in Sections 4
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Figure 1: Four-node chain network topology:
(a) Conventional CDMA scheduling, (b) Collision-
enabling CDMA scheduling.

and 5 respectively. In Section 6, we present the basic design
principles behind CE-MAC, while in Section 7, we evaluate
the proposed scheme. Finally, in Section 8, we conclude and
provide future extensions to the proposed work.

Notation: The following notation is used throughout the
paper. Boldface lower-case letters indicate column vectors,
boldface upper-case letters indicate matrices, xH denotes
the Hermitian of vector x, I is the identity matrix, tr{X}
represents the trace of a matrix X, E {·} represents statis-
tical expectation, ‖ · ‖ is the Euclidean norm of a vector,
Re(·) denotes the real part of a complex valued vector, sgn(·)
denotes zero-threshold quantization and ⊕ denotes bitwise
modulo 2 addition.

2. MOTIVATION
In this section, we illustrate the idea of collision-enabling

DS-CDMA communications in a four-node linear network
topology. In an UW-ASN, utilizing a conventional multi-
user DS-CDMA scheme, each node is assigned a binary
spreading code of length L to access a common (in time
and frequency) communication channel.

Unidirectional multi-hop linear topology. We con-
sider a wireless multi-hop linear network topology, shown in
Fig. 1(a). In this scenario, a source, denoted by N1, would
like to transmit packets P1, P2, etc., through multi-hop rout-
ing, to the destination, N4, using a unique spreading code
previously assigned to it. It takes three times slots to convey
a packet from the source to the destination. The solid line
indicates the scheduled transmissions, while the dashed line
is the interference generated due to the broadcast nature of
wireless transmission. When packet P1 is being forwarded
by N3 in time slot t3, N1 should not use the same spread-
ing code to transmit P2, since N3’s transmission may cause
interference to N2.
The average throughput and end-to-end delay of this net-

work will be improved if we allow concurrent transmissions
by two nodes located two hops away, eg., N1 and N3. Con-
current transmissions will allow N1 to transmit P2, while
N3 is forwarding P1 to the destination, N4, in time slot t3
using the same spreading code. The two packets, P1 and
P2 will interfere with each other at N2. However, using
a priori information, P1, from the time slot t2, N2 will can-
cel the interference generated by N3, before decoding P2

and forwarding it to N3 in the next time slot. The pro-
posed collision-enabling CDMA scheduling scheme is shown
in Fig. 1(b). Under this scheduling scheme the wireless chan-

nel is further exploited, since no additional time slot is re-
quired to transmit the packet, P2, from N1 to N2. Utiliz-
ing the collision-enabling scheduling scheme on average only
two time slots are needed to transmit a packet from source
to destination. The performance gain of scheduling scheme
can be expressed by the transmission efficiency, defined in
[5] as the ratio of the time taken for the transmission of P
packets under the conventional scheduling scheme and the
scheduling scheme employing overlapped transmissions, re-
spectively. The transmission efficiency, Γ4, for the four-node
scenario presented above is given by

Γ4 =
3P

2(P − 1) + 3
≈ 3

2
, P � 1, (1)

where P is the total number of packets transmitted by N1.
Equivalently, for a linear network topology with N(N ≥ 4)
nodes, as shown in [5], the same gain is achieved for P � 1.
We observe that utilizing the proposed scheme in a multi-

hop chain topology has the potential to improve the effi-
ciency of the unidirectional linear network by up to 50%
over the conventional scheduling scheme.

3. SYSTEM MODEL
In this section, we discuss the system model of a DS-

CDMA scheme. We consider a DS-CDMA system with K
users transmitting asynchronously over a frequency-selective
fading channel. The baseband signal transmitted by the kth

user is

uk(t) =
∑

i

bk(i)
√
Eksk(t− iT ), (2)

where bk(i) ∈ {−1, 1} denotes the ith element of the
information-bearing sequence, Ek denotes the transmitted
energy per bit, sk(t) is the normalized spreading waveform
given by

sk(t) =
1

L

L
∑

l=1

dk(l)p(t− lTc). (3)

