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Institut fur

TOpICS Nachrichtentechnik -

1st lesson:

introduction
system modelling
channel capacity

2nd lesson:

channel models

3rd lesson:

canonical system implementation

signal processing with non cooperative inputs (BLAST)
signal processing with non cooperative outputs
diversity
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Application of MIMO: 802.11n Institut fiir (72

Nachrichtentechnik -

characteristics:

« 20 MHz to 40 MHz bandwidth
« OFDM

2 to 4 antennas per station

» spatial multiplexing

* up to 540 Mbit/s
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Te rms Nachrichtentechnik i
number of inputs
N =1 N> 1
M =1 SISO MISO

number of

outputs
(N, M)
M > 1 SIMO MIMO
Czech:
mimo = except — spatial signal processing
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Cable Binder nstitut fir (7

Nachrichtentechnik i+

AN )

o U ) =
AN )

o U I
AN )

o U ) =

R parallel wires = (R, R) MIMO system
capacity proportional to R
(for fixed transmitted power per input)

insufficient shielding = cross couplings
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. Institut fur
Multiple Antenna System Nachrichtentechnikm

T A

o RX_.
v T T

Increasing the capacity by increasing the bandwidth is
expensive (UMTS in Germany: approx. 50 000 000 000 € for
120 MHZz)

—iTX

alternative: use spectrum more efficiently
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2. System Modelling
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Quad rature Modulator Nachrichtentechnik -+

a(t) _ \/ERe{g(t) . ej27rf0t}
— \/E?R (t)-cos(2zxf,t)— \/%Il (t)-sin(27f,t)

in-phase component  quadrature component

Ug (t )—»@

J2 cos(2xf t)

@ <> ~a(t)
—J/2sin (27f,t)

(1) ——)

a(t): bandpass signal

u(t): equivalent lowpass signal
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Quadrature Demodulator Nachrich{:ﬁﬂ;‘ﬁf‘?‘:m
a(t) 277" = [\/EUR (t)-cos(27f,t) —~/2u,(t)- sin(Zﬂfot)}
[ V2 cos(2f,t) - jV2 sin(2,t)

)
= +Ug (t)cos(4xf,t)—u,(t)sin(4xf,t)
Ug (

—ju, (t)cos(4rft)— jug (t)sin(4zfyt)
high frequency

—’® R g (1)

J2 cos(27ft)

- ©

—J2sin(27f;t)

4’@ R =y (t)
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WLAN Chlp Institut fur m

Nachrichtentechnik -
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Time Shlft Institut fir m

Nachrichtentechnik -

a(t ) = V2Re{u(t ) -e=)

( 3\

'

=+v2Re; !(t—f)'e'p”f“ . g2l

J

Vv

 lowpass equivalent of a(t-7)

~ V2 Re {g(t) . @277 ej27rf0t}

— Small time shifts t correspond to phase rotations by e 27
In equivalent lowpass domain.
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MIMO System, Single Tap Channel Nachrichtentechnik st

h,;

SISO subsystem:

Qka = _ka’ka —ka
MIMO system:
€ hy o hyeo S;
] ' . ' ' channel matrix H is a
o) D Dii, ) Sy, ) Kg, x Ky, matrix
e H S
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White Multivariate Gaussian Noise Nachrichtentechnik s anss

P, (n)fp(Re{no})-p('m{no})
:p(Re{nM-&)-p('m{nM-&)

1 ~ Re{go}2 1 ~ Im{go}2
_ e o2 e o2
72'02 72'62
1 _Re{ny_}° 1 Im{ny 4}
e o2 . e o2
72'0'2 72'0'2
1 notation: n_, ~ C/l/{O, 02}
1 -—n'n
P, (n)= (o] e’ n~CA {0, 1)
Independent identically distributed, 1.i.d.
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Multi Carrier Transmission, OFDM Nach,ichgﬁfgﬁﬁﬂm

o
»

V0 — a0

vV VvV VYV V \/\/\/\/
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3. Channel Capacity
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SISO Channel Capacity  Institut fir (7

Nachrichtentechnik -

channel coefficient (Gaussian noise,

h power o*
transmitted signal, /l\ /!\ _received
power S &/ AU - signal

equivalent lowpass channel of bandwidth B

Shannon (1948): A Mathematical

Theory of Communication
per channel use (Nyquist rate):

