
IEICE TRANS. COMMUN., VOL.E102–B, NO.10 OCTOBER 2019
2073

PAPER
XOR Physical Layer Network Coding with Non-Linear Precoding
for Quadrature Amplitude Modulations in Bi-Directional MIMO
Relay Systems

Satoshi DENNO†a), Senior Member, Yuto NAGAI†, and Yafei HOU†, Members

SUMMARY This paper proposes an XOR physical layer network cod-
ing (XOR-PLNC) with non-linear precoding for quadrature amplitude
modulations (QAMs) in bi-directional MIMO relay systems. The proposed
XOR-PLNC applies power loading in order to improve the transmission
performance. The proposed XOR-PLNC introduces a modulus adapted
to channel gains. Moreover, the modulus is further reduced in coopera-
tion with modulo operation which the non-linear precoding employs for
improvement of transmission power efficiency. The use of the reduced
modulus improves the energy efficiency of the signal transmission, which
improves the transmission performance in the proposed XOR-PLNC. The
performance is evaluated by computer simulations in bi-directional MIMO
relay channels with 16QAM to 1024QAM.
key words: network coding, power loading, non-linear precoding

1. Introduction

Relaying has been used in wireless communication systems
and considered for emerging wireless communication sys-
tems, for instance, the fifth generation wireless communi-
cation system, because relaying potentially enables wireless
systems to increase coverage and improve network capacity.
Network coding has been investigated in wired and wire-
less communication networks [1], [2], because network cod-
ing improves transmission efficiency. Especially, physical
layer network coding (PLNC) has been considered in wire-
less bi-directional communication systems to increase the
frequency utilization efficiency [3]–[5], which is one of the
most important issues in wireless communication systems.
While amplify-and-forward PLNC (AF-PLNC) has been in-
vestigated because the AF-PLNC can be easily implemented
with low computational complexity [6], [7], exclusive-OR
PLNC (XOR-PLNC) has also attracted researchers owing to
its superior transmission performance [8]–[12]. The XOR-
PLNC has been extended to MIMO bi-directional relay
channels and their performance has been analyzed [13]–
[15]. Because some radio signals transmitted from termi-
nals are simultaneously received at relays in PLNCs, re-
ceivers on the relays are requested to perform quite sophis-
ticated signal processing. The receivers for the relays have
been intensively investigated [16]–[18]. Although the detec-
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tion techniques to achieve the theoretical upper-bound have
been shown [19]–[22], those techniques are difficult to ap-
ply to relays due to prohibitive high computational load of
the detectors. Reduced complexity detection in conjunction
with unitary precoding has been proposed to achieve near
optimum performance [23]. Non-linear precoding has been
applied to XOR PLNC in MIMO bi-directional relay chan-
nels in order to achieve superior performance while keep-
ing computational load on relays as small as possible [24].
In those techniques, the binary phase shift keying (BPSK)
or the quaternary phase shift keying (QPSK) has been used,
even though high speed communications are demanded. For
example, the XOR-PLNC with precoding [23], [24] can not
have been extended for QAM signals, because those re-
ceivers take advantage of the characteristics of the signal
constellations where signals in the real and the imaginary
components are binary. The other techniques are difficult to
apply in bi-directional relay systems with QAMs, because
of their prohibitive high computational complexity.

This paper proposes a low complexity XOR-PLNC
with non-linear precoding for QAMs. Although the pro-
posed XOR-PLNC uses non-linear precoding to reduce the
computational complexity of the receivers on the relays as
the conventional techniques [24], the proposed XOR-PLNC
introduces power loading for the precoder to equalize the
amplitude of the received signals transmitted by the termi-
nals, which improves the transmission performance. In ad-
dition, we propose an adaptive modulus for the non-linear
precoding with the power loading. We confirm the perfor-
mance of the proposed XOR-PLNC in a bi-directional relay
system with QAMs, and further performance improvement
by the reduced adaptive modulus.