In (3), without loss of generality, we assume binary phase
shift keying (BPSK) is applied such that dk(l) ∈ {−1, 1} is
the lth transmitted chip of the kth user’s spreading sequence,
p(t) is the chip pulse shape and L = T/Tc is the processing
gain, where Tc is the chip period and T is the information
bit duration [9].
The total baseband received signal at the receiver is

r(t) =
∑

i

K
∑

k=1

bk(i)
M
∑

m=1

hk,m

√
Eksk(t− iT − m

B
− τk)+n(t),

(4)
where hk,m is the channel coefficient corresponding to the
kth user due to multipath branch m of the frequency-
selective slowly fading channel. The channel coefficients are
modeled as independent zero-mean complex Gaussian ran-
dom variables that remain constant within a bit interval,
n(t) is a zero-mean complex additive white Gaussian noise
(AWGN) and τk is the relative delay of the user k. Multi-
path spread in shallow water acoustic channel is in the order
of a few tens of chip intervals Tc [25] and since the signal is
bandlimited to B = 1/Tc, the tap delay line channel mode
has taps spaced at chip intervals Tc. Spreading codes of
length higher than the multipath spread are selected.
After chip-matched filtering and sampling at the chip rate

the chip synchronous equivalent received signal of vector



composed of L+M − 1 samples is given by

r(i) =

K
∑

k=1

bk(i)

M
∑

m=1

hk,m

√
Eks

0
k,m +

+
K
∑

k=1

bk(i+ 1)
M
∑

m=1

hk,m

√
Eks

+
k,m + (5)

+

K
∑

k=1

bk(i− 1)

M
∑

m=1

hk,m

√
Eks

−
k,m + n(i).

The received signal incorporates all the delayed chips car-
rying the information bit of interest. The vectors s0k,m, s+k,m
and s−k,m correspond to the spreading code of user k
due to multipath branch m generated by transmitted bits
b(i), b(i+1) and b(i−1), respectively, while n is assumed to
be zero-mean complex AWGN with autocorrelation matrix
E{nnH} = σ2I(L+M−1)×(L+M−1) with the variance σ2 [9].
Having explained the system model of the DS-CDMA ap-
plied in our scheme, we discuss the details behind our joint
channel estimation algorithm and receiver design next.

4. JOINT CHANNEL ESTIMATION
Due to the highly-frequency selective distortion caused by

multipath propagation in UW-A channel, it is essential to
estimate the channel state information (CSI) periodically.
To capture the frequency-selectivity of the UW-A channel
adaptively, we develop an algorithm that jointly estimates
the CSI of the two users through pilot supervision. We uti-
lize a set of Np pilot bits inserted in each packet distanced
less than the coherence time, T

CT
, of the channel to jointly

estimate both channels. We then design a DS-CDMA re-
ceiver, discussed in Section 5, that cancels the interference
caused by the node utilizing the same spreading code, before
decoding the information of interest.
In our model we describe DS-CDMA system with K = 2

users, (Alice and Bob), both utilizing the same spreading
code to access the channel. We consider a linear network
topology shown in Fig. 1(b), in which Alice and Bob have
packets to transmit to their adjacent relay node. Alice can
be considered N1, while Bob N3. Alice would like to trans-
mit P2 to N2, while Bob needs to convey P1 to N4. After the
relay node, N2, receives the interfered data packets trans-
mitted by Alice and Bob, using the pilot bits, it will first
estimate the CSIs from Alice-to-relay and Bob-to-relay, be-
fore it decodes the packet of interest to be relayed to the next
node, N3, in the next transmission round. The supervised
information bits transmitted by Alice and Bob are

xA(i) = bA(i)
√
EAs, (6)

xB(i) = bB(i)
√
EBs, (7)

where s denotes the spreading codes used by Alice and Bob,
bA(i), bB(i) ∈ {−1, 1} are ith pilot bits transmitted by Alice
and Bob, respectively, where i = 1, 2, ... , Np.
To simplify the problem formulation, we assume the trans-

mission is chip-level synchronized and the packets transmit-
ted by Alice and Bob arrive at the relay simultaneously.
The proposed scheme relaxes the strict synchronous arrival
of the two packets at the relay, which is difficult to achieve
due to long propagation delays in UW-A channel. The de-
tails on symbol synchronization for chip matched filtering
and multipath spread estimation are discussed in Section 6.

