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Welcome to the Second Volume of Trends in Renewable 
Energy  
 

 
With the help of all authors and enthusiastic editorial team members, the Trends in 

Renewable Energy (TRE) completed the publication of first volume. We deeply 

appreciate your support, and are looking forward to continuously working with all 

colleagues around the world.  

 

We also would like to thank you for all nominations for the 2015 TRE Author of 

the Year Award. The award of this year goes to Dr. Athanasios G. Lazaropoulos at the 

National Technical University of Athens, Greece. Dr. Lazaropoulos gave our journal 

tremendous supports during 2015, and his papers often show high quality. Next 

nomination period will be this December, and categories will include the Author of the 

Year, the Paper of the Year, and the Editor of the Year.  

 

Low petroleum price did impact the interest of renewable energy technologies last 

year. But considering advantages of these novel energy technologies along with the 

benefits of environmental and economic factors, we believe that renewable energy is still 

one of fastest developing areas. In 2015, governments showed their visions on the 

development of renewable energy technologies. US Department of Energy granted 

numerous projects related to clean energy, energy efficacy, energy conservation, and 

renewable energy technologies. In December 2015, USDA-EPA-DOE released the 

Biogas Opportunities Roadmap Progress Report, in which challenges and opportunities 

for the robust biogas industry are outlined. We are expecting that this growing trend of 

renewable energy will be extended through 2016 and 2017.  

 

We will continue the TRE’s mission to publish quality reviews, original research, 

and application-oriented papers, providing a communication platform that is run 

exclusively by scientists working in the renewable energy field. Papers are invited on any 

individual topic related to renewable energy or those that are interdisciplinary. The article 

processing charge (APC), i.e. the publication fee, is fully waived for papers published 

during 2016. 

 

 

Bo Zhang 

Editor in Chief 

January 1, 2016 
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Clavulanic acid (CA), a metabolite of Streptomyces clavuligerus, is a 
potent β-lactamase inhibitor. In this study, polyurethane foam (PUF) was 
used as inert solid support to produce clavulanic acid by solid state 
fermentation (SSF). Maximal CA yield of 263 µg/ml was obtained at pH 
6.5, incubation temperature 29°C, 10 ml medium per 3 g PUF, 0.015% 
added glycerol, 2% added lithium chloride (LiCl), and 2 g/L added 
ornithine. Under the same conditions, the yield of CA produced by SSF 
on PUF is apparently higher than that by submerged fermentation (SMF). 
In addition, CA produced by using this method is of higher purity and 
easier to be extracted.  

 
Keywords:  Inert support; Solid state fermentation; Clavulanic acid; Polyurethane foam 

 
 

Introduction  
  

Clavulanic acid (CA), a metabolite of Streptomyces clavuligerus, is a potent β-

lactamase inhibitor [1]. The β-lactamase can hydrolyze the β-lactam ring of penicillin, 

cephalosporin, and related antibiotics, providing bacteria with antibiotic resistance. The 

CA binds irreversibly to the serine hydroxyl group at the active center of β-lactamase, 

producing a stable acylated intermediate that results in the inactivation of the enzyme [2]. 

The combination of CA with amoxicillin is the best example of the use of a β-lactamase 

inhibitor. 

Until now, CA has been produced mostly by submerged fermentation (SMF), a 

process plagued with many problems, including serious pollution, low product 

concentration, and high production cost. Comparing to SMF, solid state fermentation 

(SSF) has recently received more attention, because it requires simpler fermentation 

medium and smaller space, is easier to aerate, and has higher productivity, lower waste 

water output, lower energy requirement, and less bacterial contamination [3].  

SSF is generally defined as the growth of microorganisms on solid substrates in the 

absence or near absence of free water [3,4]. Conventional SSF mostly applied in industry 

often uses agricultural products as the substrate, which acts not only as a support of the 

microorganism but also as the medium [5]. It has a number of disadvantages, such as 

large space requirements and incontinuity. Recently the inert material has been used in 

SSF as the microorganism support, in which microorganisms receive the nutriment from 

the liquid medium absorbed on the inert solid support [6].  It possesses the advantages of 

both SSF and SMF. For example, media can be accurately designed like SMF and 

mailto:hzcheng@home.ipe.ac.cn
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productivity can be promoted further. Because liquid media are evenly absorbed on inert 

support and the fermentation environment is homogeneous, process monitoring and 

scaling-up become possible. The most important advantage of this SSF type is to improve 

the aeration condition, which was proven to be very difficult for SMF and conventional 

SSF. During inert support absorption SSF, media exist in the form of incontinuous liquid 

film on the surface of inert support, and continuous air surrounds it. The microbes 

growing in the liquid film can get enough air and do not need any mechanic stirring, 

which is essential for SMF and most types of SSF. Good aeration condition makes the 

microbe grow better and achieve higher productivity. Although the application of inert 

support increases its fermentation cost, the extract cost is reduced because of high 

concentration of products and simpler separation process. Overall using the inert material 

in SSF is feasible in industry and especially in producing high value-added products, such 

as metabolites and enzymes [7]. 

For the selection of inert materials, polystyrene, which is a commercially-available 

insulating and packaging material, were used as the inert solid support for the production 

of enzymes [8-10]; while ion exchange resins [11], polyurethane foam [7,12,13], and 

vermiculite [14,15] have also been used as inert carriers for SSF. However, production of 

CA by inert support absorption SSF has not been yet reported. In this study, the potential 

of producing CA by SSF on polyurethane foam (PUF) was evaluated. Furthermore, CA 

yields of SSF on PUF and SMF were compared to identify advantages of the former. The 

study was carried out on a laboratory scale and its results provided important references 

to the further study on the pilot scale.  

 

 
Materials and Methods 
  

Microorganisms  
Streptomyces clavuligerus CCMCC 4.1611 obtained from the Culture Collection 

Center at Chinese Academy of Sciences, was used in the present study.  

 
Moistening medium 

Agar slant medium contained (in 1 L distilled water) following ingredients: soluble 

starch 20 g, KNO3 1 g, MgSO4 0.5 g, K2HPO4 0.5 g, NaCl 0.5 g, FeSO4 0.01 g, and agar 

15 g. Inoculum medium contained (pH 7.0, in 1L distilled water): glycerol 20 g, soybean 

flour extract 200 ml, and peptone 5 g. 

Fermentation medium contained (in 1L distilled water): glycerol 4 g, soybean flour 

extract 300 ml, peptone 10 g, and KH2PO4 0.8 g. 

 
Inoculation and incubation 

PUF was cut into cubes of 5 mm × 5 mm × 5 mm and dried in the oven until the 

weigh was kept constant. The PUF pieces of 4 g was then placed in a 250 ml conical 

flask, which had been cleaned and dried. The flask with the PUF was sterilized at 121°C 

for 20 min and cooled to room temperature. About 5-35 ml medium was added into each 

flask with inoculum under strict aseptic conditions, and then the contents were pressed 

softly by using a glass stick in order to allow the PUF to fully and evenly absorb them. 

The contents were then incubated in an autonomous incubator at constant temperature 

and humidity for a desired length of time.  
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Experiment of SMF was carried out as the control of SSF on PUF. The same 

amounts of medium and inoculum were added. Then the contents were incubated at 

29 °C for a desired length of time.  

 

CA extraction and assay 
CA extraction was carried out using distilled water. The fermented substrates were 

properly mixed with distilled water and the flasks were kept on a rotary shaker at 150 

rpm for 30 min. After this, the solids were separated from the solution by filtering 

through a nylon cloth sieve. The solution was centrifuged at 3500 rpm for 40 min at 4°C 

in a refrigerated centrifuge. The supernatant was collected and used for CA assay. 

CA concentration was determined by using a HPLC. A reverse-phase C-18 column 

(Hichrom) connected to a guard column was used. The mobile phase comprised of 0.1 M 

KH2PO4 and methanol (94:6). The flow rate of the mobile phase was 1 ml/min and 

temperature and pressure of the column are 25oC and 7.9 Pa. Prior to injection a 0.8 ml 

sample, was first reacted with imidazole reagent and incubated for 12 min at 30oC, then 

rapidly cooled to 20oC. Samples were filtered before injection into the column using a 

Whatman 0.2 PVDF 3 mm disposable syringe filter. The derivatised product was injected 

to the column and detected with UV absorbance at 311 nm [16,17]. CA standards were 

obtained from National Institute for the Control of Pharmaceutical and Biological 

Products (Beijing, China). 

 

Optimization of process parameters for CA production 
Due to application of the liquid medium, optimization of SSF on PUF matches that 

of SMF parameters. The medium described above was used as a basal medium. To 

optimize CA production, following process parameters were varied: fermentation time, 

amount of inoculum liquid, amount of moistening medium, glycerol, lithium chloride 

(LiCl), and ornithine. 

The procedure, adopted for the optimization of various process parameters 

influencing CA production, was to evaluate the effects of individual parameters while 

keeping all other parameters constant, and to incorporate it at the optimized level in the 

experiment before optimizing the next parameter. All experiments were carried out in 

triplicate and the mean values were reported.   

 
 
Results and Discussion 
 

Influence of fermentation time on CA yield 
Figure 1 shows that the yield of CA increased with the fermentation time. The 

maximum yield of 240 µg/ml was obtained at 48 h and then the yield decreased gradually. 

It’s concluded that the optimum fermentation time was 48 h.  

During the progress of the Streptomyces clavuligerus fermentation, there were three 

different periods, growth period of S. clavuligerus, production period of CA, and 

degradation period of CA. The growth period of S. clavuligerus happened firstly, 

followed by production of CA and the degradation period of CA. Sometimes, these three 

periods might overlay. The degradation of CA reduced the final production, but it was an 

important protection mechanism which can prevent S. clavuligerus from killing itself. 

Although CA is applied in the clinic together with other antibiotics, it also has slight 

antibiotic property. CA in high concentration can hurt S. clavuligerus itself. S. 
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clavuligerus has several pathways to convert or degrade  CA to some levels which will 

not harm itself. These pathways are probably converting CA to secondary products which 

have no antibiotic properties or modifying the structure of CA to lose its antibiotic 

property [18,19].  

Researchers have studied some methods, like controlling pH, to reduce the 

degradation of CA and improve its final yield. Liao used glycerol and soy bean flour as 

the main nutrition resource to produce CA. The growth period of S. clavuligerus and 

production period of CA can be separated, avoiding the synthesis of enzymes degrading 

CA. He also found that soy bean absorbed CA and inhibited the decomposition by S. 

clavuligerus [20]. This is one of reasons why we used porous inert support in CA 

production. The absorbance of CA on the support can inhibit the degradation to some 

degree. 
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Figure 1 Effect of fermentation time on CA yield 

(3g PUF, 10 mL medium, 29oC, 10% inoculum, initial pH 6) 

 

Influence of medium amount on CA yield 
The results presented in Figure 2 indicate that CA yield increased as the medium 

amount increased up to 15 ml, where the maximal CA yield (243 µg/ ml) was recorded. 

When the medium amount was less than 15 ml, the microorganism was not able to get 

enough nutrients, thus resulting in a low CA yield. On the other hand, when the volume 

of the moistening medium was more than 15 ml, which exceeded the absorption capacity 

of the PUF, liquid accumulated on the surface of the PUF, thus limiting the transfer of 

oxygen in the pores of the PUF and hindering normal metabolism. 

