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ABSTRACT
A new communication approach based on massive Multiple Input
Multiple Output (MIMO) with Carrier Aggregation (CA), named
AMMCA, is proposed to boost the achievable data rate for multimedia trafﬁc in underwater acoustic channels. The system under study is composed of a surface buoy station with many hydrophones and of an underwater static or mobile node such as an
Autonomous Underwater Vehicle (AUV) with a few transducers.
The proposed idea presents two components: (i) the ﬁrst consists
in deploying a large number of hydrophones at the buoy for uplink massive MIMO reception; (ii) the second requires employing carrier aggregation of Orthogonal Frequency Division Multiplexing (OFDM) symbols to exploit a wider underwater bandwidth
than in traditional acoustic systems that use only a few tens of
KHz. Via both theoretical analysis and computer-based simulations, AMMCA is shown to boost the achievable data rate in underwater acoustic channels for both medium/short and long distances.
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Aggregation; OFDM; Achievable Data Rate.
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Figure 1: Underwater acoustic communication system under
study, where a large number of hydrophones are deployed at
the buoy station to support massive MIMO at the receiver.

INTRODUCTION

Motivations: Existing underwater acoustic communication systems can only support low-rate, low-quality video transmissions,
e.g., in the order of 64 Kbit/s rates [1], whereas high-quality video
transmissions require a higher bit rate, i.e., in the Mbit/s scale
for MPEG-1 compressed video. And yet, the acoustic data rate
achievable with state-of-the-art communication systems is still far
from sufﬁcient to support such high-quality video streaming applications. In [1], the achievable rate of an acoustic underwater system
is reported to be 150 Kbit/s over a short vertical path at a carrier
frequency of 75 KHz. Another acoustic system [2] achieves a rate
of 125.7 Kbit/s over the bandwidth of 62.5 KHz.
To address this critical data-rate issue, recent proposals focus on
laser- and Light Emitting Diode (LED)-based underwater communication systems that can achieve Mbit/s data rates. In [3], the
proposed laser-based system can achieve a few Mbit/s on short
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distances and has a maximum distance of 300 to 400 meters. In [4],
the LED-based underwater system can achieve few Mbit/s over
a few meters. While these systems achieve high data rates, their
coverage ranges are much smaller than those needed in real underwater communication systems. Moreover, for laser-based systems, the positioning of the laser transmitters/receivers as well as
the shadowing of the laser beam caused by ocean lives can significantly affect the overall communication rate. In contrast, acoustic
waves can propagate tens of kilometers and are suitable for longdistance underwater communications. In this paper, we propose a
new achievable rate-improvement method based on massive Multiple Input Multiple Output (MIMO) reception and Orthogonal Frequency Division Multiplexing (OFDM) carrier aggregation. We
target to improve the achievable rate by an order of magnitude compared with existing acoustic systems in such a way as to meet the
requirements of high-quality, real-time video transmission.
Related Work: Existing works on achievable rate improvement
in underwater acoustic systems are based on MIMO and OFDM.
In [5], a MIMO-OFDM system for underwater communications is
proposed and the error rate performance is simulated. The system
is evaluated for 4-by-4 MIMO settings by simulation with ZeroForcing (ZF) symbol detection. Other existing underwater MIMO
proposals are all limited to a small number of acoustic transceivers
such as in [6]. The existing underwater testbeds also assume a
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Figure 2: Proposed OFDM Carrier Aggregation (CA) for UpLink (UL) and DownLink (DL) transmissions.

