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Filter bank multicarrier (FBMC) is one of the effective candidates for the fifth generation of wireless communication networks. 5G
(5th-generation wireless systems) is accepted as the next major stage of mobile telecommunication technology. The extent of 5G
will be expanded mobile broadband services to next-generation automobiles and connected machines. In particular, filter bank
multicarrier with offset quadrature amplitude modulation (FBMC/OQAM) is determined as the future generation 5G air
interface by researchers recently. Filter bank multicarrier (FBMC) is admitted as one of the alternative technologies for
multicarrier modulation. Compared to orthogonal frequency-division multiplexing (OFDM), FBMC has better spectrum shape
and supports mobility. Therefore, efficient hardware implementations have highly interested researchers. Cyclic prefix (CP) and
guard band are used for orthogonal frequency-division multiplexing (OFDM) and this causes loss of spectral efficiency, but
FBMC applications do not need CP and guard band. Due to the fact that FBMC has offset QAM (OQAM) and band-limited
filtering features on each subcarrier, the need for CP and guard band is eliminated. In this paper, novel pipelined hardware

architecture of the filter design of FBMC/OQAM modulator has been proposed.

1. Introduction

Ubiquitous connectivity and seamless service delivery in all
conditions are expected from next-generation mobile com-
munication systems. A large diversity of communication sce-
narios and characteristics will occur due to a number of
devices and the coexistence of human-centric and machine-
type applications. Many advanced communication tech-
niques that are typically suitable for a subset of the foreseen
communication scenarios are investigated [1]. However,
most of the studied and analysed new communication tech-
niques are often taking into account mainly the quality of
the communication link at the algorithmic level. Although
this is admitted as one of the main performance indicators,
the related hardware and the need for energy efficiencies
increase for future mobile technologies. Therefore, obtained
efficient and optimized hardware structure has high interest
for validation of performance and concept proof.

Recent research projects include FBMC modulation tech-
nology that is studied and considered nowadays for the next-

generation flexible 5G air interface. The specification of the
initial 5G New Radio (NR) was finished in June 2018 and pub-
lished in the 3GPP Release 15 specification. Nowadays, net-
work equipment vendors, network operators, semiconductor
vendors, and device manufacturers develop new products that
implement the new standard by a variety of industry players.
In the Internet of Things (IoT) where large numbers of smart
devices communicate over the Internet, the growth in
requested wireless broadband that can carry video and other
rich-content services are major expectations of 5G. To reach
these aims, extreme broadband speed, ultralow latency, and
ultrareliable web connectivity are provided by 5G [2].

FBMC has better spectral properties compared to the tra-
ditional orthogonal frequency-division multiplexing (OFDM)
modulation and obtains improved mobility support [3].

FBMC/OQAM has several times more complex features
than OFDM when we considered the complexity of compu-
tation and hardware. This complexity that is shown in recent
research can be reduced approximately two times at the
transmitter side [4].
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Ficure 1: OFDM structure.

Fifth-generation (5G) communication systems need
more efficient use of the electromagnetic spectrum because
of increased demands in terms of data rates and system
capacity, as well as the increasing service heterogeneity.

Recently, orthogonal frequency-division multiplexing
(OFDM) is the most widely used waveform and becomes
dominant in 4G systems because of agility of spectrum, sim-
ple selectivity of frequency through the simple activation/-
deactivation of the interested subcarriers, efficient
implementation via FFT/IFFT blocks, and straightforward
integration with MIMO systems [5].

OFDM is considered to be a strong waveform candidate
for 5G due to these features. However, OFDM affects spectral
efficiency negatively because of its rectangular pulse shape,
high out-of-band (OOB) emissions, and the necessary use
of a cyclic prefix (CP). So researchers proposed alternative
waveforms to reduce deficiency of OFDM [6]. Filter bank
multicarrier with offset quadrature amplitude modulation
(FBMC/OQAM) is one of these 5G waveform candidates
[7]. In this waveform, parallel symbol groups are transmitted
by a bank of modulated filters. The real-part orthogonality
between symbols is obtained by using OQAM instead of
QAM. Compared to OFDM, FBMC-OQAM has a complex
higher transceiver, better performance on OOB emission,
and robustness on carrier frequency offset [8] with no CP,
which also effects positive spectral efficiency.

