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Noncoherent Physical-Layer Network Coding with
FSK Modulation: Relay Receiver Design Issues
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Abstract—A channel-coded physical-layer network coding
strategy is refined for practical operation. The system uses
frequency-shift keying (FSK) modulation and operates noncher-
ently, providing advantages over coherent operation: thee are no
requirements for perfect power control, phase synchronism or
estimates of carrier-phase offset. In contrast withanalog network
coding, which relays received analog signals plus noise,afsystem
relays digital network codewords, obtained by digital demodula-
tion and channel decoding at the relay. The emphasis of thisgper
is on the relay receiver formulation. Closed-form expressins are
derived that provide bitwise log-likelihood ratios, which may be
passed through a standard error-correction decoder. The rte
of fading-amplitude estimates is investigated, and an efttive
fading-amplitude estimator is developed. Simulation reslis are
presented for a Rayleigh block-fading channel, and the inflance
of block length is explored. An example realization of the
proposed system demonstrates a 32.4% throughput improverné
compared to a similar system that performs network coding athe
link layer. By properly selecting the rates of the channel cdes,
this benefit may be achieved without requiring an increase in
transmit power.

Index Terms—Network coding, Two-way relay channel,
Frequency-shift keying, Noncoherent reception, Channelsima-
tion.

I. INTRODUCTION
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Fig. 1. (a) Link-layer network coding, and (b) Physicaldayetwork coding.
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packets, and each terminal is able to recover the informatio
from the other terminal by subtracting (or adding, modulo-
2) its own packet from the received signal. Withysical-
layer network codindPNC), the first two slots are combined
by having the two terminals transmit their packets at the
same time [[2]. The relay receives a combination of both
modulated packets during the first slot, which it broadcasts
(after appropriate processing) to the two terminals dutirg
second slot. PNC-based strategies capable of supportingg mo
than just two source terminals over the TWRC may be found
in [4].

The transmission schedules for LNC and PNC are illustrated
in Fig.[d. The source terminal§; andN; transmit messages
u; and up, respectively, where each message is a packet

In the two-way relay channel (TWRC), a pair of sourc&ontaining many information bits. The messages are (cipnne

terminalsexchange information through an intermediegiay

encoded and modulated by the functBg(-). In the case of

without a direct link between the sourcés [1]. The exchang&!C. the two messages are sent in orthogonal time slotsgwhil
can occur in two, three, or four orthogonal time slots, depen’” the case of PNC, they are sent to the relay at the same time

ing on how the information is encodéd [2]. Withtraditional

over a multiple-access channel (MAC). For both LNC and

transmission scheduling schemtee exchange requires four”NC, the relay broadcasts the encoded and modulated signal
slots. In each of the first two slots, one of the terminalsz(w) in the final time slot, where: is thenetwork codeword
transmits a packet to the relay, while in each of the last w@'d I'z(-) is the function used by the relay to encode and
slots, the relay transmits a packet to each of the termindi@odulate the network codeword. Using the received version
By using network coding[3], the number of slots can be_Of I'r(u) and knowledge of its own message, each terminal

reduced. WitHink-layer network codindLNC), the third and

is able to estimate the message sent by the other terminal.

fourth slots are combined into one slot by having the relay ad There are several options for implementing PNC. The relay
(modulo-2) the packets that it receives from the two teriginamay simply amplify and forward the signal received from the
During the third step, the relay sends the sum of the tv@ld nodes, without performing demodulation and decoding.
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This PNC scheme is referred to asalog network coding
(ANC) in [5] and PNC over an infinite fieldPNCI) in [6].
Another option is for the relay to perform demodulation and
decoding in an effort to estimate the network codeword, tvhic

is remodulated and broadcast to the terminals. This scheme
is simply called PNC in[[2] andPNC over a finite field
(PNCF) in [6], but in this paper we refer to it afigital
network coding(DNC) to distinguish it from ANC. Under
many channel conditions, DNC offers enhanced performance
over ANC. This is because the decoding operation at the relay
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helps DNC to remove noise from the MAC phase, while thequare and linear-minimum-mean-squared error estimdtion

noise is amplified by the relay when ANC is used. Howeve[l6], we propose a blind channel estimator for the relay ef th

ANC avoids the computational complexity of demodulationoncoherent DNC system.

and decoding at the relay. In this paper, we investigate receiver-design issueseaelat
Symbol timing is a critical consideration in systems ento the use of noncoherent FSK in DNC systems. While

ploying PNC. Synchronization of the clocks and packet transoncoherent FSK has been previously proposed for DNC

missions at the two source nodes can be achieved by netwsykems in[[10], we make the following specific contributions

timing updates. These updates are routine in networks with1) We provideclosed-formexpressions for the relay re-
scheduling mechanisms, such as cellular networks. When the  ceiver decision rule with different types of CSI. This

propagation times of the signals from the sources diffe, th  is in contrast with [[ID], which resorted to numerical
symbols arrive at the relay misaligned. The timing offset is  methods to solve the decision rule (see the comment
7 = Ag4/c, wherec is the speed of light, and\,; is the below equation (8) in[[10]).

difference in link distances from the sources to the rel@y. F 2) We consider the use of a turbo code for additional
insignificant delay, we need << T;/2, whereT; denotes data protection. This requires that the relay receiver be
the symbol period. This constraint limits the symbol rats. A formulated so that it produces bitwise LLRs, which may
an example, assum&, = 300 meters. Then7s >> 2 us is be passed through a standard turbo decoder.

