arXiv:1703.04141v1 [csIT] 12 Mar 2017

Wireless Bidirectional Relaying using Physical
Layer Network Coding with Heterogeneous PSK
Modulation

Chinmayananda A.

Dept. of Electrical Communication Engg.
Indian Institute of Science Bangalore,
Karnataka (India) - 560012
Email: chinmaya@ece.iisc.ernet.in

Abstract—In bidirectional relaying using Physical Layer Net-
work Coding (PLNC), it is generally assumed that users employ
same modulation schemes in the Multiple Access phase. However,
as observed by Zhang et al. [1], it may not be desirable for the
users to always use the same modulation schemes, particularly
when user-relay channels are not equally strong. Such a scheme
is called Heterogeneous PLNC. However, the approach in [1]
uses the computationally intensive Closest Neighbour Clustering
(CNC) algorithm to find the network coding maps to be applied
at the relay. Also, the treatment is specific to certain cases
of heterogeneous modulations. In this paper, we show that,
when users employ heterogeneous symmetric-PSK modulations,
the network coding maps and the mapping regions in the fade
state plane can be obtained analytically. Performance results are
provided in terms of Relay Error Rate (RER) and Bit Error Rate
(BER).

I. INTRODUCTION

A bidirectional or two-way relaying scenario consists of
nodes A and B wanting to exchange data using a relay R. If the
relay performs PLNC, the relaying has two phases: Multiple
Access (MA) phase and Broadcast (BC) phase [2]. In the MA
phase, users transmit signals simultaneously to the relay. The
signal received at the relay is a noisy sum of transmitted
signals scaled by their respective channel coefficients. The
relay applies a many-to-one map on the received symbol, such
that the users can decode the desired message, given their own
message and a knowledge of the map. The salient feature of
this scheme is that the mapping depends on the fade state of
user-relay channels. Hence, the complex plane representing the
ratio of channel coefficients (or fade state) has to be partitioned
to indicate which map is to be used in a given region. Relaying
carried out in this manner is highly efficient compared to
conventional relaying and Network Coding at bit-level. [2].

Both users are assumed to apply the same constellation
during the MA phase [2], [3]], [4], [S]. However, due to varying
channel conditions (i.e. average SNR), each link may only be
able to support constellations up to a certain cardinality. Such
a scheme is known as Heterogeneous PLNC (HePNC) which
was proposed by Zhang et al. [6]], [[1]. Three cases of HePNC
viz. QPSK-BPSK, 8PSK-BPSK, and 16QAM-BPSK are inves-
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tigated in [1]] and the network coding maps are obtained using
CNC algorithm [2]]. However, a computationally efficient way
of obtaining the network coding maps and the corresponding
fade state region boundaries using the concept of singular fade
states (SFS), is known [3] for symmetric PSK modulations.
Also, the concept of clustering independent regions is not
considered in [6], [L1].

In this paper, we provide an analytical approach to the
PLNC scheme with heterogeneous PSK modulations by ex-
tending the framework of Muralidharan et al.[3]. The contri-
butions of this paper are:

o The analytical framework provided in this paper enables
the investigation of two-way relaying using HePNC with
PSK modulations. This includes cases like 8PSK-QPSK
PLNC which are not considered by Zhang et al.

o The approach taken by Zhang et al. uses a computer
search based CNC algorithm [2] to find the boundaries
of relay-mapping regions. The complexity increases with
the order of PSK signal sets used. This work provides
explicit equations for the boundaries of relay-mapping
regions.

o For the HePNC modulations dealt by Zhang et al, where
one of the users employs BPSK signal set, the boundaries
of relay-mapping consist of straight lines only. For a
general case, the boundaries also include arcs of circles,
for which this paper gives explicit equations.

o This work generalizes some results of [3]]. For example, if
same order of PSK modulation is used at both users, the
Internal Clustering Independent (CI) Region is obtained
from complex inversion of External CI Region. This
paper provides equations to obtain boundaries of Internal
CI regions for heterogeneous PSK modulations.

