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_Abstract—Network coding compresses multiple traffic flows multicasting described by a general graph model [2], [3]. In
with the aid low-complexity algebraic operations, hence hids contrast to wired networks, where NC relies on the global
the potential of significantly improving both the power and nhawork topology, wireless networks are capable of flexibly

bandwidth efficiency of wireless networks. In this contribution, . L . .
the novel concept of Network Coded Modulation (NCM) is applying NC for achieving substantial throughput gains for

proposed for jointly performing network coding and modulation ~ unicast flows, which may be attained without requiring globa
in bi-directional/duplex relaying. Each receiver is coloated with  topology related information. Of particular practicaléngst is
a transmitter and_ hence hz_as prior_knowle_dge of the message the two-way relay-aided sub-network topology, which =i
intended for the distant receiver. As in classic coded modation, - ;_gjrectional/duplex relaying. To the best of our knowded
the Euclidian distance between the symbols is maximized, hee . W .
the Symbol Error Ratio (SER) is minimized. Specifically, we refe_rence [4_] was the flrst NC—cqntrlbutlon on the practical
conceive NCM methods for PSK, PAM and QAM based on Subject of simultaneous information exchange between two
modulo addition of the normalized phase or amplitude. Furtrer-  unicast flows, which is also known as bi-directional/duplex
more, we propose low complexity decoding algorithms basedno relaying. Explicitly, the relay computes the XOR of the two
the corresponding conditional minimum distance criteria. Our  pite " raceived from two distant nodes, which are engaged in
performance analysis and simulations demonstrate that NCM bidirectional/duplex communications, and then broadctst
relying on PSK is capable of achieving a SER at both receivers i . ! .
of the NCM scheme as if the relay transmitted exclusively to XORed output bits, which can be decoded at a node by simply
a single receiver only. By contrast, when our NCM concept is XORing the received bit with the bit which was originally
combined with PAM/QAM, an SNR loss (<1.25dB) is imposed at transmitted from this node. Assuming the transmission of
one of the receivers, usually at the one having a lower data ta ,hhiased random bits, a 50% potential energy and bandwidth
in a realistic different rate scenario. Finally, we will demonstrate . .
that the proposed NCM is compatible with existing physical &yer redu.ctlo.n may k,’e achieved at the_ relay. To broaden the
designs. application of wireless network coding, the authors of [5]
considered another related sub-network topology, which wa
. INTRODUCTION referred to as X-relaying.

Network coding (NC) has emerged as a promising andIn both bi-directional and X-relaying, each destination re
powerful solution for future communication networks, ®ncceiver has the prior knowledge of the message intended for
it holds the promise of significant throughput gains. Thehe other, which can be expected to simultaneously decode
underlying core idea behind network coding is the linedhe NC bits or symbols carrying two-way traffic. Hence two-
combination and compression of various traffic flows witlvay relaying was extensively studied from both an infororati
the aid of low-complexity algebraic operations at interiaézl theoretic and practical perspective. To understand thioper
nodes, such as routers or relay stations of a network. Thesance limits of decode-and-forward aided two-way relaying
network coded flows will be decoded at their destinations lits downlink capacity was investigated in [6] and [7]. In
jointly processing multiple input flows arriving from diffe particular, [6] proposed a technique for ensuring that te t
ent paths and/or by exploiting some prior knowledge. Thiownlinks can have different channel capacities and herece a
ingenious methodology allows a multicasting communicaticcapable of asymmetric two-way relaying. As a further adeanc
network to approach its maximum-flow capacity bound [Ihe idea of lattice coding was proposed for designing efiicie
and hence to support high-speed multimedia applicationsio-way relaying [8]-[10]. Furthermore, NC and modulation
such as IPTV. By exploiting the broadcast nature of wirelesgere jointly designed for realizing practical asymmetetay-
downlink (DL) environments, network coding may also attaiing [10]-[12]. More particularly, a joint NC and superpasit
a substantial power and bandwidth efficiency gain in unicasbding approach was proposed for a cross-layer operation