required, and the symbol rate is limited 260 kilosymbols/s.  3) We provide results for Rayleigh block-fading channels.
An alternative is to delay the transmission of the node close  The results in[10] were only for a phase-fading channel.
to the relay byr. However, this requires tracking the distances 4) We propose a channel estimator that is capable of
between the sources and the relay. determining the fading amplitudes of the channels from

A common assumption made in the PNC literature is that the  the two terminals to the relay. The estimator does not
signals are coherently demodulated and that perfect channe  require pilot symbols.

state information (CSI) is available at the receivers. FOr The remainder of this paper is organized as follows. Section
instance, decode-and-forward relaying has been consid@re imjyresents the system model used throughout the paper. Sec-
binary phase-shift keyind [7] and minimum-shift keyirig [8kion [ derives the relay receiver, while Sectibal IV dissas
modulations, but in both cases the relay must perform colergpannel-estimation issues. Sectloh V provides simulatéen

reception. An amplify-and-forward protocol is consideiad sults, and Sectiof'VI concludes the paper.
[9], which allows the decision to be deferred by the relayh® t
end-node, though detection is still coherent. When twoaign Il. SYSTEM MODEL
arrive concurrently at a common receiver, neither coherent

detection nor the cophasing of the two signals (so that they'N€ discrete-time system model shown in Fig. 2 gives

arrive with a constant phase offset) is practical. The latt8" Overview of the processing at "’}” three_nodes. Terminal
would require preambles that detract from the overall tgreu Ni,i € {1,2}, generates a IengtF_\’- information sequence,
put, stable phases, and small frequency mismatches. Te sdlv ~ [43,1, .., i, x| The wo terminals channel-encode and
this problem, frequency-shift keying (FSK) was proposed f(5no_dultf:1te their information sequences using thefun(_iﬂg)h),
DNC systems in[[10] and [11]. A key benefit of using pgpivhich is common to both nodes. A rate-turbo code is used,

modulation is that it permits noncoherent reception, which'd the resulting lengths = /7, turbo codeword generated

eliminates the need for phase synchronization. An altarmat °Y Ni s der?ote_d b3|/bi - [b?=1’a"gi=LS] (ngt shown in I_the
to noncoherent FSK is to use differential modulation, Whicﬂlagram). The signal transmitted by natié during signaling

has been explored in [12]. interval kT <t < (k+1)T is

In PNC systems, it is desirable to protect the data with 28, bi k

a channel code. The combination of channel coding and %i(t) = /7~ cos [2” (fw T ) (t_kTs)] @)
physical-layer network coding is considered in][13] Inl[11

we investigate the use of a binary turbo code in a noncoher
DNC system. When using a binary turbo code in a DN
system, the relay demodulator must be able to produce lgitw
log-likelihood ratios (LLRs) that are introduced to the inp
of the channel decoder.

ere&; is the transmit energyf., is the carrier frequency
8f node N; (in practice, the carrier frequencies of the two
réodes are not necessarily the same), &nis the symbol pe-
riod. Note that[(ll) is continuous-phase frequency-shifirkg
(CPFSK) with a unity modulation index, which is orthogonal

Channel estimation is an important issue, especially Wh@ﬂde.r _nor;coherent derr;)o?ulatri]on ahd ‘has ahcontiEuous r;lhase
a channel code is used. A training-based channel estimatfisition rom one symbo 1o the next I-17]'_T ?0” ogoya
scheme for PNC at the relay assuming amplify-and-forwapaOdUIated S'gn‘#i(t) may be representgd |nt(3|screte time by
operation is considered ifi [14]. The relay estimates chianfi®2 > Ls matrix X; = [xi1, ..., x; 5] with & column
parameters from training symbols and adapts its broadcast { [1 0 |7 ifbp=0

Tl 01 )T ifb=1 @

power in order to maximize the signal-to-noise ratio at the e Xik =
nodes. Estimation of both channel gains in the two-way relay

channel at the end nodes, rather than the relay, is condidereFor the DNC system, the signals are transmitted simulta-
in [15]. Novel channel estimators are presented which gi@vineously by the two source nodes over a MAC channel. The

better performance than common techniques such as leastay receives the noisy electromagnetic sum of interferedi
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Fig. 2. Discrete-time system model.

faded signalsY, and applies the demodulation and channelvhich case the received phase of the other signal would drift

decoding functiorfgl(-). The demodulation operation yieldsfrom one symbol to the next. To model this behavior, we let

a soft estimate of the network-and-channel-coded messalge phase shift within a block vary independently from syimbo

b = by @ by (not shown), while the channel-decoding opto symbol.

eration yields a hard-decision on the network-coded messag The signal matrixX; transmitted by nodeV; may be

u = u; @ up. With the LNC system, the two sources transmippartitioned intoN, = Lg/N blocks according to

during orthogonal time slots. The received versionXefand L N

X, are demodulated independently to provide soft estimates Xi = [ XE - X'E g ®3)

of b; and b,. These soft estimates are combined and turbo © ) )

decoded to yield a hard estimate af The key distinction Where each block; .1 < £ < Ny, is a2 x N matrix, and

between DNC and LNC is that with the DNC system, th&s is as(?)umed to be an integer. The channel assoqated with

estimate ofb is obtained directly fron, while with LNC it Plock X, is represented by th&’ x N diagonal matrix

is found by independently demodulating the two source $gna © _ : () ()

and then combining them. 7 = arxdiadep{jti i} o explifin}) (4)
During the broadcast phase, the relay encodes and maghereo'”) is a real-valued fading amplitude arf, is the

ulatesu using the functionl'z(-), which may be different phase shift of thek" symbol. The{b’@

