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Title

Distributed Turbo Coding and Relaying Protocols

Technical Field

This invention concerns distributed turbo coding and relaying protocols in wireless

relay networks. In particular, the invention concerns a method for relaying signals at a

relay node, a method for processing signals at a destination node, a relay system and

software to perform the methods.

Background Art

In wireless communication systems, diversity has been an effective technique in

combating detrimental effects of channel fading caused by multi-path propagation and

Doppler shift. Specifically, a spatial diversity can be achieved by a multiple-input-

multiple-output (MIMO) system by exploiting space time coding. However, in a

cellular network or wireless sensor networks, due to the limited size, cost and hardware

limitation, it may not be possible for a mobile terminal or wireless sensor nodes to

equip with multiple transmit antennas.

To overcome such limitation, a new form of diversity technique, called user

cooperation diversity or distributed spatial diversity, has been proposed recently, for

cooperative cellular networks or wireless sensor networks. The idea is to allow

different users to communicate cooperatively and share their antennas to achieve a

virtual MIMO link, thus achieving a spatial diversity gain. The relayed transmission

can be viewed as a good example of distributed diversity techniques. In the relay

channel, the source sends the source information to the relays. The relays detect the

received signals, reconstruct them and then forward them to the destination. At the

destination, by properly combining the received signals from the source and relays, a

distributed diversity can be achieved.

Disclosure of Invention

In a first aspect, the invention is a method for relaying signals at a relay node in a

wireless network comprising a source node, a destination node and one or more relay

nodes; the method comprising the steps of:

receiving a signal from a first node;

decoding the received signal; and



if the received signal is decoded incorrectly, employing an Amplify-And-

Forward (AAF) relaying protocol comprising the steps of amplifying the received

signal and then transmitting the amplified signal to a second node; but otherwise,

employing a Decode-And-Forward (DAF) relaying protocol comprising the

steps of re-encoding the decoded signal and then transmitting the coded signal to the

second node.

The first node may be a source node or relay node. The second node may be a relay

node or a destination node.

The received signal may be amplified by an amplification factor that varies according

to the transmit power constraint of the relay node and the power of the signal received

from the first node.

The DAF relaying protocol may further comprise the step of interleaving the coded

signal before transmitting it to the second node

The method may further comprise the steps of receiving a control signal from the

second node after an initial signal transmission to the second node; the control signal

informing the relay node to either continue or stop relaying signals from the first node

to the second node.

The relay node may further receive a control signal from the second node after an

initial signal transmission to the second node; and depending on the control signal, the

relay node may continue or stop relaying the signal received from the first node to the

second node. Using this relay-selection protocol, the second node may select the best

relay node to relay signals from the first node.

In a second aspect, the invention is a method for processing signals at a destination

node in a wireless relay network comprising a source node, a destination node and one

or more relay nodes; the method comprising the steps of:

receiving a signal containing data from the source node;

receiving signals from one or more relay nodes, where each relay node either

employs an Amplify-And-Forward (AAF) relaying protocol or a Decode-And-Forward

(DAF) relaying protocol depending on whether the relay node can correctly decode a

signal received from the source node;



recovering data transmitted by the source node by combining all signals

received from the source and relay nodes and then decoding the combined signal.

The received signals may be combined so as to maximise the Signal-to-Noise Ratio

(SNR) of the combined signal.

The combined signal may then be decoded using a Viterbi decoding algorithm.

A cyclic redundancy check (CRC) may be performed to determine whether a signal has

been successfully decoded at the relay node. At the source transmitter CRC bits are

appended to each block of information bits (a frame). At each relay the decoded CRC

bits can be checked for errors.

During an initial transmission cycle between each relay node and the destination node,

the method may further comprise the steps of:

determining the Signal-to-Noise Ratio (SNR) of the channel between the

destination node and each relay node;

determining the best relay node, that is a relay node that has the maximum SNR

at the destination node;

and transmitting a control signal to all relay nodes; the control signal informing

the best relay node to continue relaying and informing other relay nodes to stop

relaying.

The control signal may be transmitted to each relay node via a feedback channel or a

reverse broadcast channel. After the initial transmission cycle, only the best relay node

will relay signal from the source node to the destination node, where the best relay

node either employs an AAF or a DAF protocol.

It may be assumed, for the purposes of calculation, that the channel does not change

during each frame, so the best relay may be selected for each frame of data.

The step of recovering data transmitted by the source node may comprise the steps of:

determining the relaying protocol employed by each relay node;

constructing a first signal by combining the received signal from the source

node with amplified signals from relay nodes employing the AAF protocol;



constructing a second signal by combining coded and interleaved signals from

relay nodes employing the DAF protocol; and

decoding the first and second signals using a turbo iterative decoding algorithm

to recover data transmitted by the source node.

The above scheme is known as distributed turbo decoding with adaptive relaying,

where the first and second signals form a distributed code

In a third aspect, the invention is a relay system comprising:

a source node to send signals containing coded data to a destination node and

one or more relay nodes;

one or more relay nodes to receive signals from the source node and depending

on whether the received signal can be decoded correctly, to either employ an Amplify-

And-Forward or a Decode-And-Forward protocol and transmit a signal to the

destination node; and

a destination node to receive signals from the source and relay nodes, to

combine the signals received and to decode the combined signal in order to recover the

data transmitted by the source node.

In another aspect, the invention is a software to implement the method for relaying

signals at a relay node in a wireless relay network; the method as described above.