small number of transceivers [7]. Existing works on underwater MIMO systems are limited to conventional MIMO, where the
number of acoustic units at both transmitter and receiver is small.
Also, existing works assume single OFDM carrier. Although carrier aggregation and massive MIMO have been studied for terrestrial communication systems [8, 9], there is no work on underwater acoustic OFDM carrier aggregation and massive MIMO hydrophone receivers for underwater acoustics. In our paper, we propose a new approach that is able to support carrier aggregation and
massive MIMO reception, where the objective is to enable Mbit/s
real-time, high-quality underwater UpLink (UL) video transmission from a static or mobile node such as an Autonomous Underwater Vehicle (AUV) to a surface buoy station (Fig. 1).
Our Contributions: Our proposal consists in utilizing a wide
bandwidth by transmitting multiple OFDM symbols, as depicted in
Fig. 2. The available bandwidth is partitioned into NOF DM carriers, where each carrier has one OFDM symbol. There are NU L
OFDM symbols allocated for the UL transmission and NDL symbols for the DownLink (DL) transmission, where clearly NOF DM =
NU L + NDL . The NU L symbols are aggregated and assigned to
one AUV’s transmission. Assume there are Nsubc subcarriers in
one OFDM symbol, composed of Nsubc = Ndata +Npilot +Nnull ,
where Ndata is the number of data subcarriers, Npilot the number of pilot subcarriers, and Nnull the number of null subcarriers.
The total number of data subcarriers for the UL transmission is
Nch = Ndata NU L for the carrier-aggregated system. The allocation of uplink and downlink OFDM symbols in frequency depends
on the type of data trafﬁc. For underwater AUV applications, it is
expected that the uplink has real-time video or data-packet transmission requirements, whereas the downlink may contain commands that require less bandwidth than for the uplink case.
Another key aspect of our proposal is the massive MIMO reception. If the number of hydrophones at the buoy is NR and the number of transducers at an AUV is NT , the proposed massive MIMO
reception assumes NR ! NT . In practice, NR is expected to
be one order of magnitude larger than NT . The proposed massive
MIMO buoy receiver is depicted in Fig. 1. The massive MIMO
hydrophone array is realized by multiple ironic poles, each with
an array of hydrophones. The feasibility of the proposal for massive MIMO is based on available acoustic array technology that

supports very large number of acoustic hydrophones. An acoustic sensor array of 96 hydrophones has been built using ﬁber-optic
interferometric acoustic sensors [10]. This sensor technology can
replace the electro-ceramic transducers sonar array for the massive
MIMO system in underwater cellular networks. Existing commercial hydrophones are also of low cost and high bandwidth, ranging
in 10-500 KHz. These hydrophones can be deployed with hard
ironic poles. Multiple poles are deployed with hydrophones attached on. This can construct an implementation of the large number of hydrophones at the surface buoy.
In this proposal, we aim at obtaining a signiﬁcant and quantiﬁable improvement in terms of achievable data rate. The key contributions and ﬁndings of our work are:
• Closed-form theoretical result is derived for the system given
Zero-Forcing (ZF) detection at the buoy receiver;
• Achievable rate is improved for medium/short distances by
carrier aggregation based on a higher utilization of the scarce
underwater spectrum compared with acoustic MIMO-OFDM
systems with no carrier aggregation;
• Achievable rate is improved for long distances by adopting
acoustic massive MIMO to increase the post-detection Signalto-Noise Ratio (SNR) compared with acoustic MIMO-OFDM
systems with no massive MIMO deployment.
Overall, the proposed AMMCA can signiﬁcantly improve the achievable rate for both medium/short and long distances.
Paper Organization: In Sect. 2, the theoretical rate of the system is mathematically derived; computer simulation results are then
given in Sect. 3; ﬁnally, conclusions are drawn in Sect. 4.

2. THEORETICAL ACHIEVABLE RATE
We derive here the theoretical achievable rate of the proposed approach. The system under study has one surface buoy station with
NR hydrophone receivers, and one AUV with NT transducers. Assume the total number of subchannels is Nch = Ndata NU L . For
the k-th subchannel, where k = 1, 2, ..., Nch , the received signal power at the buoy, in dBm, can be expressed as PS (k) =
PT x (k) − A(k) + G(k), where PT x (k) is the AUV transmitting
power, which includes power allocation for the k-th subchannel,
A(k) is the large-scale channel attenuation, and G(k) is the directional gain.
The noise power at the buoy, in dBm, can be written as PN (k) =
PAN (k)+PCN (k), where PAN (k) is the ambient noise power and
PCN (k) is the circuit noise power, which includes the hydrophone
front-end noises. For a Single Input Single Output (SISO) channel, the SNR of the k-th subchannel, in linear scale, is computed
as ρ(k) = 10[PS (k)−PN (k)]/10 . This SNR includes the effects of
power allocation, large-scale path loss, transducer gain, and ambient as well as circuit noise. The information-theoretical rate at the
k-th subchannel of a SISO system, normalized to a unit of bandwidth, is CSISO (k) = log 2 [1 + ρ(k)], where the unit is bps/Hz.
To calculate the rate of all the Nch subchannels, we sum the rate
of all subchannels by multiplying the subchannel width, i.e.,
Nch

RU L,SISO (k) = βλη ·

!

