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Abstract: A cross-layer design (CLD) scheme with combination of power allocation, adaptive modulation (AM)
and automatic repeat request (ARQ) is presented for space-time coded MIMO system under imperfect feedback,
and the corresponding system performance is investigated in a Rayleigh fading channel. Based on imperfect feed-
back information, a suboptimal power allocation (PA) scheme is derived to maximize the average spectral efficien-
cy (SE) of the system. The scheme is based on a so-called compressed SNR criterion, and has a closed-form ex-
pression for positive power allocation, thus being computationally efficient. Moreover, it can improve SE of the
presented CLD. Besides, due to better approximation, it obtains the performance close to the existing optimal ap-
proach which requires numerical search. Simulation results show that the proposed CLLD with PA can achieve high-
er SE than the conventional CLLD with equal power allocation scheme, and has almost the same performance as
CLD with optimal PA. However, it has lower calculation complexity.
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1 Introduction

With the fast development of modern com-
munication techniques, the demand for high data
rate service is grown increasingly in the limited
radio spectrum. For this reason, the future wire-
less communication system will require spectrally
efficient techniques to increase the system capaci-
ty. Cross-layer design (CLD), as a good work to
improve the spectral efficiency (SE) and system
throughput while meeting the prescribed quality
of service requirements, has received much atten-
tion recently’. Especially, CLD combining
adaptive modulation (AM) and automatic repeat
request (ARQ) is widely accepted as an efficient
means to improve the overall performance of

[2-8]

transmission in fading channels Multiple an-
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tennas approach is another well known SE tech-
nique with diversity and/or coding gain"'*.
Therefore, effective combination of cross-layer
design and multiple antenna techniques has re-
ceived much attention™*®,

A CLD combined adaptive modulation and
coding at the physical layer and ARQ protocol at
the data link layer over single antenna Nakagami-
m fading channels is developed in Ref. [2]. Based
on the principle of cross-layer design in Ref. [2],
the CLD schemes with space-time block coding
(STBC) are presented for multiple input and mul-
tiple output (MIMO) systems in Refs. [3 — 6]
over different fading channels. The performance
of CLD scheme with antenna selection (CLD-AS)
is analyzed over MIMO Nakagamim fading chan-

nel in Ref. [7]. CLD-AS can obtain higher SE
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than the space-time coded CLD scheme, but it is
more sensitive to the imperfect channel state in-
formation (CSID) than the latter, Under the feed-
back constraint, a CLD scheme is presented for
multiuser MIMO systems, and the corresponding
performance is investigated in Rayleigh fading
channel™.

In all these studies, CLD schemes are basi-
cally based on the perfect CSI, whereas in prac-
tice, CSI will be far from perfect due to imperfect
feedback. Moreover, these schemes do not ex-
ploit the channel feedback information effective-
ly, and often employ equal power allocation (PA)
for data transmission, thus the system perform-
ance is limited. For this reason, the system
should take imperfect CSI into account, and ex-
ploit the imperfect CSI to design CLD and adap-
tive PA scheme. Thus, some superior perform-
ance can be obtained. In Refs.[14—15], the op-
timal PA schemes for minimizing the upper bound
of the pair error probability (PEP) are developed
for MIMO systems with STBC and beamforming.
A suboptimal PA scheme based on the criterion of
minimizing an upper bound on the symbol error
rate is proposed in Ref. [ 16 ]. An adaptive PA
scheme is presented in Ref. [ 17 ] to maximize
SNR at the receiver under perfect feedback.
Based on mean or covariance feedback, the power
allocation for approaching the ergodic capacity of
a MIMO channel is proposed to achieve near-opti-

L8] A linear precoder

mal capacity performance
which minimizes an upper bound of the average
PEP is designed for the orthogonal STBC system
based on non-zero mean feedback in Ref. [ 19].
The above-mentioned power control algorithms
basically need numerical search for the value of
the Lagrange multiplier of the constrained optimi-
zation and iterative calculations to determine the
number of eigenbeams of positive power. There-
fore, the calculation complexity is much higher.
Moreover, the above PA schemes are suitable for
the MIMO system with fixed modulation mode
only. Namely, these schemes do not consider the
superiority of adaptive modulation and cross-layer

design, thus the SE improvement is limited.

