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Abstract—In this paper, a new technique that combines adaptive
transmit antenna selection, transmit power allocation and iterative
detection is introduced for the modified Turbo-BLAST system. At the
transmitter, in order to minimize the BER performance of the overall
system, an adaptive transmit antenna selection scheme is proposed to
select the appropriate antenna subset for the actual transmission, and
the proper power is allocated for the selected antennas subject to the
total transmit power constraint. At the receiver the modified MMSE
detector taking the imperfect CSI into account is used to remove
the co-antenna interference. Finally the turbo principle is employed
for iterative detection to further lower the BER results. Simulation
results show that the introduced adaptive transmit antenna selection
and power allocation algorithm can significantly improve the BER
performance, and the iterative detection technique can further enhance
the performance.

1. INTRODUCTION

Multiple-input multiple-output (MIMO) communication systems can
provide a significant capacity increment over the conventional one
through appropriate space-time processing [1,2]. Bell-Labs Layered
Space-Time (BLAST) is one of the promising architectures thanks to
the advantages of low detection complexity and high data rates [3].
This new system combined BLAST structure with turbo principle is
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called Turbo-BLAST that can offer a reliable and practical solution to
high rate transmission for wireless communications.

There have been some attempts to improve the performance of
a traditional MIMO system. One such an approach is to incorporate
a transmit power allocation strategy [4-8] into conventional MIMO
system with equal power assigned to all the transmit antennas. But
due to a large number of radio frequency chains, the increased
implementation complexity seems to be a serious impact that limits
its practical applications for MIMO system. However, the so-called
transmit antenna selection technique could be an effective means of
circumventing this drawback [9-12]. The performance of transmit
antenna selection and power allocation methods are closely related to
the channel state information (CSI). Practically, CSI at the receiver
is subject to the error performance because of the non-real time data
processing, quantization error and imperfect channel estimations [13—
16].

In this paper, we propose a new strategy of adaptive transmit
antenna selection and transmit power allocation (ATAS/TPA) scheme
based on a postdetection signal-to-interference-plus-noise ratio (SINR)
for the modified Turbo-BLAST system in the presence of imperfect
CSI, which aims at minimizing the BER performance of the whole
system. At the transmitter, the ATAS/TPA scheme is used to choose
the appropriate antenna subset for data transmission and allocates
proper power to every selected antenna subject to the total transmit
power constraint, while at the receiver the iterative turbo strategy is
employed for signal detection to further enhance the error performance.
The theoretical analysis and numerical results show that the proposed
approach is an effective method to improve bit error rate (BER)
performance for Turbo-BLAST system.

This paper is organized as follows: after the introduction in
Section 1, the basic channel model and system description are briefly
introduced in Section 2. Section 3 is concerned with a new scheme of
transmit antenna selection and power allocation with imperfect CSI.
Section 4 presents a modified iterative detection algorithm for Turbo-
BLAST system where the proposed ATAS/TPA scheme is adopted.
The simulation results are given in Section 5. Finally, Section 6
summarizes the conclusion of the paper.

2. BASIC CHANNEL MODEL AND SYSTEM
DESCRIPTION

Consider a Turbo-BLAST system with n4 transmit antennas, ng
receive antennas and np antennas selected from the total of ng
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antennas for the actual data transmission. Usually, ng > np is adopted
to achieve the diversity gain in a rich scattering environment. Some
research activities have been also dedicated to study the improved
technique for V-BLAST system with ny > ng [17]. Fig. 1 shows
an illustrative diagram of a modified Turbo-BLAST system, where a
data stream is first encoded, bit-interleaved by a random permuter,
and then the interleaved bits are mapped into a symbol stream that
is subsequently demultiplexed into np substreams with each of them
allocated to appropriate power for the transmission.

The transmitted signals are received by the np antennas with the
received signal at a sampling instant expressed as

r=HPx+n (1)

where X = [71,...,2n,]7 and v = [r1,...,7,,]7 denote the transmit
and receive column vectors at a sampling instant, respectively, H €
C™rX"T denotes the complex channel matrix for the selected antennas.
Similarly, n = [n1,...,n,,]7 is a column vector of additive Gaussian
noise variables, where each component is independent and identically
distributed (i.i.d) zero-mean complex Gaussian variables with the

variance of o2. P = diag(yv/P1,...,+/Pny) is the diagonal transmit
nr

power matrix with total power constraint » Py = nr.
k=1
At the receiver, a practical sub-optimum detection strategy based
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Figure 1. An illustrative diagram of a modified Turbo-BLAST
system.
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on the iterative “turbo” principle is used for the symbol detection.
The encoding and interleaving for the data stream can be equivalently
viewed as a serially concatenated encoding process as depicted in
Fig. 1. The concatenated code can be decoded using a low-complexity
iterative decoder which is similar as the iterative decoder for a
serially concatenated turbo code. In the iterative decoding, the
optimal decoding process can be separated into two stages, i.e., soft-
input/soft-output (SISO) channel detector and SISO channel decoder,
respectively, which mutually exchange the extrinsic information sent
from one stage to another iteratively until the decoding process
converges.

