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Abstract: The emerging Internet of Things (IoT) technology, devices will make the next generation 5G systems 

enable to support in diversify demands with greater efficiency in social, technical and economic dimensions. 

The era of 5G communication has empowered us with higher data transmission rate, user-friendly environment 

and better resource utilization capabilities equipped within it. In order to achieve these 5G technology attribute, 

we need to have small data packets and narrow bands with low power consumption. Hence, narrow-band IoT 

(NB-IoT) devices may play very vital and important role to fulfil these goals. The standard or conventional 

Orthogonal Frequency Division Multiplexing (OFDM) suffers with high peak to average ratio (PAPR), high 

side lobes causing undesired spectral leakage and channel interference. However, spectrally-localized 

waveform is achieved by using filtered orthogonal frequency division multiplexing (F-OFDM) by setting the 

filter length larger than the cyclic prefix (CP) length of an OFDM system. In proposed F-OFDM waveform, we 

can achieve localized frequency spectrum for narrow bandwidths and maintaining the inter-symbol 

interference/inter-carrier interference (ISI/ICI), BER and PAPR within an acceptable range. The key 

contribution in this paper is the filtered OFDM (F-OFDM) system performance has been analysed for narrow 

band IoT with Cyclic Prefix OFDM (CP-OFDM). Analysing the results, it is found that the F-OFDM system has 

achieved better PAPR than conventional OFDM system with least Bit Error Rate (BER) in the range of 20-

40 dB of SNR for 5G supporting IoT systems. 
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I. Introduction 
In recent years, the growing demand for higher data rates has boosted an interest in new emerging 

technologies that might be used to meet these new requirements like higher transmission rate, user-friendly 

experience, resource utilization, etc [1]. In the current scenario, the expectation for 5G and everything it 

promises to offer is great extent[2], [3]. In order to efficiently support the diverse requirements of 5G and 

spectrum efficient, one of the fundamental and key challenges over the previous systems, e.g., orthogonal 

frequency division multiplexing (OFDM) based long term evolution (LTE) [4], is the new waveform design to 

enable the multi-service signal multiplexing and isolation [5]. In-spite-of traditional advantages of the OFDM 

systems, such as ease of implementation of channel estimation/ equalization techniques, there are vital important 

features that the filtered-OFDM  must carried to maintain the overall design requirements of 5G systems for IoT 

devices like: low out of band emission (OoBE) i.e. less spectral leakage and relief in synchronization 

requirements [5], [6]. 

In addition, this feature spectrum efficient transmission provides a solid foundation for moving into and 

enabling multiple types of services with different optimal frame structures of communication systems co-

existing in one baseband with almost negligible interference [6], [7]. In addition, the relaxed synchronization 

can lead to simplified hardware/algorithm design and transceiver processing [8]. Whereas, the low complexity 

low cost MTC devices may not have sophisticated RF hardware and simple baseband synchronization 

algorithms [9], [10]. Asynchronous transmission adopted in 5G for uplink transmission to save the 

synchronization signaling overhead during the LTE uplink transmission in mMTC systems. The proposed f-

OFDM, an asynchronous filtered orthogonal frequency division multiple access (f-OFDMA) scheme is 

introduced, which uses the spectrum shaping filter at each transmitter for side lobe leakage elimination and a 
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bank of filters at the receiver for inter-user interference rejection, inter channel interference (ISI) and adjacent 

channel interference (ACI). 

There are many waveforms have been proposed by the researchers to meet these design criterion and 

requirements, such as filterbank multi-carrier (FBMC) generalized frequency division multiplexing (GFDM) 

[11], [12], universal filtered multi-carrier (UFMC) [13], filtered orthogonal frequency division multiplexing (F-

OFDM) [6] and their variants [14], [15]. The FBMC system offers the best OoBE and time-frequency 

localization properties but in channel estimation and during equalization MIMO-antennas system becomes more 

complex than OFDM due to the intrinsic interference. Recently, the Chen et. al.[16] proposed a low complexity 

one-tap channel equalization algorithm with additional cyclic prefix (CP) insertion to the original FBMC system 

[16]. The blockwise Alamouti schemes for FBMC systems has been proposed with complex orthogonality for 

low to- middle frequency selectivity channels, [17]. Like FBMC, GFDM is also a per-subcarrier filtered and 

block-based-processing system that may not be applicable to the latency sensitive services (e.g., vehicle to 

vehicle). Both UFMC system and F-OFDM are per subband filtered and symbol-based-processing waveforms. 

