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ABSTRACT
Most underwater acoustic networks lack standard communication
protocols, which leads communication nodes to operate in heteroge-
neous networks using physical layers. This exposes challenges to ef-
ficient spectrum allocation and channel utilization in large-scale un-
derwater networks. To address these challenges, Multi-Dimensional
Chirp Spread Spectrum (MCSS) is proposed as a physical layer that
enables robust and efficient communication under the interference
of unregulated physical layers in a heterogeneous network manner.
Usage of MCSS offers zero signaling exchange among the coexist-
ing technologies while maintaining successful communication and
cooperative information rate increase. We first evaluated the perfor-
mance of the proposed communication scheme in a heterogeneous
network setting where it co-exists with a ZP-OFDM communica-
tion link, then in a homogeneous network setting where all links
are using MCSS scheme.
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1 INTRODUCTION
Underwater acoustic networks are increasingly becoming popular,
thanks to the many applications they play a vital role in. Offshore
equipment and infrastructure monitoring, fisheries and aquacul-
ture, and unmanned underwater vehicles are only some of these
applications. The widespread adoption of underwater networks will
impose a significant burden on already scarce underwater acoustic
spectrum resources.

Underwater acoustic spectrum is inherently scarce, mainly due
to the frequency and range-dependent high path loss. To be more
specific, underwater acoustic devices operating over long-range
links (i.e., 10 - 100 km) may have available bandwidths of only a
few kHz, while devices operating over medium-range links (i.e., 1 -
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Figure 1: Recorded underwater acoustic spectrum of the
Boston Harbor.

10 km) and short-range links (i.e., 0.1 - 1 km) have available band-
widths of on the order of 10 kHz and few tens of kHz, respectively.
Only devices operating over very short-range links (less than 100
m) may have more than 100 kHz bandwidth [11]. Temporal and
spatial variations of channel coefficients, colored noise, multipath
effect, and Doppler effect are additional factors further limiting
underwater spectrum resources.

Underwater acoustic spectrum is not regulated or standardized.
Unlike the RF spectrum, underwater communication devices do
not require licenses to operate at certain spectrum bands, which
means they can use any portion or even the entire spectrum at
any time. Moreover, communication devices are not the only man-
made systems using the underwater spectrum. Passive and active
SONAR systems used in applications like seismology, profiling,
exploration, and navigation also occupy parts of the underwater
spectrum. Furthermore, some marine animals can potentially use
spectrum resources. To provide a real-world example, we have
recorded the acoustic spectrum (at frequencies from 0 to 300 kHz)
of the Boston Harbor in a time period when shipping and boat-
ing activity is relatively low. Figure 1 depicts a snapshot from this
recording, which offers valuable insight into the underwater spec-
trum usage. Particularly, it proves even at a location where no
known underwater network deployments, the underwater acoustic
spectrum could be heavily occupied.

There have been significant efforts to solve this, so-called spec-
trum crunch in the over-the-air networking domains [1, 14]. Most of
these solutions are essentially leveraging spectrum-sharing strate-
gies based on mutual temporal exclusion, which means only one
wireless system is allowed to use a channel medium at each time
instant, while other systems need to stay silent. However, this ap-
proach is not applicable in underwater acoustic communication due
to the high and variable propagation delay. On the other hand, solu-
tions based on time division multiple access (TDMA) can offer only
limited channel utilization efficiency in large-scale networks since
they require long-time guards and/or heavy signaling requirements
for underwater acoustic sensor networks.
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To address the underwater spectrum crunch, in this paper, we pro-
pose Multi-Dimensional Chirp Spread Spectrum (MCSS). MCSS is
a code-time-frequency multidimensional spreading scheme, which
enables communication in heterogenous networks under the influ-
ence of different levels of interference and noise. By using these
physical layer scheme, successful communication links can be uti-
lized within both existing heterogeneous networks or homogeneous
networks that also use the MCSS scheme. Thus, with the MCSS
scheme, zero signaling exchange among the coexisting technologies
can be utilized, and modification to the protocol stack for previously
deployed systems is not required.

