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Abstract—In this paper we consider a cooperative wireless scheme, recently authors in [2] have investigated an alternative
network where each terminal communicates to a destination cooperation methodology referred to asded cooperation
node with the aid of multiple relaying nodes. The focus iS Thjg scheme is based on incremental redundancy where the

on cooperative transmission protocols that are based on the d d to be t itted by th | . titi d
simultaneous transmission by a number of cooperating nodes, COGEWOrd 10 beé transmitted by the reiays IS partiioned among

Outage performances are analyzed by assuming a Distributed €ach cooperating node so as to achieve significant performance
Randomized Orthogonal Space-Time Coding scheme (DR-OSTC) gains (in terms of bit error rate (BER) and spectral efficiency)

to be employed by the relaying terminals during the transmission and a great degree of flexibility by allowing different code
session. The DR-OSTC scheme requires that each cooperating stas and partitions among nodes

node choosesrandomly and independentlyto serve as one of )

the space-time virtual antennas. By avoiding any pre-defined ~ Within the class of relay based distributed coding tech-
terminal-to-codeword mapping, the random selection of the njques, the conventional distributed version of the orthogonal
space-time codewords substantially reduces the needed Contmlspace-time coding scheme (herein referred to as D—OSTC)
overhead with respect to other distributed space-time coding requires a set up phase where each cooperating node has to b
strategies S|m_pI|fy_|ng the n_O(_je coordination task. Accordl_ng_to . ! .

this scheme, in this paper it is tackled the problem of designing informed on which space-time codeword should be employed.
both the minimum number of cooperating nodes M and the Although a loss in the overall rate has to be accounted for,
spatial dimension L of the space-time code matrix so as to meet a D-QSTC is appropriate even when the number of transmitters
specific outage probability requirement at th_e destlnatlon. Outage is unknown, as in case of cooperative networks (see [3], [4]
performances are also analyzed by developing simple but effective and [5]). However, to ensure that every codeword is correctly

design rules tailored for two cooperative trasmission protocols in ) ! ) : )
realistic propagation environments. assigned to a different active cooperating node, the coordinated

o . . . . D-OSTC protocol exhibits a low throughput as it requires the

Index Terms— Distributed space-time coding, cooperative di- - . ;
versity, space-time coding design, ad-hoc and sensors networks,&x@ct knowledge of which node is available to collaborate and
wireless networks. therefore it involves control overhead (e.g., acknowledgement
messages exchange among the collaborating nodes) that in-
creases with the required diversity degree and node mobility.
) o Moreover, since each cooperating terminal is distributed in

main source ofim.pairment.that could be mitigated throughy signal to noise ratio (SNR) can be observed (both in
the use of appropriate spatial redundancy, also known @$ms of bit error rate (BER) [5] and outage probability)
diversity. When terminals are equipped with multiple antenRgit respect to the OSTC bound for a conventional multiple
array at the transmitters, space-time coding schemes cangenna transmitter [6]. This difference is namely due to
designed to achieve a maximum diversity order at minimugthequal average channel powers of the links between each
possible loss in rate. When the use of nodes with multipgoperating terminal and the destination node. Recently it has
antennas is not a viable solution due to hardware, size ghkn shown that performances of D-OSTC schemes can be
cost constraints, diversity can still be achieved by exploﬁwggniﬁcan“y enhanced by allowing opportunistic selection of

the cooperation among the antennas of different terminals @ most favorable subset of terminals among the cooperative
as to benefit from cooperative diversity. In [1] protocols arggt [7].

proposed that involve each cooperating terminal to repeat (by.

decoding and forwarding or by simply amplifying the received '1'S Paper builds upon the framework introduced in [8]

symbols) the user message using orthogonal subchannels (Eioe_analyze the outage performances for the Distributed Ran-

by employing time (TDMA) division, code (CDMA) division omized Orthogonal Space-Time Coding scheme (DR-OSTC)

or frequency (FDMA) division multiple access). Since coopef® P& employed in cooperative wireless networks. The idea

ation occurs through a bandwidth inefficient repetition basé’& designing and opt|m|z_|ng a distributed spgce_:-tlme coo_llng
strategy based on the simultaneous transmission of a linear
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set of M — 1 active nodes is a subset of the total number
of nodes in the cluster). In the second phase, the data is
Phase 1) Phase 1) transmitted through thd/ x 1 MISO channel (including the
source node) employing a distributed-randomized orthogonal
space-time coding (DR-OSTC) scheme. Due to half duplex
constraint, both phases have to be carried out in two orthog-
onal channels (e.g., by time division) resulting in a reduced
spectral efficiency with respect to a multiple antenna based
MISO system.

The second investigated protocol, also referred tanas
cremental relaying(or collaborative retransmission) [1] [13],
is designed so that whenever a source starts a transmissior
Eig. 1. Distributed MISO'(on thQ left) and Incremental relaying (on thgession to the DN, all the terminals covered by the same DN
fight) protocols and simulation environment. potentially receive the transmission intended for the destina-

tion. The DN indicates success or failure of transmission by
broadcasting a single bit of feedback (ACK/NACK feedback).

scheme (referred to as antenna selection in [8]) where, 1bra transmission failure occurs (NACK)Y/ terminals act as
a given space-time codewor@ with dimensionsL x p, relay nodes by decoding and forwarding what received from
each cooperating node choosamdomly and independently the source thus employing a distributed orthogonal space-time
to use one of the rows o and thus to serve as one of theoding scheme. Loosely speaking, the incremental relaying
L space-time virtual antennas. In [10] more complex sofprotocol may be viewed as a virtual hybrid automatic-repeat-
randomization rules (that require each node to transmitrequest (H-ARQ) policy where the retransmissions are not
random linear combination of the rows @f) are proposed to generally originated from the source, but they could come
achieve the full code diversity even with a moderate numbfom any relay that overhears and decodes earlier transmitted
of relays. Since DR-OSTC strategy does not require the exétdcks. This provides a spatial diversity effect that might be
knowledge of which specific node is going to collaboratbeneficial in block fading environments where time-diversity
(at least at the transmitting side), it significantly reduces tlwuld not be exploited [13]. By allowing cooperation to be
required amount of control overhead when compared to tbgploited only during a source-to-DN link failure, in [13]
D-OSTC scheme. In other words, DR-OSTC does not requittee protocol is shown to provide a better tradeoff between
any pre-defined “terminal-to-code matrix row mapping” anthroughput and energy consumption, even if performances can
thus avoids any acknowledgement message exchange amomgeverely influenced by an imperfect feedback channel.
the collaborating nodes. However, the randomized approactiThe paper is organized as follows. After system model
involves specific design strategies for both the complex orthagefinitions (Sect. Il), the outage analysis of OSTC and of
onal space-time codewords and the number of cooperatingcooperative based schemes (D-OSTC) is reviewed in Sect.
relay nodesV/ so as to achieve the required performances Ifl. In Sect. IV the outage probability is derived by assuming
terms of outage probability. a DR-OSTC protocol to be employed at the cooperating

