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Antenna Technology




Antenna Technology

Too many terminologies...

m Smart Antenna Technology

= Multiple Antenna Technology

= MIMO (Multiple Input Multiple Output), SIMO, MISO, SISO
m Space Time Process

= Antenna Diversity

= Spatial Multiplexing

= Antenna Array

s Beam Forming

m AAS (Advanced Antenna System)

m Etc...
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Smart Antennas

m Receive Spatial Diversity

e Reduce fade margin,
improve link budget

m Transmit Spatial Diversity

e e.g. STC (Space-Time
Coding)

s MIMO Spatial Multiplexing
e Multiply capacity

s Beamforming (Adaptive

Antenna Systems, AAS)

e Improve link budget
e Reduce interference

Smart antennas increase coverage and capacity
& are key enablers of continued wireless advancement
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SIMO and MISO

= SIMO
e A single transmit antenna and Ny receive antennas
e Receive Spatial (Antenna) Diversity

= MISO
e N; transmit antennas and a single receive antenna
e Transmit Spatial (Antenna) Diversity
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MIMO

= N, transmit antennas and Ny receive antennas
= Diversity gain ~ NtNg
Capacity ~ min(N+, Ng)
s Performance-oriented MIMO
Data-rate-oriented MIMO
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Space (Antenna) Diversity




Fading Channel Effect

o -Freduéncy-‘ﬁéléctive fading or

fast fading distortion
-~ {Pgcanapproach 0.5)

bad

Flat fading
and slow fading
Rayleigh limit
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Diversity Can Do...

= Time Diversity
e Channel coding (FEC) with interleaver, ARQ

m Frequency Diversity
e Wideband system, Coded-OFDM
m Space Diversity
e Multiple antennas with low correlation

= Polarization Diversity
e Vertical & Horizontal

= Multiuser Diversity
e Channel-aware scheduler

m Etc...
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Antenna Diversity Gain

Dual Selection Diversity Gain (dB) vs. Spatial correlation
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Dual Selection Diversity Gain (dB) vs. Antenna Separation (wavelengths)
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Receive Antenna Diversity

m Selection Diversity
e Antenna element with the highest SNR (or other metric) is selected

e Greatest SNR improvement when

- Desired signal subject to independent (uncorrelated) fading and signal receiver with the
same average power at each element

- Background noise is AWGN, equal power and uncorrelated across elements

m Switched Diversity

e Choose antenna element only
when SNR undergoes a deep fade  antenna
and the received SNR crossed a

threshod \ ————— Control Comparator &—— Preset Threshold
e Perform worse than selection 5
i i Short-Term
diversity pisii
h 4

e Requires only a single RF chain to
serve all its antennas

e Adaptive determination of the
threshold

Receiver

LTE/MIMO
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Receive Antenna Diversity — cont’d

m  Equal Gain Combining (EGC)
e Co-phasing and summing the decision statistics at each element
e LOS signal (no fading): equivalent to finding a beamforming weight vector w

e Rayleigh fading signals: no longer optimum, but tends to achieve more diversity than
selection diversity

=  Maximal Ratio Combining (MRC)
e Each sensor output is co-phased and weighted by its SNR before combining

- MRC require design in receiver circuitry to achieve correct weighting factors
e Optimal in the sense that provides best statistical reduction of fading of any linear combiner

e Shows little improvement over EGC for Gaussian noise channel
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Antenna Combining Example

Antenna Combining Experiment — Signal Amplitude vs Frequency
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Rx MRC and Tx STC

So
*
-sl

tx antenna 0 ﬁ@

rx antenna

hy W 1 interference
ny N & noise
] interference interference a 1
4’6 & noise & noise E
- channel .
ry=sghytny estimator combiner

channel
hl' hy estimator

maximum likelthood |

detector

¢ —— 2 2 Ed ]
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S, = (0:0 + o] )so +h,ny+h n,

!

§, = (ao +a, )31 —hyn, +hn,

J| 2= * Siavash M. Alamouti, “A Simple Transmit Diversity Technique for Wireless Communications”,
IEEE Journal on Selected Areas in Communications, vol. 16, no. 8, October 1998. 15
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Transmit Spatial Diversity (STC)

Serial to Tx
*STC

Paralle] Y '
T 2
= STBC/SFBC
=STTD _ Diversity E
= Alamouti Code Combining p R
X

m Transmit diversity using space-time diversity coding (STC) reduces the required fade
margin at receiver and improves link margin by 5-10 dB.

m Transmit diversity puts the extra antenna at the BS instead of the MS.
e L ower-cost MS

m 3-dB power penalty compared to rx MRC
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SFBC

m STBC (Space Time Block Code)

m SFBC (Space Frequency Block Code) Y e
Subcarrier

+—>
antenna I SO _Sl

S1 So

IH(D] - -
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BER of MRC & STC
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Comparisons: (Rx-)MRC, STC, TX-MRC

m RX-MRC (Receiver MRC)
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Cyclic Delay Diversity (CDD)*

