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~ MIMO-OFDM Transmitter Y&
Baseband and Radio Frequency Band Transmitter
"4
IFFT and
: CP Insertion DIA T
Error Spatial <
Correction bit-to- Multiplexing, IFFT and RE and
Ei(c)ggl?ﬁg Encoding sympol Space?Time CP Insertion DIA | Ana?gg :
and mapping Enco_dlng,or : : Module | !
Interleaving Linear | | |
Precoding IFFT and j
CP Insertion DIA [

CCU Comm
Smart Antenna Lab



" Bitto Symbol Mapping

Q-out
. 16-QAM

0010 0110 1110 1010

¢ ¢ +37 ° * b,b

o,

0011 01.11 41 ll.ll 1011

_13 _:1 +:1 +13 » |-out
0Q01 01.01 1l 11.0l 1001

0000 0100 30 11.00 1000

CCU Comm
Smart Antenna Lab
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~ The MIMO Techniques (1/4) ﬁ

€ The symbol stream is converted in parallel to
multiple streams (layers) and then to multiple
antennas for transmission.

N.: number of spatial streams (layers)
N,: number of antennas

& There are different MIMO Techniques applied to the
multiple layers of data streams

Spatial Division Multiplexing (SDM)
Space-Time Block Coding
Precoding ccu Comm

Smart Antenna Lab
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* The MIMO Techniques (2/4) Y&

Spatial Division Multiplexing (SDM) MIMO Technique (N, = N,)

+++5.5,5:5,555,5,5,

».

Stream
Parser

N, =4 N, =4
S,S, +++$,5,
35 Sl cos 3551
> Spatial >
.. Division <o
SG SZ , Multiplexing SG SZ
5753 ' B A
CCU Comm

Smart Antenna Lab
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~ The MIMO Techniques (3/4)  Y&F

Space Time Block Coding (STBC) MIMO Technique (N, > N,)

N, =4

t

5 5
8554555, oSS,
+87568584535,5:50 | Syream Alamouti

Parser 5,55, STBC | " "3 %

=z
I
N

CCU Comm
Smart Antenna Lab



~ The MIMO Techniques (4/4) ﬁ

Precoded MIMO Technique (N, > N.,)

+++5,5,5:5,5,5,5,5,

Stream
Parser

Precoding
Matrix

CCU Comm
Smart Antenna Lab
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Single Carrier Communication System

____________ TM_ _\I/ﬁcos(ant)

data coded : | oulse - t I

bit it | samblel L shaping [-Ugl pya |y

stream | channel . stream | 0110 [T7) by filter g[n] : M

1 oncoder interleaver —»| symbol | | |

mapping | | up-sample pulse 5 {s, [n]} | _f
L1y 5| shaping | —
ML filter g[n] DIA >
L 4 i
\/_sm (27 ft)
G(f) T/4
A dashed curve: p=1
L < solid curve: 0<f <1 o) =47 cos[ (1+/8)t/T J+sin[(1-B) 2t/ T |(4L/T) "
BWZE(“,B) \ solid rect. : 4=0 A VT[-ep T
Lomwol . L 9n=9®)_,
Sy
1 1
2T T —etsf o>t
Spectrum of the o 35
root-raised-cosine function 2

Baseband bandwidth 1;Tﬂ

time domain of the root-raised-cosine function

O
‘ Smart Antenna Lab



Multi-Carrier Communication System (I/Z)ﬁ

T 2P cos(2x fot)
bit to 10! brc —.(iH Lﬂ_}
— symbol | 5y /
- > D/C
: mappin
serial b f _
T 2P sin (27 f,t)
i 2P cos(2r fit
coded bit stream | g ] ePos(ze )4
—> bitto ] b
—» symbol | _
. {0}
mapping = DIC
T
parallet T 2Psin(2r 1)
C 22
Ol:lver T \2Pcos(2xf, t)
-S10oN 7 (1) {
bit to »| D/C 4—®_’h
—®| symbol | 5y ‘
mapping g ;ﬂ—b

T
T J2Psin(2rxf, t)

CCU Comm
Smart Antenna Lab



Multi-Carrier Communication System (5/5)@

& If the T, ,Vk, are far apart, the spectrum of the transmitted
signal looks as follows.

Spectrum of the multi-carrier
modulated signal

A
PEENAVAETAN
fO fl fN-l

& The carrier frequencies f,,vk, are selected to avoid spectrum
overlapping such that modulated signals associated with all
carriers do not interfere with one another.

CCU Comm
Smart Antenna Lab
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~~ The OFDM System (1/5)

& However, if the carrier frequencies satisfy f, = f, +kAf, k=0,---,N -1
1 . :
where f, and Af = T are fixed values, the spectrum looks like

The spectrum of all multiple
carrier modulated signals

A Af << 1,
>
fo f, T, fN-l f

The spectra of all multiple sub-signals are overlapped.

It appears that the multiple sub-signals may interfere with one another.
However, the frequency components at frequency instants f, = f, + kA, VKk,
do not interfere with one another.

Through precise frequency synchronization, the receiver can obtain through
accurate sampling the frequency components at these frequency instants.

Hence, transmitting signal by this scheme requires accurate frequency syn(:hronization.mm
wey—omartrtenna Lab
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~— The OFDM System (2/5)

B

Frequency Division Multiplexing (FDM) .. syecvum ofall matiple
carrier modulated signals
A

— —— ——— — — — — — — — — — [¢

|
I * cos2z(N -1) - Aft
| T

sub-carrier

i | \f << f
bit to An I | J
— symbol —|> D/C % |
mapping | I
serial | * T cos(27(0-Af)t) |
| ——
bit stream to bitto | A | :
— > — symbol ——#» D/C X |
parallel mapping I |
| cos(27 - Aft)
Conver , I *T : V2P cos(27 fot)
-sion . | | Carrler
bit to A | I
— symbol —4» DI/C X |
mapping I
I
_

[ _ ~ [
oo ] Anr A A Ay, BR[| Die e 50

system - -

The N sub-carriers {cos(O[QyzAft),cos(1[127zAft),---,cos((N —1)[127zAft$ are orthogonal.

- ..ClJ] Comm

The IDFT in OFDM plays digitally the role of FDM as in the multi-carier communication system.
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~— The OFDM System (3/5) o ﬁ

€ The OFDM system is a structure of Orthogonal FDM of N parallel signal
streams.

