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Abstract—We consider the application of switch-and-stay
transmit diversity (SSTD) to a three-node cooperative diversity
system with decode-and-forward relaying. The basic idea of SSTD
generally is to use a certain transmit antenna as long as the
induced signal quality satisfies a given requirement while the
transmitter switches to another antenna element if this is no
longer the case. Applying this principle to the source node of a
cooperative diversity system is significantly more complex than
for conventional single-hop systems since the selected antenna
element generally affects both the source-to-relay and the sourceto-destination link. In this regard, we consider three different
approaches, namely relay-driven, destination-driven, as well as
jointly-driven optimal switching, always targeting at minimizing
the outage probability between source and destination. For all
cases, we determine exact analytical closed-form expressions for
the resulting outage probability assuming Rayleigh-fading on all
hops as well as asymptotic expressions, based on which it is
possible to directly quantify the achievable diversity order.

I. I NTRODUCTION
Cooperative diversity systems are well-known to offer many
advantages over conventional point-to-point transmission and
therefore they have received a considerable amount of research
attention in recent years [1], [2]. Among others, significant
performance gains might be achieved by establishing virtual
multiple antenna systems and exploiting spatial diversity in a
distributed fashion, even if all involved nodes are equipped
with a single antenna element only. Clearly, further performance improvements are possible if all nodes themselves
have multiple co-located antenna elements, thus being able to
combine the benefits of conventional multiple-input multipleoutput (MIMO) transmission with those of cooperative diversity systems [3], [4]. However, the proper application of
traditional MIMO schemes to such cooperative diversity systems is generally not straightforward since multiple channels
as well as the signal processing at the relay stations have to be
taken into account. Therefore, the refinement and redesign of
existing MIMO schemes such that they also account for intermediate relay stations and their mode of operation represents
an important and interesting field of research.
In this paper, we address the problem of performing switchand-stay transmit diversity (SSTD) at the source node of a
three-node cooperative diversity system with regenerative relaying. In general, SSTD represents a low-complexity antenna
selection technique at the transmitter-side, similar to switchand-stay combining at the receiver-side [5]–[9]. For conventional point-to-point transmission systems, this scheme has
been extensively analyzed in literature, see for example [10].

The basic idea of this approach is to use a certain transmit
antenna as long as the induced signal quality is satisfactory
whereas otherwise the transmitter switches to another antenna
element. As always only one antenna element is active, only
one radio frequency chain is required, thus allowing for a
rather cheap and low-complexity implementation in practical
systems. Besides, compared to an alternative approach where
before each transmission always the best antenna is selected—
which has recently been investigated for cooperative diversity
systems in [11]—SSTD may significantly reduce the number
of switching instants and hence further reduce the complexity
and power consumption. The main difficulty of applying SSTD
to cooperative diversity systems is that there is generally no
node which has perfect channel state information (csi) of all involved hops and hence could determine the switching instants
in an optimal way. Depending on how and where the decision
whether to switch or not is made, in fact different approaches
are possible, which might lead to different performance results.
In this regard, we propose and analyze a couple of different
strategies, where our goal generally is to minimize the end-toend outage probability in order to maximize the transmission
reliability for a given information rate.
The remainder of this paper is organized as follows: In
Section II, we outline our system and channel model whereas
the different switching strategies are presented and analyzed
in Section III. An asymptotic high SNR analysis is performed
in Section IV, followed by selected numerical results in
Section V and finally some concluding remarks in Section VI.
II. S YSTEM M ODEL
We consider a standard three-node cooperative decode-andforward system, where a source node S wants to transmit data
to a destination node D with the assistance of an intermediate
regenerative relay station R. In this regard, every end-to-end
transmission between S and D is subdivided into two different
time slots of equal length. During the first phase, the source
encodes a certain message and broadcasts it with transmit
power PT over the channel. The relay node then tries to decode
the received message and upon success reencodes it again
using the same code as the source node before forwarding
it during the second phase to the destination with the same
transmit power PT 1 . If the decoding at the relay station
1 A generalization of our results to the case with different transmit powers
at the source node and the relay station is basically straightforward, but would
significantly complicate notation in the following.
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fails, it simply remains silent during the second phase. After
both phases, the destination combines the message originally
received from the source node with the message forwarded by
the relay station—if applicable—using conventional maximum
ratio combining before performing the actual decoding.
In the following, the source node is always assumed to
be equipped with N ≥ 2 different antenna elements, out of
which always only one antenna is selected for the actual data
transmission using a switch-and-stay approach, i.e., a certain
antenna element is used as long as the induced signal quality is
satisfactory whereas otherwise the source should switch to an
(arbitrary) other antenna element. In this regard, the switching
might be driven by either the relay station, the destination or
by both of them together, where the relevant nodes always feed
back their request to the source node via a zero-delay error-free
feedback channel. In general, the optimal switching instants
are determined such that the end-to-end outage probability
conditioned on the available csi is minimized. For notational
convenience, both R and D are assumed to have one antenna
element only, but our results are basically directly applicable to
the case with multiple antenna elements at each of these nodes
as well if appropriate diversity combiners are used. Besides, all
channels are assumed to be statistically independent of each
other and to undergo frequency-flat block-fading, where the
SNR on the R-D link will be denoted by γD , and the ones
on the S-R and S-D link after possible antenna switching by
γR and γS , respectively. Furthermore, FγD (γ) always specifies
the cumulative distribution function (cdf) of γD and pγD (γ)
the corresponding probability density function (pdf) while the
cdfs and pdfs of the SNRs γR,0 and γS,0 on the S-R and SD links for the case that always the same antenna element is
used at the source node, i.e., without any antenna switching,
will be denoted by FγR,0 (γ), FγS,0 (γ), pγR,0 (γ), and pγS,0 (γ).
Finally, the relay is assumed to have always perfect csi of the
S-R link while the destination has perfect csi of both the R-D
and the S-D links.
Aside from a generic analysis based on the pdfs and cdfs
of the various hops, we always consider in the following the
important case with Rayleigh fading on all hops as a concrete
example, assuming average power gains ΩR , ΩS , and ΩD on
the S-R, S-D, and R-D links, respectively, thus yielding to
FγS,0 (γ)

