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Abstract— Star Quadrature Amplitude Modulation (Star-QAM) is a  a NC scheme allows RNs to combine the information receivenh fr
non-coherent detection aided scheme ideal for low-compléx wireless  different information source nodes (SN) before broadogstihem to
transceivers. In this contribution, we first derive soft-decision aided : ; - ; )

StQAM symbol-to-bit demapping combined with iterative detection aided various DNSs. In this contribution, we consider a butterﬂltypology
Turbo Coding (TC). Then we combine this physical layer desig with based NC scheme [12], where two SNs and two DNs are assisted by

network coding (NC) and quantify the attainable coding gain It is shown a single RN. Our novel contributions are as follows:

that the proposed 16-level Star-QAM (16-StQAM) based TC scbme is ; ; Jikeli ;
capable of achieving a coding gain of about 1.5 dB over the TCided 1) First, we derive the Log-Likelihood Ratio (LLR) [13] fouta

16-level Differential Phase-Shift Keying (16DPSK) benchmark scheme at for the Soft-decisiqn demo_dulatign of 16-StQAM. Then the
a BER of 105, The 16-StQAM based TC assisted scheme is capable of performance benefits of using this new formula will be quan-
offering another 1.2 dB coding gain, when it is employed in aBbutterfly’ tified in the context of a TC [8] aided 16-StQAM scheme,
topology network arrangement. When the source and relay noés are when communicating over correlated Rayleigh fading chisane

allowed to transmit at different power levels, the two-hop B-StQAM .
based TC aided NC scheme outperforms the single-hop 16-St@Abased Note, however that the proposed soft-decision based 18/8tQ

TC scheme by approximately 2.2 dB. demodulation principles may be readily extended to DAPSK
schemes having more than two concentric PSK constellations

2) Finally, we employ the 16-StQAM aided TC based physical
layer scheme for assisting a butterfly topology based NC
Coherent detection aided Quadrature Amplitude Modulation  system. A power sharing mechanism is also proposed for

(QAM) requires accurate Channel State Information (CSlIprider further reducing the overall transmit power requirementhef

to avoid false-phase locking, especially when communigativer network.

Rayleigh fading channels [1]-{3]. As a remedy, diffgrehyidgteeted The outline of the paper is as follows. Our system model is

non-coherent Star-QAM (StQAM) was proposed in [4] in order tyoqcribed in Section I, while our results and discussisasdatailed

diSpe_nse With_ high-c_omplexity C_SI estimation. Operatinghout in Section Ill. Our conclusions are presented in Section IV.
CSl is of particular importance in the context of relay-addC

assisted systems, where the relay nodes (RN) cannot betiezly
expected to estimate all the channels invoked. More speftjfic Il. SYSTEM MODEL AND ANALYSIS

16-level Star-QAM (16-StQAM) is based on two concentric 8A, Star-QAM Mapper and Soft-Decision Demapper Aided TC
IeveI.Phase Shift Keying (8PSK) gonstellatlons having tlifferent 1) Star-QAM Mapper: As seen in Fig. 1, the 16-StQAM mapper
amplitudes. StQAM schemes having more than two PSK coastell . ;
. . . . .. consists of three components, namely the amplitude selettte
tions are also referred to as Differential Amplitude and $&hghift . . . .
. 8PSK mapper and a differential encoder as detailed in Chddte
Keying (DAPSK) schemes [5], [6]. The authors of [5], [6] have . ) -
. of [2]. The 8PSK mapper and the differential encoder joiritlm a
further improved the performance of DAPSK/StQAM schemds [5 . T
o : . conventional 8-level DPSK (8DPSK) mapper. The Most Sigaific
[6]. However, despite its attractive performance versusmexity

characteristics, soft-decision based demodulation haseen con- Bit (M.SB) of the BICM-encod_ed symb_ol, namely, is us_e_d for

. . . .selecting one of the two possible amplitudes. More spetlifjcas,
ceived for these StQAM and DAPSK schemes. This also |mplnla§ used for selecting the amolitude of the PSK ri The two
that without soft-decision based demodulation, the pakpower . . 9 P Ha @) g, .
of sophisticated channel coding or coded modulation scherarnot possible amplitude values are denotedzas anda ™", respectively.