Next section describes a system model of a bi-
directional relay system, and our proposed XOR-PLNC is
explained in Sect. 3. The performance of the proposed
XOR-PLNC is evaluated by computer simulations in Sect. 4.
Finally, Sect. 5 concludes this paper.

Throughout the paper, (A)−1, diag [V], superscript T,
and superscript H denote an inverse matrix of a matrix A,
a diagonal matrix with a vector V in the diagonal position,
transpose, and Hermitian transpose of a matrix or a vector,
respectively. E

[
β
]
, <[α], and =[α] represent the ensemble

average of a variable β, a real part and an imaginary part of
a complex number α.
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2. System Model

We assume a wireless system where two terminals commu-
nicate with each other via relays. While NT antennas are
placed on the terminal, only one antenna is employed in the
relay. We assume that the NR relays are placed between the
two terminals. When the PLNC is applied to the commu-
nication, those terminals transmit their own signals for the
relays, simultaneously in the first slot, and the relays broad-
cast the signals for the two terminals. However, precoding
is applied to the transmitters on the terminals to reduce the
complexity of the demodulation at the relay [23], [24], while
the relays send their signals without any precoding.

The signal processing in the XOR-PLNC is described
in detail as follows. When the two terminals transmit their
signals to the relays simultaneously, the superpositions of
the two signals are received at the relays in the first slot. Let
X̂A ∈ C

NR×1, WA ∈ C
NT×NR , X̂B ∈ C

NR×1 and WB ∈ C
NT×NR

denote a transmission signal vector, a precoding matrix of
one of the terminals, called “terminal A” in this paper, and
those of the other terminal, called “terminal B”, the received
signal vector at the relays YR ∈ C

NR×1, is written as follows.

YR = HAWAX̂A + HBWBX̂B + NR, (1)

where HA ∈ C
NR×NT , HB ∈ C

NR×NT , and NR ∈ C
NR×1 rep-

resent a channel matrix between the terminal A and the re-
lays, that between the terminal B and the relays, and the
additive white Gaussian noise (AWGN) vector. The relays
possibly receive 2NR signal streams simultaneously, even
though only one antenna is placed on the relay. The sys-
tem is regarded as one of overloaded MIMO systems. The
relays estimate the M-bit XOR-coded signals from the re-
ceived signal vector YR. Let X̂Ω ∈ C

NR×1 be defined as
X̂Ω = (x̂Ω(1) · · · x̂Ω(NR))T where x̂Ω(k) ∈ R denotes a trans-
mit signal from terminal Ω to the kth relay and a name of
the terminal, i.e., Ω taking A or B, the M-bit XOR-coded
signal xR(k) ∈ C is defined as xR(k) = xA(k) ⊕ xB(k), where
xΩ(k) ∈ R and ⊕ are a modulation signal transmitted from
the terminal Ω and an M-bit XOR operation, which is ex-
plained in Sect. 3.1.1. Let yR(k) denote the signal received
at the kth relay, i.e, YR = (yR(1) · · · yR(NR))T, if the pre-
coder orthogonalizes the channel between the relays and the
terminal, the maximum likelihood estimation of the M-bit
XOR-coded signals is simplified as follows.

x̄R(k) = arg max
xR(k)

p (xR(k)|YR)

= arg max
xR(k)=xA(k)⊕xB(k)

p (xA(k) ⊕ xB(k)|yR(k)) (2)

In (2), p(α|β) represents a conditional probability that an
event α happens when an event β occurred. However, we as-
sume that the relays do not have a functionality to exchange
their received signals among them, because the exchange
needs additional signal processing at the relays, and reduces
the frequency utilization efficiency with additional time slots
needed for the exchange. The conditional probability to es-
timate x̄R(k) is calculated with only the signal received at

Fig. 1 System model.

the kth relay.
In the next time slot, the relays transmits a signal vector

X̄R ∈ C
NR×1 which is defined as X̄R = (x̄R(1) · · · x̄R(NR))T.