3. PROPOSED TRANSMISSION SCHEME WITH
IMPERFECT CSI

3.1. Equivalent System Model

In this part we propose an equivalent system model for a Turbo-BLAST
system using a novel adaptive strategy under thq condition of imperfect
CSI. The complex channel estimation matrix H = [hj;] € C"EX"T ig
corresponding to the selected antenna subset. Based on the imperfect
channel model [14], the complex matrices H in (1) can be decomposed
as

H=H+E (2)

where 2 = [ej;] € C"2*"T ig a complex matrix related to the imperfect
CSI. Note that the same CSI is known to both the transmitter and
receiver. The elements of H and E can be modeled as independent
complex Gaussian variables [14], which subsequently leads to the
entries of H as complex Gaussian variables. Thus we can express their
statistical distributions as ej; ~ CN(0,02) and hj; ~ CN(0,1 — o2),
which are all distributed by complex Gaussian law with o2 indicating
the accuracy of the CSI.

Therefore in the presence of imperfect CSI, the received signal at
a sampling instant can be formulated as

r:(ﬂ+E)Pm+n:ﬂPx+EPx:ﬂPx+ﬁ (3)

where i £ EPx + n is the equivalent additive noise consisting of the
interference caused by the channel estimation errors and the complex
Gaussian noise, respectively.
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Let f be denoted as follows:

£ =Px
[ e €12 .. Clng \/?1 0 ... 0 T
€21 €929 c.. E2ngp 0 vV P2 ... 0 xI9
L €ngl €np2 .-+ Engnp 0 0 P, T
- -
> eV Prxy
k=1 f
nr 1
> eV Prxy fo
= | = = | @
'TLT fnR
> enpkV Pz
k=1 ]

Clearly, f is a zero-mean complex Gaussian column vector with its
n

T
component f, = > e/ Prxk, (¢ =1,2,...,ng), whose variance can
=1

be evaluated as
*

nr
E eqi\/ P
=1

a}q =E(ff})=E

nr
§ eqkV Prxy
k=1

ny
=Y BE [(eqrey,) (wrp)]
k=1
nr nr
=Y BE [|6qk|2}5 [|$k|2} =02 ) Py =ngo] (5)
k=1 k=1
The component of 1 is given as g = f; +nq,(¢ = 1,...,ngr) by

the afore-mentioned definition with the variance calculated as
?zq = E{ﬁqﬁq} = E{(fqg + nq)(fg +nq)"}

= E{|f4|*} + E{Ing*} = nro? + o, (6)
Unfortunately, an ideal system may not be suitable for the

imperfect CSI scenario, thus the proposed transmit antenna selection
scheme can be used to deal with this problem effectively.

)

3.2. Transmit Antenna Selection Scheme

Given the proposed equivalent system model, we give a transmit
antenna selection scheme in this part, which aims at minimizing the
BER results of the whole system in the presence of imperfect CSI.
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Theoretically, the error probability of a system monotonically
decreases with the increasing postdetection signal-to-interference-
plus-noise-ratio (SINR) [4]. Thus choosing an appropriate antenna
subset that ensures the highest SINR for each transmitted symbol
will significantly reduce the error probability. Obviously, there are

< Z;‘ > possible selected subsets with ny postdetection SINR’s for

each selection if ny antennas are chosen from a total of n4 transmit
antennas.