 

Influence of inoculum amount on CA yield 
In this study, the concentration of inoculum was 7.9×108 cells/mL. Figure 3 indicates 

that there was a gradual increase in CA yield when the amount of inoculum was 

increased from 2% to 10 %. Further increasing inoculum amount did not cause significant 

difference. 

PUF used in this study is water-repellent, but it can absorb medium and microbes 

because of its porosity. Its porosity is not limitless and furthermore there is an optimal 

absorbed-amount for the microbe. Excessive inoculum lead to over-crowded living 
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circumstance and reduced the nutrient resource that microbe can obtain. Growth of S. 

clavuligerus and production of CA were thus hindered. 

 

Influence of initial pH of moistening medium on CA yield 
The optimum pH required for maximizing CA yield from SSF on PUF was evaluated 

by varying initial pH levels (4-8) of moistening media. Figure 4 shows that the maximal 

CA yield was obtained at pH 6.5, implying that higher or lower pH generally lead to poor 

growth or resulted in the degradation of CA. 

CA is not stable after it is produced by fermentation, and could be degraded by 

adding acid or alkaline. The alkaline conditions tested in this study (pH 8.0) were closer 

to the optimal stability range found in this study (pH 6.0-7.2) than the acidic ones (pH 

4.0). It can be concluded that the alkali-catalyzed degradation of CA was faster than the 

acidic one. These results were in good agreement with the literature [19]. Results in this 

study demonstrated that the optimal pH for CA stability was pH 6.5. Therefore, in order 

to get the higher CA yield, adjusting the initial pH of moistening medium and applying 

the buffer solution were effective. 
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Figure 2 Effect of medium amount on CA yield 

(3g PUF, 10 mL medium，29oC, 48 h, initial pH 6) 

 

Influence of glycerol on CA yield 
Figure 5 shows that S. clavuligerus did not produce CA without glycerol present in 

the medium. The CA yield increased with the increase of the amount of glycerol, and the 

maximum yield of 245 µg/ml was obtained when 0.015% glycerol was added. Further 

increasing glycerol resulted in the decrease of CA yield. 
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Figure 3 Effect of inoculum size on CA yield 

(3g PUF, 10 ml medium, 29 oC, 48 h, initial pH 6) 
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Figure 4  Effect of initial pH on CA yield 

(3g PUF, 10 ml medium, 29oC, 48 h) 

 

Glycerol is an essential component in the medium for CA production. It provides 

carbon skeleton to β-lactamase ring of CA [21]. Adding glycerol in the medium can 

improve the CA production. On the other hand, S. clavuligerus has a tolerance dose for 

the glycerol. There exists a glycerol conversion system (GTS) which is induced by 

glycerol. S. clavuligerus with the high tolerance to glycerol has active GTS and can 

effectively convert glycerol into CA. S. clavuligerus with low tolerance dose can not 

convert glycerol effectively, and accumulation of glycerol will be poisonous to the 

microbe. It can explain why CA yield decreased when glycerol increased to some extent 

in the medium [22].  
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Influence of lithium chloride on CA field 
Figure 6 shows that lithium chloride improved the CA production. The maximum 

CA yield was obtained when the concentration of lithium chloride was 2%. These results 

were in accordance with the literature [23]. Lithium chloride combines with CA into a 

complex which is not easy to be degraded. This method can be applied in the industry to 

improve the CA yield in the final products.  
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Figure 5 Effect of glycerol on CA yield 

(3g PUF, 10 ml medium, 29oC, 48h, initial pH 6.5) 
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Figure 6 Effect of lithium chloride on CA yield 

(3g PUF, 10 ml medium, 29oC, 48h, initial pH 6.5) 
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Influence of ornithine on CA yield 
Figure 7 shows that ornithine enhanced the biological production of CA. When the 

concentration of orithinie was 2 g/L, the maximum CA yield of 260 µg/ml was obtained, 

which was 1.2 times more than that without orithine. Increasing orithine in the medium 

lead to the decrease of CA yield, but still more than the yield from the process without 

adding orithine.  

Besides CA production pathway, there are other pathways in S. clavuligerus 

fermentation which produce isopenicillin N and deacetylcephalosporin C. The priority of 

each pathway depends on the sulfur source in the medium. In order to achieve the higher 

CA yield, the sulfur concentration in the medium have to be controlled. Although the 

sulfur source is essential for the growth, extra sulfur will inhibit CA synthesis. As a result, 

existing sulfur-containing amino acids in the medium is not good for CA production. 

Ornithine has no sulfur atom and is the best precursor for oxazole ring of CA. Results in 

this study matched other  published reports [24-26]. 
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Figure 7Effect of ornithine on CA yield 

(3g PUF, 10 ml medium, 29oC, 48 h, initial pH 6.5) 

 

Table 1 Comparison of SSF on inert support and SMF 
(3 g PUF, 10 mL medium，29oC, 48 h, initial pH 6.5, 0.015% glycerol, 2% lithium 
chloride, 2 g/L ornithine) 

 

 CA yield (µg/mL) Concentration of the microbe (/mL) 

SMF   203 1.2×109 

SSF on inert support  263 60,000 
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Comparison with CA production in SMF  
Table 1 is the comparison of SSF on inert support and SMF under same conditions, 

including culture temperature, time, inoculum concentration, and addition of glycerol. It 

can be found that the SSF on inert support improved the CA yield by 29.6%. Besides, 

concentration of the microbe in SSF on support is 1/20,000, which facilitated the 

extraction and purification of CA.  

 

 
CONCLUSIONS 

 

The results presented in this work showed that maximal clavulanic acid yield (263 

µg/mL) was observed when solid state fermentation was carried out on polyurethane 

foam with the substrate at pH 6.5, incubation temperature 29°C, 10 mL medium per 3 g 

PUF, 0.015% added glycerol, 2% added lithium chloride, and 2 g/L added ornithine. 

Comparing to SMF that is the most popular method for CA production, SSF on PUF 

produced CA with higher yield and higher purity under the same conditions. Based on 

results in this study, inert support absorption SSF could be a novel way to produce CA 

with higher economic benefits. 
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This review paper tries to assess the spectral-efficient (SE) and  
energy-efficient (EE) performance of underwater acoustic  
multiple-input multiple-output (UWA/MIMO) networks. Since UWA/MIMO 
networks define the cutting-edge communications platform of the future’s 
undersea IoT and M2M networks, the factors that influence their SE and 
EE performance are thoroughly examined in this paper.  
The contribution of this paper is three-fold. First, the performance of 
UWA/MIMO networks is studied with regard to appropriate transmission, 
SE and EE metrics. The SE and EE performance of these networks 
drastically depends on the used frequency band, the transmitted power, 
the MIMO scheme properties, the power consumption profile of the 
deployed UWA system equipment and the topological characteristics of 
MIMO configurations. In order to achieve the transition from traditional 
UWA single-input single-output (UWA/SISO) networks to  
UWA/MIMO networks, a new singular value decomposition MIMO 
(SVD/MIMO) module, which also permits the theoretical computation of 
the aforementioned transmission, SE and EE metrics in UWA networks, 
is first presented. Second, based on the aforementioned transmission, 
SE and EE metrics, a SE/EE trade-off relation is proposed in order to 
investigate the combined SE and EE performance of UWA/MIMO 
networks. On the basis of this SE/EE trade-off relation, it is first revealed 
that today’s UWA system equipment cannot support the further IoT 
broadband exploitation with satisfactory EE performance. Third, the 
concepts of multi-hop UWA communications and standard UWA 
topologies are outlined and promoted so that further SE and EE 
improvement can concurrently occur. These concepts are quantitatively 
validated by the SE and EE metrics as well as the SE/EE trade-off 
curves. 
Based on the findings of this paper, suitable transmitted power levels 
and better design of UWA/MIMO configurations are promoted so that:  
(i) SE and EE requirements can be satisfied at will; and (ii) EE-oriented 
high-bitrate M2M communications network design can be established. 

 
Keywords:  Internet of Things (IoT), Machine-to-Machine (M2M), UnderWater Acoustic (UWA) channel 

modeling, statistical performance metrics, spectral-efficient (SE) metrics, energy-efficient (EE) metrics, 

multi-input multi-output (MIMO) networks. 
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I: Introduction  
 Nowadays, the analysis and design of either Internet of Things (IoT) or  

Machine-to-Machine (M2M) networks or underwater acoustic (UWA) communications 

networks are receiving an increased interest by both researchers and practitioners due to 

the plethora of supported civil and commercial applications. Actually, their integration 

may open new horizons in communication among divers and underwater vehicles, remote 

control in off-shore industries, pollution monitoring, discovery of new resources, tactical 

surveillance of underwater objects as well as scientific exploration of the oceans [1]-[5]. 

In fact, UWA networks can become the key to delivering IoT and M2M facilities in 

remote off-shore and underwater areas through the exploitation of their spectral-efficient 

(SE) potential. At the same time, the development of an advanced integrated IP-based 

system via UWA technology in IoT and M2M framework may offer new useful 

applications like support for underwater robots, sonar system improvements, aircraft 

black box detection, backbone for dense underwater sensor networks and  

real-time seismic monitoring. 

 Meanwhile, energy efficiency in communications networks becomes a growing 

concern. Communications providers focus on maintaining and increasing their 

profitability by reducing their power consumption. This fervent interest of 

communications providers towards the reduction of the carbon footprint of their 

communications networks motivates the continuous exploration of technologies in order 

to achieve higher energy-efficient (EE) performances [6]. 

 To achieve higher SE and EE performances in UWA networks, the allocation of 

the appropriate resources such as power and bandwidth as well as the appropriate design 

of signals and processing algorithms on UWA network layers demand accurate  

UWA channel models. However, the channel modeling of UWA networks is afflicted by 

the harshness of the acoustic propagation medium [7]. A UWA channel is characterized 

by its extremely complex surrounding communications environment that suffers from 

frequency-dependent path loss, distance-dependent attenuation, multipath propagation, 

low speed of sound and high noise variations. In addition to the previous problems, the 

impulse response of UWA channels present time-varying low-pass behavior further 

aggravated with Doppler shifting and spreading [8], [9]. Therefore, the aforementioned 

inherent peculiarities of UWA channels combined with the associated underwater 

deployment difficulties preclude direct application of available wireline and wireless 

channel modeling techniques, thus, necessitating novel approaches during their analysis 

[7]. Recently, further complexity during the UWA channel modeling has been added due 

to the developments regarding multiple-input multiple-output (MIMO) transmission 

schemes and coexistence of installed UWA networks with other broadband 

communications networks [10]-[12]. As it is going to be presented in this paper, the 

deployment of UWA/MIMO networks seems to efficiently mitigate the inherent 

difficulties of UWA networks improving their SE and EE performance.  

 Although multi-port UWA networks do not require any additional wiring, four 

major burdens, which are going to be analyzed in this paper, hinder their further SE and 

EE performance boost as well as the widespread deployment of IoT and M2M 

communications networks under the surface of the sea, namely: (i) the limited bandwidth 

due to the high distance-dependent attenuation; (ii) the intense and fluctuating noise 

environment; and (iii) the power consumption in relation with the overall UWA network 

capacity performance. In this paper, the concepts of multi-hop UWA communications 
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and standard UWA topologies are highlighted so that further SE and EE improvement 

can occur in the near future.  