C_Id[1+|h|2 j [c]=— b't
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Institut fi
Uncoupled (R, R) MIMO Channel Nachrichtgitle:hnlij;m
2
power o

" power S 46 é . )

powA\er o
ower o >
P S S

R
total transmitted power: S =)'S,

Y
received vector

transmitted vector
A

fs

R
total channel capacity: C =) C, Zld
r=1

r
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Total Channel Capacity without Transmitter nstitut
Side Channel State Information Nachricht;‘ﬁt;;‘hn‘i‘im

All R parallel channels get the same transmitted power:

5. -8
R

&b s L s

C—;Id 1+ TR _Idlr} 1+ TR
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Optlmlzatlon TaSk Nachrichtentechnik i

Question: How large is the total channel capacity C for
limited total transmitted power S and how can it be
achieved?

Idea: Allocate the total transmitted power S in a smart
way to the R parallel channels!

R hi’s
maximize C:ZId[’H — r]
r=1 O

r

R
subject to the constraint S=>_S,
r=1

= method of Lagrangian multipliers
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Optimization (1)

S1
definition; S =

maximize f(S) =

r=1

0

R
subjectto g(S)=>_S, -S
r=1

Lagrange: grad f(S)+ Agrad g(S)
of(S)
oS,

gradf(S)=| :
of(8)
oS,

10/12/07

0

gradg(S) =

Weber: MIMO Mobile Radio Systems

Institut fiir (/)

Nachrichtentechnik i

0.6

N
\N
\
04 \
NS

0.2 \\

\ -

0 .
0 0.2 0.4 0.6 0.

8 1

R = 2; identical channels
f(S) = const., g(S) = const.

21
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Optimization (2)

f h
with 8aéS):|n12 12 ' r2 _|1 ' 21
r h|[-S o n2 o S
1+ > > T3
Gr |hf|
29(8) _,
oS,
1
2
0-12+S1
1 h, 1
:>gradf(S)+ﬂgradg(S):E : +A0:|=0
1 1
2
°r .S
DR|2 R
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Optimization (3)

= |§r2|2 = _ﬂl:12 =S,y =const
=S, =S, - |§2| 2
attention: S, >0

=S, = max[O, Sy — |DO?2|2J

where S, is chosen such that

R
>'S =S
r=1
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Waterfi"ing Institut fﬂrm

Nachrichtentechnik

I

Holsinger (1964): Digital communication over fixed time-continous channels with
memory - with special application to telephone channels
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Total Channel Capacity with Waterfilling Nachrich{;‘ﬁﬂjﬁﬁﬂ?;m

requires transmitter side channel state information

( )
R h,| o || & h|'s
C:;Id 1+|5r2| max O,SW—hrlz :gmax 0,Id | afw
s p
special case: all R channels used
o .~ o, |_ S A&
Sr_SW_Ihrzjrﬂ SW_IbrIZ _S:SW_R+R§E|2
2 (S, ] s,
:C:;Id —C|72 ZIdH| (|72

10/12/07 Weber: MIMO Mobile Radio Systems 25



Institut fiir (/)

Cha"enge Nachrichtentechnik i+

N N % M M

t| V [s| H e| U |r
@ should have ) | s ™
same power as t: % m should be white:

m R, =0l
r

. M T
s's=t"V'Vt t n=0U'u

Tay s ﬁ’) —> U U =1(unitary)
¥ V=lunitary) ) Giagonal matrix \_ ")

find unitary matrices U, V and a diagonal matrix £ such that
Z-U' HVoH=UZ.V'

Weber: MIMO Mobile Radio Systems

M
| A
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Singular Value Decomposition (1) Nachrichtentechnik s anss

Singular Value Decomposition Theorem
(Eckart & Young: 1939):

For every M x N matrix H there are two unitary matrices U and V,
such that

>=U'-H-V

IS a M x N diagonal matrix with nonnegative real diagonal
elements.
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Singular Value Decomposition (2) Nachrichtentechnik s anss

>=U' ‘HVoH=UZ.V'

U: unitary M x M matrix, columns are named left singular
vectors and correspond to eigenvectors of HH' =UZEZ U

V: unitary N x N matrix, columns are named right singular
vectors and correspond to eigenvectors of H Tﬂ =VI'zV !

