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Power Loading Algorithm for Orthogonalized Spatial
Multiplexing in Wireless Communications

Young-Tae Kim*, Seokhwan Park* Regular Members, Inkyu Lee** Lifelong Member

ABSTRACT

In this paper, we propose a new power loading algorithm for orthogonalized spatial multiplexing (OSM)
systems over flat-fading multiple-input multiple-output (MIMO) channels. Compared to SVD-based transmission
scheme, the OSM scheme exhibits a good system performance with lower complexity and feedback overhead. To
further improve the performance in OSM systems with power loading, we introduce a geometric approach on the
Euclidean distance between the constellation points in the effective channel. Using this approach, we show that

the optimal power loading parameters in terms of the minimum distance can be obtained. Simulation results

demonstrate that our algorithm provides a 5dB gain at a bit error rate (BER) of 10~ * over that of no power

loading case with both QPSK and 16-QAM. Consequently, our power loading algorithm allows us to

significantly improve the system performance with one additional feedback value.

Key Words : MIMO; Closed loop; power allocation; maximizing dmin.

I. Introduction

Communication over multiple-input multiple-output
(MIMO) channels has been the subject of intense
research over the past several years, because the
MIMO channel can offer much greater diversity
gain and higher spatial multiplexing gain over their
single-input  single-output  (SISO) counterpartm[z]m.
Normally, two approaches have been considered to
exploit many advantages of the MIMO channels.
One is space-time coding that aims at maximizing

[41(5][6]
2

diversity gain and the other is spatial

multiplexing which focuses on increasing the
channel throughput”"™"®",

If the communication environment is slowly
time varying, the availability of channel state
information (CSI) at the transmitter is possible via
feedback or the reciprocal principle when time
division duplex (TDD) is used. Many studies on

such closed-loop MIMO systems have been based

on singular value decomposition (SVD) of the

MO However a drawback

channel transfer matrix
of precoding systems with the SVD is that the
SVD  operation requires high computational

d". To reduce

complexity and feedback overhea
the feedback amount, a transmitter with limited
feedback information was studied to utilize the
system resources more efficiently[13][14],

Recently, orthogonalized spatial multiplexing
(OSM) has been proposed, which achieves
orthogonality between transmitted symbols by
applying phase rotation at the transmitter’ ",
The OSM scheme can be applied to a system
with more than two transmit antennas, which
transmits two streams of data at the same time.
Compared to SVD-based transmission scheme, the
OSM scheme exhibits a good system performance
with lower complexity and feedback overhead.

One of salient features of the OSM scheme, is

that transmitted data symbols experience the same
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channel quality. This may lead to an incorrect
conclusion that the power loading would not
improve the OSM performance. However, this is
not the case since each component of the
transmitted symbol still has different channel gains.
Recognizing this issue, we propose a power
loading scheme for OSM systems, which allocates
the optimal power to each component instead of
symbols. The proposed scheme requires one
additional feedback value. To determine the
optimal power level, we consider a criterion based
on the Euclidean distance between the constellation
points in the effective channel, since the minimum
Euclidean distance accounts for the symbol error
probability. We achieve reasonable receiver
complexity from the proposed geometric approach.
In the simulation section, we compare the
performance of the proposed power loading for
OSM systems with that of conventional OSM
systems. The results show that our algorithm
obtains a 5dB gain over no power loading case at
a bit error rate (BER) of 10™* with both QPSK
and 16-QAM. Optimality of our proposed solution
is confirmed by comparing with the exhaustive
search results.

The remainder of this paper is organized as
follows: Section II presents the system model and
reviews the OSM system. In Section [, we
propose a new power loading algorithm for OSM
systems and a geometric approach for the
criterion. In Section IV, simulation results are
presented comparing the proposed scheme with
OSM systems without power loading. Section V
gives the conclusions of this paper.

I. System Descriptions

In this section, we consider a spatial
multiplexing (SM) system with A4 transmit and
M. receive antennas in a frequency flat fading
channel. Throughout this paper, normal letters
represent scalar quantities, boldface letters indicate
vectors and boldface uppercase letters designate
matrices. With a bar accounting for complex
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variables, for any complex notation ¢, we denote
the real and imaginary part of ¢ by R[c| and
Iel, respectively.