The paper is organized as follows: Section II describes the
system model, which is followed by the derivation of the
exact number and location of SFS in Section III. The Latin
rectangles used for QPSK-BPSK and 8PSK-BPSK schemes,
which serve as many-to-one maps at the relay are listed
in Section IV. The analytical framework for partitioning of
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Fig. 1: Two-way Relaying with Heterogeneous PLNC [1]

the fade state plane is given in Section V. Thereafter, the
performance is evaluated in terms of Bit and Relay Error Rates
in AWGN and Rayleigh fading channels. The results match
those provided by Zhang et al. [1].

II. SYSTEM MODEL

The HePNC system comprises of two users A and B,
wanting to exchange data through a relay R. The notation
from [3]] and [4] has been used and extended. Let A and B
use PSK modulations . of cardinality M; = 2)i  where,
Xi € Z%* for i = 1,2. Subscripts ¢ = 1,2 is used for
A, B interchangeably, to indicate parameters of A and B
respectively. That is, A wants to send a A; binary-bit tuple
to B, and B wants to send a A\ binary-bit tuple to A. Without
loss of generality, \; > Ao. Let the functions mapping the
bit-tuples to complex symbols be binary to decimal mappings
given by p; : Fg‘ — & for i = 1,2. This paper considers
users using 2gy{nmetric M;-PSK constellations of the form
S = ej( Mt’ )N;O <k<M-— 1}. The relaying has two
phases, MA phase and BC phase.

1) MA Phase: In this phase, the users transmit complex
symbols to the relay simultaneously. The user transmissions,
xp = p1(sa) and xp = ua(sp), where, s4 € Fgl and sg €
]ng. The received signal at R is given by

Yr=Hyxa+ Hpxp + Zg, (1)

where H4 and Hp are fade coefficients of the A-R and B-R
links respectively. The additive noise Zg is €4 (0, 0%), where
€./ (0,02) denotes circularly symmetric complex Gaussian
random variable with zero mean and variance o2. Slow fading
is assumed. The pair (v, 0) is defined as a fade state.where
~yej"é@;~yeR+,—w§0§w. 2)
Ha
It is assumed that the fade states are distributed according
to a continuous probability distribution. The channel state
information is assumed to be available only at the receivers.
Thus, no carrier phase synchronization is needed at the users.
However, symbol-level timing synchronization is assumed [[1].

The effective constellation seen at the relay during the MA
phase is therefore,

Ir(7,0) ={xa+ve’splra € A xp € S}, ()
The minimum distance between any two points in the constel-
lation Zg(, 0) is defined as,

= min
(za,xB),(2)y,25)EF1 X F2
(zq,2p)#(z)y w'5)
“)
A fade state where dpin(v,0) = 0 is called a Sin-
gular Fade State (SFS). The set of all SFS, is 7 =
{re?% € Cldmin(7,0) = 0}. The relay R jointly decodes the
transmitted complex symbol pair (z4,xp) by computing a
maximum likelihood estimate:

argmin  |Ygr — Haz'y — Hpa'g|.  (5)

(z'y,2'5)ES1 XS

(iAviB) =

2) BC Phase: Instead of re-transmitting the estimated pair
in the form of a constellation of cardinality M; x Ms, the
relay applies a many-to-one map from this pair to points on
another constellation having smaller cardinality. This many-
to-one map depends on the fade state and is defined by
MY P x Sy — S'(v,0). The signal set . satisfies
the inequality, max (|71, |-72]) < |’ (v,0)| < |71| x |-
Elements of .7 x . mapped to the same complex number
in .7’ by the map .#"% are said to form a cluster. Let
{4, L, ..., L1} denote the set of all clusters for a given fade
state, also called a Clustering. Let ¥ denote a generic clus-
tering. Let %4 (x4, xp) denote the cluster to which (x4, zp)
belongs under the clustering & .