_ )} are independent
than the function's(-) used by the sources. The channel . . - . 0
code applied by the relay is a rate-turbo code, yielding and identically distributed over the interjal 27). The{a; '}

a length Ly — K/rs turbo codeword. The code rates are normalized so that the average power gain of the channel
and ro used by the sources and relays, respectively, do i tur_ntyasbo&hreprlesentﬁégeblaviragehenergy |Of dtermm/'al ¢
need to be the same. In the simulation results, we conteenpl ceived by the relay. T ock at the sampled output o

using a stronger code for the MAC phase than the broadc relay receiver's matched-filters is then

phase, i.er; < re. The relay broadcasts its encoded and vO — ng)Hgé) +X§’“})Hy) +N® (5)

modulated signal, which may be represented in discrete-tim _ ) ) N

by the2 x Lz matrix X. The signal traverses two independerWhereN(z) is a2 x N noise matrix whose elements are i.i.d.

fading channels, and the end nodes receive independeftigularly-symmetric complex Gaussian random variablis w

faded versions ofX: Z, at A, and Z, at Ny. The end Z€ro mean and varianc¥.

nodes demodulate and decode their received signals using

the functionI';'(-), and form estimates ofi. Let & denote lll. RELAY RECEIVER

the estimate atV; and u denote the estimate at>. Next, At the relay, each blocky(®) of the channel observation

estimates of the transmitted information messages areefbrmmatrix Y is passed to a channel estimator, which computes

Uy = G®uw at Ny anda; = @ @ up at Na. Since the estimates of the” andal”. A full description of the esti-

links in the broadcast phase are conventional point-totpoinator is given in Section V. The fading-amplitude estinsate

links, specific details of the receiver formulation will nbé and channel observations are used to obtain soft estimétes o

presented here. A detailed exposition of receiver design fihe network-and-channel-coded sequehc@he demodulator

turbo-coded CPFSK systems in block fading channels can gerates on a symbol-by-symbol basis, and therefore we

found in [18]. may focus on a single signaling interval by dropping the
All of the channels in the system are modeledbdsck- dependence on the symbol intervaland the block index.

fading channels. A block is defined as a set §f symbols et b, andb, be the turbo-coded bits transmitted by terminals

that all experience the same fading amplitude. The duratigry and\5, and leth = b; @b, be the corresponding network-

of each block corresponds roughly to the channel coherenggied bit. The relay demodulator computes the LLR

time. Ideally both sources transmit with the same carrier _ _

frequency f., = f.,. However, due to instabilities in each  A(b) = log P =1ly) = log Pl &b = Lly) (6)

source node’s oscillator and different Doppler shifts doe t P(b=0ly) P(b1 ® by =0y)

independent motion, it is not feasible to assume that thesberey is the corresponding column &f. The event{b; ®

two frequencies are the same at the relay receiver. At best, b, = 1} is equivalent to the union of the everty = 0, b, =

relay receiver could lock onto one of the two frequencies, ih} and {b; = 1,b, = 0}. Similarly, the eventb; & by = 0}
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is equivalent to the union of the evenfts; = 0,6, = 0} and 1) Coherent PNC ReceivefWhen the fading amplitudes

{b1 = 1,by = 1}. It follows that and phases are knowp,(y|{b1,b2}) is conditionally Gaus-
sian. The mean is a two-dimensional complex vector whose

P({b1=0,bp =1} U{b1 = 1,b = O}]y) value depends on the values{éf, b»} and the complex fading

P({b1=0,b0 =0} U{by =1,b2 = 1}]y) coefficients{h1, ho}, which are the corresponding entries of

P ({b1 =0,by =1}|y) + P ({1 = 1,b2 = O}y) the H matrix. Letm[by, bo] be the mean of for the given

P({bi=0,bo =0}y) + P ({br = 1,02 = 1}y) values ofb; andb,. Whenb; # bs, the two terminals transmit
(7) different frequencies and

A(b) = log

= log

where the second line follows from the first because the svent ml0,1] = [h h }T
are mutually exclusive. T
m[l,O] = [ h2 hl } . (13)
A. LNC Receiver Whenb; = by, the two terminals transmit the same frequency
In the LNC system, the LLR’s ofh; and b, are first and
computed independently during the orthogonal time slots an m[0,0] = [ (hy +h2) 0 }T
are then combined according to the rules of LLR arithmetic. T
The LLR of the signal sent from nod¥; to the relay is mL,1] = [0 (hi+h) ] (14)
P(b; = 1]y) Since there is a one-to-one correspondence between the even
A(b;)) = log Plo; = 0ly) (8)  {b1,by} and the mean vectan[b;, by, it is equivalent to write