We consider the complex channel output as

y=Hx+n )

= AMx1 .
where x=C"™" s the complex transmitted

. - AMxL o, .
signal, y=C “! indicates the complex received

M, <M,
represents the complex

signal, and HEC
channel matrix with the (4,;)th element denoting
the fading coefficient between the jth transmit
and the ¢th receive antenna. We assume that the
elements of the MIMO channel matrix H are
obtained from an independent and identically
distributed (i.i.d) complex Gaussian distribution.
Each channel realization is assumed to be known

at the receiver. Also, we assume that
n~ N(0,021,,) is the zero-mean circularly
symmetric complex Gaussian noise, where I,

denotes an identity matrix of size M.

In what follows, we give a brief review on the
orthogonalized spatial multiplexing (OSM) scheme
in [15][16]. We focus on a system transmitting
two independent data streams. The OSM
orthogonalizes a channel by applying a rotation
precoder. Thus the joint ML detector reduces to a
single symbol decodable receiver, which greatly
decreases the detection complexity.

To orthogonalize the channel, the OSM
precodes two transmitted symbols as

FE0 =] g ey o)

where 6 is the rotation phase angle applied to
the second antenna and

S(3) = lR[mJ +ﬂz@ }_ :
I{-TJ +j][1’2]

Employing the above precoding, equation (1)
can be rewritten as

y=HF(x,0) +n=H,s(x)+n ?)
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where H, accounts for the effective channel

matrix for s(x), represented by

HA| o oo |

Equivalently, the real-valued representation of
the system (2) is given as [15][16]

y:Hes( )+ - o
[3@} lR[He]*I{Hs} Ris(x)] H Rin]
riy |8, /E) L) L7 )
=[ 1 bf h) bf |s(x)+n (3)

where the real column vector h! of length
2M, denotes the ith column of the effective
real-valued channel matrix H,, s(x) represents

[ Rlx,| )| Rlz,] flx,] and n
(R 7]

From the real-valued representation of the

indicates

channel matrix in (3), it is easy to see that the
column vectors h{ and h} are orthogonal to hf
and hf, respectively (h{Lh{ and h}1h),
regardless of 6. We also notice that
h{ « hY=—hj « b} for all 6, where ae+b
denotes the inner (dot) product between vectors a
and b. In this case, H, becomes orthogonal if
and  only if  h{lh} and  hjlhj
(h] « hf=—h) « b =0).

Denoting Eij as the (i,j)th entry of ﬁ, the
rotation angle for the orthogonality between h’

and h! (or h) and hf) can be written as!"!l'!

1 B) m
= =+ =
0 =tan ( 5

where A=3""_[h |h, Jsin(2h,,—2h, )

m*l
and B=3"_|h ol olcos (£ hy,— 2 h,,). This

rotation angle makes symbols orthogonal to each

m=1""ml

other.
Utilizing this orthogonahty, the ML estimate of

transmitted symbol 2z, and 72 can be obtained

a.S[15][16]

r,=argmin

h{ b)) [R[l]} 4)

IEQH {

][xl]
and
~ Rz |’
=argmin_- EQHy—[hghﬁ ][aﬁ H 5)
2

where () is a signal constellation of size AZ.

As a result, the complexity of the ML
estimation of the OSM reduces from A/° to M.
Compared to SVD-based transmission schemes,
the OSM has lower complexity and feedback

overhead!™ ',

II. Power Loading Algorithm for OSM

First we discuss about the necessity of power
loading for OSM systems. From equations (4) and
(5), a solution for an OSM system is transformed
into two single-input single-output (SISO) systems.
In general, componentwise power loading for
SISO systems does not improve the system
performance, since real and imaginary parts of a
transmitted symbol have the same channel gain
and are orthogonal to each other. However the
SISO equations (4) and (5) is different from the
conventional SISO systems.

Note that hf, hj, h} and h are the channel

gains of the components within two transmitted
symbols. It was shown in [15][16] that the

subspace spanned by hf{ and hg is orthogonal to

that spanned by hj and h’ with the OSM

precoding. It is easy to see that [ hf = hg
[hS[l= [Inf| and hY « hY=h}« hi. From this
observation, it appears that power loading is not
necessary for the OSM scheme. However the
column vectors h! and h} are not orthogonal to
hg and hz, respectively. Also, | hf = | hg [

not equal to || hg = hi |. As a result, the

channel energy corresponding to the inphase and

quadrature components is still different.
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Motivated by this observation, we present a
componentwise power loading algorithm for OSM
systems. For the optimum ML receiver,
performance depends on the minimum Euclidean
distance in the received signal constellation,
denoted by d

d,;, by means of a geometric approach.