The relay needs to broadcast a complex symbol Xp =
M0 (2a,28) € S(7,0). The cardinality of the transmitted
constellation is assumed to be limited by the SNR of the
weakest link (by convention B-R). Thus, the relay transmits
a set of symbols Xpg, € % with the number of broad-

cast transmissions being N; = (W] and Xp =
{XR1 s XRys -y X Ry, } The users A and B receive transmis-
sions Yy, = nga:R]. + Za, and Yp, = nga:R]. + Zp;,
where, j € {1, ..., N;}. The fading coefficients corresponding
to the R-A and R-B links are denoted by H’, and Hp and
the additive noises Z4, and Zp, are €.4(0,0?). The users
then decode the individual transmissions and create composite
symbols Y4 and Yp to estimate x4 and zp respectively.
The map .27 is known to the users, and so is the symbol
transmitted by them, using which the data of the other user has
to be recovered. To ensure this, the many-to-one map should
satisfy the condition called Exclusive Law [2]], [3]], which is

M (wa,ap) # M0 (2 2p),

for xa # x%;xA,:c;l € SN, Vep € .S.
%%G(IAVIB) 3&%%0(:614317/3)5

for xB;éx’B;:cB,ch € S, Vg € A. (6)

This constraint leads to the mapping function being of the
form of a Latin Rectangle. If the fade state is an SFS, the relay

|(wa—alp)+re’ (wp—a'p)|.



cannot decide upon the transmitted pair (4, 2p), as multiple
pairs lead to the same received symbol at the relay. For fade
state values (v,0) near the neighbourhood of an SFS, the
value of d,,in(7,0) is greatly reduced, which might lead the
relay mapping the estimated transmitted symbols to a wrong
constellation point in the MA phase. To mitigate this harmful
effect of an SFS, another constraint called the Singularity
Removal Constraint is imposed: for all pairs (z4,zp) and
(«'y,2'5), where, x4 # 2/y and zp # 25, such that
|(za — 2'y) + 7€' (xp — 2'5)| = 0, ensure .27 (x4, 25) =
M (x'y, 7). The above mappings remove the detrimental
effect of distance shortening [2]. The minimum clustering
distance for a given mapping/clustering ¥ and a given fade
state (v, ) is defined as

Ainin(€'57,0) =
min za —a'y) + el (xp —alp)|. (T
(zA zB) (IA IB)Gylny( A A) v ( B B)' ( )

MO (2 p a2 g)E MY 9(14 @)

A mapping is said to remove an SFS h € 7, if the minimum
clustering distance di,(€; h) > 0.
III. SINGULAR FADE STATES

In this section, the location and number of SFS are ob-
tained for M;-PSK-M>-PSK PLNC. The points in the M;-
PSK signal set are assumed to be of the form ., =
{ed@RFVm/Mi 0 < |k < M; — 1}, where, M; = 2% and \; €
Z7* for i=1,2. The difference constellation A.%;, of a signal
set ., is given by

A%:{Sl_smblvsm Eesﬂz} (8)

For a symmetric M;-PSK signal set, we have,

_ D/ M;
B 20+ )7
= {cos ( A

+j {Sm (M> sin <(2mj\; Um

_ ej(2m+1)7'r/lﬂi

()
ok

Sl — Sm

M;
= 2sin (%) e CHT{H)W). )

Let [ — m = n. It is sufficient to consider n in the range
1 <n < M;/2to getall the members of A.7; . Let [+m+1 =
2k, if nis odd, and [ + m +1 = 2k + 1, if n is even, and
0 <k < M; —1. Thus, we have

U 2sin (%) e‘j(%)

1<n<M;/2;n odd
0<k<M—1

U U

1<n<M,;/2;n even
0<k<M;—1

A ={0rJ

nm S (2k+ D)7
2sin (—) ej( M )

M;

Thus, =i »,; € A, is given by,

) nw L (2k+1)7 .
2sin | — eJ( Mi ) if n even,
. A M;
kn,g =
. nim s 2k
2sin | — ej( M )
M;

where 1 <n < M;/2,0 < k < M; — 1. Thus, SFS are of the

: T
form v,el% = % = ——SLRLL ) for SOMe Tk, n;i € AT

A Thko,ng,2

Let 6 £ lOgQ(Ml/MQ).