The transmission signal vector is received at both the termi-
nals as,

YΩ = HH
ΩX̄R + NΩ, Ω = A or B. (3)

YΩ ∈ C
NT×1 and NΩ ∈ C

NT×1,Ω = A or B in (3) denote a
received signal vector and the AWGN vector at the terminal
Ω. As is seen in (3), the system model is regarded as that in
single user MIMO systems. Conventional MIMO receivers
can be applied to the receiver on the terminal. The system
model is illustrated in Fig. 1.

Next section proposes a novel low complexity XOR
physical layer network coding with non-linear precoding
based on the minimum mean square error (MMSE) criterion
for systems with QAMs.

3. Physical Layer Network Coding with Non-Linear
Precoding for QAM

As is described above, the receivers on the relays are im-
posed on the most heavy computational load among all the
receivers, because the channels between the two terminals
and the relays are regarded as a kind of overloaded MIMO.
As is suggested by [24], we introduce precoding to reduce
the computational load needed at the receiver on the re-
lays. The precoder is required not only to orthogonalize the
channel between the terminal Ω and the relays, but also to
cophase the two received signals arriving from the two ter-
minals.

This paper applies non-linear precoding to the termi-
nals in the proposed XOR, because non-linear precoding
is known to achieve better transmission performance than
linear precoding†. If the transmission signals are non-
linear precoding, the transmission signal vector is modified
as [25],

X̂Ω = ΓΩXΩ + KΩMΩ (4)
†Non-linear precoding outperforms linear precoding in cor-

related wireless channels. On the other hand, the performance
of linear precoding is improved to that of non-linear precoding
when channel matrices are orthogonal in wireless channels. Be-
cause channel matrices hardly get orthogonal in realistic wireless
channels, non-linear precoding achieves better transmission per-
formance than linear precoding.
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In (4), ΓΩ ∈ R
NR×NR , XΩ ∈ C

NR×1, KΩ ∈ C
NR×NR , and

MΩ ∈ R
NR×1 denote a diagonal gain matrix with the stream

gains in the diagonal positions, a modulation signal vector,
a diagonal matrix with Gaussian integers in the diagonal po-
sitions, and a modulo vector, which are expressed as ΓΩ =

diag
[
γΩ(1) · · · γΩ(NR)

]
, XΩ = (xΩ(1) · · · xΩ(NR))T, KΩ =

diag [kΩ(1) · · · kΩ(NR)], and MΩ = (MΩ (1) · · ·MΩ (NR))T,
where γΩ(i) ∈ R, kΩ(i) ∈ C, and MΩ (i) ∈ R denote a gain, a
Gaussian integer, and a modulus for the ith signal stream, all
of which are defined clearly, afterwards. By substituting the
transmission signal vector in (4) for (1), the received signal
vector YR can be rewritten as,

YR = ΛAΓAXA + ΛBΓBXB

+ΛAPAKAMA + ΛBPBKBMB + NR. (5)

PΩ ∈ R
NR×NR and ΛΩ ∈ C

NR×NR in (5) represent a permuta-
tion matrix and an impulse response matrix defined as,

ΛΩ = HΩWΩ. (6)

As is described above, the precoding matrix WΩ is required
to orthogonalize the channel matrix ΛΩ. The matrix ΛΩ can
be approximated to a diagonal matrix as,

ΛΩ ≈ diag [λΩ(1) · · · λΩ(NR)] , (7)

where λΩ(k) ∈ R denotes the kth diagonal element of the
matrixΛΩ. This approximation simplifies the notation in the
system. The received signal at the kth relay can be expressed
as,

yR(k) = λA(k)γA(k)xA(k)+λB(k)γB(k)xB(k)
+ λA(k)PT

A(k)KAMA+λB(k)PT
B(k)KBMB+nR(k), (8)

where PΩ(i) ∈ RNR×1 and nR(k) ∈ C represent the ith col-
umn of the permutation matrix PΩ and the kth entry of
the AWGN vector NR, i.e., PΩ = (PΩ(1) · · ·PΩ(NR)) and
NR = (nR(1) · · · nR(NR))T. As is shown in (8), the relay has
to estimate the M-bit XOR-coded signal xR(k) from the re-
ceived signals that contain not only the AWGN but also the
integer multiples multiplied with the gain.