Based on the reasons above, we will develop
a CLD scheme with power allocation in space-time
coded MIMO system under imperfect feedback,
and investigate the spectrum efficiency and packet
error rate (PER) performance in Rayleigh fading
channel. By exploiting the delayed CSI at the
transmitter, a suboptimal power allocation
scheme for maximizing the average spectral effi-
ciency (ASE) of system is derived. The scheme is
based on a compressed SNR (CSNR) criterion,
where a single compression factor is used to mini-
mize PER and can be determined analytically.
The derivation yields a closed-form power alloca-
tion which is shown to be applicable in the whole
range of SNR of interest. Moreover, the derived
power allocations are always positive, and thus
they avoid the numerical search and iteration of
the existing optimal scheme to find the positive
power. Namely, the developed PA can make the
calculation of power coefficients become straight-
forward due to its closed-form expression. With
the PA scheme, the presented CLD will obtain
higher ASE than the conventional CLLD with equal
power, and it has ASE similar to CLLD with opti-
mal PA scheme due to better approximation.

Throughout the paper, the superscripts
e, (o))" and C+ )

transposition, transposition and complex conjuga-

denote the Hermitian

tion, respectively. A; denotes the element in the
ith row and the jth column of matrix A. "CN” de-
notes complex Gaussian distribution. I, repre-

sents the nXn identity matrix.

2  System Model

In this section, we will give a cross-layer de-
sign combined adaptive modulation at the physical
layer and ARQ at the data link layer for space-
time coded MIMO system with power allocation.
The MIMO system is equipped with N, transmit
antennas and N, receive antennas, and it operates
over a flat and quasi-static Rayleigh fading chan-
nel represented by a N, X N, fading channel ma-
trix H={h; }.

the channel gain from the /th transmit antenna to

The complex element h;; denotes

the jth receive antenna, and it is assumed to be
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constant over a frame (T symbols), i.e., it ex-
periences quasi-static flat fading. The channel
gains are modeled as independent complex Gauss-
ian random variables with zero-mean and variance
0.5 per real dimension, i.e., h; ~CN(0,1). A
complex orthogonal STBC is represented by a
T X N, transmission matrix X. The matrix X is a
linear combination of L input symbols satisfying
the complex orthogonality: X" X=¢( |z, |* 4+
,L} are the L in-

put symbols, and ¢ is a constant which depends
[12]

\I,,|2)IN‘ , where {x,, (=1,

on the space-time coded transmission matrix
Therefore, the transmission rate of STBC is R=
L/T.

In the paper, we assume that CSI is perfectly
known at the receiver, but there is delay in the
CSI feedback from the receiver to the transmit-
ter. Considering the feedback delay, the relation
between the actual channel H and its delayed ver-

sion can be expressed as"

H=pH 41— E (D
where H is the r time-delayed version of H, and
their entries are independent zero mean complex
Gaussian random variables (r. v. s.) of unit vari-
ance. The entries {fz,-,v} are correlated with {%; |
which has correlation coefficient p= J, (2nfaz) ,
where J,( ¢ ) is the zero-order Bessel function of
the first kind™" and f, is the maximum Doppler
frequency' . E is the estimation error matrix in-
dependent of H, and the entries of E are inde-
pendent complex Gaussian r. v. s with zero mean
and unit variance. The coefficient p reflects the
quality of channel information feedback, when p
equals one, the channel is perfectly known.

The input-output relationship of the system

is given by
Y =HUPX +Z—=HPX +Z (2)
where H=HU, U is a N, X N, beamforming ma-
trix which contains the N,-eigenvectors of H'H
with eigenvalues {A;} sorted in decreasing order,
and it is an unitary matrix. Y is the N, X N, re-
ceived signal matrix, and Z is the N, X N, noise
matrix whose entries are independent identically

distributed (i. i. d) zero-mean complex Gaussian

with variance ¢2. P=diag(y/P, s»/P; seenay /P )
is the diagonal matrix, where {P,, i=1, -« ,
N.} is the power allocation to the N, eigen-beams

with the following power constraint

Nl
EPizl (3)
i=1

P.=0.i=1.+.N, )

The instantaneous SNR per symbol after ST-

BC decoding can be expressed as!'?

