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oriented:
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.g.

�
�
�
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1

sym
bolper

channel
use).

�

O
rthogonalS

T
codes

are
such

that

�

is
a

unitary
m

atrix
(up

to
a

scalar).

�

F
or

uncorrelated
channels:

D
iversity

order
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�
� �
� .

�

S
ensitive

to
correlation.

M
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sensitive
to

rank.
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rate
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redundancy)

oriented:
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non
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predict
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�

Low
-rate

statisticalfeedback
is

realistic.

�

W
e

w
antto

keep
rate

constant.

�

W
e

w
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plexity

closed-form
solution

w
here

possible!

Idea

�
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statisticalfeedback
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Letus
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T
X

know
s

the
fullcorrelation

inform
ation

(T
X

,R
X

)
butnot

the
instantaneous

channel...

1.C
an

w
e

tackle
transm

itter
correlation

using
a

linear
precoder?

�

A
nsw

er:
Yes!

[G
iannakis

etal][S
am

path
etal][others]

2.C
an

w
e

find
the

optim
alprecoder

in
m

inim
um

S
E

R
sense?

�

A
nsw

er:
U

nknow
n!

(O
nly

bounds
on

pairw
ise

error
prob.

used
so

far)

3.C
an

w
e

find
the

precoder
for

correlated
receiver

case?
Is

there
any

gain?

�

A
nsw

er:
U
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n!

(E
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says

no
gain!)
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U
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an
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G
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Jointcorrelation
atT

X
and

R
X

��	
��
�
�
�
��
�
��	
��
�
�

(2)

w
here

�

�

is
i.i.d.

R
ayleigh

M
IM

O
m

atrix

T
he

K
ronecker

case
(C

orrelation
atT

X
and

R
X

are
separable)

�

�
� ���	
��
�
��	
�
��
� �
�
�
�� �
�
� �

(3)

...is
notalw

ays
true!
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F
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M
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A
M

(also
available

for
M
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S

K
,M

-PA
M

[S
im

on
&

A
louini]):

�

is
the

instantaneous
S

N
R

,depending
on

channel,precoder

�
�
�
�
�
�� �
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�
�

� � �	
��

��

�
�
�Q

A
M

�

���
�
����
�
�

�
�

� 	
��

�

�
�
�Q

A
M

�

���
�
����
� 

�

(4)

A
verage

S
E

R
:

�
�
�
�



��E

rror�
� 	

�
�

�
�
�
� �
� ��
��
�
�

(5)

Looks
like

the
defintion

ofa
m

om
entgenerating

function

�
� ���
� �
��

�
� ��
��
	��
�.
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F
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M
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A
M
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available

for
M
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S

K
,M

-PA
M

)
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jorungnes
&

G
esbert04]:
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�

�
�

� 	
��

�

�
�

�
�
 

�
�
� �
�
�
Æ

Q

A
M

�
��
�
� � � ���
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W
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O
ptim

um
precoder:

�
��

�
�
�
�
�
� �
��
�
�
�

(8)

subjectto

�
�
�
�

�
� �
�
�
� �
�
�

(9)

S
om

e
properties:

�

If

�

is
an

optim
alprecoder,then

�
�

,w
here

�

is
unitary,is

also
optim

al.

�

if
S

N
R	




then
the

optim
al

precoder
is

given
by

the
trivial

precoder

�

�
�
�
�
� for

the

�

-P
S

K
,

�

-PA
M

,and

�

-Q
A

M
constellations.

�

If

�

�
�
�
� �
� ,then

the
optim

alprecoderis
given

by
the

trivialprecoder

�

�

�
�
�
� for

the

�

-P
S

K
,

�

-PA
M

,and

�

-Q
A

M
constellations.

�

IfK
ronecker

m
odelholds

and

�
�
�
�
�
� ,then
�

�
�
�
�
� .
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Ifno
transm

itter
correlation,then

the
general-case

correlation
w

rites:

�

� ����
�
�
�

�
�
� �
�
� ���
�
�
� �
�
�

�
�
� �
�
�

�
�
�

���
�
�
� �
�
�

...
...

...
...

�
�
� �
�
�

�
�
� �
�
� ���
�
�
�
� �
� ����

�

(10)

T
heorem

:

�

In
this

case,
optim

al

�

can
be

chosen
diagonal,

real,
positive,

up
to

a
unitary

m
atrix.