>. M x N diagonal matrix, diagonal elements are named

singular values and correspond to the square roots of the
. *T *T

eigenvalues 4, of HH or H H

- |
HH Grammian of the row vectors

*T .
H H Grammian of the column vectors
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Matrix Structures (1)  Institut fir (77

Nachrichtentechnik i+

>=U '-HV<oH=UZ.V'
example: M =N

."h/g

\. J \ J
Y Y

uT

22z T o o == i =0

rank of the channel: R =rank(H) <Q =min(N, M)
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Matrix Structures (2) institut fr (7 \\

Nachrichtentechnik i+

>=U ‘HVoH=UZ.V'

S
example: M > N
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Matrix Structures (3) institut fr (7 \\

Nachrichtentechnik i+

>=U ‘HVoH=UZ.V'

S
example: M <N

Y
uT
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MIMO Channel Capacity  Institut fir (7

Nachrichtentechnik -

without transmitter side channel state information
(Foschini, 1996):
all inputs with same power

c=%1Id |dH
Z ( o? Nj ( o° Nj
=Id det(n Szz*szj
No
S T Ty T T S 7
=|d det(|+ >V H UU HVj =Id| det| V (I+ ~H ujy
No No
- S S .
=|d det(y )'det(l-F >H ﬂj-det(y)jzld(det(hr >H ﬂn
No No

= Id| det| I+ Szuu*Tj]
No
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MIMO Channel Capacity  Institut fir (7

Nachrichtentechnik -

with transmitter side channel state
information (Telatar, 1995, 1999).

goefon )

Sy such that

R R (72
S=>S = Zmax[o, S, —7]
r=1 r=1
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Capacity of Stochastic Channels Nachrichtentechnik s anss

= |nstantaneous channel capacity

Zmax[O Id(}baS D with TxCSI
B S

§ I’=1

O
I

inst

AS
o°N

j without TxCSI

= complementary cumulative distribution function
I:>r{c:inst > C} = jp(Cinst)dCinst
C

= ergodic channel capacity
Cerg = E{Cinst}

= outage channel capacity, outage probability P
Pr{C,« >Cou} =1-P.,

inst
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Graphical Evaluation Institut fir (72

Nachrichtentechnik i+
1

parameters:

0.8 1-Poy =09 *N=M=1

O * Slc? =4
\ * Eflf?) = 1
0.6 « Rayleigh

Pr{C, > C}
o
N
0,5093
yd

_____E____________________________
/

?out

0.2

Corg = 1,9415

10/12/07 Weber: MIMO Mobile Radio Systems 35



Institut fur
4. Channel Models Nachricimsttut fir (7o)

10/12/07 Weber: MIMO Mobile Radio Systems 36



Deterministic SISO Channel Model Nachrich{:ﬁfgﬁ;ﬂ%@%

/WS LOS: line of sight,
LOS : NLOS: non line of sight

/\
time domain frequency domain
= not band limited = not band limited
ht) = Za 5(t-7,) H(f) = z
= band Ilmlted = band Ilmlted
i f
. ) j27[f7,'p. o
h(t)= Za .B- smc( (t—rp)) ﬂ(f)_;gp e rect(Bj
= in general time dispersive, i.e., = in general frequency selective,
Impulse response spread in i.e., frequency dependent
time transfer function
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- Institut fur
Single Tap Channel Nachrichtentechnikm

time domain frequency domain
= single tap channel = flat fading channel
‘rp - rp.‘ < % fir alle p,p° ‘ﬂ(f )‘ ~ const
= impulse response = transfer function
h(t) ~h-B- SinC(B (t — T)) H(f ) =h- g jerfr, rect(fgj

=3
I
[
|
©
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Stochastic Model for Non Frequency Selective o
NLOS Ch | Institut fur NT
anneis Nachrichtentechnik -

neglect access delay t
P

=h= Z1§‘p
p=

if the a, are uncorrelated follows for P—do (central limit theorem):
h~CA”{0, 57}

