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Abstract—This paper concerns the design of in-band full-
duplex transceivers that employ generalized frequency-division
multiplexing (GFDM). The composite of these two timely con-
cepts is a promising candidate technology for emerging 5G
systems since the GFDM waveform is advantageous to flexible
spectrum use whereas full-duplex operation can significantly
improve spectral efficiency. The main technical challenge in full-
duplex transceivers at large is to mitigate their inherent self-
interference due to simultaneous transmission and reception. In
the case of GFDM that is non-orthogonal by design, interference
cancellation becomes even more challenging since the interfering
signal is subject to intricate coupling between all subchan-
nels. Thus, we first develop a sophisticated frequency-domain
cancellation architecture for removing all the self-interference
components. Furthermore, by exploiting the specific structure
of the interference pattern, we further modify the scheme into
one that allows flexible control and reduction of computational
complexity. Finally, our simulation results illustrate the trade-off
between cancellation performance and system complexity, giving
insights into the implementation of interference cancellation when
we aim at achieving both low error rate and low complexity.

I. INTRODUCTION

One of the core transmission techniques in current modern
wireless systems is indisputably orthogonal frequency-division
multiplexing (OFDM) which modulates transmitted data on
inter-carrier interference-free subchannels in order to offer
high spectral efficiency with simple implementation. However,
the OFDM modulation has reached its limits for supporting
highly increasing data rates and diversifying applications due
to the inflexibility of the orthogonal format [1], and recent
rapid developments already focus on envisioning and estab-
lishing several kinds of new advanced data transmission tech-
niques [2] for replacing OFDM. Especially, filter-bank multi-
carrier modulation (FBMC) has recently been highlighted as
a viable alternative to OFDM in fifth-generation (5G) mobile
communication systems [1].

As an apt example of FBMC-based transmission, gen-
eralized frequency-division multiplexing (GFDM) considered
herein is a potential modulation technique [3] whose pulse-
shaping filter can be designed to have desired properties, e.g.,
low out-of-band (OOB) radiation, for facilitating spectrum
flexibility [3], [4]. Likewise, the cyclic prefix (CP) of GFDM
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solves problems related to synchronization and robustness to
multipath propagation [5]. As we expect that GFDM makes
up for the weaknesses of its orthogonal ancestors, it is now
under investigation in various kinds of 5G scenarios such as
machine-type communication and cognitive radios [4], [6].

This paper investigates the design of GFDM transceivers
in conjunction with in-band full-duplex technology that is
one of the key 5G concepts and targets at doubling spectral
efficiency [7], [8]. First and foremost, a full-duplex transceiver
has to cope with self-interference (SI), namely that the trans-
mitted signal loops back to the transceiver and is mixed with
signal of interest to be decoded. Many previous works have
already addressed the SI problem from the characteristics of
SI components to cancellation methods [9], providing several
cancelling steps from antenna-domain to digital-domain in
order to eliminate effectively various kinds of SI effects.

We focus on digital cancellation which is the last step before
information decoding and concentrates on suppressing residual
SI components to a very low power level by applying replica
subtraction [9]. As per earlier literature, digital cancellation
in OFDM systems can be executed on per-subcarrier-basis by
using the interference signal directly, because the signaling
format is orthogonal [10]. In contrast, applying digital can-
cellation in GFDM transceivers requires more sophisticated
techniques, because such systems are characterized by their
non-orthogonal modulation format [5]. In particular, GFDM
signaling is subject to a complicated interference pattern
between symbols and subcarriers at the receiver such that
the digital canceller should take into account the various
interference components between subchannels in order to
perfectly cancel the SI.