N
y=IHP | iy/R= > Pay/R (5)
i—1
where || HP || % is the Frobenius norm defined as

| HP |

N, N,
L= 2 P, 2 | h; |*, 7 is the average
i—1 =1

SNR, and q; is defined as

Nr Nr Nl
ai:E |Ejz |2:2 | Eh;‘k&kf |2 (6)
= E=1

=1
In the following, we re-label the indices of

the value of {a;} in a descending order with «; be
the largest value for the sake of convenience.
With Eq. (1), using the Bayesian linear mod-
el and Theorem 10. 3 in Ref. [23], the mean and
covariance matrix of H conditioned on H, can be
expressed as
E{H|H)=pl, Cy=0—Ivn (D
where h and h are the vectorized versions of H and
H. respectively. Therefore, the elements of H,
{h;}» conditioned on H. become complex Gaussi-
an random variables with mean ‘oil_,v,- and variance
o?=(1—p"). Thus with Eq. (7) and H=HU, the
mean and covariance matrix of H conditioned on
H can be written as
E{H| H) =olU, Gy =o'l (8)
Therefore, conditioned on H, the elements {h;}

of H become complex Gaussian random variables
N

with mean p Z h vy and variance 2. With these
k=1

independent Gaussian distributed {A; }. {a;} will
be independent noncentral chi-square distributed.
Utilizing Eq. (2. 1-118) in Ref. [22], the proba-
bility density function (PDF) of a; conditioned on

H can be expressed as

(N —1)/2
1
2

<&> '
o, \Q;

fla | ) =

exp(*&' J,rai) X

2
o,
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IN‘ 1(%) (€D)]
O
Nl

where a; = pz 2
i—1

N, N,
E : hjkuki
k=1

modified Bessel function of the first kind™,

2
_ 2= N
=poa;s and a; =

N,
E h jk U ki
k=1

u:/:k,v. I, (x) is the wvth-order

i=1

which can be expanded as

NN (z/2)°
I“(l)_; [u! TCotut 1]

(10

3  Cross-Layer Design with Power
Allocation Scheme for MIMO

In this section, we will give a suboptimal
power allocation scheme for MIMO system with
CLD and STBC by maximizing average SE of the
system. The system is referred as CLD-STBC,
and square M-ary quadrature amplitude modula-
tion (MQAM) is considered for modulation in the
system. For discrete-rate MQAM, the constella-
tion size M, is defined as {M, =0, M, =2, and
M,=2""7%,

data transmission. The instantaneous SNR range

n=2,++,N}, where M, =0 means no

is divided into N fading regions with switching
thresholds {70, 7155 ¥n» Ynt13 Yo=0, Yni1 =
+oco}, MQAM of constellation size M, is used for
modulation when y falls in the nth region [ 7, .,
¥Yn.:1). Therefore, the data rate is b,= log, M,
with b, =0.

According to Eq. [2], PER of MQAM with
two-dimensional Gray code over additive white
Gaussian noise (AWGN) channel for the received
SNR 7y and constellation size M, is approximately
given by

PER, () ~ ! T
a,exp(—g,¥) ¥ =Vm
where {a,s g,+ ¥, ) are constellation and packet-
size dependent constants, and they can be ob-
tained by fitting Eq. (11) to the exact PER. Spe-
cifically, their values can be found in Table 1 in
Ref. [ 2].