(10)

if n odd,

Lemma 1 (Muralidharan et al. [3]]). For integers k1, ko, 1y and
lQ, where 1 S kl,kg,ll,lg S M/2, kl 7§ kg and ll 7§ lQ,

sin (%7) i7)

S

sin (

- M) 11
szn(kﬁ) sin (lﬁﬁ) (1)

if and only if k1 = 11 and ky = la.
Lemma 2. The singular fade states lie on XMz — % +1

circles with My points on each circle (M, > Ms) with radii
of circles given by sin (nym/M) /sin (nem/M), where 1 <
n; < M;/2. The phase angles of the M, points are given by
2lw /My + ¢, where 0 <1 < My — 1 and ¢ is,

0 if n1 is odd and no is odd,

6= % if n1 is even and ns is even, (12)
]2;17’ if ny is odd and ns is even,
Mil if n1 is even and nsy is odd.

Proof. From (I0), the amplitudes of SFS ~, =
sin (nym/My) /sin (nem/Ms) for some n,; € [M;/2].
We need to count the number of distinct values of ~5. From
Lemma 1 and using M; = 2° Mo,
lam
sin ( ]@1)

sin (lﬁlf)
where 1 S 11712,25777,1,267’)12 S M1/2, ll }é 25m1 and ZQ }é
2‘5m2, if and only if {1 =15 and 2‘5m1 = 25m2 = mi1 = mso.
Thus, out of the M;Ms/4 pairs of l; and mq, we subtract
cases for which I; = 29m, (since they all lead to same ~;
and add one on behalf of all of them. Hence, the number of
distinct amplitudes of singular fade states is % — % + 1.

From (10Q), the phase of singular fade states on the circles
of different radii depend on the values of n; . If n; is odd
and ny is also odd, the phase ¢ = 2k m/M; — 2ko2°7 /M,
where 0 < k; < M; — 1, i = 1,2. Taking k; — 2%ky = [, it is
clear that [ has M, distinct values and hence 0 <[ < M; — 1.
Thus, in this case the phase of points is ¢ = 27l/M;, which
shows that there are M) equispaced SES on each circle.

The other cases follow similarly. If n; is odd and ng is
even, the phase ¢ = 2k m/M; — 2k2%7 /My — 207/ M, =
21w /My — 297 /M. If ny is even and ns is odd, the phase ¢ =
2]€17T/M1 + 7T/M1 — 2k2257T/M1 = 27Tl/M1 + W/Ml.Finally,
if both m; and ny are even, ¢ = 2kyw/M; + w/My —
2k 207 /My — 207 /My = 2wl /My + (1 — 2°)70 /M. O

13)



When § = 0, we get the result of Lemma 2 of [3] as a
special case. Hence, Lemma 2 is the generalized version of
the corresponding result given in [3]].

Example 1. Let users A and B use QPSK and BPSK signal
sets respectively. Thus, x4 € {:l:\/i5 + %} and xp € {£j},
M, =4 and My = 2. A} = %{0,2,—2,23',—23',—24—
2§,—2—25,2— 25,2+ 25} and AS> = {—25,0,25}. From
the definition of SFS, we get,

1 1 5 -5 145 1—35 =147 —1—3
‘%ﬂ{f\f\f\f\f Nl f’f}

If we use Lemma 2, we see that the SFS are distributed in
4x2/4—2/2+1 = 2 circles. The radii of the circles can
be computed by taking cases of n1 = 1, ny =1 and nq1 =
2, ng = 1, so that vs = {1//2,1}. There are M, = 4 points
on each circle with phases, as given in Lemma 2.

The SFS for QPSK-BPSK, 8PSK-BPSK, and 8PSK-QPSK
are shown in Fig. 2al and 2d respectively.

IV. CONSTRUCTION OF LATIN RECTANGLES

Definition 1. A Latin Rectangle of order M x N on the
symbols from the set Zqy = {0,1,...,q—1} is an M x N
array, where each cell contains one symbol and each symbol
occurs at most once in each row and column.