wireless transmissions. in [10]. Practical symbol based NC relying on QAM was
In the past decade, the theory and application of NC hdssigned in [11]-[12] for bi-directional transmission.
attracted extensive investigations. The initial desigjective In this paper, we proposed the novel concept of network

was that of approaching the maximum-flow capacity bound obded modulation (NCM) for practical asymmetric two-way
multicasting wired networks [1]. In an effort to formulats i relaying. Our main motivation is based on the following thre
unified theory and global code construction, linear spasedtba aspects. Firstly, practical duplex relaying needs an efiici
and algebraic frameworks were proposed for single-souraed low-complexity transmission strategy for minimizirget
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symbol error ratio (SER) at both receivers. Secondly, the V|7< = V= =Vi7

design and analysis of two-way relaying may be substantiall X X

. . . . SN1 SN2
simplified, if the NC procedure can be made compatible oI =5
with existing physical layer techniques, which have been
extensively studied. Thirdly, we have to conceive a techaijq Fig. 1. System Model

which is capable of achieving the two-way relaying capacity

in order to attain high coding gains in practical scenarios.

Our novel contribution is that NC and modulation are jointlyhis paper. In the symmetric case & = R», the RN can
designed in this paper. For PSK, PAM, and QAM, NCMerform network coding using bit-by-bit XOR and then map
can be realized by the carefully designed modulo addition tife resultant bits to into symbols. In the above mentioned
the normalized phase or amplitude. We will show that th&symmetric case aR; < R, however, it is suboptimal to use
proposed NCM allows each receiver to decode a constellatioit-level network coding and modulation separately. Reatt
that was designed for AWGN channels, where the Euclidiasymmetric scenarios occur not only owing to the different
distance of symbols is maximized. In this way, the SERansmit requirements of duplefNs, but also due to the
analysis methods conceived for AWGN can be borrowaiifference in their link qualities and BER requirements et

to show that NCM using PSK can achieve a SER at eanfmy result in different channel coding rates and modulation
of the receivers as if the relay transmitted exclusively to @onstellations.

single receiver only. This confirms the information theimret In each symbol duratiof;, R,T, bits of W; and R,T,
conclusions drawn in [6]-[7], namely that each of the twabits of W, are jointly mapped to a symbd{ chosen from a
way downlinks spanning from the relay to the destinations $&tX’, which is also referred to as the phaser constellation. In
capable of approaching its AWGN channel capacity. We wiflractice, an integer number of bits is mapped to each symbol,
also show that NCM using PAM/QAM, rather than PSK, wili.e. we haveR;T,; € N. Conventionally, a constellation that
induce a fixed SNR loss € 1.25dB) at one of the receivers,carries R; T, bits/symbol must haveé/; = 257 |egitimate
usually at the one receiving at the lower data rate. Finallyymbols. ForR; < R, we have%—ff € N. Having established
we demonstrate that NCM can be directly combined witthe system model, we shall propose network coded modula-
most existing physical layer techniques, including TCM ason, which is capable of efficiently transmittin®, s bits to
well as Adaptive Modulation and Coding (AMC)[13]. Thiseach receivet using a single symbaK from a constellation
will substantially reduce the design complexity of two-wayaving M, = 2727 symbols. Notably, the proposed NCM
relaying. method is also applicable to the symmetric casé&pf= Rs.

Il. SYSTEM MODEL I1l. NETWORK CODED MODULATION

Consider a two-way relaying network, where a common In this section, we propose and analyze NCM designed for
relay transmits to destination nodd3N; and DN,, each widely used PSK/PAM/QAM constellations, which is realized
having a prior knowledge of the message intended for tihg the modulo addition of the normalized phase or amplitude
other, because they also act as source nétgs and SN,. of two symbols. We shall propose low-complexity transceive
This scenario is shown in Fig. 1. Throughout this paper, wagorithms and evaluate their SERs. We will also demorsstrat
let £ = 3 —i. Let W; denote the message 6fN;, intended for NCM-aided PSK that we can achieve the same SER as if
for DN;,i = 1,2. Thus, when we refer tdN;, this reciever the RN allocated all of its power for transmission to a single
has the knowledge diV’;, intended forD N. DN’s receiver using PSK at the same bit rate. By contrast,