In our CLD scheme, adaptive modulation at
the physical layer and the truncated ARQ protocol
at the data link layer are employed for cross-layer

design. We first define the target packet loss rate

(PLR) for the data link layer as Py... Since trun-
cated ARQ is used at the data link layer, the
packets in error may be retransmitted up to NI™*

(maximum number of retransmissions). There-

fore, the target PER is P, = Plossm at the
physical layer, which is generally limited as P,<<
1. The switching thresholds {y,} can be set to be
the required SNR to achieve the target PER, P,,
over an AWGN channel. By inverting the P, in
Eq. (11), we can obtain the switching threshold
values as follows
0 n=20
Y. =<B,/g, n=1,,N (12)
+oo  a=N+1

where B,= —1n(P,/a,) is a factor dependent on
the choosing of the modulation mode n. With the
above switching thresholds, PER and SE per-
formance of CLD-STBC system will be effectively
evaluated. Moreover, the system will operate
with PER below target PER P,.

In what follows, we will derive the power
control algorithm to maximize the average SE of
the system subject to the fixed power constraint
Eq. (3). According to Eqs. [2,3], the overall av-
erage SE of CLD-STBC can be expressed as
S — Semy

Se (13)
N,

where Se,, is the average SE at the physical lay-
er, N, the average number of transmissions per
packet, and can be calculated as™

Nu =1 +ﬁ+ﬁ2 4 eee +PerN‘rW _

n

(1 — Per™""1) /(1 — Per) (14)

where Per is the average PER of the system.
Substituting Eq. (14) into Eq. (13) yields

§:Sephy(1—£fr) 15)
1 — Per™

Considering that Per is usually less than 1,

ﬁw‘:‘“x 1

(13), the relationship between average SE and

will be much smaller. Thus, with Eq.

average PER can be approximately given by
Se ~ (1 — Per) « Se,, (16)

where Se,;,, and Per are respectively defined as

= al Tt ~ ~
Sephy :RZZ)HJ i Py()’) d)’ (17)
Y

n=1
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. N Voil o~ N =
Per :RZI)“J Per, « p; () dy/ Se, (18)

n=1 T

N,
where p; () is PDF of y= E Pa.y/R. Per, the
i=1
conditional average PER for constellation M, un-
der the imperfect CSI y.
Substituting Egs. (17,18) into Eq. (16) gives

Se =~

N Yut1 ~ ~ Tutl o~ ~ ~
R>)b, U 2y (N dyfj Per, « p; () d7]=
Y T

n=1

N Yt — N R
R0, U A —Per,) - p;(y)dy} (19)
V“

n=1

From Eq. (19), it is found that maximizing aver-

age SE is equivalent to the minimization of P\e/r,,.
With Egs. (5, 11), the approximate PER
with power allocation given the delayed channel H

can be written as

N,
Per,(H | H) ~ a,exp(— g, ZP,aJ’/R) =
i=1

Nl
a,exp(— §“2P,a,) 20
i—1

where ¢,=g,7/R. and the threshold y,, is neglec-
ted for analysis simplicity. Using Eq. (20) and
the conditional PDF of ¢; shown as Eq. (9), the
conditional average PER given H can be written

as

Per, ~ a, J exp(— &, Pa,) f(a)da; =
=10

N

: 1 _ LptalP,
B SR E ,IaZP,we"p( 1+§,,63P,->
221

In the above derivation, the independence of {a;}
and Eq. (6.643) in Ref. [21] are utilized.
Through minimizing Eq. (21), the subopti-
mal power allocation {P;} can be obtained. In or-
der to facilitate analysis, we will take the log-
arithm of Eq. (21) as the optimized objective,
L e.
L(P,)=1In(Per,/a,) =
N .
— 2 [ern(l + mfP;)—ﬁ—M} 22)
— 1+¢06.P;
It is well known that if the channel information is
perfect, only the maximum eigenmode should be
employed to maximize the received SNR, resul-
ting in one-directional beamforming (1D-BF),

namely P,=1 and P,=0, n=2,--,N. However,

when CSI is imperfect, using only the maximum
eigenmode will cause the performance sensitive to
the feedback delay. Since the imperfect feedback
information may bring about uncertainty onto the
received SNR at the transmitter, we define the
following compressed SNR to take this uncertain-

ty into account
N

Yo=/r) >, (Pa)® 0L vl (23)
i=1

where o; =E (q, | 0 = N,o> +a;, = N,¢ erz&, , 1s
the expectation of @; conditioned on H. v is the
compressed factor which will be used to optimize
Y.. Eq. (23) is defined based on the compression
function f(x)=zx"(x>0, 0<Cv<{1), where its
slope decreases as x increases. By using the com-
pressed function, we can adjust the contributions
from the eigen-beams to the received SNR.
Thus, the definition of Eq. (23) is to de-empha-
size the largest eigen-beam and place appropriate
emphasis to other beams in accordant with the
feedback channel information.

