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Abstract—In this paper, we propose two ad-hoc, yet efficient,
power allocation strategies for a decentralized distributed space-
time block coding (Dis-STBC) system where knowledge about
the channel state information (CSI) is not available at the
transmitter(s). The first is an open-loop strategy which requires
no control signaling; the second is a feedback-assisted strategy
which requires some control signaling, but which can achieve
better power-efficiency. Focusing on a particular decentralized
Dis-STBC scheme (m-group), the asymptotic outage probability
is derived and the power-efficiency advantages of the proposed
strategies over a uniform-power strategy are illustrated by
evaluating the outage and link failure probabilities.

Index Terms—Cooperative diversity, decentralized distributed
space-time block coding, power allocation.

I. INTRODUCTION

OOPERATIVE diversity is a set of techniques that ex-

ploits the spatial diversity available among a collection of
distributed single-antenna terminals [1]. A two-stage relaying
strategy has been used in most proposed cooperative systems.
In the first stage, a source transmits and all the other nodes
listen; in the second stage, the relays cooperate to retransmit
the source message to the destination. Several relay manage-
ment strategies have also been devised. In selective decode-
and-forward relaying, a node is called a decoded node if it can
correctly decode the source message; then, some subset of the
decoded nodes is selected to forward the source message to
the destination. In [2], a distributed space-time block code
(Dis-STBC) was proposed in which each relay transmits one
unique column of the underlying STBC matrix. So that each
selected relay knows which column to transmit, most of the
proposed Dis-STBC schemes (for example, see [2-6]) require
a central control unit or full inter-node negotiations.

Several decentralized Dis-STBC schemes have been pro-
posed to implement code-assignment at the relays without
control signaling (for example, see [7-9]). One approach to
implement relay selection without control signaling is for each
node in the decoded set to retransmit the source message;
this is called the All-Select strategy. To also implement power
allocation in a decentralized way, one possible scheme is for
all nodes to use the same fixed transmit power; we call this
the Uniform strategy. In [10], for centralized Dis-STBC, a
near-optimal power allocation is proposed. In this strategy, by
assuming each potential relay knows its local mean channel
gain to the destination, some decoded nodes which have good
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mean channel gains are selected as the relays. With the help
of centralized control, each relay obtains knowledge about the
number of relays and which column of the underlying STBC
matrix to transmit. Each relay then transmits with a power that
is approximately equal to the power used by the source divided
by the number of relays. The near-optimality of this strategy
partly comes from the mean-CSl-assisted relay selection and
partly from dynamically adapting the underlying STBC matrix
so that the number of columns is equal to the variable number
of selected relays.

In this paper, we focus on power allocation for a decen-
tralized Dis-STBC system that uses a fixed underlying STBC
matrix and employs a decentralized relay selection strategy
(All-Select). To incur the minimum overhead, we assume that
a pilot-assisted approach is used to enable the receiver(s)
to estimate the CSI, as in IEEE 802.11a/b/g standard; the
receiver(s) do not feed back the estimated CSI to the trans-
mitter(s). When knowledge about the CSI is not available at
the transmitter(s), it is very challenging to design an efficient
power allocation strategy. Based on this assumption, in this
paper, we propose two ad-hoc, yet efficient, power allocation
strategies. We first propose an Open-Loop strategy; in this
strategy, the power used by each relay is equal to the power
used by the source divided by the number of columns in the
given underlying STBC matrix. Since the underlying STBC
matrix is fixed, the information about the number of columns
is known to all nodes a priori, so, this strategy can be
implemented without any control signaling. We also propose a
Feedback-Assisted strategy; in this strategy, the power used by
each relay is equal to the power used by the source divided by
the number of nodes in the decoded set. The implementation
of this strategy requires control signaling to inform each
relay about the number of decoded nodes. To illustrate the
efficiency of the proposed strategies, we focus on a particular
decentralized Dis-STBC scheme, m-group Dis-STBC [8] in
which each relay randomly and independently chooses one
column from the underlying STBC matrix.

The power-efficiency advantages of the proposed strategies
when compared with the Uniform strategy are illustrated in
Section II using asymptotic outage analyses for m-group Dis-
STBC. Then, in Section III, in a random network, under
realistic propagation conditions including the effects of path
loss and flat Rayleigh fading, the outage and link failure
probabilities are evaluated.

