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Distributed cooperative communications
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Cooperation with a single relay

Yo=asp X+ agp X’ + N

Transmission
diversity has
been increased

N4

Cooperation with multiple relays

Yp=asp X +agp Xy + agop X,
+ ---+ aRND XN + N

Received symbols Y, are more reliable!



The existing dist. coop. approaches

Repetition-based dist. coop.
o X; is either the amplified or re-

encoded version of X;
, o RDAF & RDDF

/ X a Relays have to take turns for

X \ signal retransmission;
@ X > . |

) g @ Space-time coded dist. Coop.
X\A : V o X; are the re-encoded version
of X;
d

STC;

o Relays can simultaneously re-
transmit X;;




Advantages and prices

Diversity gains come with prices

a

a

Usage of channel freedom (vs. noncoop.)
Efficiency of transmission (vs. noncoop.)

Problem formulations

a

a

Definition I: In a cooperative network, a user’s transmission freedom is
defined as the ratio of the broadcasting transmission employed by a user
in a particular cooperative scheme to that employed in a noncooperative
scheme.

E.g. Ina (S, R, D) three users classical network, usage of channel

Noncoop. S —Dtrans. |

time

Coop. S—Rtrans. ~ R-D trans.

time



‘ Advantages and prices

Usage of channel freedom

RDAF scheme Noncoop. I S~ D trans. N
: 7 time
$ - D trans.
R1:_D_trans‘.'
Coop (N). | - R,~Dtrans. ... Ry—-D tr?nﬁi.
time
Transmission freedom is decreased by increasing N!
STC scheme Noncoop. S - D trans. N
I " time
R, —.Brtrans.
__-R; - D trans.
C N : S —D trans. E
0o0p ( ) | | Ry — D trans. s
time

Transmission freedom can be maintained at ratio 72!

Analytical tool: diversity-multiplexing tradeoff (DMT).




Advantages and prices

Problem formulation

o Efficiency of transmission
E.g., in RDAF with users S, R;, R,and D

TDMA channel allocation

s-D R,-D R,-D R,-D R,-D S-D R,-D S-D R,-D
I__I | | | | | | |

1N

time

o Definition Il: In a cooperative network, a user’s spectral efficiency is defined as
the number of its own information bits carried by each of its transmitted symbol,
denoted by I bits/symbol.

o Sgr— humber of symbols transmitted during the broadcasting interval
Skt — number of symbols transmitted during the relaying interval

6 — code rate, m — order of the modulation scheme (e.g. m = 2 for QPSK, m =4
for 16QAM)

['=0-m- Sgr/(Sgr+ Sgr)



Advantages and prices

Special cases:
Noncoop. Sgr =0,/ =0-m

In (S, R, D) network, Sgr = Sgr, [ =0-m/ 2. %

For both the RDAF/RDDF and STC schemes:

Sgr =N - Sgr, /

['=0-m- Sgr/(Sgr+ Srr) =0 -m- Sgr/(Sgr+ NSgr) =6 -m/ (N+1)

@E@

The existing dist. coop. approaches achieve diversity gain on the expense of
user spectral efficiency.

Note, opportunistic relaying is an exemption, but requires more intelligent
users coordination and system complexity.



‘ Advantages and prices

L .

Transmission

freedom 1/(N+1) 1/2
Spectral efficiency _ _
(I bits/symbol) &= i Pl & )
Ana. manipulations, Dig. manipulations,
System complexity no dec. & re-enc. are dec. & re-enc. are
required at relays required at relays

Motivation: Can we design a scheme that maintains
{transmission freedom, spectral efficiency, low system complexity}?




The MPDAF scheme

Message Partitioning Based Distributed Amplify-and-Forward Cooperation

With two relays
X: X, Xy

o TSy @ X1 X,
& H \ /

X1 X3 X//2 Xij2+1 Xjjp42

=Y, Y1+ N

| — J
Yp = agp X, + agpX,

= ,
Yp' = agp X, + agop X,

Diversity order: | dsp , Qr/p, Qrop | =3

Note that with N relays, the message X will be partitioned into N equal parts.
Each relays only re-transmits I/N symbols.



The MPDAF scheme

Usage of transmission freedom

S —D trans.
Noncoop. —

_R;=Dtrans. R, — D trans.