From Example 1, there are nine SFS in QPSK-BPSK PLNC.
The effect of SFS at v = 0 cannot be eliminated. This is
because, no matter what constraint is imposed on the mapping,
the small value of v leads to very short minimum Euclidean
distance. To eliminate the rest, we list the Singularity Removal
Constraints for each SFS for QPSK-BPSK PLNC in Table [I
Based on the constraints and requirements of the Exclusive
law, we find the smallest possible set of Latin rectangles that
remove all the non-zero SFS. A list of Latin rectangles is
provided in Table A set of 8 mappings has also been
obtained to remove the effect of 32 SFS in 8PSK-BPSK
PLNC, which are shown in Table

TABLE I: Singularity Removal Constraints for QPSK-BPSK
PLNC

Singular Fade State Constraint™
Vs 7
0 0
% 0 2 (0,1) ://1(1,0) M (3,1) = M (2,0)
% z M(0,0) = A (1,1); A (2,1) = #(3,0)
% T M(1,1) = #(2,0); 4(0,1) = .#(3,0)
i 3 H(0,0) = .#(3,1); A(1,0) = .4(2,1)
1 I A(0,1) = A4 (2,0)
1 %T” M (1,1) = 4 (3,0)
1 o AM(2,1) = #(0,0)
1 = M(3,1) = .4(1,0)

*#70 is denoted as .# for compactness.

TABLE II: Mappings for QPSK-BPSK PLNC

Map* o 1 2 3 Removes SES (v, 6)
0 0 1 2 3
@€ 1 1 0 3 2 (2=,0) and (X, 7)
vz Vo
% 1 3 2 1 0 (J5»3) and (5, %)
V22 ,f’ 2
3 12 3 0 1 (L) (L2, (1L,5F) and (1,7F)

*The first row is common for all maps.

TABLE III: Mappings for 8PSK-BPSK PLNC

Map* o 1 2 3 4 5 6 17
o o0 1 2 3 4 5 6 17

61 1 1 5 6 7 3 4 2 0
@2 1 3 0 1 2 5 6 7 4
63 1 7 2 3 4 1 0 5 6
7 1 2 7 0 5 6 3 4 1
s 1 6 3 4 1 2 7 0 5
6 1 5 4 7 6 1 0 3 2
6 1 3 6 5 0 7 2 1 4
63 1 4 5 6 7 0 1 2 3

*The first row is common for all maps.

A. Clustering Dependent Region
V. QUANTIZATION OF FADE STATE PLANE

The mappings in the previous section removed the particular
fade state. However, the best possible mapping for each (v, 6)
has to be found. We follow the scheme proposed by [3]] for
clustering at the relay, which is based on using the maps which
were used for the removal of SFS. For a given realization of
ve? we use one of the Latin Rectangles which is used to
remove an SFS based on the criteria given below [3].

Definition 2. The distance metric 9 is defined as

‘@(77 97 d17 d2) £ |d1+")/€j9d2|,

(0,0);é(dl,dg)eyleg. (14)

Let (di(h),d2(h)) = (d1,ds) € F1 x So, where =L =

The criterion for selecting the SFS, whose map is to be used
for a given fade state is as follows:

If argmin 2(v,0,d1,d2) = (di(h),d2(h)) then choose the
dy,d
clustelrirfg which removes the singular fade state h.

A. Clustering Independent Region

Definition 3. (Muralidharan et al. [3|]) The set of all values
of fade states for which any clustering satisfying the exclu-
sive law gives the same minimum cluster distance is called
Clustering Independent Region.

First, an upper bound on the minimum cluster distance as
in [3] is obtained. The existence of such a region is proved by
adapting Lemma 10 from [4] for the HePNC scenario.

Theorem 1. For any clustering € satisfying the exclusive law,
with unit energy M;-PSK signal sets, i = 1,2, dpin(€;7,0)
is upper-bounded as,

T T
‘ ) < i . (T .
dmin(€;7,0) < min {QSm (M1> , 2ys8in (Mg)} (15)
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Fig. 2: Singular Fade States for Different Heterogeneous PSK Modulations
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Proof. As € satisfies the exclusive law, L (xa,25) # From the definitions, din (v€7%) < dpmin(€;y,6). Hence,

