
 

 
 

 

 

 
 

 

 
 

 

 

Performance Evaluation of Universal 
Filtered Multi Carrier Modulation for 

Underwater Acoustic Communications 
 

1R.Hema and 2S.Sudha 

 

1Assistant Professor, Department of ECE, Easwari Engineering College, Chennai, 

India. E-mail:hemaprabakar18@gmail.com 
2Professor, Department of ECE, Easwari Engineering College, Chennai, India.  

Abstract 
 

For underwater acoustic communication, major limitation of acoustic waves 

is that the data transmitted is vulnerable to multipath impairment and the 
performance is limited by lower data rates. To meet the increased demand of 

higher bit rates, the multi-carrier modulation techniques, such as OFDM have 

given significant progress for high data rate. But, in OFDM the large peak-to-

average power ratio (PAPR) leads to nonlinearity distortion. Hence in this 
work, PAPR reduction is taken up as a task, and a technique suited 

exclusively to underwater acoustic communication systems has been 

explored. The proposed work evaluates the performance of Universal Filtered 
Multi-Carrier (UFMC) modulation scheme for feasibility of utilizing the 

optimal technique for underwater acoustic channel. The performance 

evaluation of Filter Bank Multi-Carrier (FBMC) and UFMC modulation 
schemes were compared based on various metrics such as PAPR, Bit Error 

Rate (BER) and Signal to Noise Ratio (SNR). The simulation results show 

that the UFMC scheme outperforms FBMC with respect to BER versus SNR 

and PAPR metrics. 
 

Keywords: Underwater Acoustic Communication, FBMC, UFMC, BER, 

PAPR. 
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1 Introduction 
 
In underwater wireless acoustic communications research, OFDM is the 

best effective modulation technique, as it is robust to inter symbol 

interference (ISI) and gives better bandwidth efficiency compared to 
conventional system. In the OFDM system, cyclic prefix (CP) is used, 

however its procedure signifies consumption of useful bandwidth which 

might have been else used especially for data transmission [1]. 
In recent years an appreciative alternate to OFDM is FBMC modulation 

[2-3]. This FBMC technique divides the spectrum into multiple orthogonal 

sub-bands as in OFDM but additionally, filtering functionality has been used 

to each of the subcarriers. Due to weak side-lobes, inter-carrier interference 
is negligible in FBMC than OFDM. In FBMC transmission, robust 

performance in the channel characterized by frequency and time dispersions 

would be attained due to the nonexistence of CP. In spite of its unique 
features, FBMC has limitations in practical system configurations that it 

utilizes separate filters for each subcarrier resulting in increased complexity 

of the system.  

Therefore, another novel multicarrier modulation technique, Universal 
Filtered Multi-Carrier (UFMC) [4 - 5], is discussed for underwater wireless 

acoustic communication application. UFMC is a better waveform Technique 

than FBMC, which combines the advantages of both FBMC and basic 
OFDM. UFMC technique filters entire subcarrier instead of single subcarrier 

like FBMC and therefore reducing the filter length and hence less complex 

than FBMC.  
 

1.1 Overview of Underwater Acoustic Channel Characteristics 
 

Underwater channel characteristic is very challenging in deciding the 
quality of the signal propagating through the channel and hence modeling of 

this channel is very important for the performance evaluation of the 

underwater communication system by simulation. In this work, ray theory 
based underwater channel modeling approach is presented. This approach 

includes absorption, reflection and spreading and hence, transmission losses 

will be added due to bottom and sea surface. The progation of sound in the 
water through multiple paths depends upon the structure of sound-speed, 

receiver and source positions. The speed of sound is based on the depth, 

temperature, salinity and pressure of sea water, which can be represented by 

[6]: 

  c = 1448.96 + 4.591T − 0.05304T2 + 0.0002374T3 + 1.340(S −
 35) + 0.0163Z + 1.675 × 10−7TZ2 − 0.01025T(S − 35) − 7.139 ×
                    10−13TZ3                                                                                                                                                                
                                                                                                                      (1) 
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The above equation [1] holds good for 0 ≤ T ≤  30°,  0 ≤ Z ≤ 8000 and 30 

≤ S ≤ 40, where Z represents depth in meters, T represents temperature in °C 
and S represents salinity. Normally the speed of sound ranges between 1478 

m/s to 1524 m/s based on the above stated factors.  

