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Interference-Limited Opportunistic Relaying with Reactive Sensing
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Abstract—This work evaluates opportunistic relaying in the
presence of thermal noise as well as interference, when channel
sensing is conducted reactively, in slow fading environments.
The studied scenario employs a single gateway that provides
access towards several destinations with weak links and exploits
a network of intermediate relays. In sharp contrast to prior
art, no inter-relay channel state information or communication
is assumed, no network coding is needed, while low-complexity
receivers at each destination are employed.

It is shown that information can be relayed without delay,
while harvesting benefits of cooperative diversity, even at the
presence of interference. The participating relays are required
to offer strong paths towards source and destination, while at
the same time they are as ‘“isolated" as possible from each
other. From that perspective, the notion of relay ‘“usefulness'
is redefined in both noise and interference-limited environments,
under opportunistic relaying.

Index Terms—Multiple access, fading, wireless networks.

I. INTRODUCTION

IGNIFICANT progress has been made in cooperative

relaying, especially in thermal noise-limited environments
[1]. It was recently shown that cooperative relays, distributed
in thermal noise-limited environments, are useful even when
they do not transmit but instead, they cooperatively listen,
giving priority to single transmission of an opportunistically
selected relay [2]. Alternatively, the source could transmit
messages towards all destinations, and relays delay retrans-
missions, until messages for all destinations have been trans-
mitted. Communication towards a given destination is com-
pleted after relays network-encode and broadcast a combined
message for all destinations. This is the approach of network
coding (e.g. see [3] and references therein). Thus, both ap-
proaches above trade delay for increased reliability with the
help of cooperative relays in noise-limited environments.

In this work, we evaluate opportunistic relaying with reac-
tive channel sensing, in both noise and interference-limited,
slow fading environments, when access from a central gateway
towards various destinations is problematic (i.e. the associated
channel links are weak) and intermediate relays are necessary.
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Fig. 1.  The connectivity setup of the studied scenario: source s acts
as an access point (gateway) and transmits towards two or more distinct
destinations, through K > 2 relays. The special case of three destinations
(D1, D2, D3) is depicted. Direct links from s to destinations are assumed
week, necessitating the utilization of relays.

In sharp contrast to prior art, no inter-relay channel state
information or inter-relay communication is assumed, no net-
work coding is employed, while low-complexity receivers at
each destination are utilized. This work could be of potential
value in dense, low-mobility wireless scenarios, as in modern
urban environments. The latter could offer relay densities
on the order of 1000 terminals/km?, according to recent
measurements [4].

Sections II and III describe system and protocol model,
respectively. Section IV provides the analysis for reactive
channel sensing and relay selection, section V briefly discusses
alterative channel sensing and relay selection techniques and
section VI provides the numerical results. Finally, Section VII
provides the conclusion.

II. SYSTEM MODEL

If node “A" transmits to node “B", while an interfering node
“C" is transmitting to a different destination, then the received
signal at node “B" is denoted as:

YB = QAB Ta + QCB Tc + 1B, (D)

where x5, xc are the signals transmitted from node A, C
respectively, aap , acp are the complex channel gains for the
link A — B, C — B respectively, and ng ~ CN (0, Ny) is the
complex, circularly symmetric additive white Gaussian noise
(AWGN) at node B, with zero mean and variance Ng. Operator
E {z} denotes the expected value of random variable x. For
each link, let yag = |aa|? be the instantaneous squared
channel strength, which obeys an exponential distribution with
parameter Aap = 1/E{vap}, corresponding to Rayleigh
fading. Notation [ ]*, [ ], [ ] further denotes the conju-
gate, transpose and conjugate transpose operator, respectively.
Finally, diag [z y] denotes the two-by-two diagonal matrix
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Fig. 2. Each epoch spans a duration equal to the channel coherence time.
Two consecutive messages (phase I and phase II) are transmitted from the
source towards two different destinations. Reactive sensing and opportunistic
relay selection is performed for each phase I source message.

with [z y] at each main diagonal, and Z; denotes the two-by-
two identity matrix.

