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Abstract—The performance of physical-layer network coding
(PLNC) in two way relay channels (TWRCs) is significantly
decreased by impairments like carrier frequency offsets or timing
offsets. This mismatch cannot be completely compensated at
the receiver side, even if the offsets are known. Multi-carrier
systems with Gaussian waveforms for TWRC systems are more
robust against the impact of these offsets. In comparison to
rectangular multi-carrier systems, Gaussian waveforms have a
better time-frequency shape and they provide improved spectral
efficiency due to lower out of band radiations. In this paper,
we introduce a multi-carrier TWRC system with Gaussian
waveforms and develop an adapted soft interference cancellation
(SIC) equalizer to consider the intrinsic interference of the
Gaussian transmit/receive filters. The presented results show, that
systems with Gaussian waveforms achieve bit error rates close to
the rectangular waveforms in PLNC systems while being more
robust against Doppler and delay spreads.

I. INTRODUCTION

A rapid expansion from single user transmission to networks
supporting a huge number of services has been developed in
the last decades. Main challenges are the high transmission
rates at low costs. A key technology for future mobile com-
munication systems is the principle of cooperative commu-
nication. The enhancement of coverage for applications with
given quality of service (QoS) constraints is one advantage
of this scheme [1]-[4]. By using assisting relay stations
between users, the path losses of the transmission links can
be significant reduced. Allowing transmissions of two users
simultaneously to an assisting relay in a so-called multiple
access (MA) phase using a two way relay channel (TWRC)
achieves further improvement of the spectral efficiency. This
idea of physical-layer network coding (PLNC) in TWRCs
was introduced in [4]-[8]. This transmission results in the
superposition of the signals of both users at the relay. Based
on this received signal, the relay constructs a relay message,
which uses PLNC and it is transmitted to both users in the
broadcast (BC) phase. The users can obtain the message of the
other user by simply subtracting their own message transmitted
previously.

Many recent transmission schemes like WLAN, LTE or
DVB-T are using orthogonal frequency division multiplexing
(OFDM) as multi-carrier scheme, utilizing rectangular trans-
mit and receive filters per sub-carrier. Correspondingly, the
application of OFDM for PLNC has been introduced and
analyzed in [8]-[14]. Rectangular waveforms are orthogonal
in the frequency domain, but at the cost of a broad spectral
shape. Additionally, they come with a high sensitivity against

offsets. Hence, carrier frequency offsets (CFOs) have a severe
influence in the performance of OFDM systems, which are
in particular also the case for PLNC systems [15], [16].
However, the impact of impairments like CFO, timing offset
(TO) and other channel influences can be reduced significantly
by applying other waveforms [17].

In this paper, we combine the robustness of a Gaussian
waveform with a better time-frequency localization property
in generalized frequency division multiplexing (GFDM) [18]-
[20]. The higher robustness comes at the expense of additional
intrinsic interference introduced by transmit filters that does
not fulfill the first Nyquist criterion. Here, we applying a two
step approach by firstly treating the additional interference by
an equalizer, where secondly the superposition of the two users
can be exploited in PLNC detection algorithms. We propose in
this paper the combination of an additional soft interference
cancellation (SIC) processing block and PLNC detection at
the relay, iteratively. The bit error rate (BER) performance
of multi-carrier schemes is compared regarding the iterative
equalizer for handling extrinsic and intrinsic interference in-
troduced by the channel and corresponding waveforms. Fur-
thermore, the multi-carrier transmission scheme cyclic prefix
OFDM (CP-OFDM) with a low complexity one-tap equalizer
is used as a benchmark scheme as it is the common SotA
transmission scheme.

The paper is organized as follows: In Section II, the overall
transmission scheme based on TWRC in the MA phase is
introduced. Section III describes the procedures at the relay.
First, the PLNC detection schemes are introduced and further
the equalizing with and without an iterative structure is shown.
Furthermore, in Section IV simulation results for different
channel realizations and offsets are given and also the robust-
ness of the Gaussian waveform in TWRC is presented. Section
V concludes the paper.