In a further aspect, the invention is a software to implement the method for processing

signals at a destination node in a wireless relay network; the method as described

above.

The invention takes advantages of both the DAF and AAF protocols but minimise their

negative affects. AAF-only protocols usually suffer from noise amplification while

DAF-only protocols propagate error through imperfect decoding when channel quality

from the source to the relay is poor. Using the invention, the relaying protocol is

automatically adapted to the channel quality by simply switching between the AAF and

the DAF without any need for the channel state information (CSI) to be fed back from

the destination to the relays or the source. This is very important in practical relay

networks, especially in a multi-hop large network, in which the feedback of CSI for

adaptation is very expensive.



Additionally, adaptive relaying with relay selection facilitates system design for non-

orthogonal channels and may improve system performance and capacity. By requiring

only the signal from the relay having the best transmit Signal-to-Noise Ratio (SNR),

other relays in the network do not have to relay the signal. Since channels may not be

perfectly orthogonal in practice, this strategy reduces interference to the best relay,

source and destination. Besides, other relays may conserve battery power by not

having to relay signals when channel quality between the relays and the destination is

poor.

Using distributed turbo coding with adaptive relaying, the overall received codeword at

the destination consists of the combined coded information symbols received from the

AAF relay group and the combined coded interleaved information symbols transmitted

from the DAF relay group. When adaptive relaying and relay selection are combined

with distributed turbo coding, the invention may provide not only SNR gain, but also

coding gain due to tne use of distributed turbo coding.

Brief Description of the Drawings

An example of the invention will now be described with reference to the accompanying

drawings, in which:

Fig. 1 is a block diagram of adaptive relaying protocol (ARP) in a 2-hop

wireless relay network exemplifying the invention.

Fig. 2 is a detailed diagram of the operation at the destination in Fig. 1.

Fig. 3 is a block diagram of adaptive relaying protocol with relay selection (RS-

ARP).

Fig. 4 is a block diagram of adaptive relaying protocol with distributed turbo

decoding (DTC-ARP).

Fig. 5 is a block diagram of adaptive relaying protocol with relay selection and

distributed turbo decoding (DTC-RS-ARP).

Figs. 6(a), (b) and (c) show the FER performance of the adaptive relaying

protocol (ARP) in a 2-hop network.

Figs. 7(a) and (b) show the FER performance of adaptive relaying protocol

(ARP) in a 2-hop network with 1 and 2 relays, respectively.

Figs. 8(a) and (b) show the FER performance of adaptive relaying protocol

(ARP) in a 2-hop network with 4 and 8 relays, respectively.

Figs. 9(a), (b) and (c) show the FER performance of adaptive relaying protocol

with relay selection (RS-ARP) in a 2-hop network with 2, 4 and 8 relays, respectively.



Figs. 10(a) and (b) show the FER performance of adaptive relaying protocol

with distributed turbo decoding (DTC-ARP) for 1 and 2 relays, respectively.

Figs. 11(a) and (b) show the FER performance of adaptive relaying protocol

with distributed turbo decoding (DTC-ARP) for 4 and 8 relays, respectively.

Figs. 12(a), (b) and (c) show the FER performance of adaptive relaying protocol

with relay selection and distributed turbo decoding (DTC-RS-ARP) in a 2-hop network

with 2, 4 and 8 relays, respectively.

Best Modes of the Invention

Referring first to Fig. 1, we consider a general 2-hop relay network 100, consisting of

one source 110, relays 300 and one destination 200 with a direct link from the source

110 to the destination 200. There may be more than one relay between the source 110

and the destination 200, forming a multi-hop network.

At the source 110, the transmitted source information binary stream, denoted by B, is

represented by

B =(b(l),--,b(k),--,b(l)) (1)

where b(k) is a binary symbol transmitted at time k and / is the frame length.

The binary information sequence B is first encoded by a channel encoder. For

simplicity, we consider a recursive systematic convolutional code (RSCC) with a code

rate of 1/2. Let C represent the corresponding codeword, given by

C = (C(I),- -C(A:), -,C(/)) (2)

where C(k)=(b(k), c(k) is the codeword of b(k), c(k)e {0, 1}, b(k) is the information

symbol and c(k) is the corresponding parity symbol.

The binary symbol stream C is then mapped into a modulated signal stream S. For

simplicity, we consider a BPSK modulation. The modulated codeword, denoted by S, is

given by:

S (S(I),- -,S(O) (3)

where S(k) =(s(k,l),s(k,2J), s(k,j) {-l,+l}, h=l,...,I,j=l, 2, is the modulated signal

transmitted by the source at time 2(Ar-I) +j .

We assume that the source and relays transmit data through orthogonal channels. For

simplicity, we will concentrate on a time division multiplex, for which the source and

relays transmit in the separate time slots and all relays transmit to the destination at the



same time. We also assume that the transmission channels for all relays are orthogonal,

such that the transmitted signals from each relay can be separated at the destination

without any interference from other relays.

The source first broadcasts the information to both the destination and relays. The

received signals at the relay i, z-1 ,...,«, and the destination, at time 2(Ar-I)+/, denoted

by ysr (k,j ) and y
sc
ι(k,j), respectively, which can be expressed as:

where:
a r the received signal power at the relay and destination,

are the channel gains between the source and the relay i and

between the source and destination, respectively; dsr i and dsd are the distances

between the source and relay i, and that between the source and destination,
respectively; do is a reference distance; λc is the carrier wavelength and K is a path

loss factor with values typically in the range 1< K<4 . Also, hsri and hsd are the

fading coefficients between the source and relay i, and between the source and

destination, respectively. They are modelled as zero-mean, independent circular

symmetric complex Gaussian random variables.