Our main contribution is to develop a subcarrier-wise in-
terference canceller that removes all the components of the
SI based on the GFDM signal pattern. Frequency-domain
cancellation is matched to multi-carrier operation by including
per-subcarrier channel estimation that facilitates its implemen-
tation. However, including all SI components in cancellation
requires large computational effort, which strains the system
in terms of complexity. Thus, we also propose an advanced
method for reducing complexity as well as analyze the trade-
off between complexity and cancellation performance, which
may be useful for practical system implementation.
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II. SYSTEM MODEL
A. Full-Duplex Architecture

We consider a full-duplex system where a wireless device
simultaneously transmits and receives GFDM signals in the
same time slot and frequency band. The corresponding signal
model is expressed in time domain as

r[n] = K [n] « 2 [n] + KD [n] « D[] + 2[n] (1)

where 7[n] is the received signal at the full-duplex transceiver,
and h()[n] and z(¥)[n] are a time-invariant multipath channel
and a transmitted signals, respectively, for i € {s,d} when s
and d refer to the SI and the desired signal, respectively. Term
z[n] represents additive white Gaussian noise (AWGN).

The SI from the device’s own transmitter is much more
powerful than the desired signal, because attenuation over
short distance in the loopback channel is typically very weak
compared to that affecting the desired signal. Thus, self-
interference cancellation (SIC) in the receiver is necessary [9].
The basic principle of SIC is to generate a replica of the
transmitted signal and subtract it from the received signal.

B. GFDM Signaling

GFDM modulation is non-orthogonal and based on block
transmission with flexible resource partitioning. Each GFDM
block is divided into subsymbols and subcarriers in time
and frequency domain, respectively, where input signals are
allocated to resource partitions. Suppose that the number of
subsymbols and subcarriers in a single block are M and
K, respectively. The representation of the transmitted GFDM
signal in time domain before adding a CP is given by

M—1

X= Y Xp, (2a)
m=0

X, = GmPW<ka>am =U,,a,, (2b)

where X,,, is the mth subsymbol vector of size M K x 1 and
a,, is a data symbol vector at mth subsymbol time of size
K x 1. Matrix W . is a K x K inverse DFT matrix and
P is an M-fold expander that consists of M identity matrices
as

P=]I . | T 3)

(KXK)?""9) (KXK)

where T, is a K x K identity matrix and {-}" is the
transpose operator. Diagonal matrix G, of size MK x MK
represents time-domain real-valued window function at mth
subsymbol time. The diagonal part of G, is a circular shift
of the diagonal part of Gy by mK symbols. Transmission
pulse response at mth subsymbol time is denoted by U,, =
GmPW< KxK) " After adding a CP, the GFDM block (2a) is
transmitted through a wireless channel.

Denote the received signal vector after removing CP by
r. The frequency-domain signal vector at the receiver for

subsymbol m’,m’ = 0,--- , M —1 is reconstructed by passing
the received signal through GFDM demodulator
_yH & _ wH T B
Yoo = U= W{K”QP G, 1T 4)

where {-}! is Hermitian operator. Finally, transmitted symbols
a,,, are decoded by applying channel equalizer to y,,,..

An important thing to keep in mind is that the recon-
structed signal inherently contains interference due to the non-
orthogonal signaling. Figure 7 in [5] shows the pattern of in-
herent interference composed of inter-subsymbol interference
(ISI), inter-carrier interference (ICI) from the same time slot’s
subsymbols, and ICI from the other time slot’s subsymbols.
Thus, creating a replica of self-interference is not straightfor-
ward but requires some complicated procedure in order to take
into account the inherent interference components.

III. SIC UNDER GFDM SIGNALING

This section provides the detailed SIC process focusing
on the replica generation including the modeling of inherent
interference. Especially, we will discuss the performance of
SIC process in terms of its complexity and accuracy.

A. Interference Cancellation Architecture

Figure 1 shows a block diagram of SIC architecture at the
receiver. Based on (1), the model of the received subcarrier-
level signal can be rewritten as

Yo = U?n’ (H(S)X(s) + H(d)x(d) + Z)

5
3y U ©
where H®) for i € {s,d} refer to self-interference and desired
channel matrices, respectively. When the channel delay is
shorter than the CP length, the channel matrix is a circulant
matrix. If the channel delay is longer than the CP length, the
channel matrix is not circulant any more and the interference
from the previous block occurs. When developing the proposed
SIC schemes, we assume that the channel delay is shorter than
the CP, but simulation results in Section IV evaluate also cases
where delay spread exceeds the CP length.

