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Abstract—Generalized frequency division multiplexing
(GFDM) is a new digital multicarrier concept. The GFDM
modulation technique is extremely attractive for applications in
a fragmented spectrum, as it provides the flexibility to choose
a pulse shape and thus allows reduction of the out-of-band
leakage of opportunistic cognitive radio signals into incumbent
frequency space. However, this degree of freedom is obtained
at the cost of loss of subcarrier orthogonality, which leads
to self-inter-carrier-interference. This paper will explain how
self-interference can be reduced by a basic and a double-sided
serial interference cancellation technique and show that these
interference cancellation techniques improve the GFDM bit
error rate to match the theoretical performance of the well
studied orthogonal frequency division multiplexing (OFDM).

I. INTRODUCTION

In today’s scenario, radio spectrum is getting scarce and
with opening up of some analog TV bands, the intelligent
use of the available spectrum by cognitive radio (CR) [1]
has become an important aspect of research in wireless
communication. However, spectrum sharing of opportunistic
users with licensed users needs to be done carefully so that
incumbent user operation in adjacent frequency bands is not
interfered with. One of the strict specifications for CR phys-
ical layer (PHY) modulation design is that the opportunistic
signal should have extremely low out-of-band radiation, so
that incumbent signals are not disturbed and co-existence is
assured. Moreover, to cope with spectrum fragmentation, the
receiver should be able to aggregate several TV white spaces
(TVWS) by a single wide band signal. Hence, innovative
waveform design with a new multicarrier modulation capable
of interference mitigation has emerged as a very important
topic of research.

The initial choice for CR physical layer design would be
OFDM as it is well researched and offers the flexibility of
multicarrier transmission. However, rectangular pulse shaping
that is used in OFDM causes extensive spectral leakage to
the adjacent incumbent frequency bands. A new PHY design
technique, GFDM [2],[3], has the flexibility of shaping the
pulses so that they have lower out-of-band radiation and cause
less interference to the incumbent signals. Here, a root raised
cosine (RRC) filter is considered. The RRC filter however,
introduces inter-carrier interferences (ICI) which degrades
the performance of the GFDM system. Another multicar-
rier modulation scheme being researched nowadays is filter
bank multicarrier (FBMC) which avoids self-interference with
offset-QAM [4],[5]. In OFDM, ICI cancellation is a well re-

searched area. [6],[7] proposed innovative ICI self-cancellation
techniques for OFDM systems in presence of frequency offsets
or time variations in the channel. The problem of ICI in GFDM
is different, as the ICI is self-generated by the system itself due
to the inherent non-orthogonality of the subcarriers because
of RRC pulse shaping. Hence, in this paper we introduce a
basic serial and a double sided serial interference cancellation
procedure suitable for GFDM and demonstrate that the self
introduced ICI caused by the RRC pulse can be mitigated
successfully.

The rest of the paper is organized as follows: in section II,
the GFDM system model is described. Section III describes the
interference cancellation techniques and the results, followed
by the conclusion in Section I'V.

II. GFDM SYSTEM MODEL

GFDM is a multicarrier system with flexible pulse shaping.
In this section, the GFDM system model is described in detail.
First, binary data is modulated and divided into sequences
of KM complex valued data symbols. Each such sequence
dif], ¢ =0...KM — 1, is spread across K subcarriers and
M time slots for transmission. The data can be represented
conveniently by means of a block structure
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where di[m] € C is the data symbol transmitted on the k™
subcarrier and in the m™ time slot.

A. Transmitter Model

The GFDM transmitter structure is shown in Fig. 1. Con-
sider the k™ branch of the transmitter. The complex data
symbols di[m], m =0,..., M —1 are upsampled by a factor
N, resulting in

M-1
dY[n] = Y dg[m]sln —mN], n=0,...,NM—1 (2)
m=0

where 0[] is the Dirac function.

Consequently, dY [n = mN] = di[m] and d¥ [n # mN] = 0.
With filter length L < M, the pulse shaping filter
gln],n=0...LN —1, is applied to the sequence dj’ [n].
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Fig. 1. GFDM transmitter system model

Additional rate loss from filtering is avoided with tail
biting technique described in [2], [3], followed by digital
subcarrier upconversion. The resulting subcarrier transmit
signal x[n] can be mathematically expressed as

xg[n] =

where ® denotes circular convolution and w*" = ¢ ¥k N
is the upsampling factor that is necessary to pulse shape each
of the subcarriers respectively and in this paper we consider
N =K.

