IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 17, 2019, accepted October 7, 2019, date of publication October 21, 2019, date of current version October 31, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2948656

Modeling and Analysis of Two-Way Relay
Networks: A Joint Mechanism Using NOMA and
Network Coding

FANBO WEI'-2, TING ZHOU“'!, (Member, IEEE), TIANHENG XU ', (Member, IEEE),
AND HONGLIN HU"1, (Senior Member, IEEE)

!'Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China
2School of Electronic, Electrical and Communication Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

Corresponding author: Honglin Hu (hlhu@ieee.org)
This work was supported in part by the National Natural Science Foundation of China under Grant 61801461 and Grant 61801460, in part

by the Strategical Leadership Project of Chinese Academy of Sciences under Grant XDC02070800, and in part by the Shanghai
Municipality of Science and Technology Commission Project under Grant 18XD1404100 and Grant 17QA1403800.

ABSTRACT As a promising technology, non-orthogonal multiple access (NOMA) enhances spectral effi-
ciency and system capacity by allocating the same resource to multiple users. Network coding (NC) has
the advantages of compressing data and high spectral efficiency, and it plays a crucial role in two-way
relay networks. However, conventional two-way relay networks suffer from throughput limitations due to
the use of OMA scheme. In this paper, we utilize a hybrid concept to design a two-way relaying system
(namely Hybrid-TWRS) which combines NOMA and NC. Furthermore, we investigate the size-mismatch
problem caused by asymmetric channel in the NOMA scheme and propose a bit-match scheme and a symbol-
match scheme based on the Hybrid-TWRS. Theoretical derivation and numerical results demonstrate that the
proposed method distinctly outperforms both (i) traditional two-way relaying system with OMA in the uplink
and NC in the downlink (namely NC-TWRS); and (ii)) NOMA-based two-way relaying system (namely
NOMA-TWRS).

INDEX TERMS Two-way relay network, non-orthogonal multiple access (NOMA), network coding, size-

mismatch problem, throughput performance.

I. INTRODUCTION
IN recent years, non-orthogonal multiple access (NOMA)
has attracted extensive academic interest due to its massive
connectivity and low signaling cost. These features are also
the main advantages of NOMA compared with orthogonal
multiple access (OMA) [1]-[3]. In conventional mobile com-
munication systems, radio resources are always orthogonal in
time-, frequency-, code-, or spatial domain. By contrast, in the
NOMA scheme, multiple users can share the same resource.
Therefore, significant enhancements of spectral efficiency
and system capacity can be achieved by NOMA compared
with OMA techniques [4], [5].

NOMA is suitable for serving users of different channel
conditions in the same resource [6], [7]. It is also widely
recognized that the maximum attainable system capacity can
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be achieved in downlink channels of NOMA [19]. Although
recent research has demonstrated that NOMA has vast poten-
tials, few studies have taken round trip transmission into con-
sideration to evaluate the entire system performance. Specif-
ically, most existing research models are one-way, i.e., either
uplink or downlink [8], [9].

Wireless two-way relay network is a basic network frame-
work in communication systems [10], [11]. It consists of one
relay node and two terminal nodes. When the channel condi-
tion between the two terminal nodes is poor, the relay node
helps them to complete a better transmission. By combining
the two technologies of coding and routing, network coding
(NC), proposed by Ahlswede and other scholars in 2000
[12], has been applied to two-way relay network. Instead
of adopting simple amplification or forwarding, the relay
node encodes the information to be transmitted by using NC.
Hence, the NC scheme brings performance gain in downlink
two-way relaying system. However, conventional two-way
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relaying do not apply the NOMA scheme to the uplink [13],
[14], which did not reach their full potential in improving
system capacity.

Previous studies have applied NOMA to two-way relay
networks. More precisely, the upper bound of capacity for
multi-user MIMO (MU-MIMO) NOMA in the two-way
relaying system is analyzed in [15]. Zheng et al. [16] have
investigated the secure NOMA-based two-way relay network
with the full-duplex relay. In addition, Yue et al. [17] pro-
posed the closed-form expression of outage probability for
NOMA-based two-way relaying (TWR-NOMA) with imper-
fect SIC and perfect SIC. Besides, they show that the outage
performance of TWR-NOMA is superior to TWR-OMA in
the low signal-to-noise ratio (SNR) regime. All the above ref-
erences study the application of NOMA in both the uplink and
the downlink. However, the high complexity of system-level
signal detection in NOMA-based two-way relaying needs
to be considered. Besides, the error propagation caused by
successive interference cancellation (SIC) technique on both
the relay node and the terminal node cannot be ignored either.

