MINIMUM BER TRANSMIT POWER ALLOCATION AND BEAMFORMING FOR
TWO-INPUT MULTIPLE-OUTPUT SPATIAL MULTIPLEXING SYSTEMS

Neng Wang and Steven D. Blostein

Department of Electrical and Computer Engineering
Queen’s University, Kingston, Ontario, Canada K7L 3N6

ABSTRACT In this paper, we consider complexity and feedback overhead
reduction by introducing structural constraints to precoding. For
well-conditioned TIMO channels, precoding is constrained to be
transmit power allocation, i.e., we optimize only the transmit power
of signal streams. Minimization of bit error rate (MBER) is em-
ployed as the optimization criterion. When the TIMO channel is
ill-conditioned, MBER transmit power allocation is shown to ex-
perience error floors. To improve performance in ill-conditioned
channels, we develop an approximate MB&E&hsmit beamform-

ing scheme. It is shown that the proposed transmit optimization
schemes offer superior performance over existing precoding meth-
ods in general correlated fading channels.

Transmit optimization for two-input multiple-output (TIMO)
spatial multiplexing systems is investigated. Minimization of bit
error rate (MBER) is employed as the optimization criterion. MBER
transmit power allocation for a variety of receiver structures is
proposed. An approximate MBER transmit beamforming scheme
is also proposed, which eliminates error floors in ill-conditioned
TIMO channels. It is shown that the newly proposed transmit op-
timization schemes together with interference cancellation and de-
tection ordering offer superior performance over existing general
precoding methods, with reduced complexity as well as feedback
overhead.

1 INTRODUCTION 2. TIMO CHANNEL AND SIGNAL RECEPTION
The received signal of a TIMO system wifti. > 2 receive an-

Wirel mmunication ing multiple transmit and receive an-
eless communications using multiple transmit and receive a tennas can be modelled as

tennas, known as multiple-input multiple-output (MIMO) systems,
offers a number advantages over single-input single-output (SISO) r=Hs+n=sh +sshs+n 1)
systems, such as diversity and spatial multiplexing gains [1]. Our ’
goal of this paper is to investigate transmit optimization for MIMO  wheres = [s1 s2]7 denotes the transmitted signal vectdf; =
spatial multiplexing systems with two transmit antennas, known [hy : ho] is the N, x 2 channel matrix, which is assumed to be
also as two-input multiple-output (TIMO). The study of such sys- yanerally correlated Ricean fading [7]; ands the N, x 1 additive
Fems can pe motlyated ina qumber of ways: 1) T.IM.O gystems ar€ Gaussian noise vector. For simplicity of analysis purposes, we as-
important in practical scenarios where there are limitations on COSt ¢ me white input and noise, i.&[ss”| = E,I, andE[nn™] =
and/or space to install more antennas; 2) a virtual TIMO channel ) ] S jcf _
is created when two single-antenna mobiles operate in cooperaYoln., input signal-to-noise ratio (SNR), = F/No, and bi-
tive communication mode [2]; 3) when transmit antenna selection N&ry phase shift keying (BPSK) modulation.
is employed in MIMO to achieve diversity with reduced cost of
transmit radio frequency chains [3], selecting two out of multiple 2.1. TIMO Signal Reception
transmit antennas turns MIMO into TIMO; 4) it is easier to an- .
alyze TIMO systems than the more general MIMO systems, and 2-1-1. ZF Receiver
these analyses offer insights into MIMO system design and perfor- with ZF equalization, the transmitted signal is estimated as
mance.

When channel state information (CSI) is available at the trans- §=H'r=s+H'n. (2
mitter, system performance can be improved. Transmit optimiza-
tion is receiver-dependent. Signal reception for spatial multiplex- The decision-point SNR of thie-th signal stream is obtained as
ing can employ criteria such as zero-forcing (ZF), minimum mean .
squared-error (MMSE), successive interference cancellati@) (Sl . Hyr) ! def 2 _
or ordered SIC (OSIC) as, for example, in the case of Vertical Bell 2k = s {(H H) } = Vs9zk k=12 @)
Laboratories Layered Space-Time (V-BLAST) [4]. Efforts to op-
_tlmlze MIMO transceiver structures mclude, e.g., MM_SE 'precod- whereg%}k lef [(HHH)AE}C denotes the power gain dfth
ing/decoding [5] and MBER precoding for ZF equalization [6]. stream. The power gains can be calculated as
These schemes, however, generally require high feedback over-
head and/or high complexity processing, e.g., diagonalization of 5 Ag 2 An

the channel matrix. 921 = P 922 T 4)

k,k

def
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2.1.2. SIC Receiver 3. MBER TRANSMIT POWER ALLOCATION FOR TIMO

