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A B S T R A C T  
 

 

Future wireless networks will use Universal Filtered Multicarrier (UFMC) as a new waveform 
modulation technique. The UFMC waveform sensibly considers the sub-band filter specifications such 

as filter order, and shape to combine the key benefits of the present generation modulation waveforms 

while averting their disadvantages. Therefore, in UFMC-based systems, it is important to pay attention 
to how the sub-band filter is made. In this paper, the sub-band filter configuration is adapted according 

to the sub-band size such that the UFMC symbol generates the minimum level of interference with 

minimum frequency selectivity. Also, the total interference caused by inter-carrier interference (ICI) and 
inter-sub-band interference (ISBI) was studied by finding the closed form of its change in the UFMC 

signal with sub-band size and filter length. From this analysis, we determined the ICI increases and ISBI 

decreases with filter length.  Therefore, the proposed method optimizes the filter length in terms of sub-
band size and interference. By this approach, the filter length is shorter than the conventional method 

and hence improves the symbol utilization. With the proposed method, the overall signal-to-interference 

ratio (SIR) improved by 1 to 3 dB. 

doi: 10.5829/ije.2023.36.07a.13 
 

 
1. INTRODUCTION1 
 

The fast growth in smart terminals, real-time interactive 

services, and the internet of everything (IoE) inspired the 

evolution of fifth generation (5G) networks. The key 

technical challenges for realizing this future network 

include the physical layer transmission techniques that 

are required to support efficient spectrum utilization to 

get full data rate, lower system implementation 

complexity, lower out-of-band emission (OBE) to 

minimize the interference, ultra-low latency, and 

artificial intelligence (AI) based estimation algorithms 

[1-3]. In the present broadband wireless system, 

Orthogonal Frequency Division Multiplexing (OFDM) is 

one of the most frequently used modulation waveforms. 

However, OFDM has several weaknesses, such as large 

sidelobes, high bandwidth usage, and severe 

synchronization requirements, which makes it ineffective 

for 5G and beyond. For wide-area IoT applications, the 

communication link must support in-depth coverage, low 

power consumption, and low implementation complexity 
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[4]. These limitations enforce to design of a new and 

flexible modulation waveform that needs to support 

asynchronous transmission, lower side lobes, and 

reduced latency with less baseband system complexity 

[5-9]. In the last few years, several waveform candidates 

such as Generalized Frequency Division Multiplexing 

(GFDM) [10], Filter Bank Multicarrier (FBMC) [11], 

Filtered OFDM [12], and UFMC [13] have been 

proposed for next-generation wireless systems with a 

lower OBE. Among them, the UFMC waveform is the 

most recommended candidate waveform in the 5G and 

beyond 5G wireless systems to meet the main key 

performance parameters such as lower OBE, flexible 

packet transmission, and highly suitable for short packet 

transmission [14, 15]. 

The UFMC waveform is a combined form of FBMC 

and F-OFDM, in which, a group of subcarriers (SCs) is 

filtered individually to make it more robust in relaxed 

synchronization conditions compared to OFDM. The 

sub-band filtering can be physical resource block (PRB) 

based, service-based, and user-based [16, 17]. The 
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UFMC is suitable for PRB-based sub-band filtering and 

massive machine-type communications. In case of the 

multi-service or multi-user approach the signaling 

overhead may save but the sub-band filtering disrupts the 

orthogonality between the subcarriers and introduces 

inter-carrier interference (ICI) and inter-sub band/service 

interference (ISBI). In addition, the UFMC system has a 

higher baseband complexity and computation complexity 

than traditional OFDM because of the quantity of IFFT 

blocks and sub-band filters. This computational 

complexity reduced with different approaches like 

simplified the baseband UFMC symbol to reduce the 

number of arithmetic operations discussed in literature 

[18-22]. Like a cyclic prefix (CP) in OFDM, the subband 

filter protects against multipath fading and inter-symbol 

interference (ISI) in the UFMC system. However, on 

both sides of the symbol, the ramp (filter tail) of the sub-

band filter causes interference on neighboring sub-bands, 

which depends on the filter length. In practice, the sub-

band filter length is preferred longer or equal to the 

wireless channel length to avoid the multipath fading 

effect [13]. But, in some scenarios, the short filter length 

can be sufficient to get marginal system performance, 

which means further the system overhead can be reduced 

reasonably. 

Recently, there are several filter optimization and 

baseband signal processing approaches have been 

proposed to mitigate the interference in the UFMC 

system [23-29]. Mukherjee et al. [23], Wang et al. 