In literature, a wide range of possible services and appli-
cations of many objects are realized via communicating
many objects with each other and with human beings. How-
ever, this state gets hard with network requirements. The
Internet of Things (IoT) promised to change the way tech-
nology is experienced in daily life. IoT combines wired and
wireless communication technologies, sensors, and actuators
that allow users to control and monitor objects through the
Internet. In recent publications, several kinds of modulation
have been proposed to address the challenges in 5G physical
layers. One of these modulations is filter bank multicarrier
(FBMC) based on pulse shaping [9-12]. FBMC is admittedly
a strong candidate of next-generation communication sys-
tem for 5G and IoT. Prototype filter of FBMC is designed
using various methods such as convex optimization [13],
genetic algorithm [14], and other new techniques [15, 16].
FBMC/OQAM has been heavily studied as a hopeful tech-
nique in future wireless communication due to its enhanced
robustness to synchronization requirements, higher spec-
trum efficiency, and better frequency localization compared

to CP-OFDM. FBMC/OQAM is only orthogonal in the real
field unlike CP-OFDM and suffers from intrinsic imaginary
intercarrier and intersymbol interference, which makes accu-
rate channel estimation remain a challenge in FBMC/OQAM
systems. Channel estimation is of great importance for the
success of the information transmission process and is taken
into consideration in the studies [17-19].

In this brief, we propose a novel pipelined low-
complexity hardware implementation of the FBMC/OQAM
modulation; in literature, no hardware design was yet pro-
posed targeting a reduced complexity. Results show the
advantages of the proposed design with respect to other
FBMC designs, reducing the gap to OFDM. In this paper,
we propose to implement and validate PHYDYAS prototype
filter that is recently introduced in FBMC-based waveform
for 5G mobile communication.

2. Materials and Methods

2.1. OFDM. In the OFDM technique firstly, data bits to be
transmitted are modulated to create complex in-phase I
and quadrature Q components of ¢, (m). M is known as max-
imum modulated QAM symbols that correspond to active
subcarrier numbers of OFDM. To generate a block of M
complex samples in the time domain, an inverse fast Fourier
transform (IFFT) with M length is computed as seen in
Figure 1. Then, we pad unused subcarriers with zero at the
input of the IFFT. The modulated baseband OFDM in the
discrete-time domain is written as

M-1
sak)=2 ¢

m=0

n(m) ej27'rmk/M' (1)

The overall number of subcarriers is represented with M,
and c,(m) indicates complex-valued data symbols obtained
with a QAM constellation at subcarrier index m and block
index n. The complex output of the OFDM modulation is
demonstrated with s(k). In the conventional OFDM [20], a
cyclic prefix (CP) is used to counteract multipath fading.
Also, the CP is inserted at the beginning of the OFDM block
to cancel interference of intersymbol caused by the spread of
the delay at the multipath channel with remarkable cost in
spectral efficiency.

The QAM mapper is the first unit of the proposed OFDM
modulator architecture and uses a lookup table (LUT),
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F1GUre 3: OFDM demodulator block structure.

supporting up to 64-QAM, as pointed out in the Long-Term
Evolution (LTE) standard. The designed IFFT architecture
uses the decimation in frequency (DIF) decomposition which
lasts with output samples in bit reversal order [21]. The inser-
tion of the cyclic prefix and the reordering operation are
made jointly to avoid latency overhead and additional mem-
ory usage. Also, OFDM modulator block structure and
OFDM demodulator block structure are given with
Figures 2 and Figures 3, respectively.

In Figure 2, OFDM symbol mapping follows IFFT block
and parallel to serial conversion follows CP insertion. So
modulated complex output of the OFDM symbols is demon-
strated with s(k). In Figure 3, the modulated OFDM symbols
are demodulated; first, CP is removed from the modulated
OFDM symbols and then serial to parallel conversion follows
FFT block. After FFT operation, demodulated OQAM sym-
bols are obtained.

2.2. FBMC. In FBMC/OQAM modulation, the main compo-
nents of OFDM are used with two main differences as seen in
Figures 1 and Figure 4. Then, to provide the neighbors of a
subcarrier in quadrature, the components are multiplied by
jn + m. The obtained OQAM mapper obtains orthogonality
in the real domain.

The second step is a filtering process through the presen-
tation of a polyphase network (PPN) after IFFT. Thanks to
PPN, without the use of a cyclic prefix, a better time and/or
frequency localization is provided. The mentioned localiza-
tion regards the used prototype filter’s length and shape. In
literature, the PHYDYAS filter [22] is presented with its good
frequency localization properties, whereas TFL1 [23] filter is
known for its good timing localization. OQAM processing

traces IFFT and PPN units theoretically. In the end, the two
outputs are added correspondingly to reconstruct the signal
to be transmitted through the channel. The discrete-time
FBMC-OQAM modulator output is given in equation (2)
considering the length of the prototype filter, L = gM, g nat-

ural number.
M
(k - ”T) u, (K).

In equation (2), M describes the overall number of sub-
carriers; g describes the prototype filter of length L. In equa-
tions (3) and (4), the delay of the filter causes phase
component and is symbolized with (~1)%"e/"Mm  In
Figure 4, each of these equations is illustrated by a processing
unit.