II. SYSTEM MODEL

Let ua and ug be two binary sequences of length NV, which
are encoded by a linear encoder C to sequences cy € F™N:
and cg € FNe. The modulator M maps log,(M) code bits
to one M-ary symbol dz(.k’é) for each user i« € {A,B} in
the matrix D, of size € CV+*N¢ with N} sub-carriers and
N, symbols used in one transmission frame. Each symbol
dgk’z) corresponds to a symbol transmitted on sub-carrier kF
at time instance /7" with the symbol spacing F' in frequency
and symbol spacing 7" in time domain. Fig. 1 shows the system
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Fig. 1. Block diagram of the MA phase
model. We assume that both users equipped with one antenna Av@=0 | Av=02F A =0 | Av®W=0.2F
transmit their messages d, and dB. simultapeously on the :‘{H‘ L %\S\: ‘ ‘: El‘dxﬁ! [ LE‘\‘ [ ‘:
§ant1}el: r;/s[c:rc;:s to lihebresk?y .alsol equipped v.vnh on(ei ?}?tennﬁ - H‘xh x::::h: - Ewﬁg RQ-\ . —20
in the -phase. As both signals are superimposed throug i . ] - N g 0
individual channels the received signal yg is given by T ) EEEE O R

YR = Va-da + Vg -dp +ng
= (Aa+Aa) -da+ (Ap+Ag) dg+mnr, (D

where the symbol vector d; = vec {D;} of size Ny N, with
i € {A,B} is a stacked version of matrix D; using the vec{ - }
operator. In (1) the matrix V; € CNeNeXNeNe jg the effective
channel matrix of user ¢ combining two effects [21]:

o Channel Influence: All influences of the channel, like
channel gain h,(j’) of path p, Doppler spread l/,(j), CFO
AvD delay spread, 7. and TO A7() can be given by
the delay-Doppler function:

Np—1
H;(r,v) = lz: hff)5 (t _ 7_}(;’) _ AT(i))
pn=0

(v - av0) @)

where IV, gives the number of channel taps and 6(-) is
the Dirac delta function.

e Transmit & receive filter: The second influence is the
impact of the transmit gry(t) and receive filter grx(t),
calculated with the ambiguity function and given in [21].

Every element in the effective channel matrix in V; gives
the influences of a symbol d§”> on the transmit time-
frequency point (k,¢) to a receive signal ylgk ) at receive
time-frequency point (k’,¢'). A detailed description of V; is
given in [16], [21]. Each matrix V; can be separated in a
diagonal part A;, describing the influence on the desired signal
and an off-diagonal part A;, characterizing the inter-symbol in-
terference (ISI) and inter-carrier interference (ICI) introduced
by the self-interference of the filters and the influence of the
channel.

Fig. 2 illustrates exemplary amplitudes of matrix V; for a
rectangular and a Gaussian waveform with a flat fading chan-
nel and without and with presence of a CFO Av(") = 0.2F
showing N = 7 sub-carriers and N, = 7 time symbols in
a frame. If no CFO is present the rectangular has a perfect
diagonal structure, which means no interference is introduced,
whereas the Gaussian waveform introduces self-interference.
By presence of CFO the rectangular waveform experience a
higher influence in comparison to the Gaussian waveform, i.e.,
the rectangular waveform is more sensitive to offsets than its
Gaussian counterpart.

a) rectangular b) Gaussian

Fig. 2. Matrices V; for a) rectangular waveform and b) Gaussian waveform.
Flat fading channel with and without influence of additional CFO.

III. RELAY PROCESSING

As described in Section II using non-orthogonal waveforms
will introduce additional interference within a GFDM trans-
mission. However, with wireless channels, receivers always
have to deal with channel influences like delay spread or
Doppler spread. Especially CFOs of two different users in
TWRC introduce a severe degradation in the performance as
they can not be resolved separately due to the superimposed
received signal. For that, the receiver is faced with interference
and thus an equalizer is always required, which deals with
the interference from the channel as well as the interference
coming from the waveforms. While the PLNC detector [8]
will exploit the superposition of the two users, the equalizer
is designed such that the output provides signals which are
well suited for these detection schemes.

A. PLNC Detection Schemes

Based on the equalizer output ygqow in Fig. 1 the a-
posteriori probabilitys (APPs) are calculated and further pro-
cessed by corresponding PLNC detection schemes [5], [7],
[8].

o Separate Channel Decoding (SCD): The SCD scheme
estimates the source codeword c; of each user separately
based on the L-values per code bit of each user using the
APPs and generates the relay codeword ¢g = Ca @ Cp
afterwards.

o Generalized-Joint Channel Decoding and Physical-Layer
Network Coding (G-JCNC): The G-JCNC scheme de-
veloped in [7], [8] directly feeds the APPs to a non-
binary decoder which fully exploits the gains of both
channel codes jointly. The estimate of the non-binary joint
codeword éxp € FF2 is finally used to estimate the relay
codeword Cg.