One of the major differences between them is that UFMC uses short filte and the filter tail does not extend to the 

next symbol at the transmitter. Whereas, F-OFDM normally adopts much longer filter. However, the filter tails 

extend to the adjacent symbols to keep the system overhead the same as the CP OFDM system. This 

overlapping may make the system incur more inter-symbol-interference (ISI) and inter-carrier-interference (ICI) 

than the UFMC system in a scenario wherein a subband occupies small percentage of the whole bandwidth. 

However, the longer filter and soft overlapping among adjacent symbols in F-OFDM render the system much 

more robust to the adjacent-carrierinterference (ACI) and the multiple-access-interference (MAI) in the 

asynchronous systems (for uplink). Since this is one of the main targets and a challenging communication 

scenarios for 5G. in this paper will be focused on the F-OFDM system only. However, the basic idea could be 

extended to other waveforms such as UFMC. F-OFDM uses filter with length up to half of the symbol duration 

for good frequency localization. This design criterion may make the system vulnerable to ISI and ICI. 

The aim of this article is to demonstrate the results obtained through simulations comparing OFDM 

techniques and f-OFDM for IoT devices with 5G is one of the potential modulations of this new system. In 

OFDM systems, when signals are transmitted at adjacent frequencies (or channels), it is possible to observe that 

the signals leak into the adjacent channels. Therefore, by employing f-OFDM, the interference generated 

between the signals is expected to be smaller, decreasing the bit error rate, and increasing the spectral efficiency, 

as signals can better coexist. In addition to the tradeoff between overhead and performance, the tradeoff between 

complexity and performance is another important consideration in the system design. In the original F-OFDM 

system with small subband bandwidth (e.g., 12 subcarriers as a subband) to support multiple users/services, each 

subband may require an independent Discrete Fourier Transform (DFT) or fast Fourier transform (FFT) 

operation. The complexity issue is also a major challenge for low cost low complexity devices (e.g., internet of 

things (IoT) devices), where narrow band IoT has been proposed as a promising solution for 5G system to 

balance the performance and system implementation complexity [3], [10], [16]. However, with the original F-

OFDM system, the FFT size and sampling rate should be kept as high as the normal user devices to secure the 

orthogonality among subbands, which may be against the design principles for low complexity low cost devices. 

This article is organised in four  major sections. The first segment discuss about the introduction about 

the introduction of 5G technolgy, IoT systems using F-OFDM system . The second segment describe the 

proposed Filtered OFDM system for IoT system model and their mathematical analysis is presented. The third 

part demonstarte the outcome received from the proposed model and their results have been discussed briefly. 

The fourth segment conclude the entire article and its scope of future.     

   

II. Proposed System Model 
 In this section, we present a proposed filtered- OFDM (f-OFDM) multi-rate system model, it’s 

implementation and the employed modulation and demodulation methods and the detection algorithms also 

evaluated and analysed at the receiving side of the system. The communication model is analyzed for 

transmission and reception in two scenarios, in the first one, each transmitted signal goes through conventional 

OFDM modulation and the in the second scenario, F-OFDM system is employed with QAM. The F- OFDM is 

one of the emerging method for 5G waveforms to optimizes the operation of OFDM by reducing the Out of 

Band Emission OOBE frequently also known as spectral leakage. The F-OFDM model is based on the 

transmission three sets of signals at three adjacent frequencies (i:e:, fc1, fc2, fc3), as showed in Fig. 1, but  can 

be implemented with K no. of signals for different K no. of different set of IoT devices.  In this perspective, the 

effect of filtering on the OFDM signals is evaluated and analysed for different set of IoT devices. A normal CP-

OFDM process is implemented on per sub-band basis as shown in Figure-1. Then a sub-band filter is followed 

with the output data length being altered due to the filter tails. However, the tail of the current symbol overlaps 

with the next symbol and therefore it does not create an extra overhead on processing. The sub-band filter plays 

the role of isolating the interference from the adjacent sub-bands and hence consequently it reduces the OoBE or 
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spectral leakage. At the receiver side, as shown in Figure-2, an optional matched filter is used followed by CP 

removal and DFT or FFT processing.  

The uplink transmission system uses reverse procedure with an optional DFT spreading on the modulated 

symbols for peak-to-average-power-ratio (PAPR) reduction. However, to focus on the interference analysis and 

its cancelation algorithms, we will consider the PAPR reduction algorithms in this research article. 

 

 
Figure-1 Multirate based Filtered-OFDM Transmitter Block 

 

Let us consider an F-OFDM system contains N subcarriers that are divided into K sub- bands with each subband 

transmitting M contiguous subcarriers, i.e., 𝑁 =  𝑀. 𝐾−1.  