After chip-matched filtering and sampling at the chip rate,
the received signal (the ith bits) is denoted by

r(i) =
√
EASA(i)hA +

√
EBSB(i)hB + n(i), (8)

where

hA = [hA1 , hA2 , . . . , hAM
]H , (9)

and

hB = [hB1 , hB2 , . . . , hBJ
]H , (10)

are multipath channel coefficients of Alice-to-relay and Bob-
to-relay of lengths M and J , respectively. Without loss of
generality, we assume M = J , where each component is
modeled as complex additive white Gaussian variable with
zero-mean and variance of one, n is assumed to be zero-mean
complex AWGN with autocorrelation matrix E{nnH} =
σ2I(L+M−1)×(L+M−1), and

SA(i) = S0
A(i) + S+

A(i) + S−A(i), (11)

SB(i) = S0
B(i) + S+

B(i) + S−B(i), (12)

where

S0
k(i) = bk(i)
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S+
k (i) = bk(i+ 1)
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S−k (i) = bk(i− 1)
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. (15)

The matrices S0
k(i), S+

k (i) and S−k (i) correspond to the
spreading code matrices generated due to the transmission of
bits b(i), b(i+1) and b(i−1), respectively, by user k ∈ {A,B},
Alice or Bob in this case. Let us define

SAB(i) ,
[√

EA SA(i),
√
EB SB(i)

]

(L+M−1)×2M

, (16)

and

hAB ,

[

hA

hB

]

2M×1

. (17)

We may rewrite (8) into a more compact form as

r(i) = SAB(i)hAB + n(i). (18)

Before jointly estimating the channel coefficients, hA and
hB , we first define the pseudo-inverse of SAB(i) for (L+M−



1) > 2M using the Moore-Penrose pseudo-inverse formula
as

SAB(i)
†
,

(

SAB(i)
HSAB(i)

)−1

SAB(i)
H , (19)

since SAB(i) might not be a square matrix.
We can obtain the least square (LS) estimate of hAB by

minimizing the following squared error quantity

h̃AB = arg min
hAB

‖r(i) − SAB(i)hAB‖2. (20)

Since the channel noise is assumed to be complex AWGN,
the solution of (20) can be estimated by sample averaging
over a data record of Np pilot bits as

ĥAB =
1

Np

Np
∑

i=1

SAB(i)
† r(i). (21)

The estimates given by the LS (21) are simply scaled corre-
lations between the received signal and training sequences.
We can obtain an accurate estimate of hAB if and only if

(16) is of full rank. This condition is satisfied if (16) con-
tains 2M independent vectors. In this work, we use columns
of a Sylvester-Hadamard matrix, HL, of order L = 2n,
n = 2, 3, ..., as our spreading code. The Sylvester-Hadamard
matrix has good autocorrelation and cross-correlation prop-
erties. Each row or column of a HL is orthogonal to each
other. For a spreading code extracted from a HL of order
L = 4, the above condition cannot be satisfied for M = 3,
hence a spreading code length of L = 8 or longer should be
used in this case.
The noisy nature of the acoustic channel results in SNR

degradation in joint channel estimation, an approximation
of which is given in [23] as

dce/dB = 10·log10
[

1 + tr

{

(

SAB(i)
H SAB(i)

)−1
}]

. (22)

Therefore, it is important to select the training sequences
for both nodes with very low cross-correlation properties to
minimize the noise enhancement. Accordingly, we utilize
two sequences of pilot bits extracted again from a HL, of
order L = 2n, n = 4, 5, ... .
The CSI from Alice-to-relay and Bob-to-relay are found

as follows

ĥA = [IM×M 0M×M ] ĥAB, (23)

ĥB = [0M×M IM×M ] ĥAB, (24)

where IM×M and 0M×M are M ×M identity and zero ma-
trices respectively.
The mean square error (MSE) per real channel coefficient

ĥA, is given by

MSE = E

{

‖ĥA − hA‖2
}

. (25)

We evaluate the MSE of channel estimates ĥA and ĥB for
various SNR values in Section 7.
The system model for the proposed CE-CDMA joint chan-

nel estimation is shown in Fig. 2.