=

FγR,0 (γ)

=

FγD (γ)

=

− Ω γ γ̄

(1)

−Ωγ

(2)

1−e
1−e

S

R γ̄

− Ω γ γ̄

1−e

D

,

(3)

∂
∂γ Fγk (γ)

for γk ∈ {γS,0 , γR,0 , γD },
as well as pγk (γ) =
where γ̄ = PT /σ 2 denotes the average SNR in terms of the
transmit power over the noise variance σ 2 , which is without
loss of generality assumed to be the same for all nodes2 .
III. A NTENNA S WITCHING S TRATEGIES
In the following, we propose three different switching strategies, where the switching is initiated either by the relay station,
2 The case with different noise variances might be traced back to the case
considered here by adjusting the average power gains appropriately.

the destination, or by both of them together. In this regard, we
always aim at minimizing the end-to-end outage probability
conditioned on the available csi. Besides, we compare the
performance of the various approaches to the conventional case
without any antenna switching at the source node, i.e., where
the source is equipped with a single antenna element only.
In general, an outage between source and destination occurs
if the corresponding mutual information for a given set of SNR
values γR , γS , and γD on the various hops falls below a given
target information rate R. Clearly, if the relay is not able to
correctly decode the message transmitted by the source, this
happens iff 12 log2 (1 + γS ) < R whereas otherwise this is the
case iff 12 log2 (1 + γD + γS ) < R, where the factor 12 is due
to the fact that every end-to-end transmission requires two
different time intervals. The relay itself is able to correctly
decode and hence forward the message if the S-R link is not
in outage, i.e., if 12 log2 (1 + γR ) ≥ R. Hence, the end-to-end
outage probability can be readily expressed as [12]–[14]
Pout = Prob [(γR < γT ) ∧ (γS < γT )]
+Prob [(γR ≥ γT ) ∧ (γD + γS ≤ γT )] ,

(4)

where we have introduced for brevity the short-hand notation
γT = 22R − 1. Exploiting the assumed independence between
the various SNRs, (4) generally might be calculated based on
the cdfs and pdfs of γR , γS , and γD as
Pout = FγR (γT ) FγS (γT )

+ (1 − FγR (γT ))