Ly (xa,2) where x4 € 71 and g, x5 € . We have from Theorem 1, it follows that regardless of which € is
considered, diin(€;7,0) = 2sin(w/My) when v > 1.
Amin (€57, 0) = Similarly, for v < 1, dpmin (€37, 0) = 2ysin(r/Ms).
min  |(za—ay) +ve%(zp — 2fp)| Let Z& and 22 denote the clustering independent re-
(g ‘g(x‘)";B,)#jgi((ﬁAfg)) gions corresponding to v > 1 and v < 1 respectively. From
ATETa I i ) Theorem 1, for v > 1, min(2sin(mw/My), 2ysin(n/Ms)) =
< ; _ .
n (szxB)#(gZ?gB)e%x%ﬂe (25 —op)| 2sin(w/My). Hence,
. . ™ ex ; . .
—_min_|(es —alp)| = 2ysin(7) 16) B (367 [yt + 7 1] > 2sin(m/M),
TBFT 2 2
’ V(0,0) 7£ (xkl,n1,17$k27n2,2) €A x AyQ,
Similarly, from the fact that Ly (va,2B) # Le(a/y,zB), y>1,-7m<0<7} (17

where 4,2y € S, € S and x4 # /4, we have
dmin(€;7,0) < 2sin(F-). O Let ¢, 1 < 2%y < I3 < My/2 and 1 < [y <
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M5 /2 denote the circle centered at the origin with radii
1y 1, = sin(lim /M) /sin(lam/Ms). Let Cy, 4, denote the set
of circles whose centers are the SFS which lie on ¢, ;, and
have radii 7, = sin(r/My)/sin(2°lam/M;). The following
theorem generalizes the boundary of external C'I region given
in [3]].

Theorem 2. The region Z&Y is the common outer envelope
region formed by the circles Cy, 1,, 1 < 20, <y < My /2.

Proof. See Appendix. O

Similarly,

‘@gllt :{’YGJ-H : |Ik17n1,1 + Fyejexkz,nz,ﬂ > 2751'”(71-/M2)7
V(0,0) # (xkl,nhlvxkz,nz,?) € AS X AS,

y<1l,—r <0< 7} (18)

. -n/ . .
The transformation ~'e’ 0 = 61]‘9, is called complex inver-

sion. It can be verified that by applying complex inversion in
(T2 we do not get (I8) unless M; = My. Unlike Lemma 11 of
[3]], getting internal clustering independent region for heteroge-
neous PLNC with PSK is non-trivial. The following theorem
gives the general method to obtain the internal independent
region for PLNC using heterogeneous PSK modulations.

Theorem 3. The region %’g‘[t is the region formed by the
intersection of following regions

Ive?? — crnt] > rine, az + by < (19)

where,

P (xkl,nl,l) ( sin(ngm/Ma)? >
Int = ,Tkg)ng)g Si’rL(TLg?T/Mg)2 — SZ'TL(F/Mg)z
(20)
sin(nym/My)sin(mw/Ms) 21
2(sin(nem/Ms3)? — sin(w/Ma2)?)

V(ki,n;) such that 0 < k; < M; — 1,1 <n; < M;/2 and

TInt =

arnt = Re(Tp, ny 17k 1,2)5 (22)
brne = Im(xy, 1, 1Tk, 1,2), (23)
Crne = |k mr 117/2, (24)

where © = Re(ve’?), y = Im(ye??) and * denotes complex
conjugation.
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Fig. 6: Clustering Dependent Regions for PLNC with heterogeneous PSK modulations.

Proof. From (I8), Z{f, is the intersection of all regions in
the complex fade state plane which satisfy the inequality

|Tky ma1 + ’yejea:k27n272| > 2vsin(m/Ms). (25)

By squaring on both sides of the above inequality and complet-
ing the magnitude square, we get the curves given in (I9). O

The region other than the clustering independent region
is called clustering dependent region. From the criterion to
associate a clustering to any given channel fade state, it is
seen that every SFS has an associated region in the channel
fade state plane in which the clustering which removes that
SFES is used at the relay. Hence the region associated with the
SES h is,

Ry, = {ve? : 2(7,0,dy,ds) = (d, dy)

argmin
(dl ,dz)EAyl X A S

where — d} /dy = h}. (26)

From Lemma 2, we know that the M; SFS which lie on the
27l 27l

same circle, have phase angles of the form i, or Aih + 95
for 0 <1 < M;. Hence, there is an angular symmetry of ]%4—”1
Therefore, it suffices to consider those SFS which lie on the
lines 8 = 0 and § = w/M; and use symmetry to obtain the
regions %, for all values of h.