= || is Rayleigh distributed:  p(|h]) "

rz‘h‘ _ﬁ 0.8 / \\ 02:1
oH)-{ae” B0 e
0 else 0'4/ \

0.2 \

0O 1 2 3 4 5
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Capacity of Rayleigh Channels Nachrichtentechnikm

average SNR
2
o S

7/_ 02

= complementary cumulative distribution function

(€4
Pr{Cinst>C}:<e ' €=0
1 else .
= outage channel capacity 15 ergodic //
Cou =ld(1=7-In(1-P,,)) s-Hz. -
e 1
= ergodic channel capacity 0.5 ( — _
e’ 1 0 —|
Cerg =—E, (_j 0 05 1 1.5\ 2 25 3
In2 y P -00%0,050%025
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Geometrical Non Frequency Selective institut fir (/e
nstitut Tur
NT
MIMO Channel Models Nachrichtentechnik -

here: micro architectures, antenna arrays

h(P)

—RP

= direction of departure, DOD: ,B#E)
= direction of arrival, DOA: ,Béi)
= directional channel coefficient: h'")

14/12/07 Weber: MIMO Mobile Radio Systems 41



Institut fur

Steering Factors and Steering Vector .. ichtentechnik ey

wave front

AL

Rx

RP RL
NI =) cos( 42 ~al) 2tz = exp k)
i
o) = 27”&5&"") al) =(afy...al”)

due to reciprocity dual results hold for transmitter side
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Welghtlng Network Nachrichtentechnikﬂw—ﬁrn-m
wy A A Y T Wi,
X J—
o * z -
wiy
X J—
transmitter side receiver side
weighting vector: weighting vector:
\ . AT \ . AT
wy, = (wi . wh) wr, = (whe . wiy")
|12 « |12
‘ﬂTx =1 Hwa =1
43
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Antenna Gain

,Q(m)
(m)*  L(m)
Were "Ary "Erp
— *T
€=Ekrp- ﬂRx ‘§R>§

skalarer Faktor

antenna gain:

2

*T
Ors = ‘ﬂRX " ARy

*T *T
= Wpgy - ng ) ng " Wey

Institut fur
Nachrichtentechnik -

due to reciprocity dual
results hold for transmitter
antennas
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Antenna Diagram

consider antenna gain as a
function of the DOA

example:
Kr, =2

@

A
—U.

A
\ 4

N |

Institut fur
Nachrichtentechnik -

. Orv (e

90 |

ﬂRx

180

270
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Conventional Beam Forming Nachrichtentechnikm

maximize antenna gain

Schwarz inequality

2 2
T *T 2
Orx = ‘ﬂRx ‘Apy| S HﬂRx 'HQRX
equality for
Wrx ~ Qgy
— choose 1 corresponds to maximal ratio combining,

W, =———a
/M T | matched filtering

due to reciprocity dual results hold for transmitter side
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Single Path Channel Model Nachrichtootaa T m,f\,,mmm

al)

|
4=

x

vee (X)-

ally
SISO subsystem MIMOQO system
= directional channel coefficient = total channel matrix
hge H=ag, -hgp '§$x

= spatial channel coefficient
h™ =at) - hee -aly)
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Singular Value Decomposition Nachrichtentechnik s s

. 1 |
UX V' =|—ag, ......... . g1r9lle)
B - N o orthcl)normal
hee| 0 - 0
Jn| 2 O 0
0O O 0
1 1
_Nng

I} orthonormal rows
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Capacity

= with transmitter side channel state information

C= Zmax(o Id(ls Dld[HMNM]

O O

= SNR gain due to transmitter and receiver side beam forming
= without transmitter side channel state information

2
C = Zld(ngsj Id[1 M‘hRPLS]

O O

= SNR gain due to receiver side beam forming,
no gain due to increased number of transmitter antennas

= double number of antennas = double SNR
— capacity gain of 1 Bit (at large SNRs)
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Example: (2, 4) MIMO Channel institut fir (7

Nachrichtentechnik -

(2, 4) MIMO channel V
S O
e Yl o
JAN / - Y
O
Y
1 11 1 1) (J8he O
1 111 - -1 ] 0 0] 1(1 1
H: . h . 1 1 — Gy
H= L(_EP),L(?), 2|1 -1 1 -1 0 O ﬁ[—1 1]
J_J H:r d, & 1 j -1 —jJ 0 0 fT
a, U :
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Example, System Architecture