. . . When the MSB of thekth TC symbol is given bybs = 0, the

be fully exploited. Hence, when channel coding was incatfsat mplitude of the PSK ring will remain the same as that of the
into StQAM as in [4], its performance was far from the Channe‘?re\eious value. vieldin g_ Bv contrast the amplitude
capacity due to the employment of hard-decision rather sefty P = Yieldingiy = ax—1. BY , the amp
decision based demodulation. Soft-decision assisted BtQvas .Of the PSK fing will .be SW'tChe(.j to the other legitimate value
designed for Iteratively Detected Bit-Interleaved CodeddMation if bs = 1. This amplitude selection mechanism may be referred

is adopted in this contribution because its EXIT curve wasntb gasy guroty,

1 =1/ (2 — 9/./ i
to have a better match with that of the 16-StQAM demappe\'rve havea™’ = 1/v25 anda™ = 2/,/2.5. The amplitude value

. . _ (1) - . .
Furthermore, this improved physical layer design is combimith of the reference symbol is given lay, = o"". The remaining 3_b|t_s,
! . . namelybs b1 by, are used by the 8DPSK mapper. Note that similarly

network coding (NC) in our paper. Both NC [9] and cooperativ ; -

S ; 0 any DPSK scheme, we insert a reference symbol at the biaginn
communications [10], [11] have recently been widely resieed. In a . .

. L . of each frame in front of the 16-StQAM mapper of Fig. 1.
cooperative communication scheme, RNs are used to forvigindls The kth diff tiall ded bal b d as:
received from other users to the destination nodes (DN).d@yrast, € erentially encoded Symbal, can be expressed as.

I. INTRODUCTION

The research leading to these results has received fundimg the Uk = Uk—1Wk, @

European Union’s Seventh Framework Programme (FP7/20Q3)2under _ .
grant agreement no (214625). The financial support of theURQU-ATC wherew = (b2 b1 bo) is thekth 8PSK symbol based on the 8PSK

and that of the China-UK Science Bridge in 4G wireless conimations is Mapper function ofu(.), while vi_1 is the (k — 1)th 8DPSK symbol
also gratefully acknowledged. and |vx|> = 1. The reference symbol for the 8DPSK part is given
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Fig. 1. The schematic of one link system employing 16-levet-Q AM aided TC scheme. The interleavers and de-integlsaetween the encoder/decoder
and mapper/demapper are not presented for simplicity.

by vo = (0 0 0). The kth 16-StQAM symbol is given by: that of the 16DPSK based scheme. Furthermore, it is also iseen
Fig. 2 that the TC-aided 16-StQAM scheme requires a lowerlb@rm
of decoding iterations in order to achieve decoding coremecg to
wherea, € {a(1>7a(2>}_ a vanishingly low BER compared to that of the TC-aided 16DPSK
2) Sar-QAM Soft Demapper: The soft-decision based Star-QAMScheme. It is worth noting that the EXIT curve of the conviolal
detector is shown in front of the TC decoder (T4 of Fig. 1, where decoder does not match that of the 16-StQAM demapper, wiiie t

T = AV, (2)

the kth received symbol can be written as: of the TC does.
Yk = hpxr + ng = hrarve + ng )
1.0
where hy, is the Rayleigh fading channel’'s coefficient, amnd.
represents the AWGN having a variance &% /2 per dimension. 3
Assuming a slowly fading Rayleigh channel, whérg~ hy_1, we 0.8 5
can rewrite (3) using (1) as: &1
g
Yy = hgp_1agve—1Tre + 10, = =5 3
ak T YR NN EE L = S —
= Ye—1Wk — Nk—1Tk + Nk , = O
ak—1 B ak—1 3 3/*;"0 &
= PrYk-1Wk + Nk , 4) P
ke
wherep, = -t is the ratio of thekth and ¢ — 1)st amplitudes, ---- Inner: TC-16-StQAM
e my — _ Faj i i i - - Inner: TC-16DPSK
while 7, = ——k—n;_ywy + ny is the effective noise. nner: DP Sk
: * —— Quter: TC (4 iterations)