 

 
Figure 1. Layerwise profile of Deep sea-velocity 

 

The characteristic of sound velocity contour [7] for deep oceans is shown 
in figure 1. This profile is separated into different layers [8]. The surface 

layer where the velocity of sound varies with some changes which may 

contain a layer of isothermal water where sound is channeled. Below the 

surface layer is the periodic thermocline layer, the temperature declines with 
depth according to the seasons. In the main thermocline layer the temperature 

reduces rapidly with growing depth and is considered by negative sound-

speed gradient. In the deep isothermal layer, where the temperature is almost 
constant and speed of sound escalates with increasing depth as a function of 

improved sound pressure. The sound velocity profile gets modified with 

latitude, season and meteorological condition. But for shallow water, due to 

water currents, salinity variation, surface heating and cooling [9], the velocity 
profile tends to be unpredictable and irregular. 

The various multipath propagation is possible for under water mainly 

depending on the location of transmitter and receiver. This multipath 
propagation such as surface reflection, direct path or bottom bounce for 

shallow water, could be existent in deep water also, if the transmitter and 

receiver are positioned near the surface/bottom. But many propagation paths 
for deep water such as bending of the rays in deep sound channel do not exist 

in the shallow water. The frequency and transmission range also contribute to 

multipath propagation apart from depth. 

The shallow underwater channel is considered in this work. Here sound 
is propagated with distance due to repetitive reflections from the surface and 
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bottom as shown in figure 2. Generally depending on the type of sediment, 

frequency and incidence angle, the bottom bounce or reflections suffer from 
higher attenuation than reflections at surface.  

 

Figure 2. Shallow water propagation modes 

In shallow water, the propagation of acoustic signals within the cylinder 
bounded by sea floor and the surface [10] results in cylindrical spreading. 

The transmission loss (TL) produced by this absorption and spreading can be 

stated as follows [11]: 
 

TL = 10logr +  αr × 10−3                                               (2) 

 

Where α is the absorption coefficient in dB/km and r is is range in 
meters. 

Depending upon depth, α significantly increases with increasing 

frequency f. If f=1 kiloHertz, at zero depth, α is a few hundreds of 
dB/kilometer; for f =10 kiloHertz, it is roughly about 1dB/ kilometer; if f 

=100 kiloHertz, it is around several tens of dB/kilometer; if f=1MegaHertz, it 

is several hundreds of dB/ kilometer [12]. So depth has greater impact on 

underwater communication. It is observed that when α reduces the depth 
increases, predominantly for frequencies above few 100 kHertz. At 

frequencies above few hundred Hertz, the value of α is calculated using 

Thorp’s expression as [9]: 
 

 α =  
0.1f 2

1 + f 2
  +  

40f 2

4100 +  f 2
 + 2.75  X 10−4f 2

+ 0.003                                                                                     (3) 

 

In general, the sound propagation is influenzed by physical, chemical and 
biophysical properties of seawater. Owing to absorption, spreading, 
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reflection; an underwater acoustic signal will undergo from attenuation. 
Further, geometry of the channel can also cause multipath fading which 

results in significant inter symbol interference (ISI) at receiver. 

Multipath propagation is the common phenomenon occurring in 
underwater acoustic communications. The transmitted signal is replicated 

several times at the receiver due to the effect of the signal travelling through 

different paths with different delays and attenuations which leads to inter 
symbol interference [13-14]. In order to overcome this limitation, most 

promising multi carrier modulation techniques such as OFDM, FBMC, etc. 

can be used for next generation wireless communication system [15].The 

multipath propagation in underwater acoustic communication is mainly 
caused by refraction or reflection of the signal. The reflection of signal 

happens when it rebounds at the surface or bottom of the sea and arrives the 

receiver. This reflection is due to shallow water conditions. The refraction of 
signal phenomenon is distinct in deep sea water as the sound speed changes 

with depth. Such multipath effect would be with larger time dispersion when 

compared to wireless propagation in air. 

For such a multipath channel, Multi-carrier modulation techniques like 
OFDM and FBMC are ideal. The investigation of FBMC techniques and 

their benefits have been recently discussed in a number of applications [3]. 