[30]optimized the sub-band FIR filter based on the 

knowledge of expected timing offset and frequency 

offset to reduce the out-band radiation and hence reduced 

the ISBI. In this method of approach, the filter is fixed 

and chosen arbitrary without knowledge of the adjacent 

sub-bands. The active interference cancellation approach 

is suggested by Zhang et al. [24] uses a separate 

subcarrier on either side of the sub-band for interference 

cancellation and optimizing their weights within the 

power constraints to maximize the overall signal-to-

interference ratio (SIR). With this approach, the spectral 

efficiency degraded due to the use of dedicated 

subcarriers to cancel interference. An adaptive 

modulation and filter configuration was proposed by 

Chen et al. [25], which adaptively determined the sub-

band filter impulse response parameters to reduce the 

interference caused by carrier frequency offset (CFO). 

This method used some guard band between adjacent 

sub-bands that causes reduction in spectral usage with 

better BER performance compared to the conventional 

method. 

From the above literature, all the methods optimized 

the filter configuration to reduce the interference due to 

out of band emission, CFO and timing offset. some of 

these methods used extra subcarrier or guard interval, 

because of this the symbol utilization degraded. In this 

article, the filter length is adapted according to the sub-

band width to minimize interference without degrading 

the symbol utilization. Additionally, we derived the 

closed form for the interference in the UFMC symbol due 

to filtering operation and then optimize the filter length 

for sub-band size. Here, each user's sub-carriers (sub-

band size) allocation is determined by the service they 

seek, such as data, streaming video, or online interactive 

gaming. As a result, each sub-band has a different length 

and the correspondingly filter length varies. Here, the 

proposed method does not use any guard interval 

between adjacent sub-band. Consequently, the sub-band 

filter performs fewer calculations, increasing the symbol 

utilization ratio. 

Following are the remaining sections of the paper: 

The discussion of the UFMC transmitter model and its 

symbol model is given in section 2. Concerning the filter 

length and sub-band size, Section 3 focuses on the 

analysis of ISBI and ICI fluctuation and covers the 

computation of filter parameters for 5G-NR numerology. 

Section 4 covers the results and discussion section, and 

the performance comparison of the UFMC system. 

Section 5 is devoted to conclusion. 
 
 

2. UFMC WAVEFORM MODEL 
 

An overview of the UFMC system model can be seen in 

Figure 1. The basic principle of the UFMC modulator is 

to divide the total number of data subcarriers NDC 

(bandwidth) into a group of consecutive subcarriers 

(known as sub-band), a specific constellation modulated 

(Quadrature Amplitude Modulation (QAM)) data 

samples allocated to each sub-band and then performed 

N-point IFFT after subcarrier mapping on a total number 

of subcarriers (N) and zeros padded to the unallocated 

subcarriers. These time-domain sub-band signals are 

filtered individually with an FIR filter and summed to 

generate the UFMC signal. In the case of a multi-

service/user-based communication system, multiple 

PRBs allocated to each user or service are considered 

sub-band. 

Consider the UFMC system with B sub-bands and Qp 

subcarriers in each sub-band i.e., ∑ 𝑄𝑝
𝐵−1
𝑝=0 = 𝑁𝐷𝐶; 𝑝 =

0,1, … , 𝐵 − 1. The result of the subband filtering 

operation, which is the linear convolution of the sub-band 

signal 𝑠𝑝(𝑛) and the impulse response of the subband 

filter 𝑓𝑝(𝑛). 

𝑥𝑝(𝑛) = ∑ 𝑓𝑝(𝑙)𝑠𝑝(𝑛 − 𝑙)
𝐿𝑓−1

𝑙=0 = 0, 1, … , 𝑁 + 𝐿𝑓 − 2  (1) 

It is possible to express the final UFMC signal as: 

𝑥(𝑛) =   ∑ ∑ 𝑓𝑝(𝑙)𝑠𝑝(𝑛 − 𝑙)
𝐿𝑓−1

𝑙=0
𝐵−1
𝑝=0   (2) 

where 𝐿𝑓 is the subband FIR filter length, 𝑓𝑝(𝑙) represents 

the filter impulse response of pth sub-band, which is the 

center frequency shifted of the prototype filter impulse 

response (𝑓(𝑙)) corresponding to the sub-band. That is: 
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Figure 1. The UFMC system model 

 

 