Self-interference cancellation (SIC) should be applied be-
fore channel equalization of the desired signal. The reason for
this is to avoid amplifying the self-interference. The cancella-
tion process is executed per-subcarrier-basis after GFDM de-
modulator with the aid of replica generation process. In order
to consider the ISI and ICI components of self-interference,
the SIC is given by

M-1
SIC §
ym’ = ym’ - Cm’ﬂnags,)
m=0

M—-1
= <y523 - Cm/,m,aﬁ,i)) +y D 41Utz (6a)
m=0

SIC term

where C,, ,,, is the coefficient matrix for replica generation.

The main task of the replica generation process is to build
the coefficient matrix based on the combination of GFDM
signaling and estimated self-interference channel, and thereby
to make the SIC term be zero. To reproduce the subsymbol
interference of GFDM signaling, the cancellation structure
contains the summation of all data symbols with its own
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Fig. 1. GFDM-based full-duplex transceiver with self-signal cancellation.

coefficient matrix. The coefficient matrix is constructed by
convolving the estimated self-interference channel with the
ICI pattern. We assume that the self-interference channel
is perfectly estimated per subcarrier by a frequency-domain
channel estimator. Then, we can define the coefficient matrix
for replica generation as

Convm = G HGo, ™

. < H 5 .
where G,, = W(KXMKLGWWWKXK> is the frequency-
domain filter matrix and W, .. = PW . Note that

“H refers to frequency-domain self-interference channel matrix
interpolated by M. The reason why the channel is interpolated
is because the self-interference is passed through the channel
being upsampled in frequency domain, see (2b). By using
the interpolated channel, the canceller is able to duplicate the
upsampled self-interference signal.

After SIC, the receiver performs the channel equalization
such as least squares (LS) or minimum mean square er-
ror (MMSE), for the desired signal. An advanced receiver
structure can be introduced such as successive interference
cancellation that cancels the ISI and ICI of the desired signal
after equalizer.

Due to non-orthogonal signaling, the SIC of GFDM system
has larger computational complexity than that of orthogonal
signaling like OFDM. Even though the filter response G
is deterministic, calculating full coefficient matrix requires
high computational complexity. This is because the coefficient
matrix should be updated whenever the self-interference chan-
nel is estimated. Thus, computational complexity should be
reduced.

B. Low-Complexity System Design

The computational complexity of the SIC architecture
comes from the calculation of the coefficient matrix. As the
number of subsymbols and subcarriers increases, the number
of coefficients that should be calculated increases as well,
which results in increased computational complexity. In order
to reduce the amount of computations, we consider a method
of utilizing only a subset of coefficients, refereed to as the
”valid set”, instead of the full coefficient matrix.

The valid set of coefficients is determined based on inherent
interference patterns, U™, U,, for any m and m’. When
m = m/, the diagonal part indicates the self-interference due
to transmitted symbols a,,. When m # m’ the diagonal part
indicates the ISI of self-interference pattern. The non-diagonal
parts of Ui,Um indicate the ICI from its own subsymbol or
different subsymbols. The diagonal part of matrices cannot
be ignored because of their high signal amplitude, while
off-diagonal parts are small compared to the diagonal parts.
Specifically, the amplitude of interference power becomes
smaller the further away from the diagonal of the matrix. This
observation is valid for GFDM signaling in general regardless
of the channel.

Based on this observation, it is concluded that the SIC
architecture can generate the replica effectively by using only
the coefficients near the diagonal and ignoring the rest of the
off-diagonal part. In other words, the valid set of coefficient
matrix needs to contain the diagonal elements and the elements
near the diagonal of matrix. Denoting cg;’,] Zn as the element
at ¢th row and jth column of C,, ,,, the ‘coefficient matrix
applying the valid set is expressed as

- (4,) i—il<
Cm/,m = { Cm/ m> {’L _.';{ ; 37 ®)

where + is the size of valid set. The physical meaning is that
the canceller reproduces only the ICI components within the
range vy from the center subcarrier for performing SIC while
the remaining weaker components are neglected.