III. PROTOCOL

The studied scenario employs a single gateway that provides
access towards two or more destinations with weak links and
exploits a network of K > 2 intermediate, regenerative relays.
All involved radios are assumed half-duplex. Fig. 1 depicts the
connectivity setup for the special case of three destinations.
We denote the set of relays as Sg = {1,2,..., K} and further
denote St = Sg — {i},i € Sg, the set of relays that does not
include relay i (length |S| = K — 1).

The channel is assumed constant for a duration of T, (chan-
nel coherence time), which spans one epoch and changes inde-
pendently at the next epoch (quasi-static, flat fading). We are
particularly interested in slow-fading wireless environments,
where T, is on the order of hundreds of milliseconds (as in
slow mobility scenarios or community rooftop networks). At
each epoch of the protocol, there are exactly two different
messages transmitted by the source: phase I message, which
is assisted by opportunistic relaying and phase II message,
assisted by conventional regenerative relaying (Fig. 2).

During phase I, the source transmits towards a new destina-
tion while relay ¢ forwards different information to a different
destination without delay i.e. without waiting the source to
complete its transmission, as in strictly noise-limited setups.
During phase II, an opportunistically selected relay b # i
forwards to the appropriate destination while source transmits
a message for a new destination. Operation is similar in the
next epoch; the opportunistically selected relay at epoch n,
becomes the interfering relay ¢ at the consecutive epoch n + 1
(Fig. 3).

The selected (“best") relay b is chosen at the end of phase
I opportunistically, among the relays that have successfully
received the message, in this both noise and interference-
limited environment:

Ypa = max {yra}, k € Dy C Sk, 2)

where the subset Dy C S§ includes all relays (excluding relay
1) that have successfully received the message at the end of
phase I (i.e. |Dy| > 1).

Such reactive relay selection (i.e. selection in response to
source transmission) can be performed in a distributed fashion,
without network channel state information (CSI) knowledge at
each relay or any centralized network controller. One possible
approach is the method of distributed timers proposed in [5],
with each relay in D, C S} estimating its own instantaneous
channel link 74 towards destination. This can be accom-
plished by listening a pilot signal from destination. Then the
participating relays contend for carrier-sense-multiple access
(CSMA), where the backoff timer of each relay is initialized
with a value that depends on its own instantaneous signal
strength vxq. The timer of the relay with the strongest path
towards destination expires first and the “best" relay of eq. (2)
acquires the medium. Relay selection could be completed
within a fraction of channel coherence time, even though no
relay (or any controller in the network) has measured channel
conditions of the interfering relay or other relays towards
destination. Statistical analysis of distributed relay selection
as above has been reported in [5].

We further denote source transmission power as Psource,
relay transmission power as Prelay and total transmission power
P = Psource + Prelay. Assuming ¢ € (0,1), then Pyouree = (P
and Preay = (1 — ¢)P. The power allocation parameter ¢ is
assumed constant across time. Its optimization would require
global CSI across all involved links in the network, which is a
strong assumption not made in this work. Finally, we denote
transmit signal-to-noise ratio SNR = P /Nj.

For each “phase I message” transmitted by the source, the
received signal at the final destination can be denoted as a
two-by-one vector y, as it consists of two time-separated
parts (Fig. 3): the first part is received during phase I,
when the source transmits the signal of interest (SOI) and
an interfering relay transmits a different symbol; the second
part is transmitted during phase II, when the source transmits
towards a different destination and the “best” relay retransmits,
assuming that a best relay exists (|D;| > 1). For |D,| > 1:

y:\/ﬁ[ (;/écg;dabd}xo—&-\/f{'1_040[“]561—#
+\/73{\/Zoa8d]x2+n;» 3)
———

2
y:\/ﬁaxo—&-\/ﬁZcixi—l—n:\/ﬁaxo—i—v, @
i=1

v

where zg is the SOI and x;,xo the interfering signals,
with E{n*n”} = NoZ, and E {|zo]*} = E{|z1|*} =
E {|z2|*} = 1 (e.g. PSK modulation). For |D,| = 0, there
is no best relay transmission and thus, a = [v/{ asq 0]”
in eq. (4).