In the next section, we propose a new non-linear pre-
coder for the relays to be able to detect the M-bit XOR-
coded signal xR(k) with low computational complexity.

3.1 Power Loading

If precoding to cophase the received signals is applied, the
real part of the received signal yR(k) comprises only the real
part of both the signals sent from the two terminals and that
of the AWGN. The imaginary part of the received signal
also consists of that of the two signals and the AWGN. As
is described in Sect. 2, the M-bit XOR coded signal is esti-
mated from the received signal yR(k). However. the detec-
tion performance based on (2)† is seriously degraded when
2MQAMs, M ≥ 4 are used in the system, which is shown in
Sect. 4. Therefore, we propose to equalize the two signals

†The signal detection is defined in Sect. 3.1.1.

arriving at every relay, which is expressed as follows.

λA(k)γA(k) = λB(k)γB(k) = ρ(k), (9)

where ρ(k) ∈ R represents a level of the two signals arriving
at the kth relay. In a word, the gains γA(k) and γB(k) are set
to satisfy (9).

3.1.1 Adaptive Modulus

The power of the modulation signals is normalized to one
in spite of the cardinality of the modulation signals in this
paper. The maximum value and the minimum value of
the modulation signal xΩ(k) in a real part are expressed as

1
σ(M) (2

M/2−1) and −1
σ(M) (2

M/2−1), respectively, where σ(M)
represents a normalization factor for 2M-QAM. In a word,
max

(
< [xΩ(k)]

)
= 1

σ(M) (2
M/2 − 1) and min

(
< [xΩ(l)]

)
=

−1
σ(M) (2

M/2 − 1). Because signal constellations of QAM are
rectangular, the same characteristic is seen in an imaginary
part. When such modulation signals are precoded with the
power loading defined in (9), the received signal is scat-
tered in a complex plane due to the integer multiples and the
AWGN. Suppose that the integer multiples and the AWGN
is assumed to be zero, the received signal at the kth relay,
ÿR(k), will be seen between the maximum value and the
minimum values as follows.

−
2λΩ(k)γΩ(k)

σ(M)

(
2M/2 − 1

)
≤ <

[
ÿR(k)

]
≤

2λΩ(k)γΩ(k)
σ(M)

(
2M/2 − 1

)
, (10)

where ÿR(k) denotes the received signal where the AWGN
and the integer multiples are not included. As is shown in
(10), the received signal is a weighted sum of the transmit
signals sent from the two terminal with the equal weight.
The minimum Euclidean distance dmin in the received sig-
nal constellation is 2λΩ(k)γΩ(k)

σ(M) . Actually, not only the signal
vectors conveying the information but also the integral mul-
tiples of the modulus added at the feedback filters on the
terminals, i.e., λAPT

A(k)KAMA and λBPT
B(k)KBMB, are in-

cluded in the actual received signal vectors as is written in
(5) or (8). Since the latter is regarded as a sort of the un-
desired signals, they have to be removed from the received
signals. Because they are integer multiples, they can be
removed by the modulo operation. In principle, the mod-
ulus MΩ(k) should be defined as MR(k) = max (ÿR(k)) −
min (ÿR(k)) + dmin to avoid the performance degradation. If
the range of the received signals described in (10) is taken
into account, the modulus MR(k) for the relays should be
defined as follows.

MR(k) = 2
λΩ(k)γΩ(k)
σ(M)

(
2M/2+1 − 1

)
(11)

When the received signal described in (8) is taken into con-
sideration, the modulus for the non-linear precoder should
be defined in the following.

MΩ(ik) =
1

λΩ(k)
MR(k) = 2

γΩ(k)
σ(M)

(
2M/2+1 − 1

)
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= γΩ(k)Mo, (12)

where ik is defined as a position number of a non-zero ele-
ment in the permutation vector PΩ(k). Mo in (12) is called
an original modulus, which is defined as follows.