10/12/07

Institut fur
Nachrichtentechnik -

> €, 11 1 1 I
LU _1) §1] H €, "1 j -1 - I
v2li 1)1 s, — e | |2 ry
] €, Iy
y > >
*T
U
g /
Y
——(8hge 0] [ L
[Lj 0 0 P
L, 0 0 L
0 0 4
2
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Example: Antenna Diagrams institut fr (72

Nachrichtentechnik i+

o 91« (ﬂTx) 1o Ore (re)
104 ngaX(ng(ﬁTx))J/jB 1o g{maXRx(g(ﬂRx))j/jB

90 | 90 |

180

270 270

transmitter receiver
antenna array antenna array
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Multiple Path Channel Model  Institut fir (72N

Nachrichtentechnik -

superpose channels of individual paths

. his 0 | (ay)
H Z ng _RP aTx — (Q(R?( se Q(RF))() ) '
=1 \ " /
" A Lo ) lar
- T
A, receiver side steering matrix Her Ar,

A.,  transmitter side steering matrix

rank (H) <min(N, M, P)

rich scattering: P — oo, rank not limited by number of paths
= both beam forming and multiplexing gains possible
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Flat Ribbon Cable Channel Model Institut i (72

Nachrichtentechnik -

T {1
1 NO Cross 1
E couplings S
A >
N ‘ N

1 0

H=I= .
0 1

rank (H) =N

singular values:\/z =1
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Capacity of the Flat Ribbon Cable Channel Nachrich{;‘ﬁﬂjﬁﬁ,ﬂ?{m

all subchannels identical
— equal power allocation is optimal
— channel capacity with and without TxCSI is the same

C:Nld(']_'_ Szj 2.5
Mo . > id(e)
/ o2 N
15 A
limiting value N — oo e
, N Vel
Id(1+ 2) S
0.5 e
Cw=|im4 No >:iz.|d(e) o2 I
N—o0 1 o .
N 0 5 10 15 20
Ny N Y, N

= only (limited) gains by spatial multiplexing
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Keyh0|e Channel MOdel Nachrichtentechnikﬂw—ﬁrn-m

Chizhik (2002): Keyholes, Correlations, and Capacities of Multielement Transmit
and Receive Antennas

VAN

1 h{" h(? \ 1

[~
L~

v hi?
N ‘ M
Huygen's
elementary source
h{? hi? hi”hi" ... hhy
h(1) | | b(z) _| — H= _ h(Z) ,b(1)T
hy hiy hi'bt ... by
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Singular Value Decomposition of the

Keyhole Channel Nachrichmﬂ::rtnf\?l: M
H[](1) ‘[](2) 0O ... 0 (T
. L
o B0 {0 0 OoLfJa®
B Hh(z) N-1 orthonormal . . .
\ columns / I} M - 1 orthonormal rows
U 0 0 0. +
U < y g VAl
Z -

= 7 =[0?] 7 == 7 =0

‘h(z)

—=rank(H)=1 rank deficient!

= optimum signal processing strategy consists in
transmitter and receiver side matched filtering
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Capacity of the Keyhole Channel Nachrichtentechnikm

= with transmitter side channel state information
2

S-‘h“) e
C=Id/ 1+ ——L 1
g hi'=1 =1
= both transmitter and receiver % =1
side beam forming gains iy ©
= without transmitter side 12 A1l
channel state information 10 With TXCS yd
2 2 \//
S-‘h“) lh® C s /
C=Id| 1+ — 2_ 6 > d ///,/‘
N-o . /// <
) e
— only receiver side il without TxCS
beam forming gains 10° \ 1—01M 16°
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Channel Model with Multiple Keyholes . ipi ot far m

1
A > ) >
L L [ m
hiy h) )
h(1,k) I h(2 k) _ : N H(k) _ h(2,|<) 'h(1,k)T — H-= zﬂ(k)
k=1
hix h)

rank (H) <min(N, M, K)
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. . Institut fur
Channel Model with Independent Fading Nachrichtentechnik s

D1,1 b h1,N

|
I

hM,1 DM,N

channel coefficients independent identically
Gaussian distributed

hp, ~CA7{0,02}, here: h,, ~CA7{0,1]