From eqgs. (3), (4) it is shown that there are two interferers
of unequal power (c;, c2), while there is strong correlation
between the compound channel a of SOI zy and the compound
channel c, of the interfering signal x». That is due to common

Authorized licensed use limited to: MIT Libraries. Downloaded on March 23,2010 at 03:45:00 EDT from IEEE Xplore. Restrictions apply.



16 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 9, NO. 1, JANUARY 2010

Relaying at Epoch n

Phase Il

J Reactive Sensing/
af - geplsstrigunnlstlc Relay
D3
S > D3 I S > d S »D2 Il S > D3
Rm> D2 Il i>D3 b d I Rm'> D2
L
Epoch n-1 Epoch n Epoch n+1
Channel Coherence Time Tc _—
t
Fig. 3. Phase I: the source transmits towards destination d while relay ¢ (among K relays) forwards information to a different destination. Phase II: an

opportunistically selected relay b # 4 forwards to the appropriate destination while source transmits a message for a new destination. The two phases constitute

an epoch.

random variable a4, which remains constant during each
epoch, as already described. It is noted that prior art has
mainly studied channel correlation among the elements of a
(which is relevant to SOI) or correlation among the elements
of v (which is relevant to the interfering signals) (e.g. [6],[7]),
but not among a and v, as in this work, to the best of our
knowledge.

The receiver at each destination linearly processes the
received vector with w*y, where w depends on the specified
receiver. The simplest case is the selection diversity receiver
that does not optimally combine the two signal parts, received
during phase I and II. Instead, the receiver operates inde-
pendently on the two messages and succeeds if either recep-
tion, during phase I or II succeeds. An alternative approach
employs optimum combining, at the expense of additional
CSI requirements. The main focus is on selection diversity
receiver (SR), even though optimum combining receiver is also
discussed (OC). Analysis of the above, interference-limited,
opportunistic relaying (IOR) approach is presented in this
work, employing outage analysis, i.e. probability evaluation of
the event that target rate is greater than what can be supported
from the wireless channel.

IV. ANALYSIS OF IOR WITH REACTIVE SENSING

At each epoch of the protocol, there are exactly two
different messages transmitted by the source: phase I message,
which is assisted by opportunistic relaying and phase II mes-
sage, assisted by conventional regenerative relaying (Fig. 2).
Performance of conventional, non-OR phase II message can be
trivially calculated and we focus on the OR case. During phase
I of epoch n (Fig. 2), there are at most two transmitting nodes
(Fig. 3): the source and the opportunistically selected relay,
which both transmit towards different destinations. Given the
half-duplex constraint, the opportunistically selected relay b
at epoch n cannot be the same as the forwarding (interfer-
ing) relay ¢ during the (immediately) previous epoch n — 1
(Figs. 2, 3). The destination node at epoch n is denoted as d

and the interfering relay as i (b # ). The interfering relay ¢
was the opportunistically selected relay during epoch n — 1,
according to the (different) channel conditions of that epoch.

Next, we denote by {out| I =i} the outage event at the
presence of interfering relay ¢ and by {out| I = null} the
outage event at the absence of an interfering relay. The
unconditional outage probability, for a given destination, at
a given epoch becomes:

Pr {out} = Pr{ out| T = nuu} Pr{l - null}—l—
K
+ ;Pr{ouﬂ I= @} Pr{[ = @} =

Pr{out} ~ iPr{out 1= z} Pr{[ = z} 5)

i=1

The above approximation is valid because at the absence
of interference, outage performance is strictly thermal-noise-
limited (event {out| I =null}), while at the presence of
an interfering relay ¢ (event {out| I =i}), performance
is both thermal-noise as well as interference-limited; thus,
Prgouﬂ 1 = << Pr{ out| I = iy, Vi € Sr.
Additionally, the event of ’zero number of successful decoding
during epoch n — 1’ (and thus, I/ = null at epoch n),
becomes less likely for large number of relays, implying that
Pr{I =null} decreases with increasing number of relays.
Numerical results of section VI demonstrate that performance
is dominated by interference and not thermal noise, further
validating the above.