(pow
er

scaling
strategy).
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E
quivalentS

IS
O

channelform
ulation

for

�
�
�
�

case:
�
�
�
�� �
	
� �
�
�
�
�� �
	
� �
�

�
�
��

�
� �
�

��
�
�



�
�
� 
�
��

�
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�
�
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�
� �
�
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�
�



�
�
� 
�
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�
� 


��

(11)

w
here

�


�
�
� �

and

�


�
�
� �

are
the

eigenvalues
of

�
�
�

and

�
�
� .

�
�
	�

are
i.i.d.

G
aussian.

M
axim

um
diversity

spread
principle:

T
he

sym
bolenergy

should
be

spread
as

m
uch

as
possible

over
allindependent

com
ponents

of
the

equivalent
S

IS
O

channel.
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	� ��

�

subjectto

�
��

�
�
��

�
��

(12)

W
ith

param
eterization

�
�

�
	�����,

�
�

�
���
���:


��
�
� ����������

�
� �
�

��
�
�



��

�
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�
� �
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−
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/
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�
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A
lam

outi,

�
�
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N
o

transm
it

correlation.

�
�
�
�
�

and

�
�
�
�

"all-
ones".
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PR
E

C
O

D
E

R

L
IN

E
A

R

S1SkSN

H

1M
N

G
esbert:

Transm
itting

over
ill-behaved

M
IM

O
channels

c�

E
urecom

July
2004



25

#
�

�


��
�
	
�
�
�

	

�
�
�

�

F
ocus

is
on

low
-com

plexity,closed
form

solutions
for

transm
itter

optim
iza-

tion.(IE
E

E
G

lobecom
2003,IE

E
E

Trans.
W

ireless,to
appear).

�

P
revious

w
ork:

N
abar,

B
olcskei,

P
aulraj

(B
E

R
optim

ized).
Ivrlac

et
al

(capacity
optim

ized).

G
esbert:

Transm
itting

over
ill-behaved

M
IM

O
channels

c�

E
urecom

July
2004



26

�


���
�	
��
�
�
�
�
	
�
�
��
�
�


�
�
�

C
hannelm

odel:

�

� �
�

�
�
�
�
� �

���
� �
�

�
�
�
�
��	 �

(13)

�
�
�
�
�
�

(14)

P
recoding

as
a

phase/am
plitude

adjustm
ent:

�
�
� �
�
� �
� �
�
� �
��
��

�

��� �
�
�
� �
��
�
��
�
� � �
�

(15)

w
here �

�
�

��
�
�
�
�
�.
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�

let

�

belong
to

a
regular

�
�
�
�-Q

A
M

constellation.
T

hen
there

exist

�
�

�
�����

and

�
� ��
� ����
�
� sym

bols,each
belonging

to
a

�
�

-Q
A

M
constellation,such

that

�

can
be

w
ritten

in
the

form
of:

�
�

�
�

��
�
�

�
��
�
�

(16)

w
here

�
�

is
such

that �
�
�

�
�
�
�
��

�

�
�
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C
onsider

rank
one

channel:

�

�
��
��
�����
�

�
�
�
�
�
�
�
�

�
�

��
�
� �

�
� �
��

�

�
�
�
�
�
�
�
�

(17)

w
here

the
precoding

coefficients
are

selected
as:

�
�
�
�
��

�

�
�
����
�

(18)
�
�
�
�
�
�
����
�

(19)

�

transm
itting

over
a

rank
one

M
IM

O
channelw

ith
an

appropriate
diagonal

precoder
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Ill-behaved
channels

are
detrim

entalto
M

IM
O

S
T

C
perform

ance.
A

solu-
tion

is
precoding.

�

In
low

-rate
S

T
C

,
gain

is
lim

ited.
A

nalytical
solution

difficult,
except

for
m

acro-diversity
case.

�

In
high-rate

S
T

C
,

gain
is

large.
A

nalytical
(sim

ple)
solution

is
possible.

Links
spatialm

uxing
to

constellation
m

uxing.
C

an
be

extended
to

arbitrary
num

ber
ofantennas

(see
paper
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khtar

04]upon
request).
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