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Cooperative	  relaying

• Cooperative	   relaying	   increases	   diversity	   gain	   -‐	   offers	   alternative	   and	  
independent	  transmission	  paths	  [Laneman	  et	  al.,	  2004]

• Opportunistic	   relay	   selection	   improves	   usage	   of	   network	   resources	   -‐	  
selects	  one	  best	  relay	  among	  multiple	  [Bletsas	  et	  al.,	  2006]

• Buffers	   in	   relays	   increases	  degrees	   of	   freedom	   in	   the	   network	   -‐	   improves	  
diversity	  since	  relays	  have	  packets	  in	  buffers	  to	  be	  scheduled	  [Krikidis	  et	  al.,	  
2012]

• Successive	  relaying	  allows	  simultaneous	   transmission	  by	   the	  source	  and	  a	  
relay	  node	  -‐	  full	  duplex	  operation	  with	  Inter-‐Relay	  Interference	  (IRI)	  [Ding	  et	  
al.,	  2012]

[Laneman et al., 2004] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in wireless networks: Efficient 
protocols and outage behavior”, IEEE Trans. Inform. Theory, vol. 50, pp. 3062–3080, Dec. 2004.
[Bletsas et al., 2006] A. Bletsas, A. Khisti, D. Reed, and A. Lippman, “A simple cooperative diversity method based on network path 
selection,” IEEE J. Select. Areas Commun., vol. 24, pp. 659-672, March 2006.
[Ding et al., 2012] Z. Ding, I. Krikidis, B. Rong, J. S. Thompson, C. Wang, and S. Yang, “On combating the half-duplex constraint in 
modern cooperative networks: protocols and techniques,” IEEE Wireless Commun., vol. 19, pp. 20–27, Dec. 2012.
[Krikidis et al., 2012] I. Krikidis, T. Charalambous, and J. S. Thompson, “Buffer-aided relay selection for cooperative diversity systems 
without delay constraints,“ IEEE Trans. Wireless Commun., vol. 11, pp. 1957–1967, May 2012.
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System	  Model	  (1)

• Cooperative	  network	   consisting	   of	   a	   source	  
S,	   a	   destination	   D	   and	   a	   cluster	   C	   with	   K	  
Decode-‐and-‐Forward	  (DF)	  relays

• Fading	   (stationary,	   frequency	   non-‐selective	  
Rayleigh	   block	   fading)	   and	   Additive	   White	  
Gaussian	  Noise	  (AWGN)

• Half-‐duplex	   buffer-‐aided	   relays	   -‐	   either	  
transmit	  or	  receive	  packets

• Inter-‐relay	   interference	   (IRI)	   between	   the	  
relays	  in	  a	  relay	  pair	  (Rr,Rt)

• Global	  CSI	  available
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• A	   packet	   is	   successfully	   transmitted	   from	  Rt	   to	  D	   if	   SNR	   is	   greater	   than	  or	  
equal	  to	  the	  capture	  ratio	  γ0,	  i.e.,

System	  Model	  (2)

• A	  packet	  is	  successfully	  transmitted	  from	  source	  S	  to	  the	  receiving	  relay	  Rr,	  if	  
SINR	  at	  the	  receiving	  relay	  is	  greater	  than	  or	  equal	  to	  γ0,	  i.e.,

gRtDPRt

nD
≥ γ0

gSRrPS

gRtRrPRtI(RtRr) + nRr

≥ γ0

where	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  an	  indicating	  factorI(RtRr)

I(RtRr) =





0, if

gRtRrPRt

gSRrPS + nRr

≥ γ0 ,

1, otherwise.