[CSISO (k) · ∆f ].

(1)

k=1

The parameter β is the ratio of UL frequency OFDM symbols to all
the available UL and DL frequency OFDM symbols; the parameter
λ is the ratio of data subcarriers to all the subcarriers in one OFDM
symbol; the parameter η represents the cyclic preﬁx causing efﬁciency reduction; ﬁnally, ∆f is the subcarrier spacing. The unit

of R(k) is bps and represents the theoretical limit for uplink data
transmission of a SISO system.
Now, for a massive MIMO system, assuming the receiver uses
ZF detection and the MIMO channel response of the k-th subchannel is H(k), the ZF detection matrix for the k-th subchannel is,
G(k) = (HH (k)H(k))−1 HH (k),

(2)

By Taylor series expansion, ln [1 + γi (k)] can be written as,
ln [1 + γi (k)] =

Rn = (HH (k)H(k))−1 H(k)H ·
"
#H
E{nnH }H(k) (HH (k)H(k))−1
= (HH (k)H(k))−1 = W−1 (k).

(4)

From (3), the post-detection SNR on the i-th stream of the k-th
subchannel is,
γi (k) =

ρ(k)
,
NT [W−1 (k)]i,i

(5)

where the spatial stream index i = 1, ..., NSS , and NSS is the
number of spatial streams sent by the AUV transmitter. The ergodic
capacity for the k-th subchannel can be written as,
⎫
⎧
SS
⎬
⎨N
!
(6)
log 2 [1 + γi (k)] ,
CZF (k) = E
⎭
⎩
i=1

and the achievable rate for the OFDM-based uplink channels can
be expressed by,
Nch

RU L,ZF (k) = βλη ·

!

[CZF (k) · ∆f ],

(7)

k=1

where β, λ, and η are deﬁned as in the SISO case.
The ergodic capacity CZF (k) can be further expressed as,
,
*
NSS
+
log 2 [1 + γi (k)]
CZF (k) = E
i=1

NSS

=

+

i=1
NSS

=

E {log2 [1 + γi (k)]}

+ -

i=1

(8)

log2 [1 + γi (k)] pγi (k) dγi (k),

where pγi (k) is the Probability Density Function (PDF) of γi (k).
Note that the PDF of ZF post-detection γi (k) is gamma distributed [11]
and has the parameters of Gamma(N, ϕ(k)), where N = NR −
NT + 1 and ϕ(k) = ρ(k)/NT . The PDF of variable γi (k) is,
pγi (k) =

(γi (k))N−1 e−γi (k)/ϕ(k)
.
(N − 1)!ϕ(k)N

(9)

By replacing the PDF with the above gamma distribution, the
expression of CZF (k) can be rewritten as,
(N−1)!ϕ(k)N

CZF (k) =
·
log(2)
NSS +∞
+ ln [1 + γi (k)] (γi (k))N−1 e−γi (k)/ϕ(k) dγi (k).
i=1

0

(10)

(γi (k))n
.
n

(11)

For tractability, we adopt the inﬁnite expansion of log function and
rewrite the term CZF (k) as,
(N−1)!ϕ(k)N N

SS
CZF (k) =
·
ln(2)
/
+∞
+ .
1
(ϕ(k))N+m Γ(N + m) .
(−1)m+1 m

(3)

where x(k) is the signal vector transmitted on the k-th subchannel and n is the Additive White Gaussian Noise (AWGN) vector.
Deﬁning matrix W(k) = HH (k)H(k), the covariance matrix of
the ﬁltered noise vector is,

(−1)n−1

n=1

and the received signal y(k) at the buoy station after ZF detection
can be written as,
y(k) = G(k)(H(k)x(k) + n)
= x(k) + (HH (k)H(k))−1 HH (k)n,

+∞
!

(12)

m=1

Finally, the uplink achievable rate can be expressed exactly in closedform as in the following theorem.
Theorem 1: Achievable rate of the AMMCA system. The
achievable rate can be expressed as,
(N−1)!N

RU L,ZF = βλη ln(2) SS ·
1
0
/
+∞
N
+ .
+
1
(ϕ(k))N+m Γ(N + m) · ∆f ,
ϕ(k)N
(−1)m+1 m

k=1

m=1

(13)
where N is deﬁned as N = NR − NT + 1; NSS is the number of spatial streams; ϕ(k) is the gamma distribution parameter
Gamma(N, ϕ(k)) of random variable (r.v.) γi (k); β is the ratio of UL frequency bands; λ is the ratio of data subcarriers; η is
the cyclic preﬁx causing efﬁciency reduction; ∆f is the subcarrier
spacing; and Γ() is the Euler gamma function.

