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Substituting (20), (36) and (39) into (40) and employing the
fact that 1-PS”% ~1 at high SNR in (40), yields the

PF[X,[r]— X;[z]] corresponds to the erroneous event
X[z]1—> X[z] when X [r] confused for the X[z], as
given in (41). Using the end-to-end error probability

expression given in (41), the error bound for the ML decoding
(optimum decoding) at the destination node corresponding to

™ MIMO-STBC code-word block can now be readily
obtained by considering the union bound over all the PEP
terms corresponding to the X [z]— X[r] over-all the
possible code-words X;[r]eC. Finally, the per-block

average PEP bound at the destination can be expressed, as
given in (42).
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3.2 Asymptotic error floor analysis

Now, in order to theoretically support our claims about the
performance degradation due to imperfect-CSl and mobile
nodes, it is useful to obtain the asymptotic error floors for the
single relay S-DF protocol by ignoring N, in (10), (14) and
(15) for single relay scenario, as expressed below [16-17],

o =P Vol +(1-pS )l (43)
R = (pSR)Z(Fl) (UESR)Z +(1_ (psR)Z(r 1))( SR) (44)
= (Pro )2 (Oupo)* + (1 (Pro )2 ) (Ouo)®s  (45)

using 7,7z and 7., in (42), one can readily obtain the

asymptotic error floor for per block average PEP, as given in
(46).

Various conditions arise due to nodes mobility:

When all nodes are static and perfect CSI condition

According to Jake’s autocorrelation model [21], when all of
the nodes are static, i.e., the relative speed between any two
communicating nodes of them is zero, the correlation
parameters pg,, ps, and pg, reduceto 1. By considering this

condition, the asymptotic limit for PE s still given by (46),
but with the following  modified parameters:
g = o:SD T = O, aNd gy = 02sp- Furthermore, if the

estimation processes throughout the network are perfect, i.e.,

o’ =0, the value of 7,7, and 77, reduces

<sD
to zero which reduces (46) to zero, i.e., the asymptotic error
floor in (46), as expected, vanish, i.e., impact of node mobility
is removed.

GESR = Ocrp



When source and destination nodes are static and relay node
is mobile

Corollary 1: In DH single relay S-DF cooperative
communication networks with perfect CSI, even though the
relay is in motion, the system performance does not experience
asymptotic limits if both source and destination are static.

Proof: In this scenario, py, =1 while pg and p., are

<1.Under this condition, the asymptotic limit for PE is still
given by (46), but with the following modified parameters:

Nsp = O-:SD VMg = (psR)Z(T_l) O':SR +(1— (psR)z(T_l) )O‘ezSR )
TTro = (Pro) + (1_ (pRD)Z(T_l) )GeZRD'

Furthermore, if the estimation processes throughout the
network are perfect, i.e., a:SD =0’ = 0 o =0, the value of

2(r1) ;2
eRD

Mo, e @Nd 775, reduces to zero which reduces (46) to zero,

i.e., the asymptotic error floor in (46), as expected, vanish, i.e.,
impact of node mobility is removed. Despite that both
scenarios (a) and (b) do not provide asymptotic limits in the
case of perfect estimation, this does not mean that they provide
same performance results over all the non-infinite SNR range.
Later in the simulation results section, we will show that
scenario (b) provides worse performance than scenario (a) due
to the relay mobility.

When relay and source nodes are static and destination node
is mobile

Corollary 2: In DH single relay S-DF cooperative
communication networks, even though relay is static, the
system performance is severely degraded by asymptotic limits
if destination node is in motion.

Proof: When the destination node is in motion and the other
nodes are static; p; =1while pg, and py, are <1. In this case,

PF <

the asymptotic limit is given in (46), but with the following
modified parameters:

N S 2(c-1)
Nlsk =0 17150

_ 2 2c-1)) 2
=P O +(1_pSDT )O'

esb

and 77zp = (Pro) + (1_ (Po) ™ )UEZRD'

In this scenario, it is significant to note that the PEP term
for the event when relay node decodes the MIMO STBC code-
word correctly, i.e.,  (1-PS”F) in (40) contributes to the

\—,—/
Probability when relay
decodes correctly

asymptotic error floor for the per-block average PEP.

When relay and destination nodes are static and source node
is mobile

Corollary 3: In DH single relay S-DF cooperative
communication networks, even though relay is static, the
system performance is severely degraded by asymptotic limits
if the source node is in motion.