Guard-
—————»
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s The OFDM symbols of the CDD signal can be generated from the reference signal OFDM

symbols just by applying a cyclic time shift of 3, to the reference signals’ OFDM symbols
and subsequent insertion of the cyclic prefix.

m CDD is independent of the existence of a cyclic prefix (guard interval) and are capable to
increase the channel frequency selectivity without increasing the overall channel delay
spread because these operations are done before guard interval insertion and are restricted
to the OFDM symbol itself

I 2= A * Armin Dammann and Stefan Kaiser, “Transmit/Receive-
LTE/MIMO E&J[= Antenna Diversity Techniques for OFDM Systems”  2()



CDD — cont’d
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Figure 6: Indoor channel snapshot for a single antenna system Figure 7: Indoor channel snapshot for a CDD system

= An additional transmitter antenna with CDD increases the frequency selectivity, i.e.
decreases the coherence bandwidth

m A lower coherence bandwidth lead to a better error performance

m In order to achieve any diversity effects, i.e. to get constructive and destructive interference
within the OFDM signal bandwidth B, the inserted (cyclic) delays 3., have to fulfill 5., > 1/B

= 21
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Several Problems in CDD

m CDD may raise synchronization ambiguities where the OFDMA signal
Is transmitted with different delays on the two Tx antennas, making
synchronization more difficult

m CDD decreases the coherence bandwidth of the actual channel and
therefore may incur channel estimation performance degradation

[
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Spatial Multiplexing




MIMO Modes

= Open loop (OL)-MIMO vs. Closed loop (CL)-MIMO

m Single user (SU)-MIMO vs. Multi user (MU)-MIMO

m Vertical MIMO vs. Horizontal MIMO

= Single BS MIMO vs. Multi BS MIMO

s Codebook based beamforming vs. non-codebook based beamforming
m Diversity gain vs. Multiplexing gain

m Etc...

LTE/MIMO E&J|=
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MIMO Spatial Multiplexing (SM)

= Multiple Input Multiple Output (MIMO)
= Multiple antennas at both transmitter and receiver

= MIMO uses multipath to advantage to “multiply data rate”
e Transmits different data along different paths (simplified view)

e MxN MIMO can multiply data rate by M or N (whichever is less) if there is enough

multipath.
= Best in urban high-multipath environment (and indoors)
= Less effective in suburban and rural low-multipath environments

Transmitter

Transmitter
1
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Transmitter
2
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4
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How can we get multiplexing?

= Simple concept
(1) Transmit “one” data in one link (1 Tx & 1 Rx antenna)
(2) Transmit “two” data in two links far away from each other (1 Tx & 1 Rx antenna, respectively)
(3) Transmit “two” data in one link (1 Tx & 1 Rx antenna) ??
(4) Transmit “two” data in one link (2 Tx & 2 Rx antenna) ??

- (4) is just the special case of (2)!!

m Simple linear algebra
-~ Matrix (2 &)
- Rank

s Favorable channel condition for MIMO?
- Rich scattering for high rank
- High SNR for reliable decoding

LTE/MIMO E&J|=
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MIMO Capacity
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MIMO Data Rate Exercise (1)

s Example system configuration
e System BW =100 MHz
e Highest Modulation = 64QAM
e Channel Coding = {1/3, 1/2} + {repetition, puncturing}
e MIMO order=8x8

= What is the peak data rate of the example system?
e 26 =64 QAM - 6 bits/symbol
e Coding Rate of 1 is possible by puncturing

e Peak datarate =100 x 6 x 1 x 8 = 4.8 Gbps

LTE/MIMO

Jl=

[
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MIMO Data Rate Exercise (2)

m Target System: Information data rate of 1 Gbps
where System BW = 100 MHz

-> requires “10 bps/Hz”

® W/O MIMO
using 1024QAM??
@ With MIMO
using 16QAM + 4x4 MIMO = 16 bps/Hz

LTE/MIMO E&J|=
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MIMO Implementation Issues

Transmission power divided among multiple antennas

Tradeoffs between data rate and diversity order

Spaced to achieve sufficient fading decorrelation (device form-factor)
Pilot overhead

Feedback overhead

Problem with conventional repeaters

Demodulator Complexity
e ZF (Zero Forcing)
_ Bruteforce: r=Hx+n, X=H'r—-H™n
-~ Noise enhancement
e MMSE (Minimum Mean Square Error)
- Consider noise, too
e Alot of sub-optimal MLD
e MLD
-  Optimal performance, but high complexity

il -
_"|=argmin
X2 {x1,%x:}
Sub-Optimal MLD

ZF MMSE % ~ MLD
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Similarity of Interference-Suppression
Techniques for Various Applications

m Complexity decreasing from left to right

Optimum

Interference
Cancellation

Linear

Equalization (ISI)

Maximum likelihood
seguence detection
(MLSD)

Decision feedback
equalization (DFE)