Without loss of generality (w.l.0.g.), we assume that stréas 1 Denote the power allocated to theth stream ag? (k = 1,2).
is detected first. Assuming ZF equalization is employed, the power The received signal can be written as '

gain of detecting is the same as that of the ZF receiver, i.e.,
) Au r = pisihi + p2sahs + 7. (12)

_ 2 _ .
gsi = 9z1 = [he|?2” ®) We assume that the total transmit power is constrainech¥ia
2
Py = 2.

Assuming that; = s1, the interference due to the first stream is The average BER (9) can be straightforwardly generalized to

then regenerated and subtracted, i.e.,

) _ 1 1
r' =r—&hi = sohy 1. (6) P(vys; {gi}i {pi}) = 52 (\/2%9%19%) +359Q (\/2%9319%) :

The detection ok, in (6) with ZF equalization is given by, = (13)
hgr/ = 59+ J]}?—n?’ which is equivalent to maximal ratio combin- ~ To minimize (13) under transmit power constraint, no closed-form
ing (MRC), wit|f21 power gain solution exists. However, taking the approach in [11], we approx-
) 9 imate the objective function to obtain a closed-form solution with
gs,2 = |Ihz2|". (7 performance very close to the MBER solution. Using the approxi-
mate BER formula given in [18] an approximate MBER solution
2.1.3. OYSC Receiver is obtained as [11]
To improve SIC performance, the streams can be reordered based pr =7 "9:" (Ingi + v), (k=1,2), (14)

on SNR at each stage. The SNR-based ordering scheme [4] de-

tects the stream with largest decision-point SNR first, or, equiva- where(z) Lof max{0, z}, andv is chosen to satisfy power con-
lently, detects the stream with largest power gain first. From (4), straint. Note the fact that the total transmit powér+ p3 is a
the stream to be detected first is piecewise-linear function i, with breakpoints at-1n ¢ and
—1Ing2. W.l.o.g., assuming? > ¢2, we can simplify (14) as

k1= argmax-yz,, = arg mlaxg%_’l = argmax 1|2
2 2 _ . g3 2
i.e., SNR-based ordering is equivalent to norm-based ordering in p1=2p>=0 , if In (é) 2 27s01
TIMO system$. Therefore, we obtain the power gains as p? = h‘jf% 2 _ 1“52% otherwise
EXA 595
A : (15)
2 H 2 2 2
9o = — 90,2 = min{|[hu [, |ha[|"}. 202 21,02 2 02 . .
min{|hi|]2, [[ha|2}’ o wherey, = 21919 Zé‘ll’qu 921191 \We note that in the first
9117935
. H 2 2 H H
The average BER of the above receivers can be calculated ag@se of (15), the solutiop; = 2 andp; = 0 implies that the
8] stream with weaker power gain is dropped, and all available power

is allocated to the stronger stream. This occurs when eithes

_ 1 1 )
P(ys; 97,93) = 59 (\/2%gf> +59 (\/2%95) , (@  giorysissmall.

For OSIC, we need to examine the effect of MBER power

allocation on ordering. W.l.o.g., we assurf:|| > |hz|. In

whereQ(z) %" —L_ [*¢~¥"/2dy. The gaing} depends on the

) Ver Jz 7 . norm-based ordering; is detected first. Denote the correspond-
receiver structure and is given in (4), (5), (7) and (8). ing power gains ag? — |\§}ﬁ?’ anda? = |ho|*. Consider
2
o the opposite detection ordering. Denote the resulting power gains
2.2. lll-Conditioned TIMO Channels asfB? = -2H_ andB2 = ||hy|. Note thata?ad = B243.