Three amplitude ratios can be derived from the two PSK ring
amplitudes of the 16-StQAM as follows:

Ro = a®/a® = o® /@ — 1

0 — Trajectory: TC-16-StQAM
A — Trajectory: TC-16DPSK
P Outer: CONV

0.0 0.2 0.4 0.6 0.8 1.0

=< R =a¥/a® (5) -
Ry = a(2)/a(1). ALTE2
The noise variance of, in (4) can be computed as: Fig. 2. EXIT Charts of 16-StQAM and 16DPSK aided TC over clates
~ 5 5 9 Rayleigh channel with¥, /Ny = 10dB. The detailed simulation parameters
No = No+|pk|"|wk|"No = No(1 + [px]”) , (6) are shown in Table. |

whereNy = 2Ny = N\ if by = 0 while Ny = (14+R3)No = N} .
or No = (1+ R3)No = N{? if by = 1. Based on (4), (5) and (6), B- Network Coding Model
we can derive the LLR obo, b1, b2 and bs at (7) and (8), where  Fig. 3 shows the NC topology used in our study. The system
w™ = p(bab1bo) and p is the conventional 8PSK mapper functionconsists of two SNs: SNand SN, a RN and two DNs: DN and
and P*(b;) represents the priori bit probabilities. wheré; denotes DN». During the first cooperative transmission period, the tyina
the ith coded bit of the symbol angd(s, b) is the set of constellation sequencé; emanating from SNis turbo-encoded and (16-StQAM
points having theth bit set tob. or DPSK) modulated to generate the sequemge, before it is
3) Analysisof 16-SQAM Aided TC Scheme: Extrinsic Information transmitted to both RN and DN The estimated sequendi‘q is
Transfer (EXIT) Charts [14]-[16] are used for analysing th@& available at both RN and DNafter demodulation and decoding.
StQAM scheme. Fig. 2 shows the EXIT curves of two differenBimilarly, during the second cooperative transmissioniogerthe
inner codes and that of the outer TC of Fig. 1, complemented bynary sequencé. emerging from SN is turbo-encoded and (16-
the decoding trajectories of the 16-StQAM and 16DPSK aidéd TStQAM or DPSK) modulated to generateg,, before it is transmitted
schemes. Meanwhile, the EXIT curve of an outer convolutionde to both RN and DN. The estimated sequencfm is available at
is shown as a reference. The inner code’s EXIT curve recofded both RN and DN after demodulation and decoding. Then, RN
our 16-StQAM symbol-to-bit demapper (the solid-straighe) has a combines both decoded information sequences with the dithafy
higher starting point at4, =0 than that of the 16DPSK (the dotted-modulo addition ashs = b1 ® by, before it is turbo-encoded and
straight line), although they have a similar value at#1. Note that modulated, yieldingx,. In the last cooperative transmission period,
the area under a specific EXIT curve is related to the achievalx, is broadcast to both DNand DN.. After demodulation and
channel capacity [14]-[16] and this area under the 16-StCBNMIT  decoding the estimated sequerizebecomes available at both BN
curve is higher than that under the 16DPSK inner code’s EXifve.  and DN,. Finally, the estimate db; can be obtained at DNwith the
Hence, the capacity of the 16-StQAM based scheme is higlaer thaid of by = bs & b,. Similarly, we haveb,; = bs © b, at DN, . Let
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/:\ From the network topology of Fig. 3is, p, may be calculated as:
|
ds,p,
ds,p, = 5 (12)

Furthermore, the above algorithm can be used for thB,Sink.
When RN is located at the centre denoted as 'C’ in Fig. 3, weshav
Gis = GRD1 = Gsﬂ = GRD2 =4 (6 dB) andG51D2 =
Gs,p, =2 (3 dB).