Inspired by the benefits of NOMA and NC, we aim to
further improve system capacity by investigating a hybrid
concept that combines those two technologies in a round
trip transmission. However, due to the asymmetric channel in
NOMA scheme, a mismatch problem exists between the size
of two users’ symbol sequences or between the size of two
users’ bit sequences when applying adaptive modulation and
coding (AMC). The above discussions motivate us to design
a hybrid two-way relaying method and propose solutions to
solve the size-mismatch problem of the method. The main
contributions of our work can be summarized as follows.

o We utilize a hybrid two-way relaying system (namely
Hybrid-TWRS), which applies the NOMA scheme in
the uplink and multicasts the messages in the form
of network coding in the downlink. By investigating
both the multiplexing gain of NOMA and the com-
pressing gain of network coding, Hybrid-TWRS can
achieve higher system capacity compared to the conven-
tional two-way relaying system (namely NC-TWRS).
To demonstrate the joint gain of NOMA and NC,
we take the only-NOMA-based two-way relaying sys-
tem (namely NOMA- TWRS) as a comparison.

o For both the uplink and the downlink in two-way
relaying, we model the three methods and derive
their throughput expressions. Moreover, the theoreti-
cal throughput and detection complexity of the three
methods are compared. The results show that the pro-
posed method Hybrid-TWRS achieves lower detection
complexity than that of NOMA- TWRS method. More
precisely, 25% complexity can be reduced.

o For the size-mismatch problem, two different match-
ing schemes for information sequences are elabo-
rated: (i) bit-match scheme; and (ii) symbol-match
scheme. Furthermore, we compare the performance of
the two schemes and give the recommended scheme for
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(a) Uplink in NC-TWRS.

(b) Downlink in NC-TWRS.

FIGURE 1. Conventional two-way relaying system (NC-TWRS).

Hybrid-TWRS, i.e., a more suitable scheme is selected
and utilized in the final simulation.

o We analyze the performance of the proposed method
by simulations. Also, the superiorities of Hybrid-TWRS
in bit-error-rate (BER)/block-error-rate (BLER) and
throughput performance are confirmed.

The rest of this paper is organized as follows. In Section II,
the system model of the conventional two-way relaying
method NC-TWRS is first introduced, then the NOMA-based
two-way relaying NOMA-TWRS is described mathemati-
cally. After that, in Section III, we first demonstrate the
proposed model Hybrid-TWRS, then we derive and compare
the theoretical system performance of the three techniques.
In Section IV, we investigate the two different size-match
transmission schemes in the asymmetric channel. Then simu-
lation results and the corresponding performance analysis are
exhibited in Section V, followed by the conclusions and the
future directions of this work drawn in Section VI.

Il. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, the conventional two-way relaying and the
NOMA-based two-way relaying are depicted in Fig. 1 and
Fig. 2, respectively. The single relay node R, regarded as a
base station (BS) in this paper, is located in the center of the
cell network. Notations &, and /;, are denoted as the channel
coefficients of terminal nodes UE, and UE}, respectively.
We consider that UE}, is closer to the relay node than UE,,
and the channel condition of UE}, is better than that of UE,,
ie., |hpl? > |hal*.
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For clear description, we denote that x; is the data bit
sequence, while ¢; and ¢/ are the channel coded bit sequences
of UE; in the uplink and the downlink respectively. Nota-
tions P; and P’ stand for the transmission power of UE; and
the relay respectively. Notations S; and S’ mean the trans-
mitted symbols in the uplink and the downlink, i € {a, b}.
In addition, G; denotes the MMSE (Minimum Mean Square
Error) equalization coefficient of UE;. X denotes the network
coded bit sequence by XOR operation.

A. CONVENTIONAL TWO-WAY RELAYING (NC-TWRS)
Fig. 1 illustrates the transmission of NC-TWRS. The system
model of NC-TWRS can be shown mathematically as fol-
lows.

1) In the uplink, users have their own individual resource
blocks (RBs). The received signals at the base station are
represented by

Ya = hay/PaSa + Wa, (D
and

Yo = hiy/PpSp + wp. @)
Here, user UE; transmits the signal S;, w is the additive white

Gaussian noise (AWGN) with zero mean and variance av%.

2) The detected symbol at the BS can be formulated as
$i = Gilhi/PiSi + wi). 3)

Afterwards, the signal of UE; is decoded by demodulation
and channel decoding: Si — & — %6 and £ represent the
detected channel decoded bit sequence and the detected bit
sequence of UE;, respectively.

3) The BS then encodes the decoded bit sequences of two
users by using XOR operation as follows.

X =X, %. “4)

The network coded bit sequence X is then mapped to the
transmitted symbols for two users through channel coding
and modulation: X — ¢ — §’.

4) In the downlink, the BS broadcasts the network coded
symbol S’ to the users. At the terminal node, the received
signal of UE; is represented by

yi = hiv/P'S' + wi. 5)

B. NOMA-BASED TWO-WAY RELAYING (NOMA-TWRS)

We consider an only-NOMA based two-way relaying
(NOMA-TWRS). This method achieves resource sharing of
two terminal users on the same RB by applying NOMA
scheme on both the uplink and the downlink.