Proof: When the source node is in motion and the other
nodes are static; py, =1while pg, and pg, are <1. In this case,

the asymptotic limit is given by (46), but with the following
modified parameters:

2(r1) 52
€RD

— 2~ 2 2 201\ 2
Tro = (Or0)™s 7o _psDT O-eso +(1_pSDT )O-eso'

and 77 = (pSR)Z(Fl) (05r)* + (1_ (psR)Z(Til) )(O-eSR)z'

In this scenario, it is significant to note that the PEP term
for the event when relay node decodes the MIMO STBC code-
word incorrectly, i.e., PSR in (40) contributes to

Error Probability whenrelay
decodes incorrectly

the asymptotic error floor for the per-block average PEP.
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3.3 DO analysis and optimal power allocation

3.3.1 DO Analysis

In this sub-section we demonstrate the DO analysis and will
develop a framework to evaluate the optimal source-relay
power allocation factors, which will further enhance the end-
to-end error performance of the relaying network. At high
SNR, since the union bound is tight, the source and relay SNRs,
P, /N,, P, /N, > . We consider that each receiving

terminal  has  perfect channel estimation, i.e.,
o0’p =0’g=0%p=0 and nodes are static, i.e,
0ip =04, =05, =0 . Applying the above mentioned

conditions in (41) and at high SNR, considering the

PE[X;[r] - X;[7]]

P

dominating terms corresponding to m,n=0,1in the identity
,F(a,b;c;z) = z(a) (b) a for the Gauss Hypergeometric

function and Appell hypergeometric function of two variables
[22],

By (ot y"i X, y) =
i (Zl)m+n (Ll)m (4)n

£, DT (n+1

)(X') )

where, (x), is the Pochhammer symbols [22], one can
simplify the expression in (41), as given in (47).
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where, S, and g, are the optimal source-relay power factors,
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Using the PEP expression expressed in (47) for the error
event X,[z] —» X;[z], the asymptotic PEP approximation of
the above system can be obtained at high SNR employing the
union bound, as given in (48). Asymptotically tight PEP
expression expressed in (48) can be further simplified as,

PE < ERl (NO / P) NNpmgp *szsR + SRZ (NO / P) NNpmgp +NNpMgp , (48)

where, the terms R, and R, are appropriately defined

constant terms.
Depending upon the various values of the product of the DO
and shape parameter of the fading links, various cases arise,
Casel: When the product of the DO and shape parameter of
the RD fading link is greater than the product of the DO and
shape parameter of the SR fading link, i.e.,
NNym., > N’mg,. Then in high SNR regimes, the first term

ﬂONNDmSD ﬁlNNDmRD

is the dominant term in PEP expression, PEP can be expressed
as,

PE <, (N, / P)WNomo+Nmsn
So, DO can be derived as,

m log(P®)
piNg—e 109(P / Ny)

DO =- =NNymg, +N°mg,.  (49)

Case 2: When the product of the DO and shape parameter
of the SR fading link is greater than the product of the DO and
shape parameter of the RD fading link, i.e.,
NN m., < N?mg,. Then in high SNR regimes, the second

term is the dominant term in PEP expression, PEP can be
written as,

P® <R, (N, / P)\Nemo Moo (50)

So, DO can be derived as,

E
po=— lim 9P _

00PN NN mg, + NN m,.  (51)
P/Ny—w 0

Also, for the general case, when the product of the DO and
shape parameter of the SR fading link is equal to the product
of the DO and shape parameter of the RD fading link, i.e.,
NN m., = N?mg,. Then in high SNR regimes, the DO can be

expressed as,

DO = min(NNymg, + N*mg,, NNymg, + NN m.,) =

(52)
NN Mg, + N min(Nmg;, NDmRD).

3.3.2 Optimal power allocation
The expression (47) can be modeled as a CO problem for
deriving the optimal source-relay power allocation factors S,

and g,.



CO problem is modeled as,

. @, @,
g“n NNpMep +NZm + NNpmMsp aNNpmgp |
by By ﬂo pMsp SR ﬂo ﬂl
st. f,+ B, <1,

and,
B 5,2 0. (53)

where, @, and @, are expressed below,

NO

Mg N2 +mgp NNp
o[ ] (K=K ) (K{-K),

N NNpMgp +NNpMgp
ZUZZ(FO) (KI—K;)(K;—KQ). (54)

One can see that the KKT conditions-based CO framework
can be employed for deriving the optimal source-relay power
allocation factors £, and . In the mathematical CO

framework, the KKT conditions are 1% order necessary

conditions for finding the optimal solution of nonlinear
programming (NLP) [25], subject to the satisfaction of some
regularity conditions. Allowing inequality constraints, the
KKT will tend to NLP generalizes the concept of Lagrange
multiplier which allows only equality constraints. Consider the
following nonlinear minimization problem:

. 3 @, @,
[I;EIIQ f(ﬂo’ﬂl )_ IBONNDmSD+N2m5R +ﬂONNDmSDﬂ1NNDmRD !
st. f >0, i=0,1 (55)

where, @, and @, are given as,

merNZ+mgp NN
wlz(—j (Kl_KZ)(Kl,_KZ')v (56)

N Yoo Yoo ’ ’ , ,
w2=( Oj (FO) (K[ -Ky)(K;—K;).  (57)

(NNpmg, +N°mg )(K, - K, )

= (NNDmSD)(K’;_KA;)

(NNpmg, +N°mg )(K, - K, )

N,
P
N

(NNymg, )(K; —K;)

4. SIMULATION RESULTS

Monte Carlo (MC) simulations are conducted to confirm the
accuracy of the theoretical results for the considered MIMO
STBC based S-DF cooperative communication protocol over
time selective Nakagami-m fading channel conditions
considering imperfect CSI and node mobility conditions. Due
to nodes mobility, the system's links are characterized by time-
selective fading channels, which are modeled by the AR1