We consider a quasi-static fading channel, for which the fading coefficients are

constant within one frame and change independently from one frame to another.
Furthermore, nsri (k,j) and nsd (k,j) are zero mean complex Gaussian random

variables with two sided power spectral density of N0/2 per dimension. We also assume

that all noise processes are of the same variance without loss of generality. Different

noise variances can be taken into account by appropriately adjusting the channel gain.

The relays 300 then process the received signals transmitted from the source and send
them to the destination. Let xr (k, j ) represent the signal transmitted from the relay i at

time 2(Ar-I)+/. It satisfies the following transmit power constraint,

where P,.,, is the transmitted power limit at the relay / .



The corresponding received signal at the destination 200 at time 2(k-l)+j, denoted by

y rd,i(kj) can e written as

where Gr

complex fading coefficient between the relay i and destination and nrd (k,j) is a zero

mean complex Gaussian random variable with two sided power spectral density of 7VQ/2

per dimension.

Adaptive Relaying Protocol (ARP)

Fig. 1 shows the operation of a relay 300 in detail. Upon receiving signals from the

source 110, each relay decodes the received signal; step 305. In each transmission,

based on whether relays can decode correctly or not, each relay is included into either

of two groups, an AAF relay group 335 and a DAF relay group 330. All relays in the

AAF relay group amplify the received signals from the source and forward it to the

destination (325 and 340), while all the relays in the DAF relay group will decode the

received signals, re-encode and forward them to the destination (320 and 340).

Amplify-And-Forward (AAF ) Relay Group 335

An AAF relay group, denoted by Ω.AAF , consists of all the relays, which could not

decode correctly. Since each relay in the AAF relay group cannot decode correctly,

upon receiving signal from the source, it will simply amplify the received signal from
the source and forward it to the destination; 325 and 340 in Fig. 1. Let x r i (k,j) ,

i e ,M F , represent the signal transmitted from the relay i at time 2(Ar-I)+/, then it can

be expressed as:

rj (K J) = (K j ) , i Ω (7)

where µ, is an amplification factor such that

From (8), the amplification factor µ . can be calculated as:

By substituting (9) and (1) into (7), the received signals at the destination, at time 2(Ic-

1)+/, transmitted from the relay z, can be expressed as:



Decode-And-Forward (OAF) Relay Group 330
A DAF relay group, denoted by DAF , consists of all the relays, which can decode

successfully. Upon receiving signals from the source, each relay in the DAF relay

group will decode the received signals from the source, re-encode and send them to the

destination; 310 and 320 in Fig. 1.

Since all the relays in the DAF relay group can decode correctly, each relay in the DAF

relay group can accordingly recover the binary information stream B. B is then encoded

into C and modulated into S. The relay in the DAF relay group will then forward the
modulated symbols S with power Pr , to the destination; see 340 in Fig. 1,

The received signals at the destination 200, transmitted from the relay i in the DAF

relay group, become

Signal Processing at Destination 200

Referring now to Fig. 2, all signals received at the destination, forwarded from the

source 110, the AAF 335 and DAF 330 groups, are combined into one signal as

follows:

(13)

The destination SNR for the combined signals, denoted by γ
ARP

, can be calculated

from (13) as



The above SNR can be maximized by taking partial derivatives relative to wsd and

wr . , i QAAF , i e .DAF and their optimal values can be calculated as1:

Substitute (15) into (13), we have

where:

and

is an equivalent noise after the combination, with a zero mean and a variance of

J . Ν. Laneman and G. W. Wornell, "Energy-efficient antenna sharing and relaying for

wireless networks," in Proc. IEEE WCΝC, 2000, pp. 7-12.



From Equation (17), we can then calculate the received SNR for the combined signals

as follows,

By substituting (9) into (17), γ
ARP

can further approximated by

where

2.

After combining signals as in equation (16), a Viterbi decoding algorithm can then be

used to obtain information estimates; see 220 in Fig. 2 . The branch metrics of the

Viterbi decoding algorithm is calculated as:

Performance Analysis of ARP

Calculation of the traditional union bound requires knowing the code distance

spectrum, which needs an exhaustive search of the code trellis. Due to a high

complexity of this search, we consider an average upper bound. For simplicity of
calculation, we assume that γsι =γ sr and γ rd =γ d for all i=l,...,n.

(1) Error probability of the ARP

Let us first calculate the pairwise error probability (PEP) for a scenario where the AAF

relay group consists of q relays numbered from 1 to q and the DAF relay group consists

of (n-q) relays numbered from (#+1) to n.



Let AAF
an

Ϊ DAFin-q) represent the instantaneous received SNR of the combined

signals in the AAF and DAF relay groups. For simplicity, we include the destination

signal directly transmitted from the source into the AAF relay group, then we have the

following from Equation (19):

The conditioned pairwise error probability (PEP) that the decoder decides in favour of

another erroneous codeword with Hamming weight d , for the above scenario, is given

by:

where Q(x) denotes the Q function.