_ _ _ _ _ p (y{b1,b2}) asp (ylm(bs, b2]), where
wherey is the signal received during the time slot that node 9
N; transmits. When the fading amplitudes,i = 1,2, are mlb: bl) = < 1 > ox {_i —mlbi b 2}
known, but the phase, i = 1,2, are not known, therL 8) is P (ylm{br, ba}) 7No PV Iy br, b7

found using [[19] (15)
AB) = logl 2V & |yl loe I 2V & |1 The coherent receiver computes each of thg/|{b1,b2})
(bs) = logly No —loglo No required by [IR) by substituting the correspondimdp: , b,]

(9) defined by[(1B) and_(14) intg (15).
2) Noncoherent PNC Receiver with CSBuppose that
Where IO() iS the ZerOth-Order Bessel funCtion Of the ﬁrsfhe receiver does not knOW t}"@qasesof the elements Of
kind andy, andy, are the components of. If the fading the complex-valuedm(b;,b,] vectors, but does know the
amplitudes are not known, but have Rayleigh distributiongagnitudef the elements. The knowledge of the magnitudes

then [8) is found using [19] constitutes a type ofhannel-state informatiofCSI). Define
(6-/N0)2 w[b1, b2] to be the two-dimensional real vector whose elements
A(b;) = “:W {lv2l® — 1]} - (10) are the magnitudes of the elements of the complex vector
1 0

mlby, ba]. Whenb, # be, both frequencies are used, and
Once the individual LLR’s from each end node are found T
[l |he|l | =] a2 ]

using [9) or [ID), the LLR of the LNC system’s network 1[0,1]
codeword can then be found from (7) and the independence L, 0] [ hal | }T P ]T (16)
Whenb,; = bs, only one frequency is used, and

T

of b andb, wheny is given:

eAB1) 4 A (b2)

A(b)zlogm p[0,0] = [ |h1+ hol O}T:[a O]T
= max x [A(by), A(b2)] — max [0, A(by) + A(b2)]  (11) pll,l] = [0 J+hl ] =[0 o] @7
wheremax [z, y] = log(e® + Y). wherea = |hy + ha| = \/a? + a2 + 2a;1az cos(fy — 61).
The pdf of y conditioned onul[by, b2] may be found by
B. PNC Receiver marginalizing over the unknown phases

27 2w
In the PNC system, it is not sensible to compiiig, ) and by bol) — / / be bl dérd
A(by) separately. Instead, usgl (7) and assume that the f(l))u(rym[ 1 bel) o Jo P(91, 92)p (ylm{b1, bol) dg1doe.

events are equally likely along with Bayes’ rule to obtain (18)

A(b)=1 bi = 0.by — 1 bi=1.by =0 where ¢; and ¢, are the phases of the first and second

(b)=log [p (v1{bx 2 N4 pGln 2 ol elements ofm[by, by], respectively.
—log[p (yl[{br = 0,02 = 0}) + p(y[{br = 1,b2 = 1})]. Assume that then; are Rayleigh distributed so that the
12) h; are circularly-symmetric zero-mean complex Gaussian

The computation of each (y|{b1,b2}) by the PNC relay , T Lo .
. . . | | f ch | state inf fi The receiver derived in this subsection is valid even for-Rayleigh fad-
receiver given various Ievels of channel state informatsn ing, provided that the received phases over the two chammelindependent

the subject of the remainder of this section. and uniform over(0, 27).
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When b; # be each element oim[b, bs] is a circularly- 3) Noncoherent PNC Receiver without CSuppose that
symmetric zero-mean complex Gaussian and therefore lesides not knowing the phas@s 62, the relay receiver does
uniform phase. On the other hand, whHen= b5, one element not know the magnitude vect@b, b2]. Then, the relay must
is h1+ ho, which is the sum of two circularly-symmetric zero-operate without any channel state information except fer th
mean complex Gaussians, while the other element is zeawerage energie$;, &, and the noise varianc¥,. When the
Since the sum of two circularly-symmetric complex Gaussiamagnitudesu[b;, b2] are not known, then the conditional pdf
is also a circularly-symmetric complex Gaussian, it foldowis found by marginalizing(21) over the unknown magnitudes
that h; + ho is @ zero mean circularly-symmetric complex 00 oo

Gaussian and therefore its phase is uniform. Since the othety[{b1,b2}) = / / p(pa, p2)p (y|pe([b1, ba]) dpadps.
element is zero, its phase is irrelevant and may be set to any oo (25)
arbitrary distribution, which is most conveniently chosten

be uniform. Thus, it follows thap,; and¢, are i.i.d. uniform. Whereu; and u, are the magnitudes of the first and second

Therefore, the pdf conditioned on the magnitudes is elements ofu[b1, b2], respectively.
According to [16), wher; +# by, one of theu, = a3 while

I — b1, ba]e??1|? — i i
p (ylge[br, bal = / exp {_ [y1 — pa[b1, ba]e? 1| }d¢1 the otheru;, = as. Sincea; andas are independent and each
N No «; is Rayleigh with energy;, it follows that the joint pdf of