NN Mgp —N?mgg
0 . 2
(Fj ) N mSR < NNDmRD

By changing g >0to—£ <0 and noting that the above

CO problem is minimization problem, the Lagrangian based
mathematical framework is given as,

L,(ﬂ01ﬁ1) =
@ @ , )
ﬂNNDmsD1+N2m5p +ﬂNNDm5DI;NNDmRD +§ ('BO +'Bl _l)’ 4’ >0
0 0 1

where, £’ denotes the Lagrange multiplier. Differentiating
L'(f3,, B,) with respectto 3, we get,

L' (B, B.) —a'fl(NNDmSD + NZmSR)

aﬁo ﬁONNDmSD +N2mgg
—@, (NNpmg, )

ﬂONN bpMsp +1ﬁ1NN pMrp

(59)
+<,

Putting (59) equal to zero, we get,

é,,zwl(NNDmSD+N2m5R)+ @, (NNymg, ) (60)

NN pMgp +N2mgg NNpmgp +1 aNNpMzp
ﬁo ﬂO ﬂl

Differentiating L’(ﬁo, ,Bl) with respect to g and putting
the resultant expression equal to zero, we get,
é/; _ wZ(NNDmRD)

ﬁONNDmSD ﬁlNNDmRD +17

(61)

Substituting the value of ¢’ obtained in (61) into (60), we
get,

(l_ﬂO)NNDmRDHg_(ﬂO)szSRJrl+(1_ﬂ0)(ﬂ0)N2m5R —o. (62)

where, ¢ is expressed in (63). Further, we can find out the
solution of the quadratic expression given in the equation (62)
by using standard mathematical computing software such as
MATHEMATICA or MATLAB.

N2Zmgz —NNpMgp
. 2
j ;o N"mg > NNpmg,

(63)

process, and due to incorrect CSI estimation, the estimated
channel variances are assumed to be corrupted by Gaussian
errors. For such a system model, an approach is proposed to
derive a tight approximate expression for the system's
conditional PEP. This approach is based on utilizing the AR1
model to derive exact expressions for the per block average
PEP of the Alamouti decoder's decision variables, and on
benefiting from the central limit theorem to approximate some
of the non-Gaussian interference and noise terms. The



obtained conditional PEP expression is function of both the
fading channel correlation parameters and the estimation error
variances, and thus, it is valid for mobile as well as static nodes
for imperfect as well as perfect channel state information
estimation processes. We consider S-DF relaying protocol and
assume that the relay can check whether the decoding result is
correct or not. Per block average PEP performance is
investigated for both equal and optimal power allocation
scenarios. To investigate the accuracy of the investigation for
M-PSK signals, we employ M = 4 to check the M-PSK results.
Figure 2. shows the PEP performance of dual phase DH
relaying protocol over time selective Nakagami-m channel
with imperfect CSI and node mobility for equal and optimal

power allocation. The results show that analytical results are
in exact match with the simulated results at high SNR regimes
and the per block average PEP performance for optimal power
is better than PEP performance for equal power allocation.
Figure 3. shows the per block average PEP performance of
MIMO Alamouti STBC S-DF relaying protocol with QPSK
modulation for various node mobility scenarios. Results show
that for the network conditions when,
Pr <L peo =1 pp <1, source  mobility  significantly
degrades the per block average PEP performance in contrast
to the network condition with only relay is mobile, i.e.,

P <L pro <L pgp =1.

10°¢ =

Po-®- ol

-
=]
&

10-10

kel

Per-block average PEP

-

-®

Analytic PEP, Equal Power Allocation, m=2
Simulated PEP, Equal Power Allocation, m=2
Analytic PEP, Optimal Power Allocation, m=2
m=2

Simulated PEP, Optimal Power Allocation,
=+=Error Floor Limit

10718

1 1 1
5 10 15

20 40

Signal to Noise Ratio(dB)

Figure 2. Per block average PEP vs. SNR in dB of MIMO Alamouti STBC S-DF relaying protocol with QPSK modulation for
optimal and equal power allocation with f. =5.9GHz,R; =9.6kbps, N, =L R. =L N =N, = 2,52 =0.01,
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Figure 3. Per block average PEP vs. SNR in dB of MIMO Alamouti STBC S-DF relaying protocol with QPSK modulation for
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5. CONCLUSION

This paper comprehensively investigates the performance
of DH MIMO-STBC cooperative wireless systems over time-
selective and possibly i.n.i.d. Nakagami-m fading links. CF
expressions have been derived for the per-block average PEP
with time selectivity arises due to node mobility and imperfect

CSI. The results show that analytical results are in exact match
with the simulated results at high SNR regimes and the per
block average PEP performance for optimal power is better
than PEP performance for equal power allocation. Specifically,
we found that the source mobility significantly degrades the
per block average PEP performance in contrast to the network
condition with only relay and destination nodes are mobile.



For other node mobility scenarios, the system is constrained
by an asymptotic error floor with a higher SNR regime.
Results show that with increase in the fading severity
parameter per-block average PEP performance improves.
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