In two-way relaying, the relay nodeR(V) will transmit for network coded PAM/QAM, a fixed SNR loss of less than
a single symbol, which carries the messages to f&ys 1.25dB will have to be imposed on the receiver of the lower-
simultaneously. LeX andY; denote the signal transmitted byrate link of a practical asymmetric scenario.
the RN and the signals received BtN;, respectively. Then A NETWORK CODED PSK

the equivalent baseband signal model is presented by
In network coded PSK, the output symbol, which simulta-
Yi=X+2i, (1) neously carries two messages, is chosen from a PSK constel-

where Z; denotes the equivalent noise BtN;. Furthermore, lation. The RN’s t_ransmitter will carry out NCM in two steps
we haveZ; = Z:, where Z; represents the Additive White P€' symbol duration. FirstlyR; T bits of the messag®’; of
Gaussian Noise (AWGN) @b N;, while h; denotes the fading Vi Will be mapped to a symbol cho;e? from a normalized
channel coefficient spanning from thzV to DN;. Assuming Mi-ary PSK constellation having/; = 2"+ symbols, which

a noise variance ofV, , we haveZ; ~ CA'(0, No). In this are represented by

context, the equivalent noise variance is givenay; = ;. X, = {cosf; + jsinb; : 6; € ©;},
Furthermore, let us denote the energy per symbolEhy:=
E{X?}. where we have

The data rate of the messaf§g of SN, is denoted byR;. o - lo 2 2(M; — OHm
Without loss of generality, let us assurmike < Rs throughout T MY M; ’
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Any bit-to-symbol mapping methods, such as Gray coding and
set partitioned TCM, can be adopted throughout this paper.
Given the phasé#; and - of the mapped symbols, the RN’s

transmitter generates a network coded PSK symbol given by

X =+/E;(cosf + jsinb), (2)
where the symbol’s phase is obtained by
9:91+92 mod 27. (3)

The symbols generated by Egs. (2)-(3) form\a-ary PSK
constellation. Note that; represents a finite group with
respect to mo@r addition, and®; is a subset oB,. Since
the group®; is closed under the considered operation in
Eq.(3), the groupd formed by the resultant phase is equal
to ©,. Moreover, it may be readily shown thétis uniformly
distributed, if6; is uniformly distributed. It can be seen from
Egs. (2)-(3), that the original symbol of linkis rotated by
an angle off;, which is also known at the receiver &N;
given the prior knowledge di’;.. In other words, the receiver
of DN; will have to detect a rotated PSK constellation. Hence
the receivers may apply existing PSK detection methods for
our NCM scheme.

Let us now turn our attention to the NCM receiver’s Fig. 2. Decision Regions for Network Coded PSK; =2, M> = 4
symbol detection algorithm. To minimize the SER, the classi
maximum a posteriori probability (MAP) detection rule is ) ) ) » ,
applied at both DN's receivers. Given the prior knowledg®" €auivalently, if the following condition holdsfzz <
of 6, the receiver ofDN; will detect its desired symbol as ( £Y; + ﬁ — 0 ) mod 27 < mﬂ thend; = 2}\’;—” From

cos (éz’ " 9k) gs. (4) and (5), we may infer the decision region required fo

6; = argmaxPr{ /E, . Y;, 0k network coded PSK at the receiver BiN;, as shown in Fig.
6;€0; +j sin (9,- +9k) 2, which can be obtained by rotating the decision region of
. conventionalM;-ary PSK by the above-mentioned andlg

(@ cos (9i + 9k) This implies that the detection complexity of network coded
= argmaxPr{Y; \/FS R .

0:€0; +jsin (91- + ek) PSK is the same as that of common PSK.

