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Abstract — 5G cellular systems must deliver high data rates, ultra-
low power consumption and low end-to-end latency. Currently
there is considerable interest in the design and performance of new
5G physical layer waveforms. One of the leading candidates is
Generalized Frequency Division Multiplexing (GFDM). 5G
waveforms are required to support a smooth transition from
existing 4G solutions. In this paper the performance of a GFDM
waveform is analysed in the context of LTE-A using the 3D 3GPP-
ITU channel model. Results are directly compared with traditional
OFDM solutions. Our analysis shows that GFDM achieves
comparable Packet Error Rate (PER) and throughput results
while introducing additional benefits such as reduced out-of-band
radiation which is the key factor for the SG cognitive applications
based on dynamic spectrum access. We conclude that GFDM is a
strong candidate for use in future 5G systems.

Index Terms — GFDM; OFDM; LTE-A.

1. INTRODUCTION

5G system requirements vary depending on the scenario,
such as Machine Type Communications (MTC), Internet of
Things (IoT) and mobile communications [1]. To achieve these
requirements a variety of technologies need to be deployed, so
as Massive  Multi-User MIMO, millimetre wave
communications and new physical layer waveforms. The
choice of physical layer waveform is key since it impacts
system level performance and transceiver complexity.

Orthogonal Frequency Division Multiplexing (OFDM) is
used effectively as an air interface technique in many wireless
standards. Examples include Digital Audio Broadcasting
(DAB), Digital Video Broadcasting for Terrestrial Television
(DVBT), Wireless Local Area Networks (WLAN 802.11
family) and 4G cellular (LTE-A). OFDM has many desirable
features, such as robustness to Inter Symbol Interference (ISI)
via low complexity equalisation. This is achieved by combining
a Cyclic Prefix (CP) with Frequency Domain Equalisation
(FDE). Waveform processing is further reduced by the efficient
use of IFFT/FFT processing [2]. However, OFDM is known to
suffer from several disadvantages [3]:

e High out-of-band emissions require an addition filter to
fit within the regulatory spectral mask.

e High sensitivity to carrier frequency offset requires
complex synchronisation to preserve orthogonality.

e Reliance on a CP reduces bandwidth efficiency.

e OFDM waveforms suffer from a high Peak to Average
Power ratio (PAPR) that constrains amplifier design.

Recent research has proposed enhancements and
alternatives to the OFDM waveform. The goal is to deliver the
5G requirements by implementing a waveform that is simple to
transmit and receive, is robust to frequency offset and hardware
impairments, offers good localisation in time and frequency and
easily extends to embrace MIMO signal processing. In [4] the
authors propose enhancements to the OFDM waveform to
improve on many of its properties, such as spectral
contamination and sensitivity to carrier frequency offset. Other
work has suggested to replace OFDM with new waveforms
such as the recently proposed GFDM, Filter Bank Multi-Carrier
(FBMC)[5], Universal Filtered Multi-Carrier (UFMC) [6] and
Bi-orthogonal Frequency Division Multiplexing (BFDM) [7].
In this paper, we focus on analysing the system level
performance of GFDM and OFDM waveforms. Importantly,
we compare simulated results for a multi-cell LTE-A like 5G
deployment.

The remainder of this paper is organised as follows: Section
II provides a brief description of the GFDM waveform, its key
benefits and the transceiver model. Section III lists the LTE-A
related system model parameters for OFDM and GFDM, while
in Section IV the simulation results are presented and discussed.
Finally, conclusions are given in section V.

II. GFDM SYSTEM MODEL

A. GFDM Overview

GFDM is a multicarrier modulation scheme with sufficient
flexibility to address the requirements of 5G. The structure of
the GFDM transmitter is shown in Fig. 1.

up
CONVERSION

[ Exp(0
upsampung FILTERING )
gndn]
doo, ..., dow TN/ 4>®7
MAPPING ° N

BINARY 3

s/p . . L
L4 o 2/
Expli2n((K-1/KIn)
di1o,., deam TN/ - éﬁ

Fig.1: The basic structure of the GFDM transmitter.



Unlike OFDM, GFDM transmits M symbols per sub-carrier
and the sub-carrier signal is oversampled by N, where N’> K
and K represents the number of sub-carriers. A pulse-shaping
filter is then applied to each sub-carrier prior to up-conversion.
The sub-carrier signals are added together to form the final
waveform. A number of methods are reported in [3] to simplify
the implementation of GFDM.