Zero forcing
minimum mean
square error
(MMSE)

Multiuser

Optimum multiuser
detector (MUD)

Successive/parallel
interference
cancellation,

iterative MUD

Decorrelating,
MMSE

Spatial-multiplexing
Receiver

ML detector sphere
decoder (near
optimum)

Bell Labs Layered
Spaced Time
(BLAST)

Zero forcing,
MMSE
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LTE DL Reference Signals Mapping

One antenna port

Two antenna ports

Four antenna ports

R R
Ry Ry
R R
Ry Ry
1=0 1=61=0 1=6
Ry Ry
Ry Ry
Ry Ry
R R
1=0 1=61=0 1=6
Ry Ry
R R
Ry Ry
Ry R
1=0 1=61=0 1=6

even-numbered slots
B T

Antenna port 0

odd-numbered slots

-

i i S

R R
Rl Rl

Rl i
1=0 1=61=0 1=6
Rl Rl

Rl Rl
R Ry

Ry R
1=0 1=61=0 1=6

even-numbered slots
-

Antenna port 1

odd-numbered slots

Resource element (k)

Not used for transmission on this antenan port

Reference symbols on this antenna port

Ry
R,
Ry
R
=0 1=61=0 1=6

even-numbered slots  odd-numbered slots
-y P

Antenna port 2

R3 R3
Ry Ry
1=0 1=61=0 1=6

even-numbered slots  odd-numbered slots
- P

Antenna port 3



MIMO In Handset?

4,
/i

TN ‘\@?/4

= What about 8x8, 12x127?

s Okay w/ 2x2

ZHH 2 @ J9|nJ Yyibusjorem

o -
~< w.,,m_l_1 ~<|on <[

~ | ~<|= -

ZHI\ 006 @ J8|nJ yibusjanem
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T. Kaiser, “MIMO Deployment Benefits
for LTE”, LTE 2007, May 22-24, 2007
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MIMO with Repeaters?

m 2x2 MIMO is expected to give about 40% capacity enhancement
compared to non-MIMO system if there is not so many repeaters

m Repeater types
e Optical Repeater

e Microwave Repeater .
e RF Repeater 3 |
= “2x2” required to support SM 2 S
“1x1” is okay for diversity N
s Even with 2x2 RF repeater ﬁ? T
e MIMO capacity related with M lr s
Channel Matrix ws [ PS

LTE/MIMO EZ)|= 34



MIMO &=

- Antenna Correlation

m Effect of Correlation for MIMO
e MIMO d=s2 &= CHHILE &= 2| Correlation0ll 2 H &=
o OHHILIE ME 0| SE 0l0{0F & - CorrelationO| £ 0t0F &

m Example: SNR after zero forcing detection
e SNR degradation = SNR;; — SNR_/1clated

14 -

12 -

10 +

SNR degradation, dB

t: No. of Ix(Rx)antenna ?
k:MIMO stream index /

p:correlation

Il

Jl=

[

LTE/MIMO

[Ref: Xu and Lau. “Performance analysis for MIMO systems using zero forcing
detector over fading channels,” IEE Proc.-Commun, Vol. 153, No. 1. Feb. 2006]
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MIMO & =: SINR

= MIMO= high SINROI A SIMOUHH| &
m G-factor = SINR =S/ (I+N)

— |EEI:I
o /= Lo

80000
70000 —1x151S0 Where MIMO
provides gain
60000 —1x2 SIMO
50000
N
==
g 4,0000 —2%2 BLAST
a
30000
20000
1,0000
0,0000
-10 5 [i] 5 10 15 20 25 30
G-factor [dB]
* 22H (MHEX), “MIMO DSBS, M43 E4|YS I8
SE4 IR MOIL, HA23HAHATH, May 2008 36
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Typical G-factor Distribution

e Outdoor (FRF=1, cell r=800m) e Indoor (isolated cell, 140mx80m bldg)

60~70%
10 1

| 1
10 5 0 5 10 15 20 25 30 35 0 5 0 5 10 15 20 25 30
G-factar G-factor
LTE/MIMO E=)|= * 2B (BEEX), "MIMO JI=8&”, M43l S4018E flet
OIS EN JI |°4 HIOILE, 22354101, May 2008 37



SVD MIMO as a Closed Loop MIMO

= In CL-SU-MIMO, SVD-MIMO is the optimum

G. G. Raleigh and J. M. Cioffi, "Spatio-temporal coding for wireless communication,"

I[EEE Trans. Commun., vol.46, no.3, March 1998

X,

X

A

W,
Nr

IDVAE

4

>

AN

T,

Receiver
ML or MMSE

S,
—
S
s

Sl
- Precoder
s | w=2?
A
X = Ws
r=HWs+n

Feedback precoding information

Optimal choice of W: singular vectors of H matrix

Use Codebook with limited feedback

LTE/MIMO E&J|=
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MIMO Channel Decomposition