The  transmitted symbols in the vector form can be given by: 

                                                     𝑠 =  [𝑠1;  𝑠2;  _ _ _ ;  𝑠𝐾]                                              (1) 

Where 

                                          𝑠𝐾 =  [𝑠𝑘(1); 𝑠𝑘(2); _ _ _ ;  𝑠𝑘(𝑀)]𝑇                                     (2) 

is the signal transmitted in the 𝑘-th subband. We assume   𝑠𝑘(𝑖) 2 = 𝜌𝑠
2 , for 𝑖 =  0, 1, 2 …𝑁 − 1. Generally, 

multiple sub-bands can be assigned to one user or for multi users [5].  

In order to simplify the derivations and with no loss condition that each user has been assigned a single sub-

band, i.e., the 𝑘 − 𝑡ℎ subband is allocated to the 𝑘 − 𝑡ℎ user.  

The transmitted signal before sub-band filtering for the 𝑘 − 𝑡ℎ sub-band can be given byas 𝑅𝐷𝑘𝐸𝑘𝑠𝑘 , where R is 

the matrix form that indicate the cyclic prefix insertion operation, so 𝑅 =  [0𝐿𝐶𝑃×(𝑁×𝐿𝐶𝑃);  𝐼𝐿𝐶𝑃  ;  𝐼𝑁], with 𝐼𝐿𝐶𝑃  

being the CP length and 𝐿𝑆𝑌𝑀 =  𝑁 +  𝐿𝐶𝑃 is the symbol duration in F-OFDM samples. The 𝐷𝑘  is the [(𝑘 −
1)𝑀 +  1] − 𝑡ℎ to the (𝑘𝑀) − 𝑡ℎ columns of the 𝑁-point normalized inverse DFT (IDFT) matrix 𝐷. The 

element of 𝐷 in the 𝑖 − 𝑡ℎ row and 𝑛 − 𝑡ℎ column is given by 𝐷(𝑖;  𝑛)  =  
1

 𝑁
𝑒−𝑗2𝜋𝑖𝑛 𝑁  

Let us assume that the k-th subband filter impulse response is 

                                           𝑎𝐾 = [𝑎𝑘(1); 𝑎𝑘(2); _ _ _ ;  𝑎𝑘(𝐿𝐹)]                                  (3) 

with 𝐿𝐹  being the filter length. In addition, we assume all subbands use the same prototype filter for our analysis 

otherwise system has an adaptability of applying with different filter length and type as per the requirement of 

IoT devices.Here, the energy of 𝑎𝐾  is normalized to unity, by considering   𝑎𝐾(𝑙) 2𝐿𝐹
𝑙=1 = 1. In order to express 

the transmitter system model into the matrix form, let us define an [(𝐿𝑆𝑌𝑀 + 𝐿𝐹) × 𝐿𝑆𝑌𝑀 ] dimension Toeplitz 

matrix 𝐴𝑘  with its first column being [𝑎𝑘 ; 01×(𝐿𝑆𝑌𝑀 )]𝑇  and first row being [𝑎𝑘(1); 01×(𝐿𝑆𝑌𝑀 )]𝑇  . The transmitted 

signal after sub-band filtering for the 𝑘 − 𝑡ℎ sub-band as 𝐴𝑘𝑅 𝐷𝑘  𝐸𝑘  𝑠𝑘 . The number of overall samples that 

contains the transmitted signal is 𝐿𝑆𝑌𝑀 + 𝐿𝐹  due to the filter tails. After filter tail overlapping, the current 

symbol at the 𝑘 − 𝑡ℎ sub-band will be overlapped with one previous and one next symbol 3. In this case, we can 

write the 𝑘 − 𝑡ℎ sub-band signal before transmission as, 

                                       𝑞𝑘 =
1

𝜌𝑘
 𝑅𝐷𝐸𝑆𝑘 + 𝑅𝑁𝑜𝑖𝑠𝑒 ,𝑘                                                       (4) 

where the first term 𝑅𝐷𝐸𝑆𝑘  = 𝐴𝑘𝑅 𝐷𝑘  𝐸𝑘  𝑠𝑘 .  is the desired signal. The second term is the Noise ISI due to the 

filter tail overlapping with the previous and next symbol. 