The influence of FBMC techniques deals with the channel which shows 
dispersing in frequency (time variation of channel) as well as in time 

(multipath effects); specifically, the doubly dispersive channels. However it 

suffers from certain disadvantages too for which an alternative multicarrier 
modulation scheme Universal filtered multicarrier (UFMC) modulation is 

proposed for underwater wireless acoustic communications. 

To demonstrate the UFMC technique in underwater acoustic 

communication, the performance metrics such as Signal to Noise Ratio 
(SNR),  Peak to Average Power Ratio (PAPR) and Bit Error Rate (BER) are 

considered to assess the communication quality. SNR measures the relative 

power of the signal with respect to noise. As the noise is the source of all 
errors, additive white Gaussian noise (AWGN) can be considered for 

Gaussian noise channel model. Then BER versus SNR can be used to 

analyze the performance. In decibels, PAPR can be expressed as,  

PAPRdB = 10log 
|x|peak

2

xrms
2  dB                                                 (4) 

Where xpeak represents the peak amplitude and xrms represents the rms 

value of amplitude. 

 
2 Multicarrier Modulation Techniques 

 
Multicarrier systems employ multiple sub channels to transmit 

information over pulses that occupy only a small bandwidth with negligible 

interference. The adaptive modulation and coding techniques can be applied 
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for channel estimation and [16]. In time domain, the transmitted signal is 

expressed as, 

s(t) =  ∑ ∑ gl,k(t)xl,k
L−1
l=0

K−1
k=0                                                        (5) 

Where xl,k denotes the transmitted symbol at time-position k and subcarrier  

Position l which is selected from pulse amplitude modulation (PAM) or  
quadrature amplitude modulation (QAM) signal constellation.  

 

The transmitted pulse gl,k(t) can be expressed in (4) which is basically a 

time and frequency shifted version of the prototype filter p(t) [17] as: 

 

 gl,k(t) = p(t − kT)ej2πlF(t−kT)ejθl,k                                                           (6) 

 
Where, T represents time spacing and F represents the frequency 

spacing.  

The received symbols are decoded by projecting the received signal r(t) 

on to transmitted pulses  gl,k(t), after transmission over a channel, that is, 

 

    yl,k = < 𝑟(t), gl,k(t) > = ∫ r(t)g∗
l,k

(t)dt
∞

−∞
                                         (7)     

 

which links to a matched filter in an AWGN channel that maximizes the 

SNR. 
CP-OFDM (Cyclic Prefixed OFDM) is the mostly used multicarrier 

technique to decrease the computational difficulty. Besides, to reserve the 

orthogonality in frequency selective channels, the CP confirms that the 
transmit pulse is marginally longer than the receive pulse. The transmitter 

and receiver prototype filter [17] can be specified as, 

 

 pTX(t) =  {
1

√T0
 if − (

T0

2
+ TCP) ≤ t <

T0

2

0                              otherwise
                                          (8) 

 

 pRX(t) =  {
1

√T0
                     if 

T0

2
≤ t <

T0

2

0                              otherwise
                                                   (9) 

 

where T0 is a time-scaling parameter. 

 Eventhough the CP-OFDM simplifies the equalization in frequency 

selective channel, it has higher Out-Of-Band (OOB) emission and hence it 
decreases the spectral efficiency. Therefore in order to suppress the OOB 

emission and improve the spectral efficicncy, filter based solutions like 

FBMC (filter bank multicarrier technique) and UFMC (Universal Filtered 
Multi Carrier) are being considered.   
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When comparing the performance of FBMC with OFDM, there is a wide 
difference between them in saving bandwidth especially for underwater 

communication [18].The bandwidth efficiency of FBMC technique is higher 

while OFDM offers lower complexity for Single Input Single Output (SISO) 
communication. However for Multiple Input Multiple Output (MIMO) 

communication, OFDM provides full flexibility. 

The transmit signal for FBMC system [14] is specified as  
 

 x(t) =  ∑ ∑ sk[n]pk(t − nt)k∈Qn                                               (10) 

 

where   𝑝𝑘(𝑡) = 𝑝(𝑡)𝑒2𝜋𝑡𝑘𝐹 and p(t) is denoted as prototype pulse-

shaping filter, Q is the set of integers that postulate the subcarriers in x(t) , 

and sk[n]  is the  data symbols which can be signified by index n and carrier 
index k respectively.  