oy |12

Since theQ(-) function decreases rapidly in its argument, the aver- By assumption|(h;|| > |hz]|), we havef; < of < 33, and
age BER in (9) is dominated by the term with smaller power gain. 37 < a3 < 2. At moderate-to-high SNRy¢ >> 1), it can be
In the extreme case with vanishing power gain, the system experi-shown that [9]
ences an error floor. We refer to this asilirconditioned TIMO P(s; 02, 02) < P(ys: 82, 2)
channel. From the power gains given in (4), (5), (7) and (8), we Vo3 01, 02) = Fs3 PLs P2)-

know that the channel is ill-conditioned when eitl®f; = 0 or In other words, for TIMO at moderate-to-high SNR, norm-based
min{||h1]|?, ||hz||*} = 0. It can be shown that, w.l.0.g., we can ordering, which is optimal for TIMO without power allocation, is
assumeéhs = a - hy with o € C [9]. The ill-conditioned TIMO also optimal for the MBER power allocation scheme, in the sense

channel can be modelled as of minimizing average BER.

H~ hi[l 4, (10) Remark 3.1 Feedback Overhead and Complexity Issues: For a
which is also an example of a “pinhole” channel [10]. The least- 1/MO system using a general precoding method, either the chan-
squares (LS) estimate afcan be found to be nel or precoding matrix is required at the transmitter. The pro-

" posed power allocation scheme requires only transmit power in-
drs =hihy = hi"h, ) (12) formation. Precoding schemes require diagonalization of a chan-
! |Ihy]|2 nel matrix [5, 6]. Using power allocation, operations performed at

1We note that this does not apply to general MIMO wih > 3. the transmitter are trivial.

2This is a lower bound for SIC and OSIC due to the neglectingmafre 3The BER can approximated @3,(v) ~ £ exp{—cy}, wherec is a
propagation, which is also an accurate approximate at madayatigh constellation-specific constant. Therefore, extensiathefesults in what
SNR's. follows is straightforward.




Remark 3.2 Application Scenarios. A TIMO configuration is ap-
propriate for the uplink of a wireless system, where each mobile

terminal is equipped with two transmit antennas while the bases-
tation may have more antennas. The downlink, on the other hand,

has a multiple-input two-output (MITO) structure. To exploit the
inherent transmit diversity in such a MITO system, transmit pro-

cessing is necessary [5]. Alternatively, transmit antenna selec-

tion [3] may be employed to reduce costly transmit radio frequency

asOS C with MBER transmit beamforming. Average BER can be
approximated by [9]

Pi (7s3h1,0) & 50

4
xp { = ol + o) L a9)
which does not experience error floor effects.

Remark 4.1 Itis of interest to compare power allocation with the

chains. Selecting two out of multiple transmit antennas results in a proposed transmit beamforming in ill-conditioned TIMO chan-

two-input two-output system, which belongs to the general TIMO
family, and our proposed power allocation applies.

Remark 3.3 Performance in IlI-Conditioned Channels: W.l.0.g.,
we assumda| < 1in (10). The power gains of OSIC can be
obtained ag/5 ; ~ 0 andgd , = |al?||h1||>. Applying power
allocation (14), we obtaip? = 0, andp3 = 2. Average BER can
be approximated as

_ 11
P(ysiha, a) & 2o + 75 exp {=2ys[al’|[hu]*} ,

nels. Using the same notation as in Section 2 and similar ar-
gument as presented in this section, a power allocation solution
that approximately minimizes error rate can be found tpbe=
2|R(a)|p2, p2 = V2 (1 + 4[%((1)}2)_1/2 [9]. The average BER
for power allocation in ill-conditioned channels can be approxi-
mated as [9]

b a9

It is obvious that (19) experiences error floors whefu) ~ 0.

_ 2y [R(a)]

SPA, . 3
PIC (’Ysyhlya) ~ 20 eXp{ 1 +4[%(a)}2

which experiences error floors. This motivates our study of general 1 herefore, power allocation alone cannot eliminate error floor ef-

precoding for ill-conditioned TIMO channels.

4. PRECODING FOR ILL-CONDITIONED TIMO

W.l.o.g., assuméh; || > ||h2||, or, equivalentlya| < 1. Denote
the precoding matrix

P12

p22 |’

The transmit power constraint is given by

P11
P21

P, — {
tr (Png{> = pul’ + [p2|* + [p21]* + [p22]® = 2.