0

γT

FγD (γT − γS ) pγS (γS ) dγS , (5)

where the actual distributions of γR and γS depend on the
concrete switching strategy that is considered.
A. No Switching
As a reference, we always consider the case that no antenna
switching is performed, which has already been thoroughly
analyzed in terms of the outage probability in [12], [13], for
example. Clearly, in this case we have FγR (γR ) = FγR,0 (γR )
as well as FγS (γS ) = FγS,0 (γS ) and consequently we obtain
a generic expression for the corresponding outage probability
by simply plugging these relationships in (5). Considering the
important case of Rayleigh-fading on all hops as a concrete
example and making use of (1) – (3), we furthermore obtain
after some basic manipulations the closed-form result


γ
γ
γ
γ
ΩD
− T
− T
− T
− T
e ΩR γ̄ e γ̄ ΩS − e γ̄ ΩD ,
Pout,A = 1−e ΩS γ̄ +
ΩD − ΩS
(6)
which is perfectly in line with the expression provided in [12].
B. Relay-Driven Switching
The relay station is assumed to have always perfect csi of
the S-R link, but no csi of the S-D and R-D link, respectively.
Hence, the best thing the relay can do is to control the antenna
switching at the source node such that the probability that the
relay is able to correctly decode the message received from
the source and hence to be able to forward the message to
the destination is maximized. Clearly, this can be achieved
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by always comparing the current SNR on the source-to-relay
link to the outage threshold γT and if it falls below γT ,
the source should switch to the other antenna element since
otherwise an outage would occur on the S-R link. If the
current SNR exceeds γT , in contrast, no switching should be
performed since then the S-R link is definitely not in outage
with the currently active antenna element. In fact, this strategy
is identical to conventional outage-optimal SSTD for singlehop systems and hence we readily obtain similar to [7], [10]
FγR (γ) =

FγR,0 (γ) FγR,0 (γT )
γ ≤ γT
(7)
FγR,0 (γ) − FγR,0 (γT ) + FγR,0 (γ) FγR,0 (γT ) γ > γT
while at the same time FγS (γS ) = FγS,0 (γS ) as the S-D link
is not taken into account when deciding whether to switch
or not. Plugging (7) in (5) yields as generic result for the
corresponding outage probability


2

2
Pout,B = FγR,0 (γT ) FγS,0 (γT ) + 1 − FγR,0 (γT )
 γT
×
FγD (γT − γS,0 ) pγS,0 (γS,0 ) dγS,0 ,
(8)
0

which reduces for the important case of Rayleigh fading on
all hops again by making use of (1) – (3) to


γ
γ
− T
− T
Pout,B = e ΩR γ̄ 2 − e ΩR γ̄


γ
γ
γ
ΩD
− T
− T
− T
e γ̄ ΩS − e ΩD γ̄
× 1 − e ΩS γ̄ +
ΩD − ΩS
2 


γ
γ
− Ω T γ̄
− T
1 − e ΩS γ̄ .
(9)
+ 1−e R
Please note that with this approach only one feedback bit is
required, with which the relay indicates whether the source
should switch to another antenna element or not.
C. Destination-Driven Switching
The destination is always assumed to have perfect csi of
both the S-D and the R-D link, but it is generally not aware in
advance whether the relay will forward the message received
from the source or not. If the message is forwarded, the
destination can coherently combine the signals received from
both source and relay, thus leading to an effective SNR which
is simply the sum of the SNRs of both hops. Otherwise,
the destination only has the signal directly received from the
source and hence the effective SNR corresponds to the SNR
on the S-D link in that case. Clearly, if the SNR γS on the
S-D link for the currently active transmit antenna at the source
exceeds γT , we generally should not switch since even without
the support of the relay station no outage would occur. If, in
contrast, γS + γD < γT , we should switch in any case as even
if the relay can decode and forward the message received from
the source—what is not known in advance—an outage cannot
be avoided. The corresponding (conditional) outage probability
for this case can easily be shown based on (5) to be given by
switch
Pout

=

FγR,0 (γT ) FγS,0 (γT )


+ 1 − FγR,0 (γT ) FγS,0 (γT − γD ). (10)