It can also be stated that x (t) is constructed using the set of basic 

functions pk(t-nT). In this case, data symbols sk[n], fork ∈ Q, and 
completely values of n, will be separable, trivially, if basis functions fulfill 

the following equation,  

 
〈 pk(t-mT), pl(t-nT)〉 =  δklδmn                                                  (11) 

 

which is Kronecker delta function, and inner product description is  

 

 〈pk(t-mT), pl(t-nT)〉 =  ∫ 𝑝𝑘(𝑡 − 𝑚𝑇)𝑝𝑙
∗(𝑡 − 𝑛𝑇)𝑑𝑡 

∞

−∞
                    (12) 

 

where the symbol * denotes complex conjugate.  
A filter bank transceiver comprises of 2 filter sets, one is synthesis filter 

at transmitting side and another one is an analysis filter at receiving end. A 

filter set consists of M digital filters which are prescribed in a parallel 

configuration. At the transmitter, these filters contain K-fold digital up-
samplers denoted by ↑K, and at the receiver, they contain K-fold decimators 

denoted by ↓K. Many types of filter banks could be employed in multi-

carrier systems depending on the design of filters.  
In FBMC receiver, the additional complexity in the filter bank can be 

stated by having reference to the Fast Fourier Transform (FFT) of the OFDM 

receiver. This complexity is based on number of the sub channels M and K. 
Three types of situation can happen:  

1. K = M; Non-repetitive transceiver.  

2. K > M; Redundant transceiver.  

3. K < M; Under-interpolated transceiver.  
In FBMC, constraints on synchronization can be relaxed by using 

efficient sub carrier equalizer. Depending on the implementation of receiver 

filter bank, the sub carrier equalizer can be engaged in time domain or 
frequency domain. 
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The transmitter and receiver structure of FBMC modulation technique 

[19-20] are shown in figure 3 and figure 4. In FBMC transmission, complex 
modulation alphabet is used for mapping the binary information, where each 

modulation symbol signifies M bits using offset-QAM modulation on 

subcarriers. In this paper, 16-QAM modulation is used for symbol mapping 

in FBMC. These mapped symbols are then converted into parallel streams. 
The implementation of FBMC constitutes the frequency spreading followed 

by IFFT operation. These subcarriers are serialized and summed to form the 

modulated FBMC signal which is then transmitted. The reverse operations 
are performed at receiver end in order to recuperate the original signal 

transmitted. The length of prototype filter used depends on K, which is the 

overlapping ratio of the consecutive symbols. 

The disadvantages of FBMC are as follows: 

 High computational complexity in the implementation of FBMC. 
The subcarrier symbols in filter bank (in time domain) are 

overlapped that causes overhead and tightly multiplexed 

operation.  

 Implementation of generalized spectrum sensing with high 
dynamic range and large bandwidth is very challenges in 

achieving analog RF performance  

 MIMO based FBMC system is very limited due to its complex 

structure. 

 
Figure 3. Block Diagram for FBMC Transmitter 

 

   Figure 4. Block Diagram for FBMC Receiver 
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3 Proposed Multicarrier Modulation Technique – Universal 
Filtered Multi Carrier (UFMC) 

 
The projected UFMC modulation technique achieves filtering operation 

for whole frequency band instead of applying filter bank in each subcarrier in 

the case of FBMC. The basic OFDM multicarrier technique divides a carrier 
into subcarriers while UFMC divides a carrier first into sub bands which 

further sub divided into subcarriers. The main advantage of FBMC is that it 

has high spectral efficiency but, it is efficiently used for single user 
transmission only. But in the case of OFDM, CP is included to eliminate 

inter symbol interference. The UFMC technique combines the advantage of 

both OFDM and FBMC and hence it performs better against synchronization 

errors.    
The UFMC scheme can be expressed by assuming an L + 1 filter length 

and B sub-bands mathematically [21], as: 

 

X =  ∑ FiVNxB
i=1                                                                          (13) 

 

In this equation,  
 X is the (N + L) × 1 symbol of UFMC,  

 x is the N × 1 QAM symbol vector, 

 Fi is the altered convolution matrix of size (N+L) × N, and  

 VN is IDFT matrix with size N × N.  

