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Abstract— This paper explores the flexibility of generalized
frequency division multiplexing (GFDM) for achieving the same
performance as filter bank multicarrier (FBMC). We present a
GFDM configuration where the good spectral containment of
FBMC is also achieved through a modification in the GFDM
transmission scheme. For evaluating the scheme’s performance,
we estimate the bit error ratio (BER) under three channel models:
i) pure additive Gaussian AWGN; ii) time-invariant frequency-
selective; iii) time-variant frequency-selective (doubly dispersive).
The spectral containment is measured through the power spectral
density. Furthermore, the complementary cumulative distribution
function (CCDF) of the peak-to-average power ratio (PAPR) is
also estimated. The Linear GFDM waveform shows identical per-
formance when compared to FBMC in the above test scenarios.

Index Terms— 5G, enhanced mobile broadband, FBMC,
GFDM, non-orthogonal waveforms, wireless communications.

I. INTRODUCTION

RECENTLY novel waveforms have been investigated to
address the requirements of the fifth generation of cellu-

lar networks (5G). Forecasts state that 5G will face challenging
requirements in order to bring a vast new range of solutions
and services [1]. The envisioned connectivity scenarios and its
basic physical layer (PHY) requirements are: i) ultra reliable
low latency (URLL) that requires very low end-to-end latency
and reliability; ii) enhanced mobile broadband (EMBB) that
needs very high data throughput and low out-of-band (OOB)
emissions; iii) 5G for remote area access (RAA) that demands
robustness against multipath propagation effects and low OOB
emission in order to explore the vacant television white spaces
(TVWS); iv) Internet of Things (IoT)/Massive Machine Com-
munications (MMC) that requires energy efficiency, support to
a massive number of connections at a single radio base station
and support to roughly synchronized transmissions.

Regarding 5G’s PHY standardization, there is an exciting
discussion about which waveform is best suited for achieving
the required performance among all mentioned scenarios.
The current 4G PHY employs orthogonal frequency division
multiplexing (OFDM), which has been extensively studied
and widely deployed in wired and wireless communication
systems. However, due to the wide range of requirements,
some OFDM characteristics hinder its use in all 5G scenarios.
The necessity of maintaining strict synchronism between users
and the radio base station, high OOB emission and inefficient
use of the cyclic prefix (CP) are major OFDM shortcomings
[2]. Low OOB emission is an essential requirement to be

fulfilled when one looks to the EMBB and RAA scenarios
for example.

The scope of requirements for 5G is much broader when
compared to previous generations. Therefore, an advanced
multicarrier technique shall be employed in the next gen-
eration’s PHY. Currently, there are two main approaches
described in literature. On one hand, there are techniques
which perform filtering subcarrier-wise, such as, filter bank
multicarrier (FBMC) [3] and generalized frequency division
multiplexing (GFDM) [4]. On the other hand, there are tech-
niques that are closely related to OFDM and perform filtering
subband-wise, e.g., universal filtered multicarrier (UFMC) [5]
and filtered OFDM (F-OFDM) [6]. These two latter techniques
present an ease system migration and overall performance
improvement when compared to OFDM. Also, they do not
lose spectral efficiency since the CP is not used. However, the
lack of CP leads to a waveform less robust to fading channels
[4].

GFDM and FBMC are multicarrier techniques that abandon
the strict orthogonality to achieve, for example, more spectral
containment. FBMC leads to ultra low OOB emission, which
is very attractive in scenarios where the spectrum occupancy
is highly dense. The spectrum containment is achieved due to
the subcarrier-wise linear filtering. Furthermore, the spectrum
containment also allows very low inference caused by roughly
synchronized devices. Similarly to FBMC, GFDM also per-
forms subcarrier-wise filtering, and its circular approach leads
to a very flexible waveform. It can be configured to satisfy low
latency scenarios, and it shows the best spectral efficiency of
all PHY candidates due to its efficient use of the CP [7].

This paper shows that GFDM’s flexibility can be exploited
to achieve the same performance of FBMC regarding spectrum
containment. Authors in [8] mention that it is possible to
configure GFDM to achieve the FBMC performance. However,
they do not show how to accomplish it. The main contribution
of this paper is to precisely demonstrate how to modify
the GFDM structure to generate the FBMC like signal. In
addition, we present simulation results that confirm that the
modifications do work.

The rest of the paper is organized as follows: Section II
presents the basic principles of non-orthogonal multicarrier
techniques, specifically GFDM and FBMC. Section III de-
scribes the GFDM configuration for achieving the FBMC
performance. Section IV presents the performance evaluation,
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comparing FBMC and OFDM to the modified GFDM under
a common simulation setup. Lastly, conclusions and final
comments are presented in Section V.