1) In the uplink scenario as Fig. 2(a) illustrates, the signals
of two nodes are directly superimposed. For simplicity of the
system model, we assume that the channel conditions of users
are significantly different. Hence the transmit power of the
users in the uplink dose not have to be different in this paper,
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(a) Uplink in NOMA-TWRS.
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FIGURE 2. NOMA-based two-way relaying system (NOMA-TWRS).

ie., P, = P, = 1 [20]. The received signal at the BS can be
given by

Y = haSa + hpSp +w. (6)

2) Then, SIC technique is applied to the base station. The
BS decodes signals of UE, and UE}, in two stages. Particu-
larly, in the first stage, the signal of UE}, (i.e., the near user)
is detected, treating the signal of UE, as noise. The detected
symbol of UE}, is represented as

Sy = Gp(haSa + hpSp + w). 7

The data bit sequence of UE, can also be decoded by
demodulation and channel decoding: §b — & —> Xp.

In the next stage, the BS subtracts the detected signal
Sp from the received signal, then the detected symbol S, is
obtained by

Sa = Galy = hpSp). ®)

Furthermore, the BS decodes the signal of UE,: §a —
éy — Xy

3) Fig. 2(b) demonstrates the downlink scenario. After x;

is remapped to the symbol S/, with the help of superposition

coding and power allocation at the BS, the received signal can
be written as

yi = hiS" + w. 9

Here S’ is the superposed signal at the BS, which satisfies
S" = \/P'BuS,, + +/P'BpS,,. Note that f; denotes the fraction
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of the power P’ assigned to the user UE;, subject to the
constraints on 8, + Bp = 1 and B, > Bp.

4) In the downlink, the order of decoding is reversed
compared to the uplink. The optimal order for decoding
in the downlink is in the order of the increasing channel
gain. This is because the throughput of the near user UE} is
bandwidth-limited rather than power-limited. Besides, super-
position coding with the far user UE, allows UE}, to use the
full bandwidth while being allocated only a small amount of
transmission power because of power sharing with UE,, [18].
At the terminal node UE,, the detected signal can be given by

S = Ga(haS' + wa). (10)

Then UE, subtracts the signal Ky / from the received signal
vi. After that, the detected signal of UE}, at the node UE, is
written as

S) = Gaya — haS)). (11)

Similarly, by utilizing the SIC technique, the signal of UE,
can also be decoded at node UE}. According to the above
process, the exchange of information is achieved between
UE, and UE}.

From these two methods, it can be observed that the
superiority of the NOMA scheme has the opportunity to be
applied to two-way relaying. Additionally, different from the
above NOMA-TWRS system, we utilize a hybrid concept to
combine NOMA and network coding to improve detection
complexity and minimize the impact of error propagation.
The proposed model and theoretical derivation are given in
the following section.

Ill. PROPOSED METHOD AND SYSTEM PERFORMANCE
ANALYSIS

In this section, the system formulations of our proposed two-
way relaying method Hybrid-TWRS are first given. Then we
derive the achievable rates for the proposed method and two
other counterparts NC-TWRS and NOMA-TWRS. Finally,
we compare the detection complexity of the three systems.

A. PROPOSED TWO-WAY RELAYING (HYBRID-TWRS)
The particular process of our proposed method Hybrid-
TWRS can be shown mathematically as follows.

1) The uplink scenario in Hybrid-TWRS is shown
in Fig. 3(a). With the assumption that P, = P, = 1, the BS
receives the signal from the paired users UE, and UE}:

y = haSq + hpSp + w. (12)

2) Then the BS decodes the signals of UE, and UE, by
using SIC technique:

Sp = Gp(haSa + hpSp + w), (13)
and
Sa = Ga(y — hpSp). (14)

The bit sequences of UE}, and UE, can be obtained respec-
tively: Sp — & — Xp; Su —> Cy — Xg.
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3) Fig. 3(b) reveals the downlink scenario of Hybrid-
TWRS. The BS encodes the detected bit sequences of two
users by XOR operation:

X =X, ®%. (15)

Ual/777/

R e

User a Relay User b
(a) Uplink in Hybrid-TWRS.

(b) Downlink in Hybrid-TWRS.

FIGURE 3. Hybrid two-way relaying system (Hybrid-TWRS).

After that, the BS maps the network coded signal to the
transmitted symbol (X — ¢’ — S’) and sends it to users. The
received signal of UE; is given by

yi = hiNP'S' + w. (16)

4) The detected symbol at terminal nodes can be obtained
as

S! = Gi(hiv/P'S + wy). (17)

The data bit sequence of UE; can also be decoded by
demodulation and channel decoding: S’ - ¢ — X,-.
We denote that ¢; and X; are the channel decoded bit sequence
and the detected bit sequence of UE;, respectively.