 However, during the recent efforts to introduce muti-port systems in UWA 

networks, the key parameter in network design has remained the selection of the optimum 

number of transmit and receive transducers, which succeeds in maximizing the SE 

performance. In this paper, the optimization problem is differentiated by taking under 

consideration both SE and EE performance of single- and multi-port UWA networks. 

Towards that direction, the SE and EE performance of different single- and multi-port 

UWA schemes is investigated when: (i) different injected power levels;  

(ii) different noise conditions; and (iii) different MIMO configuration properties; occur. 

The results highlight the today’s UWA network design dilemma between high SE 

performance and satisfactory EE operation. 

 In order to quantify this UWA network design dilemma and define an EE-oriented 

high-bitrate IoT system design, new SE and EE metrics as well as a new SE/EE trade-off 

relation is demonstrated. On the basis of the numerical results of the theoretically and 

experimentally well-validated ray theory of [13]-[17], important transmission metrics  

–such as the end-to-end channel attenuation–, SE metrics –such as the cumulative 

capacity and capacity– and EE metrics –such as the total average power consumption,  

EE cumulative capacity and EE capacity– are reported. Note that ray theory is expanded 

in this paper with a new singular value decomposition (SVD) module suitable for the 

UWA/MIMO networks that allows the upgrade of the traditional UWA single-input 

single-output (SISO) analysis to the UWA/MIMO analysis of this paper. Also, in 

accordance with recently proposed trade-off relations between capacity performance and 

power consumption in other communications systems [18], [19], new SE/EE trade-off 

curves that relate the aforementioned SE and EE metrics are featured when different 

power consumption scenarios for the UWA/MIMO system equipment occur (e.g. 

acoustic modems with frequency mixer and frequency synthesizer versus software 

defined acoustic modems). Further insights, such as how to improve the operation point 

onto the occurred SE/EE trade-off curves through appropriate combination of different 

injected power levels and MIMO schemes, are given. Finally, this paper aims at 

influencing the practical UWA system design towards wider use of IoT concerning:  

(i) the more SE and EE operation of UWA networks; and (ii) the turn towards more 

adaptive UWA/MIMO networks. 

 The rest of the paper is organized as follows: In Section II, the UWA network 

configurations, which will be used in undersea IoT environment, are presented.  

Ray theory is also highlighted with the necessary assumptions concerning UWA 

propagation and transmission. Section III deals with the SVD/MIMO module that allows 

the transition from the traditional UWA/SISO analysis to the UWA/MIMO one.  

Section IV summarizes the UWA channel properties that are involved in the following 

simulation analysis: injected power levels, noise features and UWA/MIMO system 

parameters related to power consumption. In Section V, a description of the new 

transmission, SE and EE metrics used in this paper is reported. In Section VI, simulation 

results and conclusions concerning SE and EE performance of UWA networks are 

provided, aiming at marking out how a series of factors influence UWA transmission and 

the corresponding metrics. On the basis of the confirmed trade-off between SE and EE 

performance, solutions for high-bitrate UWA/MIMO network design that is suitable for 

the wider use of undersea IoT and M2M communications networks are proposed. 

Towards that direction, the concepts of multi-hop UWA communications and standard 
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UWA topologies are highlighted. In addition, a road map for future research regarding 

UWA/MIMO networks is presented. Section VII concludes the paper. 

 

 

II. The UWA Configurations, Ray Theory and UWA Transfer Function 
 The need for the deployment of undersea IoT solutions requires the design of 

UWA communications systems with improved performance and robustness. This implies 

accurate and efficient channel models. However, due to the physical nature of the  

UWA channels, their modeling becomes a challenging issue. Significant inherent 

deficiencies, such as frequency-dependent attenuation, time-varying multipath 

propagation, low propagation speed and external noise interferences, degrade the 

performance of UWA channels [15], [20], [21]. In this Section, the salient characteristics 

of UWA channel propagation and transmission as well as the ray theory, which offers an 

accurate deterministic description of UWA/SISO channels, are briefly presented. 

 

A. UWA Configurations 
 The UWA configurations differ considerably from transmission via the traditional 

wireline and wireless communications media. This is due to the significant differences of 

the network structure and the physical properties of the sea-water, seabed and surface.  

 A typical configuration that can be used for the analysis of UWA networks is 

depicted in Fig. 1. nT transmit transducers are suspended one above the other horizontally 

and vertically spaced by zT  and yT , respectively. The shallowest transmit transducer 

T1 is horizontally and vertically located at T1z  and T1y , respectively, denoted as 

( T1z , T1y ), hereafter. Similarly to transmit transducers, nR receive transducers are  

 

 
Fig. 1.   A typical UWA/MIMO configuration as well as two representative rays. 
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deployed one above the other horizontally and vertically spaced by zR  and yR , 

respectively. The shallowest receive transducer R1 is located at ( R1z , R1y ).  

The water depth D ranges from few meters to 100m allowing the assumption of a 

surrounding shallow water environment [13].  

 With reference to Fig. 1, the transmit transducer Ti, i=1,..,nT and the receive 

transducer Rj, j=1,..,nR are located at ( izT , iyT ), i=1,..,nT and (
jzR
,

jyR
), j=1,..,nR, 

respectively, where 

  zT1TT 1  izz i , i=1,..,nT                                  (1.1) 

  yT1TT 1  iyy i
, i=1,..,nT                                  (1.2) 

  zR1RR 1  jzz j
, j=1,..,nR                                  (1.3) 

  yR1RR 1  jyy j
, j=1,..,nR                                  (1.4) 

Taking into account eqs (1.1)-(1.4), the distance between the transmit transducer  

Ti, i=1,..,nT and the receive transducer Rj, j=1,..,nR is determined by 

       2RT

2

RTRj,Ti,00 iiii yyzzd  , i=1,..,nT, j=1,..,nR               (2) 

Actually, this distance corresponds to the Line of Sight (“LOS”) propagation path in 

UWA channels between the transmit transducer Ti, i=1,..,nT and  

the receive transducer Rj, j=1,..,nR. 

 

 

 

B. Ray Theory 
 A UWA channel may be viewed as a heavy multipath environment,  

since signal propagation does not take place only across the aforementioned “LOS” path 

but signal echoes, denoted as rays, originating from points of discontinuities in 

propagation speed, such as the sea-surface [22]-[24], sea-seabed [25], [26], or other 

under-sea objects [27], also occur. In order to compute attenuation and multipath fading, 

the today’s UWA channel models vary from applying empirical equations [28], [29] to 

using more accurate simulation tools and theories [16], [17]. 

 Among the most theoretically and experimentally verified UWA channel models, 

ray theory and the theory of normal modes provide the required theoretical basis for 

UWA channel modeling [13]-[17]. In fact, at high frequencies and short- and  

medium-range communications link distances, ray theory is the suitable UWA channel 

model since it can accurately determine the behavior of the coarse multipath rays of 

UWA channels.  

 Therefore, in accordance with the ray theory of [13], [30],  

each ray is characterized by four elements, say: (i) its transmit transducer;  

(ii) its receive transducer; (iii) the number of its surface reflections; and  

(iv) the number of its seabed reflections. With reference to Fig. 1, the ray distance 

between the transmit transducer Ti, i=1,..,nT and the receive transducer Rj, j=1,..,nR with  

s surface reflections and b seabed reflections is determined from [13], [30] 
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while the respective incidence angle of the reflected signal is given by [13], [30] 
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sb , i=1,..,nT, j=1,..,nR    (4) 

According to the ray theory, rays are assumed to be straight lines in the case of fluid 

medium with constant propagation speed (isovelocity) [13], [31].  

This assumption is also made in this paper. 

 

C. Ray Attenuation 
 In contrast with the propagation through traditional wireless and wireline 

communications media, UWA propagation is mainly characterized by significant 

frequency dependent attenuation with slow speed of propagation. For given ray of 

distance    Rj,Ti,sbd , i=1,..,nT, j=1,..,nR and incidence angle    Rj,Ti,sb , i=1,..,nT, j=1,..,nR,  

the corresponding ray attenuation can be considered as the sum result of three attenuation 

mechanisms, namely [7], [13], [32]: (i) The attenuation mechanism due to the spreading 

losses: This attenuation mechanism expresses the effect of the expansion of the 

transmitted power over a wide area in the surrounding media, i.e., sea-water, during the 

signal propagation from the transmit transducer to the receive one. Its value primarily 

depends on the UWA configuration geometry and is determined from 

                 Rj,Ti,Rj,Ti,

dB1,

Rj,Ti,

dB1,

Rj,Ti, log10 sbsbsbsb dspdAA  , i=1,..,nT, j=1,..,nR             (5) 

where sp is the spreading factor describing the nature of UWA propagation.  

In the case of the practical spreading of UWA channels [13], sp is assumed equal to 1.5; 

(ii) The attenuation mechanism due to the path loss: It results from the conversion of the 

transmitted power into heat over the surrounding medium. This attenuation mechanism 

strongly depends on the operating frequency of the UWA communications link and on 

numerous other parameters, such as salinity, gauge pressure, temperature, relaxation 

frequency, etc.. Typically, the attenuation due to the path loss is determined using 

Thorp’s formulae, namely [33], [34]:  

                   fqdfdAA sbsbsbsb

2

Rj,Ti,Rj,Ti,

dB2,

Rj,Ti,

dB2,

Rj,Ti, log10,  , i=1,..,nT, j=1,..,nR          (6) 

where 

    
522.1

1048.1
1023.1

99.01049.2log10
2

2
4

42

2
272





 

f

f

f

f
ffq         (7) 

is the absorption coefficient in seawater in dB/m and f is the operating frequency in kHz; 

and (iii) The attenuation mechanism due to the reflection loss: In the case of shallow 

water environment, this attenuation mechanism describes the effect of signal reflections. 

As it has already been mentioned, the transmitted signal is partially or totally reflected by 

hitting the sea-surface, sea-bottom or another under-sea object. Therefore, apart from the 
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“LOS” path, a great number of different rays allows the transmitted signal to arrive to the 

receive transducer creating the multipath environment of UWA channels.  

The attenuation due to the reflection loss of each ray depends on the operating frequency, 

the propagation speed, the nature of the obstacles encountered across the propagation 

path, the distance and the incidence angle [13]. Hence, for given ray, the attenuation due 

to the reflection loss is determined from 

                     Rj,Ti,Rj,Ti,Rj,Ti,

dB3,

Rj,Ti,

dB3,

Rj,Ti, log20, sbsbsbsbsb dAA   , i=1,..,nT, j=1,..,nR   (8) 

where  

             bSBsb

s

SSsbsb LL  

Rj,Ti,Rj,Ti,Rj,Ti, , i=1,..,nT, j=1,..,nR                   (9) 

    1Rj,Ti, 

sb
, i=1,..,nT, j=1,..,nR                                   (10) 
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
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






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


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 , i=1,..,nT, j=1,..,nR     (11) 

In eqs. (8)-(11),    Rj,Ti,sb  is the total reflection loss,    
 Rj,Ti,sb  is the attenuation 

coefficient due to reflection on the surface,    
 Rj,Ti,sb  is the attenuation coefficient due to 

reflection on the seabed, LSS is the constant reflection loss coefficient due to the surface, 

LSB is the constant reflection loss coefficient due to the seabed, ρ is the density of the  

sea-water, ρ1 is the density of the sea-bed, c is the propagation speed in the sea-water and 

c1 is the propagation speed in the sea-bed.  