Having conceived the transceiver scheme of network coded

(b) . cos (éi +9k) PSK, let us now study its SER performance. Recall from
= argmin||Y; — \/E the above discussions that both the constellation and de-

bico tysin (91' +9’“) cision regions of network coded PSK are rotated versions
) . A of conventionalM;-ary PSK with a symbol energy of;.
. 4}@7(91- 0 d2)‘ 0 onaM; .
agf’;gin + O mod 27 Intuitively, given the same symbol distances and decisitest
) . the network coded PSK and conventiodd}-ary PSK should
= argmin |(£Y; — 0 mod 2m) — 0; (4)  have the same SER, as shown in the following theorem.

0:c0: _ Theorem 1;: The SER at the receiver dDN; can be ob-
where ZY; denotes the phase angle of the received symhgfneq py

Y;. Specifically, equality § converts the MAP rule into the

Maximum-Likelihood (ML) rule by exploiting the fact tha Q (, /%) M, =2
is uniformly distributed. Equalityly) simplifies the ML rule E. 9 £, .

to the classic minimum Eu(llidiantgistanpce criterion conedi Pi=4 2@ ( W) -Q ( No,i) M; =4 6)

for AWGN channels. For PSK constellations relying purely 2Q (, / 12\,’5 sin ﬁ) M; > 4.

on phase-rotation, the minimum Euclidian distance coteri . . o .

is equivalent to the minimum phase difference criterion, as__FProof: Sinced; is uniformly distributed in®;, the average
shown in €). By noting thatZY € [0,27), we can simply SER is equal to the symbol error probability conditioned on
minimize the phase difference betwegt’ and (d; + 6, mod ¢ = 0 andéj = 0 for reasons of symmetry. As a result, we
2r). To provide further insights, we may present the analyticARve

expression of); as P, = Pr{f; #0|6; = 0,6, =0}
| M; (£Y; — 6, mod 27) 1] 27 JE TR 4 ™
L — i il — . . >\
0, { - n QJ e (5) 2Pr{‘é [ E, +Re{ZZ}+jIm{ZZ}” >
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From [14], we arrive at the SER expressiéh of (6) at the

A I 1 v 1
receiver of DN;. ] a,=0 § 4, =— a=0 3 4=-
Based on Theorem 1, network coded PSK achieves the same —-L—I——Lz—l—» —I—J.——I—,L—z»
SER at the receiver of the DN, as if theN exclusively 2 =0 a1
allocated all of its power for transmission to a single reeei : P4
—

only. This implies the optimality of network coded PSK. . TV r -
Furthermore, this conclusion is in line with the informatio N N
theoretic conclusions drawn in [6] and [7], where both links

1 3
were shown to achieve their AWGN channel capacities in the a=7 ®=7
context of two-way relaying.

B. NETWORK CODED PAM/QAM G=0% a7 4a=-11a->
] ]
]

Let us now extend our attention to higher-throughput con- '

stellations, such as PAM and QAM. Note that the In-phd¥e (

and Quadrature() components of rectangulas-QAM using a,=0
M = L? can be regarded as a pair BfPAM signals, because . .
we mainly focus our attention on PAM. Network coded PAM P _1 5 Btazon P _1
is implemented in two steps per symbol duration. Fifgt]’s 2t 4 ' ' 4
bits of W; will be mapped to a symbol from the set bf;-ary ‘1_1_4__4._!_;»
PAM constellation points, which is formulated as: 1
a, =—

Xi = {QMZG,Z — (Mz — ].) La; € Az}, 2

where Fig. 3. Decision Regions for Network Coded PAN; = 2, My = 4

1 M;—1
aefodk, 1)

Given the normalized amplitudes anda,, the RN’s trans- Specifically, equalities&) and @) yield the ML rule and

mitter will generate the network coded PAM symbol as the minimum Euclidian distance criterion, respectivelpr F
convenience, we normalized the minimum distance criterion

X =d[2Mza — (My - 1)], (7) as shown in equalitydj. Based on Eq. (9), the analytical
where the normalized amplitude is determined by expression of the estimated valde of a; in Eq.(8) can be
formulated as
a=ay + as mod 1, (8) 1 — ap mod 1 17@<A(ak)(ak)
_ 3E, : H ~

a.ndd = 1/MZQ_1 denotes half of the symbol distance in PAM’di _ {Mi (K — aj, mod 1) n %J ﬁ otherwise
given an energy, per symbol. od ‘ Vo)