€ Advantages of the OFDM system over the multi-carrier (MC)-system:

High spectral efficiency (two-fold)

Low-complexity (1-tapped) channel equalization

Only one RF chain (one mixer/power amplifier, one high-speed DAC)
Cheap and stable digital FFT to implement the Orthogonal FDM

CCU Comm
Smart Antenna Lab



16

—

The OFBK/I\S?stem (4/5)

N-point Cycl_ic
——> T | ™  Prefix %> D/C >
Addition

G(t)
TN N T N

“—r¢ >4 >4 >4 »< >
0.8us 3.2us 0.8us 3.2us 0.8us 3.2us
16 pts 64 pts (CP#2) (OFDM#2)  (CP#3) (OFDM#3)

(CP#1) (OFDM#1)
previous

OFDM cP
Symbol Xy.p = " Xno Xna|Xo X X, -+ Xy Next OFDM Symbol

One OFDM symbol may include:
N symbols (data in frequency domain)
N samples (IFFT size in both time and frequency domains)

N + P samples (IFFT size plus CP length in time domain)
CCU Comm
Smart Antenna Lab
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The OFDM System (5/5) ﬁ

Sub-carrier k (frequency)

O0O0O00OO0OOOO00OO0
O0O0OO0OO0OO0OOO00OO0

O00O0O0O0O0OO0OO0O0O
O0O0OO0OO0OO0OO0OO0
OO0OO0OO0OO0OOOOOO
00000000000

O000O00O000O000O0
O00O000O00O000O0
O00000O000O000O0
O0O0OO0OO0OOOOO0OO
O0O0OO0OOOOOOOO

1 2 3 ..

OFDM symbol (time)

Orthogonal
Frequency Division
Multiple Access
(OFDMA)

Each user iIs allocated
with a fixed number
of sub-carriers

CCU Comm
Smart Antenna Lab
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— MIMO-OFDM Receiver

Baseband and Radio Frequency Band Recelver

fﬁ

CP removal
— " and FFT
1 RF and A/D S » Frequency Timing | » ©P Ler;‘gf"
- Analog 9 ' | compensa| = | Synchro
| | Detection | . R | |
| Module | i tion - | Nization |
1 | | [ CP removal
— "l and FFT
A
1™ Frequency
| Estimation
4>

% Deinterleaving
MIMO And Error
Detection Correction
Decoding
A
F Channel
| Estimation
CCU Comm

Smart Antenna Lab
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* Bandpass Signal and Its Lowpass Representatio

X, (t) = A, Re{x(t)} cos(27 f.t)+ A, Im{x(t)}sin(2x f t)

Transmitter Receiver
RF band RF band
Baseband Baseband
Modulation Demodulation
x(t) X, () Y, (1) y(t)

— (Up- (Down-  “* " »
Complex-valued, converS|on) conversmn) Complex-valued,
Baseband, Real-valued, Baseband,
Low passs signal, ... Radio Frequency band, Low passs signal, ...

Bandpasss signal, ...

X, () h(t) Y, (t)

Radio frequency (bandpass) channel

X(t) i y(t) = x(t) *h(t)

CCU Comm

Lowpass equivalent channel Smart Antenna Lab
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Detected signal
¥ %
a4 %
Trnsmitted Serial to FFIat-Fadlng MIMO >
———— Pallel i 'Channel ! | Detection |
Bit stream Conversion | | | | . :
\4 \'%
Multiple transmit Multiple receive
antennas antennas
_Xl | h11 h12 tht _51 W
X hy hzwt S W,
° — . . + °
_XNr_ _thl thz thNt_ _SNt_ _WNr_
x 5 T g W CCU Comm

Smart Antenna Lab
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MIMO-OFDM System - ﬁ

The received baseband signal at sub-carrier k Is
X, = H RS, +w,

where

X, of size N _ x1 Is the received signal

H, of size N. x N, is the channel matrix

P, of size N, x N_ Is related to the different
MIMO techniques

s, of size N_ x1 is the transmitted symbols
at all layers

w, of size N, x1 Is the additive white

Gausslan noise CCU Comm

Smart Antenna Lab
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"~ Maximum Likelihood Detection ﬁ

The MLD of s, VKk, Is expressed as

X, —HPs, [

S, =arg min

Sk ECNa

where
C denotes the set of symbol constellations.

For the SDM MIMO transmission, P, =1, .

IfH, =Q,R, andy, =Q, x, Is available,

the MLD becomes
S, =arg S[Te]gpa

Computationally efficient tree search schemes
can be applied to obtain S, . CCU Comm

Smart Antenna Lab

Y — RkSkHZ'
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*  Hybrid Precoding for Milli- ﬁ

Meter Wave Communications

N

_ N =3
N, =2 ) phase shiftert
analog / 205
S$Bbd+D/A e »@,OT
asepan
Digital > D/A | » @0/ >
S Precoding . o T
— D/A an‘;gg x@' D
LT
\/ \/
|:digital F
F =F F. 1S the precoding matrix.
y = WHFs+ v N, 29 P )

W is the combining matrix.
N, xNg

CCU Comm
Smart Antenna Lab
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Part Il : CORDIC Rotation and Its
Application

Fundamentals of CORDIC rotation
QR-Decomposition of Matrices

QR-Decomposition of Matrices for STBC MIMO
System

CCU Comm
Smart Antenna Lab
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—— The Givens Rotation

i

The Givens rotation iIs used to rotate
a real-valued 2-by-1vector

L) o)

or a complex-valued a + jb.

CCU Comm
Smart Antenna Lab
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"~ CORDIC Algorithm (1/4) ﬁ

a’ B cos@ -sind || a
b'| |sin® cosé ||b

:H_Cosei _Si”ﬂm, 0=30

' sing cosd,

—l_'cose H 1 —tng|a # dicos@ 0 L tanf=+2"
I EE tan 4 1 p|” T T

e ]}, 7 [

i | Oj 2_i

1 0.2 |[a
=K. - . ' e 49 ~ pF > K =0.6073
” HL 21 }M En kK,

0=">(0,6,)=+45 +26.56° +14.04' +7.13 +3.58' +1.79 +--.

CCU Comm
Smart Antenna Lab
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' CORDIC Algorithm (2/4) ﬁ

The rotation is decomposed into micro-rotations
6 =tan*(27), =012,

In practice, only a finite number of micro-rotations is applied.

9988 <30,<99.88] O~ Y 46 =445 £26.56' £14.04' £7.13 £358' +1.79" -
i i Y

Y A

A

*0.607259...

e T X

CCU Comm
Smart Antenna Lab
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CORDIC Algorithm (3/4)

CORDIC ;% & i & & & 87 e chff (7475 © Vectoring Mode (VM) f-Rotation Mode (RM)

Vectoring Mode - Initialization in CORDIC
Y

Y
4 S e B s 8 ! B e B 2 0
HA AT A5 6 ] % - g HA et BT F e g
» X » X
N,
v Vectoring Mode v Rotation Mode

A A

3y {cosé?ab sin&ab}{a c}_ la|” + o’ | | ¢
- b d

—singd,,  cosé,,

o J

%— G(a.b)

CCU Comm
Smart Antenna Lab
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CORDIC Algorithm (4/4)

14469 CORDIC Vectoring Mode i J-%  look-up-table free 2 CORDIC Vectoring Mode /% 5% 1#4.49CORDIC Rotation Mode i# F-i% look-up-table friee Z CORDIC Rotation Mode ;% Fi%k

Input @ x4 + 7 - Yin Input © x4 + 7 - Yin Input : @i +J - Yin . Win Input : T + 7+ Yin