In addition to the estimation of the relay codeword, both
schemes provide also soft estimates of the source codewords
Ca and €. By omitting the indices’s for (k,£) and (K, (')
with the BPSK mapping d; = 1 — 2¢; the soft symbols d; for
SCD can be calculated by [22]

d; = tanh (L(c;)/2) . (3)



Here, L(c;) is the log-likelihood ratio (LLR) value of code
bit ¢;. The soft symbols for the G-JCNC are calculated based
on the APPs P, ., = Pr{(ca,cs)|yr} at the output of the
decoder [16]:

da = tanh (log (Poo + Po1)/ (Pro + Pi1)))
JB = tanh (10g ((Pop + Pl,O) / (P()J + P171))) . (4)

Note that this can be simply extended to higher modulation
schemes. The property of providing soft symbols for each
codeword of both users is essential for iterative detection
of TWRC systems [16]. Thus, the popular joint channel
decoding and physical-layer network coding (JCNC) scheme,
which directly estimated the relay codeword without providing
estimates for the source codewords, is omitted here [4].

B. Linear Equalizer

In order to suppress interference from other time-frequency
points and keeping the superposition of both users, we de-
signed in [23] a linear equalizer following the minimum
mean square error (MMSE) criterion. The equalizer only
takes the dominant neighboring terms into account but ignores
interference from other time-frequency components. To reduce
the complexity, we focus on an equalizer which only uses the
direct adjacent neighbors in the time-frequency grid [23].

C. Soft Interference Cancellation

Using now the estimated symbols, we can calculate the
interference added by the other data symbols and subtract this
from receive signal ygr, which will be fed to the equalizer, as
shown in the right part of Fig. 1. This will further improve
the estimation performance [22], iteratively. Thus, in iteration
x the equalizer input signal is given by

v =y — (Aa-dfV 4 K-l )

where &fj‘” and &gi_l) denote the estimates for the transmit
signals achieved in the previous iteration by the common
PLNC detector. Note that for the first iteration the symbols
&EO) = 0 are initialized yielding the trivial linear equalizer
of [23]. In higher iterations, the equalizer will be calculated
based on the effective channel matrix V; — A;, due to the
reduction of the interference of the SIC. After N, iterations
the detector provides the estimated relay codeword ¢g, which
is mapped to the relay symbol vector dg.

IV. PERFORMANCE ANALYSIS

For the performance evaluation a multi-carrier system with
BPSK modulation is considered where Rayleigh fading chan-
nels with NV}, complex channel coefficient hff) are assumed for
each user ¢ € {A,B}. The time delay TP(f) and the Doppler shift
ul(f) of channel tap p are equally distributed within 7,,x and
Vmax, respectively. In total, Ny = 32 sub-carriers and N, = 10
time symbols are used to generate a frame containing 320 data
symbols.

Here we will compare two different multi-carrier transmis-
sion schemes:

e CP-OFDM: We focus on CP-OFDM implementing CP
lengths of Tep =~ 10%T, 20%T and 30%T and a
simple one-tap equalizer per sub-carrier in the frequency
domain.

e GFDM: In contrast to the simple equalizer structure in
CD-OFDM, here GFDM will always use the iterative
structure in (5). In this multi-carrier transmission, we
focus on the Gaussian waveform.

e Plain OFDM: Additionally, we consider plain OFDM
without any CP using a simple one-tap equalizer and
the iterative SIC structure.

To analyze the performance, we focus on BER measurements
in the MA phase at the relay, because this is the bottleneck of
the transmission.
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Fig. 3. Frequency flat channel, no delay spread Tmax = 0, no Doppler spread
Vmax = 0, Ava = 0 and Avg = 0, PLNC detection scheme: G-JCNC

In Fig. 3 the multi-carrier schemes are compared in a fre-
quency flat fading one tap channel N, = 1, showing only the
influences of the waveforms regarding the detection scheme
G-JCNC. Thus, A; has only zero elements in case of the
rectangular shape, whereas the Gaussian waveform will have
interference terms A; # 0. As expected, the best performance
is achieved by the orthogonal schemes OFDM with no CP,
because the channel introduces no ISI/ICI and a simple one-tap
equalizer is sufficient to equalize the channel impact. Larger
CPs lead to an SNR loss ycp = 10log;o (T/(T + Tcp)) in
efficiency in comparison to the plain OFDM, which are ycp =
—0.389dB, —0.746dB and — 1.1810dB for the corresponding
CP length. The OFDM with SIC also achieves the same per-
formance, but at higher costs, due to an increased complexity
of the larger equalizer. Applying iterations can not gain in
performance, because no interference was introduced by the
channel. The GFDM scheme with Gaussian waveform has a
slightly worse performance due to the additional interference.
By utilizing the SIC structure the performance is improved
and it is similar to the CP-OFDM with a CP of length 30%.