5. RECEIVER DESIGN
In this section, we design the CE-CDMA receiver that

cancels the interference caused by the secondary user uti-
lizing the same spreading code to access the channel. To

Figure 2: CE-CDMA system model with joint chan-
nel estimation.

decode the information bits, we use the estimated CSIs,
ĥA, ĥB, and design a RAKE-matched-filter that decides on
the transmitted bit of the user of interest (Alice) based on
the sum of the individual M path-correlator outputs; which
can be equivalently characterized by the normalized static
(L+M − 1)-tap FIR filter given by

wRAKEMF
=

S
MF

ĥA

(S
MF

ĥA)H(SMF
ĥA)

, (26)

where

S
MF

=
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(L+M−1)×M

, (27)

represents theM path-correlator outputs, which can be con-
structed knowing the number of multipaths, M .
Before decoding the information bits, we first cancel the

inter-symbol-interference (ISI) resulting from the previously
decoded bits. Moreover, we cancel the estimated interfered
data bits from Bob and, employing the RAKE-matched-
filter proposed in (26), the information bits (j = 1, 2, ...) of
the user of interest (Alice) are decoded as follows

b̂A(j) = sgn
(

Re
[

wH
RAKEMF

(

r(j)− SB(j)ĥB − S−
A
(j)ĥA

)])

,

(28)

where S−A(j)ĥA is the ISI of the previously decoded bit and

SB(j)ĥB is the estimate of the interfered data bit. We as-
sume the previous bit is correctly decoded. The receiver de-
sign for the proposed CE-CDMA scheme is shown in Fig. 3.

Figure 3: Receiver design for CE-CDMA.

6. CE-MAC BASIC DESIGN PRINCIPLES
In this section, we outline the basic functionalities of a

MAC protocol (CE-MAC) designed to leverage the proposed
CE-CDMA scheme. Detailed evaluation of CE-MAC is left
for future work.
The majority of existing UW-A MAC protocols [22, 7,

6, 16, 17] utilize a handshaking scheme by transmitting



small RTS/CTS packets to establish a connection between
a source and a destination before the actual data transmis-
sion. In addition to that, usually, a separate ACK is sent to
acknowledge the reception of the data. Due to the high prop-
agation delay in UW-A channels, we avoid implementing a
handshaking mechanism as well as separate ACK transmis-
sion.
In CE-MAC, after a node transmits a packet, it cannot

transmit another packet before it overhears the next hop
forwarding that packet. This establishes an implicit slot-
based transmission but without any explicit synchronization
algorithm [21]. CE-MAC is based on the CE-CDMA scheme
discussed in Section 3, in which, all nodes are informed of
and utilize a common spreading code for header, trailer,
and the first set of pilot bits transmission. For the pay-
load and the intermediate pilot bits, each source utilizes a
unique spreading code, the information of which is included
in the header/trailer of the packet before transmission.

Packet Structure. Before we illustrate the functional-
ities of the proposed MAC, we present the packet structure
shown in Fig. 4. Each packet is of the same length and
is comprised of a preamble, a guard-band, a pilot sequence
followed by a header, a sequence of payload fragments sep-
arated by intermediate pilot bits, a trailer, a guard-band
and a postamble. The preamble and postamble are identi-
cal chirp signals of duration 100ms sweeping the bandwidth
from 10 Hz to 2.6 kHz. They are used for channel probing,
symbol synchronization for chip matched filtering and mul-
tipath delay spread estimation. The guard-band is a pause
duration longer than the maximum expected multipath de-
lay spread and is used to prevent the preable/postamble
from interfering with the header/trailer. In shallow water
communications the multipath delay spread is in the order
of 10ms [14] and a guard-band of 50ms is often selected [26].
The pilot bits, as discussed in Section 4, are used for chan-
nel estimation. The additional postamble, guard-band, and
trailer are introduced in order not to restrict which packet
has to arrive at the receiving node first, to avoid header
collision. In UW-A communication it is very difficult to
guarantee synchronization as an UW-A channel experiences
high and variable propagation delays. In case packets arrive
synchronously and the relay node is not able to decode the
header/trailer, the packets are dropped and, after a timeout
period, they are retransmitted.