17 L
U7 Thus, we focus on maximizing

min

Define the power loading matrix and the power

loading parameter as P and p, respectively. We

also denote V2—p> as p. We assume that the
total transmit power is constrained to be

Eltr(Ps(x)s(x)"PT)]=P, which equals to
tr(PPT) =4 if Eltr(s(x)s(x)")]= P, Then, the

received signal in (3) can be rewritten as

y=H,Ps (x) +n

where P=diag{p,§,p,]3}. Fig. 1 depicts the
structure of the power allocation for OSM
systems.

Let us denote the first and second column

vector of H,P as h?p: phf and hg;=f)hg,
respectively. Since two SISO equations (4) and
(5) have the same expression within one OSM
system, our analysis is carried out on only one
SISO equation. From now on, we refer to

[hf

1p h%] as the effective channel matrix with

power loading. Then ML equation (4) can be

rewritten as

©

2
1p 2;) ‘

R I

bit

stroam

Calculate

T T g and P

from
receiver

33 1. osME 1% Ay Y Alzd TEE
Fig. 1. Schematic diagram of transmitter structure for
OSM systems with power loading
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To maximize d we present a power loading

min >

algorithm with the following criteria
p()pf, =arg ma‘X(] <p< \/Edmin (p) . (7)

where d,;,(p) is the minimum distance as p.
The optimal power loading parameter p,, in (7)
is dependent on modulation levels. For the
remainder of this section, we present the analysis
results on QPSK and 16-QAM constellations. We
first start with a theorem to introduce a geometric
analysis.

Theorem 3.1 : Let n>0 be an arbitrary
integer number. We assume a triangle with side
lengths ¢, nt and t. Assuming that 6,, 6,, and

6, represent the opposite angle of ¢, nt and t/,

respectively, where 6, is an acute angle, we have
0, < sin” ' (1/n).

proof : Denote R as the radius of a
circumcircle of the above triangle. Then, we have
2Rsin(9m) =nt and 2Rsin(9,/) =t¢. Since
QRsin(Gm)/QRsin(Ht) =t, it follows

0, =sin71{(1/n)sin(9 )}S sin”H(1/n).

nt

For QPSK constellations, we assume that the
real or imaginary part of the transmitted symbol
has its value +1/2. From the ML equation (6),
the constellations points in the effective channel

0 0 0 ) 0 0
are (h{,+h})/2, (~h{,+h})/2, (—h{,—hi)/2
and (hfpfh%)/Q. Then, the criteria of (7) can

be rewritten as
o =argmax,__ ghmin([0
9 9 0 9 9
b 1 b, b [, =R )]
In what follows, we present an efficient way to
determine  p,, which guarantees a better

performance by maximizing d, based on the

min

geometric approach. Define the angle between h‘f

and h) as 0.

c

If 0, is an acute angle,

l h(fp +hg; | cannot be  minimum.  Thus

www.dbpia.co.kr
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2| 2. QPSKelAe] d

min

Fig. 2. Triangle model for geometric approach on d,;,
for QPSK

d:LQ_ _?,]6—]- /K]—71—84 Utﬂ

H h?p +h2p ”

of triangle ABC in Fig. 2 shows the candidate

can be neglected in (8). Each side

for d ;. Since the analysis for acute angles and

obtuse angles is symmetric, we only consider the
case of an acute angle in this paper. By changing
6, with (180°
the same result.

For the analysis of QPSK, 6, is classified into

—6,), the obtuse angle case yields

the following two cases.

1) 60° <6, <90°(0<cosh, <0.5)

We first show that | hf, —ha | can never be
the shortest side of the triangle ABC. If we
assume that || hfp*h% | is the shortest side, 6,
should be the smallest angle inside the triangle.
This means that 6, and 6, are larger than 0,
0,>6,=60", 6,>0,=60"), which contradicts
the triangle.