Channel Transfer Matrix

Channel Correlation Matrix

hn hl_-\',_ g 11 4 1N,
H = L _:J T R = HHH ~ g;l gﬂ ? 'gJ - Z_ h:kh;k
hy,o by, & o &
[] e
Value
\,/  Decomposition Decomposition
H=UDV~ . J—
R=VAA® =VD°DV
A 0 | (4, 0.+ 0]
0 A4 i |0 A
D= DD =
B 0 *\,u'll;it—n_ _0 /1 ]
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Deterministic MIMO System Model

____________________________________________________________________

ﬂ‘l wl !
B —
X Yy
32—> v > VA U : > U —y>
A w”m
| i ;KU " |
. Channel | .
Pre-processingt-----------ooooooeee .1 POSt-processing

With number of transmitting antenna=n, and receiving antenna=n,,
y=HX+w
XeC",yeC" ,w~N(0,N,l )

LTE/MIMO
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Multiplexing Capability of
Deterministic MIMO Channels

y=U"y
=U" (Hx+w)
=U"(UDV"x+w)
=U"(UDV"VX +w)

= DX+ U"w

J = DX+ W

Jl=

[

LTE/MIMO
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Singular Values

m The Singular Values of the channel matrix are the key to determining

how good the channel is for MIMO
m SISO: C=BW -log(1+ p)
= MIMO: Cc= BW-Iog(l+%ai2(H))

i=1..N

where N is the number of independent transmitter-receiver path

af(H) IS the singular values of radio channel matrix, H

m The SVs let you calculate the increase in channel capacity

m The ratio of Singular Values = Condition Number

LTE/MIMO E&J|=
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SVD Example (Mathematics)

H =uUDV"
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SU-MIMO & MU-MIMO

m Single-user MIMO schemes
e All streams to one user
e Stream-by-stream SIC

e Spatial domain multiuser diversity
IS NOT available

= Multi-user MIMO schemes
e Multistreams to multiple users
e Spatial domain multiuser diversity

e Larger diversity gain than single-
user MIMO

e Stream-by-stream SIC is NOT
available

LTE/MIMO E&J|=
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MU-MIMO In theory

= Unlike SU-MIMO which is the point-to-point multiple-antenna channels, MU-MIMO is
the multiple-antenna broadcast channels.

s The multiuser capacity of multiple-antenna broadcast channels depends heavily on
whether the transmitter knows the channel coefficients to each user.

e For example, in a Gaussian broadcast channel with M transmit antennas and n single-antenna
users, the sum rate capacity scales like M log log n for large n if perfect channel state
information (CSI) is available at the transmitter, yet only logarithmically with M if it is not.

s The MU-MIMO with perfect CSI at the transmitter is well known capacity achieving
dirty paper coding (DPC) [7].

= On the other hand, other techniques such as random beamforming (RBF) [8] and
opportunistic beamforming [9] have been studied as the sub-optimum scheme where
there is only partial or very little side information available at the transmitter.

[7] M. H. M. Costa, "Writing on dirty paper," IEEE Trans. Inform. Theory, vol.IT-29, no.3, May 1983

[8] M. Sharif and B. Hassibi, "On the capacity of MIMO broadcast channels with partial side
information," IEEE Trans. Inform. Theory, vol.51, no.2, Feb. 2005

[9] P. Viswanath, D. N. C. Tse, and R. Laroia, "Opportunistic beamforming using dumb antennas,"
IEEE Trans. Inform. Theory, vol.48, no.6, June 2002

LTE/MIMO E&J|=
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MU-MIMO

m Allocate each antenna resource to different user
m Scheduler selects a user with the highest rate per antenna

m Increase system throughput!

Sum-rate 2.5 Mbps

1 User-1 Ant-1 'ﬂ\‘i—l] Mbps
i Ant-2 | 0.5 Mbps
y

Data-1 |—> —

Sum-rate 2.0 Mbps

| Data-2 j» heduler CH-2 User. Anct | 0.5 Mbps
- 1.5 Mbps

= Ant-
(Datas > J . -
~3

i Sum-rate 1.8 Mbps
Y User-3

Ant-1 | 0.8 Mbps

Ant-2 | 1.0 Mbps

Served rate = 3.5 Mbps

LTE/MIMO E&EJ|= *Samsung  yg



Multi-User MIMO Example: PU2RC

= 29| codebook & EH 24
e For unitary matrix V;, i € {1, ..., G}
e Calculate SINR for streamm, m € {1, ..., M}

Unitary V, m Vg
matrix
Stream 1 | SINR, ; |/SINR,, SINRg ;
Stream 2 | SINR, , |[SINR,, SINRg >
Stream M | SINR, INR, SINRg v
Sum Rate R, R R

m Find the unitary matrix which gives the max sum rate
m Feedback the unitary matrix and the associated SINRs

0z
0x
=
)=

Jl= ”