 Taking into consideration the eqs. (6)-(11), the ray attenuation is given by 

               
dB3,

Rj,Ti,

dB2,

Rj,Ti,

dB1,

Rj,Ti,

dB

Rj,Ti, sbsbsbsb AAAA  , i=1,..,nT, j=1,..,nR           (12) 

 

D. Ray Transfer Function and UWA Transfer Function 

 Based on eq. (12), for the given ray of distance    Rj,Ti,sbd , i=1,..,nT, j=1,..,nR and 

incidence angle    Rj,Ti,sb , i=1,..,nT, j=1,..,nR, the corresponding transfer function is 

determined from 

        
   

   Rj,Ti,

dB
Rj,Ti,

2
20

Rj,Ti,Rj,Ti, 10 sb

sb

fj
A

sbsb edH
 

 , i=1,..,nT, j=1,..,nR                   (13.1) 

where 

   
   

c

d sb

sb

Rj,Ti,

Rj,Ti,  , i=1,..,nT, j=1,..,nR                               (13.2) 

is the arrival time of the given ray. 

 In accordance with Finite Impulse Response (FIR) filter and ray theory [13], [30], 

the UWA channel is modeled by taking into account all possible rays of the occurred 

multipath environment. Therefore, the UWA channel transfer function between the 

transmit transducer Ti, i=1,..,nT and the receive transducer Rj, j=1,..,nR is given by: 

                                   
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1 1
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, i=1,..,nT, j=1,..,nR   (14) 
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 For the practical computations of this paper and according to [13], instead of the 

infinite number of reflections in the occurred multipath environment, a finite number of 

reflections on surface and sea-bed is assumed and is equal to smax and bmax, respectively. 

Then, the respective closed-form expression of the UWA channel transfer function 

between the transmit transducer Ti, i=1,..,nT and the receive transducer Rj, j=1,..,nR is 

determined from: 

                                   
  


maxmax

1 1

Rj,Ti,Rj,Ti,Rj,Ti,

1 1

Rj,Ti,Rj,Ti,00Rj,Ti,00Rj,Ti,00Rj,TiRj,Ti ,
b

b

b

bs

sbsbsb

s

s

s

sb

sb dHdHdHfdHH

, i=1,..,nT, j=1,..,nR   (15) 

In addition, for the rest of this paper, the nT transmit transducers of the UWA 

configuration are located at 0
TTT1  nzz   (i.e., zT =0) whereas the nR receive 

transducers are located at zzz n 
RRR1   (i.e., zR =0), without harming the 

generality of the analysis. Anyway, this is the typical case during multi-port UWA 

configuration deployment [13], [30]. 

 

 

III. The MIMO Transmission Analysis of UWA Networks: The New 
SVD/MIMO Module 
 Through a matrix approach, the standard ray theory can be extended to the  

MIMO ray theory that involves more than three transducers. In order to apply  

MIMO ray theory, which is based on the standard ray theory already presented in Sec.II, 

FIR filter theory and SVD modal analysis of [18], the spectral relationship of the  

nT×nR independent transmission channels is modeled by evaluating their channel transfer 

functions ijH , i=1,..,nT, j=1,..,nR, namely 

   Rj,TiHH ij , i=1,..,nT, j=1,..,nR                                    (16) 

where ijH , i=1,..,nT, j=1,..,nR is the element in row i  of column j  of the  

RT nn   channel transfer function matrix H .  

 Actually, the RT nn   channel transfer function matrix H  relating line voltages 

      T1 R
zVzVz nV  at position z with line voltages       T1 000

TnVV V  

at position of the transmit transducers (i.e., z=0) is determined from 

    0T
VHV z              (17) 

where  T  denotes the transpose of a matrix. 

 Since, in single- and multi-port UWA networks, the number of active transmit 

and receive transducers may vary from one to nT and one to nR, respectively, through a 

similar matrix expression to eq. (17),  RT ,min nn  parallel and independent UWA/SISO 

channels may occur, appropriately decomposing channel transfer function matrix H  

using the SVD transformation [18], [35]-[40]: 

  I

H

V

m ~~~
THTH                          (18) 

where 
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NjNiH
H RTij

ij
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 and  if
,   i, j=1,..,  RT ,max nn            (19) 
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denotes the element of matrix 
H  in row i  of column j , TN  and RN  are the active 

transmit and the active receive transducer sets, respectively, and  yx,max  returns the 

highest value between x and y. From eqs. (18) and (19), 
H  is the 

 RT ,max nn ×  RT ,max nn  extended channel transfer function matrix whose elements 



ijH , i, j=1,..,  RT ,max nn  are the extended channel transfer functions,  

m~
H  is a diagonal matrix operator whose elements m~

iH ,  RT nni ,min,,1  are the 

singular values of 
H  and, at the same time, the SVD modal transfer functions,  

 yx,min  returns the smallest value between x and y,  H  denotes the Hermitian 

conjugate of a matrix, and VT
~

 and 
IT

~
 are  RT nn ,min ×  RT nn ,min  unitary matrices [36], 

[37]. Combining eqs. (17)-(19), SVD modal transfer function matrix m~
H  may be 

determined given channel transfer function matrix H . The latter SVD/MIMO module, 

which additively operates with the ray theory of Sec.II, permits the transition from the 

UWA/SISO channel analysis to the UWA/MIMO one. 

 

 

IV. Power Constraints, Noise and Power Consumption of UWA Systems 
 During the multi-port UWA configuration implementation, a number of transmit 

and receive transducer is deployed undersea. In fact, a transducer is a lightweight device 

that is able to establish high bitrate short-, medium- and long-range  

UWA communications links [41]. The proper selection of the used transducers in single- 

and multi-port UWA networks critically defines the SE performance and power 

consumption of the respective networks. In Fig. 2, the multiple roles of transducer in the 

block diagram of an end-to-end UWA communications link are featured.  

In this Section, a comprehensive analysis concerning power constraints, noise and  

power consumption of UWA system equipment is presented. 

 

A. Power Constraints  
 Observing eq. (10), it is evident that the surface acts as a protective layer against 

EMI emissions of UWA networks. Actually, attenuation coefficient due to reflection on 

surface Γ+ is relatively small in magnitude since the impedance mismatches between the 

sea-water and air. In accordance with [13], when the sea is calm,  

reflection coefficient tends to be equal to the perfect reflection value 1 whereas when the 

sea surface is rough due to waves, a small loss will be incurred for every surface 

interaction. Therefore, as it concerns the operation of UWA networks in the examined  

0-100kHz frequency band, relaxed maximum levels can be considered providing the 

required compliance with all other communications systems.  

 With regard to power constraints at frequencies below 100kHz, according to the 

existing literature [7], [13], [20], [41]-[44], power levels p(f) ranging from  

–100dBm/Hz to 50dBm/Hz may constitute typical injected power spectral density mask 

(IPSDM) limits for UWA networks. Note that the average uniform IPSDM limits in the 

UWA literature are assumed to be equal to –25dBm/Hz [13], [20], [44].  

 

B. Noise Characteristics 
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 According to [9], [13], [44]-[46], several important natural sources of ambient 

noise degrade the performance of UWA networks at frequency bands of interest. 

Actually, four types of noise are dominant in UWA channels, namely:  

(i) Turbulence noise; (ii) Shipping noise; (iii) Noise due to waves; and  

(iv) Thermal noise. 

 As it regards the mathematical modeling of the aforementioned noise types,  

to extend the analysis in the 0-100kHz frequency range, uniform additive white Gaussian 

noise (AWGN) PSD level among different UWA/MIMO systems is assumed [44], [47]. 

In detail, to evaluate the capacity of single- and multi-port UWA networks,  

a uniform AWGN/PSD level N(f) is assumed to be in the range from –120dBm/Hz to  

–30dBm/Hz simulating a variety of noise environments. Note that the typical uniform 

AWGN PSD levels in the UWA literature are assumed to be equal to –83dBm/Hz 

(default noise conditions) [44], [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.   Block diagram of an end-to-end UWA communications link [41]. 

 

 

C. Power Consumption 
 In accordance with [18] and similarly to other wireless and wireline MIMO 

communications systems, two types of power consumption are present in  

UWA transducers [48]-[50]: 

 Power Consumption due to Power Amplifiers (Power Consumption  

Mechanism A). Power amplifiers are the main power consumption blocks in any 

advanced communications system. Power consumption due to power amplifiers 
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mainly depends on the imposed IPSDM limits and the noise [19], [48], [49] and 

is determined by 

         






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
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




1

0
LiLi

1

LiPAPA

L

q

ssrssl qfpqfNqfNfM
n

KLPP


                  (20) 

where 
Li

  is an operator that converts dBm/Hz into a linear power ratio (W/Hz), 

  is the power amplifier output backoff [49], n is the drain efficiency [48], [51], 

 fN r  is the total effective PSD noise in dBm/Hz at the receiver input, lM  is the 

link margin compensating the hardware process variations and other additive 

noise or interference [48], K  is the number of subchannels in the UWA signal 

frequency range of interest and sf  is the flat-fading subchannel frequency 

spacing (details concerning K and fs are given in Secs. V and VI). 

 Power Consumption due to all other Circuit Blocks (Power Consumption 

Mechanism B). This type of power consumption is related to all other circuit 

blocks –apart from power amplifiers– of which the single- and multi-port  

UWA systems consists, namely:  

     ADCfilrIFAmixLNARsynfiltmixDACT PPPPPnPPPPnKLPP  2CC
       (21) 

where DACP , mixP , 
filtP , 

synP , LNAP , IFAP , 
filrP  and ADCP  are the power 

consumption values for the Digital-to-Analog Converter, the frequency mixer, the 

active filters at the transmitting end, the frequency synthesizer, the low-noise 

amplifier, the intermediate frequency amplifier, the active filters at the receive 

transducer and the Analog-to-Digital Converter, respectively [48], [49]. 

 Based on eqs. (20) and (21), the total average power consumption totP  of single- 

and multi-port UWA systems is given by the sum of the aforementioned two types of 

power consumption, say: 

  CPAtot PPKLP                                                    (22) 

During the last years, the rapid development in UWA communications was enhanced by 

analogous progress in UWA acoustic modems. In fact, the vast majority of the modern 

UWA acoustic modems are going to be software defined. This implies that there are no 

frequency mixer and frequency synthesizer in the hardware, in contrast to traditional 

radio modems. Note that, during the simulation results of Sec. VI, two different power 

consumption scenarios for the UWA/MIMO systems are going to be examined namely: 

(i) Acoustic modems with frequency mixer and frequency synthesizer (denoted as power 

consumption scenario A); and (ii) software defined acoustic modems (denoted as power 

consumption scenario B). 

