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Abstract—Filter-bank Multicarrier (FBMC) modulation is the
most promising 5th Generation (5G) waveform candidate in
order to fulfill modern day requirements of ultra-high data rates
with minimum latency. With lower side-lobes and faster spectral
decay, FBMC is also well suited for reconfigurable radios such
as Software Defined Radio (SDR) or Cognitive Radio (CR) for
efficient spectrum utilization. In this paper, a performance as
well as a parametric analysis of FBMC over Stanford University
Interim (SUI) channel models has been analyzed. Performance
is evaluated on the basis of Bit error rate (BER) using multipath
fading environment that is characterized by Rician distribution,
under different scenarios. The evaluation provides a useful basis
for FBMC-based dynamic link adaptation in SDR wideband
waveform.

Index Terms—5G, FBMC, SDR, CR, SUI channel models, Link
adaptation

I. INTRODUCTION

The recent advances in the wireless communication tech-
nology as well as the growing number of wireless users
have overburdened the radio frequency spectrum. At the same
time, some of the spectrum bands are moderately utilized
and some are under utilized. In order to overcome these
spectral deficiencies and inefficiencies, some of the modern
day paradigms like Software Defined Radio and Cognitive
Radio have been introduced over the past few decades [1].
Thus a high data rate requirement by ensuring a desired
Quality of Service (QoS) has become a necessity over time that
needs to be addressed through wideband networking waveform
having the ability to provide high data rate communication
[2]-[4].

Wideband Code Division Multiple Access (W-CDMA) or
Multicarrier Code Division Multiple Access (MC-CDMA)
provide a scenario for sharing the available bandwidth among
various users by utilizing orthogonal spreading codes [5], [6].
Although the spectrum utilization is significantly increased
with these waveform, however, there comes a high risk of
loss of orthogonality in case of fading channel environment
such as Rician or Rayleigh fading channels. Multiple Access
Interference (MAI) also rises with enhancement in bandwidth
and the suppression of MAI introduces more complexity at
the receiving end [S]-[7].
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To combat the effects of inter-symbol interference (ISI)
over a dispersive channel, another notable type of multicar-
rier modulation, Orthogonal Frequency Division Multiplexing
(OFDM) was proposed under 3rd Generation Partnership
Project (3GPP) [8]. Having the frequencies of the subcarriers
closely overlapped and placed orthogonal to each other, a high
data rate is achieved and the remaining ISI is removed by
extension of OFDM symbol with the Cyclic Prefix (CP). More-
over, reducing the computational requirements of the spectrum
sensing algorithm, efficient spectrum utilization, adaptation
to the environment and better inter-operability makes it an
attractive technology for CR-based systems [9]. However, due
to large frequency domain ripples, MAI cancellation require-
ment, higher sensitivity to carrier frequency offset (CFO) and
spectral leakage issues, OFDM definitely needed performance
improvement [10].

In order to cater for high Peak to Average Power Ratio
(PAPR) and spectral leakage issues, a more resilient form of
OFDM, FBMC was proposed as a potential candidate for 5G
communication. Instead of utilizing a single rectangular filter
for all the subcariers like ODFM, FBMC formulates a filter
for each subcarrier collectively called as Filter Bank, obtained
by frequency shifting in the particular Prototype Filter [11].
The spectral efficiency enhancement by disregarding CP, MAI
repression due to excellent frequency localization of each
subcarrier and less sensitivity to CFO as well as Doppler shift
makes it most well-suited 5G technology [10]-[12].

In this paper a parametric analysis has been presented based
upon modulation schemes and convolutional encoding, varied
in a Rician fading environment. The performance parame-
ters under SUI models have been altered by considering a
single-input single-output (SISO) model and is analyzed using
MATLAB simulations by considering Bit Error Rate (BER)
at different values of Energy per bit to Noise power spectral
density ratio i.e. /Ny, also known as normalized Signal to
Noise Ratio (SNR). The paper is organized in five sections.
Section I provides an introduction, background knowledge and
broad spectrum advantages of utilizing FBMC as an evolved
Mulicarrier Modulation (MCM) technique. Section II consists
of a generic system model for FBMC, outlining the filter-
bank analysis and how it addresses the spectral leakage issue
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previously faced in OFDM. The additional requirements to
ease the spectral analysis of simulated curves such as uti-
lization of Offset Quadrature Amplitude Modulation (OQAM)
instead of simple QAM, convolutional encoding and Minimum
Mean Square Error (MMSE) equalization, along with a brief
description of SUI channel models have been discussed as
well in this section. Section III illustrates simulated BER
performance curves of the system model along with their sum-
marized results under various scenarios in all 6 SUI channels.
Section IV discusses the parametric analysis of FBMC under
various system parameters. Lastly, the conclusion is made in
section V.