𝑓𝑝(𝑙) = 𝑓(𝑙)𝑒
𝑗2𝜋

𝑁
(𝐾0+𝐾𝑝𝑠ℎ𝑖𝑓𝑡)𝑙  ;  𝑙 = 0, 1, … , 𝐿𝑓 − 1   (3) 

where, 𝐾𝑝𝑠ℎ𝑖𝑓𝑡 =  ∑ 𝑄𝑏
𝑝−1
𝑏=0 + 𝑄𝑝/2; 𝐾0 =

𝑁−𝑁𝐷𝐶

2
 

signifies the beginning subcarrier index of the lowest 

possible sub-band of the UFMC signal. Generally, the 

filter length for a different sub-band is not necessarily the 

same. The time-domain sub-band signal 𝑠𝑝(𝑛) represents 

the N-point IFFT of pth sub-band written as: 

𝑠𝑝(𝑛) =
1

𝑁
∑ 𝑆𝑝(𝑘)𝑒𝑗

2𝜋

𝑁
(𝐾0+𝐾𝑝+𝑘)𝑛𝑄𝑝−1

𝑘=0
  (4) 

where the sequence 𝑆𝑝(𝑘) represents the pth sub-band 

data samples and 𝐾𝑝 =  ∑ 𝑄𝑏
𝑝−1
𝑏=0 . At the receiver, unlike 

CP-OFDM, the UFMC uses the complete symbol 

duration of samples. Therefore, the received UFMC 

symbol is padded with a sufficient number of zeros for 

processing through 2N-point FFT. After execution of the 

2N-point FFT, the even subcarriers were extracted for 

data detection (down sampled by a factor of 2). 

 

 

3. ADAPTIVE SUB-BAND FILTER DESIGN 

 

As we know that the FIR filtering operations provide less 

OBE and robustness in a relaxed synchronized system. 

But the filtering operation disrupts the orthogonality 

between the sub-carriers and causes interference. In 

general, the PRB-based sub-band filtering is most 

preferable to implemented in the UFMC waveform. In 

the case of multi-user and multi-services, there is design 

flexibility in the UFMC waveform to allocate multiple 

PRBs such that each service support multiple users, and 

one or more consecutive PRBs can be allocated to each  

(a) PRB based sub-band filtering

(b) User based sub-band filtering

User 1 User 2 User 3 User 4

PRB 1 PRB 9

Inter sub-band/ service/user interference 

 
Figure 2. Types of sub-band filtering 

 

 

user as shown in Figure 2. The inter-symbol interference 

(ISI) can be minimized by sub-band filtering operation in 

the UFMC system, but it might be causing some 

significant ISBI in the case of multi-service or multi-user 

systems. On the other hand, for the non-adjacent sub-

bands/services, the ISBI is insignificant and does not 

affect the system performance. 

 

3. 1. Interference in the UFMC Symbol          As stated 

earlier, non-orthogonality brought on by filtering 

operations may cause interference between nearby 

subcarriers and sub-bands. To analyze the interference, 

let us define the ISBI and ICI in terms of desired data 

symbols and sub-band filter metrics. Consider the 

following assumptions for formulation and 

simplification: 
Assumption 1. The modulated data symbols mapping on 

subcarriers are uncorrelated with each other, and have 

zero mean (i.e., 𝐸[𝑆𝑝(𝑘)] = 0 and variance 

𝐸 [|𝑆𝑝(𝑘)|
2

] =  𝜎𝑠𝑝
2 

Assumption 2. The sub-band filter coefficients are 

normalized to have ∑ |𝑓𝑝(𝑙)|
2

 𝐿−1
𝑙=0 = 1 

Consider the energy of the UFMC symbol given as 

follows: 

𝐸𝑈𝐹𝑀𝐶 =  ∑ |𝑥(𝑛)|2𝑁+𝐿−2
𝑛=0   (5) 

The energy of the UFMC symbol can be expressed as: 

𝐸𝑈𝐹𝑀𝐶 =  ∑ 𝑥(𝑛) 𝑥∗(𝑛)
𝑁+𝐿𝑓−2

𝑛=0 =

∑ (∑ 𝑥𝑝(𝑛)𝐵−1
𝑝=0 )( ∑ 𝑥𝑞

∗(𝑛)𝐵−1
𝑞=0 )

𝑁+𝐿𝑓−2

𝑛=0  = 𝐸𝑆𝐵 + 𝐸𝐼𝑆𝐵𝐼  
(6) 

where x*(n) represents the complex conjugative of x(n). 