 

 

V. SE and EE Metrics of Single- and Multi-Port UWA Networks 
 In accordance with [18], several useful SE and EE metrics are presented and 

mathematically defined. In this Section, the performance of single- and multi-port  

UWA systems is quantitatively evaluated. More specifically, the SE and EE metrics that 

are applied in order to assess the performance of these UWA systems are: 

 The capacity. In information theory, the Shannon-Hartley theorem defines the 

maximum achievable transmission rate at which information can be reliably 

transmitted over a UWA communications channel of a specific bandwidth in the 
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presence of noise. More specifically, the capacity of the UWA/SISO channel 

from transmit transducer Ti, i=1,..,nT,   1card TN  to receive transducer  

Rj, j=1,..,nR,   1card RN  is given by [18], [52], [53] 

      


















 

1

0

2

2

SISO

Rj,Ti

SISO 1log
L

q

sijssij qfHqfSNRfKLCC , i=1,..,nT, j=1,..,nR    (23) 

where 

     
LiLi

/ fNfpfSNR                               (24) 

is the UWA signal-to-noise ratio (SNR), 

sfK /kHz100                               (25) 

is the number of subchannels in the 0-100kHz frequency range of interest and 

card(∙) returns the cardinality of a set. With reference to eq. (23), the elements 
SISO

ijC  with ji   correspond to SISO co-channel (SISO/CC) UWA systems, 

while those with ji   correspond to the SISO cross-channel (SISO/XC) UWA 

ones. 

Similarly, the capacity of the 1×  RNcard  single-input multiple-output (SIMO) 

systems from the transmit transducer Ti, i=1,..,nT,   1card TN  to receive 

transducers Rj, RNj ,   2card RN  is given by 
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sijssNjNi
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In the case of  TNcard ×1 multiple-input single-output (MISO) systems, their 

capacity from the transmit transducers Ti, TNi ,   2card TN  to receive 

transducer Rj, j=1,..,nR,   1card RN  is given by [54] 
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Finally, in the general case of  TNcard ×  RNcard  MIMO systems, their 

capacity from the transmit transducers Ti, TNi ,   2card TN  to receive 

transducers Rj, RNj ,   2card RN  is given by [35], [37], [39], [54], [55] 
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Note that both eqs. (27) and (28) are based on equal power uncorrelated sources 

as the common case is adopted in this paper.  

 The cumulative capacity. In accordance with [18], it is the cumulative upper limit 

of information (bps) which can be reliably transmitted over an end-to-end UWA 

channel defining the upper bound of capacity for given IPSDM limits and 

frequency band. With reference to eqs. (23), (26)-(28) and for given frequency f,  

the cumulative capacity is determined by 

 













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sf

f
LCfCumC XX                                     (29) 

where []X denotes the examined scheme configuration –either SISO or SIMO or 

MISO or MIMO one– and ||x|| means the nearest integer to x.  
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In fact, cumulative capacity describes the aggregate capacity effect of all 

subchannels of the examined frequency band. 

 The cumulative total average power consumption. Similarly to the cumulative 

capacity, cumulative total average power consumption can be defined as the 

cumulative upper limit of power consumption in Watts of UWA systems.  

For given frequency f, the cumulative total average power consumption is 

determined by 

 















s

tottot
f

f
LPfCumPX                                         (30) 

 The EE cumulative capacity. It defines an appropriate EE metric providing a 

macroscopic qualitative estimate of the role of IPSDM limits and system power 

consumption in UWA system operation. EE cumulative capacity denotes the 

cumulative upper limit of bits that the system can deliver per Joule consumed into 

the system. On the basis of eqs. (29) and (30), this EE capacity metric is given by: 

 
 

 fCumP

fCumC
fCumEEC

tot

X

X

X                                              (31) 

 

 

VI. Discussion and Numerical Results 
 The simulation results of various types of single- and multi-port UWA networks 

aim at investigating: (a) their broadband potential; (b) how SE and EE metrics are 

affected by the implementation of various MIMO schemes; (c) the SE/EE dynamic 

equilibria; (d) the influence of UWA modems through the different power consumption 

scenarios considered; and (e) the impact of UWA configuration parameters,  

IPSDM limits and noise conditions on the aforementioned SE/EE dynamic equilibria. 

 For the numerical computations, the UWA/MIMO configuration depicted in  

Fig. 1 has been considered. In order to apply the propagation and transmission analysis 

of Secs. II and III as well as the SE and EE performance metrics of Sec. V,  

UWA configuration parameters are reported in Table 1. Note that the vast majority of 

these default parameters are derived from UWA/MIMO experiments (see also in [13], 

[56]). 

 As it has already been mentioned, the UWA channel is perfectly known to the 

receiver transducers since channel knowledge at them can be maintained via training and 

tracking. As it concerns the properties of metrics, the flat-fading subchannel frequency 

spacing sf  and the number of subchannels K in the UWA signal frequency range  

0-100kHz are assumed equal to 100Hz and 1000, respectively. 

 As it concerns the power consumption of the involved UWA systems, the related 

circuit and system parameters, which are reported in Sec.IV and detailed in [18], [19], 

[48]-[50], are defined in Table II. These values correspond to the two different power 

consumption scenarios of Sec.IV and may provide a satisfactory approximation towards 

the actual UWA system power consumption.  

 

A. End-to-End Channel Attenuation and Spectral Capacity of UWA/SISO 
Channels 
 The potential transmission, SE and EE performance of UWA/SISO channels in 

terms of attenuation, spectral capacity (i.e., either cumulative capacity or EE cumulative 
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capacity) and power consumption in the 0-100kHz frequency range is assessed in this 

subsection.  

 In Fig. 3(a), the end-to-end channel attenuation of UWA/SISO channels  

(either SISO/CCs or SISO/XCs) from transmit transducer T1 to  

receive transducers Rj, j=1,..,4 is plotted with respect to frequency in the 0-100kHz 

frequency band. In Figs. 3(b)-(d), same plots are given in the case of the transmit 

transducer T2, T3 and T4, respectively. 

 

 
TABLE I 

Default UWA/MIMO Configuration Parameters 

Letter Default 

Value 

Letter Default 

Value 

Letter Default 

Value 

D 100m nT 4 nR 4 

zT1 0m yT1 9m ΔyT 0.6m 

zR1 100m yR1 9m ΔyR 0.6m 

Sp 1.5 c 1500m/s c1 1650m/s 

ΔzT = ΔzR 0m p 1023kg/m3 p1 1500kg/m3 

LSS –0.5dB  LSB –3dB 

TABLE II 

Power Consumption UWA/MIMO System Parameters for the  

Two Power Consumption Scenarios 
Letter Default Value Letter Default Value Letter Default Value 

Scenario 

A 

Scenario 

B 

Scenario 

A 

Scenario 

B 

Scenario 

A 

Scenario 

B 

Ξ 1.015 1.015 Ml 40dB 40dB Pfilt 2.5mW 2.5mW 

PLNA 20mW 20mW n 0.35 0.35 PDAC 15.4mW 15.4mW 

Pfilr 2.5mW 2.5mW PIFA 3mW 3mW Nr(f)=10+N(f) dBm/Hz dBm/Hz 

Pmix 30.3mW - Psyn 50mW - PADC 6.7mW 6.7mW 
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Fig. 3.   Channel Attenuation of SISO/CCs (solid lines) and SISO/XCs (dashed lines) of the 

examined UWA configuration (for plot clarity reasons, the plot frequency spacing is equal to 

5kHz).  

(a) Transmit transducer T1. (b) Transmit transducer T2.  

(c) Transmit transducer T3. (d) Transmit transducer T4. 

 

 

 At the same time, to investigate the spectral behavior of the aforementioned 

UWA/SISO channels, the typical uniform IPSDM limits, presented in Sec.IVA, and the 

typical uniform AWGN PSD, presented in Sec.IVB, are considered when five indicative  

UWA topologies of different distances are examined (i.e., zR1=50m, zR1=100m, 

zR1=200m, zR1=500m and zR1=1000m). Also, it is assumed that only the median values of 

spectral capacity over CCs and XCs for each of the examined indicative  

UWA/SISO topologies is presented. 

 In Fig. 4(a), the median cumulative capacity of the SISO/CCs and SISO/XCs  
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Fig. 4.  Spectral capacity characteristics of SISO/CCs (solid lines) and SISO/XCs (dashed lines) 

of the examined UWA configuration for five indicative topologies (the subchannel frequency 

spacing is equal to 100Hz). (a) Median cumulative capacity. (b) Median cumulative total average 

power consumption. (c) Median EE cumulative capacity. 

 

 

is plotted versus frequency in the 0-100kHz frequency range for both power 

consumption scenarios. As it concerns the EE performance of the examined power 

consumption scenarios, in Fig. 4(b), the median cumulative total average power 

consumption of these SISO channels is plotted with respect to frequency for the  
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power consumption scenario A. In Fig. 4(c), the median EE cumulative capacity of these 

SISO channels is plotted with respect to frequency for the  

power consumption scenario A. In Figs. 4(d) and 4(e), respective curves with  

Figs. 4(b) and 4(c) are given but for the power consumption scenario B. 

 Observations that are based on Figs. 3(a)-(d) and 4(a)-(e) are made as follows [7], 

[10], [12], [13], [57]. 

 In contrast with other traditional wireless and wireline communications channels, 

UWA/SISO channels are characterized by a path loss that mainly depends on the 

distance between the transmit/receive transducers as well as the operating 

frequency. At the same time, the spreading losses of UWA channels severely 

increase with distance [7], [13]. Totally, the channel attenuation of  

UWA channels present significant frequency-dependency resembling the 

behavior of low-pass filters. Regarding the IoT and M2M applications, the 

behavior of UWA channels implies that high frequencies can only be dedicated 

for short-range narrowband UWA applications since distance and low-pass 

behavior pulverize their broadband potential. 

 As it concerns the attenuation due to reflection losses, spectral notches are 

observed across the end-to-end channel attenuation. In contrast to traditional 

wireless and wireline communications channels where the later arriving rays 

carry less energy than the earlier ones, in UWA channels, it is often the case that 

the later arriving rays may carry more energy than the earlier ones [12].  

Despite this multipath feature, UWA multipath environment versatility offers the 

appropriate basis for the deployment of MIMO networks so that the capacity 

potential of UWA channels can be further exploited. 

 Despite the end-to-end channel attenuation similarities among SISO/CCs and 

SISO/XCs, there are differences that depend drastically on the frequency,  

the channel type –either CC or XC–, the UWA configuration (i.e., horizontal and 

vertical spacings, water depth, etc), the physical properties of the transmission 

media and the end-to-end –“LOS”– distance. As it is going to be shown,  

this peculiar transmission behavior of UWA/SISO channels is reflected on their 

corresponding spectral metrics and the spectral behavior of multi-port  

UWA networks.  

 As it concerns SE metrics of SISO channels in terms of cumulative capacity,  

the significantly high IPSDM limits combined with short average end-to-end 

transmission distances, low end-to-end channel attenuations and low noise 

environment characteristics can make their SE metrics attractive for short- and 

medium-range broadband UWA/IoT and UWA/M2M applications.  

 In all the UWA topologies examined, SISO/CCs and SISO/XCs present the same 

cumulative total average power consumption due to the same number of involved 

transducers. As it concerns SE and EE metrics, CCs are those that statistically 

convey slightly higher metrics in comparison with XCs. This is due to the fact 

that the end-to-end distances as well as the additive ray path lengths present 

negligible differences among different UWA/SISO configurations. Anyway, this 

result also has to do with the UWA configuration geometry and the arrangement 

of the transmit and receive transducers. 