II. ASYMPTOTIC OUTAGE ANALYSIS

We assume a two-stage protocol that uses a selective
decode-and-forward relaying strategy. In particular, we con-
sider a network with M single-antenna nodes. When one
source-destination (s,d) pair is active, all the remaining M-
2 nodes can serve as potential relays. The decoded set is
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defined as the set of N (IN<M-2) decoded nodes. Note that
the decoded set is random, varying with the instantaneous
channel gains. Assume that the All-Select strategy is used;
then, all the N decoded nodes will act as relays to forward
the source message. We assume that nodes cannot transmit
and receive simultaneously. In addition, we assume a quasi-
static propagation environment and perfect synchronization.
(See [11] for a possible approach to deal with frequency and
timing offsets.) Let the instantaneous channel coefficients
«y; ; capture the effects of path loss and flat Rayleigh fading
between node ¢ and node j. Denote the mean values of the
channel power gains |as 4| and |o4)? as psq and pjq (J
= 1,..., N), respectively. Denote Ps as the transmit power
of the source node and P, as the transmit power of each
relay. When coding is used and the code rate is smaller than
one, Ps and P, represent the power per information symbol.
In practice, for a well-designed system, the source power P
could be a fixed reasonable value and be known to all nodes
a priori. (Even if the system allows the source to dynamically
adjust its own transmit power, in practice, the source can attach
this information in the packet header using just a few bits.)
The noise is assumed to be additive, white, and Gaussian
with variance Ny per complex dimension; without loss of
generality, Ny is normalized to 1. A two-stage transmission is
in outage if the signal-to-noise ratio (SNR) at the destination
is below a given threshold 7. The outage probability at the
destination is denoted as pouyt,d-

Denote S as the given underlying L-column STBC matrix
where the row of S indicates the time index and the column
indicates the transmit antenna index. For m-group Dis-STBC,
m is equal to the number of columns L. When using the
m-group scheme, it is equivalent to dividing the relays into
m groups (i.e., L groups), where the relays within a certain
group transmit the same column. However, this scheme does
not ensure the maximum possible diversity order, L, because
some columns might not be chosen by any relay, so that some
groups (out of the L groups) might be empty. Let V' (1<V <L)
denote the number of distinct columns randomly selected by
all the N relays; this means the number of non-empty groups
is V. Further, denote D, as the v-th subset of the decoded set
(v =1, ..., V). The column chosen by the relays within D,
is denoted as the v-th column out of the V' randomly selected
distinct columns.

When the number of columns L is a given finite number, as
the SNR and the number of relays /N tend to infinity, m-group
Dis-STBC achieves an asymptotic diversity order of L [9],
that is, the number of randomly selected distinct columns V'
(1<V <L) is asymptotically equal to L. Then, by exploiting
results given in [12] for m-group Dis-STBC, for any given
decoded set and particular random column-selection by the N
relays, when both the SNR and NV tend to infinity, we get

nf /(L + 1)

L . .
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In (1), the notation = means "asymptotically equal". When
the SNR tends to infinity, the source transmission in the first
stage is perfect so that the decoded set becomes the entire set
of potential relay nodes (i.e., so that N=M-2). Thus, when
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the number of columns L is given, for any particular random
column-selection by all the N relays, the asymptotic outage
performance shown in (1) only depends on P, and P, (i.e.,
only depends on the particular power allocation).

When the total power consumption for the two stages
P=P,+NP, is given, for the Uniform strategy, P,=F,=
P/(1+N); for the Open-Loop strategy, Ps=P/(1+N/L) and
P.=P;/L=P/[(1+N/L)L]; and for the Feedback-Assisted
strategy, Ps=NP, so that P;=P/2 and P.,=P/2N. Then,
based on (1), we get

Uniform:
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Feedback-Assisted:
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out,
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o 2811
= N Pout,d|Uniform
25 L
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The second asymptotic equalities in (2) and (3) are obtained
by letting N tend to infinity so that the term 1/N in (2) and
the term L/N in (3) are approximated as zero, respectively.
For (4), the second and third equalities are obtained by directly
replacing (2) and (3) into the first equality; here, the reason we
do not let the factors 27+ /N and 25+1 L /N be approximated
as zero is: (a) when N —o0, the speed of convergence to zero
for the factors 2£71 /N and 2XF1L /N is much slower than for
the term 1/N in (2) and the term L/ N in (3), respectively; (b)
if the factors 2L+1 /N and 2E+1L /N are retained, the second
and third equalities in (4) will be less approximate than if
these factors are reduced to zero.

According to (2) and (3), the Open-Loop strategy can
asymptotically achieve better outage performance than the
Uniform strategy; this is reflected by the factor 1/L. Accord-
ing to (2)-(4), the Feedback-Assisted strategy can asymptoti-
cally achieve much better outage performance than the other
two strategies; this is reflected by the factors 2E+!/N and
2L+1L /N which are much smaller than 1 when L is a given
finite number and N is an asymptotically large number.

