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Preface to “"Waveform Design for 5G and beyond
Systems”

5G traffic has very diverse requirements with respect to data rate, delay, and reliability.
The concept of using multiple OFDM numerologies adopted in the 5G NR standard will likely
meet these multiple requirements to some extent. However, the traffic is radically accruing
different characteristics and requirements when compared with the initial stage of 5G, which
focused mainly on high-speed multimedia data applications. For instance, applications such as
vehicular communications and robotics control require a highly reliable and ultra-low delay. In
addition, various emerging M2M applications have sparse traffic with a small amount of data
to be delivered. The state-of-the-art OFDM technique has some limitations when addressing the
aforementioned requirements at the same time. Meanwhile, numerous waveform alternatives,
such as FBMC, GFDM, and UFMC, have been explored. They also have their own pros and cons
due to their intrinsic waveform properties. Hence, it is the opportune moment to come up with
modification/variations/combinations to the aforementioned techniques or a new waveform design
for 5G systems and beyond. The aim of this Special Issue is to provide the latest research and advances

in the field of waveform design for 5G systems and beyond.

Kwonhue Choi
Editor
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1. Aims and Objectives

Currently, 5G communication systems are being commercially deployed in many
countries. It is also true that several new applications are expected to be realized within
the pre-defined 5G capabilities. To accommodate these various new applications, 5G traffic
has very diverse requirements for data rate, delay, and reliability. Such challenging require-
ments are met when the deployment of 5G is based on proper radio access technology.
Consequently, multiple OFDM numerologies were adopted in the 5G NR (New Radio) stan-
dard, i.e., legacy OFDM of the 4G system was scaled up to cope with the requirements for
enhanced mobile broadband, enhanced machine-type communications, and ultra-reliable
low latency communications.

The concept of using multiple OFDM numerologies likely meets the multiple require-
ments for a 5G system to some extent. However, this cannot be an ultimate solution,
because the traffic is radically accruing more varied characteristics and requirements when
compared to the initial stage of 5G, which focused mainly on the high-speed multime-
dia data application. For instance, applications such as vehicular communications and
robotic control require high reliability and ultra-low delay. In addition, various emerging
machine-to-machine (M2M) applications have sparse traffic, with a small amount of data to
be delivered. The state-of-the-art OFDM technique has some limitations when addressing
the aforementioned requirements at the same time. Meanwhile, numerous waveform alter-
natives, such as FBMC, GFDM, and UFMC, have been explored to overcome this situation.
However, they also have their pros and cons due to their intrinsic waveform properties.
Hence, it is very timely to come up with modifications/variations/combinations to the
waveform alternatives to OFDM, together with the state-of-the-art OFDM technique, or a
new innovative waveform design for 5G systems and beyond. This Special Issue aims to
provide the latest research and advances in the field of waveform design, along with the
related issues of 5G systems and beyond.

2. Review of the Contributions in This Issue

As previously mentioned, this Special Issue collects the latest research and advances
in the field of waveform design for 5G systems and beyond, and issues related to it. This
Special Issue presents five high-quality articles on these subjects. The contents of the
articles in the Special Issue are summarized below.

It is important to note that the research on waveform design needs to come with an
exact performance assessment and well-balanced comparison with their competitors. In
light of this objective, the first pair of articles, [1,2], provide intensive comparisons among
the various waveforms used for 5G systems and beyond, and the employed pulse shapes,
respectively. In the first article “Field Trials of SC-FDMA, FBMC, and LP-FBMC in Indoor
Sub-3.5 GHz Bands” [1], a common issue in conventional methodologies for the comparison
among the promising waveforms for the 5G system and beyond was addressed. These
conventional comparisons all have the same critical limitations that the results were based
on—a stereotyped channel model and the simple nonlinearity model of analog circuits.
They are substantially different from the performance results of the waveforms in a real
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channel with a real transceiver. To address this difference, the authors have compared
the performances of three waveforms, i.e., SC-FDMA, FBMC, and LP-FBMC, in a real
uplink indoor channel. From these studies, they figured out that the LP-FBMC is a suitable
waveform for real indoor applications. The second article, “An Overview of FIR Filter
Design in Future Multicarrier Communication Systems” [2], presents a comprehensive
survey on the recent advances in finite impulse response (FIR) filter design methods in
multicarrier modulation (MCM)-based communication systems. First, the fundamental
aspects were presented, including an introduction to existing waveform candidates and
the principle of FIR filter design. Then, the methods of FIR filter design were summarized,
focusing on the following three categories: frequency sampling methods, windowing-based
methods, and optimization-based methods. Finally, the performances of various FIR design
methods were evaluated and quantified by power spectral density (PSD) and bit error
rate (BER). This paper also discusses different MCM schemes, as well as their potential
prototype filters.

Furthermore, the Special Issue also addresses another aspect of waveform design,
considering the fact that multi-antenna transmission has become a basic and crucial element
in communication systems. A lot of work is performed on multi-antenna signal design, in
conjunction with the employed waveforms. Accordingly, this Special Issues includes two
articles, [3,4], which are focused on advanced signal design for space-time multi-antenna
techniques for 5G systems and beyond. In the article, “Waveform Design for Space-Time
Coded MIMO Systems with High Secrecy Protection” [3], the authors have presented a
novel secrecy-enhanced waveform design for the quasi-orthogonal space-time block code
scheme. The proposed waveform embeds dynamic artificial interference (Al) that depends
on the signal, as well as on the channel gain of the legitimate receiver. The dependency
of the Al on the information signal is used to reduce the difference in power allocations
across the transmit antennas. In addition, the dependency of the Al on the channel gain is
used to cancel the Al only at the legitimate receiver, while imposing serious interference
on the passive eavesdropper. As a result, the secrecy capacity of the waveform is highly
enhanced. Since the proposed method does not incur any power loss due to the addition
of Al, it can be efficiently utilized in many wireless systems using STBC, resulting in
diversity gain, as well as security protection. As part of this category of research, the article
“Improved Pair-Wise Detections of Differential Quasi-Orthogonal Space-Time Modulation
with Four Transmit Antennas” [4] proposes a new complex and real pair-wise detection for
conventional differential space-time modulations, based on a quasi-orthogonal design with
four transmit antennas for general QAM. Owing to the independent joint ML detection of
two complex and real symbol pairs, respectively, the decoding complexity is the same as,
or lower than, the conventional differential detections. The proposed detections exhibit
almost identical performance to an optimum maximume-likelihood receiver, as well as an
improved performance when compared with conventional pair-wise detections, especially
for higher modulation order.

Last but not least, the topic of this Special Issue is multiple access (MA) capabil-
ity, which is one of the most crucial measures in designing waveforms. The last article
“Performance Analysis of LDS Multi Access Technique and New 5G Waveforms for V2X
Communication” [5] contributes to the waveform design for 5G and beyond, concerning
multiple access capability. The authors of this article have proposed new efficient MA
schemes, where the low-density signature (LDS) structure is combined with two waveforms
for 5G systems and beyond, i.e., universal filtered multi-carrier (UFMC) and filtered-OFDM
waveforms. They also have simulated their proposed schemes under a vehicular channel of
a vehicle to everything (V2X) communication. From this simulation, it was shown that the
LDS-F-OFDM significantly achieves higher performance improvements when compared
with the LDS-OFDM and LDS-UFMC in all scenarios, while maintaining an affordable
complexity at the transmitter and receiver sides. These improvements are attributed to the
advantages that the filtered-OFDM waveform offers through addressing the adequate filter.
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Abstract: LP-FBMC (low peak-to-average power ratio filter bank multicarrier) was recently proposed
to ameliorate the high peak-to-average power ratio (PAPR) issue of filter bank multicarrier (FBMC).
The previous simulation study showed that LP-FBMC achieves a similar PAPR as that of single
carrier frequency division multiple access (SC-FDMA) while being very robust to inter-user tim-
ing/frequency offsets. However, the simulation results that were obtained assuming the stereotyped
channel model and the simple nonlinearity model of analog circuits substantially differ from the
performance results in a real channel with a real transceiver. To address this, the main purpose of this
work is to compare the performances of three waveforms, i.e., SC-FDMA, FBMC, and LP-FBMC, in a
real uplink indoor channel. We investigate how the bit error rate (BER) performance gaps of three
waveforms in the indoor channels change by the system parameters, such as the carrier frequency
within sub-3.5 GHz band and the number of sub-carriers or the sub-carrier spacing, which was
not found in the previous simulation study. Our investigation confirms that LP-FBMC is a suitable
waveform for real indoor applications.

Keywords: 5G waveform; SC-FDMA; FBMC; Low PAPR FBMC (LP-FBMC); access timing offset;
carrier frequency offset; high-power amplifier (HPA) nonlinearity; software defined radio (SDR)
device; uplink indoor channel; out-of-band (OOB) emission

1. Introduction

The single-carrier frequency division multiple access (SC-FDMA) scheme was adopted
as the uplink scheme in 4G and 5G wireless networks [1]. SC-FDMA has lots of merits,
such as low implementation complexity, low peak-to-average power ratio (PAPR), and ease
of application to massive multiple-input and multiple-output (MIMO) systems. However,
the SC-FDMA system is very sensitive to inter-user timing/frequency offsets and it has
high out-of-band (OOB) emission, and solving these problems has been challenging [2,3].
Especially, for the heterogeneous network or the massively connected applications in 5G
network scenario, the waveforms with highly localized spectrum are required to mitigate
interference between users (or systems) in adjacent bands caused by inter-user (or inter-
system) timing/frequency offsets. Thus, many studies on new multiple access schemes are
being conducted in order to prepare the standards for the future generations [4-6].

As an alternative to SC-FDMA for next-generation networks, various modulation
waveforms are being considered, such as the filtered orthogonal frequency division multi-
plexing (f-OFDM)), filter bank multicarrier (FBMC), universal filtered multicarrier (UFMC),
and generalized frequency division multiplexing (GFDM) schemes. Among those wave-
forms, FBMC has the lowest OOB emission and, thus, inter-user interference that is caused
by inter-user timing/frequency offsets can be eliminated using only one guard subcarrier.
Additionally, inter-carrier interference that is caused by a multipath fading channel can be
overcome without using a cyclic prefix (CP) [6,7]. Because of these benefits, FBMC has been
considered to be a promising candidate for multiple access schemes of next-generation
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communications. Meanwhile, an enhanced version of FBMC, called LP-FBMC (low PAPR
FBMC), was proposed to reduce the PAPR of the conventional FBMC by applying discrete
Fourier transform (DFT) spreading with special conditions [8-10].

The performances of SC-FDMA, conventional FBMC, and LP-FBMC were intensively
compared by computational simulations in [6]. It was shown that LP-FBMC achieves
a substantially improved bit error rate (BER) performance than SC-FDMA in a uplink
channel with inter-user timing/frequency offsets and signal clipping. However, it is
difficult to generalize the simulation results in a theoretical channel model to the real
channel performance. This is because too many irregular factors to simulate are involved in
the real channel response. For instance, the multipath fading and shadow fading are highly
subject to the physical propagation environments, and the hardware impairment factors,
such as transceiver’s digital-to-analog-converter /analog-to-digital-converter nonlinearities,
oscillators” phase noises, and high-power amplifier (HPA) nonlinearity, are determined
by the radio frequency (RF) circuitry of the transceiver and the carrier frequency band. In
addition, the problem with the artificial computational experimental model for channels
or hardware impairments is that it is likely to be biased or friendly to one particular
waveform. To address this, the main purpose of this work is to compare these three
waveforms, i.e., SC-FDMA, FBMC, and LP-FBMC, in a real uplink indoor channel from
various perspectives and confirm that LP-FBMC is a practically competitive solution for
beyond-5G indoor applications.

In the 5G standard, the millimeter wave (mmWave) band of 28 GHz and the mid-band
below 6 GHz are used interchangeably, and the mid-band range is allocated for indoor
wireless networks, because mmWave signals suffer severe propagation attenuation in
indoor environments [11]. Various studies on the SC-FDMA system in indoor wireless
communication bands are being widely conducted, because SC-FDMA has been adopted as
the standard uplink access scheme since 4G [12-15]. On the other hand, there has not been a
field test study on FBMC (or modified version of FBMC) in indoor wireless communication
bands, and it has not been verified that FBMC (or modified version of FBMC) can solve the
problems of SC-FDMA in the real indoor wireless environment. For reference, there have
been few studies on the spectrum shape of FBMC waveforms [16,17].

In this study, we intensively analyse the performance of SC-FDMA, FBMC, and LP-
FBMC via a field test in a real indoor wireless environment. To this end, we implement a
test bed utilising a software defined radio (SDR) device. As for the indoor wireless channel,
we test the various sub-3.5 GHz bands when considering the different indoor wireless band
allocations in the different countries (3.5 GHz band for South Korea; 600 MHz, 2.5 GHz,
and 3.5 GHz bands for US; and, 700 MHz and 3.5 GHz bands for Europe [18]). Specifically,
the three waveforms (The three uplink schemes in comparison, SC-FDMA, FBMC, and
LP-FBMC differ basically in the waveforms. Hence, the terms "three waveforms” and "three
uplink schemes’ are used interchangeably for referring to {SC-FDMA, FBMC, LP-FBMC} in
this paper.) are compared in the following aspects:

*  spectral density of the transmit waveform affected by the RF circuit and the HPA;

*  point-to-point link performance according to distance and carrier frequency in two
distinct environments: line-of-sight (LoS) and non-line-of-sight (NLoS) environments;

e uplink BER performance according to the time/frequency offset among the users,
distance, and carrier frequency; and,

¢ uplink BER performance according to the subcarrier spacing, and the number of
subcarriers.

The remainder of this paper is structured, as follows. Section 2 describes the math-
ematical waveform models of SC-FDMA, FBMC, and LP-FBMC. Section 3 describes the
SDR test-bed for the field experiments in indoor wireless channels. The BER performances
are intensively tested and compared among the waveforms from various perspectives in
Section 4. Finally, we make conclusions in Section 5.
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2. Waveform Models for SC-FDMA, FBMC, and LP-FBMC
2.1. SC-FDMA
Figure 1 shows the structure of an SC-FDMA transmitter for the kth uplink user. The

number of users is denoted by K, the number of carriers allocated to each user is denoted
by N, and the number of symbols per data frame is denoted by M. The m-th complex data

symbol transmitted to the n-th subcarrier under SC-FDMA is expressed as xsllf,)n, and the

m-th complex data symbol vector is expressed as X = [x’é/m, Xk )T, where [T
denotes the transposed matrix. In Figure 1, ng )is the N -point discrete Fourier transform

(DFT) output for input x,(,lf ). If the n-th component of XS,( ) is expressed as X,gf,)n, then the

k-th user’s transmit signal s(X) (¢) can be expressed, as follows [6]:

LSS XK 4 T

where T is the data symbol duration, T; is the symbol duration, including the cyclic prefix

(CP), and p(t) = (1) é?sreg;}téfse . The variable a(n) is the subcarrier index that is allocated

to the nth element of N-point DFT output of the k-th user. We consider the block sub-band
(SB) allocation, and one guard subcarrier between adjacent subcarrier blocks, which are
common to FBMC and LP-FBMC for fair comparison [19]. Therefore, a (1) is expressed as
a(n) =k(N+1) +n.

(k)

x5 )
2 (k) "™ Subcarriers
X0,00 X010 XoM—1 [ ] o
J( o)
(k) (k) (k)
X1,00X1,00 0 Xq m-1 ik (N +1)
/T
T
o ) Add st
E | oF0 | 5 Oyclic
8 Prefix
@) (k) (k) T
X201 X210 Xo 1| Z
SN0
(k) (k) (k)
XNZ1,00 XN=1,00 0 XN -1,M-1
LOTNTLL T TNCLM

Figure 1. Structure of the k-th user’s single carrier frequency division multiple access (SC-FDMA)
transmitter.
2.2. FBMC

Figure 2 shows the structure of a conventional FBMC transmitter for the k-th uplink
user’s, where R{-} and I{-} are the real and imaginary parts of the input, and h(t) rep-
resents the impulse response of a prototype filter [20]. The m-th complex data symbol

transmitted to the n-th subcarrier of the k-th user denoted by x,(qk% is expressed, as follows:

2 =ak i 0<n<N-1,0<m<M-1, @)

where a,&’fﬂn and b,gk,)n are the real and imaginary parts of the xﬁlk,)n Subsequently, the FBMC
signal of k-th user s(*) (¢) is expressed, as follows [8]:

N-1M- . (k) T ]-me(n)t ]'i’lﬂ
=Y ) { anm —mT)  +jbyuh(t —mT — 5) }6 T etz (3)
n=0 m=0

7
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where a(n) is expressed in the same way as in SC-FDMA.
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Figure 2. Structure of the k-th user’s filter bank multicarrier (FBMC) transmitter.

2.3. LP-FBMC

In [8], it was reported that simply applying DFT spreading to FBMC cannot achieve
the PAPR reduction effect, and there exist a special condition of phase coefficients to
maximize the single carrier effect of DFT spreading for PAPR reduction. This condition is
called the identically time-shifted multicarrier (ITSM) condition. In addition, in order to
further reduce the PAPR, LP-FBMC generates four ITSM-conditioned signal candidates for
each subframe and concatenates the ones with the lowest PAPR to form a frame. Figure 3
shows the transmitter structure for the k-th subframe of LP-FBMC. The four versions of
signal candidates are generated according to two switching control bits S and Sy, as shown

in Table II of [8].
(k)
2, 2y — Subcar — —
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x9x8, — SGHD
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k; i 18 £
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i) K1-rs h(t—T/2) S
L Us —es || L L
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Figure 3. Structure of the the k-th user’s low peak-to-average power ratio filter bank multicarrier
(LP-FBMC) transmitter.

—

In Figure 3, a complex vector anf ) — [X’é/m, X’im, ., X’f\,_lrm]T denotes the DFT output
vector of complex data symbols, and the n-th element of ng ) is given, as follows:
X =ak 4R o<n<N-1,0<m<M-1, )
where A,&k% and Bﬁl")n denote the real and imaginary parts of X,(j%, respectively. The
transmitter structures of LP-FBMC and FBMC are almost the same, except that the DFT
is performed on the modulated data symbols, and two switches were added, as shown

8



Electronics 2021, 10, 573

in Figures 2 and 3. After generating four transmission signal candidates according to
the two switches, the candidate signal with the lowest PAPR is selected for transmission.

In the I-th data block of the k-th user, the v-th candidate of transmit signal sl(k)(v) (1),
1=0,1,2,...,M/W —1, can be expressed, as follows [10]:

N—1W(+1)-1 2 ()

n=0 m=IW

where W denotes the number of offset quadrature amplitude modulation (OQAM) symbols
in the I-th data block, and p,ﬁ”,)n (t) and q&vr)n(t) are expressed, as follows [10]:

h(t_mT)e]n(Tn +3) ifv=1
h(t—mT)e"(F1-3)  ifp =2
(©) ()
Pum(t) = jh(t =T —mT)e"(F435)  ifp =3 (©)
ji(t—T —mT)e"(F1-5) ifo =4,
jn(t—T —mT)en(F1H3)  ifp=1
q(v)() jh t—%—mT JnCF-3)  ifp =2 @)
n,m . T g
h(t_mT)gJ"(ZTf+7) ifv=3
_h(t_mT)ef”(zTnffg ifv=4.

At the final stage, we successively concatenate the selected candidates. The concate-

nated waveform up to the /-th block of the k-th user cl(k) (t) can be expressed, as follows [10]:

k
e () = e () + 57" (1), with c_1(t) =0, ®)
where u;‘ is a candidate index that is selected in the [-th data block of the k-th user.

3. Test-Bed and Field Trial Environment
3.1. Test-Bed Configuration

In order to implement a test-bed in a real wireless channel, we used an SDR device
(USRP-2901) and LabVIEW Comms 3.0 as a software platform. Table 1 shows the RF
specifications of the SDR device, and Figure 4 shows the overall configuration of the test-
bed. A Vert900 antenna was used for performance tests in the sub-1 GHz band, and an
LP0965 antenna was used in the band higher than 1 GHz.

The overall operation processes of the test-bed are as follows. On a host PC, the
transmit signal is modulated using LabVIEW Comms 3.0 and it is sent to the SDR device.
In the SDR device, the modulated signal is converted into a continuous analog signal and it
passes through I-Q mixing and up-conversion. Subsequently, an RF signal is generated and
it is propagated to the chosen frequency band through the RF antennas, Vert-900 or LP0965.
The SDR device of the receiver performs the reverse process of the transmitter. The received
signal is transmitted to the host PC, and then the host PC performs synchronization,
demodulation, and bit detection.
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Table 1. RF specifications of the software defined radio (SDR) device and the antennas.