 Despite the high IPSDM limits, the results of cumulative total average power 

consumption and EE cumulative capacity metrics reveal the inefficient use of 
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power, especially above 5kHz regardless of the examined power consumption 

scenario. In order to mitigate this power waste, appropriate IPSDM limits and 

UWA/MIMO configurations are required to be designed so as to optimize:  

(i) the trade-off between SE and EE performance of the allocated UWA 

frequency spectrum; and (ii) EE intraoperability of different UWA configurations 

so that scalable capacities among different single- and multi-port UWA networks 

can be assured. Since power consumption scenario A and B describe the 

respective performance of today’s and future’s UWA transducers, the following 

optimization analysis becomes critical for the future development of UWA 

networks in undersea IoT and M2M communications. 

 

B. Single- and Multi-Port UWA Networks: SE and EE Performance 
 Recently, growing concern arises from the need for increasing profitability 

through power consumption reduction and for controlling the environmental effect [18], 

[48], [58]. Until now, the key parameter during multi-port UWA network design was the 

selection of the optimum number of transmit and receive transducers, which succeeds the 

best trade-off between system complexity and capacity. However, the optimization 

problem is now differentiated by taking under consideration both SE and EE 

performance of multi-port UWA networks. In this subsection, the SE and EE 

performance of different multi-port UWA configurations is investigated when:  

(i) different IPSDM limits; (ii) different noise conditions; and (iii) different MIMO 

configuration properties; are applied. 

 Already identified in Sec.VIA, there is a great variety of possible arrangements 

that can be supported and examined for given multi-port scheme. In Table 3, all the 

possible arrangements are reported indicating that the analytical presentation of the  

SE and EE performance of each single- and multi-port arrangement is impracticable.  

To facilitate the analysis without harming its generality, in the rest of this paper, it is 

assumed that only the median values of each SISO/CC, SISO/XC, SIMO, MISO and 

MIMO scheme presented in Table 3 will be studied in the 0-100kHz frequency band. 
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TABLE III 

MIMO Schemes and Corresponding Arrangements 

Scheme Arrangements 
SISO/CC T1→R1; T2→R2; T3→R3; T4→R4; 
SISO/XC T1→R2; T1→R3; T1→R4; T2→R1; T2→R3; T2→R4; T3→R1; T3→R2; T3→R4; 

1x2 SIMO  T1→R1, R2; T1→R1, R3; T1→R1, R4; T1→R2, R3; T1→R2, R4; T1→R3, R4; T2→R1, R2; T2→R1, R3; T2→R1, R4;  

T2→R2, R3; T2→R2, R4; T2→R3, R4; T3→R1, R2; T3→R1, R3; T3→R1, R4; T3→R2, R3; T3→R2, R4; T3→R3, R4;  

T4→R1, R2; T4→R1, R3; T4→R1, R4; T4→R2, R3; T4→R2, R4; T4→R3, R4; 

1x3 SIMO  T1→R1, R2, R3; T1→R1, R2, R4; T1→R1, R3, R4; T1→R2, R3, R4; T2→R1, R2, R3; T2→R1, R2, R4; T2→R1, R3, R4; 

T2→R2, R3, R4; T3→R1, R2, R3; T3→R1, R2, R4; T3→R1, R3, R4; T3→R2, R3, R4; T4→R1, R2, R3; T4→R1, R2, R4; 

T4→R1, R3, R4; T4→R2, R3, R4; 

1x4 SIMO  T1→R1, R2, R3, R4; T2→R1, R2, R3, R4; T3→R1, R2, R3, R4; T4→R1, R2, R3, R4; 

2x1 MISO  T1, T2→R1; T1, T3→R1; T1, T4→R1; T2, T3→R1; T2, T4→R1; T3, T4→R1;T1, T2→R2; T1, T3→R2; T1, T4→R2;  

T2, T3→R2; T2, T4→R2; T3, T4→R2;T1, T2→R3; T1, T3→R3; T1, T4→R3; T2, T3→R3; T2, T4→R3; T3, T4→R3; 

T1, T2→R4; T1, T3→R4; T1, T4→R4; T2, T3→R4; T2, T4→R4; T3, T4→R4; 

3x1 MISO  T1, T2, T3→R1; T1, T2, T4→R1; T1, T3, T4→R1; T2, T3, T4→R1; T1, T2, T3→R2; T1, T2, T4→R2; T1, T2, T4→R3;  

T2, T3, T4→R2; T1, T2, T3→R3; T1, T2, T4→R3; T1, T3, T4→R3; T2, T3, T4→R3; T1, T2, T3→R4; T1, T2, T4→R4;  

T1, T2, T4→R4; T2, T3, T4→R4; 

4x1 MISO  T1, T2, T3, T4→R1; T1, T2, T3, T4→R2; T1, T2, T3, T4→R3; T1, T2, T3, T4→R4; 

2x2 MIMO T1, T2→R1, R2; T1, T2→R1, R3; T1, T2→R1, R4; T1, T2→R2, R3; T1, T2→R2, R4; T1, T2→R3, R4; 

T1, T3→R1, R2; T1, T3→R1, R3; T1, T3→R1, R4; T1, T3→R2, R3; T1, T3→R2, R4; T1, T3→R3, R4; 

T1, T4→R1, R2; T1, T4→R1, R3; T1, T4→R1, R4; T1, T4→R2, R3; T1, T4→R2, R4; T1, T4→R3, R4; 

T2, T3→R1, R2; T2, T3→R1, R3; T2, T3→R1, R4; T2, T3→R2, R3; T2, T3→R2, R4; T2, T3→R3, R4; 

T2, T4→R1, R2; T2, T4→R1, R3; T2, T4→R1, R4; T2, T4→R2, R3; T2, T4→R2, R4; T2, T4→R3, R4; 

T3, T4→R1, R2; T3, T4→R1, R3; T3, T4→R1, R4; T3, T4→R2, R3; T3, T4→R2, R4; T3, T4→R3, R4; 

2x3 MIMO T1, T2→R1, R2, R3; T1, T2→R1, R2, R4; T1, T2→R1, R3, R4; T1, T2→R2, R3, R4; T1, T3→R1, R2, R3;  

T1, T3→R1, R2, R4; T1, T3→R1, R3, R4; T1, T3→R2, R3, R4; T1, T4→R1, R2, R3; T1, T4→R1, R2, R4;  

T1, T4→R1, R3, R4; T1, T4→R2, R3, R4; T2, T3→R1, R2, R3; T2, T3→R1, R2, R4; T2, T3→R1, R3, R4;  

T2, T3→R2, R3, R4; T2, T4→R1, R2, R3; T2, T4→R1, R2, R4; T2, T4→R1, R3, R4; T2, T4→R2, R3, R4; 

T3, T4→R1, R2, R3; T3, T4→R1, R2, R4; T3, T4→R1, R3, R4; T3, T4→R2, R3, R4; 

2x4 MIMO T1, T2→R1, R2, R3, R4; T1, T3→R1, R2, R3, R4; T1, T4→R1, R2, R3, R4; T2, T3→R1, R2, R3, R4; T2, T4→R1, R2, R3, R4; 

T3, T4→R1, R2, R3, R4; 

3x2 MIMO T1, T2, T3→R1, R2; T1, T2, T3→R1, R3; T1, T2, T3→R1, R4; T1, T2, T3→R2, R3; T1, T2, T3→R2, R4; T1, T2, T3→R3, R4; 

T1, T2, T4→R1, R2; T1, T2, T4→R1, R3; T1, T2, T4→R1, R4; T1, T2, T4→R2, R3; T1, T2, T4→R2, R4; T1, T2, T4→R3, R4; 

T1, T3, T4→R1, R2; T1, T3, T4→R1, R3; T1, T3, T4→R1, R4; T1, T3, T4→R2, R3; T1, T3, T4→R2, R4; T1, T3, T4→R3, R4; 

T2, T3, T4→R1, R2; T2, T3, T4→R1, R3; T2, T3, T4→R1, R4; T2, T3, T4→R2, R3; T2, T3, T4→R2, R4; T2, T3, T4→R3, R4; 

3x3 MIMO T1, T2, T3→R1, R2, R3; T1, T2, T3→R1, R2, R4; T1, T2, T3→R1, R3, R4; T1, T2, T3→R2, R3, R4;  

T1, T2, T4→R1, R2, R3; T1, T2, T4→R1, R2, R4; T1, T2, T4→R1, R3, R4; T1, T2, T4→R2, R3, R4; 

T1, T3, T4→R1, R2, R3; T1, T3, T4→R1, R2, R4; T1, T3, T4→R1, R3, R4; T1, T3, T4→R2, R3, R4; 

T2, T3, T4→R1, R2, R3; T2, T3, T4→R1, R2, R4; T2, T3, T4→R1, R3, R4; T2, T3, T4→R2, R3, R4; 

4x3 MIMO T1, T2, T3, T4→R1, R2, R3; T1, T2, T3, T4→R1, R2, R4; T1, T2, T3, T4→R1, R3, R4; T1, T2, T3, T4→R2, R3, R4; 

4x4 MIMO T1, T2, T3, T4→R1, R2, R3, R4; 

 

 

Combining either Fig. 4(a) with 4(c) or Fig. 4(a) with 4(e), an interesting  

SE/EE trade-off relation can be proposed; in Fig. 5(a), the median EE capacity of 

SISO/CC and SISO/XC schemes is plotted versus the respective median capacities when 

IPSDM limits range from 100 dBm/Hz to 50dBm/Hz with step 1dBm/Hz for the power 

consumption scenario A. The default IPSDM limits are also denoted here. In Figs. 5(b) 

and 5(c), same curves are given with Fig. 5(a) but for the SIMO (i.e., 1x2, 1x3 and 1x4)  
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Fig. 5.   Trade-off curves between median EE capacity and median capacity for various single- 

and multi-port schemes when different IPSDM limits are adopted for the power consumption 

scenario A.  

(a) SISO/CC and SISO/XC trade-off curves. (b) SIMO trade-off curves.  

(c) MISO trade-off curves. (d)-(f) MIMO trade-off curves. 

 

 

and MISO (i.e., 2x1, 3x1 and 4x1) schemes, respectively. Similarly to Figs. 5(a)-(c) and 

based on the proposed SE/EE trade-off relation, a plethora of MIMO schemes (i.e., 2x2, 

2x3, 2x4, 3x2, 3x3, 3x4 and 4x4) is studied in Figs. 5(d)-(f). In Figs. 6(a)-(f), same 

curves are plotted with Figs. 5(a)-(f) but for the power consumption scenario B. 

 Comparing Figs. 5(a)-(f) and 6(a)-(f) with the previous figures, several interesting 

remarks can be pointed out:  

 The today’s state-of-the-art research topic in UWA technology is the adoption of 

MIMO principles across the deployed UWA networks [10], [11], [13].  

MIMO transmission methods may be applied to UWA networks permitting a 

boost of their SE and EE capacity by appropriately exploiting their transmit and 

receive transducers.  
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Fig. 6.   Same curves with Figs(a)-(f) but for the power consumption scenario B. 