3. PERFORMANCE EVALUATION
We discuss now the performance evaluation of our proposed approach. We ﬁrst describe the simulation conditions, including the
acoustic channel and noise models used in our simulations; then,
we present the computer-based simulation results and provide insights on the performance gain.
Acoustic Channel Model and Noise Model: Bellhop Simulator and Acoustic Channel Simulator are available for acoustic
signal-propagation simulations. The Bellhop model [12] is based
on acoustic ray tracing and can generate transmission loss, eigen
rays, arrivals, and received time-series for a wide frequency range.
The inputs include sound-speed proﬁle, bottom-reﬂection coefﬁcient, top-reﬂection coefﬁcient, source-beam pattern. The Acoustic
Channel Simulator in [13] can generate both large-scale and smallscale variations, where the former can be estimated using the Bellhop Simulator.
Our simulations use the following parameters. The water depth
is 5000 m; the transmitting AUV, which is assumed to be static,
has a depth of 1000 m and the receiving hydrophone has a depth of
5 m. The distance between the AUV and buoy is varied from 1 to
25 km, with a space granularity of 1 km. The attenuation for largescale fading is ﬁrstly generated by the Bellhop Simulator; then, the
effect of sound frequency-dependent attenuation is added.
The underwater acoustic noise is composed of four major noise
sources – turbulence, shipping, waves, and thermal noise [14, 15].
The noise spectrum densities of the four types of noise are frequency dependent. The ambient noise is the summation of these
four noise sources, and is frequency dependent (i.e., it is “colored").
We have adopted this acoustic-noise model in our simulations.
Transducer and Hydrophone Simulation Assumptions: We
assume the transmitter uses a transmitting power of 160 dB re µPa
and produces acoustic waves from 10 to 500 KHz. The transmitting power is in the scale of hundred of dB re µPa [14]. To
meet the independent-received-signal assumption, the spacing of
the hydrophones should be greater than the wavelength. A realistic
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Figure 3: UpLink (UP) achievable rate for (a) 1-by-1 SISO without carrier aggregation, (b) 4-by-4 MIMO without carrier aggregation, and (c) massive MIMO without carrier aggregation. For (c), there are 4 transducers at the AUV and 100 hydrophones at the
surface buoy. The distances of all results range from 2 to 25 km.
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Figure 4: UpLink (UP) achievable rate for (a) 1-by-1 SISO with carrier aggregation (SISO-CA), (b) 4-by-4 MIMO with carrier
aggregation (MIMO-CA), and (c) massive MIMO with carrier aggregation (AMMCA). For AMMCA in (c), there are 4 transducers
at the AUV and 100 hydrophones at the surface buoy. The distances of all results range from 2 to 25 km.
and conservative estimate for the wavelength is 0.15 m for a carrier frequency of 10 KHz and sound speed of 1500 m/s. With a
higher carrier frequency, the wavelength – and therefore the minimum spacing between hydrophones – decrease. The hydrophone
can be constructed with inter-element spacing greater than 0.15 m
for receiving acoustic signals that can be considered independent.
OFDM Simulation Assumptions: The OFDM system parameters are chosen according to a common underwater multipath delay
proﬁle. The multipath has a maximum delay of τmax . The length
of cyclic preﬁx TCP is related with the length of the OFDM symbol
TOF DM as TOF DM = αTCP , where α is a constant. We choose
the cyclic preﬁx length to be 20 ms, the OFDM symbol length to
be 100 ms, and the subcarrier spacing to be 10 Hz. We assume the
OFDM Fast Fourier Transform (FFT) size of 2048, and the OFDM
system bandwidth to be 20.48 KHz. The number of OFDM data
subcarriers is assumed to be 1500, given a 2048 total subcarriers
including data, pilots, and null subcarriers. In the simulations, FFT
size and CP length are ﬁxed; this is because practical systems generally adopt ﬁxed FFT size and CP length.