2m — id2|2 and uo when (by,b2) = (0,1) is
« 1 / exp{—|y2 palbi, ba)e???| }d@ (19) M1 12 (b1,b2) = (0,1)
™o Jo No pur, p2) = (2/“ XP{—ﬂ}) (2M2 XP{—&})
where i [by, bo] is the k*" element ofu[by, b2] and ’ & & & &
o |y — pur[by, baJe? ¥+ 2 d L (29
o Jy P N Pk for pi1, pa > 0, and when(by, by) = (1,0) it is
_ el + ey, 22D)? \ , ( 2lelpselbr, bo] _ (% ex { 2} }) (%QX { “})
= exp {— N Iy T . p(ﬂh /LQ) A p A 3 p &
(20) (27)
Substituting [(ZD) into[{119), for uq, o > 0. Substituting[(2B) and_(21) intd (P5) yields
(re[b1, b2])? ly1 | ly2|?
p(ylu[bi,ba]) = B exp{ pyH{br=0,02=1}) = ;
H No =N FE+No
2kaluk[b1,bz]> 1 11 11\
No e |lgg )& ™) \s ")) @8
where , , , Similarly, substituting[{27) and{21) int6_(25) yields
2 [y1|* + [y2|
- (3 eol-(252)) e -
NO NO D (y|{b1 = 17 b2 — O}) Ng|y1| + Ng|y2|
which is common to all foufb,, b2} and will therefore cancel N F A+ No
in the LLR (12). 1 11 1 1\
For each even{by, by}, substitute the (y|u[b1,bs]) given + log [(51&) (5_1 T FO) (5 * Foﬂ - &

in @I) with the w[by,b2] given by [16) and[(d7) as the

corresponding (y|{b1,b2}) in (@2). This results in As indicated by [(1), whei, = b, one of theu = o

while the otherp, = 0. As discussed below[(18), in a
A(b) = log {e—a?/zvojo (2a1|y1|) e‘“g/NOIO <2a2|y2|> Rayleigh-fading environmenth; and h, are independent,

No No complex-valued, circularly-symmetric Gaussian variapnd
. 2 ., 2, thereforeh = hy + hs is also a complex-valued, circularly-
+e2/Nog, <ﬂ> em1/No ], <M>} symmetric Gaussian variable. It follows that = |h| is
0 0 Rayleigh with energy¢; + &2, and the pdf of the nonzero
—a? /Ny 20é|y1| —a? /Ny 20é|y2| i
—log |e Ip| —— | +e Ip| —— || - k1S
No NO 2
(23) _ H __HE >0. (30
p(pk) R Rl G (30)

As discussed in Sectidn]V, it is possible to accurately-esti
matea; andas in the considered block fading environmentfor they, = 0, its pdf may be represented by an impulse at
provided the blocks are sufficiently long. However, it is ndhe origin, i.e.p(ux) = 3(uu). Substituting these pdfs with
generally feasible to precisely estimatebecause the phasesthe appropriatg:[b1, bo] into (23) yields
f; and #, are varying on a symbol-by-symbol basis. Since 1 1 1 -1
E[c_os(eg - 91.)] =0 a reasc_)nable approximation when arp (y[{b1,b2}) = log Kfl +52> <51 Ty, + No)]
estimate ofo is not available is to use e

|y
a & /a2 +ad. (24) +m (31)
1 2
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wherei = 1 when (b, b2) = (0,0) andi = 2 when(by,b2) = interval. The signat; is the noisy sum of two complex fading
(1,1). coefficients, and therefore the fading-amplitude estiomati
Substituting [[2B) and (29) for the twg # b, and [31) for algorithm proposed by Hamkins in_[20] may be used. To
the twob;, = by into (12) yields determine the values ol and B, a system of two equations
with two unknowns is required. The first equation, found by
A(b) = log {@] taking the expected value ¢f;|> under the assumption that
§No the fading amplitudes are fixed for the block in question, is
. lyi* lyel? v [yl 2 _ 2, 2
og |exp e TN, + exp N € E[lril?] = E[af+a3+2a1azc08(6;2 —6;1)]
|y1|2 |y2|2 |y1|2 |y2|2 = F [Oé% + Oé%:l = Oé% + Oé% = A2 + B2. (36)
~log {eXp {_5—1 B 5—2} * {_5—2 B 5—1” The second equation is found by conditioning on the event

{|r|?> > A%+ B?}, which is equivalent tdcos(6; o —0; 1) > 0}
where¢, = & + No, & = & + No, and€ = & + & + N,. and has expected value [20]

4AB
E||lr]?|Ir* > A2+ B*| = A*+B*4+—. (37
IV. CHANNEL ESTIMATOR [|7°| ‘|7°| > AT } TR m (37)
The goal of the channel estimator is to estimate the valugglving [36) and[(37) ford and B yields
of the fading amplitudesy; and o, for a particular fading 1 p p
block. Let the fading amplitudes of a block be represented 4 = 5 (\/X +5 ¥ —X)+ \/X +5(X = Y))
by the pair{A, B}, where A > B. Thus, A = max{a1, as}
and B = min{a1, as}. Note that in[ZB), exchanging; and B = 1 (\/X + f(y - X)— \/X + K(X _ y))
as does not change the final expression. Therefbré (23) is 2 2 2
commutativen a; andas, and may be written as (38)
2A|y1 | 2Blys| whereX = E [|r]*] andY = E {|r|2‘|r|2 > A%+ Bz}.
A(b) = max * [F ( No ) F ( No > ; Since the expected values required forl (38) are not known,
2B|y1| 2 Alys| they may be estimated by using the corresponding stafistica
F| — F|— averages, N
0 NO X _ l Z |7“|2
~ max s F(?vA2+BQ|y1|> F<2\/AQ+BQ|y2|>] N=
No ’ No 2 2
Vo= 5 X I (39)
it|ry|2>X

where the approximation ~ \/af + a3 has been used andwhere N is the size of the fading block and the facttN