At the receiver side, Let us assume the channel impulse response between the transmitter and the k-th user 

is 𝑏𝐾 = [𝑏𝑘(1); 𝑏𝑘(2); _ _ _ ;  𝑏𝑘(𝐿𝐶𝐻𝐾)] where 𝐿𝐶𝐻𝐾  is the length of the channel in F-OFDM samples. Due to 

the the consideration of different user and for them different IoT devices the different taps of the channel are 

uncorrelated, hence, 𝜀 𝑏𝑘(𝑖)𝑏𝑘
∗(𝑙)  =  0 if 𝑖 ≠ 𝑙 and 𝜀 𝑏𝑘(𝑖)𝑏𝑘

∗(𝑙)  = 𝑅𝑘  if 𝑖 = 𝑙. 

we assume the overall channel gain for the 𝑘 − 𝑡ℎ user for no loss is  𝜀
𝐿𝐶𝐻𝐾
𝑖=1 = 0  𝑏𝑘(𝑖) 2 = 𝜌𝐶𝐻𝑘

2 . The samples 

that contains the desired signal should be selected by making the trade off between the ISI between consecutive 

symbols in the 𝑘 − 𝑡ℎ sub-band. The channel matrix is convoluted convoluted with the transmitted signal for the 

detection of desired received signal. 
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Figure-2 Multirate based Filtered-OFDM Receiver Block 

 

The ISI was received by calculating between the consecutive symbols. Tthe linear receiver filtering, CP removal 

and DFT processing is performed one by one, let us write the received signal at the 𝑘 − 𝑡ℎ user as: 

                                    𝑦𝑘  =  𝑦𝐷𝐸𝑆 ;𝑘  + 𝑦𝐼𝑆𝐼 ;𝑘  +  𝑦𝐴𝐶𝐼 ;𝑘                                             (5) 

Where  𝑦𝐷𝐸𝑆 ;𝑘  is the desired received signal and the terms 𝑦𝐼𝑆𝐼 ;𝑘 is ISI received during the transmission and 

 𝑦𝐴𝐶𝐼 ;𝑘  is adjacent carrier interference between symbols. 

 

III. Results And Discussion 

In this section, we present and assessment of the results regarding the two model scenarios of standard 

OFDM and Filtered-OFDM. The Monte-Carlo simulations is used to achieve F-OFDM and conventional OFDM 

systems results and derived ICI and ISI power for different sub-carrier indexes and cyclic prefix length for MR 

F-OFDM are also examined.  

The impact of system parameters like filter length, CP length are analysed on the F-OFDM system 

performance and compared our simulated results in terms of the ICI  power and  ISI power for filtered-OFDM 

system 

The following parameters are used for simulationsin F- OFDM. The signal is modulated using 16-

QAM modulation scheme with normalized power to unity. The input SNR is controlled by the additive Gaussian  

noise variance. The filter length and CP length are kept at 50% and 7% of a symbol duration are selected for 

comparison purpose respectively. The same results also achieved for standard OFDM systems for comparison 

along with contemporay scheme. In order to compare the simulation, The total subcarirers are split into 3 sub-

bands each containing upto 14 subcarriers. The Figure-3 shows the simulated interference power for the 

subband. It can be seen that all of the simulated results shows the effectiveness of received signal interms of 

their  interchannel interference power and intersymbol interference power. In Figure-3 the ICI and ISI is also 

compared with contemporary scheme given by Zhang et.al. [6]. The proposed scheme is found -5dB ISI and -

4.2dB ICI better than the scheme given by Zhang et.al [6]. It is very clearly depicted in Figure-3 that ISI shows 

larger impact on the system than ICI. However, the proposed shown better performance over the scheme given 

by the Zhang et.al. [6].  

 

 
Figure-3 ICI and ISI power versus sub-carrier indixes 
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In order to show the relationship between the filter length and the ACI level, the simulated results for ACI 

versus subcarrier index with different filter lengths are shown in Figure-4. 

 

 
Figure-4 ACI power versus subcarrier index with different filter length 

 

It is clearly depicted in the figure-4 that the ACI level drops monotonically when the filter length 

increases. The major cause of dropping ACI is longer CP creates high probability of synchronization between 

subbands. However, in the cases condidered from 0.05𝑁 to 0.5𝑁 shows for the F-OFDM system can mitigate 

the ACI effectively as compared with the OFDM system ACI calculated 𝑎𝑡 𝐿𝐹 = 1. 𝑁. 

The affect of CP length versus ISI and ICI power are analysed for the F-OFDM system. The simulation 

results are shown in Figure-5 in terms of ICI and ISI at the first subcarrier of subband. It is clearly depicted that 

both ICI and ISI drop whenever the CP length increases upto 0.2 but beyond 0.2 to 0.4 length of cyclic prefix 

the ISI and ICI increases. However, ICI seems more sensitive to the change than ISI and it is almost negligible 

as compared to ISI but significant in comaparison to to the scheme proposed by Zhang et. al. [6] when the CP 

length is set as 7% of the symbol duration. The proposed scheme is -4dB better than interms of ICI and -10 dB 

better than interms of ISI power thant the contemporary scheme given by Zhang et.al. [6]. However, the affect  

on ISI is significant but same time the affect of large CP is not very significant on ICI with large CP length. 