Similar to our arguments in Section Ill-A, the normalized @k = 3y MO i > Aax),
amplitude of the network coded PAM symbol is uniformly - YA Myl : . . . (10)
distributed in A,. Furthermore, when network coded PAMWNereY: = =537 is the normalized decision variable. The

is adopted, the original symbol intended f&rN; will be WO extreme boundaries are given by

cyclically shifted by an amplitude o2Msard. Again, the 1 1
receiver of DN; which knowsW, a priori and will detect Aay) = (“’f mod M) + 9N,

a cyclically shifted PAM constellation. Therefore, botheth B 1 3
detection method and SER analysis of conventional PAM can Mar) = (ak mod M) +1-o
be borrowed for network coded PAM. ' '

The MAP detection method of network coded PAMIalV;  respectively. Fig. 3 shows the decision region of netwodecb
is presented as follows: PAM, which is a cyclically shifted version of conventional
. PAM, as expected. By exploiting the connection between
2M2(a; + aj mod 1) 1 - ak} network coded PAM and classic PAM, we formulate its SER
—(MQ _ 1) (X

G; = argmaxPr< d . :
in the following theorem.

a;€A;

(@) 9 Mo (i + ay mod 1) Theorem 2: The SERs at the receivers &IN; and DN,
= argmaxPr<Y;|d can be expressed as
areA; —(M3 —1)
X 2(My — 1) ( My 6 I
_ 2Ms(a; + ay mod 1 p = 2L o= o 11
(:) arg min }/Z—d 2( b ) ! M1 Q(Ml M221N()1> ( )
a;eA; _(M2 - 1) ’
(© Y+ My—1 P - 2(M; —1) 6 Es 12
= aI&‘qgeI;le TQCZ — (ai + ag mod 1)‘ . (9) 2 MQ Q M22 1 N()72 ( )
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Proof: Given the knowledge ofi;, the receiver ofDN; W

I
X X ) Channel Coding | Modulation/ M .
will detect the symbol from a cyclically shiftetl/; -ary PAM ™} (optiona) | Coded Modutation |
constellation. Intuitively, the SER of a cyclically shifté\/;- T Rate/Channel Adaptation (optional) | symbol | L
. . . . .. H P P H Mapping |
ary PAM constellation is identical to that of the origin&;- W, Com e T T oo |0
ary PAM for the same minimum symbol distance. From [14], ™ (optional) || Coded Moduation |~ !
M;-ary PAM using a minimum symbol distance 2f; has L, _ Network Coded Modulation __ !
the SER given by Transmitter
P 2 <W‘— Ceh:on?r?l ;4— lard or Sof 'mbol Dicision <Y’—
P = MQ % . (13) (optonay_| e er ot mear®
M; No,; ! 1 I
i Rate/Channel Adaptation i| Rotation or Cyclic Shift of
H (optional) | Original Constellation
By recalling Egs. (7)-(8) and that; € A;, we haved, = 42d
andd, = d, which is inserted into (13) to arrive at Eqgs. (11)-
(12). [} Receiver

Let us now compare the SERs of network coded PAM
and classic PAM to provide further insights. THE&V-D N,
link can achieve the same SER, as if the relay transmitted

exclusively to DN,. By contrast, theRN-DN; Link suffers . i f K coded PAM K
from an SNR loss compared to the classic PAM. To understaﬁﬁm ar to our _ar_guments or network co © ' ngtwor

this further, letE’ denote the symbol energy of classic PAMF:Od(Ed QAM _W'" induce a fixed SNR loss in the receiver of
Then, the SER of classid/;-ary PAM is equal to that of DN}’ Wh'(_:h |s.upper.-bounded by 1.250B.

network coded PAM, as shown in Eq. (11). The comparison Finally, in this section we offer some remarks on the com-

of Eq. (11) and the SER formula af/;-ary PAM in [14] patibility and optimality of NCM. Fig. 4 presents a solution

