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Abstract—Generalized frequency division multiplexing
(GFDM) is a non-orthogonal multi carrier scheme that
provides flexible pulse shaping. This is attractive for various
applications like machine-to-machine communications or
cognitive radio. The additional flexibility however is traded
for self-created interference that degrades BER performance.
In this paper a linear system description for GFDM is
presented and three receiver methods are derived. An iterative
interference cancellation technique allows to further improve
the performance.

Index Terms—Aflexible physical layer, multi-carrier systems,
cognitive radio, machine-to-machine communication

I. INTRODUCTION

In the area of wireless communications, the research fields
cognitive radio (CR) and machine-to-machine (M2M) commu-
nication have emerged during the past years. Such novel appli-
cations introduce different requirements to cellular networks of
the 5th generation (5G) than state-of-the-art systems like LTE
or WiMAX. The flexibility to shape and structure the transmit
signal is a key aspect of cognitive radio capabilities. A CR
system needs to be able to aggregate spectrum white spaces
of varying size that are scattered over a given bandwidth,
whilst ensuring that neighbouring non-cognitve systems are
not affected by spectral leakage in adjacent frequency bands
[1]. M2M communication on the other hand brings a large
number of different use cases with varying requirements [2].
A coarse classification can be done by distinguishing between
M2M terminals with a strong power supply and battery driven
devices. While aiming to maximize bandwidth efficiency in the
first category in order to support higher data rates and serve
more subscribers, for the second category minimizing commu-
nication overhead e.g. by loosening requirements to time and
frequency synchronization allows to increase energy efficiency
and battery lifetime. These aspects will gain importance for the
design of 5G cellular systems.

Today’s latest cellular technology, i.e. LTE, relies on or-
thogonal frequency division multiplexing (OFDM). Despite
of its proven advantages, there are shortcomings that make it
difficult for OFDM to address several of the above require-
ments. This includes spectral leakage, sensitivity to carrier
frequency offsets and constrained bandwidth efficiency due to

the large amount of cyclic prefix (CP) that is necessary to sup-
port frequency domain channel equalization. Therefore, novel
concepts for multi-carrier communication are researched, and
schemes like filter bank multi-carrier (FBMC) [3], interfer-
ence avoidance transmission by partitioned frequency and
time domain processing (IA-PFT) [4], as well as generalized
frequency division multiplexing (GFDM) [5] are considered in
the research community. All of these schemes can be classified
as filter bank techniques and are related to the thoroughly
investigated OFDM.

With GFDM we propose a generalization of OFDM, which
introduces additional degrees of freedom when choosing the
system parameters. The new scheme offers more flexibility by
ordering the data in a two-dimensional time-frequency block
structure, introducing flexible pulse shaping for the individual
subcarriers and potentially reducing the amount of CP when
compared to the amount of useful data, while still providing
means for an efficient single-tap equalization in frequency
domain. A technique called tail biting is employed to elim-
inate the need for additional guard periods that would be
necessary in a conventional system, in order to compensate for
filtering tails and prevent overlapping of subsequent symbols.
However, adding more flexibility to the system is traded for
the orthogonality of subcarriers. Using a pulse shape with
strong frequency localization introduces self-created inter-
symbol interference (ISI) and inter-carrier interference (ICI).
This can be mitigated by employing interference cancellation
techniques.

II. SYSTEM DESCRIPTION
A. Transmitter

Starting from the general concept of multi-carrier transmis-
sion with pulse shaping a simple way to express the generation
of the transmit signal has been found [5]. Consider a system
according to Fig. 1 modeled in baseband that distributes
complex valued data symbols dj[m] across K subcarriers and
M symbols. Note that each subcarrier on its own is pulse
shaped with a transmit filter gry[n] and modulated with a
subcarrier center frequency e927'% . To meet the Nyquist
criterion, each symbol is sampled N times, leading to M N
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is obtained through superposition of all subcarriers. The filter
g1x[n] is chosen to be circular with periodicity n mod M N,
which is necessary to enable tail biting [7] at the transmitter.
By ordering the data symbols dj[m] in a column vector d and
expressing the operations upsampling, pulse shaping, subcar-
rier upconversion and superposition as matrix operations, the
model

x = Ad 2)

can be found for the modulation of GFDM data, wherein x
contains the transmit time samples z[n] and A is a M N X
M N modulation matrix. Given a fixed subcarrier spacing, the
elements of A depend on the pulse shape of the transmit filter.