LTE/MIMO
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Multi-User MIMO Example: PU2RC

n J|X=2 AtS A

A EH HE Al

—_ /) O M

(1/2)

e Collect all unitary matrices and SINRs

User 1 User 2 User 3 User 4 User 5
Stream 1 SINR; 4 SINR; 4 SINR; 4 SINR, 4 SINRs 4
Stream 2 SINR; SINR; » SINR; > SINR, - SINRs >
Stream 3 SINR, 5 SINR, 5 SINR; 5 SINR, 5 SINRs 5
Stream 4 SINR; 4 SINR; 4 SINR; 4 SINR, 4 SINRs 4
Unitary matrix V5 V4 V4 V5 V4
e Sort the table w.r.t unitary matrices
User 2 User 3 User 5 User 1 User 4
Stream 1 SINR, ; SINR; ; SINR; 4 SINR, ; SINRs 4
Stream 2 SINR; » SINR; > SINR; 5 SINR, > SINRs >
Stream 3 SINR; 5 SINR, 5 SINR; 5 SINR, 5 SINRs 5
Stream 4 SINR; 4 SINR; 4 SINR3 4 SINR, 4 SINRs 4
Unitary matrix all V4 all V5

LTE/MIMO

Jl=

[

0z
0x
A
|
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Multi-User MIMO Example: PU2RC

) EH HF Al

— /] O M

m J|A=2] AHE AL (2/2)

e Calculate a sum rate for each unitary matrix

User 2 LJ_S_@_I;B User 5 Max Select User 1 User 4 Max Select
stream 1 | SINR,; [(SINR;) | SINRs; | SINR;; | User3 SINR,; | (SINR, ) | SINR,; | User 4
stream 2 |(GINR,,)| SINR,, | SINRs, | SINR,, | User2 INR,,)| SINR,, | SINR,, | User1
stream 3 | SINR,, | SINR;; [(SINR;) | SINRs; | User5 INR, ;)| SINR,; | SINR,, | User1
stream 4 | SINR,, [(SINR;) | SINRs4 | SINR;, | User3 SINR, , | (SINR, ) | SINR,, | User4
Unitary all v, Sum Rate C, all v, Sum Rate C,
e Fine the unitary matrix corresponding to the max sum-rate
e Deterministic multiuser beamforming
- Use unitary matrix V, if C, > C,
- Selected user for each stream - Stream 1 User 3
Stream 2 User 2
Stream 3 User 5
Stream 4 User 3
LTE/MIMO EZ=)|& T adan
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UL Collaborative MIMO SM

m Example in the uplink of IEEE 802.16e

Subcarrier
Antenna O (Patiern A)
) Aoer 1 (Pattern B)

8 R =
— ~
Sl- |

54 5 Sg Sg
L —J - s é.
h—

MSs spatially uncorrelated
LTE/MIMO E=7|2 Without 3dB power penalty

Time




Vertical/Horizontal MIMO

m Vertical Encoded 2x2 MIMO System

Ll

Sub-
S— . | camrier IFFT
P L=1 ESTL;.I ‘ Precoq.mg mapping
Data RiI _—p| FEC | ! Modulation —» 11c9 . Mt matrix Nt
i P W Sub-
—> —®  carrier IFFT
Nep mapping
BS
m Horizontal Encoded 2x2 MIMO System
C
Data |R | —p»| FEC | ! Modulation S"]?'
C — . P camier IFFT
STC Pxecodlllg mapping
Q_J L Encoder | matrix N
Nep R Y Nt —
a S/P W Sub-
, . —> —®  camrier IFFT
Data g | FEC || Modulation —9» mapping
BS

LTE/MIMO E&J|=



DL Adaptive MIMO Switching (AMS)

Sg S7 Sg S5 S4 83 85 )

—8, S5 =S85 /N

S7 85 83 8;

A

LTE/MIMO E&J|=
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Performance of AMS

Ideal AMS |
- |—=—SsTBC

LTE/MIMO E&J|=
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Beamforming




BF Starting Point

- interference

cells

serving sectcir

serving secto\r

interferdnce

Form directional beam to reduce interference

> Received signal power boosted for desired user
> Nulling for other users

> Fully adaptive

Jl=

[

LTE/MIMO
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Beamforming & AAS

m Several small wide-beamwidth antennas form large directional array with narrow
beamwidth

e Higher antenna gain improves range

= Narrow beam reduces interference to and from other sectors and cells
e Nulls in antenna pattern can be directed toward interferers
e Improves channel capacity & spectral efficiency

m Base station only (Tx and Rx)

Digital Beamforming Receiver

e SRR

&
RF BRI RF RF
i

1

) ‘m\_‘:\:l,’

160 ; 1]
[rigital Diagital Diigital Dugital ‘
[hown- Dowen- Down- Dewwn-
Comverter Converter Convener Converter

'l
Y

MO 0

LTE/MIMO E&J|=
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BF and AAS*

m Simple beam forming

m Fully adaptive antenna system

* ArrayComm, “Wireless isn’t broadband without us”, ArrayComm, 2004

57
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Multi Antenna System

m Spatial Diversity

m Coherent Gain
e Improves link budget

e Gain = 10*log(N_ant)

e Enhances capacity

m Spatial Multiplexing

e Multiple users = SDMA

>

LTE/MIMO E&|

e Gain due to multiple fading paths
e Reduces fading margin
e Gain depends upon scattering environment

e Focuses radiation = passive I.C.