5) At the terminal nodes, UE; decodes the detected bit
sequence X; by XOR operation and finally receives the
messages from another user. At UE, side and UE} side,
the detected bit sequence can be formulated respectively by

X =X, @ x4, (18)
and
(=X @ xp. (19)

Based on the above process, messages are exchanged in
Hybrid-TWRS.
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B. SUM THROUGHPUT ANALYSIS IN UPLINK

The system throughput is the sum of the data rates of all
terminals transmitted to the network. For both OMA and
NOMA, which is the only difference between NC-TWRS
and Hybrid-TWRS, two users are assumed to share the entire
1 Hz BW simultaneously. Note that whether SIC is perfect
does not affect the comparison results. Thus, without loss of
generality, perfect SIC is used in the derivation of theoretical
throughput in this paper. From the definition of throughput
and the Shannon equation, the throughput of uplink OMA can
be expressed as [19]

Palha)?
) (20)

n

RSMA’U = alogyr(1 +

and

Pyl
S 1)

n

ROMAY = (1 — w)loga(1 +
where o denotes the resource allocation coefficient, subject to
the constrainton 0 < & < 1. Also, o, represents the AWGN.
The power of users satisfies: P, = Pp.

According to the assumption that 1hp|? > |ha|?, the signal
of UE)}, is first decoded at the BS. The throughput of two users
and the sum throughput in uplink NOMA can be formulated
as

Palhal?
RNOVAU  jogy(1 4+ Ll (22)
n
Pp|hp|?
NOMA,U bl/p
R =1 14+ ——), 23
b ng( Pa|ha|2+0"%) ( )
Palhal® + Py|hy|?
Rum ™ = loga(1 + =——3———). (24

n
respectively. Let us denote the transmit SNR at the BS by p
and assume that the power of users in uplink NOMA scheme
is same as that of OMA users.

Taking the special case to analyze the throughput of
NOMA and OMA in the uplink: when SNR is rather high, and
the RBs of two users are assumed equally allocated to each
other. Then the throughput of OMA and NOMA in uplink can
be written as [20]

1 Palha*  Pylhp> P2lha|?|hy|?
ROMA,U | 1 ala a
sum 2 og2(l + o? o? o )
1 1 hal®> |)?
= Elogz(pz(p + 4 — hal* 1 |*))
1
~ zlogz(p2|ha|2|hb|2>. (25)
and

sum

1
RYOMAU logz(p(; + lhal* + 115]%))

~ loga(p(lhal® + Iy [*)). (26)
Consequently, the throughput gain of NOMA over OMA
can be given by
lhp| Al

RGAnU — RNOMA.U _ gOMALU _ 10, (ML aly = g
il ™ Thl
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Since we have |hp| > |hy| > 0, the throughput of NOMA
is higher than that of OMA in uplink, i.e.,

NOMA,U OMA,U
Ram > Rom - (28)

C. SUM THROUGHPUT ANALYSIS IN DOWNLINK

In the downlink, which is the only difference between Hybrid-
TWRS and NOMA-TWRS. Uplink NOMA and down-
link NOMA have two significant differences. In downlink
NOMA, SIC technique is adopted to first decode the signal
of UE, with higher transmit power, then the decoded signal
of UE, is subtracted from the received signal, and UE}, with
lower transmit power is decoded. With the above analysis,
the throughput of two-user downlink NOMA can be written
as

RNOMAD _ 100 (] 4 Plhg|? ) (29)
“ Pplhg|> + 02"
and
P} |hy)?
RYOMAD _ 100,(1 + baz ). (30)

n

Here, the power of users is expressed as: P, = B,P' and
P, = BpP'. B, and B, denote the power allocation coefficients
of UE, and UE}, respectively, and they satisfy: 8, + B, = 1.

Then, the downlink network coding is considered. Since
the BS applies the XOR operation to the data of two users,
the signals of two users also share the same RB. The through-
put of the downlink network coding can be given by

RYCP = loga(1 + P/'h;'z), (31)
Un
and
RYCP = loga(1 + P/'h,f 5, (32)
Un
Since B, = 1 — B, < 1, and by (29) and (31), we have
P lhal® = BaP'hal® < P'|hal?, (33)
and
Pylha* + 0} > o?. (34)

Thus, we have
RYCD . RNOMAD. (35)

Following the similar operations as the above, it can be
observed from (30) and (32) that

Pplhp* = BpP'|hp|* < P'|hp?, (36)
hence we have
RZ’C‘D > RI,;IOMA’D. 37

Using (35) and (37), we can further conclude that

NC,D NOMA,D
Rom™ > Ram . (38)
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TABLE 1. Detection complexity for uplink and downlink.

Name real-valued multiplications | real-valued additions
NOMA-TWRS in uplink 4AN3 + 24N? 4N3 + 14N?
NC-TWRS in uplink 4AN3 4+ 24N? 4N3 +14N?
Hybrid-TWRS in uplink AN3 4 24N? 4N3 +14N?
NOMA-TWRS in downlink 4N3 + 24N? 4N3 +14N?
NC-TWRS in downlink 2N +12N? 2N3 + TN?
Hybrid-TWRS in downlink 2N3 4+ 12N? 2N3 4 7N?