In the following, we will derive the power
control to maximize ¥, in Eq. (23) subject to the
power constraint in Eq. (3). An auxiliary objec-

tive function is defined as follows

N, N,
L.(Py s Py) = > (Pa)® +0(1— 2P,
i=1 i=1

QL
where 0 is a Lagrange multiplier. Taking partial
derivatives of the objective function with respect
to{P,, n=1,

derivatives to zero gives

.=, N,} and equating the partial

P,=0" (]  i=1,-,N, (25
Substituting Eq. (25) into Eq. (3) yields
O/ = (26)

“V/()
2

i—1
Substituting Eq. (26) into Eq. (25) gives
/(- u
p, =& @ o1, N, 2D

N,

=5
E&Zwm o) Z&Q
k=1 k=1

With 0 <<y <1, p € (0,
+0c0), The power allocation scheme of Eq. (27)

where p=v/(1 — ).

is general enough to cover from equal power allo-
cation (= 0) to 1-D BF (p—>o0).
Note that P; in Eq. (27) is always nonnega-
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tive, automatically satisfying the requirement of
positive power (Eq. (4)). The corresponding
power calculation becomes straightforward, and
thus the iterative calculation of the existing opti-
mal PA scheme in MIMO system is avoided. Mo-
reover, the PA scheme can be used to generalize
some existing schemes by setting p to different
values. For example, setting =0, Eq. (27) be-
comes the equal power allocation. When p—>oo

and UZINl , it gives the antenna selection scheme
in Ref. [247]. Besides, with perfect CSI and U=

Iy . P.=at/ 2 ai » it is identical to the adaptive
1

power control scheme in Ref. [17]. The deriva-
tion of the power control and the way to obtain
optimal x4 are both not provided.

Substituting Eq. (27) into Eq. (22) yields the
function L (x) with respect to y as follows

7

Nz 2 (;/
1 ;=
LGo=—3) N 87 5 T

i=1 E (;7
k=1

¢, aa,

Cootat + Za;

It can be shown that the obJectwe is a quasi-con-

(28)

vex function with respect to . Although numeri-

21 we focus

cal method can be used to calculate 4"
on the derivation of a closed-form solution of p.
According to the asymptotic analysis of the spa-
tial PA with imperfect CSI in Ref. [ 14 ], more
power will be allocated to the eigenbeam with the
largest eigenvalue in low SNR, which means that
p is large for low SNR. On the other hand, all
eigenbeams are almost allocated equal power in
very high SNR, which means that 4 is close to ze-
ro. Based on this, we may use Taylor's series ex-
pansion at =0 to approximate L(x) with small »

as

L) a~LO)+L"(0)p+ L") 7 29

2 2
Where I,(O):—[N‘l\]rlrI(Nt_]’\_]glO", )+N ipg .
St t n0 e

N

t

Z &1} » the first derivatives of L(x) with respect

i=1

to x4 at #=0, can be obtained as

LG N.E,
L' (0) =58~ 49— d,
O =, |, TN+ o)) 2“

(300

Nx Nx

where d;=1na;,— (1/N,) Z lne; » and 2 d;=0.
k=1 i=1

The second derivatives of L () with respect

to at =0 can be obtained as

” ]\[ C,O'e 2 2N §716e8 & S g2
L"(0) = d: d
0= (N, + 0! >ZE +<N + o f)32“’ ’

3D
From L (0)<C0, L' (0)>>0 and L”(0) >0 shown in
Eqgs. (29—31) , L(z) is the convex function of p.
With Eq. (29), by setting dL () /du=0, p can be
obtained by