Item Value
Frequency range 70 MHz to 6 GHz
SDR device: Maximum output power 20 dBm
USRP-2901 Maximum input power —15dBm
Maximum instantaneous
real-time bandwidth 56 MHz
LP0965 antenna gain 5-6 dBi
Antenna
Vert900 antenna gain 3 dBi

Figure 4. Test-bed configuration.

3.2. Indoor Wireless Channel Environment Set-Up

Line-of-sight (LoS) and non-line-of-sight (NLoS) environments were both imple-
mented to measure the BER performance in typical indoor situations. The BER measure-
ment was performed in the various spots on the 3rd floor in the IT building at Yeungnam
University, Korea.

Figures 5 and 6 shows the transmitter (TX) (or user) and receiver (RX) (or base station
(BS)) location set-up for LoS and NLoS environments, respectively, in the floor map of
the building. The BS was tested at each of the three different positions specified with BSi
(i =1,2,3). In the uplink system, the inter-user interference (IUI) from the very next (left
and right) sub-band (SB) is dominant over the those from the other SBs. Hence, for an
efficiently down-scaled field test, three consecutive subbands are allocated to three uplink
users (See Figure 7), and, then, we measured the performance of only the middle user who

undergoes the IUIs from the left and right SBs.
0
‘ﬂ§
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% . Area where the users

are possibly located

I m
0 8 16 24 32

Figure 5. User area (shaded) and base station (BS) location in line-of-sight (LoS) environment.
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Figure 6. User area (shaded) and BS location in non-line-of-sight (NLoS) environment.
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Figure 7. Power spectra of the SC-FDMA , FBMC, and LP-FBMC, K = 3, N = 64, LoS environment,
Af =15kHz.

The maximum straight distance between the TX and BS is 24 m and 12 m for LoS
and NLoS environments, respectively. In the NLoS environment, the TXs were placed
inside the rooms (shaded area in Figure 6), and the BS was placed in the corridor. Thus,
there are more than one wall between TX and BS. Figure 8 is a sample shot of the NLoS
environment set-up. The locations for the three equipments labelled by BS1, BS2, and BS3
in Figure 8 correspond to the points that are specified by BS1, BS2, and BS3 in Figures 5
and 6, respectively. At each of three BS positions, the average uplink BER was separately
measured and then it was averaged. Note that, by the channel reciprocity of either direction
between two positions, i.e., TX — BS, and TX <— BS, the field test results that are obtained
with the TX and BS location combinations in Figures 5 and 6 inherently include the case
when the locations of TX and BS are switched.

11
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i o

(a) Indoor corridor (RX) (b) Inside a room (TX)

Figure 8. Bit error rate (BER) performance measurement set-up for NLoS environment.

To synchronize the transmission(access) timings of the uplink users, or to apply
the intended (To realize the effect of the practical inter-user synchronization process, we
intentionally apply timing offsets at the transmission stage. The field test results for this
case are coverer in Section 4.3.) timing offsets among the users, the SDR devices of the
users’ TXs are wired to a clock distribution device. Figure 9 shows the configuration of
host PCs for users, SDR devices for users’ TXs, and the clock distribution device.

Host PC foruser I  SDR device

=_ |

Clock distribution device | Host PC foruser2  SDR device

Host PC foruser 3  SDR device
@—‘ 7 J
I '3

Figure 9. Configuration of host PCs for users, SDR devices for users’ transmitters (TXs), and clock

distribution device.

4. Experiment Results

In this section, we analyse and compare the temporal and spectral characteristics
of the three waveforms, i.e., SC-FDMA, FBMC, and LP-FBMC, and then we compare
the field-tested BER performance of the three waveforms in various real uplink wireless
channels. Table 2 shows the major system parameters that are used for the performance
measurements.

12
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Table 2. Major system parameters.

Parameters Value
0.6 GHz (USA), 0.7 GHz (Europe),
Carrier frequency F 2.5 GHz (USA),
3.5 GHz (USA, Europe, Korea)
Number of users K 3
Number of sub-carriers per user N 64,128
Sub-carrier spacing Af(=1/T) 15 kHz, 30 kHz
Oversampling factor 2
Modulation scheme QPSK
Number of symbols per frame M 20
Fltr for FEMC overlapping facor — 4 20
Cyclic prefix for SC-FDMA T/4

4.1. Spectra of SC-FDMA, FBMC, and LP-FBMC

In a previous study [6], we confirmed that LP-FBMC is robust to signal clipping,
because it achieves low PAPR. However, because a HPA in RF circuitry has different
nonlinearities, the actual transmit signal may be significantly different from the result
assuming a simple nonlinear model, such as signal clipping. In addition, the theoretical
PAPR curve has a limitation for quantitatively assessing how the waveform degrades
with this practical nonlinearity. Hence, we compare the spectra of SC-FDMA, FBMC, and
LP-FBMC when they go through the actual nonlinearity of RF circuits in the SDR device.

Figure 7 shows the received power spectra of the three waveforms when the carrier
frequency is 600 MHz and 3.5 GHz in the LoS environment of Figure 5, and the uplink
power control is performed so that the power of each user is the same in the BS. The number
of subcarriers N is 64, the subcarrier spacing Af is 15 kHz, and the distances between the
transmitter and receiver are 10 m and 20 m. In accordance with the well known drawback
of OFDM-based waveformes, it is shown that SC-FDMA has the highest OOB emission
among the three waveforms. Whereas, since the FBMC-based waveforms are filtered for
each carrier, the its OOB emission is quite suppressed as compared to SC-FBMC. However,
the field test results shown in Figure 7 also confirmed that the OOB emission of FBMC
increases significantly as the distance increases from 10 m to 20 m. This is because, as the
distance increases, the transmit power is accordingly increased to compensate path loss
and, thus, the FBMC undergoes signal distortion due to its high PAPR characteristics. This
issue is even more critical in millimeter band (i.e., 3.5 GHz in our field test), where the path
loss is more severe when compared to the lower frequency bands (i.e., 600 MHz in our
field test). On the other hand, the OOB emission of the LP-FBMC is maintained almost
the same, irrespective the frequency band and the distances. Based on these results, the
LP-FBMC system maintains the superb OOB suppression, not only in theoretical signal
clipping model, but also in real RF circuits and wireless channels.

It is also shown in Figure 7 that the indoor wireless channel in the 600 MHz band
has higher frequency selectivity than in the 3.5 GHz band. This confirms a well known
property that the multipath delay spread gets smaller as the frequency increases.

4.2. BER Comparison According to Carrier Frequency and Distance

Figure 10 shows the BER performance of the three waveforms, according to the
distance between RX and TX (=D) and carrier frequency (=F). For the averaged performance
over the area, 10 different locations in the shaded areas in Figures 5 and 6 for LoS and NLoS
environments, respectively, were tested for each pair of (D, F), and then the measured
BERs are averaged. In general, as D increases, the TX power amplification gain (power

13
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gain in short) should be increased in order to compensate the path loss. However, if the
power gain is set too high considering only the pass loss, then the performance is degraded
by the nonlinear distortions of the transceiver circuit. Figure 11 shows the received signal
power versus the power gain of the employed SDR device (USRP-2901) for different
distances. In order to see the overall end-to-end link nonlinearities, i.e., not only HPA in
TX, but also LNA (low noise amplifier), down-conversion circuit, and analog-to-digital
converter (ADC) in RX, the received signal power was measured at the ADC output of
RX. Meanwhile, TX and RX were placed at the outdoor open space to exclude the channel
effect in the nonlinearity measurement. The received power tends to saturate when the
power gain is larger than a certain level (about 18 dB) by the nonlinear distortion, as shown
in Figure 11. Except that, due to the path loss, the graphs shift vertically according to the
distance, the overall nonlinear characteristics remain the same, irrespective of the distance.
Note that, even with the smaller received power due to the increased distance (12 m), the
received power still saturates at the identical range of power gain. This implies that the
main factor for the overall non-linearity is in the TX side, i.e., HPA in the TX. Hence, we
experimentally searched the optimal power gain at each location of the user. Figure 12
shows an example plot of the measured BER versus the power gain for the three waveforms
in LoS environment when F is 700 MHz and distance between TX and RX is 12 m. It is
shown that the BER is minimized at a gain of 16 dB for FBMC and at a gain of 17 dB for
LP-FBMC and SC-FDMA. The smaller optimal power gain for FBMC when compared to
those for LP-FBMC and SC-FDMA confirms the higher PAPR of FBMC as compared to
those for LP-FBMC and SC-FDMA. This is because, as PAPR becomes larger, the power
gain needs to be more tightly controlled to avoid nonlinear distortion.

In Figure 10, commonly to the three waveforms, the BER performance deteriorates
as the distance increases. This is because, as the distance increases, even optimal transmit
power gain cannot fully compensate the path loss in order to avoid the unacceptable
nonlinear distortion of the HPA. Hence, in the NLoS environment where the path loss is
more serious as compared to LoS environment, BER degrades more rapidly as the distance
increases. The BER degradations are more critical in higher carrier frequency due to higher
path loss.

— — —SC-FDMA
LP-FBMC
—o—FBMC

— — —SC-FDMA
LP-FBMC

D 7 —O©—FBMC
108 . =6 m~, . . 108 . . . . T
0.6 1 1.5 2 25 3 35 1 1.5 2 25 3 35
Carrier Frequency (GHz) Carrier Frequency (GHz)
(a) LoS environment (b) NLoS environment

Figure 10. BER of the SC-FDMA, FBMC, and LP-FBMC, according to the distance and carrier
frequency, N = 64, Af =15 kHz.
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Figure 11. Received signal power versus the transmission power amplification gain of the SDR
device (USRP-2901) in an outdoor open space.
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Figure 12. BER of the SC-FDMA, FBMC, and LP-FBMC according to the transmit power amplification
gain, F =700 MHz, distance between TX and RX = 12 m, LoS environment.

FBMC has the significantly higher BER when compared to SC-FDMA due to high
PAPR. The BER gap between FBMC and SC-FDMA increases as the carrier frequency
decreases with larger distance. This is because. as the carrier frequency decreases, the fre-
quency selectivity increases and SC-FDMA exploits frequency diversity by DFT spreading,
whereas FBMC cannot exploit frequency diversity. Hence, in the NLoS environment where
the channel is more frequency-selective when compared to LoS environment, the BER gap
between FBMC and SC-FDMA further increases. On the other hand, LP-FBMC achieves
almost the same BER as that of SC-FDMA over the entire considered region of distance
and carrier frequency. This is because LP-FBMC has similar PAPR performance as that of
SC-FDMA, and its signal generation also includes DFT spreading. All of these trends are
common to LoS and NLoS environments.

4.3. BER Comparison According to Timing/Frequency Offsets

Even with inter-user (inter-node) synchronization, there exist inevitable timing and
frequency offsets among the uplink users. This is due to the imperfect dynamics of
ranging process between BS and the users or inexpensive oscillators having insufficient
resolution in the low cost user equipments. Note that the global reference timing set-
up in Figure 8 provides perfect synchronization among the users’ TXs. Hence, in our
field test, we apply intentional timing/frequency offsets to the modulated waveforms for
various offset ranges among the users. This allows for us to realize the practical inter-user
synchronisation effects without being tackled with the implementation of the complicated
inter-user synchronisation process. Note that the term "timing/frequency offsets” here refers
to the offsets among the users, i.e., inter-user offsets. These offsets cannot be eliminated
by the basic receiver synchronization process, because the receiver (BS) synchronization
process only separately tracks the frequency and timing of each user’s received signal.
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In addition, a power control process was performed in order to ensure that the received
powers of the user signals are identical. To this end, we first optimize the transmit power
amplification gain of the furthest user from the BS by trading off between high signal
strength and low signal distortion in HPA. Subsequently, we adjust the amplification gain
of the other users, so that the received signal power is the same as the furthest user.

102 . T T T T T T T T 102 T T T T T T T T T
SC—FDMA\ SC-FDMA\
a \
_—-=fr 3L __ b
B i 10 - —-zZ====2--FQR
g __ooTETIIIoe T
I bk XZFT T e T T esE
o 104E T TN B I gz
~ w =
o { ) — — e \@”I/y\/
T S FBMC
FBMC— 7 e LP-FBMC
1 100~ S
~
LP-FBMC T
\ N
~
N S
== 108 ¢ 1
Maxirqum noqmalizeq Iiming offset T:U’ O.q5, 0.1, ‘OA15, 0‘,2 ~ Maximum no(malizeq tim\ng offset 7—:0, 0.95, 0.1,‘0.15, 0;2
0 0.02 0.04 006 0.08 0.1 012 0.14 0.16 0.18 02 0 0.02 0.04 006 0.08 0.1 012 0.14 0.16 0.18 0.2
Maximum normalized frequency offset e Maximum normalized frequency offset e
(a) F = 600 MHz (b) F =700 MHz
102 T T T
SC-FDMA——>(\_
i
e ////i/\/"
10° ¢ e S B
e T —-zIi--o53
e G o e
- ’e - - -
PO = FBMC——>
n:10'a, /(/,/ e S S /\‘,
w = = —e—
@ - N
- =
105 A
LP-FBMG— 7
10% ¢ 4 106k
Maxirqum ncr‘malize(‘j Iiminq offset "r=0, 0.95, 0.1,‘0.15, 0‘.2 | Maxirqum nor‘malizet‘j timing‘ offset T:O' 0.95, 0.1, ‘0.15, 0;2
0 0.02 004 006 008 0.1 012 014 016 0.18 0.2 0 0.02 004 006 008 0.1 012 014 0.16 0.18 0.2
Maximum normalized frequency offset e Maximum normalized frequency offset e
(c) F =2.5GHz (d) F =3.5GHz

Figure 13. BER of the SC-FDMA, FBMC, and LP-FBMC, according to timing/frequency offset for
various carrier frequencies, N = 64, Af =15 kHz.

Figure 13 shows the field-tested uplink BER results for various carrier frequencies for

the case when each uplink user’s timing and frequency offsets are uniformly distributed in

— %} and in [~ »7|, respectively. The parameter T denotes the symbol interval

(=T)-normalized inter-user timing offset limit and the parameter € denotes the subcarrier
spacing (=1/T)-normalized inter-user frequency offset limit. Hence, T and € are unit-
less parameters. We randomly generated timing/frequency offset for each data frame
until the average measured BER converges to obtain the averaged performance over the
various uplink users’ link environment. In addition, 60 different combinations of the users’
locations randomly distributed in all of the shaded areas in Figures 5 and 6 were tested.
The measurement procedure is structured, as follows: first, once the three user positions
have been set, we perform out the aforementioned power control process. Second, the
BERs were separately measured for all pairs of (7€) in Figure 13. Third, for each of 60
combinations of the users’ locations, the first and second steps that are mentioned above
are repeated. Lastly, 60 measured BERs for each pair of (7€) are averaged. Note that, in
order to fully include inter-user interference, we measured the BER of the user allocated to
the middle of the three consecutive subbands, as mentioned previously.

It is shown that the BERs of SC-FDMA abrubtly increase as T and € increase. Even with
low PAPR advantage of SC-FDMA over FBMC, SC-FDMA performs worse than FBMC
if T and e become larger than the corresponding limits. These agree with computational
simulation results shown in [6]. However, note that, as compared to the theoretical simula-
tion results of [6] (see Figures 5, 6 in [6]), the performance degradation of SC-FDMA by
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inter-user interference is more drastic in Figure 13. This comes from the difference between
the channel that is assumed in the computational simulation of [6] and the actual channels
in our field test. In [6], the Vehicular-A channel model in the international telecommunica-
tions union-radio communication (ITU-R) sector was used. Thus, it is revealed that there
is more inter-user interference in the real indoor channel than in the Vehicular-A channel.
Note that this trend is most emphasized in the lowest carrier frequency, i.e., F = 600 MHz
in our field test. This implies that the inter-user interference becomes more detrimental
as the frequency selectivity increases. Meanwhile, the BERs of FBMC and LP-FBMC are
almost invariant to 7 and €. In particular, no matter how large T and € are given in the
considered region, LP-FBMC achieves the identical BER performance to that of perfectly
synchronized SC-FDMA. Again, the BER performance gains of LP-FBMC over FBMC and
SC-FDMA are biggest in the lowest carrier frequency, i.e., F = 600 MHz.

4.4. BER Comparison According to Per-User Bandwidth

We can change the bandwidth (equivalently data rate) per user by two different ways.
One is to change the subcarrier spacing while keeping the number of users and the other
way is to change the number of subcarriers while keeping the subcarrier spacing. Figure 14
shows the BER results with the same system parameters as those for Figure 13d, except that
the per-user bandwidth is enlarged twice as that of Figure 13d by doubling the number of
sub-carriers N. It is shown that the BER of LP-FBMC decreases due to increased frequency
diversity by increased DFT-spreading size (equal to N). This also holds for SC-FDMA, but
it is limited to the case with perfect inter-user synchronization. Whereas, owing to lack of
DFT-spreading, FBMC is relatively much worse than SC-FDMA and LP-FBMC.
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Figure 14. BER of the SC-FDMA, FBMC, and LP-FBMC according to timing/frequency offset,
N =128, Af =15kHz, F =3.5 GHz.

In 5G and beyond, various subcarrier spacings (i.e., Af (=%) =15 kHz, 30 kHz, and
60 kHz) are used to support high-quality service [1]. Figure 15 shows the case when the
per-user bandwidth is enlarged twice by doubling the subcarrier spacing. For doubling
the subcarrier spacing, the symbol duration decreases to one half of that presented in
Figure 13d and, thus, the CP length (=T/4) also decreases to one half. The reduced CP
results in larger inter-symbol interference (ISI) to SC-FDMA. This explains a remarkable
result in Figure 15 that SC-FDMA more severely deteriorates with increasing timing offset
as compared to the case in Figure 14. Summing up, the BER performance gain of LP-FBMC
over SC-FDMA is more increased for lower carrier frequency, larger subcarrier spacing,
and larger timing/frequency offset among the users.
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5. Conclusions

In this study, we intensively analysed the performance of SC-FDMA, FBMC, and
LP-FBMC via field test using SDR devices in the real indoor wireless environments. As for
indoor wireless channel, we tested the various sub-3.5 GHz bands when considering the
different indoor wireless band allocations in the different countries. Basically, the benefits of
LP-FBMC over FBMC and SC-FDMA, i.e., low PAPR, and the robustness against inter-user
synchronization errors were confirmed in our field test. For instance, LP-FBMC achieves a
BER of less than 1/10 of that of the FBMC in a practical indoor distance between the BS
and user. In addition, no matter how large inter-user timing/frequency offset ranges are
given in the considered region, LP-FBMC achieves the identical BER performance to that of
zero offset case, whereas SC-FDMA severely degrades, even with slight offsets. Summing
up the major observations of our field test, the BER performance gain of LP-FBMC over
SC-FDMA is more increased for lower carrier frequency, larger subcarrier spacing, and
larger timing/frequency offset among the users. In light of these results, we expect that
LP-FBMC is a promising waveform solution for beyond 5G uplink waveforms in indoor
sub-3.5 GHz Bands.
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Abstract: In this paper, we propose new complex and real pair-wise detection for conventional
differential space-time modulations based on quasi-orthogonal design with four transmit antennas
for general QAM. Since the new complex and real pair-wise detections allow the independent joint
ML detection of two complex and real symbol pairs, respectively, the decoding complexity is the
same as or lower than conventional differential detections. Simulation results show that the proposed
detections exhibit almost identical performance with an optimum maximume-likelihood receiver,
as well as improved performance compared with conventional pair-wise detections, especially for
higher modulation order.

Keywords: space time codes; differential space time modulation; differential detection; pair-wise
detection; maximum likelihood detection

1. Introduction

So-called quasi-orthogonal (QO) design, adopted in coherent space-time codes
(STBCs) [1-3], enjoys some preferable features of full spatial diversity gain as well as
simplified maximum-likelihood (ML) detection based on complex or real pair-wise sym-
bols for any type of signal constellation. These QO-STBCs have been developed to be
applicable not only to 4G long-term evolution (LTE) [4], but also to a 5G new radio (NR)
communication system [5,6] that is currently commercializing beyond standardization.

However, for so-called differential space-time modulations (DSTMs) [7,8] based on the
QO design, hereafter referred to as QO-DSTM, the efficient pair-wise ML detection applied
in the conventional QO-STBCs is no longer available at a receiver when using general QAM.
This is mainly since power-normalization with a constraint of fixed total transmit energy
in a transmitter inevitably generates dependencies among all differentially modulated
signals on each other. Hence, [7,8] presents alternative pair-wise, but not ML, detections
showing degraded performance compared to the ML decoding. Furthermore, ref. [9] does
not exhibit significant performance loss unlike [7,8], but has a critical disadvantage due to
its decoding complexity greatly increasing as the modulation order increases.