By substituting Equation (1) in Equation (9), the UFMC 

symbol energy can be composed of two components, one 

is the total sub-band energy (ESB) for 𝑝 = 𝑞 and another 

one is the ISBI component (EISBI) for 𝑝 ≠ 𝑞. These 

energy components can be expressed as: 

𝐸𝑆𝐵 = ∑ ∑ |𝑥𝑝(𝑛)|
2𝑁+𝐿𝑓−2

𝑛=0
𝐵−1
𝑝=𝑞=0   =

 ∑ ∑ ∑ |𝑓𝑝(𝑙)|
2𝐿𝑓−1

𝑙=0
𝐵−1
𝑝=0

𝑁+𝐿𝑓−2

𝑛=0 𝑅𝑠𝑝,𝑠𝑝
  

(7) 
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𝐸𝐼𝑆𝐵𝐼 = ∑ ∑ ∑ 𝑥𝑝(𝑛) 𝑥𝑞
∗(𝑛)𝐵−1

𝑞=0
𝑞≠𝑝

𝐵−1
𝑝=0

𝑁+𝐿𝑓−2

𝑛=0  =

 ∑ ∑ ∑ ∑ 𝑓𝑝(𝑙)𝑓𝑞
∗(𝑙)𝑅𝑠𝑝,𝑠𝑞

𝐿𝑓−1

𝑙=0
𝐵−1
𝑞=0
𝑞≠𝑝

𝐵−1
𝑝=0

𝑁+𝐿𝑓−2

𝑛=0   
(8) 

where, 𝑅𝑠𝑝,𝑠𝑞
 is the correlation sequence of the two 

different time-domain sub-band data sequence 𝑠𝑝(𝑛) 

and𝑠𝑞(𝑛), which can be defined as 𝑅𝑠𝑝,𝑠𝑞
= 𝑠𝑝(𝑛 −

𝑙)𝑠𝑞
∗(𝑛 − 𝑙). By substituting Equation (3) here, we get: 

𝑅𝑠𝑝,𝑠𝑞
=

 
1

𝑁2
∑ 𝑆𝑝(𝑘)𝑆𝑞

∗(𝑘)  𝑒𝑗
2𝜋

𝑁
(𝐾𝑝−𝐾𝑞)(𝑛−𝑙) 

min (𝑄𝑝,𝑄𝑞)

𝑘=𝑚=0 +

1

𝑁2
∑ ∑ 𝑆𝑝(𝑘)𝑆𝑞

∗(𝑚)  𝑒𝑗
2𝜋

𝑁
(𝐾𝑝−𝐾𝑞+𝑘−𝑚)(𝑛−𝑙) 

𝑄𝑞−1

𝑚=0
𝑚≠𝑘

𝑄𝑝−1

𝑘=0   

(9) 

𝑅𝑠𝑝,𝑠𝑞
=

 
1

𝑁2 𝑒𝑗
2𝜋

𝑁
(𝐾𝑝−𝐾𝑞)(𝑛−𝑙)

 (∑ 𝑆𝑝(𝑘)𝑆𝑞
∗(𝑘)  

min(𝑄𝑝,𝑄𝑞)

𝑘=0 +

∑ ∑ 𝑆𝑝(𝑘)𝑆𝑞
∗(𝑚)  𝑒𝑗

2𝜋

𝑁
(𝑘−𝑚)(𝑛−𝑙)𝑄𝑞−1

𝑚=0
𝑚≠𝑘

𝑄𝑝−1

𝑘=0 )  

(10) 

Since the modulated data sequences (frequency-domain 

data sequences) are uncorrelated or low correlated for 

𝑝 ≠ 𝑞 and 𝑘 ≠ 𝑚. Therefore, neglecting the second term 

in Equation (10) we have: 

𝑅𝑠𝑝,𝑠𝑞
=  

1

𝑁2
𝑒𝑗

2𝜋

𝑁
(𝐾𝑝−𝐾𝑞)(𝑛−𝑙) ∑ 𝑆𝑝(𝑘)𝑆𝑞

∗(𝑘) 
min (𝑄𝑝,𝑄𝑞)

𝑘=0
  (11) 

For p = q the Equation (11) can be written as: 

𝑅𝑠𝑝,𝑠𝑝
=  

1

𝑁2
 (∑ |𝑆𝑝(𝑘)|

2
 

𝑄𝑝−1

𝑘=0 +

∑ ∑ 𝑆𝑝(𝑘)𝑆𝑝
∗(𝑚)  𝑒𝑗

2𝜋

𝑁
(𝑘−𝑚)(𝑛−𝑙)𝑄𝑞−1

𝑚=0
𝑚≠𝑘

𝑄𝑝−1

𝑘=0
)  