Mo =
2

σ(M)

(
2M/2+1 − 1

)
(13)

As is shown in (12), the modulus MΩ(ik) of the terminal Ω

is adaptively changed with the gain γΩ(k), which character-
izes the proposed non-linear precoding. With the modulus
defined in (11), the integer multiples can be removed by the
modulo operation as follows.

ȳR(k) = mod
[
yR(k),MR(k)

]
(14)

The modulo output signal ȳR(k) is expected to contain only
the first term, the second term, and the last term in (8). Be-
cause γA(k) and γB(k) are set to equalize λA(k)γA(k) and
λB(k)γB(k), the output signal ȳR(k) becomes a weighted sum
of the two received signals with the equal gain as is defined
in (8). The signal can be written as

ȳR(k) = λA(k)γA(k)xA(k) + λB(k)γB(k)xB(k) + nR(k)
= λA(k)γA(k) (xA(k) + xB(k)) + nR(k) (15)

In (15), two modulation signals xA(k) and xB(k) are simply
added in the parenthesis. This paper applies modulo oper-
ation to the summation as the M-bit XOR coding. In other
words, x(k) = xA(k) ⊕ xB(k) = mod (xA(k) + xB(k),M⊕),
where M⊕ represents a modulus for the M-bit XOR en-
coding. Since a modulus for signal α should be set as
Mα = max (α) − min (α) + dmin,α where dmin,α represents
the minimum Euclidean distance of signal α, in principle,
the modulus M⊕ has to be set as M⊕ = 1

σ(M) 2
M/2+1 when

the 2MQAM is applied. The M-bit XOR coded signal is fed
to the region-based detection of the 2MQAM [30]. The out-
put signal from the detector is broadcasted from the antenna
on the relays for the terminals, As is explained, the signal
processing at the relays is very simplified in the proposed
XOR-PLNC.

Figure 2 illustrates the real part or the imaginary part
of the proposed modulo operation output signal ȳR(k) when
the 16QAM is used in the system, for example. In the figure,
the 7 dots represent received signal constellation in the real
part or the imaginary part of the signal ȳR(k). Because the
modulo operation with the modulus ȳR(k) = 14 λΩ(k)γΩ(k)

σ(M) is
used to remove the integer multiples, only the 7 dots appear
in the outputs. A number multiplied with λΩ(k)γΩ(k)

σ(M) above ev-
ery dot represents the signal level of the dot. as is explained
above, we apply the modulo-8 λΩ(k)γΩ(k)

σ(M) operation as the 4-bit

XOR encoding. In Fig. 2, a number multiplied with λΩ(k)γΩ(k)
σ(M)

under every dot denotes the signal level of the output signal
from the 4-bit XOR encoding. The numbers under the dots
can be mapped to the 16QAM signal constellation directly
after the decision-based detection.

3.1.2 Reduced Modulus

In the previous section, we described that the two modulo

Fig. 2 Constellation in real axis.

operations are used for estimating the M-bit coded signals.
In other words, the similar operations are iterated twice, al-
though the modulus of the modulo operations is different
from each other. As is described, the modulus of the first
modulo operation is bigger than that of the second mod-
ulo operation as the M-bit XOR encoding. Therefore, the
modulus used in the second modulo can be used in the first
modulo operation, and the second modulo operation is elim-
inated. Hence, the modulus of the modulo operations can be
reduced to,

MΩ(ik) =
γΩ(k)
σ(M)

2M/2+1

= γΩ(k)Mr. (16)

Mr in (16) is called a reduced modulus in this paper, which
is defined as follows.