B. Receiver

Suppose y is a vector containing the time samples y[n] at
the receiver, after the signal has passed through an additive
white Gaussian noise (AWGN) channel. In that case

y=x+n, 3)

where n ~ N (0,02) is a noise vector containing AWGN
samples.

Three commonly known methods for receiving the signal
follow from (2).

The first way to receive a GFDM signal is constituted by
finding a matrix AT such, that ATA = I, where I is
an identity matrix of corresponding size. Depending on the
rank of A, it can be computed as AF = (AHA)f1 AH or

A" = A" (AAH) ™', Then
dzr = Aty “

is the zero forcing (ZF) receiver.
A second way to process the GFDM signal is to apply a
matched filter (MF) AM at the receiver, which leads to

EIMF = AHy. (5)

GFDM baseband transmitter model.

The corresponding block diagram is depicted in Fig. 3.
The third method is given by the linear minimum mean square
error (MMSE) receiver

2 —1
dywss = ATy with Af = ("gu AHA> AR (6)
94

which attempts to counteract the noise amplification known
from the ZF receiver by balancing the variance of the noise
o2 samples and the data symbols o3.

Note that in the absence of noise and a channel, the ZF re-
ceiver can reverse the crosstalk between different symbols and
channels and thus recover the original data symbols, while the
MF cannot. This becomes evident, particularly when looking
at the composite response AHA in Fig. 2. The self created
interference can be observed on the secondary diagonals,
which denote contribution from neighboring subcarriers and
time slots to a particular data symbol on the main diagonal.
The MMSE exhibits similar behaviour, while the combined
response of the ZF receiver has non-zero elements only on
the main diagonal.

C. Bit Error Rate Performance

The BER performance in the presence AWGN is suitable
to study the self induced interference in GFDM. The matched
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Fig. 2. Crosstalk response of the matched filter receiver in absence of noise.
Each tile denotes the amplitude of [AHAL. . in dB. A root raised cosine
filter with roll-off & = 0.5 is used and K = ’é, M =5.
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Fig. 3. GFDM matched filter receiver model (baseband) with interference cancellation (red).

filter curve in Fig. 4(a) exhibits a behavior that has been
identified in previous work [8]. At low signal-to-noise ratio
(SNR) the noise is dominant and the MF performance is close
to the BER of OFDM. When the SNR increases, the self-
induced interference remains and the BER deviates from the
OFDM curve. This behaviour strongly depends on the choice
of the pulse shaping filter, e.g. as seen in Fig. 4(b) increasing
the roll-off factor also increases the SNR gap.

The behavior of the ZF receiver is different. While it can
successfully reverse the self-induced interference, a constant
SNR shift that is due to noise enhancement can be observed.
How much the ZF curve deviates depends on A", Again the
roll-off factor has a strong impact. While there is a signficant
deviation for o = 0.5 in Fig. 4(b), the ZF curve nearly matches
the OFDM performance in Fig. 4(a) where o = 0.1.

Lastly, the MMSE outperforms MF and ZF, at the cost of
higher computational complexity.

III. INTERFERENCE CANCELLATION

The cross-talk of subcarriers and time slots that occurs in
GFDM due to the non-orthogonal subcarriers degrades the bit
error rate (BER) performance when compared to OFDM, as
can be seen in Fig. 4. If RRC filters are used as transmit and
receive filters, then only the adjacent subcarriers interfere caus-
ing ICI. With the interference cancellation technique described
in the following, interferences from adjacent subcarriers can
be successfully removed.