For this reason, in this paper, new complex and real pair-wise detections for the
conventional QO-DSTMs [7,8] with four transmit antennas were proposed for general
QAM without additional operation. A key feature in the proposed detections is that when
decoding a given complex or real symbols pair, all the other pairs” variant power values
contained in an ML metric are simply replaced by or estimated to be their constant mean
values. This mean-based estimation effectively cuts off the dependencies between the given
differential symbols which pair with all the other pairs, thus enabling the independent
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joint detection of two complex or real symbols, such as the conventional ones [7,8], with
the resulting performances much closer to ML decoding.

2. Conventional QO-DSTMs and Differential Pair-Wise Detections

The conventional QO-DSTMs [7,8] with four transmit antennas can be constructed
by serially concatenating the coherent QO code with differential encoding, as shown in
Figure 1.

Coherent QO Encoder Differential Encoder
g1 gk D[

2
k=1 k-1

. A A I Y
Alamouti || V] Y

k Encoder [10] ®| Calculate skt
— Y
Alamouti Vzk S {( S lzc —{2H Y

Encoder [10] > Slzc I

D : Delay

Figure 1. Block diagram of conventional QO-DSTM [7,8] with four transmit antennas.

The transmitter of Figure 1 first encodes a kth input vector x* = [xt, x5]T of length 4

through the conventional coherent QO encoder [2,3] consisting of precoder ® and Alamouti
encoder [10], resulting in:

1 rk’ rk,

vk = ﬁ[ - (:’511) (r];ll)* ] 1)
1 rk, rk/

Vi = \@l B (:}2(,22)* (r;;)* ] )

T . . . .
where rif = [r;‘lrfz] = @x;‘ with an unitary precoder ®. Notice that the precoder © is

chosen so that the precoded vector ri.‘ has different values for any distinct xi-‘ [2,3], and thus

is mapped to x;‘ in a one-to-one relationship. Then, each Vf‘ is differentially modulated
with an iterative fashion as follows:

0 k Véc k-1
Sl == IZ, Sl == Fsl ,k 2 1 (3)
1

- 12, k12) . - . “1fak-1\
where a’l‘ 1= \/ % (|r’l‘ ; et \r’ﬁ ; ! ) is a power-normalization factor to satisfy S;‘ 1(5;‘ 1)

2
= (a;‘_l) I, with an 2 x 2 identity matrix I,. (e) denotes a Hermitian operator. The

differentially modulated Sf are finally transmitted through four transmit antennas in a
time-multiplexed form as shown in Figure 1, and finally arrive at a receiver through 4 x 1
independent and identical MIMO fading channels.
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Assuming a receive vector yl [yl 1Y) 2} corresponding to S;‘, Zhu's QO-DSTM [7]

presents a near-ML complex pair-wise detection of xf»‘ ,wWherei = 1,2 for an optimal complex

jrt/4
precoder O¢ = - [1 ¢

V2l 1 _ein/4 ],givenas

-1
ok ly;~ I
xi=m;nz[ e

k—
=1 44

() }R] "

skt [(y]l‘gl)* -y T (o) is a transpose operator

k-1
where yll,l = [(yz 1 ) Y2 ] and Yy,
and (a,b) = atb.
Furthermore, in order to further reduce the decoding complexity of (4), Chang’s QO-

DSTM [8] uses a real precoder Or = [ cosf  sinf

/kl

—sinf cosf ] with 6 = 7r/4 +13.28°, producing

real pair-wise detection of (xf)R and (xi‘) I, i=1,2, given as
(+ ) min i['; (’-‘)quc{<y’fz 1,yl>R(rik,,)R}], )
e ={ @) e
l

In (4)-(6), (o)R and (o)I denote real and imaginary parts, respectively.

3. New Pair-Wise Detections

Before deriving new pair-wise decoding, we first rearrange the exact ML decoding ([3],
Equation (33)) in a vector form as follows:

024 (k1 : 2 o2+ (dk 2 11,2
o [ Sy Sty
K~ = min Z R 7)
< = 205 1 e\ H ok k 2
=\ = (yl ) Viy;| +20°In(q)
=1k ykyk—1]? =19k ykyk=1]?
romin [ (121 Vin L2 Y2 Vay, ®)
xk M1 M1 H2 H2
k— - 2
n 1?/{,1/ M1 ik
1k \* [yt s
. (yl,z) /m i 02 sy
= min k1 K - yh P 9)
x ay Yo/ M2 0, ;72 "2
—1 k * - T’k
Ya2) /H2 | 22
_1:2 2 . _
where q; = ¢ + (aﬁ{ H* 4 (a¥)” with 02 = 1/SNR, p; = (a;‘) +(a ]l‘ 1) and Y;‘ e

viit o Yo
v, =)
02 = 0[7,8]. Furthermore, the equality of (9) comes from no change of magnitude of any
conjugated signal.

1 . The approximation of (8) uses an assumption of high SNR, i.e.,
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k-1 k—

Yl 1/pl 1 k 102 k—1
02 Yy /0y

p;‘_l = |lyf!|| to satisfy B'B = I,. Then, by multiplying the left of (9) with B/, the ML

metric can be written as the summation of two equations, including each x¥ as follows:

Here, let us define a 4 x 4 unitary matrix B = with

k- 2
aq 1y’{,1/y1 - rllcl
1k \* Yk ,
H| % (yl,z) /m _gH ) o
k=1, k / k-1 rk
ay “Yr1 *P‘2 0, % 12
A (vho) /1 "2
- 2
/m 0 0 0 2] [pf 0 0 0 ][
Il 0o 1/m o o0 ol 0 o 0 |7y 10)
- 0 0 1/ 0 2k, 0 0 5t oo ||,
0 0 0 1Uml\|4, 0 0 0 P,
2
[ KAy ] Zgl e kO 1 rl}i’l
_ 0 1w 212 0 py "2 1)
+{ 1/m 0 } z%/l B p11<—1 kO 1 "%,1
0 1/k 229 0 oy 25
2 2
= A(zll‘ — pk_1®x’1‘) H + HA(ZS — pk_1®x12() H (12)

where diagonal matrix A=diag(1/p3,1/p2), 28 = [zi‘,1 zi-"z} T with zi-‘, 1= {a;‘71<y’ f;l,y’fl>}/plffl
and p¥~! = diag (p’l‘*l, péfl) . The equality of (10) uses an energy conserving property of

the unitary matrix BF.
From (12), we can see that if all #; in A are independent of x, each xi-‘ can be sep-

2
arately decoded by minimizing HA(zf - pk’l®xf) H . Unfortunately, the values y; =

\/% (\r’l‘,l |2 + |772‘,l |2) + (Ll;(_l)z in A are variant with respect to rffl or all the input QAM
signals x*, implying the unfeasibility of pair-wise ML detection at the receiver. Specifically,
in order to decode x%, we need to know the two exact values of |7]2(,1 |> and |r§,2|2 in
containing the other signals x5. Conversely, for decoding x5, the two values |r’1‘,1 > and
\r’iZ |2 corresponding to the other x¥ need to be known. Considering that yi; are normalizing
terms including a;‘ and a;‘_l, we conclude that the dependency between two symbol pairs
xt and x§ indeed originates from the power-normalization with the constraint of total
transmit power in (3), thus implying that this dependency will be not avoidable for the
general QAM.

Hence, in order to make separate detections of xf-‘ possible, it should be done to break

up the dependency relationship between xt and x5 in y;. For this goal, when decoding

xk, we simply replace or estimate the values of the other |r§ | |2 by their mean values, i.e.,

E{|r72‘,l ]2} = E{|r’2‘,2 \2} = 1, and also when decoding x5, E{|r’l‘,1 |2} = E{\r’l‘lz |2} = 1. In this
way, the decoding of x§ can be performed only by using r’l‘ ; elements containing xk and the

same can be done for decoding x§ only by using r’2‘ ; elements.
Hence, this simple mean-based estimation produces a new complex pair-wise decod-
ing of x;‘, given as

i=1,2 (13)
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A . N . o 132
where A; =diag(1/f1;1,1/f1;p) with f1;; =\/% (|rf.‘,l |2—|—1> —|—(a;‘ 7,

Moreover, for a real ©, the mean-based estimation can be applied to

flij= \/ (|( R+ (5 )12 + 1) + (a;‘fl)z in (13) one more time for the separate de-
R
coding of ( ) and ( ) ie., E{|(r5.f,l)l|2} = %,Vl when decoding (xf) and also
I
E{|(ri-‘l)R|2} = 1,71 when decoding (xf) , resulting in:

()" A o0 ()|
(ﬁ)l = min||A! [( k)I —pklg(xf)l} 2,

where AR = diag(l/ﬁfl,l/ﬁfz) with ﬁfl = \/%(|(rfil)R|2—|— %) + (a]l‘*l) and Al =

diag (1/il,,1/ L, ) with pl, = \/;0%)1,2 +3) + @2

Obviously, the new pair-wise detections of (13)—-(15) are not equal to the ML decoding
of (12), but exhibit performances within only about 0.5 dB compared to the ML receiver for
all simulation cases, which will be shown in the following simulation results.

Notice that with some manipulations, the conventional detection of (4) can be shown

to be equal to the new one of (13) setting #1;; to be \/ e, A; = dlag(\ / a'l‘ ! \/ag 1)

glven as

R
(f(i‘) = min

i=1,2 (14)

i=1,2 (15)

( )

e o)
i f\ipkflerZ — 2{<[A\izé‘,A pk 1 k>} ) (16)
= n;;ni [(‘ﬁf_?z P —2{ (¥ ¥ ) }R] (17)

where the equality of (16) is from that A; is absolutely irrelevant to the current input

signals x;‘ or rif. Following the same derivations, (5) and (6) can also be proven to be

equal to the new ones of (14) and (15), respectively, setting ﬁflm to be 4/ a]l‘_l. This
means that the conventional detections can be seen as the ones to cut off the dependency

kRI kl

between two x! or four (xi) : from each other by estimating y; to be simply

Moreover, since the proposed methods are the same symbol by symbol decoding as the
conventional methods except for the m; computation, performance improvement can be
expected without increasing the same decoding complexity.

Defining €(f1;) = E{ (uy — ﬁl)z}, Table 1 compares the accuracies of fI;s used in the

conventional and new detections for the QO-DSTMs [7,8] with perfect knowledge of a;‘_l

From Table 1, the estimation errors of fi; in the new detections are shown to be
greatly lower than those of the convention detections. Furthermore, the gap between both
detections becomes slightly larger as increasing the modulation order. This is obvious since
the conventional detections do not consider the values of current QAM input signals x* for
estimating y; unlike new ones, and thus the estimation error increases much more for a
higher modulation order.
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Table 1. Comparisons of ¢(f1;) for the conventional and new detections.

O¢ [7] Or [8]
Mod. v v
e(, /a;c—l), @ (A1) ( /a;c—1>,(s>,(e) (1 () (19), (1)
16-QAM 7.462 0.195 2.679 0.359
64-QAM 44.593 0.866 6.558 0.754
256-QAM 263.204 2.898 16.042 1.381

4. Simulation Results

All simulations are done based on an independent data frame consisting of 128 blocks.
Each block has four QAM symbols. For propagation channel models, it is assumed that
the four MIMO channel gains have independent and identical Rayleigh distributions, and
also are constant during each frame with independent distribution. Furthermore, in all
decodings, we use 11]1‘*1 and a’z‘*l calculated from previously detected symbols.

Figure 2 shows average bit error rates (BERs) of the new and conventional complex
pair-wise detections for the Zhu’s QO-DSTM [7] using O¢. For the comparison of perfor-
mances, the ML results of (12) are also included. Firstly, the new pair-wise detection is
shown to achieve more improved performance compared to the conventional one for all
simulation cases. The performance gain is much larger especially as the modulation order
increases. Specifically, for 16, 64 and 256 QAMs, the respective SNR gains at BER = 1074
are about 0.8, 1.0, 1.2 dBs. This is mainly because the new detection is performed based
on more accurately estimated fi; compared to the conventional one, especially for a higher
modulation order, as shown in Table 1. Furthermore, we note that the proposed detection
shows an SNR loss of less than only 0.2 dB compared to the ML decoding for all cases.

107" ;
256QAM
S a2
%10
m
(]
en
<
5,
>
<
107
ML, (12)
| |—<—Conventional, (4)
—6— Proposed, (13)
10-4 I I
5 10 15 20 25 30
Ey/Ny

Figure 2. Average BERs for the QO-DSTM [7] with Oc.
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Figure 3 shows the average BERs of the new and conventional real pair-wise detections
for the Chang’s QO-DSTM [8] using ©r. Here, the ML results are also included for
comparing performances. First the performance trends in Figure 3 are almost the same as
those of Figure 2 with the identical reasons as in Table 1. Specifically, the respective SNR
gains for 16, 64 and 256 QAMs at BER = 10~% are about 0.3, 0.6, 0.9 dBs. Furthermore, the
proposed detection shows an SNR loss of less than 0.5 dB compared to the ML decoding
for all cases.

10" ;
256QAM
2
m 10 E
aa
0]
80
S
5
>
<
107 i
=ML, (12)
' |~ Conventional, (5)— (6)
—6—Proposed, (14)—(15) X
-4 1 1
10 ~
5 10 15 20 25 30
Ey/Ny

Figure 3. Average BERs for the QO-DSTM [8] with ©Og.

Comparing the simulation results in Figures 2 and 3, we can see that the performance
gain comparing to the conventional system is more significant when using the complex
precoder in Figure 2. This is mainly due to the difference in estimation errors between the
proposed and conventional methods listed in Table 1. Namely, when using the complex
precoder, the gap of estimation errors for y; between these two methods are larger than
those when using the real precoder for all modulation cases, as shown in Table 1.

5. Conclusions

In this paper, we proposed new complex and real pair-wise detections for the conven-
tional QO-DSTMs with four transmit antennas for general QAM. The proposed detections
exhibit a greatly improved performance compared to the conventional ones, especially, for
a higher modulation order and also a performance almost identical with the ML decoding.

Hence, considering decoding the complexity and error performances, the new pair-
wise detections are much more attractive for demodulating the QO-DSTMs. The mean-
based estimation used in the proposed detections can indeed be applied to any other
DSTMs based on amicable orthogonal [11] or QO [12] space-time codes with more than
four transmit antennas and general QAM. In addition, it can be applicable for the other
differential modulation systems in such as radio frequency technology [13], underwater
communications [14], heterogeneous networks [15] and wireless sensor networks [16],
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which can also be applied to the artificial intelligence field [17] which is in the spotlight
these days.
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Abstract: In this paper, we present a new secrecy-enhancing scheme for multi-input-multi-output
(MIMO) systems using a space—time coding scheme. We adopt a quasi-orthogonal space-time block
coding (QO-STBC) scheme that was originally designed to improve the performance of the MIMO
system, and propose an efficient waveform design that can enhance the secrecy, as well as improve
the error rate performance. Channel- and signal-dependent artificial interference (Al) is added to
the proposed waveform, so that only a legitimate receiver can successfully retrieve information.
We investigate the secrecy capacity of the proposed scheme, and demonstrate that the proposed
scheme provides highly enhanced secrecy performance, compared to the conventional schemes. The
performance simulation results reveal that the transmitted information can be properly extracted
only at the legitimate receiver.

Keywords: multi-input-multi-output (MIMO); space time block coding; physical layer security (PLS);
secrecy capacity

1. Introduction

Most technology development in wireless systems has mainly focused on the enhancement of
spectral efficiency and/or power efficiency (error rate performance). The explosion of multiple-input
multiple-output (MIMO) technology can be one of the representative examples that have largely
contributed to enhancing spectral or power efficiency. Due to their inherent broadcasting nature,
wireless communication systems are vulnerable to security and privacy protection. However,
waveform design for the past generation systems has not focused mainly on the secrecy performance
aspect. Although the classical cryptography protocols in the network layer may guarantee secure
communications, the involved secret-key distribution and management processes are generally
unaffordable, and are fragile to attacks, especially in wireless systems [1]. For this reason, security
protection needs to be considered during the waveform design process along with power and
spectral efficiency.

Physical layer security (PLS) schemes can be considered as one of the effective waveform design
techniques to provide security protection, and a number of study results have been reported by
exploiting the characteristics of wireless channels [2—4]. Because MIMO techniques are now almost
mandatory in most wireless systems, PLS schemes combined with MIMO techniques have recently
gained a lot of attention. As a measure of secrecy protection, Reference [5] derived the secrecy capacity
of a MIMO system. Later, Reference [6] proved that perfect secrecy protection could theoretically be
achieved for MIMO systems, and these results accelerated the development of PLS techniques for
MIMO systems. Reference [7] considered utilization of spatial modulation (SM) and adding artificial
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noise (AN) as effective means to increase the secrecy capacity for MIMO systems. The essence of AN
technology is to add a noise that is orthogonal to the legitimate channel, so that it can be null to the
legitimate receiver, while presenting interference to the illegal receiver.

On the other hand, there have been efforts to utilize space-time block coding (STBC) schemes for
PLS [8-13]. The Alamouti scheme was utilized for PLS [8-12]. As a cooperative multi-user transmission
technique, Reference [8] proposed the idea of transmit antenna selection (TAS)-Alamouti scheme for
PLS enhancement. Reference [9] proposed another cooperative Alamouti scheme, where Alamouti
users collaborate with each other with an AN-aided technique to secure the transmissions. They
demonstrated that the secrecy sum-capacity was improved by adding AN aligned with the null space
of the legitimate channel matrix. The Alamouti scheme was also utilized in SM with AN, where
SM was used to increase the secrecy performance while the Alamouti scheme was used to enhance
the performance [10]. Reference [11] proposed a PLS scheme employing a coordinate interleaved
orthogonal design, while Reference [12] proposed a transmission technique for PLS by applying the
Alamouti coded non-orthogonal multiple access scheme.

Furthermore, secrecy outage probability was derived for a quasi-orthogonal STBC (QO-STBC)
scheme that linearly combines two Alamouti codes [13]. The results in this research demonstrate
the secrecy outage probability according to the power ratio of legitimate and illegal receivers. This
QO-STBC scheme utilized a power scaling (PS) method, but the PS itself did not contribute to enhancing
the secrecy performance. Instead, the PS was used to achieve the full rate and full diversity effect.
Reference [14] also proposed a similar idea, presenting a new encoding matrix for QO-STBC to achieve
full orthogonality of the channel matrix.

In this paper, we propose a new waveform design for the MIMO system using STBC, which
is targeted at enhancing the secrecy, as well as the error rate performance. We modify the idea of
combing AN with STBC, and adopt a QO-STBC scheme with linear detection capability [14]. The
advantage of the QO-STBC scheme in [14] lies in the full orthogonality of the channel matrix, and
thus it was termed a linear decoding QO-STBC (LD-QO-STBC) scheme. However, its disadvantage
lies in the non-uniform signal power distribution. In the proposed scheme, we utilize this property,
and add the artificial interference (Al) by considering non-uniform signal distribution. The waveform
with time-varying Al is received at the legitimate receiver without any interference, while the added
interference at the illegal receiver prevents proper detection.

We note that STBC schemes are widely used in modern wireless systems to improve performance.
Even though the STBC schemes were investigated for PLS in the previous studies, they can achieve
reasonable secrecy protection only with a limited condition, i.e., when the power strength of
the legitimate receiver is sufficiently higher than that of the illegal receiver. An approach with
AN can be used, but this requires additional power allocation. Therefore, the proposed PLS
scheme can be efficiently utilized for many wireless systems equipped with STBC, without any
performance degradation.

Compared to the conventional PLS schemes with STBC, we summarize the superiority of our
work as follows. First, the proposed scheme can be utilized in the STBC MIMO systems with more
than two transmit antennae, and thus it can achieve more diversity gain compared to the previous
works with the Alamouti scheme [8-12]. Second, the proposed scheme does not allocate additional
power to AN for security protection, and thus it is power efficient. The probability distribution of
the LD-QO-STBC signal waveform is newly derived. By using the investigation results of the signal
distribution, the power reallocation is dynamically performed across the multi transmit antennae. This
power reallocation contributes to equalizing power distribution across the transmit antennae as well
as transmit time. In addition, it imposes severe interference on the eavesdropper. The novelty of the
proposed idea lies in using the new waveform for STBC MIMO systems with power reallocation. By
virtue of the above two strong advantages, the proposed scheme can achieve perfect security protection
even though the eavesdropper has almost the same power as the legitimate receiver.

30



Electronics 2020, 9, 2003

The rest of this paper is organized as follows. Section 2 describes the related works with the
proposed scheme. We first introduce the PLS scheme that combines the Alamouti-code with AN, and
present the LD-QO-STBC scheme [14]. Section 3 presents the proposed waveform design for PLS using
the LD-QO-STBC scheme. We first investigate the characteristics of the signal constellation of the
LD-QO-STBC scheme. Afterwards, we propose a method to generate signal- and channel-dependent
Al that can be perfectly canceled only at the legitimate receiver. Section 4 evaluates the secrecy capacity
of the proposed scheme, and compares it with that of the conventional scheme. In addition, we present
a bit error rate (BER) performance simulation results to demonstrate proper security protection. Finally,
Section 5 draws the conclusions.