Output - =z, +7 -y, ., @ Output - z, + 7 yn Output : =, +7- v, Oy, Oy, O = ooy <o- 0y - 0,y
% pre-rotation Oy, Oy, 0 = [oooy - oy - oy % pre-rotation Output -z, + 7 -y,

1. o, = sign(xy,) % pre-rotation Lif —aq 2w 2> a % pre-rotation

2.0y = sign(Yin) 1. oy = sign(zy,) 2. 9= Tin 1.if o, >0

3.if 0, 20 2. 0 = sign(yin) 3. Y0 =i 2 ap=1im

4. xo=m4 3 ifa, >0 4. wp= win 3. Yo = Tin

5. Yo = Tin 4. a9 =14 5. else 4 else

7. else 6. else 7. x0= 04" Yin 6. Yo=—0y Tin

8. xy =0y Yin 7. a9 =0y Yin 8. * Tin 7. end

9. W= 0y Tin 8. wo=—0y" Tin 9. - % end pre-rotation

10. 9. end 10. end 8.fori=0:n-1, do

11. end % end pre-rotation % end pre-rotation 9. T = o270y,
% end pre-rotation 10.fori=0:n—-1. do 10. fori=0:n—-1, do 10. Vil = Y — 05 - 27 -
12. fori =0:n—1. do 1. o; = sign(y;) - 11. end

13, o; = sign(uy) 12, @ =a;+0;,-270 120z =z40-27"y

4, g =a,+0-27 .y, 13, y1=y—o;-27 130 g1 =yi—0;-27%-4

15, yr=y—0,-270 1y 14. end 14. -
16. 15. end

17. end CCU Comm
18,6 = w, Smart Antenna Lab
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ReaI-VaIue\d Givens Rotation - ﬁ

a ¢C
For real-valued { }

1 Givens rotation Is
cos(6,,) -sin(6,)|[a c
used to compute \/|a|2 +[o|".

sin(eab) cos(6,) | | b d

_ \/|a|2+|b|2 c -+ 1 Givens rotation is
0 d used to compute (c',d’).

where

0, =tan™(b/a).

CCU Comm
Smart Antenna Lab
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~ Complex-Valued Givens Rotation ﬁ

d

{COS(%) —sin(@ab)} {ejg"" 0 Ma C} .+ 3 Givens rotations are

sin(6,,) cos(6,,) 0 e|b d

[cos(6,) —sin(6, q {|a| }

sin(6,,) cos(6,,) | |[b] d

a c
For complex-valued {b }

used to compute \/|a|2 +|o|".

- ' 4 Givens rotations are
— \/|a|2 T ||C’|2 C} used to compute (cd)
q

where
6,=0a, 6,=0b, and 6,, =tan™*(|b/|a).

CCU Comm
Smart Antenna Lab
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Part Il : CORDIC Rotation and Its
Application

Fundamentals of CORDIC rotation
QR-Decomposition of Matrices

QR-Decomposition of Matrices for STBC MIMO
System

CCU Comm
Smart Antenna Lab
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~ QR-Decomposition of an m-by-n ﬁ
Matrix

If A Is an mxn matrix with linearly independent columns,
then A can be factored as A = OR,

where Q 1s an m x n matrix whose columns

from an orthonormal basis for the column space of A

and R Is an n xn upper triangular invertible matrix

with positive entries on its diagonal.

QRD Methods
Givens rotation based methods
Gram-Schmidt Orthogonalization

Householder transformation
CCU Comm

Smart Antenna Lab
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QRD of a 3-by3
complex matrix

\ 4

OOD

DD

QOO

QOD.
OO0

TOO.

8®%
_O@(D_

Gy

—

G,G,G.G,G,G,G,G,G,H=R
let G=G,G,G.G,G,G,G,G,G,

D . real part
= GH=R D:imag part
~H=G'R=G"R =H=QR
Boo - @00 G@m'

OOD| _, GO0 FOLWD
QOD. QOO0 [OOD.

6 2ODD] ¢ [OPO
@@CD - O%@ VM,

Gg

—_—

o0l OO0 g .

OOD| & ODD] () zero
%@ 100
1C910]) OOGI1




* QRD of 4-by-4 complex matrix T
OO0 000 OO
01000 TOD DOD
Q000 |0ODD Q00| |®
Q000 0000 0000 |@
Q000 Q00| 0000
QOO C10000| |OODD
200 0100 0100
DOO0 000D OO
ON00] 0000 [0dCO
OBe0| OO gg®®
O®CO| OB DD
0000 O®CO 0000
Q0000 (0000 [OOOO®
OOM®| |[0O000| |OODD
O0VO| 00D Oz
OO 1OOBD!  |O8OD

OOD
OOD
OOD
V010)

1
" OOD]
QOOD
@CDCD(D

COD.

90010,
OV OD

O0DD
90010,
000
OO0

OODD]

QO]

(D complex
O Zero

OPPO
o0
OOD
OO.
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~ The CORDIC Module
____________________ - pmmEmEmEEEEEEEEEEEEE..
- - ,’T" f: vr_ctl ~\\ " < Xin Yin 4 \\
Number of Iteration : 9 times Kl et e \
word length : 14 bits { . ' :
pipeline : 3 (after the 279, 6™ and’ | e I ol
last multiplication ) - & :
pmmmmmmmm———— ~ 1 11 1
/ VM N i 2 H :
] 1 sign(y,
'for i=0:n-1 I : 6[1]() : : o[t :
: . ! 1 11 I
I o; =sign(y;) : : : : ! I
: =X . 2_i . : - | Registers 1 ! I LR | :
1 Xa=Xt0; Yi | : 1 I
i =y -0 -2 % | ! ] il i
' Yiu=Yi—G; i : I s s g wie) ol |
I _ 1 ’ 1! I
W..=W +0 -, | 1 1
1 1 . 1 “ 1
\end |\ & i | i A
S - 1 ‘ : ﬁ w | 1! : [
------------ ~ 1 sign(y. 1 1 1
',,’ RM \\‘ : >> 5 >>5 5[5]<5 tanil(zis) : : 0'[5] :
I C A 1 1 1l 1
: for i=0:n-1 : : " N : : " h | :
- o 1 egisters :
| o=sion(w) ! | = e I
[ . 1 1 11 I
1 — .27 - 1! I
: Xi+1 - XI + O-I 2 yI : : >>8 >>8 : : o8] :
: 1
I Y. :y_—(y_.2".x,l : I : 1
: i+1 i i i : I " e : I :
1 end 1 1 | K-factor ] 11 | K-factor ] 1
\ ] 1 ) 7 1! 7 7 1
S / VO Registers ] 7\ [ Registers ] I
N ———— - N7 v 7 J \\ v v /
a|=tan 1(2 I) ‘\fi -------- y u-t-----------out— P4 \N--ill---------yo-ut----',l

. . . - CCU Comm
Finite number of micro-rotations Smart Antenna L ab
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“TACR Triangular Systolic Array (1/3)