The GFDM block consists of K subcarriers and a number of
sub-symbols M. The pulse-shaping process is used to filter each
sub-carrier and this reduces the degree of Out-Of-Band (OOB)
radiation [1]. Possible filters include the Raised Cosine (RC)
filter, the Root Raised Cosine Filter (RRC) and the Dirichlet
filter. The flexibility of the GFDM system stems from the use
of non-orthogonal filters, as well as orthogonal filters [8]. As
discussed in [1], the OOB radiation in the case of GFDM is
around 15dB lower than OFDM. This difference can be further
increased by inserting Guard Symbols (GS) and by pinching the
Block Boundary[1]. Furthermore, GFDM has sharper spectral
edges (i.e. reduction of OOB) in comparison to OFDM,
however this requires a higher transmit and receive filter length.
This length represents a problem due to its impact on the CP
length, as shown mathematically in (1), where
Leps Lenannet Lt & Lre . denote the length of the CP,
channel, transmit and receive filters respectively. This equation
is necessary when effective FFT-based block equalisation is
applied [8].

Lep = Ly p + Lenannet + Lrxr (1

The tail biting technique (which considers circular rather
than linear convolution between the signal and the impulse
response of the filter) can be applied at the transmitter and
receiver to reduce the CP length and achieve parity with the CP-
OFDM case [8].

B. GFDM Transceiver
We consider the baseband GFDM transceiver as in [1].
First, a data vector (b) is supplied to the encoder by the data

source to produce the encoded data vector (bj). A signal mapper
is used to map groups of u encoded bits to their corresponding
symbol, where u represents the bits per symbol of the chosen
modulation scheme. The resulting vector (c_l)) represents a data
block containing N symbols that can be decomposed into M
sub-symbols and K sub-carriers as below.
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Each individual symbol d ,,, represents the data symbol to
be sent on the k” sub-carrier and the m” sub-symbol of the
GFDM block. Fig. 2 shows the GFDM modulator, where each
symbol (dy ,,) is filtered with its corresponding pulse shape as
defined by (4).
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Fig.2: GFDM modulator [1].
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where 7 is the sampling index and gy, ,, represents the time and
frequency shift of the impulse response of the prototype filter.
The resulting transmit samples can be expressed as

x[n] ZK > M gkm[n]dkm (5)

where n=0, ... , N-1. The above equation can be rewritten as

-

% =Ad ()

where A represents the transmitter matrix with dimensions of
KM X KM and its structure is given by [1]

Oiim] ()

The wireless channel impulse response //n] is assumed to
be equal or less than the CP length. Moreover, perfect
synchronisation and channel state information is assumed at the
receiver. The received waveform after removing the CP can be
expressed as

A = [M ...... gk—l,O 90,1 eas sen wen nes e

y[n] = x[n] ® hln] + win] ®)

where w[n] represents the AWGN with zero mean and o2
variance. ® refers to circular convolution with respect to n and
periodicity N. Equalisation in the frequency domain is then
performed as

F(y[n] 9)

*n)=F"1 FinD

where F represent the Discrete Fourier Transform (DFT).
GFDM demodulation in the receiver and can be expresses as

d=B.% (10)

where B is the GFDM demodulation matrix. Different linear
methods can be used such as the Matched Filter receiver (MF),
the Zero-Forcing receiver (ZF) and the Minimum Mean Square
Error receiver (MMSE). In this paper, due to its simplicity
compared to the MMSE approach, we use the ZF receiver, in



which B = A™1. It should be noted that the ZF performance loss
due to noise enhancement is zero due to the use of an orthogonal
Dirichlet pulse [9].

.  SIMULATION PARAMETERS

A. LTE-A parameters

In this paper we develop a 20 MHz FDD LTE-A downlink
simulator. The parameters of the LTE-A system are
summarised in Table I [10]. The standard mode for LTE-A is
used here where the CP length for the first and subsequent
OFDM symbols is 160 and 144 samples respectively.

TABLE I: LTE-A PARAMETERS

Value

Parameter

Sub-frame duration Ims or 30,720 samples

Slot duration 0.5 ms
Subcarrier spacing 15kHz
Sampling Frequency (clock) 30.72MHz
Number of subcarriers 2048
Number of active sub-carriers 1200

Resource block 12 subcarriers of one slot

Number of OFDM per sub-frame 14 (7 per time slot)

CP length-First symbol 160

CP length-Other symbols 144

Channel coding Turbo code

resource blocks (1 Recourse block=180kHz). The GFDM
parameters in [9] are used here, as shown in Table II. The
channel coding and MCS parameters are taken from Table 1.