(12) 

From (3), we have: 

𝑓𝑝(𝑙)𝑓𝑞
∗(𝑙) =  |𝑓(𝑙)|2 𝑒

𝑗
2𝜋

𝑁
(𝐾𝑝−𝐾𝑞+

𝑄𝑝−𝑄𝑞

2
)𝑙

  (13) 

Substitute Equation (12) in Equation (7), the total sub-

band energy can be written as: 

𝐸𝑆𝐵 =

 ∑ ∑ ∑ |𝑓𝑝(𝑙)|
2𝐿𝑓−1

𝑙=0

1

𝑁2
 (∑ |𝑆𝑝(𝑘)|

2𝑄𝑝−1

𝑘=0 +𝐵−1
𝑝=0

𝑁+𝐿𝑓−2

𝑛=0

∑ ∑ 𝑆𝑝(𝑘)𝑆𝑝
∗(𝑚)  𝑒𝑗

2𝜋

𝑁
(𝑘−𝑚)(𝑛−𝑙)𝑄𝑞−1

𝑚=0
𝑚≠𝑘

𝑄𝑝−1

𝑘=0 )  

(14) 

According to Equation (14), the total sub-band energy 

𝐸𝑆𝐵 can be divided into two components: the sub-carrier 

energy (ESC) component for 𝑘 =  𝑚 and the ICI 

component (EICI) for 𝑘 ≠ 𝑚. Therefore, the complete 

UFMC symbol energy becomes: 

𝐸𝑈𝐹𝑀𝐶 =  𝐸𝑆𝐶 + 𝐸𝐼𝐶𝐼 + 𝐸𝐼𝑆𝐵𝐼  (15) 

From Assumption 2 and 𝑁 ≫  𝐿𝑓, the total desired data 

subcarriers energy of the UFMC symbol is given as: 

𝐸𝑆𝐶 =
1

𝑁2
∑ ∑ ∑ |𝑓𝑝(𝑙)|

2𝐿𝑓−1

𝑙=0  𝐵−1
𝑝=0

𝑁+𝐿𝑓−2

𝑛=0
∑ |𝑆𝑝(𝑘)|

2𝑄𝑝−1

𝑘=0 =
𝑁+𝐿𝑓−1

𝑁2
∑ ∑ |𝑆𝑝(𝑘)|

2
 

𝑄𝑝−1

𝑘=0
𝐵−1
𝑝=0   

(16) 

and  

𝐸𝐼𝐶𝐼 =
1

𝑁2
∑ ∑ ∑ 𝑆𝑝(𝑘)𝑆𝑝

∗(𝑚) 
𝑄𝑝−1

𝑚=0
𝑚≠𝑘

𝑄𝑝−1

𝑘=0
𝐵−1
𝑝=0 ∑ 𝑒𝑗

2𝜋

𝑁
(𝑘−𝑚)𝑛𝑁+𝐿𝑓−2

𝑛=0 𝐸𝑓𝑝(𝑘, 𝑚)  (17) 

 

where 

𝐸𝑓𝑝(𝑘, 𝑚) = ∑ |𝑓𝑝(𝑙)|
2

  𝑒−𝑗
2𝜋

𝑁
((𝑘−𝑚)𝑙)𝐿−1

𝑙=0   (18) 

Substituting Equations (12) and (14) in Equation (9), the 

inter-sub-band interference energy can be written as: 

 

𝐸𝐼𝑆𝐵𝐼 =  
1

𝑁2
∑ ∑ ∑ |𝑓(𝑙)|2  𝑒

−𝑗
2𝜋

𝑁
(

𝑄𝑝−𝑄𝑞

2
)𝑙𝐿−1

𝑙=0 ∑ 𝑒𝑗
2𝜋

𝑁
(𝐾𝑝−𝐾𝑞)𝑛𝑁+𝐿𝑓−2

𝑛=0
∑ 𝑆𝑝(𝑘)𝑆𝑞

∗(𝑘)
min(𝑄𝑝,𝑄𝑞)

𝑘=0
𝐵−1
𝑞=0
𝑞≠𝑝

𝐵−1
𝑝=0       (19) 

 

According to Equations (17) and (19), the size of the sub-

band and the sub-band filter ramps have an impact on 

both ICI and ISBI. The filter ramps depend on the filter 

length, which is usually recommended to choose more 

than the channel length (CP length) to mitigate the 

multipath channel dispersion. The multipath channel 

effects may be partially mitigated by the filter ramp-up 

and ramp-down, but ISI cannot be fully removed. The 

sub-band filter length decides the level of non-

orthogonality factor between subcarriers, the OBE, and 

hence the interference (ISBI and ICI). To maintain a low 

degree of interference, the sub-band filter order is 

adjusted in this article for the sub-band size. In other 

words, depending on the sub-band width, the filter length 

or tail in the symbol duration can be adjustable. 