In this paper, we first describe the proposed MCSS scheme in
Section 2. Then, testbed, hardware and software architecture that
is used throughout the experiments are described in Section 3. In
Section 4, we provide comprehensive experimental performance
evaluation of MCSS in both heterogeneous and homogeneous un-
derwater acoustic networks. Finally, concluding remarks are given
in Section 5.

2 MULTI-DIMENSIONAL CHIRP SPREAD
SPECTRUM SCHEME

Multi-Dimensional Chirp Spread Spectrum (MCSS) scheme is first
presented in [5] as chirp-based low probability of detection and
low probability of interception (LPD/LPI) with code-time-frequency
multidimensional spreading scheme. MCSS provides robust commu-
nication using chirp-based acoustic pulses that combines spreading
codes with frequency and time hopping patterns as shown in Fig. 2.
For each transmission of MCSS, different patterns, which consists
number of frames, that includes spread-spectrum encoded chirp-
based ultrasonic pulses within different time slots and frequency
bins, are associated with individual users. MCSS enables receiver
performance that is robust and resilient against severe channel
effects. Due to it’s spread spectrum characteristics, probability of
detection by any unintended user is also lower. Thus, such coding
pattern provides (i) low probability of recognition or detection by
an adversary and (ii) robust detection in adverse channels with the
frequency-time hopping pattern and spreading code that is known to
the intended receiver.

First, MCSS’s robust reception and demodulation performance
under low signal-to-noise ratio (SNR) condition reduces the need for
high transmission power. By increasing the processing gain (time-
bandwidth product), reception performance and resilience against
severe channel effects, such as multipath, scattering, and Doppler
effect [10] can be improved. Second, probability of interception
and detection is lower since chirp signals are wideband signals
and have low power spectral density at a given SNR level. Third,
ubiquitous nature and presence of chirp signals in the underwater
environment (e.g., dolphin clicks [2, 8]) decreases the probability
of detection due to the difficulty of associating these pulses with
particular communication methods. Last, chirps can be generated
with minimal signal processing, and data rate can be arbitrarily
exchanged for power spectral density and communication distance.

Due to their (i) low computational complexity and (ii) inherent
robustness to multipath, pseudo-orthogonal spreading codes are
used to represent each information bit in the proposed method
[7, 9, 12]. A chirp signal is defined by a time-varying instantaneous

Figure 2: An example of a 𝑀𝑠 (3, 3, 3) MCSS frame transmis-
sion with frequency hopping, time hopping, and spreading
code lengths of 3, 3, and 3 respectively. Frequency-hopping
sequence 𝐹𝐻 = {2, 1, 3} time-hopping sequence 𝑇𝐻 = {2, 3, 1},
and spreading code sequence 𝑆𝐶 = {1,−1, 1} sending informa-
tion bit 1.

frequency that shifts with time from an initial value of 𝑓0 to a final
value of 𝑓1, where the total bandwidth of the chirp is defined as 𝐵𝑠 =
𝑓1 − 𝑓0. By utilizing the quasi-orthogonality of up and down chirps
and encoding a "1" information symbol with an up-chirp and a "-1"
information symbol with a down-chirp, the train of chirps, which
time-domain expression is given in [5], can be modulated based on
binary orthogonal keying (BOK). Since the information bit in BOK-
spreading is distributed using BOK-modulated chips, the pseudo-
orthogonal spreading code can be characterized as pseudorandom
code of 𝑁𝑠 chips with 𝑎 𝑗 ∈ {−1, 1}.