II. BACKGROUND ON GFDM AND FBMC

GFDM and FBMC, differently from OFDM, are non-
orthogonal waveforms, i.e., intrinsic intersymbol (ISI) and
intercarrier (ICI) interference can arise. However, by setting
aside the orthogonality, a new degree of freedom is achieved
according to the Balian-Low Theorem [9]. As a result, a
prototype filter with good time and frequency localization can
be used for filtering subcarriers without decreasing spectral ef-
ficiency. Hence, a spectrally efficient and contained waveform
can be synthesized.

A. GFDM principles

GFDM is similar to FBMC in the sense that it is also
based on filter bank theory, and it is built upon a prototype
filter. However, GFDM implements circular filtering, whereas
FBMC implements linear filtering to shape subcarriers. The
GFDM waveform is composed by M subsymbols circularly
shifted in M time-slots in K different subcarriers. Thus, a
GFDM multicarrier frame carries N = KM data symbols.
Since the waveform is obtained through circular filtering, it is
possible to insert a CP to protect the frame against multipath
propagation impairments. Figure 1 presents the GFDM block
diagram [10].

The transmit vector x, before the CP addition is given by

x = Ad, (1)

where d represents the data symbol vector with N complex-
valued elements, which come from quadrature amplitude mod-
ulation (QAM) mapping. The N versions of the prototype filter
can be arranged for a transmit matrix A, leading to

A = [g0,0 g1,0 · · ·gK−1,0 g0,1 · · ·gK−1,M−1] (2)

where gk,m represents the prototype filter shifted to the kth
subcarrier frequency and shifted to the mth subsymbol time
slot.

The received vector after the CP removal is

y = Hx + w, (3)

where H is the circulant channel matrix and it is obtained
from the channel’s impulse response. w is the additive white
Gaussian noise (AWGN) vector with variance σ2. For static-
flat AWGN channel H is an identity matrix.

At the receiver side, the transmitted data symbol vector can
be recovered by a receiver matrix as follows

d̂ = By, (4)

where B can be defined as a zero-forcing estimator by Eq. 5
or a matched filter estimator by Eq. 6. It is important to point
out that, the received vector y needs to be equalized first in
these cases. Equation 7 describes the receiver matrix for the
minimum mean square error (MMSE) estimator. The MMSE
estimator does not require previous equalization. However,

it is a biased estimator, and requires a normalization of the
estimated vector d̂ [10].

BZF = A−1 (5)

BMF = AH (6)

BMMSE = (Rw + AHHHHA)−1AHHH (7)

(·)H represents the Hermitian operation and Rw = σ2IN
represents the covariance matrix of the noise vector w. IN
represents the identity matrix of size N×N , and x̃ represents
the transmit vector after the CP addition.

B. FBMC principles

FBMC was first proposed by Saltzberg [11] and Chang [12]
in around 1960, and it was brought back to be proposed as an
alternative for the 5G PHY by Bellanger [13].

For the FBMC notation, let K represent the total number
of subcarriers, Lp the prototype filter length in samples, Θ
the overlapping factor and T the QAM data symbol time
spacing. The prototype filter length is set to Lp = ΘK + 1.
The overlapping factor corresponds to the number of data
symbol periods in the prototype filter length. For example,
if the overlapping factor is set to Θ = 4, then the prototype
filter length is 4 times longer than the data symbol period.
Therefore, it means that the pulse shaped data symbols overlap
in time domain. Half Nyquist prototype filters with good
frequency localization are preferred since they do not cause
ISI at the sampling instant and minimize the ICI among
subcarriers. A possible implementation of the FBMC-OQAM
transceiver structure is depicted in Fig. 2 [14].

Each subcarrier is filtered with a version of the prototype fil-
ter shifted in the correspondent subcarrier frequency. Granted
that subcarriers overlap in frequency domain only with its
neighbors, maximum spectral efficiency can be achieved
through Offeset-QAM (OQAM) mapping. The prototype filter
proposed in [15], extensively used in FBMC context, shows
the desired characteristics while keeping only real coefficients,
which is essential for employing OQAM mapping.

OQAM mapping can vanish neighboring ICI by shifting the
real part of a QAM symbol by T/2 in relation to the imagi-
nary part. Therefore, orthogonality is restored and maximum
spectral efficiency is achieved at the expense of an increase in
the sampling rate by a factor of 2.