The original contribution of this paper is twofold: first aterminals, results are then corroborated by simulations. Code
novel analytic model to evaluate the outage probability falesign (namely in terms of degree of cooperation) with outage
the DR-OSTC scheme is developed. Next, the problem pfobability constraints is dealt with in Sect. V. Finally, Sect.
designing both the minimum number of cooperating naties VI sheds a light on how the proposed analysis can help in de-
and the spatial dimensioh of the space-time code matrixsigning a realistic planning for both the proposed cooperative
C is tackled so as to meet a specific outage probabiliprotocols. As notation, in what follows subscrips and D
requirement at the destination node. The performance resalte used so as to refer to DR-OSTC and D-OSTC schemes,
of the randomized scheme are compared with those obtainedpectively.
from coordinated distributed space-time coding schemes (D-
OSTC) and conventional multiple antenna based OSTC. Il. SYSTEM MODEL

In both the link models in fig. 1, it is assumed that the worst
fading conditions are experienced by the links towards the DN
node while the links between the source node and the in-range

Here it is briefly reviewed two cooperative wireless networkelays exhibit a strong line of sight component. Under these
protocols that will be considered in the following analysis (sesettings, the disk model [14] applies so that relays can fully
figure 1). In the first one, (left side of figure 1) referred to adecode the transmissions for cooperation if the received signal
distributed MISO(Multiple Input Single Output) [11] [12], to noise ratio (SNR) exceeds a minimum threshold (further
we assume a transmitter cluster to be composed of a numbetails will be given in Sect. VI). Each channel gain between
of sensor nodes communicating with a receiving destinatitime m-th cooperating terminal (forn = 1,...,M ) and the
node (DN). The protocol consists of two phases. First, tlistination node is modelled By, ~ CN(0,T,,) (Rayleigh
data to be transmitted is broadcast by the source node, so fading model withE[h,,, k)] = 0, for Vm # n) and it is known
M — 1 active nodes within the cluster can decode the dabg the destination node (DN), but it is not available to the
to be relayed during the MISO transmission (in general, thed transmitting nodes. According to the outlined cooperative

Distributed MISO Incremental Relaying

A. Cooperative Protocols
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protocols, we assume thaf nodes covered by the same DN According to the specific node-to-code mapping, the vec-
node (or belonging to the same Basic Service Set (BSH)y v = [vl,...,vL]T is specifically defined for the D-OSTC

correctly receive and decode the source message intendedstdreme (in Sect. Ill) and for the DR-OSTC (in Sect.
the DN node and thus belong to the decoding (or cooperativ¥), it contains a linear combination of the channel gains

set. h = [hy, ..., has]" ~CN(0,diag(T's;)) of the links between
Let p be the SNR at the decision variable of the DN, theach cooperating terminal and the DN. Average channel
outage probability relative t@ is powers of each link towards the destination node are collected

into the M length vectorT'y; = [['y,...,T'x/]7 that models

Pr(p < ) = F(B) = Pout, (1)  arbitrarily unbalanced links as we assuffig# I';. Due to

th loss, shadowing and node distance towards the DN node,

and it depends on the Cumulative Density Function (CDF) gﬁch set of fading powerél‘i}].\fl is a realization of ii.d.

SNR F(5) for a specified minimum SNR that guarantees an o nq4om variable with probability density functigm(T").
acceptable performance. Models for the maximum ratger To ease the comparison, we refer the performance with
unit bandwidth that can be supported over a link with mini- ' L

mum SNRJ can be written as [15]3 — (2R B 1) /K, where respect to the average SNR at the receiving DN

K (with 0 < K < 1) relies on the selected coding-modulation
scheme and the required BER. From an information theoretic
perspective, the link towards the DN node is in outage for i i
SNR p if the channel capacity’(p) = log,(1 + p) < R, as it woqld represent Fhe SNR expenepcgd by the DN if the
then 3 — 2% — 1. Since the link reliability between the COOperative trgnsmlssmn (or retransmission) was pe_rformed
source and the destination is guaranteed as long as g, by only one smg_le relay that use the whole powfer with

the average transmission rate when considering many bufd{§rage attenuatiodir[I' = J zpr(z)da.

is (1 — Pout) R.

In the following P. denotes the overall power budget
available at the distributed multi-antenna system composed .
by all the M cooperating nodes. For practical convenience,
it is expected that each cooperating node allocates the sam

amount of power during the cooperative transmission (in casg/ew the outage performances of Orthogonal Space-Time

of a distributed MISO protocol) or retransmission (in case 9 oding schemes that take advantage of a distributed virtual an-

an incremental relaying protocol) session. However, in this pa?—nna system (for a detailed discussion, the reader might refer

per the transmit power level at each cooperating node is scaﬁgo[‘?’]’ [16] and [17]). A Distributed-OSTC scheme requires

with respect tal/ as P,./M in order to highlight the diversity each cooperating .terminal to be assigngd (e.g., by the source
gain rather than the gain for increasing the overall receiv de) to a specific row of the space-time codeword matrix

: .C. Herein the following assumptions holg:to minimize the
ower (whenM nodes are cooperating) and thus guaranteein . .
P ( P 9) g cgntrol overhead, the number of cooperating nodés is

a fair comparison between the two space-time coding schemeesual to the selected spatial dimension of the cage So
During each cooperative transmission (or retransmission), w}% Mo = Lo i tp lized ing is decided so that
assume perfect synchronization among thee transmitting _at D= =D ”.) a centralized mapping 1S decided so that a
nodes. It is understood that a negligible frequency offset aggferent space-time cheword 1S qsagn(_ad to each coopergtmg
a perfect timing advance is no longer guaranteed in realisﬂgde’ th.erefore vector in (2) coincides with the channel gain
conditions so that performance degradation is experienced _ctorh.. v=h. ) )
Under statc fading sssumption over the whole codewort ) i3 AR PR TR MURCNEE A SO0
durationp, the received signal at the DN noge(p x 1) s it ibited OSTC schemes with maximum likelihood (ML)
- P 7 . detection can be still decomposed injp scalar detection
Yy =\ C+n". &) problems for the unknown symbols, ..., s, (see [4] and