The PEP can be derived by averaging Equation (23) over the fading coefficients. Let

P( )(di) be the PEP of decoding an erroneous code sequence with weight d\ , then we

have

Since all are independent variables and are also

independent to each other, the inequality (24) can be further written as:

wher

and p[H 2' ) is the pdf of H 2 , given by:



where K0( ) and K1( ) are the zero- and first-order modified Bessel function of the

second kind.

The closed form expression of f ) d ) can be calculated by using the moment

generating function (MDF) of the Harmonic mean of two exponential random
variables. The exact closed form expression of f {d ) is too complex to be presented

it here. can be approximated as:

By substituting (28) into (25), we have:

Let PF sr
{d

sr
,γsri Ihsrl ) be the conditional pair-wise error probability (PEP) of incorrectly

decoding a codeword into another codeword with Hamming distance of dsr in the
channel from the source to the relay i . Since we assume that χsrJ = γ sr for all v=\, 2,

..., n, then we have:

Let PFsr represent the average upper bound for word error probability in the channel

from the source to the relay:

where

the number of words with Hamming weight i and p(d sr \ ϊ) is the probability that an

input word with Hamming weight i produces a codeword with Hamming weight dsr.

Due to the uniform distribution of the relays and assumption of γ sri = γ sr and

Yrdj
= Yrd °r a - 1 the probability that the AAF relay group consists of any q

relays and the DAF relay group consists of the rest (n-q) relays is the same and is given

by:



where

Then the average PEP at high SNR can be calculated as:

P ΛRP {dλ)

where means that is less than or equal to y at very high probability.

Similarly, for a perfect DAF, in which all relay are assumed to decode correctly, the
average PEP of incorrectly decoding to a codeword with weight d , denoted by

can be calculated as:

Equation (33) can be further expressed as:

where

represents the BER increase of the ARP compared to the perfect DAF under the same

SNR.

It can be noted that as and the

performance of the ARP approaches the perfect DAF.



Let Pb
ARP be the average upper bound on the bit error rate (BER) for the ARP. At high

SNR, Pb
ARP can be approximated as

where:

is the number of words with Hamming weight i and

p(d ι\i) is the probability that an input word with Hamming weight i produces a

codeword with Hamming weight d.

From equations (37-38), we can observe that a diversity order of (n+l) can be achieved
for an ARP scheme in a relay network with n relays at a higher γsr region.

(2) Error probability of the AAF

Following the similar analysis, the average PEP of the AAF of incorrectly decoding to
a codeword with weight d, denoted by PMF (d) , can be similarly calculated as

Compared to P AAF (d ) , the average PEP of the ARP in Equation (33) can also be

expressed as



where

represents the BER reduction of the ARP over the AAF under the same SNRs.

It can be easily proved from Equation (41) that for high γ rd value, GARPIAΛF is a

decreasing function of γsr . Therefore GARP/AAF decreases as γ sr increases, and the ARP

can achieve a considerable error rate reduction compared to the AAF under the same
γ sr and γ rd values. This error rate reduction exponentially grows as the number of

relays increases.

Relay Selection Algorithm with Adaptive Relay Protocol (RS-ARP)

As shown in Fig. 3, adaptive relaying may be combined with relay selection. Similarly,

each relay i 300, i = 1, ..., n, is either in the AAF relay group or the DAF relay group.

However, after receiving signals from all relays, the destination will first calculate the

received SNR for each relay in both AAF and DAF groups. From Equation (10), the

destination SNR for z-th relay in the AAF group can be calculated as,

Similarly, from Equation (12), the destination SNR fory-th relay in the DAF group can

be calculated as:

Among all relays in both AAF and DAF groups, the destination will select one relay,

denoted by S which has the maximum destination SNR,

After finding the optimum relay S, through a feedback channel or a reverse broadcast

channel, the destination will inform which relay is selected for transmission and other

unselected relays will be in an idle state. For example, if the ith relay has the best SNR

at the destination, the "index of optimal relay" will be set to i, requiring only the



selected relay to relay the signal from the source 110; see 240 in Fig. 3 . The dashed

arrows in Fig. 3 represent communications with non-selected relays.

If the selected relay S is from the AAF relay group, it will amplify and forward the

received signal transmitted from the source and if it is selected from the DAF group, it

will decode and forward the received signals. At destination, Viterbi decoding can then

be used to obtain the information estimates.

Performance Analysis of RS-ARP

In this section, we analyze the performance of the RS-ARP. For simplicity of
calculation, we assume that

(1) Error probability of the RS-ARP

We first calculate the pairwise error probability (PEP) of RS-ARP for a scenario where

the AAF relay group consists of q relays numbered from 1 to q and the DAF relay

group consists of {n-q) relays numbered from (#+1) to n .

Let and represent the received destination signals, at time k,

with the m instantaneous received SNRs, in the AAF and DAF, respectively.

Also, let an
DTF ,(«

- ) represent the corresponding SNR, then

Let and denote the signals after combining and

at the destination, with corresponding SNR nd

then we have

where the optimum combining coefficient can be calculated as:



wher iA_m and _max represent the relay with maximum destination SNR in the AAF

and DAF groups, respectively.