N, N,
p=N Dad [ Nigol Sld: +
i—1 i—1

2 Ny

(%) Z;pz&,-d?} (32)
It can be shown that 4 calculated by Eq. (32) is
always positive. Thus, we obtain the closed-form
solution of x4 and the resultant closed-form ex-
pressions of power allocation. From Eq. (32), we
can see that when average SNR y is low. the cor-
responding p will be large. Thus, more power
will be allocated to the eigenbeam with the largest
a, in terms of Eq. (27). Whereas for large v, ¢,
will become large, and corresponding p will be
Thus, equal power is allocated for

The above

results accord with the previous asymptotic analy-

close to zero.

each eigenbeam according to Eq. (27).

sis, which means that the derived p is valid.

4 Simulation Results

In this section, we will evaluate the perform-
ance of the developed CLD scheme with power al-
location in space-time coded MIMO systems by
In the

channel is assumed to be quasi-static flat Rayleigh

computer simulation. simulation, the
fading. The Gray code is used to map the data
bits to symbol constellations. The set of MQAM
{0, 2,4, 16, 64}, n=0,
1,+-,4. The target packet loss rate at the data
link layer, P =10
tains 1 080 bit. Different space-time block codes,

constellations is {M, } =

*, and the data packet con-

such as G, , G;, and G, codes'***! are adopted for
evaluation and comparison.

Fig. 1 gives the average SE of the cross-layer
design with different power allocation schemes for

1 X 2 system, where JSO represents that CLD
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with the existing optimal PA scheme (i. e., the
PA scheme in Ref. [14] is applied to CLD-STBC
for comparison consistency). In Fig. 1, G, is used
for STBC, f,z=0. 05, N™=0,1,2,3 is consid-
ered. As shown in Fig. 1, CLD with the devel-
oped power allocation scheme has higher SE than
that with equal power allocation scheme under the
and it gives about 0. 8 (bit/s)/Hz

gain over the latter. The above result means that

same N,

the developed PA scheme is valid for improving
the SE performance of CLD. Moreover, due to
the better approximation, the proposed subopti-
mal PA scheme has almost the same performance
as the optimal JSO scheme. More importantly,
the former has closed-form power control, and
thus it can simplify the optimal power allocation
procedure greatly. In addition, the average SE
can improve as NI increases, but it improves
less when NI becomes larger. Based on this, in
the following simulation, the maximum number

of retransmissions, NI is set equal to 2.

] 1X2(G)
V Proposed: Ny =3
-52- Equal power: Ny™ =3
T 51 + Proposed: N/ =2
F -+ - Equal power: N =2
T 0 Proposed: N7 =0
+ 4| -o-Equal power: N =0
§ —1JSO
g
.g 3
=
o
Tg
3 2 7% v
& 788pd
[ ‘% ]
& - .
< 7 i
I Z e
é’ 1 / > . ,,/@
@
.07
0 ==~ i i
5 10 15 20 25 30
Average SNR / dB

Fig.1 ASE of CLD-STBC with two transmit antennas

and one receive antenna ( fqz=0. 05)

Fig. 2 gives the average SE of the cross-layer
design with different time delay for 1 X2 system
using G, code, where N = 2, the three PA
schemes:; the presented scheme, equal power
scheme, 1-D beamforming scheme are used for
comparison. From Fig. 2, we can see that ASE of
CLD with the proposed scheme has better SE per-

formance than that with the equal PA scheme or
1-D beamforming scheme, It has almost the same
ASE performance as CLLD with equal PA scheme
for large SNR, which accords with the asymptotic
analysis at high SNR in section 2. Moreover,
when SNR is low, it has almost the same ASE
performance as CLD with 1-D beamforming
scheme, which is also consistent with the asymp-
totic analysis at low SNR in section 2. Besides,
when the feedback delay is small (e. g. fqr=
0.01),its performance is very close to the per-
formance of CLLD with 1-D beamforming (which
is optimal for perfect CSI). The above results
show that the proposed suboptimal scheme is a

practical method with near-optimal performance.