Besides, the theoretical throughput of Hybrid-TWRS and x@ b @ b 2a #b
NC-TWRS can also be compared using (28). Therefore, 1 1 1 1 1 1
we believe that the theoretical system throughput of Hybrid- x& xb sa Sb za 2 b
TWRS is higher than that of NC-TWRS. Furthermore, for 2 2 2 2 2 2
Hybrid-TWRS and NOMA-TWRS, the conclusion can be : : : : . o
obtained by (38): the theoretical achievable rate of Hybrid- o o e b : :
TWRS is higher than that of NOMA-TWRS. ° ° o M/2 . o

Based the above, derivation results demonstrate that uplink : : : 0 e o
NOMA is highly effective in terms of throughput compared b : . '
with uplink OMA. Besides, downlink network coding utilizes X 1(\1] XN SIC\l,, 0 X 1(\1, X Il\jl
its advantages of compressing data to achieve a better perfor- . Transmitted )
mance than downlink NOMA. Thus, as a promising model, I"folr;i'::"o“ symbols Decoded bits
our proposed method Hybrid-TWRS has the maximum the- o ) ) )
oretical system-level throughput compared with NC-TWRS (a) The transmission of bit-match scheme in Hybrid-TWRS.
technique and NOMA-TWRS technique.

xf xP s sb xE xP
1 1 1 1 1 1
D. DETECTION COMPLEXITY ANALYSIS b b ~ ~
) A ax 2 s§ s x¢ xb
To verify the practicability of the proposed method, we calcu- 2 2 2 2 2 2
late the detection complexity of the three systems according : : : : . o
to the number of times they perform MMSE detection in the a o s b ~ ; :
uplink and the downlink. For the classical MMSE detection AN/2 o M/2 SM/2 XN/2 .
algorithm, by applying the method in [21], its complexity can : 9 L
be given by 2N+ 12N? for multiplications and 2N 3+7N? for x b o A.b
additions, respectively. Notation N is the number of detected N 0 XN
symbols in a frame. Consequently, the detection complexity Information Transmitted Decoded bits
of both the uplink and the downlink for the three systems are bits symbols

presented in Table 1.

It can be observed that the detection complexity of uplink
NOMA approximates that of OMA. This is because NOMA
applies SIC technique at the BS. Specifically, the MMSE
detection is performed twice per frame, and each time the
receiver decodes the signal of one user only. While for OMA,
two users apply the orthogonal resource to transmit their
signals. Thus, the BS performs MMSE detection twice too.
However, for downlink network coding, since it benefits from
XOR operation, the scheme only performs MMSE detection
once for one user. Consequently, the detection complexity of
downlink NC is lower than that of downlink NOMA which
carries out MMSE detection twice at one terminal node.

In summary, the detection complexity of Hybrid-TWRS is
reduced by about 25% compared to that of NOMA-TWRS.

IV. BIT-MATCH SCHEME AND SYMBOL-MATCH SCHEME
IN HYBRID-TWRS

Recall the application scenario of power-domain NOMA,
to minimize inter-user interference (IUI) and thus to maxi-
mize system throughput, two users with significant channel
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(b) The transmission of symbol-match scheme in Hybrid-TWRS.

[ ] ® I
s D— A — mae
ser

(c) The transmission processing in Hybrid-TWRS.

FIGURE 4. lllustration of the different transmission schemes in
Hybrid-TWRS.

differences need to be paired. Nevertheless, the asymmetric
channel in uplink NOMA will most likely lead to the differ-
ence in modulation and coding schemes (MCS) between the
paired users when AMC is applied [22]. Thus, without loss
of generality, in this paper we only consider the two NOMA
users who have different modulation methods [23].

Since the symbol sequences of the two users are natu-
rally superimposed in the uplink NOMA, they need to be
the same size for a completely non-orthogonal transmission.
However, in the downlink the relay node XOR the decoded
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bit sequences of two users, which also requires the original
bit sequences of two users to be the same size. Consequently,
the different modulation will eventually lead to a mismatch,
which between the size of the two users’ symbol sequences in
the uplink or between the size of the two users’ bit sequences
in the downlink.

According to the size-mismatch problem in the Hybrid-
TWRS, we propose the bit-match scheme, which meets the
size requirements of the two users’ bit sequences in the
downlink. Besides, the symbol-match scheme is investigated
to satisfy the size requirements of the two users’ symbol
sequences in the uplink. The analysis of the two schemes is
also given in this section.