To describe Fi , a Toeplitz matrix F can be reflected with the coefficients 

of UFMC filter.  

Then Fi  is the filter with the spectrum centered at ith sub-band 

multiplied to Si. Now, Si is a matrix with an L × L identity matrix which 
resembles a part of x, which is within the ith sub-band.  Then from equation 

(13), UFMC is considered as the sum of filtered symbols of OFDM. 

`In case of UFMC demodulation, ek  is defined as 1 × 2N vector with an 
element of 1 at kth position and otherwise zero. The demodulated signal of 

UFMC is given by: 

   x̃ =  (

e1
e3
e5
⋮

e2N-1

) Ṽ2N ( X
ON×1

)                                                                    (14) 

where,  �̃�  is QAM symbol estimates, 

           Ṽ2N is the 2N × 2N DFT matrix, and  

           X is the N × 1 received symbol vector. 

 
3.1 System Model for UFMC Modulation 

 

In UFMC, the transmit vector is the superposition of sub-band wise 

filtered component having FFT length N and filter length L, for a multicarrier 
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symbol of a specific user k. The figure 5 represents the block diagram of the 

transceiver link of UFMC Modulation scheme [22]. 
The ni complex QAM symbols in each of the B sub-band, are gathered in 

Sik which are then converted into time domain by IDFT-matrix,Vik. Fik is 

the Toeplitz matrix, composed of impulse response of the filter by 

accomplishment of linear convolution. After superposition the summated 
signal is up-converted and then processed. The noisy superposition of each 

user transmission is received by the detector. 

 

Figure 5. Block Diagram of UFMC Transceiver 

 
3.2 Analysis of UFMC Transmitter Structure 

 

This section designates block diagram of transmitter and receiver of 
UFMC [24]. The benefits of both OFDM and FBMC techniques are 

combined in UFMC modulation. In this technique, filtering a block of 

subcarriers is done instead of filtering each subcarrier.  
The Figure 6 is the illustrations of UFMC transmitter. In UFMC, total 

bandwidth is initially divided into B sub-bands, each with k subcarriers. The 

data bits given to each sub band are specified to symbol mapper. Symbol 

mapper allocates symbols to bits.  
This symbol is paralleled by serial to parallel converter and then given to 

IFFT. Here the IFFT turns as a modulator. It is very challenging to design 

modulators for each subcarrier. The output of IFFT is serialized by p/s 
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converter and that output is filtered with pulse shaping filter of length L. The 
filter is Dolph-Chebyshev filter. The output of all filters is added and 

resulting signal is passed through channel. The input data signified by X is 

converted to B sub-blocks and each sub-block is passed over N point IFFT. 
The output of IFFT is serialized and passed through filter.  

 

 
Figure 6. Block Diagram of UFMC Transmitter 

 

3.3 Analysis of UFMC Receiver Structure 
 

In UFMC receiver structure, the data from the channel is received 

through serial to parallel (S/P) convertor and FFT to demodulate the data. 
After equalization on the output of FFT, it is given to parallel to serial (P/S) 

converter to get single data stream. The symbol demapper translates the 

symbols into bits and finally original data is retrieved. Figure 7 shows the 
block diagram of UFMC Receiver. 

There is no repetition of the bits in UFMC and it exploits the entire 

allocated spectrum efficiently and hence the spectral efficiency is improved. 
Due to minimum side lobes in UFMC, the interference on adjacent 

subcarriers is diminished.  