• Due	  to	  battery	  limitations,	  each	  transmitting	  node	  i	  (source	  and	  relays)	  has	  a	  
maximum	  power	  	  	  	  	  	  	  	  	  	  

• Power	  constraint	  -‐	  a	  critical	  design	  parameter	  in	  relay	  networks
Pmax
i
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Power	  levels	  of	  relay	  pairs

When interference cancellation is infeasible, the minimum power levels P †
S and

P †
Rt

are achieved when SNRRtD = SINRSRr = γ0, and are given by

P †
S = γ0

�
gRtRr

gSRr

γ0nD

gRtD
+

nRr

gSRr

�
, (2a)

P †
Rt

=
γ0nD

gRtD
. (2b)

Proposition	  2

Proposition	  1
Let Pmax

S = ∞ and Pmax
Rt

= ∞. For each pair of relays Rr and Rt, there exist
PS and PRt such that I(RtRr) = 0, SNRRtD ≥ γ0 and SINRSRr ≥ γ0. The
minimum power levels P ∗

S and P ∗
Rt

are achieved when SNRRtD = SINRSRr = γ0,
and are given by

P ∗
S =

γ0nRr

gSRr

, (1a)

P ∗
Rt

= max

�
γ0nD

gRtD
,
nRrγ0(γ0 + 1)

gRtRr

�
. (1b)
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min-power	  relay	  selection	  policy

• Due	  to	  the	  concurrent	  transmissions,	  relay	  selection	  does	  not	  depend	  solely	  
on	  the	  quality	  of	  the	  SR	  and	  RD	  links

• IRI	  is	  the	  deXining	  factor	  in	  this	  relay	  selection	  policy
• Desirable	   to	   have	   simultaneous	   SR	   and	   RD	   transmissions	   (successive)	   -‐	  
increased	  throughput.

• Successive	  transmission	  can	  occur	  with	  or	  without	  IC.
• If	  no	  successive	  transmission	  is	  possible,	  min-‐power	  uses	  a	  single	  link	  relay	  
scheme,	  i.e.,	  there	  is	  only	  one	  link	  activation.	  

• Feasibility	  check:	  IC	  can	  take	  place	  if	  and	  only	  if

Pmax
Rt

≥ max

�
γ0nD

gRtD
,
nRrγ0(γ0 + 1)

gRtRr

�

This	  is	  a	  corollary	  from	  Proposition	  1.

6/17



Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

min-power	  relay	  selection	  policy
• If	  IC	  is	  feasible	  (through	  the	  feasibility	  check),	  then
-‐ if	  IC	  did	  not	  take	  place,	  powers	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  are	  given	  as	  in	  Proposition	  2
-‐ if	  IC	  took	  place,	  powers	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  are	  given	  as	  in	  Proposition	  2
-‐ minimum	  energy	  expenditure

min
�
P ∗
S + P ∗

Rt
, P †

S + P †
Rt

�

(P ∗
S , P

∗
Rt
)

(P †
S , P

†
Rt
)

• If	  IC	  is	  not	  feasible,	  then
-‐ check	  whether	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  P †

Rt
≤ Pmax

Rt
P †
S ≤ Pmax

S

• Compare	  the	  minimum	  energy	  expenditure	  for	  all	  possible	  relay	  pairs	  (Rr,Rt)	  	  
-‐	  choose	  the	  minimum	  among	  them

• Note:	  if	  there	  exist	  no	  relay	  pairs,	  a	  single	  link	  is	  selected	  based	  on	  max-link	  
[Krikidis	  et	  al.,	  2012]

[Krikidis et al., 2012] I. Krikidis, T. Charalambous, and J. S. Thompson, “Buffer-aided relay selection for cooperative diversity 
systems without delay constraints,“ IEEE Trans. Wireless Commun., vol. 11, pp. 1957–1967, May 2012.
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Model	  and	  outage	  probability	  analysis	  (Ι)

• The	  outage	  probability	  behavior	  of	  min-power	   follows	  the	  same	  theoretical	  
framework	  as	  max-link

• Markov	  Chain	  (MC),	  denoted	  as	  
• 	  
• We	  have	  additional	  ways	  of	  transmission	  through	  successive	  relaying
• Easily	  shown	  that	  the	  state	  transition	  matrix	  A	  of	  the	  MC	  is	  SIA
• The	  MC	  has	  a	  stationary	  distribution,	  denoted	  as	  π.	  