A. TRANSMISSION OF BIT-MATCH SCHEME

In this paper, we assume that the modulation order of the
two users differs by one (user 1: BPSK, user 2: QPSK).
Fig. 4 (a) displays the bit-match scheme for Hybrid-TWRS.
In bit-match scheme, since different modulation methods are
adopted, two data streams of the same size x; and x, are
mapped to two symbol sequences of different sizes s; and
s» respectively after channel coding. Zero-padding is then
applied to the sequence with a smaller number of symbols to
achieve the superposition of signals. Given the above opera-
tion, OMA and NOMA coexist in the uplink Hybrid-TWRS.
Additionally, XOR operation is used at the BS with the two
same number of bit sequences X. By employing this scheme,
it offers better performance in terms of user fairness due to the
coexistence mechanism for OMA and NOMA. Consequently,
the uplink performance of the far user UE, will be improved.

B. TRANSMISSION OF SYMBOL-MATCH SCHEME

Except for adopting the bit sequences of the same size,
the symbols sequences of the same size can also be consid-
ered, as illustrated in Fig. 4 (b). In this situation, two users
have bit sequences of different sizes. Thus, compared with
the bit-match scheme, these bit sequences occupy fewer RBs
when transferring the same amount of data. Therefore, dif-
ferent from the bit-match scheme, the symbol-match scheme
has a better spectral efficiency since NOMA is independently
implemented in the uplink. However, due to the different sizes
of the bit sequences at the BS, the bit sequence of UE, has
to make up the missing part with zero-padding for an intact
XOR operation.

V. NUMERICAL RESULTS

In this section, simulations are carried out to evaluate the
performance of the proposed model Hybrid-TWRS. We first
reveal the differences between the bit-match scheme and the
symbol-match scheme. Then the simulation results are used
to compare the BER/BLER performance and the throughput
of the three systems.

A. BIT-MATCH SCHEME AND SYMBOL-MATCH SCHEME
ANALYSIS

To verify the analysis in section IV and select an appropriate
scheme for the proposed model, numerical simulations are
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TABLE 2. Simulation parameters.

Modulation BPSK (U E,), QPSK (U Ey)
Power allocation factor in downlink NOMA 0.9 (UE,), 0.1 (UEy) [24]
Coding rate 1/3; LTE Turbo

Channel model
Number of multiplexed UEs

Rayleigh flat
1 (OMA), 2 (NOMA)
MMSE-SIC (NOMA)/
MMSE (OMA, NC)
Number of simulated bit in a subframe 1024
1 % 10° (uplink)/
5% 109 (system-level)

Detection algorithm

Number of simulated subframe

—— Bit—match—UEa1
—— BitfmatcthEb |
—— Sym—match—UEa

—— SymfbasedeEb I

2 4 6
Eb/NO(dB)

FIGURE 5. Uplink BER performance comparison of different transmission
schemes in Hybrid-TWRS.

carried out to reveal the differences between the two schemes.
Simulation parameters are summarized in Table 2. The SNR
are defined as SNR,, = P,|h4|*/P, and SNRy, = Py |hp|? /Py,
respectively. Without loss of generality, in our simulations,
the SNR gap between the two users are designed as: 7 =
SNR; — SNR, = 6dB. Besides, the deviation of P,|h,| and
Pplhp| is set as 25% in maximum.

Fig. 5 shows the BER performance of the two schemes in
the uplink Hybrid-TWRS. For the bit-match scheme, the BER
of UE, is better than that of UE, owing to the coexistence
for OMA and NOMA. Moreover, with the similar BER per-
formance of UE}, in both two schemes, we can find that the
average BER of the bit-match scheme is superior to that of the
symbol-match scheme. However, compared with the symbol-
match scheme, the bit-match scheme has its restriction on
throughput in the uplink, which can be seen in Fig. 6. Due
to the independent NOMA technique, the uplink throughput
of the symbol-match scheme is higher than that of the bit-
match scheme. Note that we set the bottom x-axis of Fig. 6,
Fig. 7, and Fig. 8 as the SNR of UE},.

From the perspective of the system level, we consider
the overall impact of different transmission schemes on the
Hybrid-TWRS. Fig. 7 compares the performance of the two
schemes in terms of the average BER. It can be observed
that a better performance gain is acquired when the bit-
match scheme is applied. In Fig. 8, as we mentioned before,
the symbol-match scheme has the strength of high spec-
tral efficiency, which is reflected in the uplink throughput
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FIGURE 6. Uplink throughput performance comparison of different
transmission schemes in Hybrid-TWRS.
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FIGURE 7. System-level BER performance comparison of different
transmission schemes in Hybrid-TWRS.

performance. However, the operation for downlink network
coding at the BS takes that advantage away. The reason is
that for channel reciprocity, the network coded bit sequence
needs to adopt the same modulation method as the far user
UE,. According to the above, the symbol-match scheme loses
its superiority in throughput, which can be observed in Fig. 8.

The comparison of the two schemes in the proposed model
Hybrid-TWRS can be summarized as follows.

(1) In the uplink and the entire system, the BER perfor-
mance of the bit-match scheme is better than that of the
symbol-match scheme.

(2) At the system level, the throughput performance of the
two schemes becomes closer with the rise of SNR until they
become equal when SNR = 16 dB.