Mr =
1

σ(M)
2M/2+1 (17)

If the relationship between MΩ(ik) and MR(k) defined in (12)
is taken into account, the modulus for the received signals at
the relays can be defined as,

MR(ik) =
λΩ(k)γΩ(k)
σ(M)

2M/2+1 (18)

The modulus defined in (18) is about half as much as that
defined in (11). Accordingly, the modulus MΩ (ik) defined
in (16) is also about half as small as that in (12). In principle,
the energy efficiency is improved as a modulo is decreased
in systems with non-linear precoding [31], [32]. Therefore,
the use of the modulus defined in (16) possibly improves the
energy efficiency of the transmission signals, which results
in improvement of the transmission performance.

3.2 MMSE-Based Precoding for Complexity Reduction

To simplify signal processing in higher layers than the phys-
ical layer, the signal to noise power ratio (SNR) of all the
stream is better to be equal. For the purpose, we apply the
MMSE criterion to the non-linear precoding. The precoding
matrix based on the MMSE can be written as follows [26].

WΩ = HH
ΩΦΩ (19)

ΦΩ =

HΩHH
Ω +

σ2NR

σ2
S

INR

−1

(20)

In (20), σ2 ∈ R, σ2
SΩ
∈ R, and INR ∈ R

NR×NR denote the
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power of the AWGN generated in the relay, that of the trans-
mit signal, and the NR dimensional identity matrix, respec-
tively. As is described before, σ2

SΩ
is set to 1, i.e., σ2

SΩ
= 1.

Although many non-linear precoding techniques have been
proposed based on the MMSE, we show a configuration of
the proposed non-linear precoding based on the Tomlinson
Harashima precoding (THP) [27], [28], because THP-based
precoding can be implemented with relatively lower com-
putational complexity than the other techniques, such as the
vector perturbation [29].

3.2.1 Non-Linear Precoding

Because ordering plays a crucial role in THPs for perfor-
mance improvement [26], we derive our non-linear precod-
ing based on the MMSE with ordering. First, the matrixΦΩ

is Cholesky-factorized with ordering as,

PΩΦΩPT
Ω = LH

ΩDΩLΩ

BΩ = L−1
Ω − INT (21)

LΩ ∈ C
NR×NR , DΩ ∈ C

NR×NR , and BΩ ∈ C
NR×NR represent

a lower triangular matrix, a diagonal matrix, a lower off-
diagonal matrix where elements in upper triangular and di-
agonal positions are zero. The lower off-diagonal matrix is
applied to the feedback filter where the integer matrix KΩ

is determined in cooperation with a modulo function. Let
VΩ ∈ C

NR×1 denote the feedback filter output signal vector,
the feedback filter output signals are generated sequentially
as,

vΩ(k) = mod [PΩ(k)ΓΩXΩ − BΩ(k)VΩ,MΩ(k)]
= PΩ(k)ΓΩXΩ − BΩ(k)VΩ + kΩ(k)MΩ(k)

k = 1, · · · ,NR (22)

In (22), BΩ(k) ∈ CNR×1 and vΩ(k) ∈ C denote the kth column
vector of the matrix BΩ and the kth entry of the vector VΩ,
i.e., BΩ = (BΩ(1) · · ·BΩ(NR)) and VΩ = (vΩ(1) · · · vΩ(NR))T,
respectively. In addition, kΩ(k) ∈ C denotes a Gaussian
integer that is the kth diagonal element of the matrix KΩ,
i.e., KΩ = diag [kΩ(1) · · · kΩ(NR)]. The Gaussian integer
kΩ(k) is determined so as to meet the condition:−1

2 MΩ(k) ≤
PΩ(i)ΓΩXΩ − BΩki)VΩ + kΩ(k)MΩ(k) < 1

2 MΩ(k). The feed-
back filter output vector VΩ is fed to the feed-forward filter
with a filter matrix FΩ ∈ C

NR×NT , which is defined as,

FH
Ω = HH

ΩPT
ΩLH

ΩDΩ, (23)

Hence, the transmitter transmits the feed-forward filter out-
put vector, which is equivalently written as follows.

WΩX̂Ω = FH
ΩVΩ (24)

Even though the transmission signal vector looks defined
well in (24), the diagonal gain matrices ΓΩ,Ω = A,B have
not been defined. In the following section, they are defined
to meet the requirement written in (9).