Notation: Bold lower case letters represent vectors, while bold upper case letters denote
matrices. AT, A, and ||A|| denote the transpose, Hermitian transpose, and Euclidean norm of
matrix A, respectively. The superscript (-)* denotes the complex conjugate, while * denotes the
convolution operator.

2. Related Works

2.1. Alamouti Coded PLS with AN

The generic model for the PLS scheme, comprises a cooperative wireless network that consists
of three nodes. Suppose that a legitimate transmitter node is referred to as Alice, which is the source
node. The corresponding destination node is referred to as Bob, which is the legitimate receiver node.
On the other hand, the third node, named Eve, is the passive eavesdropper node.

Figure 1 shows a block diagram for the Alamouti-coded PLS with AN [10]. In this system, it
is assumed that Alice is equipped with three antennae, while Bob and Eve are equipped with only
one antenna, respectively. At the transmitter, the bit stream emitted by a binary source is divided
into a block containing one bit to select one antenna among Ant 1 and Ant 2 for SM, and the other
blocks containing information bits to transmit. The selected antenna will form the first virtual antenna
for the Alamouti scheme, while Ant 3 in Figure 1 will form the second virtual antenna for the 2 x 1
Alamouti scheme. Therefore, the first virtual antenna is dynamically changed by time. During the
first symbol period, s; and s, which are mapped by using m bits for each will be transmitted through
two antennae, respectively. In addition, AN will be injected for secrecy purpose. During the second
symbol period, the Alamouti encoded symbols, —s3 and s}, are transmitted along with ANs through
two antennae, respectively.

Legitimate transmitter node (Alice) s+ B 5,4 By Legitimate
1 bit _( Receiver (Bob)

S+ ﬂznv)* (5| + zzv)k
Sl Ant 1 I’l] , Y
SM

Y4 hy

RE M{ Eavesdropper

(Eve)

S \ / g
Ant 3

82

Antenna
Index

m bits | constellation
"I mapping

>

m bits _| Constellation

M-ary
mapping Symbol

v

Figure 1. System model of the Alamouti-coded physical layer security (PLS) with artificial noise (AN).

It is assumed that the channel coefficients are constant within each transmission block, i.e., two
symbol periods, and they are changed independently from block to block, as in the conventional
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Alamouti scheme. The perfect channel state information (CSI) is assumed to be available at Bob and
Eve, but it may not be available at Alice. The encoding matrix for the Alamouti code with AN, Xan
can be expressed as:

s1+ ﬁllv Sy + /3120
—(s2+B2v)"  (s1+ Banv)”

where s; and s, are modulation symbols used for the Alamouti code during two symbol periods,
and they are drawn from the M-ary quadrature amplitude modulation (QAM) constellation, where
M = 2". In addition, v is the complex Gaussian AN with zero-mean and unit variance, and ;s are
the coefficients of the v for the i-th timeslot at the j-th antenna. The coefficients ;;s are designed to
be nulled at the legitimate receiver. Therefore they should be computed by exploiting the CSI of the
legitimate channel, which results in the following two possible sets of solutions for each symbol period,
i.e., for the first time period:

, 1)

XaN =

P11 = ha, P12 = —hy, or B11 = —hy, P12 =My, @)

and for the second time period:

Bar = 13, B = I}, or By = I3, pon = 1}, ©)

where, h; and hy are the channel gains from the first and second virtual antennae at Alice to
Bob, respectively.

With the above solution, the received signal at Bob during two symbol periods, 1,1 and yp,; can
be represented by:

Y1 = h1s1+hosy +ny, 4)
Yo = —hisy + hasy + npy,

where ny,1 and ny,; are additive white Gaussian noise (AWGN) at Bob for the first and second symbol
periods, respectively. Because the added ANs are perfectly canceled due to (2) and (3) at Bob, the
detection can be successfully made as in the conventional 2 x 1 Alamouti scheme. On the other hand,
the received signal at Eve will contain serious interference terms as follows:

g1 (s1 4 B110) + &2 (52 + B120) + 11, )
—81 (52 + B210)" + &2 (51 + B22v)” + 12,

Ye1
Ye2

where g1 and g are the channel gains from the first and second virtual antennae at Alice to
Eve, respectively. In addition, n.; and ne; are AWGN at Eve for the first and second symbol
periods, respectively.

2.2. Linear Decoding QO-STBC Scheme

After Alamouti first proposed the orthogonal STBC scheme with two transmit antennae [15],
efforts were made to invent full-rate STBC schemes with a larger number of transmitting antennae.
In an effort to increase the antenna size and achieve the full data rate, by loosening the orthogonality
condition, several QO-STBC schemes have been proposed [16,17]. These QO-STBC schemes could
achieve the full rate, but at the cost of higher decoding complexity, due to the non-perfect orthogonality
of the encoding matrix.

In order to solve this problem, a new QO-STBC scheme providing a simple linear detection
capability was proposed [14]. By applying the Givens rotation to the detection matrix of a conventional
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QO-STBC scheme, new encoding matrices for three and four antenna systems were derived. The
encoding matrix, X, for four transmit antennae can be expressed as follows:

$1+83 Sp+S4 S3—S1 S4—87
—s5 —s; S7+s; s;—s; S;3—5]
§3—S1 S14—8S82 S1+83 S»+54
5581 S3—85] —S;—sp S| +s;

X = (6)

As shown above, a signal transmitted for each time slot at each antenna has now become a linear
combination of two modulation symbols. By assuming a single receive antenna, the received signal
during four time slots can be expressed as

V1 y2ysyal" = X[hy ha h3 hy]" +nT, 7)

where /1; is the channel gain from the i-th transmit antenna to the receive antenna, and n = [n1 1y n3 ny|
is an AWGN vector for the four time slots. For detection, the received signal vector can be represented
by using the equivalent channel matrix, H, as follows:

1y y3yi)" = H[s1 5283847 + [y m3 manj]”, (8)

where

hi—hs hy—hy hy+hs hy + hy
hy —hy h3—hy hy+hy; —h]—h;
hs —hy hy—hy hi+hy  hy+hy
hy —h3 hi—h3 hy+hy —h]—h;

©)

The channel matrix H is orthogonal, although the encoding matrix X is quasi-orthogonal. For this
reason, maximum likelihood (ML) decoding can be achieved via simple linear detection, as given by:

s=H"[y1 5 vz y5)". (10)

3. Secrecy-Enhancing LD-QO-STBC Scheme

3.1. Waveform Analysis for LD-QO-STBC

In order to design an efficient waveform for secrecy enhancement, we first investigate the signal
constellation of the LD-QO-STBC scheme. By letting combinations of modulation symbols be used in
(6) as follows:

X] =81 +83, X2 =852+ Sy,

(11)
X3 =83 =51, X4 =545
the encoding matrix X in (6) can be represented as:
X1 X2 X3 X4
—x5 xi —xi X3
X = 2 1 4 3 (12)

X3 X3 X X2
* * *
—Xy Xz —X X

Because each element of X is a linear combination of any possible values of s; and s;, the waveforms
of s; and x; will be different. In order to investigate the signal distributions, we denote constellation
symbol sets used for s; and x; as a € O, and b € Oy, respectively. We note that for any Gray-coded
QAM constellation symbol mapping, s;, —s;, s;, and —s; are all in the same set O,, due to its symmetric
constellation. Likewise, elements of X that are either x;, —x;, x7, or —x}, are in the same set O,.
Nevertheless, it is clear that O, forms a different set from O,.
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Figure 2 demonstrates an example of waveform transformation from O, to O, when 4-QAM is
used for a. In the figure, we denote 4; and b; as one of the complex constellation symbols included in O,
and Oy, respectively. In addition, we derive the probability density function (PDF) of b, and show that
it is not a uniform distribution. For any M-ary QAM, we can assume that without loss of generality,
the PDF of a follows a uniform distribution. That is,

fala) =1/M, a € O,. (13)
By assuming the independency of the real and imaginary parts of 4,
fr(a®) =1/VM, fai(a') =1/VM, a€O,, (14)

where aR and a! are the real and imaginary parts of a complex value 4, respectively.

a Ob
o ' Z o My |
1 In : L | :
: a, a, | L by by by |
i Re | Re !
or : 0 — (D g
| | bs ‘bl b, |
a va, | o |
3 n 5, |
i b, | b, by |
-1, | = 17 I i
-1 0 1 -1 0 1
PDF
0.3 0.3
_—
0.2 0.2[
le (a) fb (b)
0.1 0.1f | | | |
a a, a; a by by by b, b, b, b, b, b,

Figure 2. Signal constellations and PDFs for a € O, and b € Oy, used for s; and x;, respectively.

For any symbol b, we note that it is the sum of two independent random variables, so its PDF
can be found by first taking the convolution of f,z (bR) and £, (b!) in their real and imaginary parts,
respectively. Therefore,

for(0F) = for (a®)  for (a®),

15
fV) = Fla)« fulah), a €Oy, 1

and finally using the independency of real and imaginary parts,
fo(b) = fyr (B%) fy1 ("), b € Op. (16)

Figure 2 compares the PDFs, f,(a) and f;(b) when 4-QAM is used for O,. We find that the number
of elements in Oy, is greater than that in O,, and that there is a null value 0 4 jO in Oy, which is denoted
by by in the example of 4-QAM of Figure 2. Whatever M-ary QAM is used for O,, this null value exists.
We also find that the probability of having the null value of b is the maximum among the other possible
values, i.e., f(by) is the maximum amongst, and Figure 2 also demonstrates this. These findings will
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be applicable to higher-order M-ary QAM. The resultant O;, from the LD-QO-STBC scheme will incur
zero-crossing amongst non-zero modulation symbol values.

3.2. The Design of Artificial Interference

From the investigation in the previous section, we note that the probability of having the null
value of x;, i.e., x; = 0 4 jO is the maximum amongst all possible values in O;. We also note from (6)
that whenever we have zero value of x;, there will be 2s; value in the same row in X. For example,
consider the case when x; = 0, which means s; = —s3, because x; = s1 + s3 as defined in (11). This
implies that x3 = 2s3, because x3 = s3 — 51, as in (11). We refer to these two elements that have the
null value and 2s; as a pair. Investigation of (6) reveals that there are two pairs in each row; that is,
the first and third elements form one pair, and the second and fourth elements form the other pair.

We design the Al in order to satisfy the following condition. First, by adding Al we escape the
zero value transmission. For this, whenever we have a zero value of x;, we add Al that will change
the transmitted symbol to a non-zero value. At the same time, we subtract the added value from the
paired elements, which reduces the original amplitude. Second, the Al is added in such a way that the
paired elements contribute to canceling each other’s Al at the receiving end. For this, we multiply the
channel gains in such a way that the added Al is canceled.

To achieve the above design goal, we represent the received signal at Bob during the i-th time

period, yp;, as follows:
4

Yoi = ) (Xij + wij) by + g, (17)
j=1
where, yx;; is the element of X in the i-th row and j-th column, wj; is the Al term, and 1y, is the noise at
Bob during the i-th time period. Because x;; and x;(j,2), j = 1,2, always form a pair, we represent (17)
as the following pairwise form:

2

Yoi = ), {(Xij + wij) hj + (Xi(j+z) + wi(j+z)) hj+2} + M. (18)
j=1

In order to satisfy the first condition, when Xij = 0, we set wj; to a non-zero value, so that it
can increase the power of x;;. At the same time, we decrease the same amount of power from the
paired element. In other words, we set wij = wj(j,2) = Xi(j+2)/2, in the case x;; = 0. This pairwise
power reallocation will contribute to decreasing the difference of power allocations across the transmit
antennae. Even though Al is added, it is a kind of reallocation of power, and thus there will be no
additional average power allocation. In addition, thanks to the following solution to the second
condition, this AI will be perfectly eliminated.

The second condition requires that Al should be canceled at the legitimate receiver. For this, we
represent (18) by separating the signal and Al terms, that is

2 2
Yoi = ) (Xijhj +Xi(j+2)hj+2) +). (wijhj + wi(]'+2)hj+2) + 1. (19)
= =

Because the Al term in (19) is 212:1 <wi]~hj + wi(j+2)hj+2) , we need to make it zero, i.e.,

2
2 (wljh] + Hz)hﬁz) —0. (20)

A simple solution to (20) can be letting wjj and wj(j;2) contain —h(;,5) and h; terms, respectively.
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By combining the above two conditions at the same time, w;; can be defined as follows:

Xi(j+2)j X+l s
Cdi]' = %hﬁ'z, wi(j+2) — — (]EZ)hJ’ lf] — 1,2,and XZ] — 0’
wij = T2y gy = —MU2T, i j=3,4,and x;; =0, 21)
wij =0, Xij # 0, Xi(j+2) # 0.

As shown above, w;; has a non-static time-varying value that is dependent on y;;, as well as on h;.
At the transmitter part, this Al contributes to reducing the difference of power allocations, while at
the receiving end, it will be perfectly canceled out. Therefore, by using (21), (18) can be represented

without any Al, as follows:
2

Yoi = (?Cijhj +Xi(j+z)hj+z) + ;. (22)
=1

In summary, the received signal at Bob during the four time slots can be represented as:

[Yo1 Yoo Vo3 Yoa) ' = (X+ W) [y 1y s ha)" +n], (23)

where W is the Al matrix with w;; as the element in the i-th row and j-th column. Then, the received
signal after the interference cancelation can be equivalently represented as:

T T T
(Vb1 Yoo Vb3 Ybal = H[s152 83 54 + [1p1 1 M3 11g] (24)

and the detection can be made exactly the same as in the conventional detection using (10).
On the other hand, the received signal vector at Eve is expressed as follows:
T
]

[Ve1 Ye2 Yes Yes] " = (X+ W) [g1 8283 g4]” +n!, (25)

where g; is the channel gain from the j-th transmit antenna from Alice to Eve. Because the added Al
matrix W has factors related to the channel gains of hjs for Bob, it cannot be canceled out at Eve. That
is, the received signal at Eve during the i-th time slot is expressed as follows:

2 Xi+2) j+2 Xig+2)h : _

jgl { (7(1] + f) 8it (Xi(j+2) ) ) g]+2} +nei, if xij =0,

2

o L Xihie2\ o Xihi\ ‘ e _
Yei = jgl { (Xz] 3 ) 8&;j + (Xz(]+2) + =5 ) g]+2} + nej, if Xi(j+2) 0, (26)

2 .

'21 {Xz‘jgj + Xi(j+2)gj+2} + Nei, if xij # 0, Xi(j12) # 0

]:

Even though, there is the probability of not having Al i.e,, Xij # 0 and Xi(j+2) # 0, and thus
w;j = 0, frequent uncanceled Al will cause serious performance degradation.

4. Performance Evaluation

This section presents the secrecy and BER performances of the proposed waveform design using
LD-QO-STBC over a Rayleigh-faded MIMO channel, and compares them with the conventional
schemes. In order to consider the worst-case for secrecy protection, we assume that not only Bob but
also Eve have perfect CSI, and that they have the same signal-to-noise ratio (SNR). On the other hand,
Alice only shares the CSI for Bob. We also assume that Alice transmits information using 4-QAM
through the MIMO channel without frequency selectivity. All channel gains for each transmit symbol
are assumed to be independent and constant over four consecutive symbol periods. In the simulations,
the aggregated power from all the transmit antennae was normalized to one.
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We first compare the secrecy capacity of the proposed scheme with the conventional schemes. It
is well known that the secrecy capacity Cs can be expressed by [6]:

Cs = max (Cp — Cg,0), (27)

where Cp and Cr, are the capacities achieved at Bob and Eve, respectively. Because the added Al can
be canceled at Bob, Cp can be estimated as in the conventional MIMO systems, as follows:

P
Cp = log, det (1 + 2HHH> , (28)
0;
b

where P and Ug are the transmit power and noise variance at Bob, resulting in P/ (75 being the SNR.
On the other hand, Cf is estimated by accounting for the added Al, as follows [18]:

P
Cp=1lo det(I+GGH), (29)
FTOE (W[ +0?)

where, (732 is the noise variance at Eve.

We estimate the secrecy performance in terms of C; in (27), and Figure 3 compares the simulation
results of the average secrecy capacity. For comparative purpose, we implement a number of
conventional schemes: (1) the Alamouti scheme [15], (2) the LD-QO-STBC scheme [14], (3) the
QO-STBC scheme with power scaling [13], (4) the Alamouti scheme with AN [10], and (5) the proposed
scheme. Because we assume that Bob and Eve have perfect CSI of their own and the same SNR, the
secrecy capacities of the conventional schemes without any AN or Al i.e., (1), (2), and (3), are almost
zero. On the other hand, the addition of AN to the Alamouti scheme contributes largely to enhancing
the secrecy capacity, even though Eve has the same SNR as Bob. Moreover, the proposed scheme
achieves the best secrecy performance amongst the various schemes.
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Figure 3. Secrecy capacity of the proposed scheme over a Rayleigh fading channel compared to the
conventional space-time block coding (STBC)-based PLS schemes.

Next, Figure 4 compares the BER performance simulation results. With the conventional schemes,
(1), (2), and (3), Bob and Eve will have almost the same BER performance. On the other hand, due to
the highly enhanced secrecy protection in (4) the Alamouti scheme with AN, and (5) the proposed
scheme, the BER performance at Eve approaches to 0.5. This means that there is no information leakage
to Eve. However, at the expense of power usage of adding AN in scheme (4), we have to sacrifice
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power loss. For example, in scheme (4) the same power is allocated to AN as to the information signal,
so we can find a 3 dB power loss in the performance. On the other hand, the proposed scheme utilizes
the pairwise power reallocation for Al, and thus it does not incur any power loss.

10°

o,
w10
o

-4
10 (1) Alamouti at Bob and Eve
—— (2) LD-QOSTBC at Bob and Eve
—+— (3) PS-QOSTBC at Bob and Eve
10% —o— (4) Alamouti+AN at Bob
—— (4) Alamouti+AN at Eve
= (5) Proposed at Bob
=— (5) Proposed at Eve
10°
0 5 10 15 20 25 30
SNR (dB)

Figure 4. Comparison of bit error rate (BER) performances for various STBC-based PLS schemes over a
Rayleigh fading channel at the legitimate (Bob) and illegal (Eve) receivers.

5. Conclusions

In this paper, we presented a novel secrecy-enhancing scheme by tailoring the waveform of the
LD-QO-STBC scheme. The proposed scheme employed dynamic Al that was dependent on the signal,
as well as the channel gain of the legitimate receiver. The dependency on the information signal
was used to reduce the difference of power allocations across the transmit antennae. In addition,
the dependency on the channel gain was used to cancel the Al only at the legitimate receiver, while
imposing serious interference on the passive eavesdropper. As a result, the secrecy capacity was
highly enhanced. The BER simulation results showed that the proposed scheme prevented information
leakage to the illegal listener, even in the case when the illegal listener has a perfect CSI and the same
SNR as the legitimate receiver. Because the proposed method does not incur any power loss due to the
addition of Al it can be efficiently utilized for many wireless systems using STBC, resulting in diversity
gain as well as security protection. Based on the promising results of the proposed scheme, our future
work can be directed to the investigation of dynamic waveform design and efficient detection schemes
utilizing artificial intelligence techniques [19,20].
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Abstract: Low Density Signature (LDS) is an emerging non-orthogonal multiple access (NOMA)
technique that has never been evaluated under a vehicular channel in order to simulate the
environment of a vehicle to everything (V2X) communication. Moreover, the LDS structure has
been combined with only Orthogonal Frequency Division Multiplexing (OFDM) and Filter-Bank
Multi-Carrier (FBMC) waveforms to improve its performances. In this paper, we propose new
schemes where the LDS structure is combined with Universal Filtered Multi-Carrier (UFMC) and
Filtered-OFDM waveforms and the Bit Error Rate (BER) is analysed over a frequency selective
channel as a reference and over a vehicular channel to analyse the effect of the Doppler shift on the
overall performance.