For MCSS a consolidated code spreading, frequency and time
hopping method can be considered, as shown in Fig. 2. This method
divides the frequency spectrum 𝐵𝑡 into 𝑁𝑓 sub-bands of bandwidth
𝐵𝑠 as well as the slotted time into chips of duration 𝑇𝑐 , with the
chips organized into frames of duration 𝑇𝑓 = 𝑁ℎ ·𝑇𝑐 , where 𝑁ℎ is
the number of chips per frame. Different time hopping sequences
(TH), frequency hopping sequences (FH), and spreading code se-
quences (SC) are assigned to individual users and chirp signals
corresponding to each pre-defined sequence is transmitted for each
information bit. Pseudo-random sequences produced by seeding
random number generators serve as the foundation for both time-
frequency hopping and spreading code sequences. Thus, MCSS
frame signal can be expressed by 𝑠 (𝑡, 𝑖) for 𝑖𝑡ℎ information bit with
frequency and time hopping and BOK-spreading as

𝑡 =

(
𝑡 − 𝑐 𝑗𝑇𝑐 − 𝑗𝑇𝑓

)
, (1)

𝑠 (𝑡, 𝑖) =
𝑁𝑠−1∑︁
𝑗=0

cos
(
2𝜋 𝑓𝑘 𝑗

𝑡 +
(
1 −

(
𝑎 𝑗𝑑𝑖

) )
𝜋𝐵𝑠𝑡 +

(
𝑎 𝑗𝑑𝑖

)
𝜋`𝑡2

)
,

0 ≤ 𝑡 ≤ 𝑇𝑐 ,

(2)

where ` =
𝐵𝑠

𝑇𝑐
, {𝑐 𝑗 } is the time hopping sequence, with 0 ≤ 𝑐 𝑗 ≤

𝑁ℎ−1, {𝑘 𝑗 } is the frequency hopping sequencewith 0 ≤ 𝑘 𝑗 ≤ 𝑁𝑓 −1,
and {𝑑𝑖 } is the information bits where 𝑑𝑖 ∈ {−1, 1}. Since MCSS
frame is associated with 𝑁𝑠 chips represents one information bit,
the corresponding data rate can be expressed as
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𝑅(𝑁ℎ, 𝑁𝑠 ) =
1

𝑁𝑠𝑇𝑓
=

1
𝑁𝑠𝑁ℎ𝑇𝑐

, (3)

where the trade off between the communication robustness, re-
silience to noise and multipath (by increasing the number of chips
or chirp duration) and energy per bit, data rate can be observed
with (3).

In BOK-spreading, the receiver demodulates the information bits
by using the correlation result with the spreading code used at the
transmitter. It is crucial to note that for BOK scheme a conventional
non-coherent energy detector receiver is sufficient, in contrast to
binary phase shift keying (BPSK) modulated signals, which require
a coherent receiver with precise channel information for decoding.
Former scheme only requires frame synchronization and has a
lower complexity of implementation.

As mentioned previously, extending the spreading code used
in the MCSS frame by either using longer chirp duration, 𝑇𝑐 , or
increasing the number of chips, 𝑁𝑠 , leads to more robust communi-
cation link performance due to the inducement of higher processing
gain. Signal-to-interference-plus-noise ratio (SINR) at the receiver
can be expressed as

𝑆𝐼𝑁𝑅𝑖𝑛𝑖𝑡 =
𝑃𝑔

𝐼 + [ , (4)

where, 𝑃 is the transmitted signal power, 𝑔 is the path gain, 𝐼 is the
received interference power and [ is the noise power level at the
receiver. Chirp signals provide a processing gain proportional to
the time-bandwidth product (𝑇𝐵), resulting in improved SNR at the
receiver following the signal processing. Contrary to narrowband
pulses, the duration 𝑇𝑐 and bandwidth 𝐵𝑠 of chirp signals can be
differentiated separately to provide higher processing gain, which
can be expressed as [10]

𝑃𝐺 =
𝑇𝑐𝐵𝑠

0.886
, (5)

After including frequency, time and chip spreading to the chirp
transmission, processing gain is increased for MCSS transmission
and SINR at the receiver can be rewritten by using (4) as [5, 15, 16]

𝑆𝐼𝑁𝑅𝑟𝑒𝑐 (𝑁𝑓 , 𝑁ℎ, 𝑁𝑠 ) =
(
𝑇𝑐𝐵𝑠𝑁𝑓 𝑁ℎ𝑁𝑠

0.886

)
𝑆𝐼𝑁𝑅𝑖𝑛𝑖𝑡 , (6)