We remark that the prior probabilities Pr{I = i},V i € Sg,
for a given epoch n, depend on the selected relay during
the previous epoch n — 1, which in turn, depends on the
selected relay during epoch m — 2 and so forth. Therefore,
prior probability Pr{l =i}, V i € Sg depends on epoch

null}
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number. However, we observe from Eq. (5) that

Pr{out} < Iirel%ic{Pr{ouﬂ I= @}},

Pr{out} > jnel}'sri {Pr{out| I= j}} (6)

Therefore, the upper and lower bounds calculated above eval-
uate outage performance without any dependence on epoch
number.

Conditioned on interfering relay ¢ for a given epoch, the
outage probability is given by:

Pr{ out| Interfering Relay = Relay z} = Pr{ out| I = z}
- ZPr{ouq Dy, I = z} Pr(Dy| I = i)
Dy

- Pr{out| [=i,|Dy| = O}Pr(|D5\ =0 =)+
+ Z Pr{out| Dy, |De| > 1 I_Z}Pr(DA I=4), ()

|Df\>1

where the term Pr{out|[ = 1,|Dy| = O} denotes the case
where no relay successfully decodes the message, and thus,
destination reception is solely relied on direct communication.
Consecutively,

Pr{out\[ =1i,|Dy| = 0} =

_Pr{%logz (1+ =
:“<u—

1o {14—@

CP Vsd
QP via + No) < R}

CP vYsd )
<O
C)P ~ia + No

C >\sd
C >\’Ld

where R is the target rate in bps/Hz and we have exploited
independence between ;4 and 4. It is noted that the statistics
of all channel gains, related to the interfering relay ¢ at a given
epoch n, are not affected by the selection process of that relay
during the previous epoch n — 1; that is due to the fact that
the channel has changed during epoch n (see the duration of
channel coherence time 7 in Figs. 2, 3). Thus,

} ,0=22_1 ()

CP Vsk
Pr(Dy| I=i)= [] Pr O lx
keD, { Q)P ik + No }
CP Ysm
P
<11 r{ 1= C)P Yim + No <0}
mgDy
2£©N 1 sk
— [« [1+@—<§’“} 1
keDy C ik
< T1 (1_6—*5"553% [1+@%i§m]‘l>. ©)
m@Dy m

In the above analysis, the only missing element is probabil-
ity Pr{ out| Dy, |Dy| > 1,1 =i ¢ of Eq. (7). That probability
depends on the specifics of the receiver at each destination
and is calculated in the following subsections.

A. Optimum Combining (OC) Receiver

For optimum combining, the weighting vector woc that
maximizes the signal-to-interference-and-noise ratio (SINR)
is proportional to Ry1 a, with a defined in section III and
R, given by:

2
R, =E{v'v'} = NoZ, + P> cjc (10)
i=1
Setting woc = Ry, 1 a, the received SINR at the destination
is simplified to

Taal 1
A whaalw 4 _ 1
Yoc = WiRow =a Ryga Ryo= 7 R,, (11
and consecutively,
yAN
> =1 = oc
Pr{out| Dy, |De| > 1,1 Z}OC Pr (7o < ©) (12)
CP vsa (1=QP Ya )
S + <© 13
r((l—c)P via+ No (P vea + No (3
CP vsa (1 =QP Yea )
<P <O — <0 =
= r((l—C)P%d—i—No N B
- Pr{out| Dy, |De| > 1,1 = z} (14)
SR

The above bound corresponds to the performance of the
selection receiver calculated immediately below. It is remarked
that woc (and consecutively, optimum combining) requires
CSI knowledge regarding the interfering terminal (c;q), in
contrast to the selection receiver. Thus, the improved perfor-
mance of optimum combining (compared to selection receiver)
is achieved at the expense of additional required channel
state information. In this work, we have assumed that no
cental controller or the destination has acquired CSI regarding
all involved relay links. If that constraint is relaxed, or if
the destination is able to estimate the channel towards the
interfering relay, then optimum combining becomes an option.