 

 
Figure-5 The ICI and ISI power at different length of cyclic prefix CP 
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In Figure-6, we compared the overall interference at the subcarrier for standard conventional OFDM 

and F-OFDM systems. It has been clearly observed that the F-OFDM offer smaller overall interference over the 

conventional OFDM system, thus, it expects that F-OFDM system has a potential to have better BER 

performance than conventional OFDM system. The proposed filtered OFDM system is also compared with the 

contemporary scheme of filtered-OFDM given by Zhang et.al. [6]. The proposed filtered OFDM scheme found 

1.6 dB better for large cyclic prefix length. However, for smaller cyclic prefix length overall interference power 

is not very significant and found comparable with the scheme given by Zhang et.al.[6]. 

 

 
Figure-6 Overall interference power versus CP length. 

 

In Figure-7, the performance of filtered-OFDM is investigated based on bit error rate versus signal to noise ratio 

(SNR).  

 

 
Figure-7 Bit erroe rate versus signal to noise ratio at different values of CP 

 

The simulation performance of filtered OFDM system is evaluated for the different values of CP with 

the sub-band bandwidth 𝑀 = 48 and it had been observed that longer cyclic prefix length and large sub-band 

bandwidth provides better performance in bit error rate. In large sub band the more energy is concentrated and 

the leakage to the adjacent symbol become less hence the lesser bit error rate. However, the conventional 

OFDM system has a large BER in comparison to F-OFDM. In addition, it can be seen that the performance of 

F-OFDM is far better in comparison to conventional OFDM power scenario at the transmitter side is significant. 

It is clearly depicted in figure-7 that the BER is about 10
-6

 at the SNR of 45dB. 
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Figure-8 Comparison of PAPR and OoBE for the conventional OFDM, proposed F-OFDM and contemporary 

scheme 

 

In Figure-8, the comparison among the conventional OFDM, proposed F-OFDM and contemporary 

scheme given by Zhang et.al. [6] is done and analysed based on PAPR and out of band emission (OoBE) or 

spectral leakage. The proposed filtered-OFDM system for IoT devices used 7 𝑑𝐵 of PAPR whereas the 

conventional OFDM system takes 12.1 𝑑𝐵 and the scheme given by Zhang et.al. [6] use 8.4 𝑑𝐵 of PAPR. 

Similarly the proposed system also indicate less spectral leakage of −48.1𝑑𝐵 whereas the scheme given by 

Zhang et.al. [6] provide −41.6 𝑑𝐵 and conventional OFDM system has large spectral leakage among all of them 

with -28dB. Hence the proposed F-OFDM system is 6.5 dB superior in OoBE over the scheme given by Zhang 

et.al. [6] and 20.1 dB better over conventional OFDM system.  

 

IV. Conclusion 
 The proposed F-OFDM system for narrow band IoT devices has been analyzed in this paper by 

considering the performance parameter ICI, ISI, ACI, PAPR, OoBE and BER for 5-G. The proposed scheme is 

found -5dB ISI and -4.2dB ICI better than the scheme given by Zhang et.al. It has been identified that ISI shows 

larger impact on the system than ICI.In our analysis between the filter length and the ACI level has been done 

and found that the ACI level drops monotonically when the filter length increases.The affect of CP length versus 

ISI and ICI power are analysed for the F-OFDM system and found the affect  on ISI is significant but same time 

the affect of large CP is not very significant on ICI with large CP length.The proposed filtered OFDM scheme 

found 1.6 dB better for large cyclic prefix length. However, for smaller cyclic prefix length overall interference 

power is not very significant and found comparable. It has been also observed that the performance of F-OFDM 

is far better in comparison to conventional OFDM power scenario at the transmitter side and at receiver the BER 

is about 10
-6

 at the SNR of 45dB.The proposed filtered-OFDM system for IoT devices used 7dB of PAPR 

whereas the conventional OFDM system takes 12.1 dB and the scheme given by Zhang et.al. [6] uses 8.4 dB of 

PAPR. The proposed F-OFDM system is 6.5 dB superior in OoBE over the scheme given by Zhang et.al. [6] 

and 20.1 dB better over conventional OFDM system. From the conclusion drawn from above observations, we 

can say that f-OFDM is an excellent candidate for future generations of wireless narrow band IoT systems. 
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