Figure 4: Packet structure.

Packet Header and Trailer Structure. The packet’s
header and trailer, shown in Fig. 5, contain information on
the spreading code to use to decode the payload, sequence
numbers of payload fragments, cumulative acknowledgment,
and transmitter and receiver node ID numbers.

Figure 5: Packet header and trailer.

Packet Fragmentation. Utilizing the proposed scheme,
it is desirable to increase the length of the payload to re-
duce the overhead of preamble/postamble, header/trailer,

and guard-band for each data packet. The longer the pay-
load size the higher the throughput [4]. However, increasing
the payload size will result in higher PER and as a conse-
quence will increase the number of retransmissions, which in
turn will decrease the achievable throughput. In [4], Basagni
et al. have shown that fragmenting a long packet helps to
reduce the number of retransmissions.
Consequently, the payload is divided into N fragments

and at the end of each fragment a cyclic redundancy check
(CRC) is appended. The CRC is used for detecting the
erroneous fragments and retransmit only those fragments
that cannot be correctly decoded, using a selective repeat
automatic repeat-request (ARQ) protocol.
Moreover, to avoid wasting bandwidth by transmitting

a separate ACK, we utilize instead a cumulative acknowl-
edgment (CACK), which is included in the header/trailer
of the newly generated packet to be relayed to the next
hop, to acknowledge the reception of the correctly received
fragments. The CACK is similar to the one introduced
in [11] and contains the transmitter’s MAC address fol-
lowed by initial fragment sequence number and a bitmap
of length NMAX bits to indicate the correctly received and
missing fragments. NMAX corresponds to the maximum
number of pending unacknowledged fragments. As an ex-
ample, a CACK = {N2, 7, 111110} means node N2 acknowl-
edges correctly received fragments from 7 to 11 and is miss-
ing fragment 12. The fragment sequence numbers in the
header/trailer of the packet are of similar format to make
them more compact. Due to the broadcast nature of the
wireless acoustic channel, Alice will likely receive and de-
code the transmitted packet’s header/trailer and retrieve
the CACK information. In case Alice does not overhear the
CACK within a timeout period, TTA, which is slightly longer
than the link round-trip time (RTT), she will retransmit the
same packet in the next transmission round. We assume
each node has a reasonably large buffer size to store the
correctly received fragments.

Functionalities of CE-MAC. To illustrate the func-
tionalities of the proposed CE-MAC protocol, we refer to the
timing diagram shown in Fig. 6. We assume all nodes are
equidistant and within one broadcast-hop range from each
other. Alice, N1, would like to transmit packets P1, P2,
etc. to the destination node N4. Initially, Alice transmits
P1, containing three fragments shown in Fig. 7(a), to the
relay node, N2. After a propagation plus transmission delay
(Tprop. + Ttran.), N2 receives the packet and tries to decode
it within a processing time (Tproc.). If some of the fragments
cannot be correctly decoded, assume fragment 2, N2 will ask
for retransmissions of this fragment in the next transmission
round from Alice. The information of the requested frag-
ment will be included in the CACK of the header/trailer of
the newly generated packet to be relayed to the next hop. In
this case, when Alice receives CACK = {N2, 1, 10100}, she
is informed that node N2 received fragments 1 and 3 cor-
rectly and is requesting fragment 2. Notice that the num-
ber of bits allocated for NMAX is on purpose selected to
be longer than N to allow acknowledgement of fragments
received from different transmission rounds. In the next
transmission round, N2 forwards P1

′, shown in Fig. 7(b),
to N3. Note that P1

′ might not be the original packet, P1,
since P1

′ contains the fragments requested by the upstream
node, N3, if any, followed by the correctly decoded fragments
from the downstream node, Alice. If there are extra frag-
ment slots left, N2 will include a network coded version of
the first pair of fragments to be transmitted to N3 in those



Figure 6: CE-MAC timing diagram.