3.2.2 Stream Gain Equalization

While the requirement defined in (9) has to be at least satis-
fied in order to avoid the performance degradation, we refine
the requirement for all the streams to achieve the same per-
formance.

ρ(1) = · · · = ρ(NR) = KΠ Π = o, r. (25)

KΠ ∈ R represents a received signal level at all the relays,
where Ko denotes the received signal level in the proposed
XOR-PLNC system with the original modulus Mo, and Kr
represents the level with the reduced modulus Mr. To keep
the average power consumption in spite of power loading,
the sum of the transmission power of those two terminals is
made same to that without power loading. Since the trans-
mission power of the terminal is assume to be 1, the sum
transmission power of the two terminals is set to 2 as fol-
lows.

E
[
|FAVA|

2
]

+ E
[
|FBVB|

2
]

=

γ2
A(k1)|FA(1)|2 + γ2

B(k1)|FB(1)|2 +

M2
Π

6

N∑
i=2

(
γ2

A(ki)M2
A(i)|FA(i)|2 + γ2

B(ki)M2
B(i)|FB(i)|2

)
= 2. (26)

By taking account of (9) and (25), the gains γA and γB can
be defined as,

γA(k) =
KΠ

λA(k)
(27)

γB(k) =
KΠ

λB(k)
. (28)

By substituting γA and γB defined above for (26), the level
KΠ can be derived as,

KΠ =

√√√ 2
|FA(1)|2

λ2
A(k1) +

|FB(1)|2

λ2
B(k1) +

M2
Π

6
∑NR

i=2

(
|FA(i)|2

λ2
A(ki)

+
|FB(i)|2

λ2
B(ki)

)
Π = o, r. (29)

When the MMSE is applied to the precoder, however, be-
cause the MMSE precoding is designed to set the gains of
the streams to the optimum level, the impulse response ma-
trix is reduced to the identity matrix.

ΛΩ = INT (30)

When another criterion, for instance, the throughput maxi-
mization is applied to the proposed precoding, the channel
gains are neither same among the streams, nor ΛΩ is the
identity matrix. In such situations, λΩ(k) plays an important
role in (28) and (29).

4. Computer Simulation

The proposed XOR-PLNC is evaluated by computer simu-
lations in an MIMO bi-directional relay system, which is de-
picted in Fig. 1. Rayleigh fading based on Jakes’ model [33]
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Table 1 Parameter in computer simulation.

Number of antennas on a terminal 4
Number of antennas on a relay 1

Number of relays 4
Modulation 16QAM∼1024QAM/Single Carrier

Channel Rayleigh fading
Channel estimation ideal

Receiver at the terminals LR-SIC
Lattice reduction LLL algorithm with δ = 0.75

step-size parameter µ 0.5

Fig. 3 BER performance with power loading at relays.

is applied as a channel model. We assume a two hop re-
lay MIMO system where two terminals with 4 antennas ex-
change their information each other via 4 relays with one
antenna, i.e., (NT,NR) = (4, 4). The average channel gains
between the antennas on the relays and those on the termi-
nal are all set equal. In a word, the system is symmetrical
with respect to the relays existing in between the terminals.
Time division duplex (TDD) is used in the system where the
terminals transmit their signals for the relays in the first slot
and the relays broadcast their signals for the terminals in the
second slot. Because the terminals share the same channels,
the quality of the link from the terminal A to the terminal B
is same to that from the terminal B to the terminal A. While
the proposed non-linear precoding is applied for the termi-
nals to transmit their signals in the first slot, lattice reduc-
tion aided serial interference cancellation (LR-SIC) is used
for the terminal to detect the signals sent from the relays in
the second slot, because the LR-SIC is known to achieve the
near optimum performance with reasonable computational
complexity [34]. We apply single carrier modulation with
QAMs to all the links. On the other hand, while the relay
uses the region based detection [24], the relays broadcast
the signals without any precoding. The parameter setting is
summarized in Table 1.