The pairwise transition boundary formed by the SFS h and
R/, denoted by c(h, h'), is the set of values of vye?? for which

|d1(h) + ye??da(h)| = |dy(h') + e’ da(h')].

Theorem 4. The pairwise transition boundaries are either
circles or straight lines.

Proof. We reproduce the proof provided by Namboodiri et al.
[Theorem 2, [4]]] for completeness. The curve c(hq, ho) is,

|dy(h1) +ve?da(hy)| = |di(he) +veda(ha)].  (27)

Squaring on both sides and manipulating, we get the following:
|dy (hy) + ve'?da(h1)|* = |dy(ho) + ve?¥da(ho)]?.  (28)

V2 (|d2(h1)[? = [d2(ho)[?) — 2R{ve’’ (d} (ha)d2(h2)
—d; (h1)da(h))} = |di(h2)|* = |di(ha)[>. (29)
Assume |d2(h1)|2 75 |d2(h2)|2 D1v1d1ng by |d1 (h2)|2 —

|d1(h1)|?, completing the magnitude square on the LHS and

substituting h; = _d;(h-; , we get,

|’7€j0 —c =, (30)
where
_ —h2|d2(h2)|2+h1|d2(h1)|27 31)
|d2(h1)[? — |d2(h2)[?
_ lda(h1)da(ho)(hy — h2)|. 32)

|da(h1)? — |da(h2)[?

If |do(h1)]? = |da(h2)|?, we get the equation of a straight line
ax + by = ¢/, where x = Re(vye'?), y = Im(ve’?) and

a = Re(hs)|da2(h2)|? — Re(hq)|da(h1)|?, (33)

b = Im(hs)|dz(h2)|* — Im(h1)|da(h1)|?, (34)

¢ = |di(ha)? — |di(h) ] (35)

This proof is independent of the signal sets considered at the
users. O

It can be easily verified that the following lemmas from [3]],
which are used to get the regions associated with the SFS, can
be applied to the case of heterogeneous PSK modulations also.

Lemma 3. The region %y, where the SFS h lies on the line
0 = a;a € {0,7/M}, lies inside the wedge formed by the
lines 0 = a — /My and 6 = a + w/M;.

Lemma 4. To obtain the boundaries of %, where the SFS
h lies on the line 8 = a;a € {0,7/M.}, it is enough to
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consider those curves c(h,h’), |h| # |h'| which lie on the
lines 0 =a—7/My, 0 =a and 0 = a+ w/M;.

Example 2. Consider the case where My = 4 and My = 2.
From Example 1, there are 9 SFS. We select one h €
and derive the boundaries of clustering dependent region. Let
h = %(1 + j). The difference constellation points for h are

di = V2 + \/ﬁj and do = —2. From Lemma 3, the region
lies in the wedge formed by the lines 0 = 0 and 0 = 7/2
(since a = 7/4). These lines are denoted by Ly and Ly. We
find the equation of the boundary between h and h' = 1/+/2.
The difference constellation points for h' are d' = /2 and
dy = —2. From Theorem 1, the boundary, c(h,h’), satisfies
the expression of a straight line (since dy = di), which is
vsin(f) = ﬁ This is the horizontal line Ls. Similarly, for
h = j/\/§ d} = V2j and dy = —2, and we get a vertical
line Loy, which is ycos(0) = ﬁ

Since the region is also bounded by the external clustering
independent region, we have to consider the circle Cy centered
at h and having radius 1/\/5 All the lines and circles have
been shown in Fig. B The desired region around h is the
internal region formed by the intersection of these curves.

The regions obtained for QPSK-BPSK case are shown in
Fig. [6a and they match with those in [1]]. In Fig. [6b] we show
the regions for SPSK-BPSK scheme.