A, A ∈ R(L+1)K×(L+1)K

Ai,j = P (si → sj) = P (Xt+1 = sj |Xt = si)

8/17

Finite	  buffers:

• relays	  that	  have	  full	  buffers	  cannot	  compete	  in	  the	  selection	  of	  the	  best	  relay
• relays	  with	   empty	  buffers	   are	  not	   able	   to	   transmit	   and	  as	   a	   result	   they	  are	  
excluded	  from	  the	  best	  transmitting	  relay	  selection

• when	   no	   successive	   transmission	   through	   two	   selected	   relays	   our	   system	  
reduces	  to	  the	  max-link	  relay	  selection	  scheme	  



all the queues are neither empty nor full), there will be K ×
(K − 1) combinations. Hence, the worst case complexity of

the problem is O(K2).

IV. MODEL AND OUTAGE PROBABILITY ANALYSIS

In this section, the outage probability behavior of the
min− power relay selection scheme follows the theoretical
framework of [10], which is also a relay network with finite
buffers. The main differentiation compared to [10] is that we
have additional ways of transmission through successive relay-
ing; in other words, we have additional links from a certain
buffer state to others. This will be more clearly reflected in
the illustrative example. Note that the possibility of having a
successive transmission requires two links to offer a SINR at
the receivers equal to or above γ0, at the same time, otherwise
transmission is based on single-link selection. So, an outage
takes place when γ0 can not be achieved even in a single-link
transmission; thus, Pout � P(Γk(P) < γ0).

A. Construction and properties of the state transition matrix

of the MC

We first formulate the state transition matrix of the Markov
Chain (MC), denoted as A, A ∈ R(L+1)K×(L+1)K . More
specifically, Ai,j = P (si → sj) = P (Xt+1 = sj |Xt = si)
are the transition probabilities to move from a state si to a
state sj . The transition probability depends on the number of
relays that are available for cooperation.

Remark 2. As we consider finite buffers, relays that have full

buffers cannot compete in the selection of the best relay that

will receive the source’s signal. Also, relays with empty buffers

are not able to transmit and as a result they are excluded from

the best transmitting relay selection. Moreover, when there is

no possibility of transmitting successively through two selected

relays our system reduces to the max− link relay selection

scheme. The number of links that are available in this mode

is reduced if the relays have full or empty buffers.

It is easily shown that the state transition matrix A of the
MC that models the buffer states is SIA (Stochastic Irreducible
and Aperiodic). As a result, the MC has a stationary distribu-
tion, hereafter denoted as π. Hence, we can explore how the
data are being sent across the relays and the long-term share
of the resources.

An outage event occurs when there is no change in the
buffer status1; thus, the outage probability of the system is
given by

Pout =

(L+1)K�

i=1

πipDi
= diag(A)π ,

where Di is the number of outgoing links. Here, the main
idea of the outage probability analysis is outlined. The detailed

1Note that min− power first checks if a successive transmission is
possible and if it fails due to one or both hops being in outage, then it operates
as a single-link selection scheme. If single-link selection fails then there is
no change in the buffer status and the system is in outage.

are neither empty nor full), there will be N × (N − 1) com-
binations. Hence, the worst case complexity of the problem is
O(N2).

IV. OUTAGE ANALYSIS

In this section we will study the outage probability behavior
of the min− power relay selection scheme. More specifically,
we apply the theoretical framework of [7] in our scheme
which is also a relay network with finite buffers, and then
we will derive the general form of the outage probability. In
this analysis, the main differentiation compared to [7] is that
we have additional ways of transmission through successive
relaying; in other words, we have additional links to other
transitions from a buffer state. This will be more clearly
reflected in the illustrative example.

A. Construction of the state transition matrix of the MC
We first formulate the state transition matrix, denoted as A,

A ∈ R(L+1)K×(L+1)K . More specifically,

Ai,j = P (si → sj) = P (Xt+1 = sj |Xt = si)

are the transition probabilities to move from a state si to a
state sj . The transition probability depends on the number of
relays that are available for cooperation.

Remark 1. As we consider finite buffers, relays that have
full buffers cannot compete in the selection of the best relay
that will receive the source’s signal. Also, relays with empty
buffers are not able to transmit and as a result they are
excluded from the best transmitting relay selection. As a result,
during the min− power selection phase, these relays will not
be included for the interference cancellation feasibility check
among the possible relay pairs. Moreover, when there is no
possibility of transmitting successively through two selected
relays our system switches to the max− link selection scheme.
The number of links that are available in this mode is reduced
if the relays have full or empty buffers.