 

 

 The concurrent SE and EE analysis clearly outlines the main deficiency of  

UWA networks deploying today’s UWA system equipment; due to the inherent 

drawbacks of UWA channels, such as attenuation and noise,  

the SE and EE performance of UWA networks is significantly affected in 

comparison with other wireless and wireline broadband technologies [6], [59]. 

Although default IPSDM limits define a decent narrowband compromise both 

respecting capacity requirements and recent green technology considerations,  

the further broadband exploitation of UWA channels demands significantly 

higher IPSDM limits combined with more SE- and EE-aware UWA system 

equipment.  

 Capacity differences of the order of hundreds of kbps are observed among the 

different IPSDM limits and multi-port schemes indicating how crucial for the 

future of broadband UWA technology in undersea IoT and M2M networks is the 

selection of suitable IPSDM limits and multi-port schemes. In fact, the UWA 

broadband perspective becomes meaningless when power injection is constrained 

by lower IPSDM limits (i.e., lower than the default IPSDM limits) even though 

their EE behavior seems to be excellent. Conversely, adopting high IPSDM limits 

(e.g. greater than 0dBm/Hz), all MIMO schemes present capacities that exceed 

1Mbps. However, in the case of high IPSDM limits, the applied EE metrics 

underline the poor EE performance of UWA networks and the mismanagement of 

the consumed power. Anyway, SE and EE metrics can be adjusted according to 

network capacity demands and ecological awareness.  
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 Spectral capacity and power consumption are very sensitive to  

IPSDM limit changes. Through a slight reduction of IPSDM limits, better balance 

onto SE/EE trade-off curves may occur. Observing the right tail of  

SE/EE trade-off curves, significant potential for power saving may occur without 

critically affecting UWA capacity.  

 The significant channel attenuation of SISO/CCs and SISO/XCs presented in Figs. 

3(a)-(d) affect the achievable SISO, SIMO and MISO capacities as well as their 

EE capacities. Simultaneously, as the cardinality of the active transmit and 

receive sets in SIMO and MISO schemes increases,  

SE and EE metrics get improved due to the increasing spatial multiplexing [10], 

[60]. Therefore, only SISO/CC, SISO/XC, 1x4 SIMO and 4×1 MISO 

configurations will be examined in the rest of the paper giving a representative 

upper bound of the respective schemes. 

 The implementation of MIMO schemes mitigates the disappointing  

SE and EE picture of SISO, SIMO and MISO ones. For the same IPSDM limits, 

MIMO schemes simultaneously achieve better SE and EE metrics in comparison 

with SISO/CC, SISO/XC, SIMO and MIMO ones. Anyway, these results are in 

accordance with the traditional belief in other communications systems that 

MIMO schemes are more energy-efficient than SISO, MISO and SIMO ones [19], 

[48], [49], [54]. Hereafter, among different MIMO schemes, only  

4×4 MIMO will be examined giving a representative upper bound of the UWA 

network performance. 

 Comparing SE and EE performance of the two power consumption scenarios, 

their differences are negligible in all the cases examined. This is due to the fact 

that the main power consumption blocks in UWA transducers are their power 

amplifiers and, hence, the use of either traditional acoustic modems or software 

defined acoustic modems little affects the SE and EE performance as well as the 

proposed SE/EE trade-off curves. In the rest of this paper, only the general case 

of traditional acoustic modems (i.e., power consumption scenario A) is examined 

without affecting the validity of the following analysis. 

 In UWA networks, the exact knowledge of SE/EE trade-off curves that implies 

the exact knowledge of swapping between IPSDM limits and MIMO schemes 

can define wiser green system design decisions. Adopting adaptive EMI policies, 

which can have adjustable IPSDM limits, significant SE and EE metric 

improvements can be achieved. Moreover, the impact on SE and EE capacity 

may further be mitigated or even be inversed, through the combined application 

of adaptive EMI policies, MIMO schemes and more EE UWA system equipment.  

 As it has already been verified in [18], [59], the trade-off between capacity and 

EE capacity is a quasiconcave function. This SE/EE trade-off determines a dynamic 

equilibrium between the adopted IPSDM limits and the deployed MIMO configurations 

[59], [61]. However, SE/EE trade-off curves can be shifted when changes in noise 

environment and configuration parameters occur, hence, explaining the term of  

dynamic equilibrium. To investigate the behavior of SE/EE trade-off curves,  

the influence of different factors is studied on the basis of the following series of figures. 

Due to the significant EE capacity differences among different factors, the logarithmic 

scale on the EE capacity axis is applied, hereafter. 
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More specifically, in Fig. 7(a), the proposed SE/EE trade-off between the median 

EE capacities of SISO/CC and 1x4 SIMO schemes and their respective median 

capacities is plotted for IPSDM limits ranging from 100 dBm/Hz to 50dBm/Hz with 

step 1dBm/Hz when bad noise scenario (i.e., –30dBm/Hz), average noise scenario  

(i.e., –83dBm/Hz, default) and good noise scenario (i.e., –120dBm/Hz) occur.  

The default IPSDM limits are denoted in all the cases examined. In Fig. 7(b), same 

curves are given with Fig. 7(a) but for the 4x1 MISO and 4x4 MIMO.  

 The noise variations, which are examined in Figs. 7(a) and 7(b), can be caused by 

several factors such as the motion of transmit and receive transducers, internal waves, 

surface waves, operation of nearby ship engines, changes in temperature, fish population, 

storms, changes in water depth, changes in water structure and weather conditions.  

Also, these noise variations may occur on various time scales such as seasonal cycles, 

diurnal cycles, tidal cycles, minutes and even seconds [15], [62].  

This dynamic environment imposes significant difficulties during the determination of 

the noise conditions further complicating the analysis and design of UWA networks in 

undersea IoT and M2M environment.  

 To assess the impact of noise variations on the design of single- and multi-port 

UWA networks, suitable metrics such as capacity and EE capacity are again applied in 

Figs. 7(a) and 7(b). As it concerns SE performance of UWA networks, the capacity 

difference between good and bad noise scenario may reach up to 2.3Mbps, 2.3Mbps, 

2.3Mbps and 8.6Mbps for the examined SISO/CC, 1x4 SIMO, 4x1 MISO and  

4x4 MIMO schemes, respectively. In all the cases examined, it should be noted that 

broadband UWA potential becomes meaningless when bad noise scenario is assumed 

even if high IPSDM limits and 4x4 MIMO arrangements are adopted.  
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Fig. 7.   Trade-off curves between median EE capacity and median capacity for various single- 

and multi-port schemes when different noise scenarios are applied (the logarithmic scale on  

y-axis is used).  

(a) SISO/CC and 1x4 SIMO trade-off curves. (b) 4x1 MISO and 4x4 MIMO trade-off curves. 
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Similarly, significant EE capacity differences among the recently examined  

UWA networks are also observed. The EE capacity difference between good and  

bad noise scenario may reach up to 157kbits/J, 220kbits/J, 137kbits/J and 284kbits/J for 

the examined SISO/CC, 1x4 SIMO, 4x1 MISO and 4x4 MIMO schemes, respectively.  

 In fact, the default IPSDM limits offer a narrowband compromise between  

SE and EE performance. When default IPSDM limits are adopted, the capacity 

difference between good and bad noise scenario may reach up to 399kbps, 536kbps, 

425kbps and 1251kbps for the examined SISO/CC, 1x4 SIMO, 4x1 MISO and 4x4 

MIMO schemes, respectively, whereas the EE capacity difference between good and bad 

noise scenario may reach up to 4.33kbits/J, 5.81kbits/J, 4.61kbits/J and 13.54kbits/J for 

the examined SISO/CC, 1x4 SIMO, 4x1 MISO and 4x4 MIMO schemes, respectively. 

 Anyway, the 4x4 MIMO arrangements that fully exploit the spatial diversity of 

UWA/MIMO configurations offer the best SE and EE results in comparison with the 

other applied schemes in all the cases examined. However, the weak point of the 

deployment of MIMO schemes is the high number of transducers that should be installed. 

In Figs. 8(a) and 8(b), same curves with Figs. 7(a) and 7(b) are plotted when the 

default IPSDM limits and noise conditions are considered but for the three indicative 

UWA topologies –i.e., zR1=50m, zR1=100m (default value) and zR1=1000m–.  

 Already highlighted in Figs. 4(a)-(c), the effect of distance among transmit and 

receive transducers on the SE and EE performance of UWA networks is also 

demonstrated in Figs. 8(a) and 8(b). In fact, attenuation of UWA channels becomes 

horrible for long-distance communication links, indicating that the dominant attenuation 

factor for this type of IoT and M2M applications is not longer the operating frequency 

but transmission losses. Even if high IPSDM limits and high cardinality MIMO schemes 

are adopted, the performance of long-range UWA channels remains anemic.  

This phenomenon is a classical feature that distinguishes a UWA channel from a 

terrestrial radio one [13].  
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Fig. 8.   Same curves with Figs. 7(a) and 7(b) but for default IPSDM limits and default noise 

conditions when different UWA topologies are examined. 
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 To deal with the destructive effect of distance, the solution lies in the proposal of 

two different architectures that are suitable for UWA networks. The first architecture is 

based on the deployment of distributed transmit/receive transducers communicating 

through a fixed infrastructure of transmit/receive transducers [63].  

The fixed transmit/receive transducers act as base stations being mounted on surfaces 

buoys or being bottom mounted. The communication of base stations with the land 

communications networks is achieved either through wireless links or through  

wireline infrastructure depending on the UWA network position. The second architecture 

relies on decentralized ad-hoc networks without fixed infrastructure.  

Transmit/receive transducers communicate through multi-hop relaying of upper-bound 

maximum distance [7], [64]. Combining the findings of Figs. 8(a) and 8(b) with the 

aforementioned network architectures, high SE and EE performance can be secured in 

UWA networks when maximum distances between adjacent transmit/receive transducers 

remain shorter than a distance threshold.  

 Since the main idea of boosting SE and EE metrics of UWA networks is based on 

the deployment of high cardinality MIMO schemes and the adoption of standard 

topologies like those of the two aforementioned network architectures (e.g., topologies of 

maximum distance of 50m or 100m), special attention should be given to the behavior of 

4x4 MIMO scheme as well as the application of suitable IPSDM limits. Actually, when 

the default IPSDM limits are adopted, capacity and EE capacity of UWA/SISO networks 

of maximum distance of 50m are equal to 78kbps and 0.84kbits/J, respectively, whereas 

the respective SE and EE metrics of UWA/SISO networks of maximum distance of 

100m are equal to 14kbps and 0.15kbits/J, respectively. In the case of the 4x4 MIMO 

scheme of maximum distance of 100m, the same capacity and EE capacity values with  

UWA/SISO networks of maximum distance of 50m are achieved when IPSDM limits are 

equal to approximately –22dBm/Hz and –39dBm/Hz, respectively. Similarly, the same 

capacity and EE capacity values with UWA/SISO networks of maximum distance of 

100m are achieved when IPSDM limits are equal to approximately –32dBm/Hz and  

–54dBm/Hz, respectively. It is evident that 100m-long MIMO schemes of high 

cardinality order combined with significantly lower IPSDM limits can efficiently 

substitute UWA/SISO networks of higher distances on the basis of the examined SE and 

EE metrics. 

Except for the distance, significant role during the propagation of UWA signals 

plays the water depth that determines the richness of the occurred multipath environment. 