From this observation, we can simplify the
problem as d,;, (p) =min( [k |, | hgi )
can be guessed from Fig. 2, this equation can be

rewritten as

Inf, [l if 0<p<k

i (p) = .
min \P H hg; H if k<p< \/5
where k, is obtained as |[|h, [ = [ hl- S| for
p=k,. Since I h?p [ is a monotonically
increasing function of p and | hgi | is a

monotonically decreasing function of p, we have

arg maxp(dmin) =k,. The closed form solution

for k, is given in case 1 in Appendix A.

2) 07 <6,<60" (0.5 < cosf, <1)

It can be shown in Fig. 2 that d,; can be
obtained as
I, | it 0<p<k
Ay (p) =1 105, R [ iF ke <p=<k; (9
[ b if ky<p<V2

where k, and k; are defined as

” 1p H = ” h?[)_he H for p= k‘z and
I3, | = [T, —hi || for p=ky.
By taking the second derivative  of

l hﬁp—hgp l ® in terms of p, we can verify that

I hlp 2; | is a convex-down function of p.
Also | h?p | is a monotonically increasing
function of p and || hgi | is a monotonically

decreasing function of p. From the preceding
description and the criteria (7), the optimum
power loading parameter p,, can be either k, or
k;, where k, and k; can be obtained from case
2 and case 3 in the Appendix, respectively.
Inserting k, and k; obtained from the Appendix
into (9) yields

\/ 2 82 o
‘ = Ky
4cos?0+ | hZ [ 2/ | h? ”2

dmin(p) =
21| —
4cos?0+ | hff [ 2/ l hZ [ ? ’

From the above equation, we can compute p,,

as

, _{kg it I m¢ )< [ng ]
vk it Im) < Ind]

Note that we do not need to calculate both k,
and k;.

Next, we consider the 16-QAM case. For
16-QAM constellations, we assume that the real
or imaginary part of the transmitted symbol has
its value +1/2,+3/2. Then, the candidates of

d.; are as follows: | h 1p [, I hg; I,

‘min
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Ini=hi [, By, +hg |, Ry, -2y,
g, +2n; [, [ 2hi, —h3 {1, | 2h] +hl |,
I, —3ho; ||, [y, +3hi, [, [ 3hi,—h |,
| 3h7, +hi; ||, || 3hy, —2h3; ||, 3hi, +2hy; |,
| 207, —3h5 ||, | 207, +3h5 | . Similar o

QPSK, we only analyze the case of an acute

angle. In this assumption, || hf,, | is smaller than

[h? +h% ||, | h? +2h’ [ 2n? +h% ||,

1p 2p 1p 2p H H 1p 2

| b7, +3h3;

1p

. [ 3nf,+h3 |, | 3n7,+2n5 |

1p 1p

or | 2h(fp+3hg5 , regardless of p.
We analyze the case of [ h? < | hg I only,
since the solution for || h“f [ > | hg | can be

obtained symmetrically. From the QPSK analysis,

we can notice that if | hf | < | hg , we have

l hf{p < | hgi) | for p= Dopt» and vice versa. In

other words, the inequality between [ h‘f | and
[ hS || remains unchanged after the optimal power
loading. Then, the following inequalities hold:
g, [ < |Ing; |,

1p 2

| 3bY, =h3; | < || i, —3h3; |,

H 3h$p72hg; H = H 2h$p73hg; H for p:p()pt'
Consequently, we have the search candidates for
computing d,; as

_ : 0
Doyt = Argmax, _ , _ ﬁ[mln( [ h1p I, (10)
where lines TC‘, FC‘, BD and BE in Fig. 3,
which correspond to each candidate. Since
is

simulation results show that || Shfp*th— [
p

not critical, we will not consider | 3h?p72h% [ .
For the analysis of 16-QAM, 6. is classified

into the following three cases.

1) 30° <6,<90° (0 < cosf, < 0.8661)

For this range of 6, from Theorem 3.1, the

length of AD cannot be twice the length of BD

336

a2 3. 16QAMeIA d_ .

min

TS 3 AAY =2d

Fig. 3. Triangle model for geometric approach on d;,
for 16QAM

in the triangle ABC. Note that the lengths of
AC and BD are continuous functions of p.
Using these results, we notice that length of AC
cannot be equal that of BD. Since the above

statement holds for all possible p, we can simply
check the case of p=0 which results in

l Qh?p—hg; | < | hf{p | . Thus, we conclude that

4

I 2h§p—hgl—) | is always greater than | hy, | for

all possible p. Similar to this, || 3hfp*hg5 | is

always greater than [ hfp | for all possible p.