Based on the above, we prefer to choose the bit-match
scheme for our proposed model.

B. THE PROPOSED TWO-WAY RELAYING ANALYSIS

In this subsection, simulations are carried out to compare
the performance of our proposed two-way relaying sys-
tem Hybrid-TWRS versus the methods of NC-TWRS and
NOMA-TWRS. We simulate a two-way relaying with a
base station located in the center of the network, and two
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FIGURE 9. Uplink BER performance comparison of different methods.

terminal users are distributed in this coverage range. Sim-
ulation parameters are also summarized in Table 2. For a
fair comparison, the transmitted power of each technique is
set to the same, and all three methods experience Rayleigh
flat fading channels. The SNR gap between the two users
is designed to be the same as in the previous subsection,
i.e., T = SNR, — SNR, = 6dB. Also note that the bottom
x-axis in the simulation results represent the SNR of user UE},
(i.e., the near user).

Fig. 9 illustrates the uplink BER comparison of Hybrid-
TWRS and two other counterparts NC-TWRS and NOMA-
TWRS. It is observed that the uplink BER performance
of Hybrid-TWRS and NOMA-TWRS is basically the same
because they both utilize the NOMA scheme. Addition-
ally, the uplink BER performance of NC-TWRS is superior
to those of Hybrid-TWRS and NOMA-TWRS, but at the
expense of reduced spectral efficiency. Specifically, instead
of occupying the same RB in NOMA scheme, the OMA
scheme occupies two orthogonal resources for two users,
respectively. This effect can be observed in the following sim-
ulation of system throughput. For NOMA, we believe that the
error propagation of the signals caused by the application of
SIC technique is the main reason for its poor performance in

VOLUME 7, 2019



F. Wei et al.: Modeling and Analysis of Two-Way Relay Networks: Joint Mechanism Using NOMA and NC

IEEE Access

—o—Hybrid-TWRS
—4=NC-TWRS
—=~NOMA-TWRS
-4 -2 0 2 4

10 12 14 16 18 20 22 24

SNR (dB)
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FIGURE 11. System-level BLER performance comparison of different
methods.

comparison with OMA. The details are given in the following
paragraph describing Fig. 11.

Note that in Fig. 10, the system-level BER performance
comparison of Hybrid-TWRS and two other methods is stud-
ied. Comparing Hybrid-TWRS to NOMA-TWRS, due to the
application of the downlink network coding instead of the
NOMA scheme, the XOR operation on Hybrid-TWRS has a
better BER/BLER performance than the direct superposition
on NOMA-TWRS. Hence it seems that Hybrid-TWRS has
a considerable performance advantage over NOMA-TWRS.
Besides, Fig. 10 also shows that the system-level BER of NC-
TWRS is still better than that of Hybrid-TWRS for its benefits
from the OMA scheme applied in the uplink.

The system-level BLER performance comparisons of the
three methods are demonstrated in Fig. 11. It can be seen
that the performances of Hybrid-TWRS and NC-TWRS are
quite better than that of NOMA-TWRS. Given that the uplink
BER between Hybrid-TWRS and NOMA-TWRS is basically
the same, the error propagation caused by the SIC technique
applied in downlink NOMA-TWRS is the main reason for its
poor performance. Particularly, the signal of the first detected
user is recovered directly from the original received signal
with SIC; while for the second detected user, its signal is
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FIGURE 12. System throughput comparison of different methods.

reconstructed from the received signal which subtracts the
signal of the first detected user. If the first detected user is
detected erroneously, obviously the decoding of its signal will
be incorrect. Furthermore, the accuracy of the decoding will
also affect the performance of the second detected user.

In addition, Fig. 12 illustrates the system throughput of
all three methods and reveals perfect consistency between
the derivation and simulations. Firstly, the system through-
put increases with the SNR, which follows the intuition
that low BLER contributes to high throughput. Moreover,
NC-TWRS achieves higher system throughput compared to
Hybrid-TWRS at lower SNR condition. The reason is that the
effect of error propagation caused by SIC in NOMA domi-
nates the system performance at lower SNR. However, with
the increase of SNR, the throughput of Hybrid-TWRS can
eventually exceed that of NC-TWRS, that is because when
SNR is high enough, the high spectral efficiency brought by
non-orthogonal resources dominates the system performance.
According to the above analysis, an adaptive scheme for
OMA and NOMA in the uplink can be considered in this
paper. In particular, in order to improve network performance,
we can consider using NC-TWRS instead of Hybrid-TWRS
when SNR is low. Then, we can also switch to Hybrid-TWRS
at sufficiently high SNR.

Fig. 12 also shows that at lower SNR, the system through-
put of Hybrid-TWRS is much higher than that of NOMA-
TWRS. The reason is that, compared with the direct superpo-
sition, the XOR operation of Hybrid-TWRS is able to avoid
the influence of inter-user interference between two users.
Therefore, the error propagation has less impact on Hybrid-
TWRS. Furthermore, when non-orthogonal resources dom-
inate the system performance at higher SNR, the system
throughput of NOMA-TWRS becomes consistent with that
of Hybrid-TWRS since the users in both two methods occupy
the same number of RBs.