By (6) and (3), it can be observed that processing gain can be
increased with the drawback of decreased data rate. On the other
hand, increasing the bandwidth of the chirp signal, 𝐵𝑠 , increases
the processing gain without affecting the data rate. However, in
bandwidth limited applications, where utilized bandwidth of the
transmitted chirp should be kept constant or within a limited range,
data rate can only be increased by decreasing the processing gain,
which can be enabled by decreasing the chirp duration or number
of chips, frequency bins, and chips per frame. For the latter option
data rate can be maximized by implementing binary chirp spread
spectrum. However, while using MCSS scheme, data rate can be
increased by reducing the chirp length, which is limited by appli-
cable processing gain. Decreasing the processing gain can lead to
lower probability of detection of MCSS frames and consequently
increased BER. With known or estimated noise and interference

levels, resulting bit error rate (BER) can also be approximated using
(6).

3 TESTBED, HARDWARE AND SOFTWARE
In this section, we introduce the underwater acoustic communi-
cation modem, testbed and the software framework that is used
throughout the experiments.

Testbed: Experiments are conducted at Charlestown Marina in
Boston, Massachusetts. We deployed four software-defined acoustic
modems in pairs approximately 10 meters apart from each other.
Each pair deployed as one modem’s transducer facing towards the
sea bottom and 1 meter depth and the other modem’s transducer
facing towards the sea surface with approximately 11 meter depth,
forming a vertical channel between two modems. Each modem
is connected to a network switch, which is also connected to a
mini-PC. Internet connection to the mini-PC is provided by a LTE
modem, which enables the user to have secure shell connection to
the modems. File transfer, different communication scheme execu-
tions and data recording operations are conducted through remote
connection.

Hardware:Throughout the experiments, we used SEANetmodems
[3, 6], which can operate at a wide range of acoustic frequencies by
using software-defined radio (SDR) paradigm, which enables us to
use several different physical layer schemes, simultaneously and
interchangeably. In our experiments, SEANet modems are coupled
with a transmitting transducer that has 200 kHz bandwidth with
145 kHz resonance frequency and as the receiver, a hydrophone is
used, which has a flat frequency response with 200 kHz bandwidth
centered at 100 kHz. Due to its configurable nature, transmitting
and receiving gain can be adjusted digitally through a remote con-
nection and throughout the experiments, the signal level is adjusted
by differentiating the transmission gain digitally. Each modem has
both transmission and reception capabilities, thus they can be used
bi-directionally or interchangeably. Detailed hardware architecture
is given in [3].

Software: By leveraging SEANet modem’s software-defined ar-
chitecture, physical layers are generated for both ZP-OFDM and
Multi-Dimensional Chirp Spread Spectrum (MCSS) transmitter and
receiver signal processing chains. For the ZP-OFDM communica-
tion scheme, packets are generated as defined in Section 4, with
randomly generated binary data and delivers the desired wave-
form to the DAC to be transmitted through the acoustic transducer.
For the receiver chain, signal received and amplified from the hy-
drophone is converted to digital domain to conduct packet detection,
by using cross-correlation of pseudo randomly generated pream-
ble. After successful packet detection and demuxing stages, OFDM
signal is equalized by using its corresponding pilot subcarriers.
Following the equalization step, QAM demodulation is conducted
and resulting binary bits are compared with the transmitted bits
to calculate the bit-error-rate of the communication link at differ-
ent signal and interference levels. For signal-to-noise (SNR) and
signal-to-interference-plus-noise (SINR) ratio calculations, further
observation and signal processing purposes, transmitted acoustic
waveforms are recorded and processed offline.

As for the MCSS scheme, transmitted waveforms can be gener-
ated with desired number of frequency bins, time-hopping sequence
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Figure 3: Spectrogram of the received baseband ZP-OFDM
(left) and MCSS (right) signals.

and spreading codes. SDR paradigm enables easy implementation
and real-time adjustments of different chirp lengths, utilized band-
width, hopping and spreading sets and center frequency. Similarly,
on the receiver chain, packet detection is conducted with the cross-
correlation of a preamble generated again with MCSS scheme with
a much longer spreading code compared to data signal. After suc-
cessful packet detection, each bit is obtained by cross-correlation
of each chirp spreading set with the received signal.