B. Selection Diversity Receiver (SR)

When the receiver operates on the two, time-separated sig-
nal parts independently, the weighting vector w for each part is
simplified to wsg | = diag [l 0] a, wsgpp = diag[0 1] a.

Outage occurs when both decoding efforts fail and thus,
conditional outage probability becomes:

Pr{out\ Dy, [De| > 1,1 = z} =
SR

:“<u—

=Pr <1C_G)C Yod —

CP Ysd (1 =P Ya
<0 -
Q)P via + No ﬂ CP vea + No

< @)
(i5)

-¢ | ONg
'de-‘r CP

Ny 1
o ®

p S =PTE
(16)

= E’Yz‘d {E’del’)’id {g(’)’id, Vbd)}} ; (17)

9(Yids Vba) = u (@1 EC Yid + © E;)NO - 1C_@C %d) X

X {Fsd (6(14_ ) Yid + @CJ;O)

—Fyq <1C_@C Yod — é\;) w (Ypa — 7/0)}7

(18)
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with u(x) the unitary step function
(u(z) = 1,2 > 0 and u(x) = 0, elsewhere) and
- ONy
F, APr(vg<a)=l—e M % pyp=_——""_,
$@) EPr (<) = 1= e 7, gy = 2
(19)

We note again that under the coherence time duration assump-
tion of this work, 744 is independent of ~;q (relay ¢ is the
interfering relay).

Using Theorem 1 at the appendix, the p.d.f. of v,q =
max {Vka} , k € Dy C SE, |Dy| > 1 becomes:

¥4
Pypa (V) = Z Z m+1 ( Z A ) eV XveSy Avd |
VvESM
(20)
Exploiting eq. (20) in eq. (17) and the fact that
l
")
D
m=1 (m
L
=—|-1 )" =1 21
( +mZ::0 <m>( ) @

the conditional to interfering relay outage probability for
|De| > 1, after manipulations becomes:

Pr{out| Dy, [De| > 1,1 = z}
SR

_ ©Ng C)\sd
=1-e M {1+@ }
C )‘zd
_Z Z 1ym exp {— VOZVGS Vd}_|_
mlI‘«SSIgD[ 1+G)1 c/\d ves,, Avd

O N
—Asd c'po

{ m+1 € %
<
I+ @174 Noa ZUGSm Avd

O(9+1)N
y exp{ El ())7: : Zuesm }

s o2
1+ @TC )\ld + N ZUGSm )\,,d

(22)

For partial connectivity scenarios where there is no direct
link between source and destination (Agq — +00), eq. (22)
becomes:

Pr{out| Dy, |De| > 1,1 =i, Ay — 0}

SR
0
=> > -y exp{—uo > )\I/d}
m=0 §,,CD, VESm
[Sm|=m
(;) (1 . efu(])\md) _ H (1 _ e*’\md—uefchfv) , (23)
meDy meD,y

where we have used in step (a) the multinomial identity
of eq. (33) at the appendix. The last conditional outage
probability (with v54 — 0), depends on thermal noise only, as
expected.