In addition, we also investigate how the throughput perfor-
mance of the three two-way relaying systems behave when
the SNR gap between two users t is changed. As shown
in Fig. 13, we change the SNR gap from 4 dB to 8 dB
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TABLE 3. Detection complexity for uplink and downlink.

real-valued multiplications real-valued additions
U (Vi-v 4U—2)(V2-V
HIH vy 4 V) (U — 1)V + U2V
(O +1INo) - 2V
)T 2V3 £ 6V?2 2V3 +2V7?
Oz 4UV? 4UV?2 —2UV

with a step of 2 dB. Now two new simulation scenarios
are considered together with the former case r = 6 dB.
It can be observed that in T = 4 dB, 6 dB and 8 dB cases,
the throughput comparison of the three systems has the same
result. Also, the reason for this result is consistent with the
analysis in the Fig. 12. However, the impact of different
SNR gaps on a particular system is quite large. It can be
found that the throughput performance of a particular system
increases with the rise of 7. Such phenomenon is reasonable,
because with the increasing 7, the power of the far user will
be strengthened. Consequently, it is easier to achieve a correct
decoding for far user when it is first decoded in the downlink
SIC receiver. Thus, the error propagation effect is weakened
and the system throughput performance is improved.

As we mentioned in the above analysis, despite the numer-
ous benefits of NOMA over OMA, the issues such as error
propagation and inter-cell interference are still the key factor
limiting the performance of NOMA scheme, which renders
the following two challenges in future two-way relay net-
works: (i) the characterisation of inter-user interference (IUT)
caused by different asymmetric channels should be consid-
ered; (ii) a dynamic allocation of MCS is needed for NOMA
user pairs to adapt to the TUI [25], [26].

VI. CONCLUSION

In this paper, a hybrid two-way relaying method Hybrid-
TWRS is introduced. Compared with the conventional
two-way relaying system NC-TWRS, Hybrid-TWRS signif-
icantly improves system throughput by further exploiting
the multiplexing gain of resources. Meanwhile, by utilizing
the lossless compressing gain brought by network coding,
Hybrid-TWRS achieves a better BER/BLER performance
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compared with NOMA-based two-way relaying system
NOMA-TWRS. Moreover, the detection complexity of
Hybrid-TWRS is lower than that of NOMA-TWRS, which
achieves savings in the computational resources. In addition,
the transmission schemes of Hybrid-TWRS are investigated.
By exploring both the multiplexing gain of NOMA and the
compressing gain of network coding, the hybrid concept of
Hybrid-TWRS is proved to be a promising technology. For
future research, by focusing on adaptive modulation and
coding (AMC) for NOMA user pairs, more results could
possibly be found out for two-way relay networks.

APPENDIX A

A. PROOF FOR THE DETECTION COMPLEXITY

For MMSE detection algorithm, its weighted matrix is for-
mulated as

Wimse = HTH + INg)~'HY | (39)

where H € CY*V) denotes the channel matrix, with Ny being
the power spectral density. Due to the complexity of H H by
using the Hermitian structure of the product HY H ¢ CV*V)
[21], the strictly lower triangular part of H H need not be
computed since it corresponds to the Hermitian of the strictly
upper triangular part. For this reason, we have to compute
only the V main diagonal entries of H H and the sz_ V. upper
off-diagonal entries.

Besides, according to [21], each entry requires an inner
product step a’’b costing U multiplications and U — 1 sum-
mations, where vectors a € CV and b € CV have dimension
V. For a’b, the number of real-valued multiplications and
real-valued summations are 4U and 4U — 2, respectively.
Note that this is only suitable for upper off-diagonal elements.
For main diagonal entries of H7H, since it is the result of
a complex vector multiplied by a conjugate transpose of a
complex vector, its number of operations is half of the upper
off-diagonal elements. Hence, the number of real-valued mul-
tiplications and real-valued summations for main diagonal
entries of HY H are 2U and 2U — 1, respectively.

Consequently, the number of real-valued multiplications
for HH is 20V + %Z_V), the number of real-valued

: Hy; @Uu-2)(v*-v) :
summations for H” His QU — 1)V +*==—5——. Applying
the similar way, other terms of weighted matrix Wysyse can
also be derived. The complexity is presented in Table 3.

In this paper, H satisfies H € C!"*N) where N is denoted
as the number of detected symbols in a simulation frame.
By substituting the constraints of H to the above table, and
further summarizing the result of the four terms, the com-
plexity of MMSE algorithm can be finally obtained.

In summary, the complexity of MMSE detection algorithm
is 2N3 + 12N? for multiplications and 2N3 + 7N? for addi-
tions.
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