As a result, we only need to compare [ hfp [

and | h?pfhgi | in (10). Since the candidates
[ hfp | and | h(fp—hgi | are the same as the
QPSK case for | h(fp | < || hg; H , we omit the
analysis.

2) 1947° <6, <30" (0.866 < cosf, < 0.943)

Similar to the above case, || 3hfp—hg— | are
p

greater than [ hfp I, regardless of p. Thus, the

candidates of d in (10) reduce to | h(fp I,

min
I h‘fp—hg;) | and | Qh?P_hng | . By examining

Fig. 3, d,;, can be written as

n

IIh?,éH A 0<p<k
(p) =1 [ 207, —hy || if K <p <k

Ib7,—hy || if ks<p<k

d

min

where k; and k; are obtained as

www.dbpia.co.kr
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E 1. < [0 = Ao} A & A p, ),
Table 1. Optimal Power Lodaing Parameter p,, for
by I < [n3 |

Mod Case Popt
0 <|cosf|< 0.5 k,
QPSK 0.5 <|cosf|< 1 k,
0 <|cosf|< 0.5 k,
05 < |eos6,|< 0.866 k,

ks if [RYI< IRs <3 /n7l

0.866 < |cosf,|< 0.9
: ki3]m0 < |ng

6 0.9 <‘0089n‘§ 0.943 ks if [RY [ < RS <2 nf|
. kyif2 ) nfl < IInfll
QAM ks if In{ ] < Infl<2[n]l
0.943 <|cosf |< 0.966 | & ir2|n!| < |nl]<3|n’]|
kg if 3[Ry < [hSl
ky if Ih{[ < IIng | <2]nfl
Ky it2n ] < [ndl

0.966 < |cosf| < 0.985

0.985 < [cosf| < 1 ks
Inf, | = [ 2hf, —hi | for  p=Fk, and
H thp—h% H = H hfp—h% H for p==k,. There
are two solutions for || hfp = Qh(il’_hgf» [ -

After analyzing the geometric relation, it can be

shown that the smaller one should be chosen as k,.
Since || h’ | is a monotonically increasing

1p
(R

function of p and | 2h —h’ 7 —hy |

1p 2p
are convex-down functions, p,, is either k,, k; or
k,, where k, and k; can be calculated from case

4 and case 3 in the Appendix, respectively. The
condition on which value should be selected among
k,, ks and k; can be determined by analyzing the

geometry, and the result is listed in Table 1.

3) 0° <6,<19.47° (0.943 < cosf, < 1)

Similar to the analysis presented above, d;, is
given as
In, | if 0<p <k
o I 807, —hi || if ks <p <k
win P77 [ 2hf —h || if Kk <p <k

where k; and k, are obtained as

Inf, | = | 37, —hi | for ke and

l 3h?p7hg; = | Qh?pfhg; | for k, Between
two solutions for the equation
[nf,[I= | 3h{fp—hgl—) , it can be shown that

the smaller one is kg

Similar to the case of 19.47° <0,<30°, p,,
is either kg, k;, k; or k;, where k; and k; can
be calculated from case 4 and case 3 of the
Appendix, respectively. The condition on k; and
k; is presented in Table 1.

Table 1 depicts the conditions to choose the
optimum power loading parameters k; for
[h] < [[ng]. For the case of
[h[|> [h5|, we obtain k by swapping
[hY[| and | h§|. Then Doy is computed as
m . Note that k; is omitted in the table,
since k, is available only when I h(f > | hg .

Also Table 1 depicts the closed form expression
of k.

IV. Simulation Results

In this section, we provide simulation results to
demonstrate the effectiveness of the proposed
power loading for OSM systems, and compare
with the conventional OSM systems without
power loading.