0= 3 g @

(o}

M-1

u, (k)= ).

j(27/M)km
>
m=0

x,(m)e

(3)

n+m

x,,(1m) = a, (m) ™" (1) 7" A,

(4)

FBMC modulation technique has been proposed as a
strong 5G waveform candidate because of its better spectral
efficiency and lower out-of-band emissions compared to
OFDM modulation technique.

In Figure 5, the FBMC/OQAM transmitter structure is
illustrated and the transmitter uses the pruned IFFT algo-
rithm to reduce the computational complexity [24]. The
scheme shows to only calculate half of the symbols by taking
advantage of the relation between the IFFT,, outputs; after
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that, the remaining samples are deduced. This correlation
which depends on the length of the prototype filter exists
through the real-valued a, (m) samples.

The prototype filter controls phase, amplitude distor-
tions, and interference between subchannels. If the prototype
filter is in a linear phase, phase distortion is eliminated. In
principle, frequency response must meet the Nyquist crite-
rion for data transmission. Amplitude distortion creates
intersymbol interference in the receiver. However, some flex-
ibility may be provided if a subchannel equalizer is used. One
important feature of digital transmission is delay. A general
delay budget is allocated to the system and shared by the var-
ious functions in the transmitter and receiver. Major contri-
butions come from modulation, optimal detection, and
error correction. The prototype filter can be designed with
the help of classical optimization techniques [5]. However,
given that the length L can reach several thousands, it has
been shown that a direct technique seems suitable, at least
as a starting point, and that the method is particularly rele-
vant. In the end, it is shown that the technique can be inter-
preted as a frequency domain technique [25-27]. K is an
integer and KN indicates the number of samples; in the fre-
quency domain

Hy(0<k<KN-1),Hy=1

()

(1<k<K-1),H{+Hg =1,
Hyn-x = Hy (7)

(K<k<KN-K),H,=0,
K-1

Hy+2 ) (-1)'Hy=0.
k=1

In general, the number of channels N is even. The
Nyquist criterion is met by these frequency samples and the
corresponding filter coefficients h; (0<i<KN-1) are
obtained by inverse DFT (discrete Fourier transform). Since
the number of coeflicients L must be a single number, the
coefficient #(NK/2) can also be omitted. Coefficients of the
prototype filter can be computed with equation (9), consider-
ing equation (5), (6), (7), and (8).

PHYDYAS filter coefficients are obtained from equation
(9) given with Table 1 for different overlap factors K = 3, 4,
6, 8.

3. Proposed FBMC/OQAM Architecture

Figure 6 illustrates the proposed FBMC/OQAM modulation
diagram for MATLAB, ModelSim, and Vivado designs. First
are all modulator parameters such as a number of subcarriers
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TaBLE 1: PHYDYAS filter coefficients for different overlap factors.

K=3 K=4 K=6 K=8

a, 1 1 1 1

a -0.9114 0.9719 -0.9972 -0.9998
a, 04114 0.7071 0.9413 0.9931
a, 0.2351 -0.7071 -0.9270
a, 0.3373 0.7071
as -0.0744 -0.3748
ag 0.1168
a, -0.0152

M, constellation size (QPSK to 64-QAM), prototype filter,
and quantization configure in the MATLAB software model
to indicate specific FBMC modulation application scenario.
Then, we execute the software model.

As the second step, when the simulation is completed, the
input and output samples obtained from simulation are
stored in files. The files include reference vectors for the
hardware simulation. In addition, we obtain the VHDL pack-
ages using MATLAB classic print function.

As the third step, the hardware simulation is realized with
ModelSim simulation using a simple specific script. The sim-
ulation program compiles all the VHDL sources and auto-
matically produced testbench parameters and shows the
waveform of the signal.

For the fourth step, we record output samples generated
from the hardware simulation into a file and a comparison is
realized with the recorded output samples and in the testbench
with the generated reference output from the software model.

In the last step, we use the output samples from the hard-
ware simulation to plot figures like power spectral density for
proving and comparison purposes. Also, the VHDL codes are
compiled, synthesized, implemented in Vivado 2017.4, and
realized on-board validation and demonstration with a
Xilinx ZedBoard featuring an xc7z020clg454-1 FPGA board.

The simulation was firstly carried out in ModelSim, and
the obtained results are given in Figures 7 and 8.

The prototype filter of FBMC is designed in MATLAB; after
that, the designed filter is realized for hardware simulation in
ModelSim. In Figure 7, the analog input, output, and clock sig-
nal of the filter of FBMC are illustrated with adjusted analog sig-
nal format in ModelSim. The digital input, output, and clock
signal of the filter of FBMC are illustrated with adjusted analog
signal format in ModelSim and given in Figure 8.

After ModelSim simulation, Vivado codes are realized
with HDL language, and in Figure 9, schematic of PHYDYAS
prototype filter for FBMC is obtained from hardware
application.