1X2(Gy)
6 - - - —’_ﬂ
- % - Proposed: f; 7= 0.01 ,/E A
-f+- 1-D beamforming: f, 7= 0.01 ,/ﬁ’ o
"N 5t -©-Equal power: f,7=0.01 & ‘ !
F —#— Proposed: f,7=0.1 /d
T —8— 1-D beamforming: f;7=0.1 /E]
:: 4 + —6— Equal power: f;7=0.1
=2 ;
2 ]
% I,/
§ 3 A s
3 A g
E
g 2 - o
o S
) ’ 4
2 Ly
o — ’, ’
2 Iy
i o
0 = i i
5 10 15 20 25 30
Average SNR / dB

Fig. 2 ASE of CLD-STBC with two transmit antennas

and one receive antenna (N =2)

In Fig. 3, we plot the average BER vs. nor-
malized time delay for CLD-STBC with two
transmit antennas and one receive antenna. The
average SNR is set equal to 15 dB. The developed
scheme and equal power scheme are used for per-
formance comparison. The results show that
CLD-STBC with the above two PA schemes can
tolerate the normalized time-delay up to about
0. 01 with a slight degradation in the average SE.
But when the normalized time-delay f,r increases
beyond 0. 01, the ASE performance will degrade
increasingly. It is found that CLD with the devel-
oped scheme is still superior to CLLD scheme with

equal PA scheme over a wide range of feedback
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delays due to the application of power adaptation,
especially for small time-delay. However, with
the large feedback time-delay, their SE will be
close to each other. This is because when the
time-delay increases, the feedback becomes less
reliable yielding a non-adaptive power allocation
without regarding the feedback. As a result, the
proposed scheme will tend to use the equal power
allocation, and correspondingly, the two schemes
will have the same performance.
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Fig. 3 Effect of normalized time-delay on ASE of CLD-
STBC with two transmit antennas and one re-

ceive antenna

Fig. 4 gives the average SE of CLD-STBC
with different transmit antennas and receive an-
tennas, where the developed PA scheme is used
for performance evaluation. In Fig. 4, 2 TyR de-
notes a MIMO system with x transmit antenna
and y receive antennas. The normalized time-de-
lay (fu7) is set as 0.05, and N =2. As shown
in Fig. 4, the system ASE will increase as the re-
ceive antenna increases under the same number of
transmit antenna, e. g. the 2X2 system can gives
about 1.5 (bit/s)/Hz gain over the 1 X2 system.
Moreover, for the same number of receive anten-
na, ASE of CLD-STBC with G, code is higher
than that of CLD-STBC with single transmit an-
tenna, ASE of CLD-STBC with G, code is higher
than that of CLD-STBC with G; code. Besides,
ASE of CLD-STBC with G; code is higher than
that of with G; and G, codes. It is because the G,

code is a full rate code while G; and G, codes are

having half code rate.
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Fig.4 ASE of CLD-STBC with different transmit an-

tennas and receive antennas (N =2, f,r=

0.05)

5 Conclusions

The performance of CLD-STBC system with
imperfect CSI in Rayleigh fading channels is ana-
lyzed. The optimal power allocation for maximi-
zing the system ASE is derived based on imper-
fect feedback information. According to the rela-
tionship between ASE and average PER, the opti-
mal problem is converted to minimize the average
PER of the system for simplifying the optimiza-
tion calculation. By utilizing a compressed SNR
criterion, a closed-form compressed factor is de-
rived to minimize PER. As a result, a closed-
form suboptimal solution provides not only a di-
rect computation of the compressed factor but al-
so a closed-form power allocation. Moreover, the
suboptimal PA scheme can always be positive,
and thus it avoids the numerical search and itera-
tion of the existing optimal PA scheme to find the
positive power allocation. Simulation results
show that CLD-STBC system with PA can effec-
tively utilize imperfect CSI to improve ASE per-
formance, and the system can tolerate the nor-
malized time-delay up to about 0. 01 with a slight
degradation in ASE. The results indicate that
CLD-STBC with PA has higher ASE than that

with equal power, and can obtain the performance
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close to CLLD with the optimal PA.
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