The influence of water depth on SE and EE performance of single- and multi-port UWA 

schemes is here examined. In Figs. 9(a) and 9(b), same curves with Figs. 7(a) and 7(b) 

are drawn when the default IPSDM limits and noise conditions are applied but for three 

different water depths –i.e., D=2.4m, D=100m (default value) and D=1000m–. Although 

the last value of water depth lies outside the assumption of a surrounding shallow water 

environment, it provides the SE/EE trade-off curve trend. 

 From Figs. 9(a) and 9(b), it is evident that as the water depth increases the SE and 

EE capacity of MIMO schemes slowly decrease. However, below a certain depth 

threshold (e.g., 100m), the performance deterioration remains marginal.  

Conversely, the best performance of single- and multi-port schemes is achieved in very 

shallow waters (i.e., rivers, beaches, lakes, etc). This is explained by the fact that  
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Fig. 9.   Same curves with Figs. 7(a) and 7(b) but for default IPSDM limits and default noise 

conditions when different water depths are examined. 
 

 

 

 

capacity of UWA networks strongly depends on the correlation among different 

SISO/CC and SISO/XC channels mathematically represented by the sum term of eqs. 
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(26)-(28). In accordance with [13], the lower is the spatial correlation the larger is the 

MIMO gain implying better SE and EE capacities. The lowest spatial correlation is 

reached in the case of rich multi-paths environments that are present when channel water 

depth is very shallow (i.e., near the shores) [13]. 

 Finally, apart from the depth, the factor of spatial correlation, which is strongly 

related to the spatial multiplexing and SE/EE performance of single- and multi-port  

schemes, is influenced by the spacings of transmit and receive transducers. In order to 

study the influence of spacings, in Figs. 10(a) and 10(b), same curves with Figs. 7(a) and 

7(b) are drawn when the default IPSDM limits and default noise conditions are applied 

but for three different vertical spacings of transmit transducers –i.e., yT =0m, yT =0.6m 

(default value) and yT =6m–. In Figs. 10(c) and 10(d), same curves are given with  

Figs. 10(a) and 10(b) but for three different vertical spacings of receive transducers  

–i.e., yR =0m, yR =0.6m (default value) and yR =6m–. 

 Observing the previous Figs. 10(a)-(d), interesting conclusions may be deduced:  

 As it concerns the transducer spacings, the behavior of different schemes varies 

depending on the scheme type (i.e., SISO/CC, SIMO, MISO and MIMO one),  

the spacing type (i.e., transmit or receive transducer spacing) and the spacing 

value. More specifically:  

o In the case of SISO/CC networks, capacity initially improves with 

increasing transducer spacing regardless of the spacing type.  

Beyond a transducer spacing threshold, capacity drops off while 

increasing transducer spacing. This is due to the fact that the spacing 

increase implies distance increase that further aggravates SISO channel 

attenuation and respective capacities. This transducer spacing threshold 

depends on the distance among transmit and receive transducers and the  

UWA configuration.  

o In the case of SIMO networks, the different spacing types have different 

impact on SE and EE metrics of these networks. As it concerns the 

transmit transducer spacing, this change has negligible effect on the 

median channel attenuation of SIMO schemes since the median distance 

between transmit transducer and the receive transducers remains almost  
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Fig. 10.   Same curves with Figs. 7(a) and 7(b) but for default IPSDM limits and default noise 

conditions when different transducer spacings occur. (a) Different vertical spacings of transmit 

transducers: SISO/CC and 1x4 SIMO trade-off curves. (b) Different vertical spacings of transmit 

transducers: 4x1 MISO and 4x4 MIMO trade-off curves. (c) Different vertical spacings of 

receive transducers: SISO/CC and 1x4 SIMO trade-off curves. (d) Different vertical spacings of 

receive transducers: 4x1 MISO and 4x4 MIMO trade-off curves. 
 

 

stable. Thus, the increase of transmit transducer spacing little affects the 

capacity of SIMO networks. In contrast with transmit transducer spacing, 
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the increase of receive transducer spacing slightly deteriorates the  

SE performance of SIMO networks. On the basis of the receive transducer 

spacing impact on SISO/CC networks, the spatial multiplexing of  

SIMO networks achieves to mitigate the arisen capacity reductions during 

the increase of receive transducer spacing. 

o Similarly to SIMO networks, in the case of MISO ones, the different 

spacing types differently influence SE metrics of these networks. 

However, due to the architecture similarities between SIMO and MISO 

networks, the influence of transmit transducer spacing on the capacity of 

MISO networks is the same with the influence of receive transducer 

spacing of SIMO networks. Similar SE performance results occur during 

the changes in the receive transducer spacing of MISO networks with the 

transmit transducer spacing of SIMO networks. 

o In the case of MIMO networks, the changes of transducer spacing have 

totally different effect on capacity in comparison with the respective 

changes in SISO/CC, SIMO and MISO networks.  

Actually, the exploitation of spatial multiplexing in  

UWA/MIMO networks is so intense that the effect of distance increase on 

SE metrics remains limited. Nevertheless, above a certain transducer 

spacing threshold, the improvement of capacity becomes marginal.  

To further boost the SE performance of MIMO networks,  

MIMO schemes of higher cardinality should be deployed. 

 With reference to eq. (31), EE capacity depends on the capacity and  

power consumption. Since power consumption remains stable as transducer 

spacing changes, EE capacity present the same behavior with capacity during the 

previous transducer spacing changes in all examined single- and multi-port 

schemes. Mathematically, the impact percentage of transducer spacing changes 

on median capacity and median EE capacity is analytically reported in Table 4 

where the previous observations are verified. 

 

C. Road Map for the UWA Future Research in IoT and M2M Landscape 
 First, apart from the SE and EE performance of UWA networks, crucial matter 

for their further development is their interoperability potential with other already 

licensed broadband technologies in IoT and M2M environment. The latter technologies 

are essential for the connectivity of UWA networks with the land communications 

systems. However, before UWA networks coexist with these broadband technologies  

–wired, such as fiber and DSL, and wireless, such as WiFi and WiMax–, the UWA 

technology intraoperability needs to be further exploited. Apart from compatible 

frequencies, equipment signaling, UWA network standardization, wise design of  

UWA configurations, adoption of MIMO technology and the promotion of the concepts 

of scalable capacity and standard topologies, green issues should be readdressed taking 

into account the today’s poor SE and EE performance of UWA networks.  

 Second, extending the applicability and practicability of SE/EE trade-off curves 

to real UWA/MIMO networks, throughput can be used instead of capacity.  

Since the future research will focus on real UWA networks, the influence of the adopted 

modulations and coding schemes on the throughput reduction should be investigated 

studying the respective SE/EE trade-off curves either in shape or in maxima [65], [66].  

Anyway, the application of SE/EE trade-off curves in real single- and multi-port  
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UWA networks using more sophisticated: (i) channel approximation techniques; and (ii) 

RF MIMO architectures, modulations and applications inspired by other wireless MIMO 

communications networks [67]-[70]; is going to be further analyzed in the oncoming 

research works. 

 
TABLE IV 

The Influence of Transducer Spacing on Median Capacity and Median EE Capacity for Different 

Single- and Multi-Port Schemes  

(Green color: increase; Red color: decrease) 
MIMO 

scheme 

Change of 

Transmit 

Transducer 

Spacing 

Capacity 

Percentage 

Change 

EE 

Capacity 

Percentage 

Change 

Change of 

Receive 

Transducer 

Spacing 

Capacity 

Percentage 

Change 

EE 

Capacity 

Percentage 

Change 

SISO/CC 0m→0.6m 8.40% 8.40% 0m→0.6m 9.45% 9.45% 

0m→6m -33.08% -33.08% 0m→6m -29.68% -29.68% 

SIMO 

1x4 
0m→0.6m -0.09% -0.09% 0m→0.6m 3.98% 3.98% 

0m→6m -2.3% -2.3% 0m→6m 3.05% 3.05% 

MISO 

4x1 
0m→0.6m 3.99% 3.99% 0m→0.6m -0.05% -0.05% 

0m→6m 3.05% 3.05% 0m→6m -2.89% -2.89% 

MIMO 

4x4 
0m→0.6m 23.02% 23.02% 0m→0.6m 23.02% 23.02% 

0m→6m 33.36% 33.36% 0m→6m 33.41% 33.41% 

 

 Third, the combined operation of UWA networks with other supported 

communications networks in the IoT and M2M framework can also significantly improve 

the SE/EE trade-off curves of UWA networks at a local basis as well as the insertion of 

new metrics from other already established communications technologies during the 

performance analysis of undersea communications [71]-[74]. Hence, the development of 

new ad-hoc trade-off curves of UWA networks at a local and daily basis and the 

stabilization of these trade-off curves when various fluctuations occur in UWA 

surrounding environment and UWA modem equipment define another two critical UWA 

research topics. 

 

VII. Conclusions 
 This paper has focused on the SE and EE performance of single- and multi-port 

UWA networks in the 0-100kHz frequency range. Their performance has been 

investigated with respect to: (i) different single- and multi-port schemes and 

configurations; (ii) different IPSDM limits and various noise conditions;  

(iii) different power consumption scenarios due to UWA acoustic modem equipment;  

(iv) new transmission, SE and EE metrics; (v) EE communications principles; and  

(vi) the proposed SE/EE trade-off curves.  

 Based on the applied SE and EE metrics as well as the proposed SE/EE trade-off 

curves, major features of UWA networks have been reviewed for use in future’s practical 

UWA networks. Information theory has revealed that capacity of UWA/MIMO networks 

can reach up to 10Mbps when high IPSDM limits, full MIMO schemes and short- and 

medium-range communications links are adopted regardless of the UWA acoustic 

modem equipment. To practically achieve these high data rates in the  

0-100kHz frequency band, the concepts of multi-hop UWA communications and 

standard UWA topologies has been promoted in this paper. At the same time,  
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critical role towards higher SE performances of UWA networks plays the wise design of 

multi-port arrangements and configurations in accordance with SE/EE trade-off curves. 

Maladjustments of MIMO configuration properties such as: (i) distance among transmit 

and receive transducers; and (ii) horizontal and vertical spacing of transmit and receive 

transducers; may create Mbps of capacity differences.  

 As it concerns the EE properties of UWA networks, the main conclusion is that 

today’s transducer technology does not permit the coexistence of the full broadband 

exploitation of UWA networks along with their EE operation.  

Even if full MIMO schemes are applied and software defined acoustic modems are 

deployed, the capacity of UWA networks is constrained far below the broadband 

capacity threshold of 2-3Mbps. Therefore, till new more EE UWA equipment is 

available, a strategic decision concerning the further development of UWA networks 

should be made: EE UWA networks of few kbps data rates or non-EE UWA networks 

with broadband potential? The right answer depends on the throughput requirements of 

the projected applications while exploiting the quasiconcave SE/EE trade-offs that 

determine dynamic equilibria between capacity and EE capacity. Anyway, a better 

compromise between capacity performance and power consumption may occur in the 

following years. 

 Finally, this paper has introduced an important first step towards the 

design/operation of faster and greener UWA/IoT and UWA/M2M networks that are a 

communications world of cooperation. Based on new practical SE/EE trade-off curves in 

terms of throughput, the second step is going to cope with UWA/MIMO networks of real 

life. 
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