_ ) _ [18]). For each symbol, the instantaneous SNR at the decision
For both schemes the dimensidénx p of the code matrixC  yariaple is (recalling thak||s;|*] = 1):

can be decided according to the required outage probability

requirements?,,; (andg). Here, the spatiallf) and temporal P.
(p) dimensions ofC are denoted by the pail.(, pp) and p= Mp
(Lg, pr) for D-OSTC and DR-OSTC, respectively. Since

each row ofC is a linear combination of the unit powegr The probability density function (pdf) of the SNR at the
source symbolysi, ..., sq} (E[|si|2] = 1) (g = ¢qp for the DN node differs from the chi-squared distribution as for
D-OSTC andg = gy, for the DR-OSTC) and of their complex conventional OSTC [4] in that the average channel powers
conjugates such thaBC = kI, ., (andx is a constant), {Fi}fjl of the links are unbalanced. From equation (14.5.26)
the space-time code rate I8, = ¢/p < 1. According to the in [19] and recalling thai\/p, = Lp, the pdf ofp conditioned
selected inner code and modulation format, with the symboh T'z,, = [['y,...,T'z,]7 can be written:

rate R,, the overall transmission rate per unit bandwidth is

R = R,Rz.In(2)n ~CN(0,1,,) is the unit power additive PPy = LZD Ai(Tz,)Lp . (—?L]f ) 5)

p = Er[l|P,, ®)

REVIEW OF D-OSTC QUTAGE PERFORMANCES

In order to make the paper self-contained, here we briefly

[h?. (4)

white Gaussian noise vector with dimensigns 1. = I, P,
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where 4;(T'1,) = Hfﬁp%n The outage probability con- Every row and column ofz(k) is constrained so that
ditioned onI';, , reads:
ko GK)GK)" = diag(ky, ..., kL), (13)

D _ (B¢D _
Pout(LITLp) = Jo /7 (pIPep )dp = or equivalently 7% gi = 1, Ym = 1,.., Mg, and
L L M _ o
_ EDAi(FLD) (1 — exp (_ﬁ D)) ) (6) Zmilgf,m = kg, Vi = 1, ...,I./R. . .
= P, The number of cooperating terminals is greater than the

By averaging with respect to the pdf Bf, ,, the unconditional SPatial code dimensior.z, so thatMp > Lg. This set-
outage probability over the distributions of unbalanced relaf/ng, guarantees for DR-OSTC protocol that the probability

to-destination channel powers becomes: Pr (mnk [G(k)G(k)T} = LR) that all the Ly space-time
D D codewords are chosen at least by one terminal is greater than
Pou(Lp) = Er[Poy(TL, )] = zero. From (13) the vectov = [vy,...,vz,]" in (2) can be

_ Ty \PP.(LAIT, )d[ 2y written as a linear _combination ohdependenentries ofh
/pr( £o)Pou Lo T ep)dle, (1) from selection matrix:

wherepr (T ) = Hfjlpp (T;) is the_joint distribution of the v=G(k) -h~ CN(O,dz‘ag(fLR)), (14)
average channel powers for each link. - ) _
Under large SNRj = Ep[[]P, > Lpf, the outage hereT'r, = G(k) T, is theLr—length vector whoseth
probability for D-OSTC (7) simplifies to (Appendix VIII-A): €lement contains the sum of all thechannel powers of those
) I Lo terminals that choose to use the sairth coding matrix row:
Po[;t(LD) = ﬁ ( Dﬂ) . (8) I, = {I‘LRL = Z%ﬁlgi,mrm, fori=1,..., Lg.
D>\ pe For each symbol, the instantaneous SpRt the decision
Outage in (8) is similar to the outage performances of multiplgyriable is thus:
antenna OSTC scheme except for SNR degradatier{0, 1] _ B e 15
, : p V™. (15)
that accounts for unequal average fading powers on each link. Mg

More specifically, the degradation facterfor i.i.d. power is 14 outage probability conditioned dry , is:
(Appendix VIII-A): R

1 @ DM LalPry) =
T BRI - En[L] L - M
| - Brlel . = > A(Fr,) (1 — exp (—@ R)) (16)
However, following the definition of diversity order in [20], i=1 P,
the D-OSTC protocol still achieves the full diversity in the = _ Lr T, Lo
number of virtual antennasp as from (8) it is: where_ Ai(Cry) - H_@#i T,—T," Since: i) the random
b selection G(k) is independent on power I'y,;
Jim 1980 eu(Lp) _ ;- (10) i) the probabilty density function of Iz, =
p—00 log(p) G(k) Ty, is p(I'z,), and it can be decoupled as
IV. DISTRIBUTED RANDOMIZED-OSTC (DR-0STC) - Fr(k) - Pr(G(k)[k) - pr(T'ar,); i) for a givenk value the
ANTENNA SELECTION integral pl"(l—‘]y[R)Po}Zt(MR,LR|G(k)'FMR)dFMR does

Differently from D-OSTC, the DR-OSTC consists in thahot depend on the particular choice &f(k) € Gy, then it
each of theMy collaborating nodes randomly and indepenfollows that the outage probability averaged over thefS@g
dently chooses to serve as one of ihg virtual antennas by becomes decoupled into:
selecting a codeword from a space-time mafflxnow with
dimensionsL x pr. Performance depends on the probability PZ,(Mg, Lr) = Z Pr(k)-
that more terminals select the same space-time codeword k, ki+...4kL,=Mp

thus vyielding a loss of diversity. To focus on this, let be R
the (random) number of terminals that are using theh /pF(FA'IR)Pout(MR’LR‘G(k) "Tar ) p. (17)

ronRout of the L rows Of. _the coding r_n_atrnC .SUCh that The summation in (17) includes all assignmehts> 0 such
21 ki = Mp, the probability of a specific termmal_to_COdethatZLR k; = My as well as the channel power distribution
matrix row assignmenk = [k1, ..., kr,] can be modelled by =1 — R p

a multinomial distribution: pF(FMR_) = IL,.%1pr (Tm).

' Mx In [8], it is shown that the DR-OSTC protocol achieves the
Pr(k) = Pr(kr, .., ki, ) = Mp! (1> . (11) Mmaximum diversity order of.; when the average signal to
U TRk \ LR noise ratiop is lower than a threshold valye and My — .