C. System-level parameters

Fig. 3 illustrates the 3GPP macro cellular deployment with
a frequency reuse factor of one. Each cell consists of three
sectors with cell radius, cell diameter and Inter Site Distance
(ISD) of R, 2R and 3R respectively [11].

Fig. 3: Cell layout using 3GPP — 3-sector site.

B. GFDM parameters compatible to LTE-A

In order to use the GFDM waveform in the LTE-A grid, the
symbol duration of the GFDM system must be selected to be an
integer fraction of the LTE-A sub-frame period (1 ms) and a set
of its sub-carriers must fit into an integer number of LTE

MCS modes QPSK1/3, QPSK1/2, QPSK2/3, TABLE III: SYSTEM LEVEL PARAMETERS
16QAM1/2, 16QAM2/3, Parameter Value
16QAM4/5, 64QAM2/3,
64QAM3/4, 64QAM 4/5 Channel model Extended 3D 3GPP-ITU channel model

PDSCH simulation model Bit level Simulator
TABLE II: GFDM PARAMETERS Bandwidth 20 MHz
LETErT MALD Carrier Frequency 2.6 GHz

Sub-frame duration Ims or 30,720 samples Environment Urban-Macro

GFDM symbol duration 66.67us or 2048 samples Main BS-UEs distance 50 - 1000 m

Sub-symbol duration 4.17us or 128 samples Cell Diameter 500 m

Subcarrier spacing 240 kHz BS transmit power 43 dBm

Sampling frequency 30.72 MHz No. of users per cell 900

BS antt height 25

Subcarrier spacing factor (K) 128 anfenna helg m

BS down tilt 10°

No. of active subcarriers (K, ) 75 — —

Minimum user sensitivity -120 dBm

No. of Sub-symbols per GFDM symbol (M) 15 Link direction Downlink (from BS to UE)

No. of GFDM per sub-frame 15 Noise Figure 9dB

CP length 4.17ups or 128 samples BS antenna type Measured patch antenna as in [12]

Prototype filter Dirichlet UE antenna type Measured hand set antenna as in [12]

The UEs were randomly distributed at street level in the cell,
at a distance of between 50-1000m from the main BS. An
operating frequency of 2.6 GHz and a bandwidth of 20MHz was
assumed. The 3D 3GPP-ITU channel was applied, where the
effect of elevation is also considered [13]. The system level
parameters are summarised in Table III



To execute the system level analysis, bit level simulators for
both waveforms (OFDM and GFDM) have been developed and
used to calculate the PER for each user for 9 MCS modes. One
thousand channel snapshots were produced for each link
(between each UE and its serving BS and each UE and each one
of six first-tier interfering BS) to generate statistically relevant
performance data. The performance of both waveforms is
studied for cases with and without interference. Table IV
illustrates the MCS schemes and the maximum error free
throughput for both waveforms.

TABLE IV: MCS AND R ;s VALUES FOR BOTH WAVEFORMS

MesNunber | Jitor | R | e | Ciavoee
MCS-1 2 173 11.2 11.25
MCS-2 2 12 16.8 16.875
MCS-3 2 2/3 22.4 22.5
MCS-4 4 172 33.6 33.75
MCS-5 4 2/3 44.8 45
MCS-6 4 4/5 53.76 54
MCS-7 6 2/3 67.2 67.5
MCS-8 6 3/4 75.6 75.94
MCS-9 6 4/5 80.64 81

In the interference-free case, only the effects of thermal
noise need to be taken into account. The SNR is calculated as
follows:

SNR; , = —iMain (11)

PawenN
where P; yqin refers to the total received power at UE location
i from the main BS sector cell and Py ¢y is the AWGN power.
In the interference case, the interference comes from the
different sectors of the six first-tier interfering BS. The SINR at
each UE location is determined using (12)

Pi,Main (12)

PawGN+2is1 P s

SINR; =

where P; ;5; refers to the total interference power at location i.
Finally, the UE throughput is calculated using (13) [14]

THR; ycs = RMCS(1 - PERL',MCS) (13)

where Ry¢s 1s the peak error free data rate which represents the
maximum data rate that can be transmitted without error for a
given MCS mode.