Keywords: V2X; LDS-F-OFDM; LDS-UFMC; EVA channel model

1. Introduction

Vehicular communications have recently caught a lot of attention in the research community
thanks to the advantages that they can provide the overall vehicular experience. In fact, several
technologies have provided the requirements for this type of communication. Connected to the
infrastructure (V2I), to another vehicle (V2V) or to a pedestrian (V2P), the vehicle to everything (V2X),
as it is referred to, is a new solution for road users to enhance safety and improve the traffic efficiency.
The Long Term Evolution (LTE) as a widely deployed infrastructure is proposed to be extended in order
to support the V2X services, namely the LTE-based V2X [1]. The 3rd Generation Partnership Project
(3GPP) Release 14 is an evolutionary standard that is dedicated to the LTE-based V2X and published
on September 2016 defining two new modes, mode 3 and mode 4 [2,3]. In mode 3, the radio resource
is managed by the cellular network, consequently vehicles can only communicate under a cellular
coverage. Meanwhile in mode 4, the radio resource is managed autonomously by the vehicle itself for
the direct V2V communication overcoming the coverage limitation of mode 3. However, LTE-based
V2X standard suffers from severe performance degradation in a high density environment—it does
not allow a high number of users access to the network. In addition, LTE-based V2X is based on Single
Carrier Frequency Division Multiple Access (SC-FDMA) which requires high complexity equalizers.
The ITS-G5 is another standard that is introduced by the European Telecommunications Standards
Institute (ETSI) and operates in 5 GHz frequency band [4]. The main advantage of ITS-GS5 is its low
latency, the short transmission delay is due to the fact that data is being transferred directly between
neighbours. However, in best case scenarios, ITS-G5 has a short range of 1 km and is extremely sensitive
to dense environment which reduces the total throughput and increases the end-to-end latency. Similar
to the IEEE 802.11p US standard, both LTE-based V2X and ITS-G5 rely on Orthogonal Frequency
Division Multiplexing (OFDM) on the PHY layer, while maintaining the subcarriers orthogonality
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could be challenging in the vehicular environment leading to a high Bit Error Rate (BER). This is why
the 5G cellular network can be a promising technology to support the vehicular communications [5],
namely New Radio-V2X (NR-V2X).

The 3GPP Release 16 defines the first specifications for NR-V2X sidelink where it supports
subcarrier spacings of 15 kHz, 30 kHz, 60 kHz and 120 kHz. Their associations to Cyclic Prefix
(CPs) and frequency ranges are as for NR Uplink/Downlink (UL/DL), but using only the CP-OFDM
waveform. The modulation schemes available are Quadrature Phase Shift Keying (QPSK), Quadrature
Amplitude Modulation 16-(QAM), 64-QAM and 256-QAM [6]. Meanwhile, another study has been
published for non-orthogonal multiple access (NOMA) signature candidates [7] proposing some of
the main technologies such as Interleaver Division Multiple Access (IDMA) [8-10], Pattern Division
Multiple Access (PDMA) [11,12] and Sparse Code Multiple Access (SCMA) [13,14]. However, for V2X
communication, no specifications invoke NOMA.

As an efficient multiple access technique, we have chosen to modulate Low Density Signature
(LDS) and analyse its performances under a vehicular channel for V2X communication. Its sparse
structure enables each user to spread its data over a small subset of subcarriers, which means that a
single subcarrier will support only a small number of users or symbols, hence reducing the multiuser
interference (MUI). Firstly, it is proposed in [15] for a Code Division Multiple Access (CDMA) system
and proves that it can afford a high system overload with affordable complexity. To improve its
performances, LDS is enhanced by combining it with OFDM [16] to apply the spreading over OFDM
subcarriers and evaluate over a frequency selective channel. Furthermore, the LDS has been recently
combined with FBMC [17] and a joint sparse graph receiver combing pulse shaping property, NOMA
and channel coding is proposed to improve the overall result at the cost of very high complexity.
Although LDS-OFDM and Joint Sparse Graph-Isotropic Orthogonal Transfer Algorithm (JSG-IOTA)
have shown improved performance evaluation, these schemes have only been analysed over a
frequency selective channel. Our objective is to extend the state-of-art work to evaluate the performance
of LDS over a high mobility channel to simulate the vehicular environment for V2X applications and
combine it with other advanced 5G waveforms, specifically for an application that requires a high data
rate, a medium number of users connected to the network in a certain geographical area and a time of
latency smaller than 1 ms [5].

Among these promising 5G waveforms, Universal Filtered Multi-Carrier (UFMC) [18] has drawn
attention due to its ability to overcome OFDM shortcomings. By applying properly designed sub-band
filtering, UFMC reduces the high out-of-band (OOB) power emission while retaining the simplicity of
the conventional OFDM signal. In fact, one of the main advantages of UFMC is its compatibility with
the OFDM signals which achieves low system complexity in the NOMA schemes.

Filtered-OFDM [19,20] is also one of the proposed advanced waveforms for the future cellular
network. Both UFMC and f-OFDM signals use filtering per subband in order to achieve a low OOB,
the main difference is the filter length and its flexibility. F-OFDM uses a long filter with different
lengths for each subband (Windowed Sinc filter) exceeding the CP while UFMC signals use short
fixed length filters for each subband (Chebyshev filter). In this paper, our goal is to propose a
scheme that benefits from the waveforms robustness and multi-carrier transmission combined with
the non-orthogonality of a spreading based NOMA to provide a system with less complexity while
keeping the transmission model flexible to any future changes and maintaining a certain compatibility
with the current techniques. It is why, we have developed a new LDS-UFMC and LDS-F-OFDM
schemes in which the LDS spreading is applied to UFMC and f-OFDM signals. Among the different
filters that f-OFDM can offer, we adopt computing the Hann, Hamming and Blackman filters thanks
to the great performance they shown in terms of BER and OOB reduction [21] and also to provide a
better comparison. These schemes will be BER analysed for a V2X communication i.e., a high mobility
channel. The multiuser detector will be based on Message Passing Algorithm (MPA ) [22]. It will be
proved that LDS-F-OFDM outperforms the LDS-OFDM and LDS-UFMC by allowing the filter length
to exceed the CP length of OFDM and designing the filter appropriately.
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The remainder of this paper is organised as follows. Section 2 introduces the system model of
LDS-UFMC. Section 3 is devoted to the LDS-F-OFDM system model. Section 4 presents simulation
results of LDS-UFMC and LDS-F-OFDM compared to LDS-OFDM in different environments. Finally,
Section 5 concludes this work.

2. LDS-UFMC System Model

In this section, we are going to define the major blocks of an LDS-UFMC system. The LDS-UFMC
block diagram is shown in Figure 1. After coding and modulation, the symbols are multiplied with low
density spreading sequences then modulated and transmitted simultaneously. Afterwards, spreaded
data are shaped into a time-frequency grid. In this configuration, we address the pilots aided channel
estimation. For simplicity, we propose to insert the pilots using the Comb Type arrangement. Then,
this grid is UFMC modulated using an N-point Inverse Fast Fourier Transform (IFFT) and filtered by a
L-length Dolph—Chebyshev filter. At the receiver side, the received signal is UFMC demodulated, then
the pilots extraction is performed in order to estimate the channel using the Least Square (LS) method
and linear interpolation. The equalizer block uses Zero-Forcing to eliminate the channel effect. The
output of the equalizer is passed to the LDS detector where an iterative detection process based on
MPA is performed to separate the users’ symbols.
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Lser 1 1 i) AVIOL s .
. Encoder Mapper Spreader Cirid
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User K dy FEC Symbaol LIS Insertian N-pt Length L
Encoder Mapper Spreader o s Filter
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Figure 1. Low Density Signature-Universal Filtered Multi-Carrier (LDS-UFMC) block diagram.

2.1. LDS Spreader

Consider an LDS-UFMC system with K users and the users are indexed as follows; k=1, ..., Kand
all users are assumed to transmit the same number of data streams M and they are indexed as follows;
m =1, ..., M. Assume the number of subcarriers is N, and they are indexed as follows; n =1, ..., N. We
define the spreading matrix of the kth user as:

Sk = [sk1, - Sk,m] € CNVM 1)

Skon = [S4 17 -oor s{(\’m} T is the sparse vector of length N used to spread the mth symbol of the kth user.
Thus, the matrix of spreading of all users can be represented as :

S =[Sy,..,Sk] € CN*MK )

Thanks to the sparse nature of this matrix, only a small number of users can share the same
subcarrier, we define it as d, the interference degree. Hence, among N subcarriers only d, will be used
to serve one user, d; is called the effective spreading gain. Unlike the conventional CDMA system, we
require d, < N and d. < K. Let a; be user’s k symbols:

ap = (a1, o appn]” 3)
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After the spreading process, the signal of the kth user x; = [x,i, _ x}c\[ 1T

can be written as follows:

is a vector of length N and

X = Sp X ay (4)

and x} will be the data transmitted over the nth subcarrier by the kth user:

M
=Y twSi, (5)
m=1
Hence, the signal transmitted over the nth subcarrier is given by (6):

=) xf (6)

kedn

Cn is considered as the group of users interfering in the nth subcarrier.

Figure 2 represents the spreading process of the LDS. In this example, we consider that each
user transmits one symbol (i.e., M = 1). The system transmits over 4 subcarriers and serves 8 users
which means that the overloading is at 200%. Each subcarrier is allocated to 4 users (d; = 4), and
each user spreads its data over 2 subcarriers (d, = 2). The symbols are the variable nodes and the
subcarriers are the functions nodes respectively. The edges that connect the nodes define if a symbol
will be spreaded over the adjacent subcarrier. For instance, the first user is connected to subcarriers
1 and 2, consequently, the first symbol will be spreaded over these adjacent subcarriers only. This
representation of the spreading process is called the Tanner Graph [16].

Figure 2. Spreading process of LDS-UFMC system.

2.2. Signal Model

After the LDS spreading, the UFMC modulation is applied to each subcarrier. In fact, UFMC
divides the entire bandwidth B of N subcarriers into multiple subbands S, each subband consists of
Q subcarriers. Hence, the nth subcarrier can now be regarded as the gth subcarrier of the sth subband.
After that, the IFFT is performed over the signal of each subband and will be filtered using a L-length
prototype filter, usually, the filter is a Dolph—Chebyshev window. The subbands are then superimposed
and sent over the channel. The baseband discrete UFMC signal is represented in (7):

Su—1
xrps—urmcln] = ) gs[n] X xs[n] )
5=0
gs[n] defines the filter used in the sth subband :
8s [n] = g[n]ej(zan/z)/Nej(zn"(SOJFSQ))/N (8)

where Sy denotes the starting frequency of the lowest subband and g[n] is a well-localised Chebyshev
pulse filter of length L. The third term of the equation is the one responsible for frequency shifting
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to the appropriate subband. xs[n] is signal transmitted over the sth group of subcarriers. It can be

expressed as follows:
Q-1
Xs [n] _ Z 1511 (2mnq/2) /N ,j(2mn(So+5Q)) /N (9)

q=0
Hence, x*7 can be nothing but the signal transmitted over the gth subcarrier of the sth subband
and just like in (6), it is given by:
=Y Kt (10)
k€Gsq
where (s 4 is considered as the group of users interfering in the gth subcarrier of the sth subband.
The received signal is represented as follows:

yips—urmc|n] = h[n] X xpps_urmc(n] + z[n] (11)

where z[n] and h[n] are the additive white gaussian noise with variance ¢ and the channel impulse
response respectively. The length of the signal yrps—urmc is Ny = N + L — 1 due to the convolution
with the subband filter, consequently, a 2N-point Fast Fourier Transform (FFT) is performed at the
UFMC receiver. After the UFMC demodulation process, the input of the LDS Detector corresponding
to the nth subcarrier is : y

Yo=Hu Y Y G%wStn, (12)

keg, m=1

where Y}, and H,;, are the 2N-point FFT of the time domain signal respectively. In our system, we have
chosen to use the equalizer embedded with the LDS detector for a better performance. Regarding
the LDS decoding, firstly, the LDS turbo receiver uses MPA and Forward Error Correction (FEC)
decoder to find the reliability of the symbols. Secondly, the JSG receiver uses pulse shaping, NOMA
and channel coding, however, it is highly complex. For simplicity, we chose to implement the basic
LDS detector that uses the Tanner Graph for implementing the MPA receiver in which we consider
subcarriers and symbols as function nodes and variable nodes, respectively. Adjacent nodes are
connected via edges. Based on an extrinsic manner, each node will update its information containing
the reliability of the symbol based on the received reliability from other edges and send it back. After an
appropriate number of iterations, the reliability which is the log likelihood ratio (LLR) of the symbols
will converge and the symbols are transmitted to the FEC decoder. The major goal behind this complex
implementation is to find the value of 4 that maximises the joint a posteriori probability based on the
observed signal:

4 = argmaxp(aly) (13)
acX
where X is the modulation constellation. The first LLR update can be written as follows:

Pext,n(ak = +1)
Pext,n (ﬂk = _1)

= Z écm‘”ffk

megi\n

Ceyiu (a) = log

where u nodes are the variable nodes and ¢ nodes are the function nodes, hence £, .y, is the message
sent from uy node to the ¢, node and 4, ., message sent from c, node to the u; node, respectively.
It is clear from the above equation that the update of £, 4 (ax) is dependent to all nodes besides
the node ni.e., m € ¢ \ n, hence, the notation of extrinsic update. Second Update can be calculated
as follow:

écn‘”’k(ak) = log( Z P(yulan) H Py(ap))

ap€X 1€E,\k
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where ¢ is the group of subcarriers allocated to the kth user and P(y,|a,) is the channel observation
function at subcarrier y,. Further explanations are provided in [22].

3. LDS-F-OFDM System Model

Based on the same LDS spreader used in LDS-UFMC, LDS-F-OFDM applies Filtered-OFDM
waveform on the users’ spreaded signals and transmits them over the channel. The LDS based on
f-OFDM block diagram is presented in Figure 3. As depicted, the signal is mapped into a time-frequency
grid and then the pilots are inserted for channel estimation. Afterwards, a N-point IFFT is performed
to transfer the grid from the frequency domain to the time domain, data is then serialised and CP is
added to combat Inter Symbol Interference (ISI) effect. Like UFMC, the main advantage of f-OFDM
is its compatibility with OFDM, with a difference of passing the signal through a long length filter
before the transmission. Extended over the CD, the filter helps to lower the high OOB radiation while
maintaining the OFDM orthogonality between the subcarriers. Usually, a truncated sinc window is
used as a shaping filter, however in our system we have chosen to implement other types of filters for
a better comparison. For LDS-F-OFDM, we consider all the subcarriers as one subband to lower the
overall complexity. Therefore, our transmitted signal is an OFDM modulated signal passed through an
appropriate shaped filter. Without loss of generality, the signal expression can be written as follows:

XLps—F—0FpM[1] = X ps—orpm[n] X frx[n] (14)

where frx(n) represents the well-designed filter and x; ps—orpa[#] is the discrete LDS-OFDM signal
after the spreading and modulation, it is represented as follows:

27tng/N
XLDS—OFDM[1 Z xes2mna/ (15)
q=0

The transmitted signal is given by (16):

N-1
xips—r—orpm[n] = Y, x1eP™/N 5 fry[n] (16)
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Figure 3. LDS-F-OFDM block diagram.
3.1. Filter Design

The main reason behind the filtering is to eliminate the side lobes for an efficient transmission, it
is why filters based on cardinal sin are taken into consideration thanks to their sharp filter response.
However, the filter characteristic should be truncated due to its infinite impulse response. As a result,
we obtain a finite sinc filter and a window pulse w[n] is applied to smooth its transitions. Once the
filter is computed, it should be shifted around the central frequency of the subband.

W + 251y

pln] = sinc(Tn) (17)
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_ plnjw[n]
Plrl = & o lTwl] (%)
frelr) = polale S0 19)

where W is the number of active subcarriers, dyy is the tone offset, N is the FFT size, f; is the frequency
of the centre subcarrier in the baseband and Ay is the subcarrier spacing. The window function of the
chosen windows are defined in Table 1.

Table 1. Window function of the filters.

Window Window Function
Hann wln] = 0.5 x (1+ cos(#4))
Hamming wln] = B + 3 x cos(})

7938 | 9240 27n 1430 47tn
Blackman  w[n] = {gz55 + toeog ¥ €0s($55) + 15e0s < cos(127)

At the receiver side, a matching filter frx[n] to the transmission filter frx[n] is performed at the
received signal, after that the CP is removed and the signal is transmitted to an OFDM receiver. After
the grid demapping and pilot extraction, channel estimation is performed based on the pilots. The
output data are then considered as the input of LDS detector explained in Section 2.

4. Performance Evaluation

In this section, we propose to compare the performances of the proposed LDS-F-OFDM and
LDS-UFMC schemes with the LDS-OFDM over a vehicular channel with different speed limits and
over a multipath fading channel. The main simulation parameters are used to match the 3GPP Release
16 standard. Based on 3GPP Release 16, we have fixed the total bandwidth to B = 10 MHz and a carrier
frequency of f. = 5.9 GHz to match the NR-V2X operating bands in FR1 [23]. Table 2 summarises the
simulation parameters.

Table 2. Simulation parameters.

Parameters Symbol  Value

Release 16 Parameters

Bandwidth B 10 MHz
Carrier frequency fe 5.9 GHz

Number of symbols Nsym 14
Subcarriers spacing A 15 kHz
f 30 kHz

Number of Resource Blocks 52

Ngrp
24
FFT Size N 1024
Cyclic Prefix Length 72
y g Lep ”
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Table 2. Cont.

Parameters Symbol Value
Pilots Parameters
Pilots Arrangement - Comb type
Pilots Spacing Nps 4
Number of Pilots per symbol 156
Np
72
UFMC
Filter Length 65
Lu 33
Filter Type - Dolph-Chebyshev
Side Lobe Attenuation - 50 dB
Number of Subbands 52
S
24
Subband size Q 12
F-OFDM
Filter Length L 513
F 257
Window function Hann
- Hamming
Blackman
LDS Scheme Parameters
Effective Processing gain dy 3
Interference Pattern de. 3
Number of Users N, 468
u 216
Modulation - BPSK

No error correction is employed, so the evaluation is carried out for uncoded bits. The LDS
spreading matrix is generated randomly for all the simulated schemes. However, we do believe
that a well designed matrix with small number of cycle-of-four and a high girth can achieve better
performance.

In order to respect the 3GPP recommendations, no overloading scenario is deployed due to the
use of pilots and the waveforms offset. We have overcome this circumstance by respecting the rule of
interfering several users in the same resource and allocating a few subcarriers to the same user i.e.,
respecting the LDS structure to justify these new schemes performances. The maximum number of
iterations of the LDS detector is ten.

The first channel we have chosen to evaluate the performance of these schemes is the Tapped
Delay Line model, specifically the TDL-A channel. The TDL-A channel model has a Doppler spectrum
which is characterised by a Jake’s spectrum shape. The Power Delay Profile (PDP) of the model is
presented in [24] and the delay spread used to scale the normalised taps delays is Ds = 93 nis. This
delay spread is chosen to correspond to a short delay profile in an Urban Macro environment for a
5.9 GHz carrier frequency.

Figure 4 depicts the simulation results of LDS-F-OFDM and LDS-UFMC over TDL-A channel.
We first fix the bandwidth at B = 10 MHz, then we investigate the schemes under two systems, the
first with 1024 subcarriers and Ay = 15 kHz subcarrier spacing and the second with 512 subcarriers
and Ay = 30 kHz. According to the simulation results, the LDS-F-OFDM shows better performance
over both LDS-UFMC and LDS-OFDM. The fact that the f~OFDM subband regroups all the available
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subcarriers concentrates the energy in one main lobe. This results in less ISI, and thanks to the LDS
structure, the MUI are eliminated, thus, reducing the overall interference. Hence, it is expected that the
{-OFDM with the LDS structure achieve a better BER performance. Meanwhile, LDS-UFMC shows a
slight performance degradation compared to LDS-OFDM. However, UFMC offers lower OOB and the
main advantage of UFMC is the increased spectral efficiency. Consequently, a trade-off must be taken
in consideration depending on the requirements of the application.
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Figure 4. Performance of the proposed schemes over a Tapped Delay Line (TDL)-A channel.

The second and main channel used to simulate these schemes is the Extended Vehicular A
(EVA) model channel, its power delay profile is provided in [25]. Similarly to the TDL-A model,
the EVA model is characterised by a Jake’s Doppler spectrum and the maximum speed simulated is
300 km/h, hence the maximum Doppler shift f; = 556 Hz and specifically modelled to simulate a
vehicular channel.

Figure 5a shows the BER performance of the LDS-F-OFDM and LDS-UFMC compared to
LDS-OFDM over an EVA channel with a computed speed of 100 km/h which means that the maximum
Doppler shift is f; = 185 Hz with a subcarrier spacing of A ;= 15 kHz and an FFT size of 1024, hence
only 468 subcarriers left for data transmissions. For simplicity, we consider 468 users each sending
one BPSK modulated symbol with a power of 1 Watt. In fact, this is the worst loading scenario where
we have the number of users equal to the number of subcarriers allocated to data transmission which

49



Electronics 2020, 9, 1094

means that each user will be able to send only one symbol. It can be noticed that the LDS-F-OFDM
slightly outperforms once more both LDS-OFDM and LDS-UFMC with its all different types of filters
deployed. While Hann, Hamming and Blackman windows achieve almost the same BER performance,
Hann window function is the filter susceptible to give better OOB performance. In terms of spectral
efficiency, LDS-UFMC compared to LDS-F-OFDM and LDS-OFDM comes first due to the removal of
the CP. However, observing the used subcarriers for data transmission due to the use of the pilot with
only 4 subcarrier spacing, we notice the overall degraded spectral efficiency. This is completely justified
by the need of an efficient channel estimation because of the high changing nature of the channel.
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Figure 5. Performance of the proposed schemes over an Extended Vehicular A (EVA) channel with
speed of 100 km/h.