We assume N possible ways of leaving a state. Among
them, n are considered through single link transitions and
N − n through successive transitions. By single link, we
define the transmissions that take place either between the
source and a receiving relay or those between a transmitting
relay and the destination. These transmissions endure for
one transmission phase. In the following, with index ns we
denote the non-successive (single link) transmissions and with
s the successive ones. Since, we have i.i.d fading channels,
single link transitions can occur with equal probability. On the
other hand, due to the inter-relay interference the successive
transitions will have equal probabilities in the high SNR
regime as interference cancellation is always feasible there.
Thus, the probability of a single link transition from state si
to a state sj is equal to:

p lim
nsi,j

∆
=

1

n

�
1−

�
1− exp

�
−22r0 − 1

P

��Dns
�

(19)

B. Illustrative example of K=2 relays with L=2 buffer size

In the previous subsection, we have described the theoretical
framework for the computation of the outage probability.
In the following, we will present two illustrative examples
that showcase the behavior of our approach for different
parameters. The first example consists of two relays (K=2)
with finite buffer size equal to two (L=2), while the second
one examines the case of infinite buffers (L → ∞) at the
relays.

Since we have a scheme that employs successive trans-
missions the simplest case is when two relays are available.
Assuming that each relay has a buffer size equal to two,
we show its state transition diagram in Fig.2. Table I below
contains the nine possible states for the buffers of the two
relays.
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Fig. 2. State diagram of the Markov chain representing the states of the
buffers and the transitions between them for a case with K = 2 and L = 2.

TABLE I
BUFFER STATES FOR K = 2 RELAYS AND L = 2 BUFFER SIZE

State Ψ(Q1) Ψ(Q2)
S1 00
S2 01
S3 10
S4 02
S5 11
S6 20
S7 12
S8 21
S9 22

The corresponding state transition matrix A is as follows.

A =





p11 p12 p13 0 0 0 0 0 0
p21 p22 p23 p24 p25 0 0 0 0
p31 p32 p33 0 p35 p36 0 0 0
0 p42 0 p44 p45 0 p47 0 0
0 p52 p53 p54 p55 p56 p57 p58 0
0 0 p63 0 p65 p66 0 p66 0
0 0 0 p74 p75 0 p77 p78 p79
0 0 0 0 p85 p86 p87 p88 p89
0 0 0 0 0 0 p97 p98 p99
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Fig. 2. State diagram of the Markov chain representing the states of the
buffers and the transitions between them for a case with K = 2 and L =
2. Compared to the max− link scheme in [10], the min− power model
includes extra transition states due to the successive nature of the protocol.

analysis of this setup appears in a longer version in [?], and
it will be presented in a journal version of this paper.

B. Illustrative example with K=2 relays with L=2

In what follows, we present an illustrative example that
showcases the behavior of our approach for different param-
eters. Since we have a scheme that employs successive trans-
missions the simplest case is when two relays are available.
Assuming that each relay has a buffer size equal to two,
we show its state transition diagram in Fig.2, with the nine
possible states for the buffers of the two relays.

The steady state of the system for different values of SNR
can be found by using the method described in IV-A.

V. NUMERICAL RESULTS

Here, we evaluate the min− power scheme in terms of:
1)outage probability and 2)average throughput. min− power
is compared to best-relay selection (BRS) [4], successive
opportunistic relaying (SOR) [12], hybrid relay selection
(max−max) [8], max− link selection [10] and BA-SOR
[11]. In addition, we provide a selection bound corresponding
to the case where interference is negligible and all links are
available for selection as in [9]. Also, the selection bound
scheme is coupled with single-link transmissions when succes-
sive transmissions fail, in order to provide a fair comparison
with min− power.