QR~% fi# 4x4 Hil ig 45 2 TACR-TSAZ 1

1
0 0 I
o 1 0
0 0 0 O/’/} B = :
0 1 0//}124 | hy h, hy hy DU
0 0."hy  hy H= My Py oy c 4 Delay Unit, delays the input signal ( for period
L My e N by, equal to PE operation time ).
i }r hy, hys hs, h 1 ! _h41 h, 43 hu
A e hyy =
My PE :
My Q" R : : :
g v y ¥ Processing Element, may operate in \ectoring
@ PE#1 [ PE#2 [P PE#2 [ 00.4 ql3 qu qll/ 14 13 ]_2 rll / a.nd Rotation mOde.
v v / /
@ PE#1 [P PE#2 [P O Uz Oz qZ:L///r24 fs 1 O // %
¥ / / % |RU :
@ PE#L [P G Oz G qsl/r Iz 0 0 / ) _ o
Rotation Unit, eliminates the complex lowest
Qu Uiz e %,/ w0 0 o/ diagonal element of upper triangular matrix R.
2 2 1 i _jga
[af" +[b[" | c® { cosd,, sing,, }{e
0 d® —sing,, cosd,, || O CCU Comm

Smart Antenna Lab
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~ TACR Triangular Systolic Array (2/3)

PE :

Processing Element, may operate in Vectoring and Rotation mode.

Rotation Vectoring Rotation Vectoring

Mode Mode e PE#1 " Mode Mode
Refc} Refa}— CORDIC#I | CORDICH3 [T Re ; '”Na |b
Im{c} Im{a}—> VM/RM-G, :><: VM/RM— gab}c Im §c
Re{d} Relb}—* CORDICH2 CORDICH#4 | Re Jd"»l 0
imid}  Im{p}—t VMRV=6, | RM —O8[7 im{a"} 0
PE#2
S \
— e CORDIC#3

1 D1
—* CORDIC#2 CORDIC#4

RU : —+» VM/RM- G, RM —@Gpt—+—

Y

Rotation Unit, eliminates the complex lowest diagonal element of upper triangular

matrix R.
RU

—p CORDIC#1
—+» VM/RM— G,

Yy v

v

R-CGR
> > CORDIC#3
» DE :><:: VM/RM gab
> CORDICH#2 CORDIC#4
> VM/RM 6, > RM 6,
CGR
> CORDIC#1 > CORDIC#3
» VM/RM 6, :><:: VM/RM 6,
> CORDIC#2 CORDICH#4
> VM/RM 6, > RM 6,
CCU Comm

Smart Antenna Lab

v



39

" TACR Triangular Systolic Array (3/3) %Y

B 5 A7 Bl

clk [01]02]03]04]05]06]07]08]09]10]11]12]13[14]15]16]17]18]19]20]21]22]23]24]25]26]27]28]29]30]31]32]33]34]35]36]37[38]39]40]41]42
\ \ \ \ \ \ VHi VHiia VHiia
RHi222 I RHi23 | RHiz242
RHis23 I RH; I RHis43
RHia24 RHiazs l RHus:
TN I N R A Y Vs [ Vi
VIV V[NV Rios | RIG
\ [\ (Y \ RHas34 RHz44a
VTV NN NN TN Vs,
RHzs44
[ T T T 1 VHu
£ P VH,, & T# TACR VM 4#24%
RH,; ;. & T TACR RM #:1
W 1% —EVH, ;& =8 RU ;U84 8 1F
CCU Comm

Smart Antenna Lab
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" Hardware Implementation Results

Algorithm Givens Rotation Frequency 125.4 MHz
(CORDIC) Gate Count 132K
System SDM-MIMO _
(TX-Rx) (4-by-4) Processing Cycles 8
Architecture TSA (clock cycles)
o Processing Latency 46
Matrix Size Complex (clock cycles)
4-by-4 Power Consumption 19 at 0.9V
Word lengths 16 bits (MW)
Iterations 9 Energy consumed per 1.21
RD (nJ
Technology ASIC 90 nm QRD (n))

Throughput rate 15.675M matrices/sec

Throughput rate = frequency / processing cycles

CCU Comm
Smart Antenna Lab
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" Pros and Cons of CORDIC Based ﬁ

Architecture

Fully parallel hardware structure

Long latency

Configurable structure

High bandwidth requirements both
for periphery (RAM) and between
PEs.

Division free circuits

Poor run-time fault tolerance due to
lack of inter-connection protocol.

CCU Comm
Smart Antenna Lab
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Part Il : CORDIC Rotation and Its
Application

Fundamentals of CORDIC rotation
QR-Decomposition of Matrices

QR-Decomposition of Matrices for STBC MIMO
System

CCU Comm
Smart Antenna Lab



43

— - e ———
Alamouti STBC MIMO
System Model : :; z

L]

X2,1 Xz,z h2,1 h2,2 W2,1 W2,2 1 VY B 4 Rx2

* Wag, W, 4’69 E}‘f Wa1r Wop
M

S I Sam-1 ~Som -
m * P I
SZm S2m—1
hll h21
Channel Combiner Channel
Convert to linear model Estimator h,, hy, Estimator
hll h12 §1 §2 h21 h22
_ y _ _ _ _W .
1,1 hl,l hl,2 11 ML Estimator
—X12 _h1,2 h1,1 S, W, l
= +
X2,1 h2,1 h2,2 SZ W2,1 A 2x2 Alamouti System
* * * S *
__Xz,z_ __hz,z h2,1_ _'W2,2_
N X d - \Hr d T CCU Comm
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Layered Alamouti STBC MIMO System
S, S, -s, 317
Alamouti STBC | = "
Encodersit |5t S2) S,
S, S, =S, Sy 3
Alamouti STBC , 2
Effféér #2 S3 Sy _ | Layered_ 7
Flat Fading 5 Alamouti .
MIMO Channel 5 STBC g
| ' Receiver | !
| 1 Sm
S;M SZMY
SZM SZM—I - .
Agrzrlc())létgrsgl\?c Y Receiver

Transmitter Syw_1 Som

System model :

Xl,l X1,2 hl,l h1,2|v| Sl *
S T I A A
S2m S2m—1
_XN,l XN,2_ _hN,l hN,ZM__ SM_
CCU Comm
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Layered Alamouti STBC MIMO System
Convert to linear model
I Xll ] i Sl ] I Wll ]
XIz Hy, - H1,|v| S, sz h h
n,2m-1 n,2m
= : + Hn,mD{ . . } vn and m
H H _hn,Zm n,2m-1
Xn 1 | TING NM | S2ma Wy 1
X H | Som || -w
| N2 —— L N2 |
X W
M=2N=2
I Xl,l ] I hl,l h1,2 hl,3 hl,4 ] _Sl ] _Wl,l ]
“Xip | | ~ho by =g b s, N W,
X2,1 h2,1 h2,2 h2,3 h2,4 S3 W2,1
__X;,z_ __h;,z h;,l _h;,4 h;,?,_ | 54| _'W;,z_
X H S W CCU Comm