For minimum mean square error (MMSE) detector the postdetec-
tion SINR. py for the k-th symbol for any antenna subset with perfect
CSI can be approximately expressed as [4]

(Vi [H]1—p) ] B

P = Py - = (7)
2 2 2 A
On ||V]€H + Z ’(vk [Hh—ﬂc)lﬂ}
i+k
where [ -] ,_,, is the matrix formed by zero-forcing the first k£ columns

of the matrix, (-);; denotes the component at the i-th row and j-
th column of the matrix. For the k-th transmitted symbol, Py is
the allocated transmit power, v is the weighted vector with equally
assigned power and 1/Aj is the postdetection SINR formulated as

follows: )
1 |(ve [H], )

S (8)
(a% vl + 32 | (Vi [H]1—>k)1€|2>
£k

Based on the previously discussed equivalent system model, we

treat H as the actual complex channel matrix and n as the equivalent
complex noise, so the postdetection SINR py, in (7) for the k-th symbol
with perfect CSI can be modified for the scenario of imperfect CSI as

below:
A 2
)(‘A’k [H} 1—>k)1k) _ B
(owz +oR) e + 2 | (% 8] Hk)wf) M

where v, and 1/Ak are the estimated weighted vector and
postdetection SINR, given by (10), for the k-th transmitted symbol

pr = Py -

(9)
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with equally assigned power, respectively.

1 (o [8], ) [

. < o)
g ((nTUZ +02) \|{’k”2 +€§€ ‘ (‘A’k [ﬂ} 1—>k) 14‘ )

Let Hy € C"rR*"4 denote the complex estimated channel matrix
for all the ny antennas. We use the notation ®,4 for a matrix
subset whose element matrix ¥; is formed by taking any ng distinct
columns from n4 columns of Hy. Thus, ®4 can be expressed as

Dy ={Ty,...,9,,...,¥,} wherev = ( Z? > By (9) we can obtain

all the SINR’s for any matrix subset with np postdetection SINR’s.
The complex matrix H associated with the selected subset is resulted
by the following criterion to consequently guarantee the minimum BER,
results for the overall system.

H= argmax{ min ﬁk} (11)
Hea, (F=boonr

At the transmitter, according to the CSI sent back from the receiver,
the control unit is adopted to select the transmit antennas by
controlling the transmit power of every antenna, i.e., it only allocates
the transmit power to the selected antennas and ignores the others. In
practical implementation, the control unit is used to decide the active
antennas. Hence, the transmit antennas selection technique is used to
reduce the complexity of the signal processing not the cost of the RF
chains.

Based on (11) the proper power is allocated to the selected
antennas by the proposed power allocation strategy to further improve
BER performance that is described in the next part.

3.3. Transmit Power Allocation Scheme

Clearly, the information and parity-check bits of a concatenated code
play two different roles in a coded system [18]. Optimal power
allocation can improve the performance of a coded system with a
small performance gain and is only suitable for BPSK modulation
scheme [18]. Thus, in this paper we treat the information and parity-
check bits equally in order to get a suboptimal solution. Given
imperfect channel state matrix H and the channel estimation errors
matrix 2, the BER of the k-th substream can be tightly approximated
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by an exponential function [19] of jj expressed as

BER) =~ aexp(—bpy) = aexp ( b];\k ) (12)

— A\
where @ = 0.2 and b = 1.6/(2% — 1) for M-QAM modulation, and
a=0.2and b= 7/(2"9% 4 1) for M-PSK modulation with R = logy M.
If the error propagations are ignored, the overall BER may be
calculated as the following arithmetic mean of the BER for every
symbol because the transmitted symbols are independent to each other.

1 <& 1 & bP;
BER=— BER,=— aexp|—— 13
ey e (1)

where the BER is subject to an optimization problem given as below:

nr
minimize =~ BER = % BERy,
{Py:k=1,...n7} k=1

(14)

nr
subject to > Pp=np
k=1

The Lagrange multiplier method is employed to find the optimized
power allocation matrix that can minimize the overall BER with total
transmit power constraint. The cost function is evaluated as

J(Pl,...,PnT>:BER+A<§Pk—nT> (15)

k=1
where A is the well-known Lagrange multiplier. Hence, we can get a
set of np equations by letting 0J/0P, =0, for k =1,2,... nyp.

of bP, B B
m<aexp<—Ak>>— nrA, k=1,2,...,np (16)

The solutions for the transmit power P, and the Lagrange
multiplier A can therefore be found as

Ak nT)\Ak
P.= "1 17
- b ( ab a7)
nr .
oz + 3 Aln ()
1=
A=exp|— o (18)
> Mk
i=1
for k=1,2,...,np. For the proposed equivalent system, we choose

the appropriate antenna subset for the actual transmission using (11)
and allocate the proper power to the selected antennas by (17).
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4. ITERATIVE DETECTION ALGORITHM FOR
MODIFIED TURBO-BLAST SYSTEM

To further enhance the error performance, in this section the iterative
detection strategy is employed for the modified Turbo-BLAST system
with imperfect CSI.