Channel capacity is a function of the eigenvalues of the
Wishart-Matrix:

HH' M >N

{H*TH M <N

= random matrix theory, see : Metha: Random Matrices
eigenvalues are Wishart distributed
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Instantaneous Channel Capacity without o
Transmitter Side Channel State Information Nachrich::ﬁ::g:,:ﬁ; m
I:Jr{cinst

1

B N ——
AT
RTINS
Sy e Ak |
AR

0 0 25

Foschini, Gans (1998): On Limits of Wireless Communications in a Fading
Environment when Using Multiple Antennas

10/12/07 Weber: MIMO Mobile Radio Systems 62



Ergodic Channel Capacity

25
20
15
Cerg

10

S

O 0

2 _
o =1

10/12/07

Institut fiir (/)

Nachrichtentechnik i+

yd

-

with T

e

/

~

ut TxCSI

Weber: MIMO Mobile Radio Systems
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Outage Channel Capacity

25
20
15
Cout
10
S
2 =1
O 0
2 _
o, =1
10/12/07

Institut fiir (/)

Nachrichtentechnik i+

/ Pou = 0.1
with TxCSI
/ - without TxCSI
5 10 15 20
N=M
Weber: MIMO Mobile Radio Systems 64
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5. Canonical System Implementation Nachrichtentechnik st
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Block Diagram nstitut fir (7

Nachrichtentechnik i+

n
d S e 1| d
— mod. —{ \V — HAC—IB;UT_Wemod. -
N J N J
Y Y
transmitter side channel state receiver side channel state
information information
= e.g. by signaling back CSI or = e.g. by training signal based
exploiting channel reciprocity in channel estimation
TDD systems = uncritical
= critical
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Pulse Amplitude Modulation (PAM) e fir ()

= 2-PAM =BPSK D={-1+1} average symbol energy:
0 1
1 & 2
St - ES=MZ(2m—1—M)
-1 O 1 m=1
= 4-PAM D={-3,-1+1+3} =1(|\/|2—1)
00 01 11 10
¢ *——o *— average SNR of real part:
3 1 0 1 3 oF
_ S
V=72
O

in general: M-ary Pam, M = 2°

symbol error probability: Ps = MI\/I—1 -erfc{\/z(w?g/ 1)}

bit error probability (Gray coded): P, = %PS
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Symbol Error Performance of PAM Institut fir (72

Nachrichtentechnik i+
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Bit Error Performance of PAM

Institut fiir (/)

Nachrichtentechnik i+
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Rectangular Quadrature Amplitude Modulation

(RQAM), Constellations

Institut fiir (/)

Nachrichtentechnik i+

4-RQAM = 4-QAM = QPSK

A

11
®

»
>

01
o

D={-1-}—-1+}+1-}+1+]}

= 2-RQAM = 2-PAM = BPSK :
0 | 1 10
[
= 8-RQAM

A

100 101 111
o ® ®

= 16-RQAM = 16-QAM

000 001 011
o ® ®

< one unit
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110 1000 1001 ] 1011 1010
® ° ° o °
010 1100 1101 | 1111 1110
® ® ® ° °
0100 0101 | 0111 0110
® ® ° °
0000 0001 | 0011 0010
® ® ° °
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Analysis of RQAM e ()
RQAM consists of a Mg-ary PAM for the real part and a
M,-ary PAM for the imaginary part, M - M, = 2°
— average symbol energy is the sum of the symbol energies in
real and imaginary part
A 1/ .2 A 5 _ Eq
E. _g(MR —1)+§(|\/|I —1)_§(|\/|R +M, _2), r==%
= no symbol error occurs if there is neither a symbol error in
the real part nor in the imaginary part

1- P, :(1_PS,R)(1_PSJ)

P, =1- 1-Me =T o rge ; 37/2 1Mot 5 37/2
M. MZ + M2 2 M MZ + M2 2

1
Pb zgl:)s
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Nachrichtentechnik i+

Symbol Error Performance of RQAM
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Institut fiir (/)

Nachrichtentechnik i+

Bit Error Performance of RQAM
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Adaptive Modulation

Institut fur

Nachrichtentechnik -

For given maximum acceptable bit error probability P
the number of bits which can be transmitted depends on

bmax

the SNR v!
eg.P_ . =107
B 112 3|45 |6 |7 |8]9]10
M=2° | 2 | 4 | 8 |16 | 32| 64 |128|256|512 | 1024
10log(y)/dB| 6,8 | 9,8 | 14 | 17 | 21 | 23 | 26 | 28 | 32 | 34

Transmit power increments AS. = Ay -o?/. required for
transmitting one additional bit depend on the channel quality and
the number B of already transmitted bits!