Similar to (1), the transmit signals can also be expressed in a
block structure
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The transmit signal for a data block D is then obtained by
summing up all subcarrier signals according to

K-1

x[n] = Z x[n]. &)

k=0

This is then passed to the digital-to-analog converter and sent
over the channel. According to the model described in this
section, OFDM can be seen as a special case of GFDM,
where M = 1 and rectangular pulse shaping is applied.
Cyclic prefixed single carrier (CP-SC) transmission is another
special case, where K = 1 and there is no restriction to
the filter. Hence, GFDM can be thought of as a generalized
case of frequency division multiplexing, where OFDM and
single-carrier transmission are the two particular modes of
transmission.

B. Receiver Model

The receiver structure is shown in Fig. 3. After analog-to-
digital conversion the received signal shall be denoted as y[n].
The subcarrier receive signal is obtained after digital down
conversion and is given as i [n]. After convolving with the

receiver matched filter g[n], the signal is defined as cZ,(j)’N[n],
where

gs[n] = yln]-w™" (©)
5(3),N "
&Nl = (G @ g)ln] )
The received data symbols, a?,g) [mm] are obtained after down-

sampling JEJ)’N[n] according to dg) [m] = (ZECZ)’N[n = mN].
Finally, the received bits are obtained after demodulation.
Fig. 3 also shows the interference cancellation unit. With %
as the sub-iteration index, the cancellation signal z([n] in
the i-th sub-iteration depends on the scheme of interference
cancellation. The processing that is necessary to cancel the ICI
due to the adjacent subcarrier from the subcarrier of interest
and then detect it, is defined as one sub-iteration. Performing
this on all subcarriers in the signal is defined as one iteration.
The interference cancelled received signal in the i-th sub-
iteration is then given as

79 = yln]

The details of the interference cancellation schemes are given
in the next section.

— 20[n]. (8)

III. INTERFERENCE CANCELLATION

In GFDM, orthogonality between subcarriers is lost due
to the cyclic pulse shaping filters. Hence, self-interference
occurs which degrades the BER performance when compared
to OFDM. If RRC filters are used as transmit and receive
filters, then only the adjacent subcarriers interfere causing
ICL In Fig. 2 we show how the data on the k™ subcarrier is
interfered with, by the data on the adjacent subcarriers in the
frequency domain. This self-interference by adjacent carriers
is the underlying reason why GFDM bit error rate (BER)
performance was found to be worse than that of the OFDM

L X\

k+1 k+2

Fig. 2. The self-interference in the k-th subcarrier from adjacent subcarriers.
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Fig. 3. GFDM receiver with interference cancellation unit
expressed as
In Fig. 4, the interference cancellation unit is shown in @) ] .
detail. The received data symbols d,(;) [m] are fed to the O 'ln] = 99w (10)
interference cancellation block. Depending on the condition CZ](C”l)’N [n] = (@,(:) ® g)[n] (11)
of the cancellation scheduler, the cancellation signal in the i- S(i+1) S(i41),N
th subiteration, z(¥)[n], is subtracted from the received signal, d;"m] = dy [n = mN] (12)

y[n] as shown in Fig. 3. The basic and the double sided serial
interference cancellation (SIC) techniques were implemented
for GFDM to cancel ICI and these are explained in details in
the following subsections.

A. Basic Serial Interference Cancellation

In the basic serial interference cancellation scheme, K subit-
erations are run to cancel out interference from succeeding
subcarriers consecutively. In the subiteration ¢ = k, the ICI
due to subcarrier k — 1 is cancelled and the subcarrier k is
detected !. The cancellation scheduler passes on a subset of
the received symbols {cff;) [m]} i xar to the GFDM Tx block,
to construct the interference cancellation signal z(¥[n]. In
between, a detector maps the received symbols {dAg) [m]} i ar
onto the constellation grid to get {d\""°[m]} x x a7, where only
the (k — 1) row has non-zero elements for the basic SIC
scheduler. '