Smart Antenna Lab



Alamouti STBC MIMO

Transmitter
"+ S51541 531551515 S

'_S;’Sm_s;sz’_SI’So

"’32’55’5;53'3;’31

Transmit Time Antenna 1 Antenna 2
t+T, —S, S,

& Smart Antenna Lab
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Double Space-Time Transmit Diversity, DSTTD ﬁ

Transmitter

871561551 84,53: 55,51, S

"'_5;54’_5;50

85,5415, S,

CCU Comm
Smart Antenna Lab



Hybrid Alamouti STBC MIMO

-s, slT o A
{ . IR >

= ,
n | —Sok Syka A
Y )~(2,2 XZ Sz
¢ s Y Layered [ =,
Sak+2 S2ks1|  Alamouti STBC P Flat Fading Alamouti
7 Encoder #1  “dxs Szmj MIMO Channel STBC
Q Receiver
o S | N N
i'g— | Xn2 Xy SM
3 g | *
= =S, S
< 2M P2M <
S,y S
2M - T2M-1 - Alamouti STBC J Receiver
Encoder #M-K
Transmitter SZM,l Som
The hybrid Alamouti STBC MIMO system transmits every 2M symbols
over two time instants using 2M - K transmit antennas
s, —S,
)~(1,1 )~(1,2 i 0 h1,2|v|—|< * 5 s
E : = : . : SZKél _SZK + \7\/’ Sm D 2m-1 *Zm
.~ K+1 S, Som1
XN 1 XN 2 hN,l hN,ZM—K : " "
' CCU Comm
SM

L i Smart Antenna Lab



Hybrid Alamouti STBC MIMO

Transmitter

571561551541 55, 5,5, 5,4, S

B B B B

CCU Comm
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Hybrid Alamouti STBC MIMO

Convert to linear model

— _ S - S
Xl,l . 11 A11 Al,K Hl,K+1 H1 M
_X1,2 1,2 H [
: = |:| SZK + : AN 1 AN,K HN,K+1 HN M
~ SZK+1 ~
N,1 . N,1
. : . h, O o B
—)~(N,2 S ~N,2 An k D |: Ok h* :| Hn m D :,m n; " y vn and m
— L T2M nk _hn 2m-1 n,m
X g W ) ,

—X*22 0 h2,1 _h2,3 hz,z S,

CCU Comm
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~ Detection for Layered Alamouti STBC Signals

Base on the linear model, the maximum likelihood (ML) detection of s from observation X is

* where Q denotes the set of constellation points for each symbol s_.

§,, =arg min [x—Hs

With the QRD of H = QR, the ML detection becomes §,, =arg min [Q"x - RSHZ.
se?M

Corollary 1: Let U and V be 2nx2m and 2mx 2k matrices, respectively, comprised of Alamouti sub-blocks.
The product UV is comprised of Alamouti sub-blocks.

Lemma 1: The QRD of the H = QR produces matrices with Alamouti sub-blocks, i.e.,

Q1,1 Q1,|v| R1,1 R1,|v| |
QU| : . and R R
_QN,l QN,M_ i 0 RM,M_
with Alamouti sub-blocks
qn, m-—. qn, m rn, m-—. rﬂ, m
Q..U *2 ' *2 and R[] *2 ' *2 .
| _qn,2m qn,Zm—l , _rn,2m IFn,2m—1 CCU Comm

Smart Antenna Lab



52 —

o
S

BCGR (Block-wise Complex Givens Rotation) (1/2)

Consider an Alamouti block
A {ai _ag i |a1|ej-¢a1 _‘az‘e—j-qﬁaz |
a2 al |a2|el¢a2 ‘al ‘e—Wal
We can diagonalize A by

\/ﬁl — 1 0 Cos¢ala2 Sin¢ala2 e_j¢a1 0 A
\ 3 V+|az|1 270 oWt C0S ¢ ity |

= —sIn ¢a1a2 aa, 0 e

~
Ta

where ¢, =tan™(|a,|/|a,).
Compared with TACR, it is rotated by two more angles ¢,, and ¢,,, respectively
Similarly, a different Alamouti matrix

. iy - idhy
o2 e
b, b ] |jble™ [|o|e™*
can also be diagonalized by

cosd., e ™ sing,, e %
,|b1|2+|b2|2 |2 _[ %bz %bz ]B,

- i ity
—_— — 2
g \ sing,, e Cos¢,, e |

Vo

To CCU Comm
where ¢,, = tan(jb,|/|b,)). Smart Antenna Lab
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BCGR (Block-wise Complex Givens Rotation) (2/2)

Applying to a matrix with Alamouti sub-blocks A, B, C, and D,
Jal, c¥
JA1, D

Alamouti blocks C® and D®, respectively.

T, 0|]A C
we have [ :{ M } where C and D are changed to

0 T,(|B D

Next, applying the rotation with ¢, =tan™(|3|/||) to the matrix on the left-hand-side,
(cosg, O sing, O |
a+ Bl C(Z)} 0 cosg, O sing, [JElZ cﬂ)}

we achieve
{ 0 D%

—sing,, 0 cosg, O
0 -sing, 0 cosg, |

Tab

where C® and D® are rotated to Alamouti blocks C® and D®® | respectively.

CCU Comm
Smart Antenna Lab
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Procedure of BCGR Based QRD

BCGR performs in the vectoring in the vetoring and rotation modes
to process a 4 x 4 matrix with Alamouti sub-blocks.

Only the numbers of CORDIC vectoring and rotation operations are given.

Refer to Table I for the exact angles associated with CORDIC vectoring and rotation operations.

: (D) | F (2) |
3 G o 7 Joa+p G
" o1, C 1 o 20 M 2)
_ e L) ‘ (2)
3rbl 6'7d1 \\/E 2:\dl 03<dl
- b ~d 0 \dP 0 d®
|72 2 _ g = 2
C : CORDIC vectoring 7 : CORDIC rotation

CCU Comm
Smart Antenna Lab
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Complexity Comparison of the TACR and BCGR Based QRDs

Complexity comparison of the TACR and BCGR based QRDs of
an 2M x2M matrix H with Alamouti sub-blocks

Number of CORDIC
vectoring operations
to compute R
Number of CORDIC
rotation operations
to compute R
Number of CORDIC
rotation operations
to compute Q
Total number of
CORDIC operations
to compute Q and R

TACR based QRD | BCGR based QRD

4M?

8M*®—4M?

12M?® —2M?

20M° —2M?

2M?%+M

(10/3)M?—2M?
—(4/3)M

5M®+M?