After substituting Equation (49) into (47) and (48), can e

further calculated as

where

Let n t n the PDF of can be approximated at high

SNR as:

while t PDF of rZ F ,,-q)
is Siven T-

Let

represent the destination SNR of the optimal relay in both AAF and DAF groups at the

destination. Then we have

The conditioned pairwise error probability (PEP) that the decoder decides in favour of

another erroneous codeword with Hamming weight di, for the above scenario, is given



The PEP can be derived by averaging Equation (20) over the fading coefficients. Let

( )( i) e the PEP of decoding an erroneous code sequence with weight d\, then we

Let then the PDF of X is given by Px (x) = exp(-x) and Equation (57) can be

further written as:

(58)

By using the Taylor series, we have:

At high SNR, thus by ignoring the terms of second and higher

order of y in the above series, Equation (59) can be further approximated as



Let p q represent the probability that the AAF relay group consists of any q relays and

the DAF relay group consists of the rest (n-q) relays and it is given by:

where PFsr is the average upper bound for word error probability in the channel from

the source to the relay, given by:

where \ ϊ ) , and

p(d sr Iz) is the probability that an input word with Hamming weight i produces a

codeword with Hamming weight dsr.

Then the average PEP of the RS-ARP at high SNR can be approximated as

From Equation (63), we can observe that a diversity order of (n+1) can be achieved for
an RS-ARP scheme in a relay networks with n relays at a higher γsr region.

Similarly, for a perfect DAF-Selection, in which all relay are assumed to decode

correctly, the average PEP of incorrectly decoding to a codeword with weight d ,
denoted by P , can be calculated as:



where B(x,y) is a beta function.

At high SNR, it can be approximated as

Equation (63) can be further expressed as:

where

represents the BER increase of the RS-ARP compared to the perfect DAF-Selection

under the same SNR.

It can be noted that as either

performance of the RS-ARP approaches the perfect DAF-Selection.

(2) Error probability of the AAF-Selection

Following the similar analysis, for the AAF-Selection, the average PEP of incorrectly
decoding to a codeword with weight d \ , denoted by P AAF~s {dx) , can be calculated at

By comparing with in Equation (63) can be further expressed

as

(69)

where

represents the BER reduction of the RS-ARP compared to the AAF-selection.

It can be proved that GRS_ARP/AΛF_S is a decreasing function of for high γ rd values.

Therefore for a fixed γ rd , GRS_ARPIAAF_S significantly decreases as γsr increases, and



the RS-ARP can achieve a considerable error rate reduction compared to the AAF

selection under the same SNR. This error rate reduction exponentially grows as the

number of relays increases.

Distributed Turbo Coding with ARP (DTC-ARP)

Referring now to Fig. 4, the adaptive relaying protocol (ARP) is combined with

distributed turbo coding. Using this protocol, all the relays in the AAF relay group

amplify the received signals from the source and forward them to the destination, while

the relays in the DAF relay group decode the received signals, interleave the decoded

symbols, re-encode and forward them to the destination.

Specifically, all signals forwarded from the AAF relay group, at time 2(Ar-I)+/, are

combined with the signals directly transmitted from the source (see 212 in Fig. 4), as

follows,

where y rd AAF (k,j) is the combined signal at time 2(Ar-I)+/,

and µ . is an amplification factor given in (4) and nrd F (k, j ) is an equivalent noise

after the combination, with a zero mean and a variance of σrd M F = AAAF .

Each relay in the DAF group decodes the received signals, interleaves the decoded

symbols, re-encodes and transmits it to the destination. Let

represent the interleaved version of B. Let denote the codeword of

B 5 where is the codeword of is then mapped into a

modulated signal stream where is the

modulated signal transmitted by the relays in the DAF relay group, at time 2(k-l) +j.

The relay i in the DAF elay group will then forward the modulated symbols S with
power P1. ., to the destination,

The received signals at the destination, transmitted from the relay i in the DAF relay

group (see 214 in Fig. 4), become:



At the destination, all signals forwarded from the DAF relay group, at time 2(k-l)+j,
are then combined together. Let y

rd DΛF (k, j ) represent the combined signal, given by:

where and nrd DAF {k,j) is an equivalent noise after combination,

with ze mean and a variance of

From Equations (35) and (39), the received SNR for the combined signals in the AAF
and DAF relay group, denoted by, γ p and γDAF , can be calculated as

An overall codeword at the destination consists of the combined coded information

symbols transmitted from the AAF relay group and the combined coded symbols of the

interleaved information sequence sent from the DAF relay group. They form a

distributed turbo code.

Let I(k) represent the interleaved position of k. For a RSC code, yrdMF (k,ϊ ) and

yrd,DAF (I(k),l) , k=\,...,l, carry the same information symbol b(k), thus they should be

properly combined before sending to each decoder. Let yMFJnfo (k) and yDAFJΦ (k) be

the combined signal and its interleaved one. Following the similar calculations as in the
AAF and DAF groups, the optimal combination of yrd AAF (k,Y) and y rd DAF (I(k), ϊ ) can

be formulated as follows:

and

where / '(/c) represents the de-interleaved position of k. Let



O 2008/109912 PCT7AU2007/001729

24

These two signals are then sent to two MAP decoders associated with y and y DAF ,

respectively. A turbo iterative decoding algorithm is then performed between these two
decoders; see 220 in Fig. 4 . The decoders with y F and y DΛF as input symbols

calculate the a posteriori probability (APP) of the information symbols and the
interleaved information symbols, denoted by P\b{k) ~ w \y AAF ) and

P(b(k) =w \y DAF ) , and the corresponding extrinsic information, respectively. The

extrinsic information of one decoder is used to update the a priori probability of the

other decoder in the next iteration. After several iterations, the decision is made based

on the APPs of the first decoder.

where hΛAF and hDAF are constants such that

' and m are a pair of states connected with t= in the trellis, is the number of
states in the trellis and ( ') and /?,. (m) are the feed-forward and the feedback

recursive variables.