= Interference Mitigation
e Active interference cancellation

e Increases per-user data rate

e Single user = enhanced throughput

58



MU-MIMO and SDMA?

m “OL-SU-MIMO SM” (where different antennas clearly transmit
iIndependent different symbols, i.e., symbols are multiplexed in
physical antenna domain) and “SDMA” (where different antennas
work together to make spatially separate multiple signatures for
multiple symbol delivery) look different from each other

s However, “MU-MIMO” and “SDMA” can be regarded as the same

m The difference could be
e MU-MIMO ‘typically’ with codebook-based precoding/beamforming
e SDMA ‘typically’ with non-codebook-based precoding/beamforming

Jl=

[

LTE/MIMO =
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Collision Avoidance Beamforming

m Actively studied in 3GPP2
m  Scheduling technology which minimizes the collision b/w beams from adjacent cells

e Adjacent cells should be coordinated through high speed network

e MS needs to send feedback the estimated precoder of major interfering cell as well as the optimum
precoder of serving cell

e BS decides the beamforming based on the precoder feedback info
= Improve cell edge throughput & avg cell throughput
s One kind of COMP (Co-Operative Multi-Point transmission and reception) schemes

s

Feedback information from A Scheduled information 14 T mes T === T
e . S SN T .
s ! s O P i—
. g —
B I e o e -~ o e kit sl
______ N : ; : :
5 i
=, i :
5 s
£ : :
S ol A
! B I i i
Wireline ednnection E _i_ ___i_ - __5__
i G ! | : ! L
Master Pl el L. | —®—CABF
Scheduler F--q-------n--m=e-o-- | 1 ' —&— Non-CA-BF
] S — — A bi— e —
1 1 ] 1 1
| : | l :
q 1 i i i i
5 10 15 20 25 an

MNumber of users

LTE/MIMO E=D|= * ASE| (HETT SHpiPL EEATY, 3GPP2 TSG-C WG3 £9F), TTA Standard Weekly



MIMQO Application in LTE




MIMO Processing in LTE

m Key Features

e Supports 2 and 4 Tx antennas
Min requirement: 2 TX/RX antenna @ BS, 2 RX antenna @ MS

e Supports SU-MIMO and MU-MIMO
e Codebook based closed loop MIMO processing

= Layer Mapping and Precoding
e TX diversity

e Beamforming

e Spatial Multiplexing

LTE/MIMO E&J|=

[
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LTE MIMO Scheme

Codebook based CDD based
precoding precoding
SU-MIMO Not supported
Up to 2 codewords transmission
MU-MIMO Single layer per UE Supported
SFBC/SFBC+FSTD for
Transmit PDSCH/PDCCH/BCH Tx antenna
Diversity Transparent TD for Synchronization selection
Signal (i.e. PVS or TSTD)

LTE/MIMO E&J|=
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SFBC+FSTD

= When the pilot density is same for data transmitted s, =5, 00
on four antennas |5 s, 0 0
‘ 0 0 s, -s,
0 0 s, = |
= When the pilot density for data transmitted on s, —s» 0 0|
different antennas is not same, e.g. pilot density on 0 0 s, -s
group 1 (antenna 1 and 2) is not same with that on A= < 0 0
group 2 (antenna 3 and 4) -
0O 0 s, 5 |
= When the pilot density is all different for antenna 1, 2, % O* s 0
3 and 4 =0 S 0 s
s, 0 s, 0
0 s 0 s, |

LTE/MIMO E&J|=
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DL Physical Channel Processing

code words

/

Scrambling

Y

Scrambling

Modulation
Mapper

Modulation
Mapper

Layer
Mapper

layers

Precoding

Resource

~| element mapper

antenna ports

_| OFDM signal|

generation

Resource

"| element mapper

_| OFDM signal |

generation

scrambling of coded bits in each of the code words to be transmitted on a
physical channel

modulation of scrambled bits to generate complex-valued modulation symbols

mapping of the complex-valued modulation symbols onto one or several
transmission layers

precoding of the complex-valued modulation symbols on each layer for

transmission on the antenna ports

mapping of complex-valued modulation symbols for each antenna port to
resource elements

generation of complex-valued time-domain OFDM signal for each antenna port

* 3GPP TS 36.211, Evolved Universal Terrestrial Radio Access (E-UTRA); Physical Channels and Modulation, V8.6.0, March 2009

LTE/MIMO E&J|=
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Layer Mapping

m The complex-valued modulation symbols for each of the code words
to be transmitted are mapped onto one or several layers.