In Appendix VIII-B, it is evaluated analytically the threshold

For any assignment vectdr, we useG (k) € Gy as anLg x
Mp, selection matrix associated to a specific random terminal- (fR:ll)
; ; - pr = BLy" " (18)
to-code matrix row mapping. The,(n) entry of G(k) is: pr = PLp '
1 if the m — th terminal chooses to serve whenp > Lg and Mg > L in terms of the selected code
Gom = as the? — th coding matrix row . matrix spatial dimensioii. z and of the number of cooperating
0 otherwise terminals M. For any finite value ofMg, andp — oo the

(12) diversity reduces ta as the least likely event that all the users
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Fig. 2. SNR degradation versus the ratial.;/d for path loss exponent Fig.3. Outage performances with respect to the average SdiRistributed

a = 2,3,4. Dashed line refer to the approximatian- d.;/d. Randomized OSTC (DR-OSTC) schemes with = 7 and M = 15
cooperating terminals compared to D-OSTC and conventional OSTC (MISO
OSTC lowerbound) withLp, = Lr = 3, d¢/d = 0.25. Outage for DR-
OSTC (20) is shown together with the SNR threshpjd(18).

select the same code (i.é;, = Mg andk; = 0 for Vj # i)

has a dominating effect on the outage performances. At finit |

SNR! j as far asp < p; (but still 5 > Ly for the limit (18)

to hold) the diversity order [21] of the DR-OSTC scheme car

be upperbounded as (Appendix VIII-B) 10

—log(P,% (Mg, Lr))
log(p)
By taking advantage of the results in (18) and (19), the outag

< L2~ (/Mr), (19)

Outage Probability
S

probability can be approximated as:
R bR 10°
Pout(MRv LR) = Pout(MRv LR) = —-o-- MISO OSTC \0\ D
—(1/Mpg) —(1/Mp) _ —— SISO NN
1 (PBLgr L2 R 5 Lg2 R)_1 | | == orose
IR\ 5 1+ 7t - (20) ~-o-- Approximation o
. P, = p >
Notice that outage of DR-OSTC (20) does not depend onth  w“s— 55 15 20 2 3
channel power unbalanee This key result is validated by the P (dB)

numerical analysis below and it can be exploited so as to ease

the task of code design in distributed systems Fig. 4. Same setting as in fig. 3 with a wider spread of cooperating nodes:
) dei/d =04.

A. Numerical results

Here the outage probability approximation in (20) is cofzre analyzed versus the ratif; /d. Figure 2 shows that for
roborated by numerical simulations. As shown in figure bach dispersion valué.;/d and different path-loss exponents
in the simulation setting the cooperating nodes are randomjy— 2, 3 4, it follows the SNR degradation valueaccording
deployed within a circular area (or cluster) of radilig, the tg (9). For realistic settings that limit the values of the ratio
distance between the cluster center and the DN nodess /4 (say 0.05 < d;/d < 0.5), numerical analysis shows
20d...; with respect to a reference distanégy, sayd,.; = that the SNR degradationis ¢ > 1 — d.;/d (dashed line)
1m. Each average channel powEf = (d;/d,.;)” “ takes \whenevera < 3.
into account a path loss term with exponentthe distance  Figure 3 and 4 show the outage probability for the DR-
d; between thei—th cooperating node and the DN node i®STC scheme withy = 3, 8 = 1, L = 3, du/d = 0.25
random and this makes; to be random as well. According (figure 3) andd,;/d = 0.4 (figure 4) versus the average SNR
to these choices, the probability density functipn(I') is 5 for A7, = 7 and 15 cooperating nodes. Performances of
evaluated numerically even if, in some cases, can be givefisSO OSTC bound and its distributed version D-OSTC are
analytically (e.g., for Alamouti withl.p = Lr = 2 [5]). FOr ~ shown as reference fov/, = L, = 3 (recall that transmitted
practical considerations, outage performance measureme¥ger for each node is scaled to highlight the diversity gain -

see Sect. Il). Outage probability approximation (dashed lines)

INotice that this is the most relevant case when distributed system:.is 20) i d with th . lated £ lid
designed to be energy aware as it is the case when the network Iifetime( ) IS compared with the simulated performances (SO|

has to be preserved. lines). Forp values less than the threshalg (vertical lines
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for both the Mr = 7 and 15 cases) the average outage WhereMR(LR,e,ﬁ) is the minimum required number of

probability decreases as if a finite SNR diversitylgf2— /M= cooperating nodes for any choice bf; (at leastLp >
could be achieved. Diversity convergesit@as long as SNR Lp). Notice that outage probability requiremeRy,,; is
p > pg. Since the slope of the curve does not abruptly embedded in.p asLr > Lp (recall thatLp is solution
change fromLz2~'/M= to 1, whenp > p, or p ~ p, the to (21)). To guarantee a fair comparison with the D-OSTC

proposed outage approximation (20) results in an upper bound scheme, the case dfr = Lp has been dealt with and
with respect to the real performances. In contrast to the D- analyzed separately. By substitutifig; = L into (23),

OSTC case, the SNR degradatien(or equivalentlyd,;/d the minimum number of cooperating nodes becomes:
ratio obtained from mapping in figure 2) has a minor impact
on the outage performances of the DR-OSTC scheme. The Mp > Mg(Lp, e, p). (24)

coherent combination at the receiver of the signals belonging
to the terminals that choose to serve as the virtual antenna For this case, being for a D-OST@/, = Lp, the

array results in a substantial reduction of the fading power quantity Mz — Mp > 0 is the minimum number of
unbalancing with respect to the fully coordinated D-OSTC  cooperating nodes for DR-OSTC that should be added

scheme. with respect to D-OSTC to meet the same outage require-
ment P,,; and simultaneously keep the same decoding

V. CODE MATRIX DESIGN FORDISTRIBUTED complexity at the destination DN node (&% = Lp).
RANDOMIZED OSTC SHEMES o For energy constrained networks where the number of

decoding nodes is limited (e.g., by a maximum transmit
power budget) ta\/gr and My < MR(LD,e,ﬁ), in Sect.
V-B the code design for the DR-OSTC scheme relaxes the
constraintLg = Lp by optimizing the spatial dimension
Ly (with Ly > Lp) of the code matrixC so that:

Here it is developed the code design rules for the DR-OSTC
protocol with any specified outage constraint. Although the
number of cooperating nodédr or Mp is a random variable
that depends on the broadcast phase duration, the transmit
power allocation, the node and the fading distribution [16],
here it is assumed that the number of decoding and cooperating R
nodesMpg or Mp is known by the source (or the DN) node Pout
(e.g., through a specific control channel). A discussion on ) ) )
more practical scenarios where the number of cooperating fOr @ny arbitrary number of cooperating termindify.
nodes is random and characterized by the probability density 1he problem is formulated by finding an orthogonal com-
function (available at the transmitter) is in Sect. VI. plex deS'gnC whose code matrix s.patlal dimensidr; »

The design for DR-OSTC is comparative with respect to satlsfles (25) and thus meets the given outage probablllty
the D-OSTC protocol. In other words, the aim here is to find ~'€duirement. Of course, the selected space-time code
the minimum number of cooperating nodes for the DR-OSTC ~ Matrix C should exhibit at least the same code rAg, .
schemelly, or the minimum required spatial dimension of Asufflc[ent condition fpr th.e existence of the solution for
the codelr, that should be employed to achieve the same &MY Lp iS Rr, = 1/2 (in this case a complex orthogonal
outage performances of the D-OSTC strategy, in terms of a d€SignC with R; > 1/2 exists for any value of.r
reliability requirement. At first, the D-OSTC design is carried [4])-
out by selecting the complex orthogonal des{grfor the D-