As shown in Fig. 6, once dl(jz’f[m},m = 1,....,M is
obtained it is upsampled, filtered with the pulse shaping filter
with sampled response g[n], and digital subcarrier upcon-
verted. The resulting interference cancellation signal z(%)[n]
is then given as

2] = (@ @ g)[n] - wk—Dn )

2[n] is then subtracted from the composite received signal
y[n] to get §9[n]. This removes the interfering effects of the
(k — 1)™ subcarrier from the k" subcarrier’s data symbols.
Now the interference cancelled signal is digitally subcarrier
downconverted, filtered with the pulse shaping filter sampled
response and downsampled to get the received data symbols
for the k™ subcarrier. Mathematically this process can be

The intercarrier interference on the k"™ subcarrier is now
removed and this process is continued for all subcarriers.

We start with cleaning subcarrier k£ = 1. For this, subcarrier
K is detected initially. Then, in the 1% subiteration, the ICI
from the K™ subcarrier is cancelled from the 1% subcarrier and
subcarrier k£ = 1 is detected. In the next subiteration, the ICI
due to the 1% subcarrier is cancelled from the 2" subcarrier
and then detected. Thus the IC process continues.

The above procedure mitigates intercarrier interference ef-
fects of the preceding subcarriers. To cancel out ICI due to
succeeding subcarriers, another K subiterations are performed
withi =K +1,...,2K and k = 2K —i.

This time the cancellation signal z(*)[n] is constructed from
the (k + 1) subcarrier. This is explained by the following

I'The subcarriers are indexed with modulo K notations, i.e. k —1 = K for
k=landk+1=1fork=K

. 7(2)
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Fig. 4. Interference Cancellation Unit



equation

2] = (@55 ® g)ln] - w0
2 [n] is now subtracted from the composite received signal
y[n] and the data symbols on the preceding k" carrier are

decoded following a procedure similar to (10)-(12).

13)

[ Parameter [[ Variable ] GFDM |
Modulation scheme o 2 (QPSK), 4 QAM
Samples per symbol N 64
Subcarriers K 64
Block size M 15
Filter type RRC
Roll-off factor « 0.3
Channel h AWGN
Cyclic Prefix CP No
Transmission Uncoded

TABLE I
GFDM SIMULATION PARAMETERS.

Performance results are obtained through simulation. The
parameters are tabulated in Table I. The GFDM system is sim-
ulated in an additive white Gaussian noise (AWGN) channel
with uncoded transmission. QPSK and 16 QAM modulation
schemes have been implemented with number of subcarriers,
K = 64 and samples per symbol, N = 64. The block size
considered is M = 15. Root-raised-cosine (RRC) filters are
chosen with roll-of-factor ¢ = 0.3. As an AWGN channel
environment is simulated, cyclic prefix is not considered in
the simulation setup.

The GFDM BER performance is improved by implementa-
tion of the SIC technique, as shown in Fig. 5. But it is unable
to cancel out all the ICI and the GFDM performance is still
about 1 dB worse compared to the theoretical OFDM curve.
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Fig. 5. GFDM Basic SIC BER Performance.

B. Double Sided Serial Interference Cancellation

In this technique, interferences from both the adjacent
subcarriers are removed simultaneously. If k is the subcarrier

d;m]
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Fig. 6.

(Y

2z [n]

Basic SIC flowchart

of interest, the data on the‘ (k—1)™ and on ‘the (k+1)® subcar—
riers are d\” ,[m] and d,jﬂ[ . Now, d\”, [m] and d,(;H[ ]
are mapped by a detector to the constellatlon grid to get

d”¢[m] and d." {[m]. The data matrix in the interference

cancellation unit, {d\""“[m]} x x »s now has non-zero elements
in rows £k — 1 and k + 1. This is then sent to the GFDM Tx
block.

In the GFDM Tx block, the interference cancellation signal is

obtained as follows
w(k—i— 1)n

g)ln] - w ®g)[n] -
(14)

2[n] is then subtracted from the composite received signal
y[n] to get §V[n], as shown in (8). This mitigates the
intercarrier interference from subcarrier £ — 1 and k + 1.