II. SYSTEM MODEL
A. Filter-bank Multicarrier (FBMC) Modulation

The theoretical and technical attributes of FBMC have been
well explained in the specifically targeted research conducted
by the collective collaboration of various countries under the
project title Physical Layer for Dynamic Access and Cognitive
Radio (PHYDAS) in the year 2010 [11]. The overall flow of
the proposed FBMC system is shown in the fig. 1. The project
highlights the basic aspects of FFT/IFFT application on the
multicarrier techniques and the spectrum leakage issues related
to this technique. This issue can be addressed by implementing
an extended form of FFT approach, the Filter-bank approach.
The time window is extended beyond the symbol period of
a single multicarrier symbol and the overlapping is done in
time domain. Polyphase Networking technique for extended
FFT ie. PPN-FFT is utilized to implement the concept of
extended FFT where a set of digital filters are added alongside
[11], [14], [15].
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Fig. 1. FBMC/OQAM - System Model

The PPN-FFT brings Synthesis and Analysis Filter-banks
into utilization, providing the major advantage of necessitat-
ing orthogonality between the neighboring subcarriers only,
unlike OFDM that requires strict orthogonality among all the
subcarriers, that has been validated by several researches over
time [14]-[16]. The prototype filter impulse response is as
follows, given by the IFFT of pulse frequency response [11].

P kt
h(t) =1+2 Z Hj, cos <27TKT> 1)

k=1
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where K is the overlapping factor i.e. the ratio of the
filter impulse response duration to the multicarier symbol
period T, Hj are the Nyquist frequency coefficients and &
is the subcarrier index. The guard band and cyclic prefix is
avoided by the combination of filter banks along with OQAM
modulation. The constraint of neighboring orthogonality is
further supported by the use of OQAM, that helps the overall
exploitation of channel bandwidth [17].

In order to cope with the effects of frequency selective
channels various types of equalization techniques have been
presented especially over the past decade, from simplistic 1-
tap and Zero-Forcing (ZF) equalizers to complex Maximum
Likelihood Estimation (MLSE) and multi-tap MMSE equal-
ization techniques [17]-[21]. For highly selective channels
i.e. time and frequency selective, however, the implementation
of an enhanced n-tap MMSE equalizer works optimally well
compared to single tap or ZF equalizers, and proves to be an
efficient interference cancellation scheme [22].

B. Stanford University Interim (SUI) Channel Models

The Stanford University Interim (SUI) channel models
based upon three different types of terrain types (A,B,C),
Doppler spreads, delay spread and line-of-sight/non-line-of-
site conditions that are typical of the continental US have
been utilized for the purpose of bench-marking [13], [23].
Three categories of terrain types have been classified from a
moderate-to-heavy tree density having a high path loss, hilly
with light tree density having an intermediate path loss and
a flat terrain type with light tree density having a low path
loss, respectively. The multipath fading is characterized by
the use of tapped delay line having 3-taps with non-uniform
path delays. The gain associated with each tap is charac-
terized by a Rician Distribution along with the maximum
Doppler frequency. The values that have been selected for
introducing multipath channel in our paper are for an omni-
directional antenna i.e. 90% cell coverage area, and are listed
below in the Table L.

TABLE I
SUI CHANNEL MODELS SUMMARY

Rician Path Path Max.
SUIL Terrain  Factor?® Delay Gain Doppler
No. Type (K) Vector Vector Spread
(ps) (dB) (Hz)
1 C 4 [00.409] [0-15-20] 0.5
2 C 2 [00.4 1.1] [0 -12-15] 0.25
3 B I [0 0.4 0.9] [0 -5 -10] 0.5
4 B 0 [0 1.5 4] [0 -4 -8] 0.25
5 A 0 [0 4 10] [0 -5 -10] 2.5
6 A 0 [0 14 20] [0 -10 -14] 0.5

2 Omni-directional Antenna

III. PERFORMANCE ANALYSIS OF FBMC UNDER SUI
CHANNEL MODELS

The performance analysis has been done for four differ-
ent scenarios; FBMC/QAM without convolutional encoding,
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Fig. 2. FBMC/QAM without convolutional encoding

FBMC/QAM with encoding, FBMC/OQAM without convolu-
tional encoding and FBMC/OQAM with encoding. The code
rate is set to be at 1/2 while a modulation order of 4 is set
for 256 subcarriers.

A. FBMC/QAM without encoding

The simplistic Single Input Single Output (SISO) FBMC
model based upon Quadrature Amplitude modulation provides
the BER results as shown in the Fig. 2. The SNR per bit is
set for the range of -5:25dB.