C. Power Sharing Methodology

When the RDRPLR factor between nodeand nodeb, namely
Gap, as well as the transmit power of node namely P; ., are
considered in the communication link from nodeo nodebd, Eq. (3)
becomes:

Yk =/ Pr,a VGabhizr + ni . (13)

Fig. 3. The schematic of our squared butterfly network toppl@\, B, C, ; ; ; ;
D and E represent different RN locations which are in thereelime of SN The average received Signal to Noise power Ratio (SNR) aé hod

and SN is given by:

. . snR. - PraB{lGuPE{h:"}YE{lzi*} _ Pro Ga
us now consider the overall throughput and the path-lossct&mh " No No ’
factor in the following two subsections:

1) Overall throughput of our system: In our NC aided system, the
overall throughput can be formulated as:

(14)

where B |hx|?} = 1, E{|zx|*>} = 1 and the received power at node
b is given by P, oE{|Gas|}E{|hi|*}E{|zK|*}. For ease of analysis,
we define the ratio of the power transmitted from nad® the noise
Ro = Ry X Re X Rum, (9) Power encountered at the receiver of nodes thetransmit SNR! [17]
given by:
where R, = number of sources g tha gyerall system’s normalised

time slots

_ P E{lzsl’} _ P

throughput, i.e. rate, whileR. is the coding rate andk,, is the SNR; N N (15)

number of bits per modulated symbol. Hence, in our propogstém 0 0

we haveR, = 2/3 x 1/2 x 4 = 4/3. The throughput of a non- Hence, we have:

cooperative scheme is given B, =1/1 x 1/2 x 4 = 2. SNR, = SNR; G,

2) Reduced-distance-related pathloss reduction (RDRPLR): The
RD)RPLR of the SR link withl) respect to the éDl link gan be Y= vt 10log(Gar) [dB] (16)
expressed as [17], [18]: where~, = 10log,,(SNR,) and~; = 10log,,(SNR;). Note that
N the effective receive power (or.) at the RN and that at the DNs will
Gs,r = <dsl—Dl> , (10) be different when the corresponding communication linksegience
S1R different RDRPLR. Therefore, it is not power-efficient, filet SN and

where the pathloss exponent equalshto= 2, when a free-space RN use the same transmit power (or transmit SNR, because not
pathloss model is assumed. Similarly, the RDRPLR of thg Rk all communication links in Fig. 3 experience the same RDRPIOR

in relation to the $D; link may be formulated as: order to minimise the overall transmission power in the oekwwe
5 also investigate an appropriately designed power shanpgoach,
Grp, = (dlel ) ) (12) where the SN and RN can use different transmit power levelgray

drp, as the sum of them equals to the targeted average transmérpow

Naturally, the RDRPLR of thes; D; link related to itself is unity, Even when the SR and RD distance is identical, because thesRN i

yielding, G's, p, = 1, whgredis represent; the distance_ between 1We note that this definition is based on measuring the sigoalep
SN and RN, whiledrp, is that of the RD link and ds, p, is that and noise power at different physical locations, but thisisural definition
of the SD; link. simplifies our discourse.