Let r be the received symbol vector at a sampling instant, by (1)
and (6) the vector r, corrupted by the channel noise and interferences,
is given as

r= flk\/ Prxy + I:IEPEXE +n (19)

where x;, be the k-th transmitted signal at a sampling epoch, hy, is the
k-th column of the matrix H and

i, 2 [fll,...,ﬁk_l,ﬁk+1,...,ﬁnT} (20)

X, £ [wl,...,xk_l,:ck+1,...,an]T (21)
P; 2 diag (\/Pl, oA Pots AV Perts - \/PnT) (22)

By (20)—(22), the decision statistic of the k-th substream using a linear
filter wi can be expressed as

Y = VAV]?}Alk\/ Prxp, + WI?I:IEPEXE + Wffl (23)
——
Gk Gk 2

where G, gr and Z; are the desired response filtered by wy,
the co-antenna interference and the phase-rotated equivalent noise,
respectively, () denotes the complex conjugate transpose of a matrix.

The co-antenna interference can be removed from % by the
proposed multi-substream detector and soft interference cancellation
based on MMSE principle. The improved estimation of the transmitted
symbol zj, can be formulated as

.f'k = WkHr — gk (24)
where I is the estimate of the symbol xi, and §p is the linear
combination of the interfering substreams. The estimation error is
defined as Az = T —x. The weighted vector wi, and the interference
estimation g, are optimized by minimizing the mean-square estimation
error Axp between each substream and the related estimate, by the
following cost function

2~ S . ~ 2
(Wi i) = arg min B [ — i3] (25)
(Wk,gk)

where the expectation is taken over the equivalent noise n and the
statistics of the data sequence x.
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Next we use standard minimization technique to solve the
optimization problem that is expanded as (26) for the original
expression in (25).

Cost = F [H:ﬁk - mkHQ] =F [H\if}?r — g — iﬂk‘ﬂ
= WkHE (I‘I‘H) Wy — VAVI?E [I‘(gk + xk)*]
—E (g + xx) 1 Wi, + B (g + 2x) (G + 21)*] (26)

where
E (rr') = (hp/Py)(he/Po)™ + (P E (xpxl]) (PR 7
+(nTUe + Un)InR (27)
and

Efr(g + )] = B |(hyy/Pey + HpPrxg +8) (3 + 20|
= hy,V/Pe + HyPLE(x;) i (28)
The cost function in (26) can be further evaluated as
Cost =l | (/71 (n/72) "+ (B1ee) 2 Gt (P
+ (nro? + 02,)] Vor = Wi [/ Py + FRPLE (xp) ]

~ ~ H
— |Bev/Pi+ HGPLE (xi) 37 Wi
+E (G195, + TGy, + Jrx), + i) (29)
The linear combination of interfering substreams §; and the weighted

vector wy, are obtained in (30) and (31) by letting dCost/dg;, = 0 and
0Cost/0w;, = 0, respectively.

gx = Wi (HpPp) E(x) (30)
Wk: [Q—l-S-f-(nTO' —|-O' I ] hk\/> (31)

= (hi/Pe) (hy/Pp)? (32)
S = (HyP;) {I(n,—1) — diag [E(xp) E(x;) "]} (H;, PP (33)
Therefore the weighted vector wy is used for the modified Turbo-

BLAST system in the presence of imperfect CSI. Thus (24) can be
rewritten as

:Ek:\?kar—gk = {[Q+S+ (TLTUS—I—U?L) InR}_l (flk Pk)}

v — (P Elxp)| (34)

where

H
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For the first iteration, we assume E(xj) = 0, and thus the linear
MMSE detection for the k-th substream becomes

~ ~ H N . H
P = {[(h,ﬂ/P,g) (hk\/Pk) + (Hk P,;) (H,;P,;)
o H
+ (nTUz + aﬁ) InR] ! <hk\/Pk)} r
~ H ~ N H -
= (hev/P) [(HP) (BP) " + (nro? + 02) InR] r (35)
Next, we assume that E(xj) — xj with the increasing number of
iterations, where the MMSE interference canceller for the modified

Turbo-BLAST system using optimal antennas selection and power
allocation with imperfect CSI is

Ty = [(flk\/ﬁk)H(flk\/ﬁk) + (npo? + 0'721)]

(hie/P)" |r — HPrx (36)

The performance of iterative scheme depends on the accuracy of
the channel estimation matrix and the adaptive method.
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0 —o— 07 =0 tert