4 PERFORMANCE EVALUATION
As described in Section 1, underwater acoustic communication
systems are lacking conventional communication standards unlike
the RF domain. Thus, underwater communication systems deployed
over a vast area need to operate and have the capability to utilize
successful communication links in heterogeneous networks. In this
section, we present two different set of experiments to investigate
the coexistence of MCSS scheme in heterogeneous networks. The
first set of experiments are conducted with using Zero-Padded
OFDM (ZP-OFDM) and as the second set Turbo encoded ZP-OFDM
is used as the physical layer that is investigated for the coexistence
of MCSS. Similarly, performance of the MCSS links implemented in
a centralized homogeneous network structure is also showcased.

Specifically ZP-OFDM is selected for the investigation of perfor-
mance of MCSS in heterogeneous networks since it is a well known
PHY layer in RF domain standards as well as it is a widely used and
researched communication scheme that is used as an underwater
acoustic communication method. Because of it’s spectral efficiency,
multi-path resilience and high data rate capability, ZP-OFDM is
a great candidate for future underwater acoustic communication
network systems and standards [4, 13]. Thus, coexistence of the
proposed communication scheme with ZP-OFDM is vital in order
to have robust links with high interference or to increase data rate
with cooperative transmission in heterogeneous communication
systems.

Throughout the experiments, ZP-OFDM is generated by using
8192 subcarriers over 125 kHz of bandwidth, where 1024 of these
are used as pilot subcarriers and 3072 data subcarriers. Remain-
ing subcarriers are used as null, which are allocated at sidebands.

Figure 4: SINR level obtained at the ZP-OFDM receiver with
different MCSS transmission gain.

Thus, only 62.5 kHz bandwidth is allocated by the data and pilot
subcarriers centered around DC as the waveform is generated in
baseband. Each OFDM symbol is prepended with pseduo-randomly
generated preamble of approximately 4 `s duration followed by
a guard interval of 15 milliseconds. After each OFDM symbol, a
pause interval of 10 milliseconds is appended to form the ZP-OFDM
packet [4]. After packet detection of preamble, signal is demuxed
and channel estimation is conducted to be used for zero forcing
spectrum equalization. After the equalization step, demodulated
binary bits are compared with the transmitted binary bits to obtain
BER of ZP-OFDM.

A similar packet structure is used for MCSS scheme, where in-
stead of a pn-sequence preamble, another distinct MCSS frame is
used as preamble. MCSS preamble is formed with 30 spreading
frames and randomly generated frequency/time-hopping and cod-
ing patterns. Although such long frame durations are not needed
for successful communication links, in order to avoid misdetection
of packets processing gain is increased arbitrarily for the pream-
ble. For the data frames, again each bit is obtained by randomly
generated frequency/time-hopping and coding sequence, which
can represented as 𝑀𝑠 (𝑁𝑓 , 𝑁ℎ, 𝑁𝑠 ) = [(𝐹𝐻 ), (𝑇𝐻 ), (𝑆𝐶)], where
𝑀𝑠 (𝑁𝑓 , 𝑁ℎ, 𝑁𝑠 ) is the MCSS sequence, 𝐹𝐻 , 𝑇𝐻 , and 𝑆𝐶 are the fre-
quency hopping, time hopping and coding sequences respectively.

Figure 5: SINR level obtained at the MCSS receiver with dif-
ferent MCSS transmission gain, while having constant ZP-
OFDM transmission gain.
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Figure 6: BER of ZP-OFDM reception with different MCSS
transmission gain, while having constant ZP-OFDM trans-
mission gain.

Figure 7: BER of MCSS reception with different MCSS trans-
mission gain, while having constant ZP-OFDM transmission
gain.