In all other cases, i.e., if γT − γD ≤ γS < γT , the optimal
action (given the available csi) depends on the probability that
the relay is able to successfully decode and hence forward the
message. If we switch, the outage probability would also be
given by (10) in that case whereas otherwise we clearly would
obtain
stay
= FγR,0 (γT ),
(11)
Pout
i.e., an outage would occur iff an outage occurs on the S-R
stay
switch
< Pout
, the destination should request
link. Hence, if Pout
to switch while in all other cases it should request that the
source keeps the currently active antenna element. In this
∗
such that
regard, we can show that there is always a unique γD
stay
stay
switch
∗
switch
< Pout
for all γD ≥ γD
and likewise Pout
≥ Pout
Pout
∗
switch
for all γD ≤ γD . This is rather obvious since Pout is a nonstay
is independent of it and
increasing function of γD while Pout
stay
switch
switch
. Besides, Pout
is
at the same time Pout γ ≥γ ≤ Pout
D
T
stay
stay
switch
always smaller than Pout if Pout γD =0 = FγS,0 (γT ) < Pout
∗
= FγR,0 (γT ). Hence, the optimal value for γD
generally can
be readily expressed as
⎧
⎪
if FγS,0 (γT ) ≤ FγR,0 (γT )
⎨0
∗
,
= solution of
γD
⎪
⎩
stay
switch
Pout (γD ) = Pout otherwise
(12)
∗
can be restricted to
where the range of possible values for γD
∗
≤ γT . Based on (12), (10) and (11), it is consequently
0 ≤ γD
for virtually arbitrary fading distributions possible to determine
∗
always at least efficiently numerically. For the important
γD
case of Rayleigh fading on all hops, we even can derive an
analytical closed-form solution by combining (1) and (2) with
(10) – (12), yielding after some basic manipulations to



γ
γ
− T max 0, Ω1 − Ω1
− T
∗
S
R
.
= γT + ΩS γ̄ ln 1 + e ΩS γ̄ − e γ̄
γD
(13)
Putting everything together, we can say that for minimizing
the end-to-end outage probability, no switching should be
∗
performed if either γS ≥ γT or γS + γD ≥ γT and γD ≤ γD
whereas in all other cases the source should switch to the other
antenna element. Furthermore, the corresponding average endto-end outage probability is then generally given by
 γT  ∞
switch
Pout
pγD (γD ) pγS,0 (γS ) dγD dγS
Pout,C =
0
0
∗
 γD
 γT
switch
−
Pout
pγD (γD ) pγS,0 (γS ) dγD dγS
∗
γT −γD


+

γT

∗
γT −γD

γT −γS



∗
γD

γT −γS

stay
Pout
pγD (γD ) pγS,0 (γS ) dγD dγS , (14)

stay
switch
with Pout
and Pout
according to (10) and (11), respectively.
For the concrete example of Rayleigh fading on all hops,
we get after inserting (1) – (3) in (14) and solving the
corresponding integrals (a detailed derivation is omitted here
due to space constraints) the expression according to (15),
which is given on top of the next page. Finally, please note that
∗
according to (12), the
for determining the optimal value of γD
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D
R
R
e
e
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 2γT



γ
γ
γ
2γ
γ
ΩD
ΩS ΩD
− γ̄T Ω1 + Ω1
− T
− T
− T
−
− T
R
S
1 − e γ̄ ΩR
+
e γ̄ ΩS − e γ̄ ΩD
1 − e γ̄ ΩD + e γ̄ ΩR
(16)
e
ΩS − ΩD
(ΩS − ΩD ) (ΩS − 2 ΩD )

destination generally has to know the outage probability of the
S-R link. However, since this probability depends only on the
corresponding channel distribution and is therefore expected
to change only at a rather slow pace, it has to be signaled only
very infrequently using a low rate control channel, thus making
this approach very suitable for practical implementations.
D. Jointly-Driven Optimal Switching
As a last approach, we consider the case where the antenna
switching at the source node is driven jointly by the relay
station and the destination. This way, it is possible to perform optimal switching in the sense that the source always
switches the antenna if and only if with the currently active
antenna element an outage would occur. For that purpose, the
destination always feeds back one out of three possible states
to the source node, requesting either to switch, not to switch,
or to do whatever the relay has requested. In this regard, it
requests—as for destination-driven switching—not to switch
if the current SNR γS on the S-D link exceeds γT since in
this case even without the support of the relay station an outage
can be avoided. Besides, it requests to switch in any case if
γS + γD < γT since otherwise definitely an outage would
occur, even if the relay forwards the message received from
the source. In all other cases, i.e., if γS < γT while at the same
time γS + γD > γT , it depends on the S-R link whether or not
an outage occurs. If the relay can correctly decode and forward
the message, no outage occurs, otherwise yes. Therefore, the
destination tells the source node to follow the request of the
relay in that case, which always indicates whether the S-R link
is with the currently active antenna element in outage or not.
Hence, the source node should always do what the destination has requested and antenna switching is always only