(25/3)M®+M?
~(1/3)M

Number of CORDIC operations

5000

40007

—&— TACR based QRD

—%— BCGR based QRD : D

3 4 5 6
Number of receive antennas N =M

CCU Comm
Smart Antenna Lab
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BCGR-TSA Architecture (1/2)

BCGR-TSA architecture for the QRD of 8x8 H with
Alamouti sub-blocks

Ty i Ab R ARG
[; 0 h/zj <P i h/zf "y i h/zf h/z i h/z:'
0 0 My Ay Vs A g Ak D —hgg
0 0 Ty WUk R TR R
10 o s —h, ~hy A i SOV i TR i Mg
s m oy~ s —h, By, LR PR PR ) AT
hﬁ _}‘%4_ hyy —he _}1:,2 1 i oy ’Il{ 3 i _’Il:,ﬁ n i _’Il:,s
I _hl.-l hlJ _hz.g B
ﬁll _hr.e
vv vy ¥ Y ¥ cos My s sty By Ny R By

DU F’E#l PE#2 PE#2 | ® . . . . : .
[ ]_:[ ]_:[ ]_:[ | ]_h "y T THa o he e Thae O
‘-?:- ':"[j ‘f i1l By rz Ry O
n PE#I j PE#2 [ - %
I L ]_ﬂ ] " — > ..._'I'?H "'fn '[.I’-; 'f.lr'*z ‘FS f'_6 0 0
[ DU ] jPEHl I : ran ‘.".:. "3':.:. '51’:__ q'.l "f,_.'.- Es D0
R R O ¢ ! S R = R B B |

88 6%6  dxd BRU : {f:.? a5 LIE Haa | Tyn 0 0 0
.”_{h,s_q.l,.ﬁ_q.t,a_th.: 0 0 0 {0

CCU Comm
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~~ BCGR-TS

A Architecture (2/2)

=

Rotation  Vectoring
Mode Mode
Refe”) (i
Im{c®} 0
Re{c{”} 0
m{c®} o
Re{d®} 0
m{d®} o0
Re{d} 0
m{d®} o

»
I

Iook-u'p-table free

conventional

Rotation Vectoring

Vectori ng PE# 1
Mode
Re{c,} Re{a,}—+5 corRDIC#1 |— CORDIC#3 oE »| CORDIC#11 }—
Im{c,} Im{aq }—— VMRM 4, >C VM/RM 9, , VMRM—@,,
Re{c,} Re{a, |+ corDIC22 CORDIC#4 CORDICS CORDIC#12
Im{c,} Im{a,}—+> VMRM—4, |—> RM 4, RM @, +&,) RM ¢,
Re{d} Re{h}—+ corpic#s |—> corDIC%8 DE CORDIC#13
Im{d,} Im{b}—+—f VMRM —¥, ><: VM/RM —4, _/ » RM @,
Re{d,} Re{b,}—+ coRDIC7 CORDIC%9 CORDIC#10 \—> CORDIC#14
Im{d,} Im{b,}—+> VMRM—4, |—> RM —4,, RM @, +¢, » RM ¢,
PE#2

N L CORDIC#6

4, DE | ) DE DE _\ f. VM/RM g

—— S > » CorRDICE7

—+— DE > DE DE RM —¢,

—— CORDIC#1 CORDIC#3 DE CORDIC#8

—— VMRM ¢, | VMRM 6, o RM ¢,

—— CORDIC#2 CORDIC#4 CORDIC#5 L CORDIC£9

5 VMRM ¢, RM —@,, RM @, +0, RM —@,
Rotation Vectoring BRU
Mode Mode Mode
Re{c,} Re{q} —> CORDIC#1 ——| CORDIC#3 |—> DE —> Re{q”
Im{c,} Im{q} ——> VMRM —, :><: vMs'RI\-I—%au}C — Im{,;lm
Re{c,} Re{a,} —> corpIC#2 CORDIC#4 CORDICES Re{c”
Im{c,} Im{a,} —» VMRM @, ——| RM —4,, | RM §, +9, Im {c{"

Mode

CCU Comm
Smart Antenna Lab
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/Kféhitectural Comparisons of the TACR-TSA and BCGR-TSA

—]

B

Architectural comparision of the TACR-TSA and BCGR-TSA

to compute the QRD of a 2M x2M channel matrix with

Number of CORDIC modules
in a PE#1
Number of PE#1 modules
Number of CORDIC modules
in a PE#2
Number of PE#2 modules

Number of CORDIC modules
in the rotation unit
Number of rotation unit

Total number of CORDIC
modules in the TSA
Latency of a PE
(clock cycles)
Processing cycles
(clock cycles)
Processing Latency
(clock cycles)

Alamouti sub-blocks

TACR-TSA

4
2M -1

3

2M? -3M +1

6M?—M

4M

28M -10

BCGR-TSA

14
M -1
9

1/ 2)M?
~(3/2)M +1

5

(9/2)M?
+(1/2)M

12

2M

26M —-16

CCU Comm
Smart Antenna Lab



59

]

Comparisons with Other Architectures

Smart Antenna Lab

Architecture 21] [22] 23] [24] [27] TACR-TSA[36] BCGR-TSA (Proposed)
System SDM SDM SDM SDM SDM SDM Layered Alamouti STBC
Antennas (Tx xXRx) (4x4) | (2x2) | dx4) | (4x4) | (4x4) | 4x4) | (8x8) | (4x2) (8 x 4)
Complex/Real Complex Real Complex | Complex | Complex | Complex | Complex | Complex Complex
(Matrix Size) (4x4) | dx4) | Ux4) | (4x4) | A4x4) | Ux4) | 8x8) [ (4x4) (8 x 8)
Algorithm__ CR MGS CR GR GR GR CR
Matrix R or (Q.R) R (Q.R) R R R (Q.R) (Q.R)
CMOS Technology 013 pm | 018 pm | 018 pm | 018 pem | 0.18 pm 90 nm 90 nm
Frequency (MHz) 270 400 100 120 200 1254 125.4
Gate Count 36 K 326K 11K 1346 K | 103.7K 132K 575K 115K 471 K
RepceRsap L ycos 20 35 4 8 8 8 16 4 8
(clock cycles)
RiCERSing Latiecy 20 35 30 92 9] 46 102 36 88
(clock cycles)
Toagy Ew 675M | 114M | 125M | 75M | 125M | 1568M | 784M [ 3135M | 1568 M
(QRDs/s)
CCU Comm
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~ Extension to the Hybrid Alamouti STBC and SDM system

Three modes of the MIMO system with 2 receive antennas

-

M hl,z

vy

s

hu

Ty Py =y,

v v

vy

DU [ PE#I
vy
4x4 BRU

vy

Antenna

Equivalent

(N, M, K configuration channel
matrix
Layered
SDM mode H11 le
Alamouti (2,2,0) 4x2? S
H2,1 H2,2
STBC
Hybrid Alamouti Laye red ‘A H
STBC de , ,
- Alamouti (2,2,1) 3Ix2 R
_Az.l Hz,z
STBC
_All Al,2
Layered Alamouti SDM (2’ 2’ 1) 2 X 2 AZ A22
STBC mode o2 :
, Hybrid Alamouti Layersd Alamouti
SDM mode | STBC mode |, STBC mode
*ha Kyt B3y Ky hs hi
E | E
*hy 0 (*t By 0 |t hy 0
N | . 0 0 | - 0 ﬂ
0 0 : : i, CCU Comm
a>

Smart Antenna Lab
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The Architecture Design for the Hybrid Alamouti STBC MIMO System