There is one possible scenario that for some transmission blocks there are no relays that

can make correct decoding. This could happen at low signal to noise ratios. In this case,

there are no relays in the DAF relay group and all relays are in AAF relay group, so we
only need to decode y rd<AAF , from which we get the information symbol estimates.



Performance Analysis of DTC-ARP

We first consider a scenario where the AAF relay group consists of q relays numbered

from 1 to q and the DAF relay group consists of (n-q) relays numbered from (q+l) to n.

The conditional pairwise error probability (PEP) that the decoder decides in favor of

another erroneous codeword with Hamming weight d, for the above scenario, is given

by:

wher d\ and 2 are the Hamming weights of the erroneous codewords with Hamming

weight d, transmitted from the AAF and DAF group, respectively, such that
d =d +d2 .

By averaging (47) with respect to the channel, we have

The average PEP of the DTC-ARP at high SNR can be approximated as

Similarly, for a perfect DTC, for which all relay can decode correctly, the average PEP
of incorrectly decoding to a codeword with weight d, denoted by P ct (d) , can be

calculated as:

(85) can be further written as:



where represents the BER increase of the DTC-

ARP compared to the perfect DTC under the same SNR.

It can be noted that as and the performance of the DTC-ARP

approaches the perfect DTC.

Distributed Turbo Coding with Relay Selection using Adaptive Relaying Protocol

(DTC-RS-ARP)

Adaptive relaying protocol (ARP), distributed turbo coding (DTC) and relay selection

(RS) may be further combined in a protocol shown in Fig. 5. Among all the relays, we

select one relay with maximum destination SNR. If the selected relay is from a DAF

group, it will decode the received signals, interleave, re-encode and forward them to the

destination. At destination, the signals directly transmitted from the source and that

from the selected relay in the DAF group will form a DTC codeword. If it is selected

from an AAF group, it will amplify and forward the signals to the destination. We refer

to such a scheme as the DTC with single selected relay (DTC-RS-ARP).

Similar to the performance analysis for ARP, RS-ARP and DTC-ARP, we first

consider the case when the AAF relay group consists of q relays numbered from 1 to q

and the DAF relay group consists of (n-q) relays numbered from (#+1) to n . Let
-,DTC-SSR (d) denote the average PEP of the DTC-RS-ARP that the decoder decides in

favour of another erroneous codeword with Hamming weight d in this case, and it can

be approximated at high SNR as

The average PEP at high SNR can be approximated as



As the reference, we consider the perfect DTC-RS-ARP, for which all relays are

assume to be decoded correctly and the optimal relay with maximum destination SNR

will be selected out to form a distributed turbo coding. The average PEP of perfect

DTC-RS-ARP denoted by:

Similar to the RS-ARP, we compare Equations (89) with (90) to obtain the BER

increase of the DTC-RS-ARP relative to the perfect DTC-RS-ARP,

As γ sr increases, GDTC_
SSR

—> 1 and the performance of the DTC-RS-ARP approaches

the perfect DTC-RS-ARP.

Simulation Results and Discussions

We provide simulation results comparisons for various relaying schemes with various

numbers of relays. All simulations are performed for a BPSK modulation and a frame

size of 130 symbols over quasi-static fading channels. We use a 4-state recursive

systematic convolutional code (RSC) with the code rate of 1/2. The generator matrix of

the RSC is

Frame Error Rate (FER) Performance of ARP

DAF relay protocol requires relays to fully decode the source information and this

limits the performance of DAF to that of direct transmission between the source and

relays, so it does not offer a diversity gain. Specifically, we compare AAF and ARP

with the perfect DAF, which can always achieve a full diversity. For simplicity, we
assume that γ sri = γ sr and γ rdi =γ rd for all i=l,...,n and γ rd and γ sd are the same. We

investigate the performance of the various relaying schemes when the average received
SNR in the link from the source to the relay, denoted by γ sr , is fixed and that from the

source to the destination, denoted by γ rd , and the one from the relay to the destination,

γ sd , are varied.

The FER performance of the AAF and the proposed ARP, as a function of γ rd and with

γ sr as a parameter is shown in Fig. 6 . The cases of γ sr = IdB, 7dB and 13 dB are

illustrated in Figs. 6(a), (b) and (c), respectively. When the quality of channels from the



source to the relays is poor, as for example for =IdB, we can see that the ARP

outperforms the AAF at low γ rd values, but it is close to the AAF as γ rd increases. As

the channel quality from the source to the relays is improved, such as γ sr increases to

7dB and 13dB, the ARP can get a considerable coding gain compared to the AAF in the
whole γ rd region and this gain increases as the number of relays increases.

The above results can be explained from Equations (40) and (41). For low γ sr value,

γ rd l γsr » 1, corresponding to the region of high γ rd values in Figs. 3-4, Equation (41)

can be approximated

It can be noted from the above equations that for the low γ sr and high γ rd values,

which corresponds to the FER performance at high γ rd values in Figs. 4 and 5, PF sr is

close to 1. Therefore for small n values, such n—l, 2, GARP/AAF \PFsrj is close to 1,

and the ARP and the AAF have the similar performance in this case. Since GARP/AAF is

a decreasing function of γ sr , as either γ sr or n increases, GARPUAF is exponentially

decreasing, and the ARP can achieve considerable performance gain compared to the

AAF.