OSTC scheme with dimensiordsy, x pp that meets a given
link outage requiremen®,,; (at any given rate? or threshold A. Minimum number of cooperating nodes givep > Lp
(). This is carried out by solving fof. , the inequality:

(Mg, Lg) = PP (Lp), for Ry, > Ry, (25)

Lp
b Let PP (Lp) ~ (L8 be the outage probability for
PP (Lp) < Pout. (1) — e . b
ou the OSTC wherp > Lpf as in (8), by exploiting outage
According to (8), the spatial dimensidhy, solution of (21) is approximation (8) and (20), the inequality (22) reduces to:
a function ofP,,; (and of the pairp, ¢), therefore the outage i i
requirementP,,; is mapped onto a required spatial dimensior( LDﬁ) Lo - <LR5> Lr2™ /TR ( p )LR2 -l

Lp of the D-OSTC space-time coding matrix. Next, for the Cpe p 1+ A

Lp that follows from (21), a twofold design approach is (26)
proposed for the DR-OSTC that has the same outage asvithere in general.r > Lp. Requirements for the minimum
OSTC: number of cooperating nodes satisfying (ZMR(LR7€,ﬁ),

« For a given complex orthogonal desighwith dimension are derived in Appendix VIII-C (notice that in this case
Lr > Lp and such that the rat&,,, > R;,, code decoding complexity for DR-OSTC is higher than D-OSTC).

design for the DR-OSTC scheme is dealt with in Sect To ease the explanation, here we consider the particular

V-A by defining Mg from the inequality: case where the randomized space-time coding employs the
R I same codeword matri¢ as for the D-OSTC, thuér = Lp.
Pout(MR, Lg) < Pyy(Lp). (22) This allows a fair comparison between the two transmission

strategies by preserving the same decoding complexity. By
i substituting L = Lp into (26), after straightforward al-
Mg > Mgr(Lg,€,p), (23) gebraic computations)M i can be lower bounded by (see

Design rules will be held in the form:



SAVAZZ| and SPAGNOLINI: DISTRIBUTED ORTHOGONAL SPACE-TIME CODING: DESIGN AND OUTAGE ANALYSIS FOR RANDOMIZED COOPERATION 7

Appendix VIII-C): 10

Mp > MR(LD7€7[)) = 10°
]\Zfl(zl)(LD, €,p), whene > LBULD

= 1+ (Lo~ Dlogy,, (%) +logz, (), (D) £
el
whene < LY/ 7P g .
£ 10
where )
(1) p o S
MRl = max{ {logQ (log Tk ( ))} N D-OSTC 4705 NIy =
Lpp ol e MisoosTC \\’\\;\\
5 — SISO S
1+ (Lp-1) logy,,, (;)} (28) _— =
10 12-5 0 5 10 15 20 25 30 35 40
P (dB)

B. Code matrix design givei/y

If the number of cooperating nodes is fixed (e.g., due #y. 5. Outage performances of D-OSTC withp, = Mp = {2,3}

a transmit power constraint) td/g, code design can be Versus the average SNRfor d.;/d = {0.2,0.5} anda = 3 (eachd,;/d
. - . . 2 value corresponds to a specific SNR degradatioevaluated from figure
equivalently stated as finding the spatial dimensiog (that 2). Conventional OSTC scheme (MISO OSTC lowerbound) and the single

is Lr > Lp) of the DR-OSTC code matriC (Lz x pr) SO antenna case (SISO) are shown as reference.
that:

Pout(LD) Pout(MR’ LR) Pouf(MR7 LR) (29) % L. =3
D=

with Ry > Rp,. Notice that, from the previous design X Simulated
setting, if M < Mg(Lp,e, p) then Ly > Lp, in other
words the space-time codeword dimension of the DR-OST(
should be larger with respect to D-OSTC to guarantee th
same outage requirements. Solution might not be found whe
Rp, > 1/2 as the maximum achievable code ralg
decreases ad. increases. As a reference, in [23] it is
shown that the maximum achievable code rate satisfies tt
rule R; = (n+1)/2n, wheren = [ﬁR/ﬂ.

.
Ly=3

20

P =24dB

Number of cooperating nodes M,
>

p S p=16dB

Similarly as before for large SNR wit > Lz3 and by }_{,_(_f_{ ______ .
exploiting the outage approximation (20), the spatial dimen 10
sion Lr > Lp should satisfy (26). 02 0.25 03 / 0.35 o4 X 045
]d
C. Code design examples Fig. 6. Minimum required number of cooperating nod&sx (Lp, ¢, 5),

. . ersus the ratid.; /d, for Lp = 3, p = 16dB andp = 24d B: approximated
Here the outlined DR-OSTC design rules are corroboratg ults (solid lines for the casey — Lp — 3 and dashed lines fok., —

by extensive numerical examples. In what follows it iS emE, + 1 = 4) obtained through the proposed design strategy (Sect. V) are
poned a complex orthogonal deS|gn such IMD 1/2 compared with numerical simulations (cross markers).
(andLp > 1). Figure 5 shows the outage probability for a D-
OSTC scheme versys with d.;/d = 0.2 and 0.5 (see Sect.
IV-A) and for Mp = Lp =2, 3. For the case ofLp = Lp = 3 (fig. 6 - solid lines),

In figure 6 the minimum required number of cooperatinghe required number of relays (L p, ¢, ) is from (27): as
nodesMg(Lg, ¢, p) is investigated for the DR-OSTC schemehe d,,/d ratio decreases (or equivalently,approachesl),

to achieve the same outage performances of the D-OSTderformances of the D-OSTC in terms of outage probabil-
The caseLr = Lp, in solid lines, accounts for the samety converges to the lowerbound obtained with conventional
decoding complexity at the receiver, the cdse = Lp +1 OSTC (see fig. 5). For — 1 it is (from (28)):
is in dashed lines. Design examples are discussed for varying
dq /d (recall that SNR degradationis related to geometrical N B p -1
parameterd,; /d from figure 2) ranging betweeh2 and0.42, Mr(Lp,¢,p) = {1°g2 < e (W))} =
SNRp = 16dB, 24dB and Lp = 3. The code design analysis 1 5
reveals that the minimum required number of collaborating ~ 1 logs (L> , (30)

: , : : € ppB
nodes can be reduced, in any case, by trading with decoding
complexity at the receiver. The resulting settings are validatéte number of required cooperating nodes for the DR-OSTC
by simulating the outage performances from (7) and (1i¥f)creases withi/(1—e). On the contrary, when the propagation
(cross markers). environment is such that (from (27)) < L VLo~ .69
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65 L Jd=025 by the Mg cooperating nodes (see (393) is larger thap is
’ Pr(i > Lp) = 1= (1, %, 41) (2252) " ~ 1. This latter

condition guarantees that at least the same diversity degree
Lp of the D-OSTC protocol is achieved by the randomized
scheme. A complexity trade-off between the minimum re-
quired number of cooperating nodédr and the required
decoding complexity at the receiving node has to be accounted
for. Comparing solid and dashed lines in figure 6, it turns out
that, by lettingLr = Lp + 1 (thus by increasing the spatial
dimension of the space-time code by one), the minimum
number of cooperating nodeZéZR(LD + 1,¢,p) is reduced
approximately by half value with respect a5 (Lp, €, p).