Enabled CORDIC
modules in PE#1

Angles obtained or
rotated by BCGR

W

angles from vectoring

AT o y y hybrid Alamouti STBC
L 1 B D 1,6,11
A and B are diagonal
angles for rotation to e e L
- - PE#]
C ¢ 1] 1 | I
{D} if both C and o, 1,6,11,13 4 I { )
—2¢,, CORDICH! f— CORDIOH: =l _ » CORDICHIT
D are diagonal VIMEM —¢, RN, }C — L o VMBM—g,
) TR TR T :X:: OB TSR CORTICHT III!'I + COBDICH1Z
angles for rotation to B+ B 1,5, 6, LB ra—¢, o En i e @ 4 B EM g,
C B & s 10, 11, 12,
complex D 4 13 14 CORDICH#R = CORDICR: = o o CORTICHS
A ' o VILED :><: TM/EM P, }C : Ao RM -4,
| CORDICH? CORDICHS CORDICHLO —’I L COBEDICH14
. = VBB~ e RN TE ry g o EM —f,
angles from vectoring = — - —
\
A
on [ } if diagonal
B &, P 6,11
A has positive entries
and B is diagonal BRU
r Y
angles for rotation to 1 mRDICfb - %Eﬂ{%é g LE g
— VAT b - -
C o &,.\-'__: @y
if both C and — — ><
[D} ! ¢n|’ 2¢ab 611,13 — = COBRDIC#E COBED I CORDICHS *
D are diagonal — 1 VI4RM _ﬁjﬂ: »__ EM —éﬂ‘ﬂ! » EM féﬂ: "‘ﬂ;, *
L -
angles for rotation to _ 6.10. 11
L ] 1 1 1
complex [C} ¢bl ¢bl
D —4d, 12,13, 14 CCU Comm

Smart Antenna Lab
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=

/:f/d\ _ e
Angles obtained or | Enabled CORDIC SDM
rotated by BCGR | modules in PE#1
angles fim vectoring ¢al , %‘ , ¢ab 1,6, 11
on [ } if both
B PE#]
A and B are diagonal f h
M COOBTIC#] % COBDIi#s LE * COBEDICH#LL ’
angles for rotation to _¢a1'_¢bl’ 1,6,11,13 VMEM ¢, }C VMEM—Far, X: mm_ﬁi iy
Cl. _ R ORI OO T4 SR TIOES | COETTCE >
{D} if both C and 2 Lt VRN 6, = EhL 4, = End @+ EM —g, .
D are diagonal . i .
CORDIC#: % COBRDICEE ™ DE COBRDICH1S >
) 1.5 6 » meM—ﬂ‘ VBN — 4,5 KM -, -
angles for rotation to B8 B =h =h i L : ——
c N 10, 11, 12, T CORTICHT CORDICHS CORDIC#10 CORDICH14 -
°°mp'ex[ } bt 13, 14 e B RN SR 1
D _ H 2 L d el ! cle
4¢ah \ A
angles from vectoring 6,11
A /)
on [ } if diagonal A
B
A has positive entries BRLU
and B is diagonal r i
—™ COBDICH#] F— COEDICH: D —
angles for rotation to _%’_2¢ab 6,11, 13 o vnEN g, L | VIMELE, }<: - .
[C} if both C and N SR DICH ‘>\" B [ CORLICHS N *
D — s VHIEN r;"J:_ —— ER '&-.I!al—h- EW ﬂ: '&-!:I——lr
D are diagonal L -
angles for rotation to _ 6.10. 11
1 ] 1 1 1
complex [C} ¢bl ¢bl
D 442 12,13, 14 CCU Comm

Smart Antenna Lab
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THéE/r/\aft;le CORDIC Modules for tﬁe Architecture in PE#1

Enable CORDIC Enable CORDIC
Mode modules in PE#1 modules in BRU
vectoring rotation vectoring rotation

Processing Processing
Latency Cycles

1, 2, 3,
Layered 1,2, 5, ;r’ 2’ g’ 123
Alamouti 6,7,10, '~ 1,23 P 36 4
STBC 11 10,11, 49
12, 13,
14
1,5,6
Hybrid o
: 10, 11, 1, 2, 3,
AI;r_rgogU 1,6, 11 12 13, 1, 2,3 4.5 24 4
14
1, 6,
SDM 1,6, 11 11, 1 1 18 4
13

LU comm
Smart Antenna Lab



—

Comparisons with Other Architectures

=

Items TACR-TSA | BCGR-TSA BCGR-TSA for the 3-mode TACR-TSA | BCGR-TSA
Algorithm GR GR GR GR GR
(CORDIC) (CORDIC) (CORDIC) (CORDIC) (CORDIC)

Svstem SDM DSTTD MULTIMODE SDM DSTTD
(Tx-Rx) {4x4) (4x2) (8x8) (8x4)
Architecture TSA TSA TSA TSA TSA
Complex/Real Complex Complex Complex Complex Complex
Matrix 4%4 d4*%4 4%4 8*8 B*B
(N*N)
Wordlengths 16 16 16 16 16
Iterations -] 9 o o o
Technology ASIC ASIC ASIC ASIC ASIC

90 nm 90 nm 90 nm 90 nm 20nm
Frequency 125.4 1254 1154 125.4M 125.4
(MHz)
Gate Count 132K 115K 119K ST3K 471K
Processing Cycles B 4 4 10 a8
(clock cvcles)
Processing Latency 46 36 36/24/18 102 B3
(clock cycles) (DSTTD/Hybrid Alamouti STBC/SDNM)
Power Consnmption 19 at 0.9V 20at 0.9V 20/16/3 at 0.9V S50 at 0.9V 78 at 0.9V
(YY) (DSTTD/Hybrid Alamuouli STBC/SDN)
Energy consumed per QRD 1.21 0.64 0.64/0.51/0.10 6.40 4.99
(nJ) (DSTTD/Hybrid Alamouti STBC/SDMN)

LU LUl

Smart Antenna Lab
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~ Other Applications of the COR[/)I/CQ
Operations

» Singular Value Decomposition of Matrices
(MIMO precoding techniques)

» Compute the angle of a complex value
(frequency offset estimation)

» Rotate a complex number by an angle
(frequency compensation)

> ...

CCU Comm
Smart Antenna Lab
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Part 111 :
Precoding Techniques

» Precoding Fundamentals
» Compressed Beamforming Weight Precoding
» Codebook Based Precoding

CCU Comm
Smart Antenna Lab
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) ~ Precoding MIMO System (1/3)

Precoding is a processing technique that exploits CSIT by operating on the signal
before transmission to improve the performance of the system. In designing the
precoder, various performance criteria have been used.

Multiple transmit antennas

Spatial multiplexing signal

~\ I
I

!

—i‘

i

Precoding

|
|
|
|
|
\

iy
5T

4

‘\
\
i Channel
|
]
II

\/
Capacity-Based Criteria
MSE-Based Criteria
SNR-Based Criteria
BER-Based Criteria
Distance-Based Criteria

Multiple receive antennas

Detected signal

Detection

spatial streams < min{ transmit antennas, receive antennas }

CCU Comm
Smart Antenna Lab
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~ Precoding MIMO System (2/3)

The availability of CSI at the transmitter (CSIT) is possible via feedback
or the reciprocal principle when time division duplex (TDD) is used.