Now the interference cancelled signal, 3 [n], is digitally
subcarrier down converted, filtered with the pulse shaping filter
sampled response and down sampled to get the received data
symbols for the k™ subcarrier. Mathematically, this process
can be expressed as follows

2O = (@] @ =g (@)t e

0 m) = @”H wkn (15)
dy "N = (G @ g)n] (16)
d,(jﬂ)[m] dA(erl) N[ — mN] (17)

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

(Z) w_kn g[n] dl(;""l)[m]
y(n]
~@~ VA e VAR I N
(kDR dy) 'y Im]
N2 ZARN R B
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Fig. 7. Double Sided SIC flowchart.



Initially, all K subcarriers are detected. Then in the subit-
eration, ¢+ = 1, the ICI due to both the adjacent K th and
the 2" subcarriers are removed from the 1% subcarrier. The
ICI cancelled subcarrier 1 is now detected. In the next sub-
iteration, the cleaned 1% subcarrier and the ICI-effected 3™
subcarrier is used to cancel out the ICI on the 2" subcarrier.
Hence, the IC process continues in a similar fashion.

The BER performance of the GFDM system with double
sided serial interference cancellation is shown in Fig. 8. The
simulation parameters are the same as used in the case of
basic SIC and is tabulated in Table 1. The double sided
scheme mitigates the intercarrier interference from neighbour-
ing subcarriers as is evident in the improved BER perfor-
mance compared to [2] and the BER performance matches
the theoretical OFDM bit error rate performance. Fig. 8 also
shows relative improvement in BER performance that this
interference cancellation method brings over the basic SIC.
In case of 16 QAM scheme, the double sided SIC uses
3 iterations to completely cancel the ICI and matches the
theoretical AWGN BER curve.

In a parallel interference cancellation scheme, received data
symbols would be detected all at once to reconstruct the
interference cancellation signal through the feedback IC unit
and would then be updated all at once in the next iteration. But
in the double sided SIC scheme, only two adjacent subcarriers
are detected and subsequently the interference cancellation
signal is constructed to remove all the ICI introduced by these
two adjacent subcarriers. In the double sided SIC scheme,
the interference cancelled k™ subcarrier is used to estimate
the interference on the next subcarriers and this is done
successively. Hence the double sided SIC can be considered
as a hybrid between pure serial and pure parallel interference
cancellation techniques.

C. Complexity Analysis

From the point of view of complexity, let the forward and
the cancellation branch complexity be denoted as C'y and C,
for each subcarrier processing and let the number of iterations
required be /. When no interference cancellation is done, then
the receiver complexity is KCy. In the basic SIC scheme,
initially the (k—1)™ subcarrier is detected first with complexity
C's. Now for the downward serial interference cancellation run,
the forwarding and the IC processing is done only once. So the
complexity for cancelling out the ICI from one of the adjacent
carriers is C'y 4+ C.. Similarly for the upward basic SIC, the
complexity is Cy + C.. With K subcarriers, and I iterations,
the total complexity is Cy + 2KI(Ct + C.).

In the double sided SIC, the K subcarriers are detected first
with complexity K C. Then the ICI from adjacent subcarriers
are removed simultaneously with two forwarding and two IC
processing. Hence, for all K subcarriers and I iterations, the
total complexity is KCy+ KI(Cy+2C,). Thus it is seen that
for higher iterations, double sided SIC provides better BER
performance with lower complexity cost when compared to
basic SIC.

An additional complexity cost of KI(Cy+2C,) is incurred
in the double sided SIC compared to the no interference can-
cellation, but the IC scheme improves the BER performance
of GFDM significantly.
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Fig. 8. GFDM Double Sided SIC BER performance.

IV. CONCLUSION

GFDM is a generalization of OFDM and it has an issue
of self-ICI. This paper shows the implementation of basic
and double sided serial interference cancellation for a GFDM
multicarrier system. It is shown that self interference in GFDM
is reduced by basic SIC and completely eliminated by double
sided SIC. This paper explains the GFDM concept and details
the implementation procedure of the interference cancellation
algorithms. In an extremely fragmented spectrum, like the
recently made available TV white spaces, GFDM can be an
attractive option as a physical layer modulation design for
cognitive radio application. With its flexibility to choose the
pulse shape, so that out-of-band leakage is minimum into the
incumbent frequency band of operation, GFDM can be thought
of as a next generation PHY design concept.
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