4.1 Power Loading

Figure 3 shows the transmission performance† at the relays

†In this paper, the transmission performance means the average
BER performance of the BER performances achieved in the NT
streams.

Fig. 4 BER performance with reduced modulus at relays.

Fig. 5 BER performance with QAMs at terminals.

with respect to the Eb/N0 in the 2-hop bi-directional relay
system with the proposed network coding. 16QAM is ap-
plied in the figure. The performance without power load-
ing is added for comparison. As is shown in the figure, the
proposed network coding achieves much better performance
than that without power loading. The power loading attains
about a gain of about 8 dB at the BER of 10−2.

4.2 Reduced Modulus

Figure 4 compares the transmission performance of the pro-
posed XOR-PLNC with the reduced modulus and that with
the original adaptive modulus. The performance is mea-
sured at the relays when 64QAM is used. As is shown in the
figure, the performance of the XOR-PLNC with the original
adaptive modulus is about 6 dB inferior to that with the re-
duced modulus at the BER of 10−3. In a word, the reduced
modulus improves the energy efficiency of the transmission
signal in the proposed XOR-PLNC, which results in the per-
formance improvement.

4.3 Performance with QAMs

Figure 5 shows the transmission performance at the termi-
nals when 2M QAM, M = 2m,m = 2 ∼ 5 are applied in
the system. Because the system model is symmetric as de-
scribed above, the terminals achieve the same BER perfor-
mance on average, though the instantaneous BER perfor-
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Fig. 6 BER performance of every stream at terminals.

Fig. 7 BER performance at terminals.

mance of the terminal is different from that of the other. The
average BER performance of the two terminals is shown in
Fig. 5. The proposed XOR-PLNC achieves about 3-branch
diversity gain when the 16QAM modulation is used, while
the BER performance curve becomes less steep when the
Eb/N0 is bigger than 17.5 dB. When the more higher level
modulations than the 16QAM are applied, the diversity gain
is decreased a little bit. In fact, the proposed XOR-PLNC
achieves about 2-branch diversity gain in the system with
64QAM and more higher level modulations. The perfor-
mance analysis on the performance degradation is one of
our future works.

Figure 6 shows the transmission performance of every
stream at the two terminals. In the figure, the performances
with 64QAM and 256QAM are drawn. As is expected, all
the streams achieve the same BER performance despite of
the terminals, as long as the same modulation scheme is
used.

Figure 7 shows the transmission performance of the
proposed XOR-PLNC, i.e., that of the receivers on the ter-
minals. Only the performances with 16QAM and 256QAM
are drawn in the figure. In addition, the BER performance
of the relays is added in the figure for comparison. The per-
formance of the proposed XOR-PLNC is almost the same
to that at the relays. This means that the performance of the
link from the relays the terminals is much superior to that

from the terminals to the relays as far as the Eb/N0 is large
enough, for instance, Eb/N0 > 10 dB when 16QAM is used.

5. Conclusion

This paper has proposed a new XOR-PLNC system for
QAMs where the transmitters on the terminals apply a non-
linear precoding with power loading The precoding enables
the relays to achieve high transmission performance with
simple region based detection. The power loading improves
the transmission performance and reduces the computa-
tional complexity of the receivers on the relays. The mod-
ulus used in the proposed non-linear precoding is derived,
and is shown to be adapted to the channel. Furthermore, the
modulus can be reduced to be almost as half as the original
modulus, which improves the transmission power efficiency.
In addition, we show an actual MMSE-based configuration
of the proposed precoding, which can be implemented with
lower computational complexity. The performance is evalu-
ated by computer simulations in 2-hop MIMO bi-directional
where two terminals with 4 antennas exchange their infor-
mation via 4 relays with one antenna. The proposed power
loading attains a gain of about 8 dB at the BER of 10−2 when
16QAM is applied in the system. The reduced modulus also
achieves about 6 dB better BER performance at the BER of
10−3.
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