1) SIC Error: Since a few coefficient elements are calcu-
lated among the coefficient matrix, the computational com-
plexity in the receiver can be relaxed. However, as a side effect,
the residual interference remains after the SIC. Although the
ICI components out of range have very small amplitude, the
residual interference power can be considerably high compared
to the desired signal power, because the self-interference
originally has high power. We define the residual interference
power ratio compared to the SI power as

M—1 ~ 2
E z;o (Cm’,m - Cm/,m) a’g;i) ‘|
esic = 3 )
e |2/

which is used to evaluate the trade-off between v and SIC
performance in simulation results.

2) Computational Complexity: The computational com-
plexity of (7) and (6a) depends on ~. Equation (7) has matrix—
matrix multiplications with matrix sizes of K x M K, MK x
MK and MK x K. Recalling that the M K x MK channel
matrix H is diagonal matrix, the number of complex-valued
multiplications and additions become MK?® + M?K? and
M K3, respectively. However, in the proposed low-complexity
scheme, the elements in valid set need to be calculated only
among K? elements according to (8). Then, the number of
elements to be calculated is reduced from K2 to (2y + 1)K
where (2 + 1) is the number of elements in valid set. Then,
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SIC performance with various size of valid set
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Fig. 2. Residual self-interference ratio defined as 10 log(egr¢) aa a function
of valid set size v in ITU Ped-A and ITU Veh-A channels.

the number of complex-valued multiplications and additions
in the proposed scheme become (M K? + M?K)(2y+1) and
MK?(2y + 1), respectively.

Equation (6a) has M matrix—vector multiplications where
respective sizes are K x K and K x 1. In the same way
with the complexity evaluation of (7), the number of complex-
valued multiplications and additions in the proposed scheme
are reduced from MK? and MK? to MK(2y + 1) and
MK (2vy+1), respectively. Then, the total number of complex
multiplications and additions in the proposed low-complexity
SIC, denoted as «,, and k, respectively, are

Km = MK(K + M +1)(2y + 1),
ke = MK(K +1)(2y+1).

We can see that the valid set size is important factor to
manage system complexity. If the SI power is rather high or
the first stages in SI mitigation (passive isolation and analog
cancellation) do not reduce the SI power sufficiently, the
proposed architecture should target to good SIC performance
instead of low system complexity. Otherwise, the proposed
architecture can focus on reducing the system complexity
while satisfying a minimum SIC performance.

When the total system complexity is fixed, the valid set size
~ has trade-off with the number of subcarriers K, i.e. y %,
according to (10). As « decreases, the number of subcarriers
increases so that more data can be conveyed. However, the SIC
error (9) also increases and performance is degraded. In other
words, the total throughput depends on several factors affected
by the valid set size. Accordingly, choosing the valid set size
is important when designing practical system architecture.

(10)

IV. SIMULATION RESULTS AND DISCUSSION

In this section, we assess the performance of the proposed
SIC architecture with respect to the residual self-interference
and the corresponding bit-error rate (BER).

The performance is averaged over 10° Monte Carlo itera-
tions with the following parameters:

1) The sampling frequency and the carrier frequency are set

to 15.36MHz and 2GHz, as in some LTE-like system.

BER corresponding to valid set size
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Fig. 3. BER curves corresponding to different sizes of valid set when the

self-interference power is fixed to 40dB. The channel model is ITU PED-A

2) The number of subsymbols and subcarriers in each block
is M =4 and K = 256 while the subcarrier bandwidth
is 15/256 MHz. The number of sequentially transmitted
blocks is set to 10. The number of samples in the cyclic
prefix is set to 32. The modulation type is 4-QAM.

3) Convolutional coding is applied with a constraint length
of 7 and a coding rate of 1/3.

4) Pulse-shaping filter in frequency domain is the raised
cosine filter with roll-off factor 0.8.

5) Self-interference channel models' are ITU Indoor Office
A ("Office-A”), ITU Pedestrian A ("Ped-A”) and ITU
Vehicular A ("Veh-A”) [11]. The channel model for the
desired signal is ITU Ped-A.

6) Matched filter with successive interference cancellation
is used as an equalizer for the desired signal [5].