For experiments conducted in Section 4.1 and 4.2, Modem 1 is used
as the MCSS transmitter and it’s corresponding sequence is shown
in Table 1. For other transmitter modems used in Section 4.3, MCSS
sequences are also given in Table 1. Though, these patterns are rep-
resenting bit 1, inverse of coding sequence resembles bit 0, hence
frequency and time hopping sequences are same for each bit but
coding sequences are changed by converting upchirp to downchirp.

In this paper three differentMCSS sequences,𝑀𝑠 (1, 1, 1),𝑀𝑠 (3, 3, 3),
and 𝑀𝑠 (5, 5, 5), are observed. The sequence of 𝑀𝑠 (1, 1, 1), corre-
sponds to binary chirp spread spectrum transmission, which has
higher spectral efficiency but worse BER performance. Throughout
the experiments, 10 kHz of bandwidth for each frequency bin is
utilized for MCSS sequences and total utilized bandwidth is kept
within the bandwidth of ZP-OFDM. Another important parameter
for MCSS sequence is the chirp duration, which is also used for
number time hopping intervals. In each experiment, chirp dura-
tion is selected to be 400 `s. With these parameters corresponding
data rates are 4166, 463, and 167 bps with processing gains of 4.51,
40.63, and 564.33 for MCSS sequences,𝑀𝑠 (1, 1, 1),𝑀𝑠 (3, 3, 3), and
𝑀𝑠 (5, 5, 5) respectively. For both modulation schemes, transmitted

waveforms are generated at baseband and upmixed to 140 kHz cen-
ter frequency to be transmitted in passband. At the receiver chain,
received signal is downmixed again to baseband for demodulation
signal processing as can be seen in the spectrogram given in Fig. 3.

In order to investigate the coexistence of MCSS and ZP-OFDM,
one pair of modems that form a vertical channel is used to maintain
ZP-OFDM communication link while other pair that is 10 meter
apart is used to utilize MCSS scheme as described in Section 3.
During the experiments transmission gain of ZP-OFDM is kept
constant, where SNR level of 22 dB can be obtained without any
interference and transmission gain of MCSS scheme is differenti-
ated. Hence, SNR level of ZP-OFDM transmission is kept constant
and interference level is increased, which lowers the SINR level,
by increasing the transmission gain of the MCSS scheme. In Fig. 4,
SINR level of the ZP-OFDM receiver is shown for different trans-
mission gain levels of the MCSS transmitter. Similarly, SINR level
of MCSS is measured with constant ZP-OFDM transmission gain,
which is shown in Fig. 5 for different transmission gain levels of the
MCSS transmitter. In order to have a better visualization and more
fair comparison of different spreading of MCSS, which leads to
different transmission power, bit-error-rate of the proposed MCSS
and ZP-OFDM physical layers are illustrated with respect to the
transmission gain level of the MCSS in the following sections.

4.1 Coexistence of MCSS with ZP-OFDM
Firstly, coexistence of MCSS with ZP-OFDM is investigated. With
the ZP-OFDM scheme, 31 kbps can be achieved by utilizing 62.5
kHz bandwidth and BPSK modulated OFDM symbols with 4096
allocated subcarriers, where 1024 subcarriers are used as pilot for
equalization. As it is shown in Fig. 6 MCSS has great impact on
ZP-OFDM, where BER increases over 10−3 for SINR levels of 15
dB. Since ZP-OFDM gets affected by any other signal in the same
bandwidth, chirp signals causes inaccurate channel estimation that
is used for the zero forcing equalization of OFDM signal, which
disrupts successful communication.

However, SINR levels higher than -12 dB for MCSS scheme, BER
results in lower than 10−6, which shows that even though ZP-
OFDM is adversely affected by the presence of MCSS in the same
network area, MCSS can still accomplish successful communication
under the presence of ZP-OFDM signaling. As shown in Fig. 7, as
the spreading sequence increases, lower BER can be obtained at
lower SINR.

4.2 Coexistence of MCSS with Turbo Encoded
ZP-OFDM

As shown in Section 4.1, MCSS transmission adversely affect ZP-
OFDM communication link even for low interference levels. In order
to achieve successful communication for the ZP-OFDM scheme, one
conventional solution that is widely used is utilizing error-coding
schemes such as Turbo encoding. With the Turbo encoding, data
rate decreases by three times with the 1/3 rate Turbo encoding to
10.31 kbps. Although data rate gets impacted by the error coding,
it also solves the inaccurate channel estimation and equalization
problem with the interleaved data subcarrier structure.