Outage Probability. Fig.3, illustrates the outage probability
results; each scheme employs K = 2 relays with buffer size
L = 2, while min− power is also depicted for additional
buffer sizes L = 8 and L = 100. SOR has the worst
performance since it lacks buffers and selection is coupled
to the previous transmission phase, while BA-SOR improves
on this metric due to buffering. Also, max−max offers 1.5
dB improvement over BRS due to buffering. Better results are
achieved by max− link as outage performance is improved by
almost 4 dB due to the flexible link selection. As min− power
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Model	  and	  outage	  probability	  analysis	  (ΙΙ)

• A	  captures	  in	  its	  diagonal	  the	  probabilities	  of	  no	  change	  in	  buffer	  states	  
• With	  the	  steady	  state	  probabilities,	  we	  compute	  the	  outage	  probability	  of	  the	  
system:

Pout =

(L+1)K�

i=1

πipDi
= diag(A)π

Illustrative	  example:
• 9	  possible	  states	  for	  2	  buffer-‐aided	  relays	  of	  buffer	  size	  equal	  
to	  2
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are neither empty nor full), there will be N × (N − 1) com-
binations. Hence, the worst case complexity of the problem is
O(N2).

IV. OUTAGE ANALYSIS

In this section we will study the outage probability behavior
of the min− power relay selection scheme. More specifically,
we apply the theoretical framework of [7] in our scheme
which is also a relay network with finite buffers, and then
we will derive the general form of the outage probability. In
this analysis, the main differentiation compared to [7] is that
we have additional ways of transmission through successive
relaying; in other words, we have additional links to other
transitions from a buffer state. This will be more clearly
reflected in the illustrative example.

A. Construction of the state transition matrix of the MC
We first formulate the state transition matrix, denoted as A,

A ∈ R(L+1)K×(L+1)K . More specifically,

Ai,j = P (si → sj) = P (Xt+1 = sj |Xt = si)

are the transition probabilities to move from a state si to a
state sj . The transition probability depends on the number of
relays that are available for cooperation.

Remark 1. As we consider finite buffers, relays that have
full buffers cannot compete in the selection of the best relay
that will receive the source’s signal. Also, relays with empty
buffers are not able to transmit and as a result they are
excluded from the best transmitting relay selection. As a result,
during the min− power selection phase, these relays will not
be included for the interference cancellation feasibility check
among the possible relay pairs. Moreover, when there is no
possibility of transmitting successively through two selected
relays our system switches to the max− link selection scheme.
The number of links that are available in this mode is reduced
if the relays have full or empty buffers.

We assume N possible ways of leaving a state. Among
them, n are considered through single link transitions and
N − n through successive transitions. By single link, we
define the transmissions that take place either between the
source and a receiving relay or those between a transmitting
relay and the destination. These transmissions endure for
one transmission phase. In the following, with index ns we
denote the non-successive (single link) transmissions and with
s the successive ones. Since, we have i.i.d fading channels,
single link transitions can occur with equal probability. On the
other hand, due to the inter-relay interference the successive
transitions will have equal probabilities in the high SNR
regime as interference cancellation is always feasible there.
Thus, the probability of a single link transition from state si
to a state sj is equal to:

p lim
nsi,j

∆
=

1

n

�
1−

�
1− exp

�
−22r0 − 1

P

��Dns
�

(19)

B. Illustrative example of K=2 relays with L=2 buffer size

In the previous subsection, we have described the theoretical
framework for the computation of the outage probability.
In the following, we will present two illustrative examples
that showcase the behavior of our approach for different
parameters. The first example consists of two relays (K=2)
with finite buffer size equal to two (L=2), while the second
one examines the case of infinite buffers (L → ∞) at the
relays.

Since we have a scheme that employs successive trans-
missions the simplest case is when two relays are available.
Assuming that each relay has a buffer size equal to two,
we show its state transition diagram in Fig.2. Table I below
contains the nine possible states for the buffers of the two
relays.
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Fig. 2. State diagram of the Markov chain representing the states of the
buffers and the transitions between them for a case with K = 2 and L = 2.

TABLE I
BUFFER STATES FOR K = 2 RELAYS AND L = 2 BUFFER SIZE

State Ψ(Q1) Ψ(Q2)
S1 00
S2 01
S3 10
S4 02
S5 11
S6 20
S7 12
S8 21
S9 22

The corresponding state transition matrix A is as follows.