For the sake of completeness, figure 7 shows how the
25 y S 5 - required number of cooperating nodes of DR-OSTC is affected

D-OSTC code matrix spatial dimension Z,, for an increasingLp. The ratio between the number of

required cooperating nodes for DR-OST®&/[; (both with

e o e e o o vosaan S S — L and L = Ly + 1) and the required nodes fo
ﬁ‘ﬁes) of Maltm £ Lo 7) ((Lashed ines) - for the R busl aniyy the D-OSTC schemeMp = Lp, is visualized for various

versus the D-OSTC code matrix spatial dimensiop. Both 5 = 1645 and required diversity degreebp.
24dB cases are considered.{/d = 0.25).

VI. COOPERATIVEPROTOCOLSDESIGN WITHDR-OSTC

o2 SCHEME
L/R =]L“0=23_ In this section the outage constrained code design developed
-_ dafd =025 so far is tailored for a more realistic environment where the
3 p=16dB X M,

number of decoding relays is random due to propagation
environment and random node distribution. By analyzing the

>

=T N two cooperative protocols outlined in Sect. I-A, we develop
%10 simple design rules that can be effectively implemented to
% guarantee the required system performances.

& 10° In realistic propagation environments, due to mobility of
3 p=24dB terminals and decoding errors at the relays, the number of

active nodes that successfully decode and collaborate during
the cooperative transmission is not known when the space-time
code matrix is designed. As an example, when considering
the fully coordinated D-OSTC protocol, if one of thiep
5 10 15 20 25 30 selected nodes of the cooperative set fails in decoding or
Number of cooperating nodes M becomes inactive (due to high node mobility), performances
Fig. 8. Outage probability (20) for the DR-OSTC scheme with respect {(Bn terms  of °‘?ta9e_ or BER_ probability) would IOO_Se the
the number of cooperating nodégz when s = 16dB and24dB (d.;/d = Tull degree of diversity and this cannot be tolerated in some
0.25). Dashed orizontal lines refer to the outage performances for the Bases. As a consequence, to guarantee a certain level of
e o o et % matojo 10DUSIESS, the protocl requires an acknowledgment phas
all cases (same setting as in figure 6). from the collaborating nodes before the mapping set-up. This
overhead could severely affect the overall packet delivery
delay and thus the system throughput. On the other hand, a
DR-OSTC protocol neither requires the knowledge of which
(or for large cluster size ad.;/d ~ 0.36, and Lp = 3), node is going to collaborate, nor an acknowledgement phase
requirements or/r become less stringent. that would increase the MAC layer complexity. The robustness
For the case ofLp = Lp + 1 = 4 (fig. 6 - dashed of the DR-OSTC scheme with respect to the number of
lines), the minimum required number of cooperating nodespoperating nodes is shown in figure 8. The outage probability
MR(LR,e,ﬁ), satisfies (26). The code spatial dimensibp obtained from approximation (20) for the DR-OSTC scheme is
is greater tharl. , to benefit from higher diversity at the priceanalyzed with respect to the number of cooperating nddgs
of an higher decoding complexity of DR-OSTC with respedfor d.;/d = 0.25) when 5 = 16dB and 24dB; the analysis
to D-OSTC. The minimum required number of cooperatingere is limited to the casér = Lp, (24) (for Lp = 3).
nodes decreases for any valuecafhen compared to the caseDashed horizontal lines refer to the outage performances for
Lr = Lp = 3 (solid lines). As a simple argument to justifythe D-OSTC case withh/{p = Lp = 3. The minimum
this behavior, notice that, for any/y > Lp, when the code number of cooperating node?éfR(LD,e,ﬁ) can be obtained
spatial dimension of the DR-OSTC schethg increases, the from figure 6 (ford./d = 0.25) and it is indicated by
probability that the number of code matnX rows selected cross markers. We notice that, although an higher number of

5
107} p-OSTC
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Distributed MISO protocol

Incremental relaying protocol

10° 107
3 p=16dB o P =16dB
10
2 o 2 .
N 4 — ] L W Wy At ~ ettt -
10 Z 10
Qo 3
£ S
o =W
O 5 o S - )
g10 & 10 p=24dB .,
3 . S L,=1,=3 ’
~ A = ) =)
O L,=L,=3 IS W R B 1
105 2 =0.5nodes/m” DY S el 10° Py =10dB
© Optimal solution of (32) O Optimal solution of (32) ~ ~~=1---%5@eec-=-"---
X P, -- D-0STC ) 8 -- D-0STC
107 107 - . -
6 8 10 12 14 16 0 0.5 1 15 2

Source Transmit Power P (dB)

Fig. 9. Outage probability at the destination BS for the DR-OSTC scherfidd- 10.

Node density 4 (nodes/n?)

9

Outage probability at the destination BS for the DR-OSTC

(Lr = Lp) with respect to the source transmit powBe in case of a Scheme [ r = Lp) with respect to the local node densityin case of
distributed MISO protocol. Neighbor nodes within the transmission clust8f incremental relaying protocol. Neighbor nodes within the transmission
are distributed according to a Poisson random point process. Dashed lifiister are distributed according to a Poisson random point process. Dashed
refer to the outage performances for the D-OSTC case Wjth= 3 while  lines refer to the outage performances for the D-OSTC case jsh= 3
outage probability requiremefi,.; is indicated by circular markers. Lower While outage probability requiremefl,.¢ is indicated by circular markers.
bound Pg to satisfy the same outagB..: for DR-OSTC is indicated by Lower bound\ to satl_sfy ;he same outage,, for DR-O_STC is mthated
cross markers, while circular markers refer to the optimal solution to (32).by cross markers, while circular markers refer to the optimal solution to (32).

cooperating nodes is required with respect to the D-OST@des within the areal = mry is:
scheme, in practice, it can be substantially reduced with

respect toMz(Lp,e, p) at the price of a negligible outage g
probability increasing. This shows that DR-OSTC is not too Mp!

sensitive toMp, if Mg ~ Mp. with average number of decoding nod€s , [Mxg] = Arr2 =