COOp (N) | S — R trans. | |

Efficiency of transmission

TDMA channel allocation

S-D R,-DR,-D R,-D R,-DS-D R,-D S-DR;-D
— ' ' ' ' ' ' '

time

Sgr = Sgr 2 [ =0 - m/ 2 bits/symbol!



‘ The MPDAF scheme

A comparison on the channel usage

A R K-

(a) nnncnﬂpcraliﬂn

s | R R IR RS i R] s I R
______ PR | B s s (T PR PR | i PP |{ TR,
(b) RDAF cooperation
s Jimke | RJ| RS [ R | SR
(c) STC cooperation
S [ RiRi R | Risi| R |S iR

(d) MPDAF cooperation

. i Pl . _—
broadcasting transmission i | relaying transmission

reflects the usage of transmission freedom

reflects the efficiency of transmission




‘ The MPDAF scheme

= The MAC layer frame format

DATA frame of Source
Frame Dest | Source Seq |Relayl Relay 2
Drrration HOS |BSSID “ 1 Frame Body 1 Frame Body 2 | FCS
Control Add | Add Control| Add d Add e Loty
1\\‘_ Identity Subheader : .

e .
MAC Header 4

DATA frame of Relays
Frame Dest | Relay Seq
[ration | HOS | BSSID Frame Body FCS
Control Addd Addd Control ¢ BOcy
o >
Identity Subheader
T‘ MAC Header

Subframe synchronisation - Relay address is needed in the beginning of
each partitioned frame body!




‘ The MPDAF scheme

A comparison remark

ey T

Transmission

freedom
Spectral 0-m/(N+1) 0-m/(N+1) 0-m/2
efficiency
(I bits/symbol)
System Ana. Dig. Ana.
complexity manipulations, no manipulations, manipulations, no

dec. & re-enc. are dec. & re-enc. are dec. & re-enc. are
required at relays required at relays required at relays




DMT' Analysis

Definition lll: Consider a coded system operating at SNR of p, achieving a
maximum-likelihood (ML) error probability of Pc(p) and an average
transmission rate of R(p) bits/s/Hz. Its diversity gain (d) and multiplexing
gain (r) are defined as:

. log(Pr(p)) . R(p)
d = — hm . r= hm .
Pasrir logp p— logp

The derived relationship between d and r is known as the diversity-
multiplexing tradeoff (DMT), denoted by d(r).

A concept inspired by the MIMO phenomenon

\( ‘xlh\( - Diversity is increased — diversity gain;
0 » Transmission rate is also increased as different
SX X symbols can be transmitted simultaneously through

Y Y parallel spatial paths — multiplexing gain;



DMT' Analysis

For a MIMO system with m tx. antennas and n rx. antennas:
d=mn;
r=min{m, n};

A comparison between a MIMO system and a SISO system

MIMO SISO
R(p) = Hogp VS. R(p) = logp
Pe(p) = p* VS. Pe(p) =p

d — a metric describing the system performance;
r — a metric describing the system transmission rate (data rate);



DMT Analysis

= Pursuing both d and ris a tradeoff problem = d(r)

Y Y DMT of a 2 x 2 MIMO scheme

diversity gain (d)

multiplexing gain (r)

0 05 1 15 Q\




DMT Analysis

A cooperative scheme can be treated as a MISO scheme (n = 1)
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rmax= 1’dmax=N+1

Due to the orthogonal time transmission between broadcasting and relaying,
the achievable multiplexing gain will be a fraction of 1.



DMT Analysis

_________________________________

________________________

(d) MPDAF cooperation

. . - ! " - -
I:' broadcasting transmission i | relaying transmission

For a MPDAF scheme with N
relays, d(r) = (N + 1)(1 — 2r)*

4

How to prove this DMT
performance bound is
achievable?

Remark: For protocols A and B, if
da(r) > dg(r) for all r, protocol A has
an outage performance gain over

protocol B.
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DMT Analysis

= Outage probability validation

= MPDAF (N=2), P, = Pr[[[(1 + |aop + f(loel2p |%|%0)) < 2.

=] 1
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Note: flu,v)=uv/(u+v+1)



' DMT Analysis

« MPDAF (N =2 to 5)
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DMT Analysis

How to prove the DMT performance of d(r) = (N + 1)(1 — 2r)* can be
achieved?