The performance gain can be easily explained in the following way. For low γ sr

values, the channel from the source to the relays is very noisy and probabilities of

decoding errors at each relay are very high, so most of relays cannot correctly decode

the received signals. The probability that the DAF group includes at least one relay is

l-(P sr ) . As the number of relays is small, —\PF Sr ) approaches 0 and most of

relays are included in the AAF relay group at very high chance and the DAF relay

group only occasionally includes few relays, thus in this case, the ARP and the AAF

have the similar performance. However even such a limited contribution of coding gain

from the DAF relay group is significant if the channel from the relay to the destination
is poor (corresponding to the low γ rd values), because in this case the relays in the

DAF relay group can considerably improve the overall channel quality. As the number

of relays increases, - \PF Sr ) also increases, that is, the probability that the DAF relay

group contains at least one relays also increases and the contribution of coding gain

from the DAF relay group become significant. This explain the reason why the ARP
can provide a significant coding gain over AAF, even at low γ sr values, as the number

of relays increases.



Figs. 7 and 8 compare the performance of the AAF and the ARP with the perfect DAF

for various numbers of relays. The cases of n - 1, 2, 4 and 8 relays are illustrated in

Figs. 7(a), 7(b), 8(a) and 8(b), respectively. As the number of relays increases, the

ARP significantly outperforms the AAF in the all SNR regions, and performs close to
the perfect DAF as γ sr increases. For a fixed γ sr , as γ rd increases, the performance gap

between the ARP and the perfect DAF also increases. This can also be observed from
the theoretical results shown in Equation (36). For a fixed γ rd , as γsr increases,

F sr , GΛRP —>1, and the performance of the ARP approaches the perfect DAF.

Similarly, for a fixed γsr , G
ARP

will be increased with γ rd . This is consistent with the

simulation results.

FER Performance of RS-ARP

The FER performance of the AAF-selection, the proposed RS-ARP and the perfect
DAF-selection for various number of relays, as a function of γ rd and with γ sr as a

parameter is shown in Fig. 9 . Specifically, the cases of When the quality of channel
from the source to the relay is poor, as for example for γsr =\άB, it can be observed that

the RS-ARP outperforms the AAF-selection at low γ rd values. As the channel quality

from the source to the relay is improved, such as γ sr increases to 7dB and 13dB, the

RS-ARP can get a significant coding gain compared to the AAF-selection in the whole
γ rd region. This gain will be significantly increased as the number of relays increases.

Fig. 9 also compare the performance of the RS-ARP with the perfect DAF-selection for

various numbers of relays. The cases of n —2, 4 and 8 relays are illustrated in Figs.
9(a), (b) and (c), respectively. It can be noted that as γ sr increases, the RS-ARP

performs very close to the perfect DAF-selection.

The above results can be explained from Equation (70). For the low γ sr values, PF sr is

close to 1. Therefore for small n values, such n=2, GRS_ARPI ΛAF_S is close to 1, and the

RS-ARP and the AAF-Selection have the similar performance in this case. However, as

γsr increases, GRS_HRPIAAF_S is significantly decreasing, thus RS-ARP can achieve a

considerable performance gain. Furthermore, as n increases, such =4 or 8,

Rs-nRpiM F-S exponentially decreased, thus the RS-ARP can provide a significant

gain compared to the AAF-selection. Furthermore, from Equation (67), we can see that
as γ sr increases G

RS
_

HRP
approaches 1, thus the RS-ARP approaches the perfect DAF-

selection.



FER Performance of DTC-ARP

The performance of the ARP, DTC-ARP, perfect DAF and the perfect DTC-ARP with

various numbers of relays is shown in Figs. 10 and 11. The cases of n = 1, 2, 4 and 8

relays are illustrated in Figs. 10(a), 10(b), 11(a) and l l(b), respectively. It can be

observed from these figures that the DTC-ARP provide a considerable gains compared

to the ARP in all SNR regions due to the contribution of turbo coding gain in the DTC-

ARP. This gain significantly grows as the SNR and number of relays increases. It can

also be observed from these figures that the performance of the DTC-ARP also
approaches the perfect DTC as γ sr increases. This is consistent with the analytical

results shown in Equation (87).

FER Performance of DTC-RS-ARP

The performance of DTC-RS-ARP with DTC-ARP for various number relays is shown

in Fig. 12. The cases of n = 2, 4 and 8 relays are illustrated in Figs. 12(a), (b) and (c),
respectively. It can be observed that at low γ sr and high γ rd values, the DTC-ARP

outperforms the DTC-SR-ARP. However as γ sr increases, DTC-RS-ARP is

significantly superior to the DTC-ARP. This can be explained as follows. For a DTC-

RS-ARP scheme, the system is benefited from two major gains, received SNR gain

contributed from relay selection and coding gain from the distributed turbo coding

(DTC). In order to form a DTC codeword at the destination, the DAF group should
include at least one relay. Let PDAF represent such a probability and it is given by

In the DTC-ARP, all the relays in the DAF group will participate in the relayed

transmission. However, in the DTC-RS-ARP, only the relay with the maximum

destination SNR is selected for transmission and it could be selected from either AAF
or DAF group. At very low γ sr values, PDAF is already very small, therefore the

probability that the selected relay is from a DAF group becomes even much smaller

compared to the DTC-ARP. In this case, DTC-ARP can provide more coding gain than
the DTC-RS-ARP and the DTC-RS-ARP can provide more SNR gain. At low γ rd

values, the received SNR gain dominate the system performance because the DTC will

not provide the system much coding gain at low SNR values, in this case, the DTC-RS-

ARP can bring system a considerable SNR gain compared to the DTC-ARP. However
as γ rd increases, the coding gain contributed from the DTC will also increases and

dominate the system performance and in this case the DTC-ARP outperforms the DTC-



RS-ARP. As γsr increases, PDAF also significantly increases and both schemes

contribute to the system similar coding gain, but the DTC-RS-ARP can provide more

SNR gain compared to the DTC-ARP, thus has much better performance. Similarly, as

γ sr increases, the DTC-RS-ARP approaches the perfect DTC-RS-ARP very closely.