The BER performance of the proposed schemes with a computed speed of 100 km/h and a
subcarrier spacing of Ay = 30 kHz and 512 subcarriers is presented in Figure 5b. It is worth noting
that LDS-F-OFDM shows again better performance at low SNR, while at higher SNR, all the proposed
schemes face slight performance degradation. In fact, while employing higher subcarrier spacing
to combat the Doppler shift, the spectral efficiency is reduced and also the number of subcarriers
allocated to pilots is reduced (156 subcarriers in the first system vs. 72 in the second). Consequently,
the channel estimation will not be as efficient as in the first system. Furthermore, in order to investigate
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how the LDS-F-OFDM and LDS-UFMC can be affected by the mobility, the schemes are also simulated
over an EVA channel with a speed of 300 km/h.

Figure 6a,b represents the simulation results for Ay = 15 kHz and Ay = 30 kHz, respectively.
It can be seen that LDS-F-OFDM shows better performances than LDS-OFDM and LDS-UFMC in
low SNR. Moreover, all the techniques demonstrate huge improvements in the second system with
Ay = 30 kHz subcarrier spacing than the first. Thanks to the large subcarrier spacing, the Doppler
shift does not impact severely the subcarriers orthogonality. In addition, comparing Figure 5a with
Figure 6a, all the techniques face severe performance degradation due to the high mobility of the UEs.
Meanwhile, Figure 5b with Figure 6b presents almost the same BER performances thanks to the large
subcarrier spacing.
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Figure 6. Performance of the proposed schemes over an EVA channel with speed of 300 km/h.

Figure 7 depicts the comparison of the proposed schemes over the EVA channel with different
speed limits with both systems. We have chosen to evaluate the schemes also over the EVA channel
with a 500 km/h velocity and analyse the degradation of the performance in such an environment.
Obviously, the performance decreases due to the high speed, however as shown in Figure 7b i.e.,
with a large subcarrier spacing, both LDS-F-OFDM and LDS-UFMC seem to suffers less. Meanwhile
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with Ay =15 kHz, all the techniques seem unable to converge at high speed. To improve this, other
receivers can be considered such as the JSG and Expectation Propagation Algorithm EPA receivers.
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Figure 7. Schemes comparison over the EVA channel with different speed limits.
5. Conclusions

In this paper, we have proposed two efficient multiple access techniques namely LDS-F-OFDM
and LDS-UFMC in which the LDS structure is combined with the new 5G waveforms. First of all,
we have presented the state-of-art of the previous work done on LDS and we have detailed the
transmitters and receivers of these new schemes. Then, we have highlighted our contribution that
consists in evaluating these new schemes over different types of channels, specifically, a vehicular
channel with a high mobility. Simulation results show that LDS-F-OFDM significantly achieves
higher performance improvements compared to LDS-OFDM and LDS-UFMC in all scenarios, while
maintaining an affordable complexity at the transmitter and the receiver side. The improvements are
directly related to the advantages that f-OFDM waveform offers by addressing the adequate filter.
In future work, we propose to analyse these schemes with different types of receivers in manner to
reduce the complexity and to improve the performances. Some of the receivers that can be found
in the literature are the SIC-MPA where we combine SIC and MPA to reduce the overall complexity
and the JSG receiver which is a very high complex receiver but provides a lot of improvements to the
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system. Furthermore, we consider evaluating theses schemes over different vehicular channels such as
a confined channel and with different channel specifications considering the other operating band of
FR1i.e., 25 GHz.
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Abbreviations

The following abbreviations are used in this manuscript:

OFDM Orthogonal Frequency Division Multiplexing
FBMC Filter-Bank Multi-Carrier

UFMC Universal Filtered Multi-Carrier

BER Bit Error Rate

LTE Long Term Evolution

3GPP 3rd Generation Partnership Project

SC-FDMA  Single Carrier Frequency Division Multiple Access
ETSI European Telecommunications Standards Institute
NR-V2X New-Radio V2X

CP Cyclic Prefix

UL Uplink

DL Downlink

QPSK Quadrature Phase Shift Keying

QAM Quadrature Amplitude Modulation

IDMA Interleaver Division Multiple Access

PDMA Pattern Division Multiple Access

SCMA Sparse Code Multiple Access

CDMA Code Division Multiple Access
JSG-IOTA  Joint Sparse Graph-Isotropic Orthogonal Transfer Algorithm

MPA Message Passing Algorithm
FEC Forward Error Correction

EPA Expectation Propagation Algorithm
IFFT Inverse Fast Fourier Transform
LS Least Square

FFT Fast Fourier Transform

ISI Inter Symbol Interference
OOB Out Of Band

pPDP Power Delay Profile

EVA Extended Vehicular A
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Abstract: Future wireless communication systems are facing with many challenges due to their
complexity and diversification. Orthogonal frequency division multiplexing (OFDM) in 4G cannot
meet the requirements in future scenarios, thus alternative multicarrier modulation (MCM) candidates
for future physical layer have been extensively studied in the academic field, for example, filter
bank multicarrier (FBMC), generalized frequency division multiplexing (GFDM), universal filtered
multicarrier (UFMC), filtered OFDM (F-OFDM), and so forth, wherein the prototype filter design
is an essential component based on which the synthesis and analysis filters are derived. This paper
presents a comprehensive survey on the recent advances of finite impulse response (FIR) filter design
methods in MCM based communication systems. Firstly, the fundamental aspects are examined,
including the introduction of existing waveform candidates and the principle of FIR filter design.
Then the methods of FIR filter design are summarized in details and we focus on the following
three categories—frequency sampling methods, windowing based methods and optimization based
methods. Finally, the performances of various FIR design methods are evaluated and quantified by
power spectral density (PSD) and bit error rate (BER), and different MCM schemes as well as their
potential prototype filters are discussed.

Keywords: multicarrier modulation; prototype filter design; frequency sampling methods;
windowing based methods; optimization based methods

1. Introduction

The rapid increase of mobile devices and the emergence of new technologies as well as services
demand more efficient wireless cellular networks [1-4]. The 5th generation (5G) communication
networks need to support abundant business scenarios, such as Internet of Vehicles [5-7], Internet of
Things [8-10], virtual reality [11,12], device-to-device communications [13-16], and so forth. Therefore,
plenty of important technologies are worth studying in future communication networks, for example,
multicarrier modulation, massive multiple-input multiple-output (MIMO), millimeter wave, and so
forth [1-4]. Due to the critical role of the prototype filter played in multicarrier modulations, that is,
it determines the system performance such as stopband attenuation, inter-symbol interference (ISI),
inter-channel interference (ICI) and phase noise caused by high operating frequencies, herein various
prototype filter design methods in multicarrier communication networks are summarized.

It is known that cyclic-prefix orthogonal frequency division multiplexing (CP-OFDM) as the
air interface of the 4th generation (4G) communication networks is capable of avoiding ICI and ISI.
The modulated and demodulated signals are respectively generated through inverse fast Fourier
transform (IFFT) and fast Fourier transform (FFT), thereby greatly reducing the system complexity
and improving the signal transmission rate. OFDM has been used in conjunction with other
technologies, for example, wavelet OFDM (WOFDM) [17,18], orthogonal frequency division multiple
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access (OFDMA) [19-21], Alamouti coded OFDM (AC-OFDM) [22-25], and MIMO-OFDM [26-28].
Although OFDM has been widely applied, it also has the following limitations: serious out-of-band
leakage characteristic; strict synchronization and orthogonality among the subcarriers are needed;
high peak to average power ratio (PAPR) resulting in non-linear distortion of the signal; sensitive to
frequency offset, which has a significant impact on the system performance [29,30].

The above situations drive the urgency to conceive an appropriate modulation scheme in future
communication networks. Faced with the requirements of the ultra-low latency, high spectrum
efficiency, high transmission rate and business diversity in the future networks, researchers and
practitioners in related fields have exerted a tremendous fascination on a number of alternative
single-carrier or multicarrier modulation techniques [31], including CP-Discrete Fourier Transform
spread OFDM (CP-DFT-s-OFDM) [32], filter bank multicarrier (FBMC) [33-39], generalized
frequency division multiplexing (GFDM) [40,41], universal filtered multicarrier (UFMC) [42—-44],
and filtered-orthogonal frequency division multiplexing (F-OFDM) [45-47], and so forth. Apart from
typical waveform design methods where waveform parameters are obtained manually, with the
development of machine learning, waveform design methods with data-driven models have attracted
increasing attention [48,49]. These modulation waveforms have their own merits and drawbacks in 5G
communication scenarios, respectively. The prototype filter determines the performance of a specific
modulation waveform, thus the evaluation standard of prototype filter is primarily characterized
by minimizing the stopband energy, minimizing the maximum stopband ripple, minimizing the
total interference (ISI and ICI) [50,51], and so forth. Digital filters are very important in digital
communications and are generally divided into two categories—infinite impulse response (IIR) filter
and finite impulse response (FIR) filter [52]. Based on the fact that only linear phase FIR filters are
suitable for wireless communication systems [53], the FIR filter design has been the major research
topic to realize prototype filters in the literature.

There have already been a few representative survey works related to prototype filters.
In Reference [4], a survey of multicarrier communications about prototype filters, lattice structures
and the implementation aspects is reported by A. Sahin et al., and this work provides four classes of
filters according to the design criteria—energy concentration, rapid decay, spectrum nulling and
channel/hardware characteristics. In Reference [54], the methods of prototype filter design for
cosine modulated filter banks (CMFBs) with nearly perfect reconstruction (NPR) are reviewed by
K. Shaeen et al., and these methods are categorized into nonlinear optimization methods [55-63],
spectral factorization methods [64], linear search methods [65-70], interpolated finite impulse response
(IFIR) methods [71-73], and frequency response masking (FRM) methods [58,74-79], and so forth.
The authors of Reference [80] provide the basic introduction of the FIR filter, some relevant works on
FIR and various factors which effect the performance of FIR filter in communication systems.

In this paper, we pay more attention to the literature from more recent years and provide a survey
on various FIR filter design methods in multicarrier systems. Compared with the existing surveys in
References [4,54,80], this paper provides an in-depth introduction to advanced filter design methods,
which are not categorized based on the design criteria. In addition, this work can serve as an extension
of the survey in Reference [54], which is dedicated to the aspect of CMFBs. Specifically, we firstly
introduce the FIR filter design criteria, that is, the objective to be optimized. The evaluation criteria and
the implementation methods are summarized in canonical form. Subsequently, the design methods of
realizing the objectives are divided into three categories: frequency sampling methods, windowing
based methods and optimization based methods. Lastly, the reviewed filter design methods are
analyzed for multicarrier modulation schemes in terms of power spectral density (PSD) [81,82], bit
error rate (BER) [83-85], spectral efficiency, latency, computational complexity, and so forth, which
are important measurements to characterize the performance of modulation waveforms. We expect
that this survey can provide a reference on how to select multicarrier modulation schemes and their
corresponding prototype filters in future wireless communication systems.
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The remainder of this overview paper is organized as follows. Section 2 introduces the concepts
of different multicarrier modulations and the evaluation criteria of FIR filter design. In Section 3,
the classification of FIR prototype filter design methods and corresponding implementation procedures
are described in details. The discussions of different filter design methods in multicarrier modulation
systems in terms of PSD and BER performances are presented in Section 4. Finally, Section 5 concludes
the paper.

2. Multicarrier Modulations and FIR Filter

By splitting the transmitting data into several components and sending each of these components
over separate carrier signals, multicarrier modulation (MCM) has numerous advantages compared to
single carrier modulation, including the relative immunity to multipath fading, less susceptibility to
interference caused by impulse noise, and enhanced immunity to ISI. In the following subsection, five
important MCM waveforms—OFDM, FBMC, GFDM, UFMC and F-OFDM are introduced.

2.1. Modulation Waveforms

2.1.1. OFDM

Compared with conventional OFDM, windowed orthogonal frequency division multiplexing
(W-OFDM) has a similar transceiver structure but non-rectangular transmit windows are utilized to
smooth the edges of rectangular pulse, accordingly provide better spectral localization and reduce
ICI [86]. For a raised cosine shape based non-rectangular window used in W-OFDM, the CP needs
to be extended to maintain the orthogonality and the spectral efficiency will decrease for W-OFDM
compared to OFDM [87]. In order to utilize non-contiguous spectrum fragments, resource block filtered
OFDM (RB-F-OFDM) aims to split the available spectrum fragments into several resource blocks which
make a chunk of some contiguous subcarriers. It generates and filters the signal transmitted on each
resource block individually [88]. Analogous to the subcarrier filtering based modulation, spectrum
leakage among these resource blocks is unavoidable in the case that the spacing between these blocks
is narrow [89]. In CP-OFDM with weighted overlap and add (WOLA), some data parts are copied
and added to the right and left part of conventional OFDM, then a pulse with soft edges takes place
in the rectangular prototype filter, in the meanwhile, the soft edges are added to the cyclic extension
by a time domain windowing and this results in a sharper side-lobe decay in frequency domain [90].
Therefore, CP-OFDM with WOLA is a special case of OFDM, aiming to improve the prototype filter
such that it has more reasonable pulse shape used in regular CP-OFDM. Furthermore, for the sake
of addressing the sacrifice of time resource resulting from added parts and avoiding possible data
collision before transmission due to windowing process, overlap process is employed [91].

2.1.2. FBMC

The FBMC modulation technique, as one of the waveform candidates in 5G communication
networks, has attracted a great amount of research attention. In the 1960s, the concept of FBMC
modulation was firstly proposed by Chang and Saltherg [92]. However, it did not receive much
attention by researchers due to its complexity. The well-known discrete multi-tone (DMT) modulation
and discrete wavelet multi-tone (DWMT) modulation reported in the 1990s are two specific cases
of FBMC modulation [93]. Currently, FBMC based systems have been extensively studied from
the aspects of spectrum efficiency analysis [94-96], system complexity analysis [97], prototype filter
design [98-101], frequency offset estimation [102,103], MIMO [104-106], and so forth. Ever-emerging
research projects investigate the application of FBMC modulation in practical scenarios, for example,
PHYDYAS [107], METIS [108], 5GNOW [109]. FBMC is robust against frequency offset because of its
negligible spectrum leakage. Furthermore, FBMC does not need the guard band in frequency domain,
which greatly improves the spectrum efficiency, thus FBMC can flexibly control the interference
between adjacent subcarriers, and the synchronization requirement among subcarriers is relaxed [36].
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Simultaneously, there are still some underlying issues of FBMC, for instance, high PAPR, which may
well result in signal nonlinearities. Though many existing methods have been dedicated to lowing
PAPR of FBMC [110-113], it is actually a trade-off between low PAPR and other characteristics, that is,
in Reference [110], the PAPR reduction is at the expense of higher computation complexity. In spite of
this, advantages above still make FBMC popular in the academic field, and FBMC has already been
considered as the waveform candidate in future MCM networks [33].

2.1.3. GFDM

The GFDM modulation waveform, as a new 5G multicarrier modulation technique, was proposed
by Fettweis et al. in 2009 [41]. Compared to OFDM, GFDM aiming to generalize traditional OFDM is
based on separate block modulation, which makes it more flexible by configuring different subcarriers
and symbols. To accommodate various types of services, GFDM can work with different prototype
filters and different types of CPs. The design of the conforming prototype filter reduces the sidelobe
interference, and the modulation process is converted from linear convolution to cyclic convolution
through tail biting operation, thus shortening the length of CP. Similar to FBMC, GFDM is also robust
against time-frequency offset but has a low PAPR. However, each subcarrier in GFDM modulation
does not keep the orthogonality in the frequency domain and ICI is introduced even under ideal
channel, which increases the complexity of the receiver algorithm and meanwhile raises BER.

2.1.4. UFMC

UFMC modulation technique was proposed by Vida Vakilian et al. to solve the ICI problem in
OFDM systems [42]. UFMC modulation enjoys the following advantages of relaxing the requirement
of CP, having high spectrum efficiency, relaxing carrier synchronization, and being suitable for
fragmented debris spectrum utilization. In addition, UFMC supports short burst asynchronous
communication because the filter lengths depend on the sub-band widths. Nevertheless, similar to
OFDM, the performance of UFMC is also inevitably affected by the carrier frequency offset (CFO),
which has attracted a lot of research interest in order to mitigate the significant impact of CFO on
UFMC based system performance [114-116].

2.1.5. FFOFDM

The basic principle of F-OFDM technique is to divide the carrier bandwidth of OFDM into
sub-bands with different parameters, filter the sub-bands, and leave less isolation bands in the
sub-bands [46]. Firstly, to support diverse businesses, FFOFDM modulation supports flexible sub-band
configurations for different subcarrier spacing. Secondly, it supports different sub-band configurations
allowing different CP lengths to better adapt transmission channels, and different sub-bands on
asynchronous signal transmission are also supported, thus saving the signaling overhead. Finally,
with better out of band suppression characteristics compared to OFDM, it saves the cost of protection
zone, that is, the spectral efficiency is improved. However, filters need to be dynamically designed for
each fragment, which makes the use of F-OFDM systems challenging [88].

2.2. FIR Filter

In this subsection, we introduce the basic principle of digital FIR filters as well as the evaluation
criteria of a designed filter. It is known that the condition of distortionless transmission and filtering is
that the amplitude response of the system should be constant in the effective spectral range of the signal,
and the phase response should be a linear function of the frequency (i.e., linear phase). The prototype
filter is required to have linear phase characteristic in wireless communication applications. In contrast
to the IIR filter, the FIR filter has the ability to achieve linear phase filtering [117]. In addition, as an
all-zero filter, the hardware and software structures of the FIR filter could be established without
considering the stability problem. Therefore, FIR filters have been widely used in the field of wireless
communications [53].
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Assuming the length of the impulse response h(n) of a linear phase FIR filter is N, then the
frequency response function is defined as

N-1

H(ev) = ) h(n)e i, (1)

where w is the angular frequency. According to the parity of N and the symmetry of /(n), there are

four types of FIR transfer functions. The condition for the most widely used low-pass FIR filter is
given by

h(n)=h(N—-1-n), 0<n<N-1 )

The ripples are observed in both the passband and stopband, and the maximum approximation

error J) is described by
1-0, <|H() <1, |w|<w). 3)

The amplitude of the stopband is approximated by the maximum error Js, that is,
[H() <6 ws<wlsm 4)

where w), and ws are passband and stopband boundary frequencies, ¢, and Js are passband and
stopband ripples, respectively (Gibbs effect), and ws — wy is the transition bandwidth. In order
to make designed filters close to the ideal low-pass filter, several evaluation criteria are given
in [50,51], including least-squares (LS), minimax, peak-constrained least-squares (PCLS), minimum
total interference (ICI and ISI), and and so forth.

U LS criterion

The goal of the least-squares criterion is to minimize the stopband energy of the filter, whose
objective function is

J= [ 1HE) P o 5)

Ws
¢  Minimax criterion
The goal of the minimax criterion is to minimize the maximum stopband ripple, and its objective

function can be written as
J= max |H(e®)]. ©)

wE |ws, 7|
U PCLS criterion

The PCLS criterion establishes a trade-off between the LS and the minimax criteria. The PCLS
criterion can be described as below

J=Jo | H(E®) ? dw

st. | H(jel?) |< 9, @

where 0 is a prescribed value. If J is close to zero, the PCLS criterion approaches the minimax
criterion, while in the limit of §, that is, J is up to infinite, the criterion turns out the LS criterion.
e  Minimum total interference criterion

This criterion is to minimize the total interference of ICI and ISI for filter bank structure. Its
objective function is defined as
J =181+ ICT, (8)

where

ISI = l’nka.X (Z([TTMUX(n)}k,k — 5(1’1 — A))2> , (9)
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N-1
ICI = max ( Y. Z([TTMUX(n)]k,l)2> , (10)
ko \i=o14k 7

where Tryux (1) is the transfer matrix, the element [Tryvux(1)],, represents the relationship
between the input signal X(z") and the output signal Y (z"V), where z is the complex argument of
z-transform. é(n) is the ideal impulse, and A denotes the delay of the TMUX system. Thus the
transfer function between input and output signals is given by

Y(zN) = Trmux (V) - X(2N), (11)

where
X(ZN) = [Xo(z) Xi(z) -+ Xnoa(2)]h, (12)
Y(E) = Yo(z) vi(z) - Yaa(@)]" (13)

3. FIR Prototype Filter Design

As discussed in Section 2, there are some design criteria to customize the performance of FIR.
Thus, there must be some specific methods of FIR design corresponding to these criteria. In this work,
the filter design methods are divided into three major categories: the frequency sampling methods,
the windowing based methods, and the optimization based methods. For each type of method, we
firstly introduce their basic concepts and subsequently some typical design examples are given. At last
the advantages and disadvantages of the summarized methods are discussed.