A =





p11 p12 p13 0 0 0 0 0 0
p21 p22 p23 p24 p25 0 0 0 0
p31 p32 p33 0 p35 p36 0 0 0
0 p42 0 p44 p45 0 p47 0 0
0 p52 p53 p54 p55 p56 p57 p58 0
0 0 p63 0 p65 p66 0 p66 0
0 0 0 p74 p75 0 p77 p78 p79
0 0 0 0 p85 p86 p87 p88 p89
0 0 0 0 0 0 p97 p98 p99





.
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Fig. 2. State diagram of the Markov chain representing the states of the buffers and the transitions between them for a case

with K = 2 and L = 2. Compared to the max− link scheme in [13], the min− power model includes extra transition states

due to the successive nature of the protocol.

described in IV-B and the corresponding state transition matrix A is as follows.

A =





p̄1 p12 p13 0 0 0 0 0 0

p21 p̄2 p23 p24 p25 0 0 0 0

p31 p32 p̄3 0 p35 p36 0 0 0

0 p42 0 p̄4 p45 0 p47 0 0

0 p52 p53 p54 p̄5 p56 p57 p58 0

0 0 p63 0 p65 p̄6 0 p66 0

0 0 0 p74 p75 0 p̄7 p78 p79

0 0 0 0 p85 p86 p87 p̄8 p89

0 0 0 0 0 0 p97 p98 p̄9





.

In Table I we observe that when SNR increases, the steady state distribution decreases in

buffer states S1 and S9, and eventually it becomes practically zero. That means that for high

SNR, the probability of outage tends to zero. On the other hand, when SNR increases, the steady

state distribution in state S5 increases, which dominates the states for large SNRs.

In the numerical results (Section VI), we evaluate the theoretical framework for the case of
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Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

Numerical	  results	  
• Comparisons	  with	  successive	  and	  non-successive	  relay	  selection	  schemes
• The	  successive	  category	  includes:
‣ the	   SFD-‐MMRS	   of	   [Ikhlef	   et	   al.,	   2012]	   -‐	   upper	   bound	   to	   our	  work	   due	   to	   the	  
absence	  of	  both	  IRI	  and	  constraints	  due	  to	  full	  or	  empty	  buffers

‣ the	   SOR	   of	   [Nomikos	   et	   al.,	   2012/1]	   -‐	   capacity	   maximization	   without	   power	  
adaptation,	  buffer-‐aided	  relays	  or	  opportunistic	  relaying

‣ the	  BA-‐SOR	  of	  [Nomikos	  et	  al.,	  2012/2]	  -‐	  capacity	  maximization	  without	  power	  
adaptation	  or	  opportunistic	  relaying	  (but	  with	  buffer-‐aided	  relays)

• The	  non-successive	  category	  includes:
‣ the	  HRS	  of	  [Ikhlef	  et	  al.,	  2012]
‣ the	  max-link	  of	  [Krikidis	  et	  al.,	  2012]

• The	  capacity	  threshold	  is	  r0=1bps/Hz
• The	  results	  are	  obtained	  in	  terms	  of:
- outage	  probability
- average	  end-to-end	  capacity
- average	  delay
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Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

Numerical	  results	  >	  Outage	  probability	  (1)

• each	   scheme	   employs	   K=2	   relays	  
with	  buffer	  size	  L=2

• SOR	  has	  the	  worst	  performance	  
-‐ it	  lacks	  buffers
-‐ selection	  coupled	   to	   the	  previous	  
transmission	  phase

• BA-‐SOR	  better	  -‐	  due	  to	  buffering
• max-max	   improvement	   over	   BRS	  
due	  to	  buffering

• Better	   results	   for	  max-link	   due	   to	  
the	  Xlexible	  link	  selection

• min-power	  reduces	  to	  max-link	  when	  successive	  transmissions	  fail
• Similar	  results	  between	  these	  two	  schemes;	  min-power	  exhibits	  a	  0.5dB	  gain	  
for	  high	  SNR.