The discrete-time FBMC-OQAM transmit signal is obtained
by

x[n] =

+∞∑
m=−∞

K−1∑
k=0

R {dk,m} g(I)k,m [n]

+ j

+∞∑
m=−∞

K−1∑
k=0

I {dk,m} g(Q)
k,m[n], (8)

where dk,m is the complex QAM data symbol that is trans-
mitted over the kth subcarrier in the mth time-slot.
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Fig. 1: GFDM transceiver block diagram.
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Fig. 2: Discrete time FBMC-OQAM transceiver block diagram.

g
(I)
k,m[n] and g(Q)

k,m[n] compose the synthesis filter bank, and
they are respectively given by

g
(I)
k,m[n] = p [n−mK] ej2π

k
K nej

π
2 k (9)

g
(Q)
k,m[n] = p

[
n−

(
m+

1

2

)
K

]
ej2π

k
K nej

π
2 k, (10)

where p[n] is the prototype filter impulse response. The
received signal passes through the analysis filter bank, and
the estimated data symbols d̂k,m are obtained.

III. GFDM AS FBMC
In GFDM context, OQAM can be employed by creating two

modulation matrices, Ai and Aq, where one is half subsymbol
circularly shifted in relation to the other [16]. Ai modulates
the real part of a QAM symbol, whereas Aq modulates the
imaginary part. These matrices are obtained similarly to Eq.
2. Figure 4 illustrates absolute value of the GFDM transmit
matrices for the OQAM configuration.

The transmit vector is obtained through a matrix multipli-
cation among the real and imaginary parts of the data symbol
vector and the transmit matrices as follows

x = AiR {d}+ jAqI {d} (11)

After equalization at the receiver side, the estimated data
vector is given by

d̂ = R {Biyeq}+ jI {Bqyeq} , (12)

where Bi and Bq represent the matched filter demodulation
matrix, and are respectively given by

Bi = AH
i (13)

Bq = AH
q (14)

However, as one may see in Fig. 4 the circular shifting of
the prototype filter leads to abrupt transitions at the edges of
the transmit matrices. Hence, OOB emission is rather elevated
due to discontinuities in the transmitted waveform.

Flexibility in the GFDM transmit matrix is exploited in
order to generate the Linear GFDM waveform, which performs
identically to FBMC. We propose zero padding the prototype
filter in order to get a linear filtering behavior from the transmit
matrices. Figure 3 presents a block diagram that describes
the transmission and reception of Linear GFDM, where A

(L)
i

denotes the modified transmit matrix that modulates the real
part the data vector, and A

(L)
q the modified transmit matrix

that modulates the imaginary part. The matrices B(L)
i and B

(L)
q

respectively represent the matched filter receiver matrices and
are obtained similarly to Eq. 13. .

Let LZ denote the zero-valued sequence length that is
padded to the prototype filter. If the prototype filter is zero
padded according with Eq. 15, then no abrupt transitions are
observed at the transmit matrix and linear filtering behavior is
observed.

LZ = K(M − 1) + 1, (15)

where M is the GFDM notation for the number of subsymbols
and K is the number of subcarriers. The unity is added to
ensure no inflections on the transmitted waveform. However,
as the matrix Aq is K/2 samples shifted in relation to Ai it
is necessary to add K/2 to Eq. 15, leading to

LZ = KM −K/2 + 1, (16)

by doing so, there are no abrupt transitions in either matrices.
Figure 5 illustrates the absolute value of the modified transmit
matrix for achieving the linear filtering behavior.
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(a) Absolute value of Ai.

(b) Absolute value of Aq.

Fig. 4: Absolute value of the transmit matrices for M = 4
subsymbols, K = 128 subcarriers, PHYDYAS prototype filter
[15]. In the time-domain OQAM configuration Aq is half
subsymbol shifted in relation to Ai.

IV. PERFORMANCE EVALUATION

For evaluating the performance, numerical simulations us-
ing MATLAB were carried out. Firstly, the bit error ratio
(BER) from Linear GFDM, FBMC-OQAM and OFDM are
presented, and the theoretical OFDM bit error probability is
also shown [17][18]. The BER performance is evaluated under
three channel models: i) pure additive Gaussian AWGN; ii)
time-invariant frequency-selective with eight taps; iii) time-
variant frequency-selective channel with four taps. Secondly,
the power spectral density (PSD) from Linear GFDM, FBMC-

(a) Absolute value of A(L)
i .

(b) Absolute value of A(L)
q .

Fig. 5: Absolute value of the modified transmit matrices. M =
4 subsymbols, K = 128 subcarriers, PHYDYAS prototype
filter.

OQAM, circular GFDM-OQAM and OFDM are compared.
Finally, the cumulative distribution function (CCDF) of the
peak-to-average power ratio (PAPR) is presented. Table I
shows the waveforms’ simulation parameters and Table II
shows the channel models used for the simulations.