Therefore, the filter length design is an important part of 

the UFMC system. In the following subsection, we focus 

on the filter length selection according to the sub-band 

size. 

 

3. 2. Filter Length Design for Sub-band Filter        
The sub-band filter design flexibility is one of the most 

significant advantages of the UFMC waveform compared 

to others, which enables to adjustment of the sub-band 

filtering configuration according to the requirement of 

service, user, and channel conditions. The Gibb's 
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phenomenon states that the magnitude response of the 

filter exhibits nearly the same oscillatory behavior (i.e., 

ripples) after a limited value of its order. From this 

vantage point, we suggested an approach that modifies 

the FIR filter order about sub-band size, while 

maintaining a minimum level of OBE. In general, 

tolerance schemes have been used to build filter design 

algorithms because they give a close approximation of 

the ideal filter frequency response. The FIR filter design 

depends on the following parameters: passband (𝑓𝑝) and 

stopband edge frequencies ( 𝑓𝑠), maximum absolute 

errors known as ripples in the passband and stopband 

(𝛿𝑝 𝑎𝑛𝑑 𝛿𝑠) and filter length (L). The sub-band filter 

length (L) [31] is defined approximately as: 

𝐿 =  
−10 log(𝛿𝑝𝛿𝑠)−13

14.36 ∆𝑓
+ 1  (20) 

where Δf represents the normalized transition width, 

which is defined as the difference between stopband edge 

frequency and passband edge frequency𝑖. 𝑒. , ∆𝑓 =
(𝑓𝑠−𝑓𝑝)

𝐹𝑠
. The passband and stopband edge frequencies can 

be defined based on the bandwidth requirements of the 

sub-band/ service. The bandwidth (BW) of the filter is 

defined from the number of subcarriers allocated to the 

sub-band as 𝐵𝑊 =  𝑄𝑓𝑠𝑐,  where fsc is the subcarrier 

spacing, typically an integer multiple of 15 kHz 

according to the 5G NR numerology. The lower (𝑓𝑙) and 

upper (𝑓ℎ) passband edge frequencies of the sub-band are 

defined as: 

𝑓𝑙 =  𝐾0𝑓𝑠𝑐   𝑎𝑛𝑑 𝑓ℎ = (𝐾0 + 𝑄𝑝)𝑓𝑠𝑐  (21) 

Here the stopband frequency is determined from the 

general filter assumption, i.e., half of the sampling 

frequency 
𝐹𝑠

2
 or the guard band between the sub-band or 

service bands i.e., 𝑓𝑠 =
𝑁

2
 𝑓𝑠𝑐 and ∆𝑓 =

1

2
−

𝐾0+𝑄𝑝

𝑁
. 

Substitute ∆𝑓 in  Equation (20), we get: 

𝐿 =  
𝑁(−10 log(𝛿𝑝𝛿𝑠)−13)

7.18(𝑁−𝐾0−𝑄𝑝)
  (22) 

The sub-band filter length decides the level of non-

orthogonality factor between subcarriers, the OBE, and 

hence the interference (ISBI and ICI). In this paper, the 

sub-band FIR filter order is adapted for the sub-band size 

as mentioned in Equation (22) to maintain a minimum 

level of interference. That is the filter length or tail in the 

symbol duration due to filtering operation can be flexible 

based on the sub-band width. 

 

 

4. SIMULATION RESULTS AND DISCUSSION 
 

From the discussion in Section 3, the system performance 

is affected by the sub-band filter design for a given width 

of the sub-band in different ways. In this section, the 

performance of the proposed method is evaluated 

through MATLAB simulation under various scenarios. 