Although the invention has been explained using a 2-hop wireless relay network, more

intermediate relays may be added between the source and the destination and therefore

forming a multi-hop network such as shown in Fig. 13. In particular, a signal may be

relayed to more than one relay nodes before reaching the destination node.

It will be appreciated by persons skilled in the art that numerous variations and/or

modifications may be made to the invention as shown in the specific embodiments

without departing from the spirit or scope of the invention as broadly described. The

present embodiments are, therefore, to be considered in all respects as illustrative and

not restrictive.



CLAIMS:

1. A method for relaying signals at a relay node in a wireless network comprising a

source node, a destination node and one or more relay nodes; the method comprising

the steps of:

receiving a signal from a first node;

decoding the received signal; and

if the received signal is decoded incorrectly, employing an Amplify-And-

Forward (AAF) relaying protocol comprising the steps of amplifying the received

signal and then transmitting the amplified signal to a second node; but otherwise,

employing a Decode-And-Forward (DAF) relaying protocol comprising the

steps of re-encoding the decoded signal and then transmitting the coded signal to the

second node.

2 . The method according to claim 1, further comprising the steps of receiving a

control signal from the second node after an initial signal transmission to the second

node; the control signal informing the relay node to either continue or stop relaying

signals from the first node to the second node.

3 . The method according to claim 1 or 2, wherein the received signal is be

amplified by an amplification factor that varies according to the transmit power

constraint of the relay node and the power of the signal received from the first node.

4. The method according to any preceding claim, wherein the DAF relaying

protocol further comprises the step of interleaving the coded signal before transmitting

it to the second node.

5. The method according to any preceding claim, wherein the relay node further

receives a control signal from the second node after an initial signal transmission to the

second node; and depending on the control signal, the relay node may continue or stop

relaying the signal received from the first node to the second node.

6. The method according to any preceding claim, wherein the first node is be a

source node or relay node and the second node is a relay node or a destination node.



7 . A method for processing signals at a destination node in a wireless relay network

comprising a source node, a destination node and one or more relay nodes; the method

comprising the steps of:

receiving a signal containing data from the source node;

receiving signals from one or more relay nodes, where each relay node either

employs an Amplify-And-Forward (AAF) relaying protocol or a Decode-And-Forward

(DAF) relaying protocol depending on whether the relay node can correctly decode a

signal received from the source node;

recovering data transmitted by the source node by combining all signals

received from the source and relay nodes and then decoding the combined signal.

8. A method according to claim 7, wherein the step of recovering data transmitted

by the source node further comprises the steps of:

determining the relaying protocol employed by each relay node;

constructing a first signal by combining the received signal from the source

node with amplified signals from relay nodes employing the AAF protocol;

constructing a second signal by combining coded and interleaved signals from

relay nodes employing the DAF protocol; and

decoding the first and second signals using a turbo iterative decoding algorithm

to recover data transmitted by the source node.

9 . A method according to claim 7 or 8, wherein the received signals are combined

so as to maximise the Signal-to-Noise Ratio (SNR) of the combined signal.

10. A method according to any one of claims 7 to 9, wherein the combined signal is

then decoded using a Viterbi decoding algorithm.

11. A method according to any one of claims 7 to 10, wherein a cyclic redundancy

check (CRC) is performed to determine whether a signal has been successfully decoded

at the relay node.

12. A method according to any one of claims 7 to 11, wherein a best relay node is

determined during an initial transmission cycle; the method further comprising the

steps of:

determining the Signal-to-Noise Ratio (SNR) of the channel between the

destination node and each relay node;



determining the best relay node, that is a relay node that has the maximum SNR

at the destination node;

and transmitting a control signal to all relay nodes; the control signal informing

the best relay node to continue relaying and informing other relay nodes to stop

relaying.

13. A method according to claim 12, wherein best relay node will relay signal from

the source node to the destination node after the initial transmission cycle.

14. A method according to claim 12 or 13, wherein the control signal is be

transmitted to each relay node via a feedback channel or a reverse broadcast channel.

15. A relay system comprising:

a source node to send signals containing coded data to a destination node and

one or more relay nodes;

one or more relay nodes to receive signals from the source node and depending

on whether the received signal can be decoded correctly, to either employ an Amplify-

And-Forward or a Decode-And-Forward protocol and transmit a signal to the

destination node; and

a destination node to receive signals from the source and relay nodes, to

combine the signals received and to decode the combined signal in order to recover the

data transmitted by the source node.

16. Software to implement the method for relaying signals at a relay node in a

wireless relay network according to any one of claims 1 to 6.

17. Software to implement the method for processing signals at a destination node in

a wireless relay network according to any one of claims 7 to 14.
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