10/12/07
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Institut fur
Nachrichtentechnik -

Hughes Hartogs Algorithmus

S, available transmit power
B_. : bits to be transmitted r =argmin{AS |

B<B

min

B—0 g and no
S -0 S+AS, £S5,
B, =0,r=1...R Y
S =0,r=1.R End
B =B, +1
S, =S, +AS,
S=S+AS,
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6. Signal Processing with non Cooperative Institut fir
Inputs (BLAST) Nachrichtentechnikﬂw-ﬁru-m
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Institut fur

SyStem MOdEI Nachrichtentechnik 44+|+—T+Tn-u+u

nR, =o’l
(white)
Y e NIV N,
3 joint d
d=s H aﬁ,}i detection [_—,

|D
I
m =
7
_|_
=]
I
=
Q.
_|_
=]

for good performance: M > N

no transmitter side cooperation,
only receiver side cooperation
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Institut fur

Optlmum Detection Nachrichtentechnik

exploit discrete nature of the
modulation alphabet

= maximum a posteriori criterion (MAP):

A\

d=arg max{Pr{g\g}} = argeglax{p(g‘g) . Pr{g}}

deD

= maximum likelihood criterion (ML):

d =argmax {p(e[d)}

QEDN

= argmin{”g—ﬂ-guz} for Gaussian noise n
deDN

10/12/07 Weber: MIMO Mobile Radio Systems 78



Institut fur
Nachrichtentechnik -

Receive Zero Forcing (ZF) (1)

do not restrict search to discrete elements of the
modulation alphabet

d=argmin{je -H-d|’}
deCN

~argminfe e-d'H"e-¢"H
deCN

Q.

+d” u*THd}
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Institut fur

Wil'tlnger CﬂlCUlUS Nachrichtentechnik %Tu—m

Definition:

Let x be a complex vector with the elements  x, = X5, +]- X,
and f(x) be a scalar function of x.

One defines the generalized derivative of f(x) with respect to
x as the N dimensional vector

of
ax daf 1 of . of
fo = : with EZE[aXRn —Jaj
df | |
dxy
Rules: V,(c)=0 VX(K*TQ):O
v, (a"x)=a v, (x"Ax)=A"x
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. . Institut fur
Receive Zero Forcing (ZF) (2) Nachrichtentechnikm

QZF = (HTH)1 'H*T

left pseudoinverse

H*T T\~ ~
e - (H™H) |d
—1 matched > —

filter decorrelator
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7. Signal Processing with non Cooperative Institut
nstrut Tur
Outputs Nachrichtentechnik -
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Institut fur

SyStem MOdEI Nachrichtentechnik m

nR, =05’
(white)
M, : M
joint S e—d
i. transmission| — H -

<

| D

[
Q>

[
|2
(7]
_|_
=}

for good performance:N > M

only transmitter side cooperation,
no receiver side cooperation
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Institut fur

Transmit Zero Forcing (ZF) (1) Nachrichtentechnikm

Design a transmitted signal of minimum energy
resulting in interference free data estimates!

minimize f(s)=S=|s[ =s"s
subject to the M constraints
d=H-s < g(s)=d-H:

— Lagrangian multipliers

M
gradf(s)+> A, -gradg,(s)=0
m=1
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Institut fur
Nachrichtentechnik -

Transmit Zero Forcing (ZF) (2)

with Wirtinger calculus

] H'
d| (HH7) ched |-
; = * matched
us|ng A:(i & ) decorrelator filter

substitute in g(s)
d-Hs=d-HH'A =0= A" =(HH") d

—1

—s=H"' (HH*T )1 d = |M;=H' (HH*T) right pseudoinverse
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Nachrichtentechnik -