VI. SIMULATION RESULTS

The performance of the HePNC scheme is evaluated for
AWGN and Rayleigh fading channels. Results are compared
with those given in [1]]. In this paper, AWGN channel indicates
a channel with additive Gaussian noise and without phase
synchronization of users, i.e., ¥ = 1 and 6~ Unif [0, 27). The
two performance metrics are Relay Error Rate (RER) and
Bit Error Rate (BER). During simulation, the average SNR



15

0.5F

y sin(6)
o

—1F

I I I I I
-0.5 0 0.5 1 15 2

Fig. 9: Clustering Dependent Regions for 8PSK-QPSK PLNC

T T
—6— 1 Map

2 Maps

——t— 3 Maps

100 F

Relay Error Rate
=
o

107k

i i i i i i i i
7 8 9 10 11 12 13 14 15 16
Signal to Noise Ratio (dB) in User-A (QPSK) to Relay Link with User -B to Relay SNR fixed at 7 dB

Fig. 10: RER of QPSK-BPSK scheme in AWGN channel

of the B-R link is kept constant and the average SNR of
A-R link is varied. To ensure error probability better than
1073 in B-R link, SNRgr = 7 dB for AWGN channel
and SNRpr = 25 dB for Rayleigh fading channel. The
performance parameters and the values are chosen to present
a comparison with Zhang et al. [[1].

Fig. shows RER as a function of the number of maps
used at relay for QPSK-BPSK PLNC scheme. It can be seen
that one denoising map cannot remove all the SES and hence
the performance improves till all three maps are used (i.e all
SES are removed). The error floor behavior is a result of fixing
SN Rpgr. In end-to-end BER simulations, if the BER from A
to Bis BER4p and from B to A is BERpg 4, the overall BER
is calculated as the average BER across both users, BER ;.4 =
(2BERAp + BERpBA)/3 [1]. The RER & average BER are
shown in Fig. [7] and agree with [T].

For the 8PSK-BPSK PLNC, the average BER is calculated
a8 BERqyg = (3BERAp+ BERpA)/4. The overall BER &

RER are shown in Fig. [§] and agree with [1].

VII. DISCUSSION AND FUTURE WORK

The paper extends the framework of [3] to PLNC with
heterogeneous PSK modulations. Exact expressions for the
number and location of SFS for heterogeneous PSK modula-
tions are given and equations for the boundaries of clustering
independent and dependent regions are derived.

A possible direction for future work would be to investi-
gate QAM-QAM heterogeneous PLNC analytically. Another
possible direction is to use the theory of constrained partially
filled Latin rectangles for finding the mappings similar to [3].

APPENDIX A
PROOF OF THEOREM 2

Proof. The proof of Theorem 2 follows by combining the
inferences from Lemma 5, 6 and 7 described hereafter. O

Let p; = {c4|2°i <1< My/2} ,1 < i < My/2, bea
group of circles. The region between the outermost circle and
the innermost circle in p; is called the ring formed by p;. Let
co be the unit circle centered at the origin of fade state plane.
The following lemma is modified version of Lemma 17 in [3].

Lemma 5. The external clustering independent region is the
unshaded region obtained when the interior regions of all the
circles which belong to the sets Cy, 1,, 1 < 200, <1y < M /2.

Proof. From (O, |Tkinii| = 2sin(wn;/M;) for i = 1,2.
From we have

V(0,0) # (Tr1n1,15 Th2,m2,2) € AST X A,
vy>1,—-7<6<mw}

ext __ 70 . Lkl,nl,1 70
HeT ={ve”” 1| ——=+ e[ >
Tk2,n2,2

(36)

The equation |ye?® —c| > r is the exterior region of the circle
centered at ¢ with radius r. Hence the result follows. o

It can be verified that the Lemma 19 and Lemma 20 of [3]
can be adapted for our case, with the modified definition of
¢, 1, and Cy, 1,. Their statements are provided for complete-
ness.

Lemma 6. The rings formed by p; , 1 < i < My/2 are fully
shaded.

Among the circles cg, iy, k1 # 20k, ¢, /2,1 s the
outermost.

Lemma 7. The region between circles cyy, j2,1 and co is fully
shaded.
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