B. FBMC/QAM with encoding

In order to provide immunity towards channel noise, chan-
nel encoder adds redundancy to the original signal according
some specific rule. Convolutional encoder allows the discrete
type convolution of the impulse responses of both the input
and the encoder. The error correction code rule that we have
utilized in our case is 1/2, i.e. for every single bit fed into the
encoder 2 output bits are generated. BER curve for this case
is shown in the Fig. 3 keeping the constraint length i.e. delay
for the input bit streams to the encoder, at 7 and soft decoding
is done via viterbi decoder.

C. FBMC/OQAM without encoding

As stated earlier, the utilization of Offset QAM instead of
QAM ensures further that the FBMC symbol overlaps with the
neighboring symbol only bringing the neighbor orthogonality
to the system. The complex QAM symbol is first separated
between pure real and pure imaginary components and then the
imaginary part is staggered by half the symbol period (7'/2)
. This ensures that the real and imaginary parts of the data
are not transmitted at the same time as in OFDM [24]. This
helps avoiding a huge phase shift and thus zero-crossing to
occur whenever both the bits change simultaneously. In this
way huge spectral side lobes can be avoided and the condition
of orthogonality is further strengthened [25]. The BER curves
for this case are shown in the Fig. 4.
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Fig. 3. FBMC/QAM with convolutional encoding
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Fig. 4. FBMC/OQAM without convolutional encoding

D. FBMC/OQAM with encoding

Finally both the modifications are combined in case 4,
where the OQAM modulation is accompanied with convo-
lutional encoding. It should be noted that the basic SISO
model remains same for all the simulations. The curves in
final scenario are depicted in the Fig. 5.

The overall performance comparison is summarized in the
Table II for all 6 SUI channels. The results are drawn by
keeping the threshold value for BER at 1072

IV. PARAMETRIC ANALYSIS OF FBMC UNDER SUI
CHANNEL MODELS

In order to observe the effect of varying parameters the case
4 model has been subjected to different modulation orders,
overlapping factors, number of subcarriers and encoding rates.
The utilized parameters are summarized in the Table III.

The BER results obtained by varying the above mentioned
parameters have been illustrated in the Table IV. The SNR per
bit Ej /Ny values thus gained indicate the various trends that

ICACT2020 February 16 ~ 19, 2020



International Conference on Advanced Communications Technology(ICACT)

—%—SuUll
—%—Sul2
Sul 3
—¥%—Sul4
—*%—SuUl5
—¥—SuUl 6
AWGN

BER

E,/N, (dB)

Fig. 5. FBMC/OQAM with convolutional encoding

TABLE II
PERFORMANCE ANALYSIS OF FBMC UNDER SUI CHANNEL MODELS
WITH DIFFERENT SCENARIOS

Case AWGN SUI-1 SUI-2 SUI-3 SUI-4 SUI-5 SUI-6
No.
1 1.319 5.793 7.481 8.52 13.72 18.07 23.07
2 1.642 3.041 4.165 8.152 12.8 13.34 20.15
3 1.191 3.506 5.008 5.863 12.04 16.02 15.03
4 -1.207  -0.2768  0.4017 3.16 47752 12.22 17.06
TABLE III
SIMULATION PARAMETERS
Parameters Values
Modulation Order 20QAM, 40QAM
Number of Subcarrier 128,256,512
Overlapping Factor 2,3,4
Encoding Rate 1/2,2/3

the model tends to follow. The increment in the overlapping
factor and number of subcarriers improve BER performance.
The overlapping factor can also be defined as the number
symbols that overlap in the time domain. Having a large value
of overlapping factor depicts longer filter impulse response
duration extending it over to various symbols [11] and thus,
improving the BER. Although the decoder efficiency increases
with the constrained length, however, large constraint length
results in efficient encoding [26]. The convolutional code
generates a code word of n symbols from a message block
of k symbols [27]. The constraint length is kept at 7 for a
code rate k/n of 1/2 and then varied for a code rate of 2/3.
As the rate is lower in the former case, it has improved BER
as well.
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CONCLUSION

In this paper, a comparative parametric analysis of FBMC
over SUI channel models has been discussed. The utilization
of convolutional encoding and OQAM has been analyzed
alongside FBMC as well. The simulations results indicate
that the performance clearly deteriorates when going towards
higher SUI models. The effect of these distorting channels can
be significantly compensated by replacing QAM with OQAM.
The results are further improved by using convolutional en-
coding alongside OQAM. The higher values of parameters
such as number of subcarrier and overlapping factor, while a
lower value of modulation order and encoding rate, contribute
towards better BER performance. This provides a profound
basis, by utilizing the overall impact of these cases, for the
development of Adaptive Modulation and Coding (AMC) and
Link Adaptation in SDR waveform analysis.
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