Remarks: Here, since the non-asymptotic analysis is math-
ematically intractable, we use the asymptotic analysis to
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provide some analytical results for the two proposed power
allocation strategies. In a practical network, the number of all
the potential relays M -2 will always be a reasonable number;
thus, even when the SNR tends to infinity so that N=M-2,
N will not be very large. In addition, when the SNR is not
very large, the first stage cannot be perfect; then, for any one
particular power allocation strategy, the decoded set might be
only a subset of the set of all the potential relays so that
N<M-2. Thus, in practice, when the SNR and the value
of N are not very large, the asymptotic outage performance
given in (2)-(4) will not be that tight when compared with
the practical performance; but, the asymptotic outage analysis
still provides an indication of the maximum advantages of the
proposed strategies under ideal scenarios.

III. SIMULATION RESULTS

In this section, under realistic propagation conditions, the
outage and link failure probabilities of m-group Dis-STBC are
evaluated for different power allocation strategies.

A. Simulation Environment

We consider a square coverage area with diagonal dimen-
sion dyax and M uniformly-distributed nodes. The channels
include the effects of path loss and flat Rayleigh fading. The
end-to-end outage probability of the farthest (s,d) pair is first
evaluated. The receive SNR at the destination is calculated by
combining the received signals from both stages. To determine
the SNR threshold 7;, we follow a similar argument as in
[13], i.e., 7, is determined as b x (22" — 1) for two-stage
cooperative transmission. The parameter r (bps/Hz) is the
achieved spectral efficiency for direct transmission, and b
ranges from 1 to about 6.4, depending on the degree of coding
used [14].

For the Uniform strategy, P, = Ps, so that the total power
to transmit one message is P = P; + NP, = (1 + N)P..
For the Open-Loop strategy, P, = Ps/L, so that P =
P;+ NP, = (1+N/L)Ps. For the Feedback-Assisted strategy,
P. = P;/N, so that P = P, + NP. = 2P;; here, the
power overhead resulting from the required control signaling
is not included in the performance evaluation. For a given
(s,d) pair, the locations of all the other potential relays are
randomly generated and a large number of realizations are
considered. For any given geographic distribution, a large
number of realizations of instantaneous channel gains are gen-
erated to evaluate the outage probability. Finally, the outage
probability is averaged over all the realizations of geographic
distribution of the nodes. The decoded set is dynamic, so N
is a random variable; thus, for any given Ps, the value of
P = P, + NP, will have different realizations. The average
of all the realizations of P is denoted as P,,, which is the
average consumed power per two-stage transmission. Finally,
the averaged outage probability is plotted as a function of P,y .
As in [13], the powers are normalized by P ax, Which is the
transmit power required, for the maximum possible separation
between the source and destination d,,x, to achieve a given
spectral efficiency 7 in direct transmission without shadow
fading and Rayleigh fading. In the simulations, we set r = 2
bps/Hz.
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second stage to that in the first stage, N P,/ Ps.

B. Near-Optimality of P,=Ps/N With Equal Power Alloca-
tion Among Relays

When knowledge about the CSI is not available at the
transmitter(s), either for power allocation among the relays
or for power distribution between the first and second stages,
the optimal strategy is not readily available. Here, we use
numerical simulations to show that, when performing equal
power allocation among the relays, P.=P;/N is a near-
optimal choice. So, in this investigation, we only focus on
the power distribution between the first and second stages. In
the simulations, we vary the ratio of the power allocated to
the first stage Ps to the power allocated to the second stage
N P,. This ratio is denoted as p = NP, /Ps, and the outage
probability is plotted as a function of p. Results are shown in
Fig. 1 for the 2-group scheme when there are M =20 nodes
and L=2 columns. In particular, an Alamouti code [15] is
used. From Fig. 1, it can be seen that a ratio in the interval
[0.8, 1.3] achieves the best performance. When the number
of columns L increases to 4, results are shown in Fig. 2 for
the 4-group scheme; a ratio in the interval [0.9,1.3] achieves
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the best performance. Based on this anecdotal evidence, when
performing equal power allocation for each relay, P.=P;/N
is a near-optimal choice.