(a) Packet P1.

(b) Packet P1
′.

(c) Packet P2.

Figure 7: Packets P1, P1
′ and P2.

empty slots. The additional mixed fragments are intended
to increase N3’s success rate in decoding the fragments of
interest correctly. In this example, N2 will first place the
correctly received fragments 1 and 3, and for the remaining
empty fragment slot it will include a mixed fragment (frag-
ment 1 ⊕ fragment 3). By receiving any two combinations of
fragments correctly, N3 will be able to decode the two frag-
ments of interest. If we assume N3 received fragments 1 and
the mixed fragment, (fragment 1 ⊕ fragment 3), correctly,
to decode the fragment 3, it will perform bitwise modulo-
2 addition of the two correctly decoded fragments. When
Alice receives P1

′, she is notified through CACK about the
fragments requested by N2. In the next transmission round,
N3 transmits P̄1 to the destination, while Alice backs off
for a small random time, ∆t, before transmitting P2 to N2.
P2, shown in Fig. 7(c), contains the missing fragment 2 re-
quested from N2 and a new set of fragments. Backing off by
∆t will help to avoid simultaneous arrival of the two packets
at N2, as the header/trailer from each packet may interfere
with each other. The rest of the packets are transmitted
in a similar way with the intention to encourage collision
of the two packets at the intermediate relay node whenever
opportunities arise.
The proposed CE-MAC is resilient to the hidden termi-

nal problem, as it allows nodes two hops away to transmit
packets to their adjacent neighboring nodes concurrently,
without worrying about packets colliding at the intermedi-
ate node.

7. PERFORMANCE EVALUATION
In this section, using simulations and testbed experiments,

we evaluate the performance of CE-CDMA scheme and com-
pare it with the conventional DS-CDMA in terms of average

BER and PER. The average MSE of the joint channel esti-
mation is also studied.

7.1 Simulation Results
Simulations of the proposed CE-CDMA scheme were per-

formed in Matlab. The Alice and Bob topology, discussed
in Section 4, was implemented in which both nodes con-
currently transmit their packets, which collide at the relay
node. Both channels, Alice-to-relay and Bob-to-relay, are
modeled as Rayleigh fading in which the multipath channel
coefficients are considered as independent zero-mean com-
plex Gaussian random variables of variance one, and the
number of multipaths, M and J , are randomly selected.
The relay node estimates the CSIs from the two nodes and
cancels the interference, Bob’s packet, before decoding the
information of interest, Alice’s packet. The fragment size is
determined based on the average coherence time of a shallow
water acoustic channel, which is in the order of a few seconds
for a transmission frequency of 10 kHz [27]. Accordingly,
a fragment size of 125 Bytes is selected. Unless otherwise
stated, the parameters used for simulations are payload size
= 1.25 kBytes, fragment size = 125 Bytes, number of pilot
bits NP = 16 and spreading code length L = 16. The proba-
bility of error conditioned on channel coefficients is averaged
over 100 independent channel realizations.
Figures 8 and 9 plot the average BER and PER for various

SNR values respectively. As we can see, the performance of
CE-CDMA is close to the conventional DS-CDMA scheme.
To archive a BER of 10−4, an SNR of 20 dB and 21 dB are
required with the conventional DS-CDMA and CE-CDMA
schemes respectively. For a penalty of 1 dB the proposed
scheme can improve the channel utilization by up to 50 %.
In Fig. 9, we observe that at high SNR regime the PER de-
creases considerably and the performance of CE-CDMA ap-
proaches even closer to the conventional DS-CDMA scheme.
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Figure 8: Average BER vs SNR. (L = 16, NP = 16,
fragment size = 125Bytes, payload size = 1.25kBytes).
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Figure 9: Average PER vs SNR. (L = 16, NP = 16,
fragment size = 125Bytes, payload size = 1.25kBytes).