< γT , where
performed iff γS + γD < γT or γS < γT and γR

denotes the current SNR on the S-R link. In this case,
γR
switch
according to (10)
the outage probability is given by Pout
whereas in all other cases no outage occurs. Consequently, the
average end-to-end outage probability can readily be shown to

be generally given for arbitrary fading distributions by
Pout,D =
 γT 

γT −γS



FγR,0 (γT )FγS,0 (γT ) + FγS,0 (γT − γD )

× 1 − FγR,0 (γT ) pγD (γD ) pγS,0 (γS ) dγD dγS
 γT  ∞

FγR,0 (γT )FγS,0 (γT ) + FγS,0 (γT − γD )
+
γT −γS
0

× 1 − FγR,0 (γT ) FγR,0 (γT )pγD (γD )pγS,0 (γS )dγD dγS .
(17)
For the concrete example with Rayleigh fading on all
hops, this outage probability can be given analytically in
closed-form again by inserting (1) – (3) in (17) and solving
the corresponding integrals, thus yielding to the final result
according to (16), which is given at the top of this page.
Please note that with this jointly-driven switching strategy,
more feedback information is required than with the other
approaches outlined before. In fact, the destination always has
to feed back two bits to the source (for coding three different
states) while the relay has to feed back one bit. However,
in return this way the optimum performance of SSTD can
be achieved and no control information has to be exchanged
between relay and destination, as required for destination∗
.
driven switching for determining the optimal value of γD
0

0

IV. A SYMPTOTIC A NALYSIS AND D IVERSITY O RDER
In the following, we perform an asymptotic analysis of the
various switching strategies for high average SNRs γ̄ → ∞
and the important case with Rayleigh fading on all hops. The
asymptotic expressions are on the one hand much simpler and
hence more intuitive than the exact results derived before and
on the other hand they can readily be used for determining
the end-to-end diversity order that can be achieved with the
different schemes. In this regard, the basic idea generally is
to perform first-order series expansions of the pdfs and cdfs
of the various SNRs and then to use these approximations in
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from which we can directly conclude that the diversity order
always equals two in that case since Pasymp,A ∼ γ̄12 . For relaydriven switching, in contrast, we likewise obtain by plugging
(18) and (19) in (8) after some basic manipulations
Pasymp,B =

1
1 2
γ
ΩS ΩD γ̄ 2 2 T

(21)

and consequently also in this case always a diversity order of
two is achieved. For the case of destination-driven switching,
we first note that for the asymptotic case we obtain by solving
(12) based on the approximations according to (18) and (19)



ΩS
∗
.
(22)
γD |γ̄→∞ = max 0, γT 1 −
ΩR
Plugging then (18) and (19) in (14), solving the integrals and
neglecting all higher-order terms of γ̄1 again, we get


∗2
1
γD
1 γT3
1
γT
+
+
Pasymp,C =
2
3
γ̄
ΩS ΩR
2 ΩD
2 ΩS ΩD ΩR


1
1
1
∗2
∗3
γT γD − γD
,
(23)
− 2
ΩS ΩD 2
3
∗
with γD
according to (22). From this expression, it is quite obvious that with destination-driven switching always a diversity
order of three can be achieved, independent of N .
Finally, for the case of optimal jointly-driven switching, we
obtain similar to the cases considered before by making use
of (18) and (19) in (17) and after some basic calculations

Pasymp,D =

γT3
.
ΩD γ̄ 3

3 Ω2S

(24)

It can be seen that also in this case the diversity order always
equals three, just as for destination-driven considered before.