The DMT upper bound calculation:

N
iiil':?" < iiil[]. II'E[J = mf Z [':_'_;.

[} P Aar YO
LD 5o N JE §=0

O is the set of outage events.
0 is the exponential order of fading coefficient a, defined as:

]  log(|a]?)
0 = — hm #
J_?"'_"‘L ]-ng':’

dy(r) can be determined from analysing the asymptotic behavior of P, with
P =2 ~,and dy(r) = (N+1)(1 = 2r)*

PO = p-dO(I’)



DMT Analysis

We need to further analyse whether d,y(r) also characterises the lower
bound of d(r), such that

do(r) = d(r) = dy(r) = d(r) = dy(r)

Recall Definition I, d(r) is defined by the error probability Pc(p) as:
Pe(o) = p90

p. = pdor
ok PP £ P> s



DMT Analysis

A DMT lower bound proof, assisted by the calculation of Pz and Ppg
Proving logic:

Exact calculation

Upper bound

v

Condition

Conditional Upper

bound

Pe(p) = PeoFo \ EOC\
Error probability in Outage Error probability in non-
outage events probability outage events (non-cond.)

(cond.)

PE(:O)SPO-I_PE,OC

Pe(p) = Po —— [ dyn =

Prove the establishment
of such a condition!




Coded MPDAF system

Can we realise the promised diversity gain? How?
Can we realise the spectral efficiency advantage? How?

How can we realise the information theoretical analysis in a practical
coded system?

Solution:
o Integrate the MPDAF scheme with an error-correction code;

o Analyse the impact of such a cooperative scheme on the error-correction
performance;

o Simulation results.



Coded MPDAF system

The bit-interleaved coded modulation (BICM) is deployed

It is a spectrally efficiency error-correction scheme

lts nature of ‘bit-interleaving’ enables the diversity gain provided by the
MPDAF scheme to be exploited.

BICM + MPDAF system model

Information

—» Conv. Encoder

S/P

Decoded
[nformation

Interleaver

-—

MAP
decoder

Modulation

‘ P/5

Denterleaver

-

MPDAF cooperative

channel

Demapper

-




Coded MPDAF system

Remark: For a trellis decoding, it is important to introduce the diversity into
the trellis transition branches, so that the diversity gain provided by the
MPDAF scheme can be realised by the coded system.

A work example: rate 2 conv. code, QPSK and MPDAF (N = 2)

12 1 2 1 2 1 2 1 2 1 2
Conv.Enc — ¢; ¢ ¢, ¢; ¢3 ¢35 ¢4 €4 C5 C5 Cg Cg

S/P Converter —>
C1
Interleaver — S
Cs
Modulation [— x[1]

C ¢y Ce Cy  Cq
E 2 2 2
x[2]  x[3] x[4] x[5] «x[6]



Coded MPDAF system

Work example cont...

Mod. output — x[1] x|2] x[3]§:x[4] x[5] x[6]

MPDAF channel Ao, aiBivs | Qo AoV

Channel output — yi1] y[2] y[3]i§y[4] yI5] yl6]

Prlcz = 9|y[1]], Pr[e; = ?ly[2]], Pries = 9|y[3]]. Prles = O|y[4]]. Pr[cy = y[5]], Prles = 9|y[6]];

Prle = d|y[L]], Prlc] = v|y[2]], Pr[c; = v|y[3]], Prlc] = 9|y[4]], Prc; = 0|y[5]], Pr[c] = v[y[6]].

Deinterleaver —

Prlci = 9|y[2]], Pr[e; = Oy[3]], Prles = P|y[1]], Prlcs = O|y[5]], Prlcs = O|y[6]]. Prlcs = P|y[4]];

Prml = J|y[6]], Pr[.f:2 = |y[3]]. PILE“E = Jy[4]], 1-"r|f:4 = 9|y[2]] Pr[(:— = J|y[1]] PIL{“E = Jy[5]]-




Coded MPDAF system

Deintlv. output (MAP decoder input):
Prlc; = d|y[2]], Prlc, = 9y[3], Prle; = V|y[1]], Prle; = 9|y[5]], Prles = d[y[6]], Pricg = 9|y[4]];