F(z) = log[ly(z)], which may be efficiently and accuratelyysed to compute’ assumes thatr;|> > X for approxi-

computed through the following piecewise polynomial fit: mately N/2 symbols. If this assumption is not true, then
the multiplication by2/N can be replaced with a division

F(x) = logllo(x)] = by the number of samples that satisfi;|> > X. As an

0.225942” 4 0.0124952 — 0.0011272 0 <z <1 alternative to summing over the;|? > X, Hamkins proposes
0.1245422 4 0.21758xz — 0.10782 l<z<2 summing over thoseér;|? greater than the median value of
0.02878722 + 0.63126x — 0.56413 2 <z <5 {12, ..., |rn|?} [20].
0.003012z2 4 0.88523z — 1.2115 5<az<15 The estimator works by computing estimafésandY” using
0.00053203z> + 0.95304x — 1.6829 15 < 2 < 30 (39) and the{r,...,my} for the block. These estimates are
0.000131342% 4+ 0.97674x — 2.0388 30 < z < 60 used in place of{ andY in (38), which yields estimated
0.9943x — 2.6446 60 <2 <120 and B of A and B. These estimates are then used in place of
0.99722x — 3.0039 120 < =z < 500 A and B in (33).
0.999162 — 3.6114 x > 500.

(34) B. Transmission-Case Detection

. . . According to , the two elements gf are always added
A. Fading Amplitude Estimator together. V\?hemKlzi) ba, only one tone iZ used, angthe noise
To estimated and B, first add the two elements of eagh  can be reduced if the receiver processes only the tone used an
to obtain ignores the other tone. This requires that the receiver e ab
(35) to detect whether the first tone, the second tone, or bothstone
were used, which may be implemented using a variation of the
vi “no-CSI” receiver described in subsection 114B3. [n [18]e
wherey; is circularly-symmetric complex Gaussian noise witltontemplate an estimator that uses sudmnaasmission-case
variance2Ny, and h; 5, is the channel coefficient betweerdetector However, we found that the performances with and
terminal\Vy, k = {1, 2}, and the relay during th&" signaling without the transmission-case detector were virtuallytial

Ty = Y1+ Yi2=hi1+hio+ N1+
————
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and do not consider it further in this paper. At best, proger u 10

o ! _ ¥V DNC: No CS
of the transmission-case detector reduces the noise earia * DNC: knowna,, a
. B £ : 1’72
from 2]_\70 to Ny during the syml?ol intervals Fhat both nod_e: Ny 0 DNC: knowna,, ., a
transmit the same tone. As will be seen in the numeric = | SN O LNC

results, the estimator is resilient enough against noaetktis 10
reduction in noise variance is not meaningful and does n
justify the additional complexity.

BER
=
o

C. Amplitude Estimation for Single-Transmitter Links

During the broadcast phase, there is only a single trar
mission, and the dual-amplitude estimator described in st
section[IV-A is not necessary. Similarly, the estimator @ n 107
needed by the LNC system during the MAC phase since t
two transmissions are over orthogonal channels. To estimi
the fading amplitudes for the links involving only a single <
transmitter and receiver, the simple averaging technidueng 10’40 10 20 20 0 - 50
by (29) in [21] is used, which is described as follows. Coasid E /N (dB)

ith i ing i i th i i bo
the ¢ _5|g_nallng Imerval_du”ng the™ fading bl(_)Ck' Given Fig. 3. Bit error rate at the relay in Rayleigh fading when D@ LNC is
transmission of tonek, in the absence of noise, thE€" ysed anc; = &;. Depending on the amount of channel state information that
matched-filter output at the receivery’s,i = aejei,, and has is available, the PNC system will use one of three differetay receivers.
magnitude|yx ;| = a. All other matched-filter outputs in the
it" signaling interval ar@. An estimate could be formed by
taking the maximumyy ;| over any column ofY,. In the
presence of noise, an estimatenofan be formed by averaging
across all columns of the fading block

With the DNC system, the two nodes transmit simultane-
ously, and the relay receiver computes the LLR using (23)
when the magnitudegb;, b2] are known or[(32) when they
are not. A hard decision is made on the LLR and a bit
error is declared if the estimate of the corresponding netwo

1 & codeword bitb is incorrect. We assume that the channel
a = N Zm§X|yk.¢|- (40) estimates are perfect, and since there is no error-cavrecti
=1 coding, the size of the fading block is irrelevant providbatt
V. SIMULATION STUDY the ghannel coherence time is not.exceeded.