3.1. Frequency Sampling Methods

The idea of frequency sampling is conceived from the frequency domain perspective. This kind
of method takes uniform spacing sampling of an ideal frequency response H,(e/*), which is given by

Ha(k) = Ha(¢)| 23 (14)
Then H (k) is used as the sampled values of the actual linear phase FIR filter, written as
H(k) = Hy(k), k=0,1,---,N—1. (15)

The N-point inverse discrete Fourier transform (IDFT) for H(k) yields the following
impulse response

h(n) =IDFT [H(k)] (16)
1 N=1 o
=— Y HWg™, n=0,1,---,N—1,
N k=0
where Wy = eI,
The exponential form of H(k) is given by

H(k) = A(k)el®®), (17)

where A(k) and 60(k) are amplitude sampling and phase sampling, respectively. To design a linear
phase FIR filter in practical applications, the condition in Equation (2) should be satisfied. Thus certain
constraint conditions are imposed on A(k)

{A(k) = A(N —k), N is odd, a8

A(k) = —A(N —k), N is even,
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and also on 6(k)

=N (M) 19)

A series of frequency sampling based filter design methods have been reported according to the
above formulations. Some of commonly used methods are described in the following subsections.

3.1.1. Bellanger’s Method

In [118], Bellanger et al. use a typical frequency sampling method to design a filter, which is chosen
as the prototype filter of FBMC modulation system in PHYDYAS project. Specific implementation is as
follows [119]: assuming an integer K, the number of subcarriers is F and the number of samples is KF,
two conditions are proposed:

Condition 1: To approximately meet the Nyquist criterion, the following equation should
be satisfied

Hy =1,
H? +HZ , =1, 0)
Hgr—x = Hi, 1<k<K-1,
H; =0, K <k <KF-K,
where Hy(0 < k < KF — 1) is the k™" frequency weighting coefficient.
Condition 2: To ensure stopband performance, the following equation is satisfied
K-1
Ho+2 Y (-1)fH; =0. (21)
k=1
When K = 3 and 4, the filter weighting coefficients are
K =3:Hy=1,H; =09144; H, = 0.4114, @)
K =4:Hy=1;H; =0.9720; H, = v/2; H3 = 0.2351.
Then the impulse response is obtained by IDFT
1 +21<i:1( 1)FH cos(zm) KT _ t< KT
- k Y J)r T T = =~ 5 7
= =1 KT 2 2 (23)
0, otherwise.

3.1.2. Viholainen’s Method

Similar to the design in [118], Condition 1 is also considered in Viholainen’s method [51],
but Condition 2 is relaxed and it is assumed that H; = . When K = 3 and K = 4, the filter
weighting coefficients are

K=3: Hy=1 H =) Hyp=/1-x% 1)

K=4: Hy=1; H = yx; Hy=1/v2; Hy = /1 — x2

According to a specific objective function, the optimal solution can be obtained by a simple global
search algorithm.

In [51], the LS criterion and the minimax criterion are selected for comparison with the method
in [118]. The frequency responses of prototype filters in [118] and [51] based on the LS criterion are
shown in Figure 1a, where the number of subcarriers is 16. As can be seen, the side-lobes of the
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prototype filters when K = 4 are lower than those with K = 3, that is, better stopband performance is
benefited by a larger value of K. Furthermore, the first side-lobe of the prototype filter in [51] is a little
lower than that in [118]. Figure 1b shows the frequency responses of prototype filters in [118] and [51]
based on the minimax criterion. Similarly, the prototype filters in [118] have higher first side-lobe

levels. It is also observed from Figure 1, the prototype filters based on the minimax criterion improve
the stopband performance at the cost of sacrificing the main-lobe width.

0 Magnitude Response (dB) 0 Magnitude Response (dB)
1 —K=4in[118] —K=4in[118]
\ —K=4 the LS criteria in [51] 1 —K=4 the minimax criteria in [51]
A0r \ — -K=3in[118] i A0 » — -K=3in[118] H
) = *K=3 the LS criteria in [51] L) = -K=3 the minimax criteria in [51]
20¢ : 1 u
1 20 - n
1 n
030 1 o n
T n 2301
3 I 3
240 n oy 3
-g 'g -40
AN
g-SO* ! \ Wyl ,r\ "<, T ARNARYA §
Woane A v, v M \ [I
\ NG T oY 50
\ 1% N u Al Yo
60 - I A Y vl 3
-60
70
701
-80 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0t 02 03 04 05 06 07 08 09 1

0 0t 02 03 04 05 06 07 08 09
Normalized Frequency (x rad/sample)

(a) (b)

Normalized Frequency (x rad/sample)

Figure 1. (a) Frequency responses of prototype filters implemented based on the least squares (LS)
criterion in [51] and the method in [118] (K = 3 and K = 4). (b) Frequency responses of prototype filters
based on the minimax criterion in [51] and the method in [118] (K = 3 and K = 4).

3.1.3. Cruz-Roldéan’s Method I

A frequency sampling method for arbitrary length FIR filters is proposed in [120]. Define the
frequency response of the prototype filter H(e/*), let H[k] = H(e/*r), where wy = (k+«) - 271/N,
0<k<(N-1)and a =0or 1/2. The authors in [120] assume h(n) is real and symmetric, thus the
filter coefficients are obtained according to [117] when & = 0

IN/2]-1

h[n]:;]{P[O]JrZ kZ Plk] cos ((n+1/2)'217\$k)}, (25)
=1

where P[k] = H[k] - e /*7/N | M| denotes the largest integer less than M. While if a = 1/2, the filter is
expressed as

IN/2) -1 .
W=~ Y Psin((n+1/2)- 37+ (k+1/2)), (26)
k=0

Z|m

where P[k] = H[k] - e /(N-2k-1)/(2N)
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Initial values of H|[k] are determined before optimization, and the center of the transition band
isw, = (r+a)-27/N,r € Z. In the transition band, the number of samples L (L > 1) should be
defined. Thus the magnitude response is defined as

1, 0<k<r—[L/2],
(passband)
HIK |= f(k), r—[L/2]+1<k<r+|[L/2], 272)

(transition band)
0,  r+lL/2l+1<k< |[(N-1)/2],
(stopband)

|HIN—1-K |=|HK|, [(N-1)/2]+1<k<N-1, (27b)

where [M] denotes the smallest integer more than M. And the phase response arg{ H[k| } is defined as

N-1 2m
B I VN U
0<k<|(N-1)/2],
arg{HIK} =4 | o N7 28)
— ~W'(N—(k+a)),
I((N=1)/2]+1<k<N-1.

The function f(k) in (27a) is to obtain the magnitude values of the transition band samples.
In [121], f(k) is chosen as

_ ws—k-2n/N
i = )
While in [120] f (k) has a different expression as below
2
F(K) = 0.95 — (“’S (L+1-k) 2”/N> . (30)
wS - (Up

When the initial values are determined, the specific steps of the optimization procedure are
as follows:

(a) Initialize the filter length N and the required number of samples L in the transition band.
(b) Initialize the frequency response in (27) and (28). The resulting vector |H[k]| is presented as

follows
Mokl = | L1 fla+1]-flg+1] 0.0 |, (31)
passband transition stopband

where0 <k < [(N—-1)/2], q=r—[L/2].
() Letf = [ fla+1] flg+2] - flg+ L]} be the vector whose elements are the samples of the

magnitude response at the transition band. Find f,;; and minimize an objective function ¥
defined as [122]
¢ = max | g[2Mn] |, (32)
n,n#0

where M is related to the number of channels, G(¢/*) is the DFT of g[n] and defined as G(e/*) =|
H(elv) |2.
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(d) Calculate the optimum values of the frequency response samples H,,[k]. These values are
obtained from (27) and (28), by replacing the initial values of the magnitude response in the
transition band in (27a) by the optimised values f,,; obtained in the previous step

[Hopt [k]| = 1.1 foptlq +1] . foptlg + L] 0.9 |, (33)
stopband

passband transition

‘Hopt[N_l - k” = |H0pt[k] |/
[((N—-1)/2] +1<k<N-1 (34)
(e) Based on Hyp[k], the prototype filter coefficients are obtained through (25) or (26).

In [65], the objective function ¢ in step 3 is defined as
1p=max{|H(ej“’)\2+|H(ej(“’7”/M))|2—l}. (35)
w

The minimization algorithms in MATLAB Optimization Toolbox [120] can be used to solve this
optimization problem.

3.1.4. Cruz-Roldén’s Method II

In [123], a multi-objective optimization technique based on the Cruz-Roldén’s method I in [120]
is proposed. The difference between [123] and [120] lies in the objective function, and the objective
function of Cruz-Roldan’s method Il is

1 2T —wsg H jw 2d
v=gr [ HE) P
= hSh'
1 T v—1\Tew—1
= 1 H (W) TsWy'H, (36)
T e]'w . . T ejw <§ini,
3 wrg[%?;ﬂﬂ 0(e“)]) wg}é%ﬂ 0(e)]) < dpp
MSA > MSA™,

where h = [1(0),h(1),---h(N — 1)], h" = (1/N)Wy'H, Wy! is the IDFT matrix, and the elements of
N X N matrix S are given by

1— % i=j,
[Si,ﬂ B — M otherwise. 7
(i —j)

The values of 5;,’;’ (amplitude distortion [121]) and MSA™ (minimum stopband attenuation) are
the initially fixed goals of the problem. The overall distortion transfer function Ty(e/) is obtained as
e—jw(N-1) 2F—1

Y |[H( R P) 2, (38)
k=0

To(el) =

where F is the number of subcarriers. This method requires the values of (5% and MSA™ to be selected
appropriately, and the MATLAB function fgoalattain can solve the multi-objective optimization problem.

66



Electronics 2020, 9, 599

3.1.5. Salcedo-Sanz’s Method

In [124], the authors propose the variable limits evolutionary programming (VLEP) based on
the evolutionary programming (EP) to design the prototype filter, including variable limits classical
evolutionary programming (VLCEP) and variable limits fast evolutionary programming (VLFEP).
The final optimum solutions are sensitive to the initial values of f(k) in [120], while the algorithm
in [124] can solve this problem.

Three design methods in [120,123,124] are analyzed in terms of amplitude distortion peak, aliasing
error and minimum stopband attenuation, as presented in Table 1. The number of subcarriers is 128
and the length of the prototype filter is 2049. We select the VLFEP algorithm in [124]. Generally, all
of the three methods can obtain nearly perfect reconstruction (NPR) filter banks. By comparison,
the method in [123] achieves the best filter design performance. To summarize, the essence, pros and
cons of aforementioned frequency sampling methods are presented in Table 2.

Table 1. Analysis of prototype filter design in [120,123,124] by amplitude distortion peak, aliasing error,
minimum stopband attenuation.

Prototype Filter Design  Amplitude Distortion Peak  Aliasing Error Minimum Stopband Attenuation

Ref. [120] 7.0449 x 10~ —139.48 dB 78 dB
Ref. [123] 3.5001 x 1075 —151.39 dB 108 dB
Ref. [124] 1.2848 x 10~ —93.27 dB 69 dB
Table 2. Summary of frequency sampling methods.
Methods Comments Pros and Cons
Design the filter parameter under the . .
Bellanger’s constraints ~ of  controlling  stopband Pros: Favorable stopband attenuation.

method [118]

performance and satisfying Nyquist criterion.

Cons: Long filter length (Long latency).

Viholainen’s
method [51]

Optimize the filter parameters according to
different evaluation criteria under the condition
of Nyquist criterion.

Pros: Good stopband attenuation; Flexibly
select suitable filter parameters according to
different evaluation criteria.

Cons: Need long filter length.

Cruz-Roldan’s
method 1[120]

An optimization scheme based on frequency
sampling is proposed to obtain the filter
parameters.

Pros: Low computational complexity;
Design a filter with arbitrary length.

Cons: Difficult to choose the sampling
values of transition band for fast
convergence.

Cruz-Roldan’s
method II [123]

Based on the optimization algorithm proposed
in [120], the objective function is improved to
achieve multi-objective optimization.

Pros: The stopband energy and stopband
attenuation are minimized simultaneously.
Cons: Need to appropriately select initial
parameters to ensure the performance.

Salcedo-Sanz’s
method [124]

The VLEP algorithm [124] is proposed
based on the classical and fast evolutionary
programming algorithm.

Pros: Robust to the initial conditions; The
minimum of the objective function can be
reliably obtained.

Cons: High computational complexity.

3.2. Windowing Based Methods

The idea of windowing based methods is to use the digital FIR filter to approximate the desired
filtering characteristics. Assuming that the desired filter frequency response function is Hy(e/%),
the impulse response is denoted as h;(1). Considering the windowing based methods focus on the
perspective of time domain, the ideal h1;(n) with a certain shape of window function is intercepted
as h(n) with finite length, whose frequency response H(e/“’) approximates the desired frequency
response H;(e/). The specific design steps of windowing based methods are as follows:
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step 1: Taking linear phase low-pass FIR filter as an example, the general selection of H;(e/) is

e IvT, lw| < w,,

Hy () — { (39)

0/ wC S |(1]‘ S 7T,

where T is a constant.
step 2: Determine h;(n) via IDFT

ha(n) 1 /wc Hy(e/%) el dew = sinfwe(n — )] (40)

T on —we t(n— 1)

step 3: The impulse response /(1) of the linear phase FIR filter is obtained by multiplying a specific
window w(n), as below

h(n) = hg(n)w(n). (41)
Thus the corresponding H(e/) is obtained by DFT.

3.2.1. Jain’s Method

Like the concept of Bartlett-Hanning window, a new window consisting of a Hamming window
and a Blackman is proposed in [125], which is given by

27tn
w(n) =A <0.54 — 0.46 cos N 1) (42)

2
di + 0.8 cos

4mn
—i—(l—)\)(0.42—0.5cosN_1 N—l)'

where 0 < |n| < (N —1)/2.

Note that the formula in (42) becomes a Hamming window if A = 1 and a Blackman window if
A = 0. Figure 2 shows the frequency responses of Hamming window, Blackman window and this
new window, where the variable A is evaluated as 0.0625 to ensure superior performance than using
Blackman window or Hamming window alone, and the length of the filters is N = 128. Compared
with Blackman and Hamming windows, the new window has the best first side-lobe level, the best
maximum side-lobe level and the best spectral efficiency.

3.2.2. Kumar’s Method

In [126], the Hamming and Gaussian windows are combined as a new window function, whose
expression is

2
w(n) = |0.54 + 0.46 cos( le) e~ 2(F)?) (43)
where 0 < |n] < (N —1)/2, and the value of the parameter « determines the performance of the filter.
Figure 3 shows the frequency responses of Hamming window, Gaussian window and the new
window proposed in [126] for N = 64. Note that the window in [126] has the best side-lobe attenuation
compare with Hamming and Gaussian windows. However, it increases the width of the main-lobe.
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Figure 2. Frequency responses of Hamming window, Blackman window and the new window
proposed in [125].
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Figure 3. Frequency responses of Hamming window, Gaussian window and the new window proposed
in [126].

3.2.3. Mottaghi-Kashtiban’s Method
n [127], a special case of raised cosine windows is presented. The proposed window function is

27tn
N —

w(n| = ag — ay cos( 1) - ag,cos(IS?inl), 0<n<N-1 (44)

For normalization, that is, w [NT} =1, then
ap+a;+az=1. (45)

This new window is symmetric about (N — 1)/2, and it has linear phase, thus the window
function is obtained by

w[n]—i—w[n—(N—l)/Z]:Zao,N_lgngN—l. (46)
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The expression in Equation (44) is a 4th order raised cosine window [128] and its third term is zero

3 .

2

w(n] =Zaicos<N”m1>, 0<n<M,a=0. (47)
i=0 -

The optimal values are found by optimization and approximation. The relationship between the
parameters in (47) and the length of window function N can be expressed as

0.3
=0537 — —
a0 = 0-337 =
B 0.25 (48)
a1 =046+

a3 =1—ay—aj.

Figure 4 shows the frequency responses of Hamming window, Gaussian window and the
new window proposed in [127] for a typical filter length of N = 41. All of the windows have
approximately equal mainlobe width. Compared with Hamming window, the new window has better
peak level of maximum side-lobes, meanwhile it has better performance of side-lobe attenuation than
Gaussian window.

3.2.4. Rakshit’s Method

In [129], a new form of adjustable window function combining a tangent hyperbolic function
and a weighted cosine series is proposed. In this paper, the modified tangent hyperbolic function is
given as

— 2
yl_tan{n—NZl—Fcosh (oc)}

B
_ N-1_ osh?
— tan { ! 2 cosh” () } , (49)
B
and the weighted cosine function is expressed as
27mn 47tn
y2 = 0.375 - 0.5cos (N—l) + 0.125 cos (N — 1) , (50)

where « and B are the constants, and the symbol n = 0,1,2,3,--- , (N — 1). Then the new window
function can be expressed as

1

73

wp) = W1 Xy, 0sn<N, (51)
0, otherwise,

where 7 is a variable which controls the shapes and frequency response of window function, and “ x ”
denotes dot product.

Figure 5 shows the frequency responses of Gaussian window and the new window proposed
in [129]. The length of the filters is N = 65, and B = 1, « = 2.5, v = 1.5 for the new window in [129].
It can be observed that the new window has much less side-lobe peak level than Gaussian window
while its main-lobe width keeps exactly the same.
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Figure 4. Frequency responses of Hamming window, Gaussian window and the new window proposed
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Figure 5. Frequency responses of Gaussian window and the new window proposed in [129].
3.2.5. Martin-Martin’s Method

In [130], a window designing method for cosine-modulated transmultiplexers is proposed, which
is called generalized windowing method for transmultiplexers (GWMT). A 4th order generalized
cosine window function is expressed as

w(n) = Z(—l)iAi cos (Iinir;) , (52)

wheren =0,1,2,--- ,N —1, and A; are the weights of the terms for i = 0, 1,2, 3. The designed window
function is normalized as

Y Ai=1. (53)
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The weights A; and the cut-off frequency w, of the ideal low-pass filter can be adjusted by
minimizing the objective function

$(x) Ly £ (54)
X)=—= 7
F = e 0+ (1- BEL (x)

and |

Er = [ (1Ty(e)P)de,

x [/ F-1
EY) _1 ( T (el 2) dw,
G=zh (L, ) -

1 /= ) 2
E =~ [ {1yl = 1Ty @)1} do,

1 7 -
I Teells = ;/0 |Trr(e)]dw,

where F is the channel number, B is the compromise factor satisfying 0 < B < 1, T describes
the transfer function, x = [Ay, A1, A2, w,] denotes the adjustable parameter vector, and A3z can be
obtained by the Equation (53). This optimization problem is solved by the Nelder-Mead simplex
minimization algorithm.

Figure 6 displays the frequency responses of Blackman window, Kaiser window and the generated
window by GWMT method. The length of the filters is N = 2KF, where K = 3, F = 32. It is seen
that the GWMT method based window has the highest signal-to-overall-interference ratio levels.
The comments, pros and cons of the above windowing based methods are summarized in Table 3.

Magnitude Response (dB)

T T
----- Blackman
= -Kaiser
— Proposed window in [130] ||

201k

40t

-80

-100 |-

Magnitude (dB)

-140 -

I Lt HE
0.1 02 03 04 05 06 07 08 09 1
Normalized Frequency (x« rad/sample)

-160
0

Figure 6. Frequency responses of Blackman window, Kaiser window and the new window by
the GWMT [130].
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Table 3. Summary of windowing based methods.

Methods Comments Pros and Cons

Pros: Best first side-lobe level and spectrum
Connecting Hamming window and efficiency compared to Hamming and
Blackman window by a parameter A. Blackman windows.

Cons: Large transition bandwidth.

Jain’s method [125]

Pros: Excellent performance of stopband
. . tt ti d to H i d
, Product of Hamming window and arenuation comparec to Hamming an
Kumar’s Gaussian window. Gaussian windows.
method [126] ’ Cons: Under the same parameter setting,
the width of main-lobe will increase.

Pros: Narrower main-lobe under similar
conditions compared to Hamming window.
Cons: Although with  improved
performance of stopband attenuation,
the performance gain is inconspicuous.