8. Diversity
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Institut fur

Dive rsity Nachrichtentechnik -

transmission paths are unreliable

= transmit information in parallel on several (independent)
transmission paths

examples

= tfime diversity

= frequency diversity
= antenna diversity
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Institut fur

Recelve Dlve rSIty Nachrichtentechnik %mm

\ maximal
= ratio

' channel

HHH2 combining

|Q >

v

=

o’: variance of the noise samples n,_ H-=

o’ variance of the channel coefficients h,,

| =
Z
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. Institut fiir (/57
AnalySIS Nachrichtentechnik

= channel energy E, = Hﬂ”z is chi square distributed with 2M

degrees of freedom -
1 PR
p(Eh):O_ZM (M_,])'Efl:/l 1.e ’ Eh:MGﬁ

h

= SNR of the estimated data symbol, QPSK modulation

2 _
Eh'E{\Q\} 2E. — 2En 2Mo?
V= o2 = 52 V= o2 = o2
B 62M7/M—1 _% B 7/M—1MM _%
UG

= bit error probability
1 4 —
Pb:Eerfc(\gj, Pb:-([Pb°p(]/)d]/
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Average Bit Error Probability Nachrichtomtciae NT)

= average bit error probability

= for large average SNR ?

—_ (2aMm=-1y (MY 1
Pb — | T ~ M

M 2y y
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Bit Error Performance institut iir (72

Nachrichtentechnik i+

10
Py
-2
10
-4
10
-6
10
static
channel
10" \
-5 0 5 10 25 30
10log ( 4
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Diversity Degree Institut fir 7\

Nachrichtentechnik i+

consider the negative asymptotic
slope of the bit error probability curve

= diversity degree

D=-lim IOQ(E_b)

i)

here: D = M

10/12/07 Weber: MIMO Mobile Radio Systems 92



Institut fur

Transmlt DlverSlty Nachrichtentechnik -

:r maximal . r Rayleigh
' ratio h channel
' combining  |H|

' (constant

| transmitted { @

|

-

\ 4
v

o*: variance of the noise n

==
[
—~
Lj
|=
zZ
N——"

o’ variance of the channel coefficients h

n
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Analysis Institut fiir (/g

Nachrichtentechnik -

channel energy E, = Hﬂ”z is chi square distributed with 2N

degrees of freedom -
1 I
p(Eh):O_ZN (N_1)|E:]\I 1.e ’ Eh:NO_ﬁ

h

SNR of the estimated data symbol, QPSK modulation

_2E, - 2No; oMy .‘%
a o°’ & o’ p(y)_afNZN(N—ﬂ!

bit error probability

1 .
szierfc(\/gj, Pb=jpb'p(7/)d7
0

— same performance as receive diversity,

diversity degree D = N
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Institut fur

AlamOUti SCheme Nachrichtentechnik -+

Transmit Diversity can be exploited without transmitter side
channel state information!
Alamouti (1998): A Simple Transmit Diversity Technique for
Wireless Communications

("‘Qw _Qz)

\
_[ 4
g_[gi Tx Ah/Tg— Rx

("‘Qza +Q1)

€, B h, h, ( d, j N n,
e,) (h, -h;)\d,) (n,
e H d n
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Institut fur

Maximum Likelihood Receiver achiap S i (7

the columns of the system matrix H are orthogonal
= optimum receiver consists in a matched filter followed
by a quantizer

. et (e 1 h, h, ) (e
d=(diag(H™H)) H"| ~ |= e M
- ( Iag(_ _)) Bl (gj ‘D1‘2+‘D2‘2 (Dz —DJ [Qj

(@) 1 [nim +n2n;}
— + 2 2 % *
d, ‘D1‘ T ‘hz‘ h,n,-hn,

SNR of the estimates for QPSK modulation E{\
h|” +|h,|
ol <l

O

d,

-

/4

Same SNR as for transmit diversity with transmitter side
channel state information but twice the transmit power because
there is no beam forming gain!
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Rat Institut fiir (/57
ate Nachrichtentechnik -

Similar to the concept of the rate used in coding theory one
defines the rate of a spatio temporal code:

. number of data symbols
number of channel uses

examples:
= spread spectrum system, spreading factor Q (repetition code)
I = 1 <1
Q
= Alamouti code
2
r=—=1
2

= spatial multiplexing
r=min(N,M)>1
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