Prlc? = 9|y[6]], Prle; = ?|y[3]], Prle = 9ly[4]], Prlei = 9|y[2]], Prlez = d|y[1]], Prc; = dy[5]].

o

Diversity within the trellis transition branches

Prlcl = | 211} |Prlcd = @) 3] [Pefel = @ of1)]{ |Prlc) = & M1 |Prlel = 2 {611} |Prlci = ] »[41]
Prici=2| 0611 | | Prles =17 1{3]) Prics =] M{4]] Pric; = 3| M2]] Prics = {1} | | Prleg =2 15]]

Rx. sym. from S-D & S-R;-D

Rx. sym. from S-D & S-R,-D

The decoding metrics (prob. or Eucl. dist.) are calculated in an accumulated
fashion. It is better to spread out the diversity effect and reduce the risk of a
‘deeply faded path’ dominating the decoding event.



Coded MPDAF system

= System performance assessment — find the practical diversity gain!

= Proposition: MPDAF - MISO interpretation

R,
V afiy
k: Y szﬂz}’z

S?. %0 »VD

amﬁw‘}’N

RNV




Coded MPDAF system

= IX.: x={z[1],z[2], ..., z[l /2], 2[l/2+ 1], 2[l/2+ 2], ..., 2[l] }-
Rx.: v={ylll.y2]....u[l/2]. yll/2+ 1], y]l/2 + 2], ... y[l] }.
Det.: e={e[l],e2]....e[l/2],e[l/2+ 1],ell/2+ 2], ....ell}.

= Channel vector: Q=| ay a1 @287

| S, |x[k] — e[k]]? 0 0 |
= Distance matrix: A = 0 SV 12[k] - e[k 0
| 0 0 S per (IR — e[H]? |

= Pairwise error probability: P(x — e | ag, @ 3.7t = 1,2)) < exp(—QAQ%p/4).

= Assuming noiseless inter-user channel, e.g. B, = 1/y,and a8,y; = q;

This is an assumption of genius exist in the relays, so that relays have the
exact estimation of x.




Coded MPDAF system

The rank of A is 3;

The pairwise error probability can be further upper bounded by:

Pix—e| oo, b,nlt=1,2)) < [H[l + z“«;‘f{f’l—l_’?:_l

Generalising the result into a MPDAF scheme with an arbitrary number of
relays N

N+1
Plx—e|apab1t=12 ., N)<( 1_[ A ]-_1|f.',ril,f"—l"f-_:"”H-’.
i=1

Note, this analysis demonstrates the achievable diversity for a practical
coded system in the ideal situation.



Coded MPDAF system

= A couple of BICM + MPDAF systems;

= Comparison with the RDAF scheme is based on achieving the same
spectral efficiency.

= System |

TABLE 1
SYSTEM PARAMETERS OF THE BICM coneED MPDAF SCHEME WITH I' = (L3 BITS/SYMBOL

Schemes Code Modulation | Spectral efficiency (I')
noncooperation QPSK 1
RDAF (N = 1) ; L2 QPSK 0.5
RDAF (V =2) | <™ (15,17)s —gpsK 0.5

MPDAF QPSK 0.5




‘ Coded MPDAF systems

= Performance of system |

I E-DI
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....... - Noncooperation
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MPEAR {N=2
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 MEDAF-(N-= 4}
MPDAF (N = 5)
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Coded MPDAF system

= System Il

TABLE I
SYSTEM PARAMETERS OF THE BICM copeEp MPDAF sCHEME wWITH I'= 1 BITS/SYMBOL

Schemes Code Modulation | Spectral efficiency (T}
noncooperation 16QAM 2
RDAF (N = 1) s s 16QAM 1
RDAF (v=2)| “o (12 17)s —z A I

MPDAF 16QAM 1




‘ Coded MPDAF systems

Performance of system |l
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Conclusions and future work

MPDAF scheme, a dist. coop. scheme that can achieve diversity without
affecting its multiplexing gain;

It also maintains a constant spectral efficiency;
A practical demonstration on BICM + MPDAF system,;

MPDAF requires simple implementation effort, but for signal recognition and
user time synchronisation.

The beginning of an end ...
(1) MPDAF’s application in a multicast communication scenario;
(2) Code designed for the MPDAF channel.



‘ Conclusions and future work
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