A. BER performance

Figure 6 shows the simulation results regarding the BER
performance under the channel models. It is possible to
observe that linear GFDM holds the same performance as
OFDM and FBMC-OQAM. This performance is observed



TABLE I: Waveform related simulation parameters

Parameter Linear GFDM FBMC-OQAM OFDM

Mapping 16-QAM 16-QAM 16-QAM

Prototype filter PHYDYAS [15] PHYDYAS Rect

Number of subcarriers 128 128 512

Number of subsymbols 4 - 1

Overlapping factor - 4 -

Data symbols per frame 512 512 512

TABLE II: Channel models

Channel Impulse response

Pure AWGN hAWGN = 1

Time-invariant
frequency-selective hTIFS = [1 0 0 0 0.4 0 0 0.2]

Time-variant
frequency-selective

hTVFS =
[

1√
2
r0

0√
2
r1

0.012√
2

r2
0.022√

2
r3

]
rn ∼ CN (0, 1)

since no ISI occurs due to the half Nyquist pulse shaping
filter and no ICI occurs due to the OQAM configuration. For
this reason, the system is considered (quasi-)orthogonal, and
the BER follows the OFDM bit error probability when the CP
is not taken into account.
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Fig. 6: BER performance from Linear GFDM, FBMC-OQAM
and OFDM under different channel models.

For the TIFS channel, the signal-to-noise ratio (SNR) is
pondered by the channel’s frequency response over the kth
subcarrier in all waveforms. Thus, a performance degradation
is observed when compared with the AWGN channel. At the

receiver, perfect channel estimation is assumed. To perform
the channel equalization, the frequency-domain zero-forcing
solution was employed [19].

For the TVFS channel, the impulse response changes at
every multicarrier frame transmission, thus fashioning a time-
variant block fading channel. Each subcarrier experiences a flat
frequency response, since the channel’s coherence bandwidth
is approximately 20 times larger than the subcarrier bandwidth.
Channel state information is known by the receiver, and the
equalization is performed in frequency-domain using the zero-
forcing solution.

B. Spectral containment performance

For evaluating the spectrum containment, the power spec-
tral density (PSD) was estimated through the Welch method
described in [20]. We used a set of 103 multicarrier frames for
the PSD estimation. Figure 7 shows that Linear GFDM holds
the same spectrum containment as FBMC-OQAM due to the
linear filtering behavior shown by the modified modulation
matrices. For the sake of comparison, the OFDM and circular
GFDM-OQAM PSDs are also shown. Circular GFDM shows
poor spectral containment due to abrupt transitions between
the multicarrier frames. The PSD is estimated through the
baseband signal vector, not taking into account RF front-end
impairments.
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Fig. 7: Power spectral density comparison between Linear
GFDM, FBMC-OQAM, circular time-domain GFDM-OQAM
and OFDM.

C. PAPR

Figure 8 shows the CCDF of the PAPR from the considered
waveforms.

For estimating the CCDF, we used a set of 106 frames.
Linear GFDM and FBMC show the same poor performance
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when compared to OFDM due the long filter lengths that are
used to shape the data symbols in both schemes.

V. CONCLUSION

In this paper a modification in the GFDM transmit matrix
was explored in order to achieve a linear filtering behav-
ior. In fact, linear filtering can provide very good OOB
emission performance when compared to circular filtering.
Spectral efficiency it is not compromised for achieving the
OOB emission performance, assuming a continuous stream of
data. Moreover, differently from [4] no additional techniques,
such as windowing, are needed in order to improve spectral
containment. Nevertheless, it is important to point out that
a longer prototype filter may lead to an increase in latency
since it is directly proportional to the transmit signal length.
Also, longer transmit signals may lead poor performance in
fast time-varying channels due to estimation errors.

As an concept illustration, the future network control can
switch from the linear to the circular configuration depending
on the user requirements, e.g., deploy Linear GFDM in the
RAA use cases and circular GFDM in URLL use cases.
As shown, GFDM can be configured to perform like FBMC
bearing all its characteristics. Hence, the GFDM’s flexibility
shows its feasibility to be deployed as a configurable software
defined waveform for the 5G radio access network.

REFERENCES

[1] M. Van Eeckhaute, A. Bourdoux, P. De Doncker, and F. Horlin,
“Performance of emerging multi-carrier waveforms for 5g asynchronous
communications,” EURASIP Journal on wireless communications and
networking, vol. 2017, no. 1, p. 29, 2017.

[2] G. Wunder, P. Jung, M. Kasparick, T. Wild, F. Schaich, Y. Chen,
S. Ten Brink, I. Gaspar, N. Michailow, A. Festag et al., “5gnow: non-
orthogonal, asynchronous waveforms for future mobile applications,”
IEEE Communications Magazine, vol. 52, no. 2, pp. 97–105, 2014.

[3] R. Nissel, S. Schwarz, and M. Rupp, “Filter bank multicarrier mod-
ulation schemes for future mobile communications,” IEEE Journal on
Selected Areas in Communications, 2017.
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