= Complex-valued modulation symbols 4 (0),...d S -1) for code
word ¢ shall be mapped onto the layers x()=}x9@) .. x¢2@)],

i=01.., M -1.

where v is the number of layers
I - -
MYe is the number of modulation symbols per layer

m Layer mapping for transmission on a single antenna port

. . . |
xX0@)=d6) with Mgm =MSh,

LTE/MIMO E&J|=
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Layer Mapping for SM

Table 6.3.3.2-1: Codeword-to-layer mapping for spatial multiplexing

Number of layers Number of code Codeword-to-layer mapping
words . lave
1= 0L, M —1
1 1 OW=dVa)  MER =M,
RPN (P
x D) =d D) - (
2 2 - MES =M = MG,
X Il = I
O =d®en layer (0)
2 1 i M =M_.[2
@iy =d@ @i+ syl sy /
@) =a" @)
3 2 Oy = a® ) MES =M = MG, /3
Py =dV i+
Py =d@en
1y .- (07 rmy s
(D) =dV(2i+1) ave @ s i .
4 2 Oy = a2 M =M, /_« = MG, /;
(i) =¢ 2i
@ iy=a®i+1)
LTE/MIMO E&J|=
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Layer Mapping for Tx Diversity

Table 6.3.3.3-1: Codeword-to-layer mapping for transmit diversity

Number of layers Number of code Codeword-to-layer mapping
words = 951:---,31'5% 4
@) =d P (2i)
yorlaver g (00 1
@) = dP(41)
V(@) =dP iy
\ ; rever _ a0,
O =dP4i+3)
LTE/MIMO E&J|=
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Precoding

= The precoder takes as input a block of vectors @) =)0 .. 6]
i=01...M&e -1 from the layer mapping and generates a block of
vectors y(i):[... () (7 ]f i=01..,.Mg ., —1to be mapped onto resources
on each of the antenna ports where »'” (i) represents the signal for
antenna port p.

m Precoding for transmission on a single antenna port

yP @) =220

LTE/MIMO E&J|= 69



Precoding without CDD

yO) (i)
L =)
B O] B Faa 0]
LTE/MIMO E&0|=
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Precoding for large-delay CDD

@) | - xO) |
L l=w(@)DEU|
xV )

W)

Table 6.3.4.2.2-1: Large-delay cyclic delay diversity

Number of 7 D()
layers v
1 b i
5 1 |1 1| 1 0
5l e-,.-:-:;:-_. 0 g-,.-:-:.--;:-_.
1 1 1 1 0 0
3 LIy g a3 0 /¥R o
‘\./g 1 E_—f."-l:,r‘i- E'_";E:ﬁ | 0 0 E'_";-Lﬁh
1 1 1 1|1 0 0
1|1 e/ /A /o 0 e /F g
4 S|y e s —j12a 4 | 0 oAt/
1 —jérf4 12 E—,.-is,rﬂ_. 0 0 o674 |
LTE/MIMO E&0|=



Codebook for Precoding — 2 ports

For transmission on two antenna ports, p< {01}, the precoding matrix W (i) shall be
selected from Table 6.3.4.2.3-1 or a subset thereof.

Table 6.3.4.2.3-1: Codebook for transmission on antenna ports {0.1}.

Codebook Number of layers v
index
1 2
- 11 1 [1 0
211 2o 1)
1 1 [1° 11 17
J2 —1] 21 -1
1{1'_ 1{1 1
2 | > y
J2 7] 2|7 -7
s 1 {1'
J2 -7

LTE/MIMO E&J|=



Codebook for Precoding — 4 ports

= The quantity #*denotes the matrix defined by the columns given by the set {s} from
the expression W, =I-2u,ul’ [u’u, where I is the 4x4 identity matrix and the vector u, is
given by Table 6.3.4.2.3-2.

Table 6.3.4.2.3-2: Codebook for transmission on antenna ports {0:1:3:3}.

Codebook " Number of layers v
index
1 2 3 4
0 wy =t -1 -1 -1f Wl AT NS I A NER B A5
 Juzh -1 oF m | WO | WA |
> s = [l | -1 1]3 W;:l] W;:l:-] /\E W;:us] /Jg meﬂ /3
3 us = [1 e _ﬂr W;:l} W;:l:-] /\E W;:us] /Jg W;s:u} /3
4 uy = |l (—l—j)/\E -7 (1= j)/\/:]r Wfl] me /\E Wfly} /\f@ quaﬂ /3

5 H_; ::1 (l—j)/‘\E __] (—l—j)/‘\/{j]" 1’1’7;:1] H’;:H} /\/E H?:l:ﬂ /‘V/g H’_r;:l:i-u /3
6 us =l 1+ NN2 -7 -1+ f)/«ﬁf wit wi | e wiER s
. v =l CLpf s (1+j)/v"3]r il s /Jf A /v(g {1324 /3