For Carrier Aggregation (CA), let us assume that a frequency
ranging from 10 to 500 KHz is allocated for the uplink transmission. There are 24 OFDM symbols aggregated for both the uplink
and downlink transmissions. From 0 to 10 KHz, the noise level
is high; plus, marine lives communicate using this band. Avoiding
this band can therefore reduce interference to the communication of
marine lives. The ratio of data subcarriers is λ = 1500/2048. The
cyclic preﬁx causing efﬁciency reduction is η = 80 ms/100 ms =
0.8. For carrier aggregation, the ratio of UL frequency OFDM
bands β is assumed to be 80%.
We have chosen the zero-forcing detection algorithm. This is
because in order to implement detection based on Minimum Mean
Square Error (MMSE), noise variance estimation would be required;
also, MMSE is sensitive to the noise variance estimation error. The
post-detection SNR γi (k) is computed for every subcarrier and every OFDM symbol. We deﬁne L1 as the coding loss and L2 as
the loss of adaptive modulation. The SNR γi (k) is deduced by the
losses as L = L1 + L2 before achievable rate evaluation. We have
assumed 6 dB for both the coding loss and for the loss of adaptive

modulation.
Simulation Results: Results obtained via computer simulations
are depicted in Figs. 3 and 4. It can be observed that carrier aggregation signiﬁcantly improves the achievable rate for medium/short
distances less than 5 km for SISO, MIMO, and massive MIMO.
For longer distances, i.e., from 10 to 25 km, carrier aggregation
only slightly improves the achievable rate performance. The reason that only in medium/short distances CA performance is signiﬁcantly improved is that, at such distances, the SNRs of OFDM symbols located at high frequencies are high (due to a low transmission
loss), thus leading to a good achievable rate. Conversely, at long
distances, the SNRs of OFDM symbols located at high frequencies
are low, thus leading to marginal achievable rates. Therefore, for
long distances, carrier aggregation cannot signiﬁcantly improve the
achievable rate performance.
As for massive MIMO, it can be observed from Figs. 3(b) and
3(c) that, compared with the traditional MIMO scheme, massive
MIMO can improve the performance for long distances beyond
5 km; however, it cannot signiﬁcantly improve performance for
short/medium distances, i.e., within 5 km. The reason that massive
MIMO cannot signiﬁcant improve the achievable rate for medium
and short distance is that the SNRs for a MIMO system at these
distances are already very good (> 20 dB). Massive MIMO can
signiﬁcantly improve the post-detection SNR, but in the high-SNR
region this SNR improvement does not translate into a signiﬁcant
rate improvement. In contrast, in the medium to low SNR region, the improvement of post-detection SNR by massive MIMO
does result in signiﬁcant rate improvement. Therefore, the beneﬁt
of massive MIMO is signiﬁcant at long distances where the postdetection SNR is low. Note that, in all the simulation results, a
non-ﬂat bathymetry causes the unevenness of the curves with respect to the distances, as shown in all the results.
As for our proposed scheme, AMMCA, we note that it can improve the system for both within 5 km and beyond. It can be observed that, for 2 km distances, AMMCA and MIMO-CA have
higher achievable rates than MIMO and SISO. At longer distances
than 10 km, AMMCA and massive MIMO have higher rates than
MIMO and SISO. We can conclude that our proposed AMMCA
scheme retains both the beneﬁts of MIMO-CA at short distance
and those of massive MIMO at long distance, thus achieving the
best performance among all schemes.

4.

CONCLUSION

We proposed a new communication approach, AMMCA, suitable for multimedia trafﬁc, which is based on massive MIMO with
Carrier Aggregation (CA) of Orthogonal Frequency Division Multiplexing (OFDM) symbols. AMMCA’s goal is to boost the achievable data rate for multimedia trafﬁc in underwater acoustic channels. The major ﬁndings of this work include: (i) a closed-form theoretical result of the achievable data rate for the proposed scheme
is derived given Zero-Forcing (ZF) detection at the surface buoy
receiver; (ii) carrier aggregation is found to improve the achievable rate for medium/short distances; and (iii) massive MIMO is
shown to improve the achievable rate for long distances. To sum
up, via both theoretical analysis and computer-based simulations,
we showed that AMMCA can boost signiﬁcantly the achievable
data rate in underwater acoustic channels for both medium/short
and long distances.
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