 
Figure 7. Block Diagram of UFMC Receiver 

 

4 Results and Discussion 
 

The performance  of FBMC and UFMC modulation schemes is evaluated 

using binary input bit stream transmission in AWGN multipath Underwater 
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Acoustic Wireless Channel  for 64 sub carriers with an overlapping factor of 

K=4.Underwater acoustic channel model is simulated using MATLAB 
R2017a version. In this model, a shallow underwater channel of depth 100 m 

is simulated. The horizontal distance from the transmitter to the receiver is 

considered as 1000 m. The depth between transmitter and the bottom of 

channel is considered as 20 m and the distance between receiver and bottom 
of the channel is considered as 80 m. A distinctive speed of sound in water 

near the ocean surface is about 1500 m/s, and hence in the channel model 

simulation, the speed of sound can be considered as 1500 m/s. It is to be 
distinguished that the Doppler Effect is not considered in the modeling. The 

prototype filter is built with an overlapping factor of K=4. Since the channel 

model simulated is an acoustic channel model, the frequency of operation 

should be in the acoustic frequency range of 20 to 20 kHz. Hence the 
frequency of operation is selected as 8 kHz.  

The channel impulse response (CIR) in underwater channel can span 

upto hundreds of milliseconds [1]. The CIR of the simulated UWA Channel 
is revealed in figure 8. 

 

 

 

Figure 8. Channel Impulse Response 

In FBMC, modulation is carried out on the OQAM pre-processed 

symbols with the help of Synthesis Filter bank which consists of frequency 
spreading operation followed by IFFT function. And at the receiver side, the 

demodulation is carried out with the help of Analysis Filter bank which 

consists of FFT function followed by frequency de spreading operation. After 
performing theOQAM post processing, the data bits are recovered by 

demapping of symbols. 

In UFMC, at the transmitting side, the input bit stream is divided into 4 
sub-bands, each carrying 16 subcarriers. QAM symbol mapping is performed 
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in each sub band. It is followed by IFFT function and a band filter. The filter 
utilized is Dolph-Chebyshev filter. The output of every sub band is united to 

form the transmit signal. At the receiving side, the demodulation consists of 

FFT function and equalization per sub carrier. The output of which is 
serialized and then the data bits are recovered by demapping the symbols. 

The plots shown in figure 9 represents the BER versus SNR curves of 

FBMC and UFMC schemes for 16-QAM modulation. The bit error rate 
values of UFMC modulation are found to be lower than the bit error rate 

values of the FBMC modulation scheme as evident from the figure 9.Table 1 

depicts the PAPR values for FBMC and UFMC Modulations for 4-QAM, 16-

QAM and 64-QAM configurations. 

 
TABLE 1. Performance metrics evaluation of FBMC and UFMC Schemes 

 
CONFIGURATIONS FBMC(dB) UFMC(dB) 

4-QAM 10.2803 4.6402 

16-QAM 9.601 2.8855 

64-QAM 8.8973 2.2898 

Figure 10, 11, 12 shows the CDF plots of PAPR for FBMC and UFMC 
Modulations for 4-QAM, 16-QAM and 64-QAM mappings. The following 

figures shows that the PAPR of UFMC is approximately 5.6401 dB lower 

than the PAPR of FBMC modulation for 4 QAM. Similarly, for 16 QAM the 

PAPR of UFMC is approximately 6.7155 dB lower than the PAPR of FBMC 
modulation and for 64 QAM the PAPR of UFMC is approximately 6.6075 

dB lower than the PAPR of FBMC modulation. 

 

 

          Figure 9. Comparison of BER versus SNR for FBMC and UFMC 
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Figure 10. CDF plots of PAPR for   FBMC and UFMC modulations for 4-QAM 

 

 

Figure 11. CDF plots of PAPR for FBMC and UFMC modulations for 16-QAM 
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Figure 12. CDF plots of PAPR for FBMC and UFMC modulations for 64-QAM 

From the results, it is evident that UFMC outperforms FBMC in terms of 
both BER Vs SNR and PAPR metrics. In UFMC, maximum power decreases 

as the possibility of number of subcarriers totaling up in phase is less, due to 

the sub bands classification. Therefore the PAPR is low for UFMC when 

associated with OFDM and FBMC. 

 
5 Conclusion 

 

The performance of FBMC and UFMC modulation schemes in 

Underwater Acoustic Wireless Communication were studied and their 
performance metrics (BER, SNR and PAPR) were evaluated. The results 

proved that UFMC modulation outperforms FBMC in terms of both BER 

versus SNR and PAPR metrics. Hence the application of Universal Filtered 
Multicarrier modulation technique is a novel approach in Underwater 

Acoustic Wireless Communication for improved performance and reliable 

communication.  
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