Design a four-semester raised cosine

Mottaghi-Kashtiban's window by optimizing window parameters.

method [127]

Pros: Higher side-lobe roll-off ratio under
A window function combining tangent the same main-lobe width compared to

Rakshit’s hyperbolic function and weighted cosine  Gaussian window.
method [129] series using an adjustable parameter . Cons: Need to constantly adjust the
parameters 7.
Pros: Best performance of
The parameters of a four-term generalized signal-to-overall-interference ratio
Martin-Martin’s cosine window are optimized on the basis compared to Kaiser and Blackman
method [130] of a given objective function. windows.

Cons: High algorithm complexity.

3.3. Optimization Based Methods

In optimization based methods, some design parameters are usually given, including the filter
length, the passband cutoff frequency, the stopband cutoff frequency, the number of channels,
the maximum allowable distortion, and so forth. According to corresponding evaluation criteria,
different objective functions and algorithms are proposed to optimize the filter parameters. This type
of filter design methods is more flexible due to adjustable objective functions and constraints. Both
constrained and unconstrained optimization problems can be formulated for the filter design.

3.3.1. Ababneh’s Method

In Reference [131], the authors propose designing the FIR filter by the particle swarm optimization
(PSO) algorithm. For each particle 7, the position P; and the velocity V; are shown as

P; = (pi1, pi2. - PiD)s (56a)

Vi = (vi1,%2,- - ,%iD), (56b)

Vig+1 = W0ig + c1B1(pbig — pia) + c2B2(8ba — pia), (56¢)
Pid+1 = Pid + Vid+1, (56d)

where D is the iteration of velocity and position, y is the weighting function, ¢; and ¢, are the
acceleration constants, 1 and B, are random numbers in the range [0, 1]. In addition, the pbest pb; 4
denotes the personal best of the iy, particle vector at the d;;, dimension. The gbest gb; denotes the group
best at the dy;, dimension. During each iteration, the position and the velocity are calculated by the
Equations (56¢) and (56d), respectively.

73



Electronics 2020, 9, 599

3.3.2. Luitel’s Method

In Reference [132], the differential evolution particle swarm optimization (DEPSO) algorithm
combined by differential evolution and PSO is proposed to design the FIR filter. In the DEPSO
algorithm, the offspring is generated by the nutation of the parent, the Gaussian distribution is
considered and the parent can be represented by the gbest. For mutation, there are four random
particles chosen from the population to produce an offspring. A mutation operator is expressed as
below

if (rand < RRord == m)

(57)
Tiq = gba + 62,4,

5 — (pb1d + pboa) + (pbs g + pbya)
2,d - 2 4
where RR is the reproduction rate, rand is a random number in the range of [0, 1], m means a dimension
which is randomly chosen, T; ; is the offspring and 4, ; is the weighted error in different dimensions.

(58)

3.3.3. Gupta’s Method

In Reference [133], the restart PSO (RPSO) is used to design the FIR filter. Compared with PSO,
the RPSO algorithm depends on the two following criteria:

Criterion 1: Terminate if the fitness’s standard deviation of swarm is smaller than 10~3. In this
case, the particles are randomly redistributed in the search space with a probability of 1/D.

Criterion 2: Terminate if the change in fitness of the objective function is below 108 for certain
generations, then the particles are restarted by calculating derivatives to gbest.

Figure 7a shows the frequency responses of the PSO and RPSO algorithms, and Figure 7b shows
the frequency responses of the PSO and DEPSO algorithms. Note that the filters designed by the
three algorithms have similar performance. Compared to the PSO algorithm, the RPSO algorithm can
prevent the results from falling into a local optimal solution, while the DEPSO algorithm has better
convergence performance.

Magnitude Response (dB) o Magnitude Response (dB)
| E——— A : : - S T T : : 1
\ 3 -+ DEPSO
-10 A -10 3 ‘
\
\
g0 AR g2 s _,
Z il Vi AR =2 . 3
g VI R A £ R NN
330 R T R S AR VA BB ai ity
€ A T WA B O A O A i Y Y
S i iy Wi 8 i @ U T Y
= -40 Eooda i =0 N S AT B
[ I A I
i il i i i y i
50 i i P 50 i 14 ¥ g
i i i H 14 i
i i : ; 1 i
6oL ‘ | b i ] 6oL ‘ ‘ S I . | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Frequency (x7 rad/sample) Normalized Frequency (xx rad/sample)
(a) (b)

Figure 7. (a) Frequency responses of the designed filters by the PSO algorithm and the RPSO algorithm.
(b) Frequency responses of the designed filters by the PSO algorithm and the DEPSO algorithm.

3.3.4. Li’s Method

In Reference [134], a method to design the FIR filter based on genetic algorithm (GA) is proposed.
We summarize this algorithm in Algorithm 1.
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Algorithm 1 The GA Algorithm

Input: Initialize parameters: population size NP, current generation ¢ = 1, maximum generation

Guax, sSwarm S;
Output: The best resolution BS;
1: while ¢ < Gyx do
2: fori =1to NP do

3: Evaluate fitness of Sg;
4: end for
5: fori =1to NP do
6: Select operation to Sg;
7: end for
8: fori=1to NP/2 do
9: Crossover operation to Sg;
10: end for
11: fori =1to NP do
12: Mutation operation to Sg;
13: end for
14: fori =1to NP do
15: Sg+4 = Sg;
16: end for

17: g=g+1
18: end while
19: return The best resolution BS.

3.3.5. Karaboga’s Method

In Reference [135], an FIR filter is designed based on the differential evolution (DE) algorithm.
The main difference between DE algorithm and GA algorithm is that GA algorithm relies on the
crossover, while DE algorithm relies on the mutation operation. The specific steps of the DE algorithm
are provided in Algorithm 2.

In order to evaluate the performance of the designed FIR filters by GA and DE algorithms, the least
mean squared error (LMSE) is used, and the fitness function is defined as

(59)

Fitness = ;
~ LMSE’

and the LMSE is given as

LMSE = (Z(IHi(ef“’k) - IHd(ej“’k)I)2> , (60)

k

where H;(e~/“r) is the frequency response of ideal filter, and Hy (e /¢r) is the frequency response of
designed filter.

Figure 8 shows the frequency responses of the FIR filters designed by GA and DE algorithms.
The length of the two filters is N = 21, and Table 4 shows the control parameters of GA and DE
algorithms, which have a significant effect on the performance of these two algorithms. As can be seen
from Figure 8, the FIR filters designed by GA and DE algorithms have similar performance, that is,
the stopband attenuation using GA is slightly better than that using DE. But the convergence speed of
the DE algorithm is faster than GA.
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Algorithm 2 The DE Algorithm

Input: Initialize parameters: population size NP, current generation ¢ = 1, maximum generation

Gumax, dimension D, tolerance ¢, swarm S, base vector s, mutant vector v, trial vector u ;
Output: The best resolution BS;
fori =1to NP do
ford = 1 to D do

d d .
st , 1+ rand - (% v —s0 )
end t‘f)r
end for

while (|f(BS)| > ¢) or (§ < Gax) do
fori=1 to NP do
ford 1 to Ddo
v? = Mutation(s?,);
dg Crossover( g’ ”.{g) ;

18
end for
if f(uic) < f(sig) then
Sig = Ui,g;
1ff(slg) < f(BS) then
BS = s;g;
end if
else
Si,g = Si,gs
end if
end for
g=9+1
end while

return The best resolution BS.
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Figure 8. Frequency responses of the designed filters by the DE algorithm and the GA algorithm.

Table 4. The parameters of GA and DE algorithms.

GA Algorithm DE Algorithm
Population size = 100 Population size = 100
Crossover rate = 0.8 Crossover rate = 0.8
Mutation rate = 0.01 Scaling factor = 0.8
Generation number = 500 Combination factor = 0.8

— Generation number = 500
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3.3.6. Chen’s Method

In Reference [98], the prototype filter is designed by directly optimizing the filter coefficients.
This method is mainly designed for FBMC based systems, aiming to minimize the stopband energy
and constrain the ISI/ICI. The optimization problem is formulated as

min /” |H () 2dew
1(0),h(1),-h(N—=1) Jeg
h(n) =h(N-n-1), C1
st.{ ISland ICI < T}, c2 61)
Yoo (h(n)> =1, c3

where Tj is a threshold. However, this optimization problem is non-convex and non-linear,
which greatly increases the computational complexity. Through a series of approximation of the
constraints, the number of unknowns in the optimization problem is enormously reduced. Therefore,
the optimization problem can be solved and the computational complexity becomes acceptable.

3.3.7. Hunziker’s Method

In Reference [136], the design of filter banks for maximal time-frequency (TF) resolution is
proposed. Two properties should be satisfied to compute the optimal DFT filter banks. Firstly,
the window under the filter operation is orthogonal, thus for white input processes, the sampling
at the output of the filter banks generates uncorrelated random variables. Secondly, to ensure the
minimum leakage of signal components outside the target area in TF plane, the prototype window
shows the best TF localization feature. To satisfy the first property, the parametrization of paraunitary
filter banks in Reference [137] is used and longer pulses are extended in Reference [138]. As for the
second property, the Rihaczek distribution is used in TF region, and the objective function along with
the constraints is transformed into a form which can be solved by semi-definite programming (SDP)
algorithm.

3.3.8. Dedeoglu’s Method

In Reference [139], the FIR filter design based on SDP is proposed. In order to satisfy both
constraints on magnitude and phase responses of the filter, a non-convex quadratic constrained
quadratic programming (QCQP) is constructed. Then, by relaxing the QCQP, a convex SDP is obtained,
where the variables of optimization are limited to rank-1. Finally the global optimum can be found by
using a convex solver. To obtain the rank-1 solution, a novel directed iterative rank refinement (DIRR)
algorithm providing monotonic improvement is proposed, and a sequence of convex optimization
problems are solved to minimize an adaptively chosen cost function. The performance of this design
method is extensively illustrated over design cases under a variety of constraints.

3.3.9. Kobayashi’s Method

A relatively new method of convex optimization is proposed to obtain the filter coefficients
for FBMC, in pursuit of superior spectrum features while maintaining high symbol reconstruction
quality [140]. The objective function is constructed as the minimization of out-of-band pulse energy.
At the meanwhile the constraints include a maximum tolerable self-interference level and a fast
spectrum decay. The main idea of the work in Reference [140] locates in transforming the formulated
problem, which belongs to a non-convex QCQP, into a convex QCQP. In order to circumvent the
non-convexity, a relaxation is utilized to transform the norm-2 equality constraint into a norm-1 equality
constraint. Thus the transformed problem benefits from existent optimization tools. The comments,
pros and cons of the above optimization based methods are summarized in Table 5.
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Table 5. Summary of optimization based methods.

Methods Comments Pros and Cons

Pros: Simple and intuitive.
Ababneh’s Design the filter using the PSO algorithm. Cons: Poor stopband attenuation performance
method [131] of the filter under low-order conditions.

Pros: Compared with PSO algorithm, the filter
has better convergence consistency.

Cons: Improvement of the stopband
attenuation is not obvious.

Luitel’s method [132]  Design the filter using the DEPSO algorithm.

Pros: Compared with PSO algorithm, the filter

has better convergence and can avoid falling
Gupta’s method [133]  Design the filter using the RPSO algorithm. into local optimum.

Cons: Improving the performance of the

stopband attenuation is not obvious.

Pros: Obtain near global optimum solutions.
Li’s method [134] Design the filter using the GA algorithm. Cons: Slow convergence rate and poor
stopband attenuation performance.

Pros: Better convergence and acceptable
computational complexity compared to GA.
Cons: Improvement of the stopband
attenuation is not obvious.

Pros: Minimize the ISI/ICI and the stopband
Chen’s method [98]  Directly optimize filter coefficients. energy for FBMC modulation.
Cons: High computational complexity.

Karaboga's Design the filter using the DE algorithm.
method [135]

An optimization algorithm aiming at Pros: Minimize the TF resolution.

Hunziker’s minimizing TF resolution. Cons: High first sidelobe.

method [136]

Pros: Robust design under the phase and group
delay constraints.
Cons: Approximated solution.

Design the filter by convex optimization using

Dedeoglu’s DIRR algorithm.

method [139]

Pros: High symbol reconstruction performance
and desirable spectral features.
Cons: Approximated solution.

Minimize the out of band pulse energy through

Kobayashi’s a relaxed QCQP.

method [140]

4. Discussion

Future wireless communication networks will impose strict requirements on multicarrier
modulation schemes in terms of spectral efficiency, latency, computational complexity, and so forth.
As shown in Table 6, crucial characteristics and applicability of five promising modulation waveforms
are clearly reflected, including spectral efficiency, out of band, CP, synchronization requirement, latency,
effect of frequency offset, PAPR, computational complexity, and short-burst traffic, which implicate a
concrete limit to the real use of different MCM schemes. To further learn about the merits and defects
of various MCM waveforms, interested readers are referred to the related works in Reference [141]
for more detailed information. Since prototype filter design directly affects most characteristics of
modulation waveforms such as spectral efficiency [142,143], out of band [144], it has attracted extensive
research attention in the field of MCM communication. In recent years, various prototype filter design
methods are designed in accordance with the above practical requirements of modulation waveforms
in Table 6, and some commonly used FIR design methods for different multicarrier modulation
waveforms are concluded in Table 7. The contents of this table will be continuously enriched as
time goes on. In addition, we analyze the MCM system performance using three types of FIR design
methods in terms of PSD and BER, which are two another important evaluation criteria [81-83,145-147].
The simulation results of PSD and BER performances are presented in Figure 9, where the FBMC is
selected as the system modulation type, the number of subcarriers for FBMC is 1024, and the offset
quadrature amplitude modulation (OQAM) technology is adopted. In the following, some critical
characteristics and application scope of the three categories of FIR design methods are discussed and
summarized, respectively.
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Table 6. Respective characteristics and applicability of different multicarrier modulation waveforms.

OFDM FBMC GFDM UFMC F-OFDM

Spectral Efficiency Medium  High  Medium High Medium
Out of Band High Low Low Low Low
Cyclic Prefix Yes No Yes No Yes
Synchronized Requirement High Low  Medium Low Low
Latency Short Long Short Short Short
Effect of Frequency Offset Medium Low  Medium Medium Medium
PAPR High High Low Medium High
Computational Complexity Low High High High Medium
Short-Burst Traffic No No Yes Yes No

Table 7. Summary of filter design methods used in existing multicarrier modulation waveforms.

OFDM FBMC GFDM UFMC F-OFDM
Frequency Sampling Methods — [51,118] [148,149] — —
Windowing based Methods [150,151] [4] [40,152] [42] [45,46,145,153]

Optimization based Methods [154] [140,155-157] [158-161] [162-164] —

4.1. Frequency Sampling Methods

The performances of PSD and BER about different prototype filters using frequency sampling
techniques are given in Figure 9a and Figure 9b, respectively. From the Figure 9a, it can be seen that
the frequency sampling methods can achieve good PSD performance. The prototype filter designed
by Bellanger’s method has the best performance compared to other frequency sampling techniques,
on the other hand, the prototype filter designed in Reference [123] has the worst BER performance
while the others have the similar performance, as shown in Figure 9b.

Generally, a small number of parameters are simply designed in frequency domain, thus frequency
sampling methods are inclined to optimal design and narrowband filter design where only a few
non-zero values are needed. Furthermore, it is obvious that there are few side-lobes which result
in better spectrum utilization and improving spectral efficiency. For time complexity, Bellanger’s
method achieves the order of magnitude O(NlogN) as most of other methods are its improved
versions, and N denotes the filter length. When the value of N increases, low side-lobes may appear
in the frequency domain and adjacent channel interference can be reduced, thus frequency sampling
methods can be taken into consideration while low interference is required. In addition, frequency
sampling techniques can satisfy the NPR condition, the research projects of 5G related networks,
such as PHYDYAS and 5GNOW, consider the frequency sampling technique for FBMC modulation.
Frequency sampling methods are also applied for GFDM modulation [148,149] as concluded in Table 7.
However, frequency sampling methods generally have long filter length, which results in long latency,
that is, there is a trade-off between high spectrum efficiency and low latency. Moreover, the position of
the frequency control point is limited by N-sampling points on the frequency domain. This implies
that the sampling frequency can only be an integral multiple of 27t/ N, resulting in that the cutoff
frequency of filter is hard to control. If the cutoff frequency is freely selected, we must increase the
number of sampling points N, that is, increasing the filter length, which is not conducive to short
uplink burst communication in 5G scenarios.
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Figure 9. (a,c,e) The PSD performance comparison of FBMC based systems using different prototype
filter design methods. (b,d,f) The BER performance comparison of FBMC based systems using different
prototype filter design methods.
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4.2. Windowing Based Methods

The performances of PSD and BER about different prototype filters using windowing based
techniques are given in Figure 9c and Figure 9d, respectively. The aforementioned windowing based
techniques have similar PSD and BER performances while the method in Reference [129] performs
relatively poor compared with other methods.

The windowing based FIR filters are designed in time domain, and the basic idea is that the linear
phase FIR filter multiplies by a specific windowing function, thus the time complexity is proportional
to O(N). Generally, windowing based techniques can be seen as improved versions of classical
windowing functions, nevertheless the performance improvement is not very remarkable compared
with typical techniques such as Hamming window, Hanning window, Blackman window and so on.
From the view of practical use, windowing based functions are easy to implement and bring little
computational complexity burden on systems, therefore they are able to be used for the prototype
filter design in almost all multicarrier modulation systems, as shown in Table 7. However, it is difficult
to accurately control the passband cutoff frequency of the filter. The windowing process leads to
a truncation effect and hence produces a transition band. Although increasing the length of the
window can reduce the transition band, the amplitude of fluctuation cannot be suppressed due to
Gibbs phenomenon. Changing the windowing shape can reduce the passband/stopband attenuation,
but at the expense of increasing the width of transition band.

4.3. Optimization Based Methods

The performances of PSD and BER about different prototype filters using optimization based
techniques are given in Figure 9e and Figure 9f, respectively. The evolutionary algorithms in
References [131-135] are used for linear phase FIR filter design in recent years, and they could be taken
into account in multicarrier modulation applications. In this paper, FBMC based systems using five
different evolutionary algorithms are simulated, as shown in Figure 9¢,f. By analyzing the simulation
of the filters with the same order, it is noted that different evolutionary algorithms achieve similar PSD
and BER performances.

Compared with frequency sampling techniques and windowing based techniques,
the corresponding filter parameters of optimization based methods, that is more concerned
with the local optimization and algorithm convergence problem, can be optimized depending on
different evaluation criteria, and the selected design parameters determine the effectiveness of the
solution to the optimization problem. The complexity of this type of design techniques seems to be
much higher than other two techniques, for instance, the complexity of PSO based method is about
the order of LPO(N?), where L is the iteration size and P is the population size. This complexity is
much less than QCQP based methods or non-convex optimization methods, of which the complexity
isup to O(N 3) or higher [165]. Nevertheless, optimization based methods are much more flexible
as they focus on local optimization to support the constraints imposed by various scenarios such
as cognitive radio [157], massive MIMO [156] and so on. For example, when FBMC is applied for
opportunistic spectrum sharing, in order to avoid interfering with other bands, well localized filters
in time and frequency are prone to be designed to minimize Out of Band [140]. Similarly, there are
also some optimization based methods for different waveform candidates, for example, OFDM [154],
FBMC [140,155,156], GFDM [158-161], UFMC [162-164]. In general, the establishment and constraints
imposed on objective functions are often highly non-linear, which increases the computational
complexity and also sensitive to the selection of initial values. In addition, it is possible to fall into
local optimal range and fail to identify global optimal solution, which is one of the major issues to be
solved in optimization based design methods.

As discussed earlier, since multicarrier modulation can enlarge the system capacity and have
the relative immunity to defend the multipath fading effect, it dominates the main stream in future
communication technology. The critical part of multicarrier modulation lies in the FIR filter design.
A good filter design scheme can improve some important performances not only including PSD and

81



Electronics 2020, 9, 599

BER but also some other crucial aspects, consequently increasing the competitiveness of waveform
candidates and improving the communication quality to suit various application scenarios of 5G or
future networks. FIR filters have been widely used in many engineering applications involved with
digital signal processing, such as the communication signal [166,167], the speech signal [168,169] and
the medical signal [170]. We can conclude without exaggeration that where digital signal processing is
needed, where there is a shadow of FIR.

5. Conclusions

The prototype filter plays an important role in multicarrier modulation systems and the FIR
filter is considered to be the suitable choice in wireless communication systems. This paper has
reviewed existing FIR filter design methods which are categorized into frequency sampling methods,
windowing based methods and optimization based methods. The concept and principle of each
method are described in detail, and the merits and drawbacks of corresponding prototype filters are
summarized. Finally, the performances of FIR design methods in different multicarrier modulation
systems are evaluated and discussed in terms of PSD and BER. It is expected that this survey work can
provide a basis for the selection of prototype filters in future wireless communication systems.
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