Fig. 4. NCM compatible with existing PHY designs

suggests that we have for ensuring the compatibility of NCM with arbitrary exist
physical layer designs. In thRN’s transmitter, NCM will be
Es 1- M2 1 adopted to process two normalized symbols, both of which

(14) are obtained by conventional coding/modulation or coded

modulation employed for each flow, and then mapped to a
which is fixed and independent of the SNR. By nOting thaﬁng|e Symb0| ha\/ing an average energyE;f By exp|0iting
M; > 2, 5— is upper bounded by. In other words, the SNR the prior knowledgdV;, at SN, the receiver oD N; becomes
loss due to NCM will be less than 1.25dB. Furthermore, EQapab|e of decoding the transmitted symbols ofi,.Shhich
(14) also implies that the SNR loss due to NCM becomege from a rotated PSK or cyclically shifted PAM/QAM

negligible, when)/; is large. For instance, foif; = 8, the constellation. Based on the minimum distance criterioe, th
SNR loss of the’R N-DN; link is within 0.069dB. The reason decision region will be obtained by rotating or cyclically

for the SNR loss at the receiver 6N, can be stated as fol- shifting the original decision region. Although the focus o
lows. Givenas, the legitimate symbols at the receiverofV,  this paper is on hard decisions, NCM is also compatible with
have a nonzero mean df|:2M2 (a2 mod IV%Q +1- % .In soft decision methods, where the required soft-values ean b
contrast to the classic zero-mea#;-ary PAM, the DC bias calculated based on the Euclidian distances between tisg noi
of such a cyclically shiftedM;-ary PAM constellation will received symbol and the legitimate symbol. As a result, both
cost some extra energy, which therefore results in the abdbe performance analysis as well as the channel-qualityehi
mentioned SNR loss. adaptation methods of existing physical layer designs @n b
Recall that rectangulat2QAM can be regarded as a pair ofdirectly applied.
L-ary PAM | andQ components, each havin%i energy per  Recall that network coded PSK is capable of achieving the
symbol. In this context, network coded QAM can be realizesame symbol distances at bdthvs, as if the relay transmitted
by adopting network coded PAM in theand Q component exclusively to a single receiver. The same conclusion &s fiou
respectively. Moreover, note that a symbol detection errdiCM using PAM/QAM at the high rate receiver. For the lower
occurs in QAM if and only if an error occurs in either one ofate PAM/QAM message receiver, the SNR loss of network
its components. As a result, we may apply the SER resultsafded PAM is less than 0.28dB fdv/; > 4. This implies
network coded PAM for expressing the SER of network coddlle optimality of network coded PSK and near-optimality
QAM as follows: of network coded PAM/QAM. The optimality formulated in
terms of symbol distance and SER was discussed in parallel
P A - 4y/My ( M, 3 K ) (15) 1O the optimality in terms of capacity i [6], [7]. suggegfin
M, My (My —1) Noa that both the RN-DN; and RN-DN, links are capable
of approaching their own single link capacity. However, it
4Ms _4\/W2Q 3 Es (16) is worth noting that we cannot directly apply the bit-to-
My (Ms —1) No2 symbol mapping method proposed in [6], which relies on the

_ = < ,
Bl 1-M;7? " 1-M;?
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Fig. 5. SER of Network Coded PSK Fig. 6. SER of Network Coded PAM

modulo, addition of the symbol indices, while avoiding anywhich is exactly the same as that of classic single-link PSK.
decoding ambiguity, because Xie’s solution cannot max@miZ he SER of network coded PAM/QAM is also identical to that
the Euclidian distances of legitimate symbols, while using of classic single-link PAM/QAM in theRN-D N, link, but it
finite code length. By contrast, upon using the modulo aolditi has a modest SNR loss in t#eV-DN; link having a lower
of the normalized phase or amplitude, the proposed NCMessage rate. Noting the similarity of NCM and conventional
becomes capable of maximizing the Euclidian distanceseof thingle link transmission schemes, we made it plausible that
legitimate symbols at botlv N; and DN. NCM is compatible with existing physical layer techniques,
which makes two-way relaying an effective design option.
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