In Fig. 8, it is shown that BER of lower than 10−6 can be achieved
for SINR levels higher than 7 dB for Turbo encoded ZP-OFDM in a
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Figure 8: BER of Turbo encoded ZP-OFDM reception with
different MCSS transmission gain, while having constant ZP-
OFDM transmission gain.

Figure 9: Total network goodput of ZP-OFDM and MCSS
schemes for different transmission gain levels of MCSS, with
constant ZP-OFDM transmission gain.

heterogeneous network consisting MCSS nodes, which is a great
improvement compared to ZP-OFDM without error coding.

After observing that Turbo encoded ZP-OFDM andMCSS can co-
exist at appropriate transmission gain levels, total network goodput
is assessed in Fig. 9. It can be seen that since data rate of ZP-OFDM
is much higher than MCSS, network goodput cannot be increased
in a cooperative communication method manner. However, both
physical layers can coexist at certain transmission power levels,
which can be seen as the total network goodput increases. Also
for high interference levels of MCSS, ZP-OFDM goodput decreases
rapidly, but it can be observed that as the spreading of MCSS in-
creases, impact of interference on the ZP-OFDM goodput decreases
and even with the very low contribution of MCSS on the total net-
work goodput, ability to coexist results in higher goodput compared
to MCSS spreading that can achieve high data rate. However, as
shown in Fig. 10, even though coexistence can be achieved and
higher goodput can be achieved as spreading increases, energy per
bit also increases. Thus, with the drawback of higher energy con-
sumption, MCSS and other physical layers can coexist and goodput
can be increased.

4.3 Centralized Homogeneous MCSS Network
After investigating the coexistence of MCSS in heterogeneous net-
works, coexistence of MCSS under the interference of other trans-
mitters using MCSS scheme in a homogeneous network manner is
also observed. Diversely from the previous experiments, instead of
one pair of modems over a vertical channel, only one of the modems
that is deployed at 1 meter depth with it’s transducer facing towards
the sea bottom is used as the receiver and all other three modems
are used as MCSS transmitters. For observing the coexistence of
MCSS with different randomly generated MCSS signal interference,
transmitter modem that forms a vertical channel with the receiver
is used as the primary source of transmission and other transmitter
modems are used as interference sources. Thus, the transmission
gain of interference sources are kept constant and signal level is
differentiated by using the primary transmitter modem. As applied
previously, similar approach is conducted to calculate the SINR
level at the receiver by differentiating the transmission gain of the
primary transmitter modem as shown in Fig. 11.

Following the SINR measurements, BER performance of MCSS
scheme under interference of two different MCSS transmitters is
characterized as given in Fig. 12. It can be seen that for MCSS frame
structure of𝑀𝑠 (1, 1, 1) acts as vast interference source and probabil-
ity of packet detection and demodulation is decreased. As proposed
for MCSS scheme, it is shown that applying a multi-dimensional

Figure 10: Energy per bit for ZP-OFDM and MCSS schemes
for different transmission gain levels of MCSS, with constant
ZP-OFDM transmission gain.

Modem # 𝑀𝑠 (1, 1, 1) 𝑀𝑠 (3, 3, 3) 𝑀𝑠 (5, 5, 5)

1 [(1),(1),(1)]
[(2,1,3),
(2,3,3),
(1,1,1)]

[(2,1,5,2,4),
(5,5,4,5,1), (1,-
1,1,1,-1)]

2 [(1),(1),(-1)]
[(2,3,1),
(2,3,3),
(-1,-1,-1)]

[(3,4,2,3,5),
(5,1,2,1,3), (-1,-
1,1,-1,1)]

3 [(1),(1),(1)]
[(3,3,2),
(3,1,1),
(-1,-1,-1)]

[(5,5,4,4,1),
(1,2,2,1,1), (1,1,-
1,1,-1)]

Table 1: MCSS frame sequences resembling bit 1 used by each
transmitter modem with different frame lengths.
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Figure 11: SINR level at the receiver modem by differentiat-
ing the transmission gain of the primary transmitter while
keeping other two interference sources’ transmission gains
constant.