C. Outage Probability

Simulation results are shown in Fig. 3 for the 2-group
scheme when there are M/ =20 nodes and L=2 columns using
an Alamouti code. It can be seen that, whether at low P,, or
at high P,, consistent with the potential advantages indicated
by the asymptotic analyses, the outage performance of the
Open-Loop strategy is better than the Uniform strategy, and
the Feedback-Assisted strategy achieves the best outage per-
formance. In particular, at an outage probability of 10~2, when
compared with the Uniform strategy, the Open-Loop strategy
achieves a 1-dB advantage and the Feedback-Assisted strategy
achieves a 2.6-dB advantage. However, the implementation
of the Feedback-Assisted strategy requires additional control
signaling to enable each relay to know the number of relays
(i.e., the number of decoded nodes, V). In contrast, the Open-
Loop strategy can be implemented without any overhead.

1105
0.5
-~ P =P,
0.45 —— P =P_/N| -
_-.P
0.4t s -
£ 2-group, L=2, M = 20
E 0.35F —group, L =2, M = ]
S oaf Target Outage Probability = 0.01 |
o
o
§ 0.25F b
‘©
L o2 1
X
£
- o.1sf :
0.1 4
0.05f i
9] ¥ ¥ *
-10 -5 0 5 10
Pav (dB)
Fig. 5. Link failure probability as a function of the averaged total

transmission power of the two stages, Pay.

0.5 T T
- P =P,
0.45} —— P =P_/N| -
__..P=P_/L
0.4f r_s .
>
Z 0350 4-group, L=4,M =20 |
Qo
[
8 o3l Target Outage Probability = 0.01 |
o
o
E 0.25F 1
‘©
w 0.2 4
x
£
- 015 i
0.1 i
0.05f i
S0 0 5 T T T 10
P, (dB)
Fig. 6. Link failure probability as a function of the averaged total

transmission power of the two stages, Pay.

When the number of columns L increases to 4, results are
shown in Fig. 4 for the 4-group scheme. Clearly, it can be seen
that, when compared with the Uniform strategy, the outage
performance advantage of the Open-Loop strategy is larger
when L increases. In addition, the performance gaps between
the Feedback-Assisted strategy and the other two strategies
decrease as L increases. In this case, at an outage probability
of 1072, when compared with the Uniform strategy, the Open-
Loop strategy achieves a 1.7-dB advantage and the Feedback-
Assisted strategy achieves a 2.2-dB advantage.

D. Link Failure Probability

One important QoS issue in a network is whether or not all
of the active end-to-end links can remain connected and main-
tain some specified level of quality. If an end-to-end link is
regarded as disconnected when its outage probability is larger
than a specified target value, a link failure probability (LFP)
can be defined as the ratio of the number of disconnected links
over the total number of links in the network [8]. This provides
a network-level metric and represents the performance over
the range of possible (s,d) pairs. In [8], using the Uniform
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strategy, the LFP performance of the m-group scheme is
evaluated in a two-stage grid network. In this paper, for
different power allocation strategies, the LFP performance
of the m-group scheme is evaluated in a two-stage random
network. In particular, a 102 target outage probability is
chosen. Using M =20 nodes in the network, simulation results
are shown in Fig. 5 for the 2-group scheme with L=2 columns
and in Fig. 6 for the 4-group scheme with L=4 columns.
Clearly, it can be seen that, for the considered power allocation
strategies, the effects on LFP performance are quite similar to
the effects on outage performance of the fixed farthest (s,d)
pair. This is because the LFP performance depends on the
outage activity of every possible active (s,d) pair; but, the
design of the considered power allocation strategies is not
related to node locations, so that their effects on the outage
activity of any one particular (s,d) pair are independent of
node locations.

IV. CONCLUSIONS

In this paper, for a decentralized Dis-STBC system where
the transmitter(s) do not know the CSI and the decentralized
relay selection strategy (All-Select) is employed, we proposed
two ad-hoc, yet efficient, power allocation strategies with
the objective of minimizing overhead. One is the Open-
Loop strategy (P, = Ps/L); this strategy does not require
any control signaling. The other is the Feedback-Assisted
strategy (P, = P/ N); this strategy requires additional control
signaling to inform the relays about the number of actual
relays. The power-efficiency advantages of the proposed strate-
gies over the Uniform strategy (P, = Ps) are illustrated
by asymptotic outage analyses for a particular decentralized
Dis-STBC scheme (m-group). In a random network with
realistic propagation conditions, the outage and link failure
probabilities of the m-group Dis-STBC have also been eval-
uated for the different power-allocation strategies. Simulation
results showed the advantages of the proposed strategies over
the Uniform strategy. In this paper, the advantages of the
proposed power allocation strategies are only illustrated for the
m-group scheme; however, similar results can also be obtained
for the other decentralized Dis-STBC schemes (such as the
continuous randomized scheme [9]).
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