. . . . Modulation 16-StQAM, 16DPSK
at thg half way posmon., their propagatlon. channels, phydfayer Mapping Set Partitioning (SP)
solutions and BER-requirements may be different. Thederdiices [ Coding TC
underline the importance accurate power-sharing and aontr Constituent Half-rate Recursive Systematic Convolutional (RSC) code

) Cod
Let us denote the transmit SNR at SN, RN, DN; and DN, as cgd: Memory 5
V.5, = 10log,o(SNRy.s,), Vi.5, = 10log,((SNRy,s,), ye.r = | Outer 2
10log,o(SNR¢,r), vt,0, = 10log;o(SNR: p,) and vi,p, = [leralons
’ R . o ’ . Inner TC itera- 4
10log,o (SN Ry, p, ), respectively. We also define the transmit SNR jgns
difference between SNand RN, as well as that between Skind Decoder Approximate Log-MAP
RN as: Symbols  per 1,200
’ frame
Number of 10,000
Ais = 7,81 — Vt,R frames
Channel Correlated Rayleigh fading channgl
10logy4(ds,r) = 10logy((SNRys,/SNRwgr), (17) having a normalised Doppler Frequency of 0.01
RN Position: Gs,r | Gsyr | Grp; | GrDy | As,r | Asyr
and (dB) (dB) (dB) (dB) (dB) (dB)
A 9.03 9.03 2.04 2.04 -0.96 -0.96
B 8.06 8.06 3.91 3.91 0.91 0.91
As,R = Y9, — V.R c 6 6 6 6 3 3
D 3.91 3.91 8.06 8.06 5.06 5.06
10log,(0s;r) = 10logyo(SNRes,/SNRir), (18) | g 2.04 2.04 9.03 9.03 6.03 6.03
TABLE |

respectively. From Egs. (17) and (18), we can compute theagee

transmit SNR as: SYSTEM PARAMETERS

SNRis, + SNRy s, + SNRy g
3
SNRr (0s,r + 05,7 + 1) 19 I1l. SIMULATION RESULTS
N 3 ' (19) The performance of the 16-StQAM-TC and 16DPSK-TC schemes
combined with the related NC schemes is investigated baseteo

Hence, once we know the target average transmit SNR as well as )
simulation parameters of Table I.

Os1r 8Nddsyr, We can compute the transmit SNR at the RN from Fig. 4 shows the Bit Error Ratio (BER) performance of the 16-

3SNR, StQAM-TC aided NC system, when employing RNs at different
P L I (20)  locations shown in Fig. 3, at a given SNR per bitf&f/N, = 13 dB.
When R is located at 'E’, which is in the middle of DNand DN,

Similarly, we can determine the transmit SNR values at 8hd SN the BER of the NC scheme without power sharing is the highest

SNR: =

SNR:r

from: compared to other locations. As seen in Fig. 4, when the Rotatéd
_ at 'C’, which is in the centre of the butterfly-topology of F3gthe
SNR.s, = 3 SNRE: ds,r_ (21) best BER performance is obtained for the scheme operatitigputi
ds1r +0syr +1 power sharing. The dotted line illustrates the BER perforoeaof
3 SNR; ds,R the system invoking power sharing. It is worth noting that W R

SNR:.s, (22)

situated at location 'D’ would attain the best performanagoagst
. the five locations considered in the presence of power giafihis
Note that wh.en no power sharing is employed, all nodes use tﬁeoecause at location ‘D’ we havk, r ~ ds, p,, which means that
same transmit SNR, yieldingN R.,s, = SNRi,s, = SNRi,r = he received SNR at the RN is almost identical to that at the DN

SN R . . when SN broadcasts its signals to RN and BN
The quantitiesAs, g and A, r are determined based on the RN

location and hence they are dependent on the correspon8iRIPERR 102

ds,r+0s,r+1°

factors. More specificallyAs, r is the difference of the RDRPLR
factors between the RDand SD- links:
A
2
As,r = 10logyo(Grp,) — 10logo(Gs,p,) - (23) 103 A /E
Similarly, As,r is the difference of the RDRPLR factors betweeg 5 ——— =
the RD, and $D; links: B, gl _ c
As,r = 10logyo(Grp,) —10logyo(Gs,p,) - (24) 10" :
. -
Note that we have7s, p, = Gs,p, = 2 in the network topology ;
shown in Fig. 1. Hence, when the RN is situated at locationitC’ 2 |6 — Ey/No = 13dB R
Fig. 1, we haveAs, r = Ag,r = 101log,,(4) —101log,,(2) = 3 dB. 10 Lo EofNo = 13dB, with Power Sharing
The As, r andAg, r values corresponding to different locations are 0.0 0.2 0.4 0.6 0.8 10

given in Table. I. d (Multiple of dg,g4,)