A representation of the PHYDYAS prototype filter of
FBMC designed above with hardware fittings is shown with
Figure 9. These hardware fittings include a complex structure
with 45 cells, 25 1/0 ports, and 75 nets which are designed
with D-type flip flop, RTL multipliers, RTL adders, and
RTL registers.

In the PSD figure of OFDM, the value of PSD changes
between -40dB and -180dB as seen in Figure 10, whereas
in Figure 11 the PSD diagram of FBMC with PHYDYAS pro-
totype filter indicates almost -180 dB value of PSD.

Overlapped symbol K=4 and FFT number=512
selected in our design and power spectrum density are plot-
ted under these limitations. The PSD of OFDM is illustrated
in Figure 10, and the PSD of FBMC is illustrated in Figure 11.

4. Results and Discussion

The output of the ModelSim for the filter that is used for
FBMC known as PHYDYAS filter in literature is given in
Figure 7. Firstly, a MATLAB code is executed for FBMC
structure; then, this MATLAB code transforms to Verilog
or VHDL code for hardware applications. We also realized
simulation results of hardware applications in this paper,
and the hardware setup of the proposed application is given
in Figure 12.

The FBMC-OQAM system is implemented on a Xilinx
ZedBoard featuring an xc7z020clg454-1 FPGA. Results on
resource utilization after place and route are presented for
an implementation running at 220 MHz [28-35].

In this paper, we evaluate designs in terms of resource
utilization, processing throughput, and total power. Resource
utilization is a measure of how much we use the capacity of
the FPGA board.

In Table 2, a comparison is presented between the pro-
posed PPN-FBMC and reference work [4]. The proposed
design used 512 as the number of FFT size, and the compared
work used the same FFT size. In addition to the full resource
utilization given in Table 2, OQAM mapper, IFFT core, and
prototype filter analysis of the resource utilization are done
and shown in Tables 3-5, respectively. In the reference work,
the number of FFT is selected the same as the proposed work
but LUT utilization and FF utilization are finer in the pro-
posed design. Estimation of dynamic power consumption is
performed for the implemented design using Xilinx Vivado
2017.4 Power Analyser. Compared to the reference work,
the proposed design exhibits almost less 40% of total power
because of the used newer version of Xilinx Vivado in [4].
Also, the designs with different clock frequencies deeply
impact dynamic power consumption.

Considering Table 3 for OQAM resource utilization, the
proposed designs exhibit less 29% of FFs compared to the ref-
erence work but obtain almost the same LUT utilization.

Moreover, in Table 4 [4], the used IFFT with a pruning
algorithm requires some extra logic units, and also, the over-
all FF usage is impacted by this reason. DSP utilization of
IFFT cores has a similar degree compared to the other utiliza-
tion parameters. Generally, the differences of DSP usage arise
from different prototype filter implementations; in this work
and the reference work, the same PPN prototype filters are
used. But in the proposed work, PHYDYAS prototype filter
with 4 taps is used, so our design shows better performance
compared to the reference work.

Apart from FBMC modulation designs that are given in
the literature, we realized FBMC demodulation at the
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receiver side of FBMC structure. The obtained hardware 5. Conclusions
numerical results are given in Table 6.

In FBMC demodulation, resource utilization indicates =~ This paper proposes a new FBMC/OQAM modulation
that LUT, FF, DSP, BRAM, and total power are higher than  design and the hardware prototyped new waveform experi-
FBMC modulation step. This situation shows that the  ence of an advanced communication system for the 5G air
demodulation step is more complex than modulation. interface. In this paper, an FPGA-based implementation for
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FIGURE 12: Hardware setup of the proposed application.

TaBLE 2: Design comparison with other state-of-the-art related

works.

Resources  Ref. work [4] Proposed design (K =4, nFFT =512)
LUT 5585 5068

FF 3788 3482

DSP 32 44

BRAM n/a n/a

Total power 252 153.936

TaBLE 3: OQAM resource utilization.

Resources Ref. work [4] Proposed design
LUT 300 343

FF 108 77

DSP 0 0
BRAM n/a 0

TaBLE 4: IFFT resource utilization.

Resources Ref. work [4] Proposed design
LUT 2534 2862

FF 2218 1586

DSP 12 10
BRAM n/a 0

TABLE 5: Prototype filter resource utilization.

Resources Ref. work [4] Proposed design
LUT 300 38

FF 135 63

DSP 4 3

BRAM n/a

TasLE 6: FBMC demodulation resource utilization.

Resources Proposed design
LUT 5947

FF 6167

DSP 144
BRAM 16

RAM as LUT 332

Total power 189.853

a PPN-FBMC-OQAM baseband modulator and demodula-
tor is presented and implemented on MATLAB, ModelSim,
and Avnet ZedBoard (xc7z020 FPGA core) for software
and hardware application and validation. The overlapping
factor considered was 4 and the number of subcarriers was
set to 512 for useful validation purposes.
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