V. A NOTE ON INTERFERENCE-LIMITED PROACTIVE
SENSING

In an alternative approach, the most appropriate relay could
be selected proactively, before the source message transmis-
sion. In that way, all non-selected relays could avoid listening
to the source, and thus, save precious battery energy. Denoting

A0 — CP Ysd (i.4) _ CP vsj
(1=QP yia+No” " (1=CQ)P vij + No’
BY _ (1= QP vja 24)

2T (P Y+ No

the proactive outage probability, with selection receiver at the
destination and conditioned on interfering relay 7, becomes:

pmf’c;ive{ out| I = z}

=p{a® <o (B <o |J BY <o)} (25)

= Pr{max {A(i>,B£i’j)} <0© U max {A(i),B£j>} < @}
(26)

= Pr{min {max {Am, B£i’j)} , Max {A@), Béj)}} < @}

Wj,i

= Pr{Wj,i < @}. 27

The best relay should minimize outage probability and thus
maximize the following expression:

Wy > Wi, Vj € Sg. (28)

However, the relays cannot estimate the channel between
source and destination, which is needed in A®, Béj ) above,
unless the source or the destination provides them with such
information. In that case however, implementation of proactive
selection becomes non-distributed. An alternative, sub-optimal
(in terms of outage probability) but practical (in terms of
distributed implementation) proactive selection rule ignores
the link between source and destination:

Wi = min { B, B}, BY = LZOP v (g

No

We restrict analysis on reactive sensing and note that the relay
selection rule of eq. (2) is exactly the same as in strictly
noise-limited environments [2]. We also remark that other
opportunistic relay selection rules are possible in the presence
of both interference and thermal noise, when additional CSI
is available (e.g. information regarding the interfering relay
link). Hopefully, this work will spark interest in relevant
research that aims to optimize performance in the presence
of interference, without excessive overheads in channel state
information acquisition and network coordination.

VI. NUMERICAL RESULTS

Numerical results are provided for the two kinds of re-
ceivers, assuming a weak link (and thus, high corresponding
A parameter) between source and destinations, with Ag;q =
1/0.05. The number of relays K is set to K = 3 or K =4
relays with ¢ = 0.5, R = 0.5 bits/sec/Hz and \;; = 1/1.6,
Nja =1/1.5V j € Sk, Aji =1/0.05V j € S. Such parame-
ters correspond to a small number of relays that are “isolated”
from each other, while providing “good” communication links
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Fig. 4. Acceptable performance of interference-aware OR with K relays
is feasible. Two scenarios for source-destination (SD) links are depicted.
Performance of noise-limited (orthogonal), non-cooperative communication
is also depicted.

(on average) towards source and destinations. For example,
assuming transmit signal-to-noise ratio SNR = P /N, ranging
from 0 to 30 dB, the above parameters correspond to average
received signal-to-noise ratio approximately from —1 to 29
dB at each relay or each destination.

Under such parameters, the upper and lower bound of
outage probability coincide (Eq. (6)). Fig. 4 demonstrates
that simulation results match analysis for SR performance.
Moreover, OC performance is improved by approx. 3 dB
compared to SR, at the expense of additional required CSI.
For both receivers, performance reaches an outage probability
plateau, which is due to the interference-limited nature of the
protocol. However, that outage probability plateau decreases
with increasing number of utilized relays, even though a single
relay transmits at each phase. That is due to the opportunistic
nature of the protocol, based on reactive sensing and the relay
selection rule of Eq. (2).

Fig. 4 also includes the case of no-link between source
and destination (intermittent line), which provides smaller
outage probability than the scenario with existing (but weak)
direct links; that is because interference at the destination
is eliminated during phase II of each epoch. The case of
direct, noise-limited communication is also depicted, which
tests Pr ((1 + RSO) log, (1 + vstﬂo) < R). The parameter
RSO denotes the relay selection overhead, 1.e. the percentage
of channel coherence time spent for relay selection in the
cooperative case. This is added for fairness to direct com-
munication and is set to RSO = 10%.

Table I provides the connection between outage probability
and bit-error-rate (BER), assuming independent errors across

TABLE I
OUTAGE PROBABILITY VS BER

Outage Probability | BER for T. = 125 msec , Ry = 11 Mbps
Pr {out} = 10~2 ~ 1078
Pr{out} = 1073 ~ 1079

Performance as a function of relay isolation

— Analysis
O Simulation-SR Receiver
* Simulation-OC Receiver

Outage Probability
=

-4 I I I I )

0 5 10 15 20 25
Isolation between Relay-Relay and Relay-Destination links (dB)

Fig. 5. Performance of interference-aware OR with K relays as a function
of relay isolation E {~y;a} /E{v;i} (in dB), for transmit SNR = 20 dB.