To demonstrate the results clearly without sacrificing 

their generality, we adopted the 3GPP bandwidth 

configuration/ radio frame structure, i.e., the channel 

bandwidth of 10 MHz, 15 kHz subcarrier spacing, 624 

data subcarriers, and the IFFT length N = 1024 for all 

simulation results. Let consider two different cases with 

different sub-band sizes (Q= 12 SCs and 36 SCs with 5 

sub-bands) as shown in Figure 3. The first case depicted 

in Figure 3(a), here the sub-band ramps (i.e., OBE) due 

to filtering operation extended to more than one sub-band 

for smaller sub-band size (Q), and the power distribution 

among the subcarriers in a sub-band is approximately 

equal. This results in less frequency selectivity and there 

is a high likelihood of accurate data detection in the sub-

band with a higher signal-to-interference ratio (SIR). In 

the second case (i.e., for larger sub-band sizes) shown in 

Figure 3(b), the ramp spread is less than one adjacent sub-

band with a fixed filter length and ineffective power 

distribution along the subcarriers in a sub-band. Which 

leads to greater frequency selectivity and reduced 

performance. 

 

 

 
(a) 5 SB, 12 SCs each 

 
(b) 5 SB, 36 SCs each 

Figure 3. Power spectral density of the UFMC signal with 

the following specifications: 64-QAM, filter length (Lf) = 

73, and N = 1024 
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The maximum to minimum filter gain ratio 

(MMFGR) can be used to define the frequency selectivity 

of the sub-band response shown in Figure 4. It is clear 

from Figure 4, for a fixed sub-band size, the MMFGR 

increases with filter length and for a fixed filter length, 

the MMFGR increase with sub-band width.  The UFMC 

system with a longer filter length results in a larger 

MMFGR (i.e., non-uniform power allocation among the 

subcarriers within a sub-band and higher at the middle of 

the sub-band) and higher frequency selectivity, but it 

leads to a high possibility of error at the edges of the sub-

band and causes a greater overall performance loss in 

terms of SNR. The higher value of MMFGR may also be 

impact on the best pilot pattern design to estimate channel  

impulse response and frequency offset error. Pilots 

should be assigned to the subcarriers with the highest 

filter gain (i.e., in the middle of one sub-band). This may 

increase the complexity of estimation algorithms at the 

receiver. 

For instance, to obtain a specific MMFGR for a 

particular total number of subcarriers and filter length, 

we can choose the suitable sub-band bandwidth. 

Similarly, it is simple to calculate the corresponding 

MMFGR for a particular filter length and sub-band 

bandwidth, which can be used to assess the performance 

loss. To maintain a minimum level of MMFGR, here the 

filter length is adapted according to the allocated 

bandwidth of sub-bands and analyzed the variation of the 

interference with respect to filter length and sub-band 

width. 

Figure 5 shows the variation of ISBI and ICI for 

simulation parameters (adopt from the 3GPP band 

configuration of 10 MHz bandwidth with 15 kHz 

subcarrier spacing) shown in Table 1. The simulation 

results from Figure 5 states that the cumulative ISBI 

decreases with the filter length due to lower OBE, and the 

ICI increases with filter length due to a higher level of 

non-orthogonality. In case of both uniform and non-

uniform subcarrier allocation, the ISBI decreases, and 
 

 

 
Figure 4. MMFGR variation according to the filter length 

and sub-band width 

ICI increases with the filter length. There is a tradeoff 

between the interference and the filter length (i.e., the 

ISBI dominates for a smaller filter length and the ICI 

dominates for a longer filter length. To reduce this effect 

the sub-band filter length is dynamically modified with 

sub-band size to minimize the overall interference in the 

UFMC symbol according to Equation (22). 

Figure 6 simulation results show how average ISBI 

and ICI vary for sub-band sizes of 12, 36, 48, 72, and 96 

with fixed and adaptive filter lengths. From this, we 

 

 
TABLE 1. Simulation parameters 

Parameter Name Value 

IFFT size (N) 1024 

Modulation order 64 QAM 

Stopband attenuation 40 dB 

Sub-band size (Q) Integer multiple of 12 SC 

Filter length (Lf) 
73 for conventional 

Variable for proposed 

Wireless channel model Rayleigh fading 

 
 

 
(a) uniform subabd-width allocation 

 
(b) non-uniform subabd-width allocation 

Figure 5. Interference variation in the UFMC symbol 
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concluded that the proposed model is superior in terms of 

ISBI/ICI compared to the conventional UFMC system. 

With the proposed adaptive filter approach, the total 

interference (ICI+ISBI) is reduced by around 1.5 to 3 dB 

than the conventional method as shown in Figure 6(b). 

Furthermore, the proposed approach gives a better signal-

to-interference ratio (SIR) compared to the conventional 

one as shown in Figure 7. The inclusion of the filter and 

the unequal power distribution to various subcarriers lead 

the average BER performance of the UFMC system in 

one sub-band to be worse than that of the OFDM system. 