—— 07 =0 ler=3

5 10 15 20
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Figure 2. BER performance of traditional and modified Turbo-
BLAST systems using 8-PSK modulation in different iterative
detections under the conditions of perfect and imperfect CSI.
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5. SIMULATION RESULTS

In this section we compare the BER performance of the traditional
and modified Turbo-BLAST systems, where the proposed adaptive
transmit antenna selection and power allocation strategy is adopted
in the latter case. The Turbo-BLAST system studied here for the
simulation has four receive antennas and a total of six transmit
antennas with four of them chosen for the actual transmission. At
the transmitter, the data stream is first encoded by a rate-1/2
convolutional code with generator (7, 5), then bit-interleaved by a
random permuter and finally the interleaved bits are modulated by
8-PSK and 4-QAM modulation schemes, whose BER performance
is given in Figs. 2-5, respectively. The modified Turbo-BLAST
system employs the proposed adaptive transmit antenna selection
and transmit power allocation denoted by “ATAS/TPA”, while the
traditional Turbo-BLAST system adopts the equal power allocation
strategy denoted by “ng x np EPA”, where nr X nr denotes that the
traditional Turbo-BLAST system is equipped with np transmit and
np receive antennas.

It can be observed from Figs. 2 and 3 that the modified Turbo-
BLAST system outperforms the traditional system in all cases under
the same conditions, regardless of the modulation schemes and the
status of CSI. This implies that the proposed transmit antenna

)

—+— 07 =004 lter=1

5| —— 07 =0.04 ter=3
—6— 07=0 lter=1

e

—o— 0220 lter=3

5 ¢
0 ) 4 6 8 10 12 14 16
EB/NO (dB)

Figure 3. BER performance of traditional and modified Turbo-
BLAST systems using 4-QAM modulation in different iterative
detections under the conditions of perfect and imperfect CSI.
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selection and power allocation strategy is an effective means to improve
BER performance even with the imperfect CSI. For example, at a
BER of 1074, we can see from Figs. 2 and 3 for 8-PSK and 4-QAM
that there are 7dB and 5dB gains for the modified system over the
traditional one in the 1st detection iteration under the condition of
perfect CSI, i.e., 02 = 0. Moreover, the BER results are quickly
lowered with the increasing detection iterations. For instant, in the
3rd iterative detection for 8-PSK and 4-QAM, there are 1dB and
2dB gains attained for the modified Turbo-BLAST system using
ATSA/TPA over the conventional one under the condition of perfect
CSI. Clearly, the BER performance of 6 x 4 EPA system provides
even more worse performance than the 4 x 4 EPA system because the
co-channel interferences become more significant when the number of
transmit antennas is increased.

Figures 4 and 5 offer the BER performance in different SNR’s
(signal to noise ratio) with imperfect CSI, which exhibit that the BER
values will be gradually unchanged as constants when the obtained CSI
is more accurate. For example, 02 < 10~% as a threshold for 8-PSK
while 02 < 1072 as a threshold for 4-QAM. Figs. 4 and 5 also clearly
demonstrate that the impact of CSI is more severe for the higher SNR
cases because that when SNR is very high, i.e., 02 — 0, the BER
performance mainly depends on the accuracy of CSI.

BER

—&— 8-PSK Eb/IN0=0dB

—7— 8-PSK Eb/N0=5dB

—6— 8-PSK Eb/N0=10dB

Figure 4. BER performance of modified Turbo-BLAST systems using
8-PSK modulation in different values of Eb/NO with imperfect CSI.
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Figure 5. BER performance of modified Turbo-BLAST systems using
4-QAM modulation in different values of Eb/NO with imperfect CSI.

6. CONCLUSION

In this paper, we propose a new strategy that combines adaptive
transmit antenna selection, power allocation and iterative detection
techniques into one synergy to improve the BER performance for the
modified Turbo-BLAST system.

Based on the equivalent system model used in this paper and the
derived variance of the equivalent noise, the approximate postdetection
SINR for MMSE detector is theoretically obtained and the optimal
antenna subset is chosen to ensure the minimum BER results. The
Lagrange multiplier method is then employed to find the optimized
power allocation matrix which can minimize the BER results for the
whole system subject to the total transmit power constraint. Finally,
the iterative detection technique is adopted for the modified Turbo-
BLAST system to further improve the BER performance.

Simulation results show that the newly introduced method is an
effective means to enhance the performance of Turbo-BLAST system
in both cases of perfect and imperfect CSI.
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