Figures 10 and 11 plot the average BER and PER for
various SNR values respectively for NP = 32 instead of
NP = 16. We observe that the performance of CE-CDMA
improves at the cost of an increase in the number of pilot
bits. To achieve a BER of 10−4, the CE-CDMA sacrifices
less than 1dB in SNR for a potential increase in channel uti-
lization by up to 50%. Similarly, the average PER decreases
at the cost of an increase in the number of pilot bits.
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Figure 10: Average BER vs SNR. (L = 16, NP = 32,
fragment size = 125Bytes, payload size = 1.25kBytes).
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Figure 11: Average PER vs SNR. (L = 16, NP = 32,
fragment size = 125Bytes, payload size = 1.25kBytes).

In Fig. 12, the performance of channel estimation, mea-
sured as the MSE per real channel coefficient, is shown as a
function of SNR. We observe that by increasing the number
of pilot bits the CSI estimation improves. Moreover, as the
SNR at the receiver increases, the MSE approaches to zero.
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Figure 12: Average MSE of CSI estimate vs SNR.
(L = 16, NP = 16, fragment size = 125 Bytes and pay-
load size = 1.25 kBytes).

Figure 13: Experiment setup.

7.2 Experimental Evaluation
Experiments were conducted in a water tank of dimen-

sions 8 ft × 2.5 ft × 2 ft in the UW-A laboratory at the
State University of New York at Buffalo, using three Teles-
onar SM-75 SMART modems by Teledyne Benthos [1], as
shown in Fig. 13. The sampling and carrier frequencies of
the SM-75 SMART acoustic modem are fs = 10, 240Hz and
fc = 11, 520 Hz, respectively. The data packets were gen-
erated using Matlab, converted into a stereo WAV file in
16 bit format, and uploaded on the modems through the
RS-232 interface. The DS-CDMA chip waveforms were se-
lected from the columns of a Sylvester-Hadamard matrix of
order L = 16. Pulse shaping was done using square-root
raised-cosine with roll-off factor β= 0.5. At the chip rate
Rc = 2, 048 chips/sec, transmission data rate of 128 bit/s
was generated. The modems were separated by a few feet.
Initially, N1, located at the left corner of the tank, was se-
lected to transmit packet P1 to the relay node N2, located in
the middle of the tank. In the next round nodes N1 and N3

transmit packets P2 and P1 respectively of length 1.25kBytes
to the intermediate relay node, N2. Two computers were
used to coordinate the transmissions of the packets through
a serial port interface. The relay node is equipped with a
data recorder that has a storage capacity of 64GBytes. The
experiments were conducted for different transmit power lev-
els. The raw data were extracted and analyzed in Matlab.
Each experiment was repeated 20 times and the average val-
ues are presented in the results.
Figure 14 shows the average BER versus SNR for payload

size of 1.25 kBytes, fragment size of 125 Bytes, number of
pilot bits NP = 16 and NP = 32. We observe that the
average BER performance is slightly worse than in the sim-
ulation results due to the severe multipath effect generated
by the confined walls of the water tank. We expect the per-
formance to be better in actual shallow water environment.
We can see that the performance of CE-CDMA is within
a few dB from the conventional DS-CDMA scheme for a
target BER. By increasing the number of pilot bits, the per-
formance of CE-CDMA improves and approaches closer to
the conventional DS-CDMA scheme.

8. CONCLUSIONS AND FUTUREWORK
In this paper, we have proposed a CE-CDMA scheme for

multi-hop UW-ASNs in which two nodes utilize the same
spreading code with the intention to increase the network
throughput. We have developed a receiver that first jointly
estimates the two multipath faded channels, then strips the
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interfered packet before decoding the information of inter-
est. Moreover, we outline the basic functionalities of CE-
MAC that supports the proposed communication scheme.
We have evaluated the BER and PER performance of CE-
CDMA scheme using simulations and testbed experiments.
Experiments demonstrate that for a 1−2dB tradeoff in SNR
the proposed scheme can improve the channel utilization by
up to 50 %. Our scheme will support multiple flow commu-
nication for different sessions as long as the header/trailer is
decoded correctly by the relay nodes. While we have focused
on transmissions by 2 nodes, in the future, we will analyze
simultaneous transmissions by multiple pairs of nodes and
evaluate in detail the performance of the CE-MAC protocol.
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