AT (Pg/ﬂ)z/"‘. The distributed MISO protocol requires a
A. Case study for Poisson random networks in short rangoadcast phase where the transmit power of the source
wireless environments node Ps is designed to meet the (average) outage probability

For completeness, starting from the previous results, Weauirem e.nﬂDOUt at the DN when employing the cooperative
nsmission protocol:

now assess the performance of the DR-OSTC scheme wrtlré"l
applied to both the distributed MISO and the incremental
relaying protocols outlined in Sect I-A. To model the random
number of decoding (or cooperating) nodes it is adopted a

“disk model” for the links between the transmitter and the '€uhere Polzt(MRJR) ~ ﬁ(ﬁt(MR,LR) is the outage for a

lays. This model is known to be suited for short range Wirele§§ace-time coding matrix (20) withgr = Lp (recall thatLp
applications [14] where the fading condition is favorable duig fixed and solution to (21)) and the weighted summation
to a dominant line of sight component. Notice that for the linky nas from the total probability law. By taking advantage of
between source and relays, the stochastic nature of the fading resuits in Sect. V, and selecting the power leRglsuch
channel (and thus the fact that the SNR is a random varial ﬁgt the average number of decoding rela,ys,(PS/ﬁ)Q/"’,

is neglected even if it would be straightforward to COﬂSIdeé'qua|S the minimund/x(Lp, €, p) — 1 (we assume the source

more complex schemes. .. node s collaborating, even if other strategies may be employed
According to the disk model, a successful transmission 1 well), it yields the lower bounds on power as:

a relay at distancel,. occurs as long as the received SNR

(Amr2) ™

Pa(Mg) = exp(—Anry) (31)

Z Polzt(MR + leR)PA(MR) == Pouta
Mpr=0

(32)

exceeds the threshold: Psd. * > [, where Pg is the ) MR(LD e,p)—1 /2
broadcast power level (normalized with respect to the unit Ps > Ps=f 7;/\’ : (33)
power AWGN noise), in generdPs # P,. The node range,

for successful transmissionig = (Ps/ﬂ)l/“ and, according we refer to Appendix VIII-D for a detailed proof. Notice that
to the geometrical model illustrated in Sect. IV-A, the radiuhe minimum power levelPs can be derived at the source
of the cluster of cooperating nodesdg = r,. node with minimal signalling exchange with the DN based
Let the terminals be distributed in the plane according ttn the knowledge of the local neighbor node distribution
a Poisson random point process with node densitythe (e.g., the local density\x for a Poisson random network),
probability of M successfully decoding (and thus cooperatinghe required diversity ordek p, the performance degradation
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e > 1—d./d, see Sect. IV-A, (such that condition (21) holds) VII. CONCLUDING REMARKS
and the average SNR _ _ _
When considering the incremental relaying protocol, the 1HiS_Paper considered two cooperative protocols where

source power is fixed so as to guarantee a given link reliabili§anSmission of symbols (corrupted symbols in case of incre-
towards the DN. In this case the design should be focused @ﬁntal relaying) is relayed by a number of cooperating nodes

the minimum node density to guarantee an (average) outaggmploying a distributed orthogonal space time coding scheme.

probability at the DNP,,,; after the cooperative retransmissionoUtage performances of the system have been analyzed assurr

(perfect feedback channel from DN to the node cluster 19 @ Distributed Randomized Orthogonal Space-Time Coding
assumed, one single retransmission phase is allowed by i;ﬁgeme (DR-OSTC) to be employed by the relaying terminals

system). Similarly as before, the node density has to gélring the cooperative transmission session. Within this class,
designed so as to satisfy (éZ) moreover it is viable tﬁ@e focus is on the randomized antenna selection scheme that

evaluation of a lower bound fox: requires each cooperating node to chora_;wlom_lyandinde-
pendentlyto serve as one of the space-time virtual antennas.
- 2/a The DR-OSTC has been compared with the distributed space-
A> A\ = Mp(Lp;¢,p) (5> , (34) time coding schemes (D-OSTC) and the conventional multiple
- m Pg antenna based OSTC. Moreover, simple and accurate desigr
rules have been provided for the required minimum number
details can be found in Appendix VIII-D. The evaluation obf cooperating nodes/; (Sect. V) and for the space-time
lowerbound allows the source node to decide whether or nebde matrix spatial dimensiohy of DR-OSTC so as to meet
the node density is enough for a cooperative retransmissioratspecific outage probability requirement at the destination
guarantee the required outage reliability lefgl,;. node. A trade off between the number of sensbfg and

In figure 9 and 10 we assess the tightness of the propos&gtial dimensiorL r should be exploited as the requirements
lower bounds for both the cooperative protocols consider€8 Mr might be less stringent when increasing the spatial
here. We show the outage probability at the destination DNmMension L > Lp) of the complex orthogonal design
node for a Poisson random network obtained from the sufiesulting, however, in a decoding complexity increase at the
mation in (32) with P2, (Mg, Lg) ~ PE (Mg,Lg). On DN node).
figure 9 the required transmit powd?ts at the source node Due to its inherent distributed structure, the DR-OSTC
during the broadcast phase of the distributed MISO protocolhi@s proved to significantly reduce the required amount of
investigated. In figure 10 the analysis focuses on the require@ntrol overhead (if compared to the D-OSTC scheme), as
node density according to the incremental relaying protocddoes not need any pre-defined “terminal-to-code matrix row
Results are shown fakr = L, = 3 and for variouss values mapping”, nor an acknowledgement phase among the collab-
(the cluster radiug,; is defined according to the source transorating nodes. However, this property can be accomplished
mit power Ps), cross markers refer to the minimum sourcét the price of an increased number of cooperating nodes
power P (on figure 9) and node density (on figure 10). As when compared with D-OSTC that requires careful design of
before, dashed lines refer to the outage performances for the source transmit power (when considering the distributed
D-OSTC case where the maximum number of cooperatifiSO protocol) or the minimum sensor density within a given
nodes is constrained td/p = Lp. Notice that, regardless deployment area (when considering the incremental relaying).
of the cooperative protocol, a low source power leisl or By noticing that, whenLr = Lp the outage performances
node density\ would result in a lack of cooperating nodedre still maintained even if some nodes cannot cooperate due
and thus performance loss. Moreover, being diversity providéal decoding failures, protocol design rules are also given for
by the ST code limited td., from (21), a large source powerpractical environments.