• Theoretical	  curve	  of	   the	  outage	  probability	  matches	   the	  simulation	   results	  
validating	  the	  analysis
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Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

Numerical	  results	  >	  Outage	  probability	  (2)22
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Fig. 4. Outage probability for increasing transmit SNR for K = 2 and varying L. For increased L, the curves become steeper

thus indicating increased diversity as more links are available for selection.

finite buffer size but still each relay addition obviously improves the achieved diversity of the

network. This derives from the fact that the possibility of inter-relay interference cancellation

increases with an order equal to K(K − 1) as we have more relay pairs to select from. It is

interesting to note, whenever K increases to three from two the improvement is bigger than the

gain introduced by adding one more relay when K = 3 as r0 is fulfilled even for low K values.
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Fig. 5. Outage probability for increasing transmit SNR for varying K and L = 4. Each relay addition improves the diversity

of the network as we have more relay pairs to select from, thus increasing the chances for IRI cancellation.
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of the network as we have more relay pairs to select from, thus increasing the chances for IRI cancellation.
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• As	   K	   and	   L	   increase,	   the	   curves	   become	   steeper,	   indicating	   the	   increase	   in	  
diversity	  as	  more	  links	  are	  available	  for	  selection.
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Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

Numerical	  results	  >	  Average	  throughput	  (1)

• Compared	   policies	   are	   divided	   in	  
two	  groups	  

• The	  1st	  group	   consists	   of	   the	  half-‐
duplex	   schemes,	   namely	  BRS,	  max-
max	  and	  max-link

• They	   achieve	   a	   maximum	   average	  
throughput	   of	   0.5bps/Hz	   (half	   the	  
constant	  rate)	  

• max-link	   outperforms	   BRS	   and	  
max-max

• 2nd	  group:	  we	  have	  SOR,	  BA-‐SOR,	  selection	  bound	  and	  min-power	  
• min-power	  achieves	  the	  best	  performance	  reaching	  1bps/Hz	  for	  high	  SNR	  
• SOR	  does	  not	  reach	  the	  upper	  bound	  even	  for	  high	  SNR	  as	  IRI	  and	  the	  lack	  of	  
buffering	  cause	  many	  outages	  
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Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

Numerical	  results	  >	  Average	  throughput	  (2)

• When	  K	  and	  L	  increases,	  min-power	  approaches	  the	  selection	  bound	  	  
• When	  the	  SNR	  is	  low,	  interference	  cancellation	  does	  not	  take	  place	  often	  and	  
the	   proposed	   scheme	   chooses	   half-‐duplex	   transmissions	   instead	   of	  
successive	  ones.

24

scheme chooses half-duplex transmissions instead of successive ones. This explains the gap

between the Selection Bound and the cases of L = 100,∞ in the low SNR regime. Note that

in this comparison we have K = 2 relays and there is no flexibility in pair selection when a

successive transmission is performed.
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Fig. 7. Average throughput for increasing transmit SNR for K = 2 and varying L. For buffer-size above eight, min− power
follows the Selection Bound and their gap becomes negligible at about 8 dB.

The third parameter that we examine is the number of relays in the cluster. Fig. 8 shows the

gain in average throughput as both K and the transmission power increase. From the analysis of

the min− power relay selection scheme, for each transmission we check K(K− 1) pairs to see

whether or not interference cancellation can be performed. As we add more relays, the number

of possible relay pairs increases from 2 in the case of K = 2 to 6 in the case of K = 3, while for

K = 4 we have 12 possible pairs. As a result, even for low SNR, successive transmissions are

more possible for increasing K and throughput tends to reach its maximum value more rapidly.

C. Power Reduction

The third metric that we study is the power reduction achieved by min− power. The scheme

used as a reference to compare the power gain is a buffer-aided relay selection scheme that

does not employ power minimization in the selection process and transmits each time with the

maximum available power. For example, if the fixed power scheme uses 6 dB to perform a
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Fig. 8. Average throughput for increasing transmit SNR for varying K and L = 4. As more relays are added, the possible
relay increase and their number is equal to K(K − 1).

transmission and min− power reduces this requirement to 2 dB we keep the difference of 4 dB

and we calculate the average after the end of all transmissions for this step of maximum power

value. As stated in Section III, when min− power relay selection is used, a search for the pair of

relays that requires the minimum sum of transmission powers starts for a given SNR threshold.