Fig. 4 shows the performance in a frequency selective
channel (7y,0x = 0.27") introducing ISI. The plain OFDM with
1-tap equalizer has a severe degradation due to the impact of
ISI. This interference will not be taken into account in the
equalizer process. The CP-OFDM with CP length of 20% can
deal with this interference, because the maximum delay does
not exceed the CP length. For a CP of 30% and 10% the
performance is slightly worse, due to the SNR loss of the
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Fig. 4. Channel with delay spread Tmax = 0.27" and Doppler spread vmax =
0, no CFO Av(A) =0 and Av®) =0.

guard interval and the violation the CP length, respectively.
The GFDM schemes will achieve approximately the same
performance by using the iterative structure. In the sequel, we
will always use the CP-OFDM with a guard interval of 20%
as benchmark. Further we skip here the OFDM with 1-tab
equalizer, due to the huge performance degradation

In contrast to the previous scenario, Fig. 5 shows
the performance with additional CFOs Av®™ =0.1F and
Av®) = —0.1F with both PLNC detection schemes. As stated
in [16], [24] an average CFO compensation is always possible
and will achieve the best BER performance. Therefore, we
only focus on symmetric CFOs, i.e., AZ/(A)’ = ‘AV(B)‘. The
CFOs cause a huge performance loss in the BER performance
of CP-OFDM even by applying a large CP. In contrast to that,
the GFDM schemes with an iterative structure outperform all
other schemes. In this figure the performance results of the
SCD are also shown. The G-JCNC outperforms the SCD by
approx. 1dB due to exploiting the full channel coding gain at
the detection process.
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Fig. 5. Impact of BER performance with additional CFOs AvD) = 0.1F

and Av(®) = —0.1F and G-JCNC and SCD, Tmax = 0.27 and vmax = 0

In Fig. 6 we focus on the performance by a further increased
difference of the CFOs regarding different numbers of itera-
tions. In this scenario, the BER performance of CP-OFDM
totally fails, whereas the OFDM with SIC outperforms CP-
OFDM. The largest gain by iteration is achieved after the first
iteration. Further iterations will only achieve a slightly better
performance. The Gaussian waveform outperforms the scheme
using OFDM with SIC.
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Fig. 7. Influences of Doppler and delay spread. Tmax = 0.27" and vmax =

+0.2F with no additional CFO Av() =0 and Av® = 0.

The channel parameters for Fig. 7 include a general Doppler
spread of maximum vy, = +0.2F and a delay spread of
Tmax = 0.271". Here, no additional CFOs are assumed. In this
scenario, the CP-OFDM also totally fails in BER performance
at the relay. We can observe that GFDM is more robust against
spreading in time and frequency.

The robustness against different delay 7,,x and Doppler
spreads vp,x are shown in Fig. 8 regarding the G-JCNC
scheme. Here the BER performance at a middle region with a
fixed noise variance of 1/ O'ELR = 5dB is considered. For plain
OFDM in Fig. 7(a) with a one-tap equalizer the performance is
highly sensitive against offsets in time and frequency direction.
Fig. 7(b) shows the improvement by using a CP (here 30%),
which increases the robustness against ISI. The system is
clearly more robust against time spreads, but if the time spread
exceeds the CP, the system will have huge degradations in the
BER performance, due to the simple equalizer structure. The
improvement by an iterative equalizer in OFDM is illustrated
in Fig. 7(c). This scheme is more robust against delays spreads,
but has a severe influence with the presence of Doppler shifts,
due to the large spreading of the rectangular filter in the
frequency domain. GFDM applying Gaussian waveforms with
good localization properties is given in 7(d), it is more robust
with both spreads in time and frequency direction. This could
be expected due to the isotropic property of the Gaussian
waveform. Thus, GFDM with Gaussian waveforms is well
suited for TWRC using PLNC and outperforms the other



schemes under practical constraints.
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V. CONCLUSION

In this paper we applied general multi-carrier systems for
TWRC systems to reduce the impact of time and frequency
impairments. In order to reduce the remaining interference
after linear equalization, we developed an iterative TWRC
detection scheme. Considering impairments and channel im-
pacts the performance of the GFDM is more robust against
these impacts by using an equalizer which only takes adjacent
neighbors in the time-frequency grid into account, yielding
a low complexity equalizer. Furthermore, the performance
is highly improved by canceling interference in an iterative
structure.
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