A. Double Sided Serial Interference Cancellation

With double sided serial interference cancellation (DSIC),
interferences from both adjacent subcarriers are removed si-
multaneously. If k is the subcarrier of interest, the data on
the (k — 1)th and on the (k + 1)th subcarriers are cigll[m}
and cf,(;)rl[m] respectively, where ¢ is the sub-iteration index.
Note that cleaning one subcarrier of ICI will be referred to
as a sub-iteration, while cleaning all subcarriers once will be
referred to as a (complete) iteration. Now, d\" | and 0?1221 [m]
are sent to the interference cancellation (IC) unit as shown in

Fig. 3, where they are mapped by a detector to the constellation
grid, e.g. QPSK, to get d;ﬁ’f [m] and d;jl’f [m]. Thus, the data
matrix in the IC unit, {d,(j)’e[m]} K x M, has non-zero elements
in rows k — 1 and k£ + 1. As illustrated in Fig. 5, this matrix
then subject to transmitter processing, which remodulates the

signals and the interference cancellation signal is obtained as

‘ M-1
LU DS

m=0 k'={k—1,k+1}

A [m]greln — mNJw ",

(7

where w = ¢/~ . The cancellation signal z()[n] is then
subtracted from the received signal y[n] to get §(*)[n]. This
mitigates the intercarrier interference from subcarrier k£ — 1
and k + 1.
Now the interference cancelled signal, §(*)[n], is again subject
to GFDM receiver processing, i.e. digital subcarrier down
conversion, filtering with the pulse shaping filter sampled
response and down sampling to get the received data symbols
for the kth subcarrier. Mathematically, this process can be
expressed as follows

) = Vet ®)
4N = 5[] @ graln] ©)
A m) = dTN = m. (10)

For cleaning the (k + 1)th subcarrier, data symbols from the
most recent sub-iteration are used.

Initially, all K subcarriers are detected. Then in the sub-
iteration ¢ = 1, the ICI due to both the adjacent K'th and
the 2nd subcarriers are removed from the 1st subcarrier. The
ICI cancelled subcarrier 1 is then detected. In the next sub-
iteration, the cleaned 1st subcarrier and the ICI-effected 3rd
subcarrier are used to cancel out the ICI on the 2nd subcarrier.
Hence, the IC process continues in a similar fashion.

B. Complexity

From the point of view of complexity, let the forward
and the cancellation branch complexity for each subcarrier be
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Fig. 4. BER of uncoded QPSK transmission through AWGN channels. A root raised cosine filter is used for pulse shaping.

denoted as C'y and C. and let the number of iterations required
to clean the signal of interference be I. When no interference
cancellation is done, then the receiver complexity is KC}.
In DSIC, the K subcarriers are detected first with complexity
KCYy. Then the ICI from adjacent subcarriers are removed
simultaneously with two times forward and two times IC
processing. Hence, for all K subcarriers and [ iterations, the
total complexity is KCy + KI(Cy + 2C.).

C. Bit Error Rate Performance

This very simple cancellation scheme can already provide a
large improvement in BER performance. As depicted in Fig.
4(b), the MF receiver with IC matches the BER of OFDM,
while still providing the advantage of pulse shaped subcarriers.
Altough not shown here, the scheme also works well with
higher modulation orders, however then a larger number of
iterations are required to reach the OFDM performance.
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Fig. 5. Interference cancellation unit in detail.

IV. CONCLUSIONS

GFDM is a non-orthogonal multi carrier scheme, which
provides pulse shaped subcarriers at the cost of self-created

interference. The modulation of data can be modeled with
the help of a modulation matrix that is computed based on
a given pulse shaping filter and data block size. Based on
the transmitter model, known ways of receiving the signal
can be applied. However, all three standard methods may,
depending on the system parameters, yield strong performance
degradation when compared to OFDM. In that case an inter-
ference cancellation scheme can be applied to improve the
performance significantly. An additional complexity cost of
KI(Cy + 2C,) is incurred in the double sided IC compared
to the MF scheme without interference cancellation.

Interesting topics for further investigation are the performance
with more sophisticated channel models as well as the suit-
ability of GFDM for sensing in cognitive radio applications.
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