IV. RESULTS

A. Comparison under different channel models

Fig. 4 shows the BER performance for both waveforms for
16QAM at a code rate of 1/3 in an AWGN channel.

Fig. 5 shows the performance of both waveforms in a
narrowband Rayleigh fading channel. In general, for both
waveforms the performance is much worse than AWGN. This
is a result of dynamic fading and the lack of frequency diversity.
Slightly worse performance is observed for GFDM since each
sub-carrier consists of M modulation sub-symbols, while in

OFDM each sub-carrier contains only a single symbol.
Furthermore, an error across a particular subcarrier effects M
symbols in GFDM rather than a single symbol in the case of
OFDM,; thus resulting in higher BER. However, this type of
channels is very harsh and represents a theoretical case. The
performance of the two waveforms at a certain UE location in
a realistic urban channel scenario (3D 3GPP-ITU) is shown in
Fig. (6) (K-factor of -9.7dB and delay spread of 0.12 micro
second), it is clear that their performance are nearly matched
and lower than the Rayleigh channel.
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B. System-level analysis

Fig. 7 illustrates the Cumulative Distribution Function
(CDF) of the UEs” SNR and SINR in the centre cell. We
observe that 70% of the UEs’ SNR values are equal to or less
than 21 dB. When considering interference, 70% of the UEs’
SINR values are equal to or less than 5 dB. The impact of
interference is dramatic impact of interference. Importantly, the
impact of interference can be reduced by methods such as
beamforming [15].
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Fig. 10: Power Spectral Density (PDF) for GFDM and OFDM.

Fig. 8 shows the CDF for the PHY throughput; given the use
of adaptive MCS selection (i.e. for each user the best MCS
mode was selected using exhaustive simulation). We observe
that the OFDM and GFDM results are very similar. The
throughput for both schemes is clearly much better in the
interference-free case. 65% of the UEs have a throughput
greater than 20 Mbps in the interference-free case; while just
20% of the UEs achieve this rate when interference is
considered in the simulator.

Fig. 9 shows an example of PER performance for a given
UE location for MCS modes 1, 4 & 7. The aim is to compare
the outcomes for GFDM and OFDM. The performance
differences (based on a realistic urban channel model) are
remarkably small compared to the earlier data for a simple
Rayleigh fading channel.

Fig. 10 shows the Power Spectral Density (PSD) for both
waveform types. GFDM results in a small reduction
(approximately 6 dB) in the OOB radiation compared to
OFDM. This modest reduction occurs since both waveforms
have been constrained to deliver the same spectral efficiency
(Ng/N) [16]. However, as mentioned in section II-A, several
methods can be used to significantly reduce the levels of OOB
radiation.

In the Guard Symbols (GS) method, the first and last sub-
symbols are set to a fixed value (zero in this study). This can
result in approximately 20dB of improvement in OOB
radiation, as shown in Fig. 9. However, this improvement
comes at the cost of reducing the data rate by a factor of (M-
2)/M. Secondly, pinching the block boundary, which implies
multiplying the GFDM symbol with a window, leads to an OOB
improvement of 25dB and 45 dB in the case of ramp and RC
window schemes respectively. This method also enhances the

noise by a factor of (10 * log,, (1 + %)), where N, is the
number of samples in the linear part of the window. Readers

may refer to [1] for further details.
V. CONCLUSIONS

In this paper, the performance of GFDM and OFDM
waveforms in an LTE-A like system was evaluated and



compared using different channel types. Also the system level
analysis using a realistic channel model scenario (3D 3GPP-
ITU) is evaluated and the simulation results have shown that the
PER and throughput, for both waveforms, match closely. A
modest improvement in the OOB radiation in case of GFDM in
compared to OFDM is obtained, which is due to the fact the
both waveforms (in this case) have the same spectral efficiency.
However, the OOB radiation can be further enhanced for
GFDM case compared to OFDM by using different methods
like the guard symbols and pinching the block boundary.
Although the GFDM provided comparable performance with
OFDM in terms of BER, higher differences are expected in this
context of OOB radiation when some LTE-A related physical
parameters such as the sampling rate are adapted appropriately
for the GFDM to fully utilise the benefit of this waveform.
Hence we conclude that the GFDM waveform can be used
effectively in future 5G systems. Since the GFDM exhibits
reduced levels of OOB radiation in comparison to OFDM, this
feature will enable GFDM to be used effectively in the
applications where low adjacent channel leakage is required
such as cognitive systems and M2M applications.
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