Figure 2 shows the residual SI power ratio defined as
10logegrc (dB) as a function of the valid set size . In Ped-
A channel, the residual SI ratio is inversely proportional to
~. When ~ increases more ICI components are reproduced
when generating replica, which improves the performance of
SIC. With v = 64, the residual SI power is about -48dB in
Ped-A channel. On the other hand, the residual SI power ratio
in Veh-A channel saturates to -20dB irrespective of . The
reason is that the delay spread of Veh-A channel is longer
than the CP length giving rise to inter-block interference (IBI).
Since the SIC architecture does not include IBI cancellation,
the IBI components of SI remains, which degrades the SIC
performance.

Figure 3 shows coded and uncoded BER at the full-duplex
receiver when applying the proposed SIC architecture with
different v. The x-axis indicates the energy per bit to noise
power spectral density ratio (EbNo) of the desired signal.
The self-interference power is fixed to 40dB and the channel

'With passive cancellation, the self-interference channel becomes more
frequency-selective since the passive suppression reduces the direct lime-of-
sight path for self-interference. For this reason, we adopt ITU channel models
as the frequency selective channels. The path loss according to the distance
is considered as the received signal power.

791



2016 24th European Signal Processing Conference (EUSIPCO)

BER corresponding to Sl power (y = 1)
T T T

—7— Uncoded (SI power = 40dB)
—— Uncoded (SI power = 30dB)
—©— Uncoded (S| power = 20dB)
- ¥~ Coded (Sl power = 40dB) |
- X = Coded (SI power = 30dB)
- ©- Coded (SI power = 20dB)

I I I
0 5 10 15 20 25 30 35 40
EbNo of desired signal (dB)

BER corresponding to Sl power (y = 32)
T T T T

—— Uncoded (S| power = 60dB)
—>¢— Uncoded (SI power = 40dB)
—©6— Uncoded (SI power = 20dB)
~ ¥~ Coded (Sl power = 60dB) |4
~ X = Coded (S power = 40dB)
~ ©- Coded (Sl power = 20dB)

I L
0 5 10 15 20 25 30 35 40

EbNo of desired signal (dB)

Fig. 4. BER curves corresponding to different powers of self-interference
when the valid set size is 1 (upper figure) and 32 (lower figure). The channel
model follows ITU PED-A model.

follows ITU Ped-A model. As the valid set size increases,
the uncoded BER performance becomes better and gets close
to the perfect SIC case that uses the full coefficient matrix.
The behavior of coded BER corresponding to valid set size is
similar to that of uncoded BER. Note that the BER curves of
v = 16 case almost reaches that of the perfect case. This is
because when v = 16 SI power is reduced by about 40dB as
shown in Fig. 2. Accordingly, for the given environment, the
SIC architecture with v = 16 is the best choice to improve
system performance with reduced complexity.

Figure 4 depicts BER performance with different levels of
self-interference power in the ITU-Ped A channel. The upper
and the lower figure correspond to v = 1 and v = 32,
respectively. For v = 1 the performance gets close to the
bound when the SI power is around 20dB, because according
to Fig. 2 self-interference power is reduced by -18dB when
v = 1. However, v = 1 is clearly insufficient when SI power
becomes larger. In case SI power is 40 dB, v = 32 is a proper
choice to reduce complexity without degrading performance.

Based on the coded BER results, we provide throughput
curves when the complexity of the receiver is constrained.
For given complexity, both the number of subcarriers and
coded BER value depend on 7. Hence, we can express
the throughput as K (7)[1 — BER.oqea(y)] where K is the
number of subcarriers for given complexity. Figure 5 shows
the throughput curves when K (1) = K = 256. Throughput
is inversely proportional to 7, which implies that the effect
of K on throughput is more dominant than the effect of SIC
performance when computational complexity is limited.

Throughput corresponding to valid set size
T T T
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120:
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EbNo of desired signal (dB)
Fig. 5. Throughput corresponding to different sizes of valid set when the

total complexity is fixed

V. CONCLUSION

We investigated an architecture for self-interference can-
cellation under generalized frequency-division multiplexing.
Due to non-orthogonal signaling, it is necessary to regenerate
and remove inter—symbol and inter—carrier interference in the
transmitted signal, which increases computational complexity.
Instead of incorporating all interference components, we pro-
posed the method to cancel their valid subset only. By selecting
a proper size of valid set according to self-interference power,
it is possible to improve the system performance and reduce
the computational complexity simultaneously.
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