relative position x on the connecting line between source and
destination while neglecting any shadow fading effects, the
average power gains of the S-R and R-D links can be readily
calculated as ΩR = x−ν and ΩD = (1 − x)−ν , respectively.
Fig. 1 shows the average end-to-end outage probability as
a function of the average SNR γ̄ for the various different
schemes, assuming that the relay is placed exactly in the
middle between source and destination as well as ν = 4. It can
be seen that there is a perfect match between our calculated
values and results obtained from Monte Carlo simulations,
what verifies the validity of our theoretical analysis. Furthermore, the high SNR asymptotes are obviously really tight
for sufficiently high average SNRs. Besides, it can be seen
that with all schemes the performance can be considerably
improved compared to the reference case without any switching3 , particularly with destination-driven or optimal switching
since with these two approaches a higher diversity order
is achieved. In the low SNR regime, relay-driven switching
obviously outperforms destination-driven switching whereas
it is exactly the other way around for high average SNRs.
This is because in the low SNR regime basically always the
relay is needed for avoiding an outage and the probability that
the relay is able to decode and forward the message received
from the source is increasing with relay-driven switching. In
the high SNR regime, in contrast, the higher diversity order
of destination-driven switching comes into its own, therefore
clearly outperforming the other approach in that region.
Fig. 2 shows similar results as before, but with the relay
placed at the relative position x = 0.65. In this case, the
performance differences between the various approaches are
generally more pronounced and it can be seen that with
optimal switching in the high SNR regime an effective SNR
gain of about 5 dB can be achieved compared to destinationdriven switching. Likewise, with relay-driven switching an
3 This comparison is fair from a hardware complexity perspective since in
all cases the required number of radio frequency chains would be the same.
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1
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pγk (γ) =
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1
γ
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+o
,
(19)
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where o γ̄1 denotes higher-order terms of γ̄1 , which can be
reasonably neglected in the high SNR regime. Making use of
these approximations in (5), we obtain for the case without
any antenna switching at the source node
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In the following, we always assume that all hops undergo independent but not necessarily identically distributed Rayleigh
fading and we normalize the average power gain ΩS of the
direct link between source and destination to one. Assuming
for traceability as in [11] an exponential path loss model with
a path loss coefficient ν and that the relay is placed at the
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Fig. 1. Information outage probability as a function of the average SNR γ̄
for R = 2 bit/s/Hz, a path loss coefficient of ν = 4, and with the relay station
located exactly in the middle between source and destination (x = 0.5).
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Fig. 2. Information outage probability as a function of the average SNR γ̄
for R = 2 bit/s/Hz, a path loss coefficient of ν = 4, and with the relay station
located slightly closer to the destination than to the source (x = 0.65).

effective SNR gain of even more than 6 dB can be achieved
compared to the case without any switching at all.
Finally, Fig. 3 illustrates the impact of the relay position
on the outage performance at an average SNR of γ̄ = 20 dB.
Clearly, if the relay is placed next to the source node (x = 0),
relay-driven switching does not yield any gain over the case
without any switching and optimal switching no gain over
destination-driven switching. This is because in this case the
S-R link is for all schemes basically always perfect such that
no outage occurs on this link. If the relay is placed next to the
destination, in contrast (x = 1), relay-driven and destinationdriven switching lead to exactly the same performance, because in this case the R-D link is basically perfect while the
performance of the S-R and S-D links are identical. Hence,
it does not make any difference whether we optimize the
switching for the S-R or the S-D link. Furthermore, it can
be seen from Fig. 3 that the relay position is generally very
crucial for the outage performance, where the optimal position
depends on the applied switching scheme.
VI. C ONCLUSION
We have proposed and analyzed three different approaches
for performing switch-and-stay transmit diversity at the source
node of a three-node cooperative diversity system with regenerative relaying, aiming at minimizing the end-to-end outage
probability. The various approaches differ in which entities
determine whether or not the source should switch to another
element and also the amount of required feedback information.
For all schemes, we have derived generic analytical expressions for the corresponding outage probability for arbitrary
fading distributions, which were explicitly given in closedform for the important case of Rayleigh fading on all hops.
Besides, we have derived simpler asymptotic expressions for
the high SNR regime, based on which we could easily determine the achievable diversity orders. Finally, numerical results
were shown to be in perfect agreement with simulated values,
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Fig. 3. Outage probability as a function of the relative relay position x for
γ̄ = 20 dB, R = 2 bit/s/Hz, and a path loss exponent of ν = 4.

thus verifying the accuracy of our theoretical analysis, and
they illustrated the significant performance gains that can be
achieved compared to the case without any antenna switching.
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