Similarly, for the case of single-link transmission, the link requiring the minimum power to

achieve a successful transmission is selected. We note that when a successive transmission is

feasible both the source and a relay transmit, resulting in increased power reduction margin as

the most appropriate relay pair is selected. On the contrary, when a single-link transmission

occurs, we calculate power reduction by comparing the power used by the transmitting node in

the fixed power scheme to the power used by the transmitting node in the selected single-link.

The first parameter that influences power reduction performance is L. Fig. 9, contains the

curves for K = 2 and various buffer sizes. Here the limiting factor is inter-relay interference.

We see that for increased values of L greater than 8, differences in power are minor but still,

the Selection Bound is not met. This comes as a consequence of the difficulty to cancel IRI

since only two relays are employed in the transmission. Note that the value on y-axis refers to

the differential power gain, i.e., the power in dB that is saved when the proposed scheme is

employed.

In order to examine the effect of additional relays, we present the corresponding results
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Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

Numerical	  results	  >	  Average	  delay
27
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Fig. 11. Average delay for increasing transmit SNR for K = 2 and L = 16. Due to the ability of two overlapping transmissions,
the successive schemes achieve a full-duplex operation at high SNR.

D. Average Delay

In the final set of comparisons we evaluate the average delay that each relay selection scheme

incurs to the transmitted signals. From Fig. 11, we observe that in the low SNR regime there

is a significant delay as single-link is the dominant transmission mode in that case. However,

after 6dBs successive transmissions constitute the majority of the transmissions in the network

and this is reflected on the average delay which is limited to only one transmission phase,

thus achieving an almost full-duplex operation as the destination receives a new packet in each

transmission phase. We note however, that for increased relay number and buffer size the average

delay increases since some packets tend to remain in the relays’ buffers for more transmission

phases. In addition, the consideration of adaptive rate transmission may lead to better queue

management by allowing relays to transmit with increased rate when an opportunity arises.

VII. CONCLUSIONS AND FUTURE DIRECTIONS

Summarizing this paper, we proposed an opportunistic relaying protocol that minimizes the

total power expenditure per time slot under an IRI cancellation scheme. Through power adap-

tation and buffer-aided relays, IRI is mitigated. It is the first time that interference cancellation

is combined with buffer aided relays and power adaptation; the examples demonstrate the

improvements achieved. For the evaluation of the performance of the min− power relay selection

August 9, 2013 DRAFT

• The	  half-‐duplex	  schemes	  experience	  increased	  delay
• Due	  to	  successive	  transmissions	  packets	  tend	  to	  stay	  less	  in	  the	  buffers

Average	  delay	   converges	   to	  3	   -‐	  a	  
packet	   in	   the	   other	   relay	   is	  
transmitted	  before	  the	  packet	   is	  
forwarded	   to	   the	  destination,	   in	  
order	  to	  have	  diversity	  gain.

Average	  delay	  converges	  to	  1	  due	  
to	   successive	   transmission	   -‐	   a	  
relay	  receives	  a	  packet	  while	  the	  
other	   relay	   forwards	   the	  packet	  
received	  in	  preceding	  slot

Bonus	  slide
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Buffer-‐aided	  Successive	  Opportunistic	  Relaying	  with	  Inter-‐Relay	  Interference	  Cancellation

Conclusions	  and	  Future	  Directions

• Opportunistic	   relaying	   protocol	  min-power	   -‐	   minimizes	   the	   total	   energy	  
expenditure	  per	  time	  slot	  using:
-‐ an	  IRI	  cancellation	  scheme	  
-‐ buffer-‐aided	  relays
-‐ power	  adaptation	  

• Thus,	  the	  detrimental	  effect	  of	  IRI	  is	  mitigated.	  
• Performance	  of	  the	  proposed	  relay-‐pair	  selection	  scheme	  in	  terms	  of	  outage	  
probability	  and	  average	  throughput	  

• Comparisons	  with	  other	  state-‐of-‐the-‐art	  relay	  selection	  schemes

Conclusions

Future	  directions
• Approach	  not	   feasible	  when	  the	  channels	  change	  fast	  -‐	  consider	  the	  case	  for	  
which	   the	   channels	   change	   fast	   and	   only	   statistical	   channel	   information	   is	  
available.
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Thank	  you!	  
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Questions?
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