Open loop
For a TDD system the forward and reverse
channels are reciprocal. This allows the
transmitter to estimate the channel state
information and calculate the precoding matrix.

N
Transmitter | downlink Receiver
' | | Mobile
(Base Station) | S | ( )

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Limited Feedback

“The receiver selects a precoding matri\X\\

Closed loop : _
The receiver estimates the downlink cSI. | from a previously defined codebook.
The quantized CSI is sent back to the The index of the selected precoding

transmitter. ~_matrix is sent back to the transmitter.

CCU Comm
Smart Antenna Lab
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~ Precoding MIMO System (3/3) ﬁ

Training Precoded
TX Signal Data
Transmission
Beamforming Weight
RX Egt?;r;r;?c!n or Precoding Matrix ACK
Computation

Procedure for the precoding MIMO system

Precoding with at least two spatial streams of signals
or
Beamforming with one spatial stream of signal

CLuU comm
Smart Antenna Lab
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“Transmit Beamforming with One Spatial Stream

Transmit beamforming with one receive antenna

Transmitter

A . T —
—> Modulation ——| Beamformer :/\\'Y | Detection "{’DemOdUIaﬁon H

1 MISO
Channel

Transmit beamforming with multiple receive antennas

Transmitter |
__> Modulation — Beamformer . . Detection | Demodulation —»
(I:\ﬂ;wn% CCuU Comfn
Smart Antenna Lab
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~ Transmit Beamforming with-One Receive Antenna

The received signal L

Beamformer h, (k) (The time index k is omitted for conciseness) Py
l o P, T
Ap (k) y:Zhipix+n:[h1 h, - hNt] S |x+n=h"px+n
h i=1 C ] .
K hT a
X(k) p, (K) il 5?( ) Equalizer —— P
: | p
hy. (k) n(k) y n
I0 =aXx+n [ X==—=X+—
Np,, () ﬂ —> Y > K= =Xy
| The time index is omitted for conciseness
Il =1
The instantaneous SNR at the equalizer outputis y = E{ |xf }| " = ‘
E{ [n[} No
_ _ o _ _ arg max th|2
The optimal beamforming vector that maximizes the instantaneous SNR is expressed as P
st o[ =1
The Cauchy-Schwarz inequality |h"p|" <|h|f [p|* <[n|* = p= Th]
For the optimal beamformer, the instantaneous SNR at the equalizer outputis y = E, ~ 7°(2N,).
= The instantaneous BER = The theoretical average BER CCU Comm

Smart

Antenna Lab
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— Comparisons Between  ——
Transmit Beamforming and Receive MRC

Signal model

Transmit Beamforming h (k) 3
o (k) y = Zh pX+n=h"px+n
| 1 i |
/ h, (k) T T = @ a
| B /(k .
j X(k) p, (K) |— é Sﬁ v Equalizer X(k3
A ey oy
() n(k) TR X=, =% o
p. (k) The post-processing SNR P = h
w0 [n
Trai’ri’s’fﬁlft’é’r’ ”””””””””””””””””””””””” Channel

Signal model
u=> whx+wn =w"hx+w"n

u
Equalizer | x(k), B _
The post-processing SNR w=h
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# Optimal Beamformer = A

Based on the Various Performance Metrlc '
h, (k)

Beamformer

X Signal model
: X(k —hT'
Equalizer | X(k),  y=h"px+n
. n
X=X+—o0
h'p
The Performance Metrics
: E. .7
Post - processing SNR y——‘h p‘ 0 arg max y LR
N, o= arg mslx‘h p\
Mean squared error MSE =E{ | R —x [} ||[||;‘> arg min MSE 2
Iplf -2 s.t. | p||” =1
Biterrorrate P, = alQ(«/azy/) I— > arg mln P, The optimal beamformer
l *
h
P=r
Channel capacity C =log p 0 argmax C ||h||
{ ‘ :> LRS!
CCU Comm
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Transmit Beamforming with Multiple Receive Antennas

X
—~
~
N’
= o
N =
=| |=
Z >
N
>
N
~
~
N

| Channel | Y, (K) )
i AT

| Matrix [0 Receiver | X(K)
NeXND | gy |
T y=Hpx+n
) N
T pN (k > X ! ‘ Ne h
_Jéﬂ?m!ﬁ?f ,,,,,,,,,,,,,,,,, = MIMO |
Channel
Receive MRC w=h
H HE H CHEY | RH Lo U h'n
u=w'y=w hx+w'n=h"hx+h™"n Equalizer ,X—HHHZ_ ﬁz
ZF detection
1. i~ H i~ H
Az(ﬁ“ﬁ) 1th:h~¥:x+h~?
h h
The instantaneous SNR at the detection output is y = o
E{ ‘h ‘ CCU Comm
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~ Transmit Beamforming with Multiple Receive Antennas

The optimal beamforming vector that maximizes the instantaneous SNR is expressed
as

arg m§1x||Hp||2

2
s.t. p|” =1
The solution of the optimal problem turns out to be the right singular vector corresponding to the
largest singular value of the channel matrix.

N =min{N;, N} 01 0 U e Ve
H=UZV" =[u, u, - uy] k . [v, v, - v,]" where Vel
0 ' 0,>0,>0, 20
i On |
Let p=v y =Hv,X+n=ocux+n

= T The instantaneous SNR
_ - E 2 E 2

vV, 1 o, 7/=N—SH01U1H :N—Sal

Hv, =UZV"v, =UZ| v}'v, |[=UZ|0|=U| 0 |= 0, ° 0
- ' ' CCU Comm
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" Based on the Various Performance Metric

Signal model y=Hpx+n
(Hp)" n
|Hp|

. Optimal Beamformer

ZF detection X=X+

The Performance Metrics

Post-processing SNR y =

T argmax y
k!

Mean squared error MSE = E{ | X—X| }m]d > arg min MSE
| p[*=2

arg max‘th‘2
p

Bit error rate P, =061Q(«/0!27/) > argmin B,
o st. | pff =1
Channel capacity C = log, det{l +5(Hp)(Hp)H } The optimal beamformer
NO P=V,
= Iog{ al} I— > arg g max C
p|l =1
2
C =log, det[l +pAA“] singular value of Hp |]:> ||Hp||
CCU Comm

- ZK:Iog2 1+ po? |
i=1
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Transmit Beamforming with One Spatial Stream

. : The optimal | The Post-processing
Signal model Estimator beamformer SNR
: SRV h" E,
One receive antenna | Y =N px+n | X=X+ h'p p= Tl N,
. . (Hp)" n E
Multiple receive antennas| Y = Hpx+n | ¢_ ” P ”2 p=V, y = NS o’
Hp 0

0

Transmit Beamforming with One Receive Antenna (16QAM)

10
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average SNR (dB)
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