Ps would cause performance degradation due to the increase®ince the DR-OSTC protocol substantially reduces the
cluster size (and SNR degradatign Although the DR-OSTC MAC layer complexity as it allows for a full distributed imple-
scheme requires an higher demand of network resources witentation of the space-time coding among the collaborative
respect to D-OSTC (in terms of an increased source powterminals, this scheme offers a valuable solution for future
or node density), it does not need any acknowledgemeartoperative wireless communication systems.

phase among the collaborating relay nodes before starting the

cooperative transmission and this results in a significant MAC

layer complexity reduction (together with a reduced packet VIII. A PPENDIX

delivery delay). In both cases the boundy = Ps and . .
A = X are tight in estimating the optimal solutions (circulaﬁ' Diversity and SNR loss for the D-OSTC

markers) for the outage probability requiremeRs,;. The  For a given vectol',, assumingp > Lp/3, the outage
latter result can be motivated by recalling that wheg = probability can be approximated as [22]:

Lp the number of cooperating nodes can be substantially

reduced with respect td/x(Lp, ¢, p) with still a negligible PP (Lp|T1,)
performance degradation (see figure 8). Since small outage °* P
performance loss with respect to the optimal solution (32) Lp 8L
can be experienced, the results in (33) and (34) are useful in = ZAi(FLD) (1 — exp <_F-P ))
designing practical cooperating protocols. i=1 v

()"
P,

a LD!HiL:D1Fi.
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By averaging with respect to thep i.i.d. fading powers and where E, (Hp 1k ) is the average value of the product

recalling thatp = P,.Er [['], the outage probability becomes: Hp:ﬂfp over all the possible combinations = [k, ..., k;]”

U/ BLeEn [T\ Lo Lo r, such thaty! _ k, = M. For eachi, By, (Hp Ky ) can
Ply(Lp) = Il (ﬁDP_FH> H/pr( ) L = be upperbounded by the combination that gives the maximum
. diversity of i, thus Ex, (Hp 1Ky ) < (Mz)*,
= P,u(Lp) <EI‘ T Ep {1]> (35) The diversity order for any finite value df/; is 1 as
ou F b
where P,,;(Lp) is the outage probability for a conventional  im —log(Pyi (Mg, L)) <
OSTC scheme that fgs >> L reduces as [22]: p—oo log(p)
Lg
Lp —1og( Pr(i) (£ >
Pout(LD) ~ Li <LDﬁ) . (36) - 1;1 ( ) ( P) F L (41)
pEAP log(p)

Lp .
In (35) (Er [I]- Er [1:]) ™ is the performance loss due toHowever, whenl/y, is large such that
unequal average fading powers. We may now rewrite (35) as

. . . . L Mgr—1 Lr—1
in (8) py highlighting the SNR loss due to the distributed Pr(1) = 1 < g (42)
space-time scheme. Lp p

Notice that, for any given (deterministic) vec®y, ,,, being,

in this casep = P, (Z Ay ) /Lp andp > Lpf

Lp
P (LplTyy) ~ o (PE) (i)
out PR ER I LEPTIEA T,

thus, similarly as in (8) we may write:

then, using the result in (40) and the Jensen inequality, the
diversity performance at finitg [21] (but still p > Lg(3) can
Lp be upperbounded as:

’ (37) log( out(MRvLR))
log(p)

Inequality (42) is satisfied as long as:

L 1
< 3NiPr(i) < Lp2 V. (43)
=1

1 ﬁLD Lo Mp—1 —
PRI = 7 () O g = LY or b > 1 (L= Do, () (40

wheree(T' ) = K HLD T, /Zf_”ll“i} models the  Exploiting results (41), (43) and (44), outage curve versus
SNR loss for any arbitrary selection ®f,,, vector. p (p > Lrf3) can be thus approximated as:

PR

out

(Mg, Lg) ~ P&

out

(MRaLR)
B. DR-OSTC ( e )1
From the multinomial analysis proposed in Sect. IV we _ 1 (LRﬁ) #riw <1+ _p> o .

— (45)
define: Lpg! P Pt

Pr(i) = Pr(m =) = C. Required minimum number of cooperating nodi&s when

_( L= i i _ Lr i1 i Lr=>Lp
Lr—1 Ly Lrp—1+1 Lr Mp—1

(39) Whenp < gy = BLIQR’I equation (26) becomes

as the probability that (with i < Lg) rows of code matrix Lps\L» LB S
C are selected by thél/p cooperating nodes. Assuming < D ) ( i ) , (46)
p = P.Er[l'] > LrB and Mr > Ly such thatl; = P P

Yoo GimUm =~ kiEr[l'], i = 1,..., L, (almost sure con- after straightforward algebraic computatioddy can be de-
vergence is guaranteed as long s — oo) we derive a signed as:

lower bound on the outage probability:
MR 2 M{fﬁt (LR7 €, ﬁ) =

Pout(MR? LR) _ —1
Lr N i i —1i = max{ | lo Lr L
> / pr<FMR)ZWW(PTAfg¢,um) dT s, - = \Zo Lrf ’
i=1 v = 1+ (LR - 1) log,,. (p/B3)}. (47)
LRP . M Z\/IR 1
> Zl 251) ( Rﬂ) <Hk‘ )] > Whenp > p, = ﬂL 7~ inequality (26) reduces to:
Lp =) -1
> z Px(i) (ﬁ) = (40) (LDﬂ) > m (stn) (ﬂL( “”’R>/p> . @8)
=1 pJ v €p Pt
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thus My can be numerically derived (assuming¥/2 ~ 1) 7]
by solving:
My > 1+ (Lp — V)logy,, (%) +1ogs,, (eLfr/Lr)  ©
Mg <1+ (Lg—1)log;, (g)
(49) 9]

By combining conditions (47) and (48), the minimum numbe[EO]
of cooperating nodes reads:
. [11]
MR Z MR(LRa€7ﬁ) =

NI (Lg,,p), whene > (Lg)~ /e

14 (L = Dlogy,, (%) +1ogs,, (L7 /L),
—(1+K)/Lp

[12]

whene < (Lg) (13]

where K = log . (LﬁR/LLDD) —(Lr — Lp)logy, (p/B). a4

D. Source power and node density design (151

Although equations (32) can be easily solved for bfth [16]
and )\, by numerical analysis (even for a generic probability
density functionP4(Mg)), here a simple (and practical) lower(17]
bound to the solution is derived. By using the Jensen inequality
and by noticing that the outage probability curve is convex
with respect to the number of cooperating nodes (see figuite]
8), equation (32) can be simplified to:

. [19
Pout > Py (Bp,[Mr], L) (50)  [20]

By following the same steps as in Section V, the average value
Ep,[Mg] has to be constrained so that (21]
EPA[MR] > v, (51)

where ¥ Mg(Lp,e,p) — 1 for the distributed MISO
protocol and¥ = Mp(Lp, €, p) for the incremental relaying 23]
protocol. Assuming a Poisson random network where the disk
model applies, the design rule in (51) can be simplify into:

A i/ (Ps/B)* > W, (52)

by solving with respect to the source powBs or the local
node density\ we obtain (33) and (34), respectively.

[22]
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