i i ) Initially, we set the average received energy to be the same

This section presents simulated performance results for %\/er both channels, i.& — & = &, — &, Fig.[3 shows the

relay receiver described in Sectignl lll. The simulated ”nEerformance of the LNC and DNC systems in Rayleigh fading

model is as described in Sectibn Il, with specific simulatioWith equal energy signals. As anticipated, the LNC system

parameter; givgn in the following subsections. The goal 8f“fers the best performance, which is approximately 3 dB
the simulations is to compare the performance of comparae sq than a standard binary CPFSK system with noncoherent
DNC and L,NC systems and to assess the robustness of fection (the loss relative to conventional CPFSK is dubédo
channel estimator proposedinllV. Because the rglay-bmad act that both bits must usually be received correctly).eehr
phase of the DNC and LNC systems operate in exactly t firves for the DNC system are shown in [iy. 3, corresponding
same manner and have the same performance, we only foﬁyﬁeceivers that exploit different amounts of availablarafel
on the performance of the MAC phase. state information. The best performance is achieved using a
receiver implemented with (23), which requires knowledge
A. Uncoded Performance with Perfect Channel Estimates of a1, a2, and a. The performance of the DNC system
We initially consider a system that does not use an outienplemented with[(23) is only about 0.25 dB worse than that
error-correcting code, and thiss = u;,i = 1, 2. We compare of the LNC system. The worst performance is achieved using
the performance of the LNC and DNC systems. With the LN@ receiver implemented using {32), which does not require
system, the two nodes transmit their messages in orthogokiadwledge of the fading amplitudes. The loss due to using
time slots and the relay receiver first generates the indatid (32) instead of[(23) is about 10 dB, indicating that estimgti
LLR’s during each time slot using eithér (9) 6r{10), and thethe fading amplitudes at the relay is necessary.
the two LLR's are combined using_(11). When there is no outer While it may be feasible to estimate, and i, estimating
error-correcting code, performance usihy (9) is approtéfga o may prove to be more difficult because it will depend on
the same as that using {10). A bit error is declared at thg relaot only the individual fading amplitudes, but also on the
whenever a hard decision usirflg(11) results in an erroneqisase difference between the two channels. Since the phase
decision on the corresponding bit of the network codeward difference might change more quickly than the individual
Such an error will usually occur if one of the two blig, b2 amplitudes, it might not be practical to estimate If that
is received incorrectly, and therefore the error rate oftNE is the case, then the approximation given [by (24) can be used
system is approximately’, ~ 2p(1 — p) wherep is the bit in place of the actual value af. The performance using this
error rate of noncoherent binary FSK modulatibnl [17]. technique is also shown in Figl 3 and shows a loss of about 3
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10 10

VvV DNC: No CSI Vv N=128
¥~ * DNC: knowna_, a O N=32
N . 172 * N=8
V. O DNC:knowna, ay, @ O Perfect Estimation

BER
BER

1059 25 30 35 20 45 50 55 10 g 29 30 31 32 33 34 35

E,/N,(dB) E,/N,(dB)

Fig. 4. Bit error rate at the relay in Rayleigh fading of DNCtiwihree Fig. 5. Influence of fading-block lengttV' on uncoded DNC error-rate
different receivers and eitheh, = £; (solid line) or&; = 4&; (dashed line). performance at the relay. In addition to curves for thre@eslof V', a curve
is shown indicating the performance with perfect fadinggiimde knowledge.

dB with respect to the knowpb;, b2] system, which requires 0

10

knowledge ofa. me(lsiB
The performance of DNC is sensitive to the balance « O N=32
power received over the two channels. Performance is b O N=16
* N=8

whené&; = &. In order to evaluate how robust the DNC relay 197%...
receivers are to an imbalance of power, the simulations we >
repeated witlfs = 4&;, while keepingS, = &, = (£1+E&2)/2.

These results are shown in Figl 4 for the three receiv
formulations that were considered in the previous figur@lo‘2
When the power is imbalanced in this way, there is a lot

of about 2 dB. However, the loss is the same for all thre
receiver implementations, suggesting that they are rotmst

an imbalance of power. 10

B. Uncoded Performance with Channel Estimation

We now consider the influence of channel estimation, b 10
still assume that the system does not use error-correcti E. /N (dB)
coding. In the simulations, the information frames gerextat oo

at the end nodes contald = 2048 bits per frame. The fading Fig. 6. Influence of fading-block lengtiv on turbo-coded DNC error-
block | hV — bol block. Th rate performance at the relay. Two curves are shown for eabhe vof
ocks are lengt = {8,32, 128} Symbols per block. € N= {8, 16, 32, 64, 128}. Solid curves denote perfect fading-amplitude

DNC relay implementd(23) with the approximation given bynowledge. Dashed curves denote estimated fading amgitud
(24) and then makes a hard decision on each information bit. . .

The bit error-rate performance of the uncoded system 3§duences into lengtlh, = 2048 codewords, using a rate
shown in Fig[®. The performance is shown with the estimatbr =~ 0-6 UMTS turbo code[[22]. The relay performs turbo
using the three block sized = {8,32,128} as well as for decodmg uglngthe cheword LLR’s comqued(23) with the
the case of perfect estimates of and a». A narrow range aPProximation fora given by (24). The fading-block lengths
of error rates is shown to better highlight the differences Simulated areV = {8,16,32, 64,128} symbols per block.
performance. In general, smaller fading blocks lead to a les The error performance of the coded system is shown in
accurate estimation of the fading amplitudes, as the numtag-[8, both with perfect channel estimates and with estxhat
of samples available for estimation decreases. Moving frdf@ding amplitudes. A good tradeoff between diversity and

block size N = 128 to 32 worsens performance by rOugmyestimation accuracy is achieved for block sizés= 16 and
0.25 dB, and fromN = 32 to 8 by 0.75 dB. N = 32, which exhibit the best performance of all systems that

must estimate the fading amplitudes. Pér< 16 performance

degrades due to the lack of enough observations per block for

accurate channel estimates, while fdr > 32 performance
Now consider a system that uses an outer turbo codkegrades due to the reduction in time diversity.