Ny bits: (1—BER)™ ~ 1 — Pr{out}, with N, = =Ry,
where R is the transmission rate in bps. For slow mobility
(walking speeds) and channel coherence time on the order of
125 msec, the observed outage probability plateau of Fig. 4
could provide for BER less than 1078, The latter is required
in reliability-demanding applications as in video transmission.
It is also noted that 802.11b operates on maximum R, = 11
Mbps (@ 22 MHz bandwidth). For larger 7., BER becomes
even smaller. Thus, interference-limited OR could assist de-
manding applications.

Fig. 5 sets transmit SNR = P/Ny = 20 dB and varies
E {~,;}, investigating the required amount of isolation be-
tween relays (while keeping the rest of parameters same as
in Fig. 4 with weak source-destination link). Specifically,
performance is tested against various values of relay isolation
E{vja}/E{yj} (in dB). It is shown that relevantly small
value of 10 dB isolation is required for K = 4 relays and
outage probability well below 1%. It is noted that for 11 Mbps
transmission rate and channel coherence time on the order
of 125 msec (e.g. walking speed), outage probability of 1%
corresponds to bit-error-rate (BER) less than 1078, assuming
binary modulation and independent errors across bits.

Practical ways to engineer such isolation among relays
could facilitate directive antennas at the relays, including low-
complexity beam-switched Butler matrix antennas. The latter
provide side lobe level attenuation (SLL) (Fig. 3) well below
—10 dB compared to the main lobe direction (e.g. see [8]) and
thus, could potentially engineer the required minimum 10-dB
“isolation” between relays. The interested reader could also
refer to [8]-[9] for additional information regarding practical
designs of low-complexity, beam-switching antennas.

VII. CONCLUSION

Under the main assumption of this work, it was shown that
information can be relayed without delay, while harvesting
benefits of cooperative diversity, even at the presence of
interference. The participating relays are required to offer
strong paths towards source and destination, while at the same
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time they are as “isolated" as possible from each other. From
that perspective, the notion of relay “usefulness” is redefined
in both noise and interference-limited environments, under
opportunistic relaying. In sharp contrast to prior art, no inter-
relay CSI or communication was assumed, no network coding
was needed, while low-complexity receivers at each desti-
nation were employed. Hopefully, this work may potentially
spark further interest in efficient opportunistic relay selection
algorithms for interference-limited, slow-fading, dense, wire-
less access networks.

APPENDIX
Theorem 1 (Max Distribution): Let Y,, n = 1,2,..., M,
be M statistically independent and not necessarily
identically distributed (i.n.i.d.) exponential r.v.’s, each
with parameter A, =1/E{Y,,}. Then, the p.d.f. of
X = max{Y1,Ys,..., Yy} for > 0 is given by:

px (z) =

M
m=18,,C{1,2,...,M}
| S |=m

(—1)mt! e T Djesy N

2N
JESm

(30)

Proof: Since Y1, Y5, ..., Yy, are statistically independent

and exponentially distributed, the c.d.f. of X can be readily

calculated:
M

Fx(z)=Pr{X <z} = H(l _ e—/\iw)
=1

M
Sy Y
m=1 Sm%{lfwwM}
Sm|=m

(3D
(—1)™ e " Xiesm N (32)

where we used in step (*) the multinomial identity:

K K
[[a-a)=1+> > D) ]]a
= JES:

i=1 (=15,C{1,2,..,.K}
[Sel=¢

(33)

Thus, the p.d.f. of X becomes:

M M
px () = Z e i H(l — M) (34)
i=1 j=1
J#
M
d
SX X (o)
m=1§,,C{1,2,...,M}
| S |=m
(35)
providing the result of eq. (30). [ ]
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