In Fig. 4, we compare the bit-error-rate (BER)
performance of various systems. For our Monte
Carlo simulations, we assume that the elements of
the MIMO channel matrix H are obtained from
an iid. complex Gaussian distribution with mean
0 and variance 1. For both QPSK and 16-QAM
constellations presented in Fig. 4, we can see that
our power loading algorithm provides a 5dB gain
at a BER of 10" over that of no power loading
case. It should be noted that our power loading
method needs one additional feedback value p,,.
In order to demonstrate the optimality of the
presented power loading, the exhaustive search
result is also plotted. Out of 1000 possible power
loading parameters pE [0, /2], the best one
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Mt=2, Mr=2 lid Rayleigh channel QPSK and 16QAM

| —E— OSMGPSK
—+— OSM Power Loading QPSK

*| —%— Exhaustive Search QPSK
—&— 05M 160AM

—%— O5M Power Loading 160AM
—&— Exhaustive Search 160AM

0 5 10 15 20 25 30 35
SNR [d]

2| 4. QPSK<} 16QAMOolA] B]Eofz &
Fig. 4. BER performance of the spatial multiplexing
schemes with QPSK and 16-QAM

which maximizes d

wins 1S applied to the
exhaustive simulation result. The best one means

that it maximizes d

win- Comparing the exhaustive
search result with the proposed algorithm, we
confirm that the power loading is optimal in

terms of d

‘min *

V. Conclusion

In this paper, we have presented a power
loading algorithm for the OSM scheme in MIMO
systems, which gives a good performance
improvement with one additional real value for
feedback information. Because of the feature of
algorithm

componentwise power loading as opposed to

OSM systems, our performs
symbolwise allocation. To determine the power
loading parameter, we have illustrated a geometric
approach on the minimum Euclidean distance
between the constellation points in the effective
channel in OSM systems. Our algorithm
maximizes the minimum Euclidean distance to
enhance the system performance. The simulation
results confirm that the proposed algorithm for
OSM is quite effective and is optimal in terms of
d

min *

It is straightforward to extend the proposed

algorithm to higher level modulations.
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Appendix

In this Appendix, we compute p which satisfies

| ah? +bh’- | = | ch? +dh!- | ®, where a, b,

1p 2p 1p 2p
c¢ and d denote integer numbers. We start with
the following equation

— 2 — 2
| aphf +bphf ||~ = || cphf +dph} |
It follows that
Pla |17 = nf ) °—p2 | ng | *+a? |1l ]°)

+2(0*—d?) | nd |
=2pvV2—p* [|R] || | b cosf.(cd—ab).

For the solution of the above equation, we

consider the following 4 cases.

case 1 : a=1,0=0,¢=0,d=1

2
2Byl
2 2
By "+ b3 |

case 2 : lal=|d

20 +d%) |1l °

p= . -
4| b | *aPcos®0, + (B2 +d?) | g | *
case 3 : |bl=|d|
8v? || hg [ ZCOSQOC
p=

(a+c)® | h¢ | *+45% | || *cos®0,

case 4 : lal= Icl, |bl>= ld]

B \/B VB~ AC
- A

where A= (a>—¢*)?| hf I 4+(b2*d2)2 [ hg [ !
—2(a® =) *—=d®) [ b || b3 | +4 [ b b3 ]
% c0s?,(cd—ab)?, B=(2da" | b | > -2 0! >

26 | hf || *+2d | bS [ P —d?) |G -4 n |

www.dbpia.co.kr
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2,9 A
Table 2. The Closed Form Expression of p,,

ky B A=|nl|*+nj|*
4 B=2|h)|*
k;z B A=4]n!| izcoszf), + [ hy | 2
A B=2|n4|"*
A=9|nl "+ Ing [ —6/nl*Ins)’
+16 B | * [ B [ *cos?6,
by | FEEVEAC g mg ) gt -2 g
—16 | 0¢ | 2 nl || *cos?o,
Cc=4|ng|"
K B A=9 b | *+4 S | *cos?,
° A B=s8|nf| 2(‘0529,
A=64h! "+ IS *~16 ][ * [ Bs]°
+36 | hY [ * [ 1S || *cos?6,
g | EEVEAC g w1 22 g
=36 | b || * [l g || *cos?8,
Cc=4|ng|"
5 B A=25]n! || +4] B *cos®6,
! A B=38| hg I ZC()SZHI,

% | h% ] *cos®0,(cd—ab)? and  C=4(b —d?)?
: —B+VB’-A
x| h |l *. Another solution \/ #

is neglected, since this solution is larger than the

other one.
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