The terminals each encode lengiti = 1229 information Fig. [@ shows the SNR required to reach an error rate of

C. Performance with an Outer Turbo Code
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33 10°

oa,a, known v N=128

320 % a,, a, estimated 1 + N=64
O N=32

311 V No CSI i

T “1;
22 | | | | | | ‘ ‘ O \\‘ . ‘ V ‘
0 20 40 60 80 100 120 140 10
Symbols Per Fading Block 12 14 16 18 20 22
E,/N,(dB)

Fig. 7. Signal-to-noise ratio required to reach a bit erete pf10~* at the : )
relay as a function of fading-block length. The performant¢hree systems Fig. 8. Comparison of error-rate perfo_rmgnce between ﬂtmtuoded DNC
is shown: The noncoherent receiver with knofn;, a2}, the noncoherent a_nd LNC systems at the relay. The solid lines denote DNC eathié dashed
receiver with estimateda, a2 }, and the noncoherent receiver that does ndines denote LNC.

use CSI. All systems use a Turbo code with rad29,/2048. 10°

V LNC, rate=4500/5056

. O DNC, rate=4500/5056
—4 )
10~* at the relay as a function of the block length In each * DNC. rate=4500/6400

case, information is coded with the sarf2948, 1229) turbo

code used for Fid.]6. Curves for three systems are shown: T 14
noncoherent receiver with knowfr, as}, the noncoherent
receiver with estimateflos, as }, and the noncoherent receivel

that does not use CSI. Whefr;, a2} are not estimated,
performance improves with decreasing because of the %10’2
increased number of blocks per codeword, which increas

the time diversity. However, whekiay, oz} are estimated,

the performance gets worse when the block size is smal

than N = 16. The loss of time diversity as the block size 10~
increases is a common problem for any system operating o
a slow-fading channel, and the system proposed in this pa|
is no exception. The performance gap between the know
CSI and no-CSl receiver formulations widens with incregsir 19 18 20 22 24 26 28 30
block length. E,/N,(dB)

An error-rate performance comparison between DNC ar&% 9. Comparison of the performance of turbo-coded DNC BRE at

LNC is shown in Fig.[B. Both systems use the Samﬁe.relay with block sizeV = 32. For the DNC system, two code rates are
(2048, 1229) turbo code. The LNC system outperforms thehown, with the lower rate code offering comparable perforoe to the LNC

DNC system by margins ranging betwe¢mnd6 dB. system.

While the LNC system is more energy efficient than theNC, consider the following transmission schedule for the

DNC system when the same-rate turbo code is used, th@® systems. Assume the source terminals use rate=
throughput of the LNC system is worse than that of the DN@500,/6400 in DNC, andr; = 4500/5056 in LNC. Assume
system because the two terminals must transmit in orthdgonperation att, /N, = 24 dB, yielding approximately equal
time slots. The loss in energy efficiency from using DNC verelay error-rate performance. Further, assume that bath sy
sus LNC can be recovered by having the source terminals wems use code rate, = 4500/5056 for relay broadcast,
a lower-rate turbo code. Consider the performance conparisjielding approximately equal end-to-end performance. DNC
shown in Fig[® for block sizeV = 32. At E, /Ny ~ 24 dB, requiress400 channel uses for transmission to the relay versus
DNC using a rater; = 4500/6400 code matches the error-2x5056 = 10112 for LNC. Both systems requirg)56 channel
rate performance of LNC using a ratg = 4500/5056 code. uses for relay broadcast. The throughput for DNC is thus
Because the two terminals transmit at the same time, the eqd?N¢) = 9000/(6400 + 5056) = 9000/11,456 bits per
to-end throughput of DNC is higher than that of LNC, evethannel use, and for LN@ENS) = 9000/(3 x 5056) =
though the DNC terminals transmit to the relay with a lowe000,/15, 168 bits per channel use. The percentage throughput
rate channel code. increase of DNC over LNC is thug (PN®) /7 (LNC) _ 1) x

To illustrate the throughput improvement of DNC oveit00 ~ 32.4%.
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VI. CONCLUSION [15]

A throughput-improving technique for relaying in the two-
way relay networkdigital network codingis refined for prac- [16]
tical operation. The system operates noncoherently, gityi
advantages over coherent operation: there are no requitemﬁn
for perfect power control, phase synchronism, or estimates
carrier-phase offset. (18]

A computationally simple technique for estimating fading
amplitudes at the relay is implemented. Error-rate peréoroe [19]
in the noncoherent Rayleigh block-fading channel at sévera
block sizes is presented. The system is simulated with
without an outer error-correcting code. The coded errta-ra
performance of the system using estimation differs from th&1l
with ideal estimates by margins between — 1.5 dB.

When the same-rate turbo code is used, digital netwag]
coding has a higher throughput but lower energy-efficiency
than link-layer network coding . The energy loss of DNC can
be recovered by using a lower-rate turbo code during the MAC
phase. Even when the loss of spectral efficiency due to the
lower-rate turbo code is taken into account, the DNC system
is able to achieve a higher throughput than LNC at the sa
energy-efficiency. In the particular example presentedis t
paper, the DNC system is capable of achieving throughp
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