Figure 12: BER of the primary transmitter at different trans-
mission gains while keeping other two interference sources’
transmission gains constant.

hopping structure enables successful communication link under
strong interference and low signal levels. For both𝑀𝑠 (3, 3, 3) and
𝑀𝑠 (5, 5, 5)MCSS frame structure BER performance lower than 10−6
can be obtained for SINR levels lower than -3 dB, which infers to
the fact that MCSS scheme can enable robust communication for
signal levels lower than noise and interference levels.

As a final observation case, it is realized that MCSS can also be
used in a centralized network structure. This means that several
asynchronous transmitters can be simultaneously used to commu-
nicate with a single receiver structured as a centralized network.
This capability is substantially important for underwater acoustic
communication, which lacks of any standardized MAC layer. Also
majority of MAC protocols require timing synchronization or feed-
back mechanism to avoid collision and efficient communication
structure, which is a huge disadvantage for the communication
domain of underwater acoustics that has vast delay spread and
propagation delay.

Although, this centralized structure eliminates the need for a
MAC protocol, it can also be used as a cooperative communication

scheme to increase data rate by increasing the number of trans-
mitting nodes. Asynchronous spread spectrum transmission with
different channels and nodes can be demodulated to assemble and
obtain more data without any time loss between switching of dif-
ferent transmitters or packet detection.

Since each transmitter has a different channel structure and dis-
tance to the receiver modem, for a fair comparison, each transmitter
modem’s transmission gain is adjusted to obtain 0 dB SNR level at
the receiver modem without any interference source. After this ad-
justment, randomly generated MCSS frame structures of𝑀𝑠 (3, 3, 3)
and𝑀𝑠 (5, 5, 5) with different randomly generated binary bits are
transmitted and received from a single receiver source to be de-
modulated. Due to its low probability of interception nature, each
transmitter’s packets can be detected individually and decoding
of binary bits are accomplished under constant interference, noise
and signal levels. It is can be seen from the Fig. 13, that increas-
ing the number of frequency/time-hopping sequence and coding
frame length, decreases the BER with the degradation on the data
rate and at the expense of higher energy per bit. Apart from the
MCSS frame structure comparison, chirp duration of each MCSS
frame is differentiated to observe the effect of chirp duration on
the demodulation performance and also the limits of coexistence,
demodulation and interference levels in a centralized homogeneous
MCSS network structure. As it is shown in Fig. 13, as the chirp
duration increases, bit error probability decreases due to the fact
that cross-correlation of MCSS frames with longer chirp duration
acquires easier detection of binary bits (or MCSS frames) at the
expense of lower data rate.

5 CONCLUSIONS AND FUTUREWORK
We proposed MCSS scheme, enabling robust and efficient commu-
nication in heterogeneous underwater acoustic networks without
degrading the communication performance of the coexisting un-
regulated physical layers. First we described the communication
scheme that uses code-time-frequency multidimensional spreading
and how it benefits the receiving performance of the communica-
tion link. Then, we demonstrated the experimental performance
of MCSS in a heterogeneous network consisting ZP-OFDM in the
communcation channel. Moreover, we demonstrated the feasibility

Figure 13: BER of each modem for MCSS frame structures of
𝑀𝑠 (3, 3, 3) and𝑀𝑠 (5, 5, 5).
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of using MCSS in a homogeneous network where multiple trans-
mitters are used to communicate with a centralized receiver node
and the affect of the interference of different transmitters on the
communication link. As future work, we are planning to fully ex-
plore the communication performance of MCSS in different channel
configurations to formulate a generalized expression. By such math-
ematical modeling, an optimized and adaptive software-defined
communication system can be implemented, which can reconfigure
it’s physical layer parameters according to the estimated channel
properties.
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