Our aim is to make sure that the received SNR for the RRD>)  rig 4. BER performance in the case B%/No = 13 dB with different
link and that for the $D; (S:D2) link are always identical for any RN position over correlated Rayleigh channels using systérig. 3 and
combinations of the RDRPLR valu€srp, andGs,p, (Grp, and simulation parameters of Table I.

Gs, p,)- The difference between the RDRPLR values is compensatedrig. 5 shows the BER versus, /Ny performance of the proposed
by the assignment of different transmit power levels. hybrid system, when communicating over correlated Raklé&gling



channels. As seen in Fig. 5, the 16-StQAM-TC scheme outpadgo the achievable BER performance is affected by the locatioth®

the 16DPSK-TC arrangement by about 1.5 dB at a BER®f°.

RN.

More specifically, when the transmit power at the SNs ahd R

This is mainly because the 16DPSK scheme has a lower minimare identical, the RN located at the centre of the butterflyvaik
Euclidean distance between its adjacent constellationtptihan that topology achieves the best performance. However, when dep
of the 16-StQAM scheme. The 16-StQAM-TC assisted NC aidesharing approach is invoked, the optimum RN location iselds
the DNs, where another 1 dB of power gain can be attained.

the 16-StQAM-TC scheme by approximately 1.2 dB. When power

scheme operating without the power sharing mechanism datpes

sharing is used, the optimum RN location is closer to the Ddds,

thatds,r = ds,p, andds,r = ds,Dy,
RDRPLR values aréis, r = Gs2r = 3 dB andGrp, = Grp,

8.73 dB. Another 1 dB of gain is attained by the power sharing base(pb]

NC scheme. Similar trends can also be observed from the Hearoe

Ratio (FER) versug€z, /Ny performance curves seen in Fig. 6.

%
@ — 16-StQAM-TC = N
O — 16DPSK-TC i Y- X
10°| A& =+ 16-StQAM-TC-Network ‘ A YN \
/A —+ - 16DPSK-TC-Network % T s \
g - -~ 16-StQAM-TC-Power-Sharing s ) P
s --- 16DPSK-TC-Power-Sharing v -‘: | *
10 6 8 10 14 16 18

12
Ey/No(dB)

Fig. 5. BER versu€s, /Ny performance for 16-StQAM and 16DPSK aided
TC for transmission over Correlated Rayleigh channel usysiem of Fig. 1

and Fig. 3, simulation parameters of Table I.

AN
5| ® — 16-S1QAM-TC Y R (&A \
107 | O — 16DPSK-TC N ‘\ X

5| A — - 16-StQAM-TC-Network . T N
/A —- - 16DPSK-TC-Network ' [} o

N --- 16-StQAM-TC-Power-Sharing | \ ;

- -- 16DPSK-TC-Power-Sharing \ v o

4 é A !

6 8 10 14 16 18

12
Ey/No(dB)

Fig. 6. FER versuss,/No performance for 16-StQAM and 16DPSK aided
TC for transmission over Correlated Rayleigh channel usigjem of Fig. 1

and Fig. 3, simulation parameters of Table I.

IV. CONCLUSIONS

We have derived the symbol-to-bit soft-demapper LLR forweul
for the 16-StQAM scheme and investigated its soft-decisiated
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performance in the context of a TC scheme. The 16-StQAM-TC

scheme outperforms the similar throughput 16DPSK-TC sehbyn
about 1.5 dB at a BER df0~°, when communicating over correlated
Rayleigh fading channels having a normalised Doppler feeqy of

0.01.

We have also investigated a 16-StQAM-TC assisted NC scheme

relying on a butterfly network topology. It was found that apected,
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