This is because a frequency-selective filter responds 

more favorably in the middle of the sub-band than at the 

subcarriers on its edges as shown in Figure 3. As a result, 

there is a high likelihood of inaccurate detection at the 

edges, and the response at intermediate subcarriers may 

occasionally be excessively high. 

Figure 8 illustrates the BER performance comparison 

between proposed and conventional method for the 

simulation parameters mentioned in Table 1. With the 

proposed method the filter length selection is based on 

the sub-band width, and the filter length values are 11, 13 

and 15 for the sub-band widths of 12 ,36 and 60 SCs 

respectively. These values are shorter than the fixed filter 

length (i.e., 73) approach hence the symbol utilization 

improved with the proposed method as shown in Table 2. 

 

 

 
(a) ISBI and ICI variation 

 
(b) Total Interference (ISBI+ICI) 

Figure 6. Interference variation with sub-band size 

 
Figure 7. Signal to Interference Ratio versus sub-band size 

 
 

TABLE 2. Conventional (fixed filter length) versus proposed 

(adaptive filter length) model 

 

BW 

(MHz)/ fSC 

(kHz) 

Data SCs/ 

IFFT size N 

CP 

length 
Filter length 

Tail due 

to 

filtering 

Subcarrier per 

band 
   12 36 60  

Conventional 

[12] 

10/ 15 624/ 1024 72 73 72 

100/60 1200/ 2048 144 145 144 

Proposed 
10/ 15 624/1024 72 11 13 15 10 to 14 

100/60 1200/2048 144 9 11 11 8 to 10 

 
 

 
Figure 8. The UFMC system performance 

 

 

By proposed method, the total interference contributed 

from ISBI and ICI is less than the conventional fixed 

filter length method results in improved SIR and hence 

improved the average BER performance of the system 

shown in Figure 8. Here, we can observe that the system 

attained the acceptable BER of 10−3  at around 21 dB and 

23 dB with proposed and conventional methods, 

respectively. Finally, the overall simulation results 
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indicate that the proposed adaptive filter is appropriate 

for the UFMC system with multi-services. 

 

 

5. CONCLUSION  
 
The sub-band filtering process may affect the system 

performance in different ways directly. It is necessary to 

consider every subcarrier within the sub-band when 

selecting a filter to achieve a particular performance. 

Here is an idea for simplifying the filter length choice 

process in terms of filter response metrics. The filter 

length is dynamically modified to minimize interference 

with sub-band width. The resultant filter length obtained 

from the proposed method is shorter than the 

conventional fixed length approach.  As a result, the SIR 

improved by 1 to 3 dBs thus improving the BER 

performance of the UFMC system. The computational 

complexity due to the filtering operation can be further 

reduced by applying the machine learning algorithms, 

this is the future scope of this work in progress. 
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Persian Abstract 

 چکیده 
 UFMCبه عنوان یک تکنیک مدولاسیون شکل موج جدید استفاده خواهند کرد. شکل موج    Universal Filtered Multicarrier (UFMC)شبکه های بی سیم آینده از  

را ترکیب کند و در عین حال از  به طور معقولی مشخصات فیلتر زیر باند مانند ترتیب فیلتر و شکل را در نظر می گیرد تا مزایای کلیدی شکل موج های مدولاسیون نسل فعلی 

توجه به نحوه ساخت فیلتر فرعی حائز اهمیت است. در این مقاله، پیکربندی فیلتر زیر باند با توجه به   UFMCبراین در سیستم های مبتنی بر  معایب آنها جلوگیری کند. بنا

اشی از تداخل بین حامل  حداقل سطح تداخل را با حداقل انتخاب فرکانس ایجاد می کند. همچنین کل تداخل ن  UFMCاندازه زیر باند تطبیق داده شده است به طوری که نماد  

(ICI)     و تداخل بین زیر باند(ISBI)     با یافتن شکل بسته تغییر آن در سیگنالUFMC    با اندازه زیر باند و طول فیلتر مورد بررسی قرار گرفت. از این تجزیه و تحلیل، ما

کند. با این روش، طول فیلتر هادی طول فیلتر را از نظر اندازه زیر باند و تداخل بهینه مییابد. بنابراین، روش پیشنکاهش می ISBIبا طول فیلتر افزایش و  ICIتعیین کردیم که 

 دسی بل بهبود یافت. 3تا  1بین   (SIR)کمتر از روش معمولی است و از این رو استفاده از نماد را بهبود می بخشد. با روش پیشنهادی، نسبت کلی سیگنال به تداخل 
 
 

 