The received signal is = HP,s + 7. With ZF equalization, the
estimate of the transmitted signal

{ 2 } Hr = HHP,s + H'p

i ([ i ]|

i [« )
o> [ o™ ]/

From (16), we observe that ands- are coupled in; andz2, and
zo = a*z1. Therefore, it suffices to consider

a

) P11S1 + p1252
|a

P21S1 + P2252

+ (16)

hin

21 def (1+\a\2)z1 = (p11 +ap21)s1+ (p12 + apaz)s2 + e
1

W.l.o.g., we assum®(p11 + ap21) > 0, R(p12 + ap22) > 0, and
R(p11 + ap21) > R(p12 + apa2). As aresults; is detected first,
ands: is then detected after performing interference cancellation.
An approximate MBER precoding solution is found to be [9]

/2 oy —1/2 1
Pb_\/;(l—i—\a\) {a*

}[2 1], an

fects in ill-conditioned TIMO channels, whereas power allocation
together with beamforming can.

Remark 4.2 4-PAM- versus QPSK-mixing: We note that the power
allocation vector in (17) pre-mixes two BPSK streams into a 4-
PAM stream. It is also possible to pre-mix two BPSK streams
into a two-dimensional constellation, e.g., QPSK as in [13]. Per-
formance and complexity issues of these two different pre-mixing
schemes will be considered in future work.

Remark 4.3 Feedback Overhead and Complexity Issues. From
(17), only an estimate af is required at the transmitter, which can
be obtained using (11). Operations performed at the transmitter
are also trivial.

5. NUMERICAL RESULTSAND DISCUSSIONS

Figs. 1 and 2 compare BER performance of the proposed MBER
power allocation method for ZF, SIC and OSIC receivers with two
existing precoding methods in well-conditioned and ill-conditioned
channels, respectively. In addition, comparison of OSIC with MBER
transmit beamforming as proposed in Section 4 is also made. In
our simulations, we adopt the spatial fading correlation model for
general non-isotropic scattering given in [7]. The following pa-
rameters are chosety, = 4 receive antennas; transmit and re-
ceive antenna spacings expressed in wavelength@.z@nd 10,
respectively; angles of arrival/departure of the deterministic com-
ponent arer/6 and 0, respectively; angle spre#P; and BPSK
modulation is used for the purposes of comparison with [6].

Fig. 1 shows average BER’s in an uncorrelated Rayleigh fad-
ing channel. To clarify the plot, performances of ZF with power
allocation and SIC without power allocation are not shown since
they are nearly identical to that of MMSE precoding/decoding;
OSIC without power allocation (also not shown) has performance
close to that of ZF with MBER precoding. We observe that at a
BER of 1073, the proposed power allocation scheme offers 0.6,
1.4 and 0.8 dB gains over ZF, SIC and OSIC receivers, respec-
tively. SIC and OSIC with power power allocation outperform

which has rank one, and can be viewed as power allocation (vectorprecoding schemes. We can also see that OSIC with MBER beam-

(2, 1)) followed by transmit beamforming (vectft, a*]7) point-
ing to the approximate MBER direction. We refer to this scheme

forming, though designed for ill-conditioned channels, outperforms
OSIC without power allocation at SNR's larger than 5 dB.
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Fig. 1. Average BER performance in uncorrelated Rayleigh fading
TIMO channel (V; = 2, N,, = 4).

Fig. 2 illustrates average BER'’s in a correlated Ricean fad-
ing channel. Performance of SIC without power allocation (not
shown) is nearly identical to that of MMSE precoding/decoding.
Again, SIC and OSIC with power allocation outperform precod-
ing schemes. We also observe that the proposed OSIC with MBER
beamforming offers significant gain over power allocation and pre-
coding schemes shown: at a BERI16f 3, 8.5 dB SNR gain over
OSIC with power allocation. This is as excepted since in Ricean
fading, due to the existence of a line-of-sight (LOS) component,
the channel matrix is likely to be ill-conditioned.

6. CONCLUSIONS

MBER transmit power allocation and beamforming for TIMO spa-
tial multiplexing are proposed in this paper. It is shown that SIC
and OSIC with MBER power allocation outperform existing pre-

10 T T
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Fig. 2. Average BER performance in correlated Ricean fading

TIMO channel (V; = 2, N, = 4, K = 8 dB).
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