8 us =l -1 1 1]"— w i / 2 w4 / 5 i /3
9 o = [1 - -1 —j]"— ;;rgél} Wg{H] /\E H,ggm] /v/g H;g{lli-l} /3
0 Jup=p 11 F v | MR | m | mE
11 iy = [1 J 1 f]r WS} Wf:lli} / V2 H’1{1134} / V3 H’IC:IIBH} / 2
I md | mP e | WA | mE
| w=h 11 SR R
4 uch 1 -1 oF R e R

LTE/MIMO =

[




Codebook for Transmit Diversity

@) |
¥y (2i)
y@(2i +2)

P2+ ]

y® (40)

¥ (4i)

¥ (4i)
y O (4i+1)
y® (4 +1)
¥y (4i+1)
y® (4i +1)
vy (4i +2)
yB (4 +2)
vy @ (4i+2)
v (4i+2)
y(o) (4i+3)
y® (4i+3)
¥y (4i+3)

v (4i)

P (4i+3)]

1
2

5
O O O O OO OO0 O r OO0 O O o -

_ O O B

(@)

o o

|
A=

O O O O OO OO O o o O

O O -

I
~.

R O O O O O Fr OO O O O O O o o
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O O O O O O O o o o o

|
RN

o O — O

TRelx@ @))]

Relx® (i)
Im{x© (i)

] Im x® (5) |

O O O O O -

|

~.
O O O O OO OO OO O~ O~ o o
O O O O O~ O 0O O oo oo o o

O O O O O O O o o

|
.

O O~ O~ OO0 O OO oo oo o o

'Relx© (i)
Relx? (3)
Relx ()
Re(x® (i)
Imlx@ (i)
Imlx® (i)
Im{x® (i)

| Im{x® ()
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RI, PMI, COI

m Rank Indication (RI)

e Info about the channel rank or, expressed differently, the number of layers that
should, preferably, be used for DI transmission to the UE

m Precoder Matrix Indication (PMI)
e Provides a precoder matrix that should, preferably, used for DL transmission

e The reported precoder matrix should be determined assuming the number of layers
indicated by RI

e PMI is reported only in CL mode. In OL mode, the network instead selects the
precoder matrix to use according to a pre-defined rule.
e Network has 2 choices:

The network may follow the recommendation from UE, in which case it only has to confirm
with 1 bit indicator in DL scheduling assignment.

{0

- The network may select a different precoder. Then the precoder information needs to be
explicitly included in DL scheduling assignment.

m Channel Quality Indication (CQI)
e A set of pre-defined MCS combinations

LTE/MIMO E&J|=
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Channel-Status Reports

m lllustration of PMI Selection, CQI and RI Reporting (example)

Transmitter Y T Receiver
i 'i.'f_' Codebook
> Y bW, W, L W, .}
W i
Data > ' ? | |
buffer > ; CQl
Y Selection -+ computation

B f

Codebook - R R e R e R R R T e s A gy

]
P w, W, L W, )

_________________________________________________________________________________

m wideband reports reflects the status over the entire cell BW
per-subband reports reflects the status over each subband where one subband
size is ranging from 2 RBs to 8 RBs

m periodic reports is normally delivered using PUCCH
aperiodic reports or trigger-based reports is always delivered using PUSCH

LTE/MIMO E=J|& 76



Sounding RS

m Reference for channel quality information

e Channel quality measurement for frequency/time aware scheduling
e Channel quality measurement for link adaptation
e Channel quality measurement for power control

e Channel quality measurement for MIMO, BF
m Sequence generation
%3 (n) = %) (n) which is defined by cyclic shift @ of a base sequence 7, , (1)

v

m SRS can be used for non-codebook-based beamforming together with
user-specific reference signals

LTE/MIMO E&J|=
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Summary




MIMO Is already in the Market
IEEE 802.11n

[2007 IT o| E&FE] L ESPC -

[CIA B~ 20070627 06:09:55]

LTE/MIMO E&J|=

LGA A} “AMEFZ AF RB00®

MY 135Mbps 5 DAS I
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ZA =EEPCSEE EACO C
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Power of MIMO

2EAFA AG ol S8 AlCH of Bt
200E-09-01

- AEEI HAEHZE 4678 ZHAHE LB
- g glole=d o]l AGEFE 0|20}
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100MbpsE TH&EE2 SHU0 O0EE &85k 46 AGAEH H S0

Ef| ahdEns H0 HEES Ik%k;!’axa FAIOCRAUI Input MUt Output CHE2FEILE |
Plgg ol HAH HE2 356hps TEST SEHSDE THEoMILE 72 FHAE 12
TIME 142 Z2E2E watTEH?| W2 ZohSd 203 & 221 2FiTE 2o gl
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Multiple Antenna Technology

Array Gain

Spatial Diversity Gain

- Increase in average SNR (SNR; +...+
SNRMR}

- Available at Tx & Rx through coherent
combining

- Requires channel knowledge

- Beamforming techniques including
smart antennas

- Benefits from indep. fading paths

(space/time/frequency/etc)

- Reduces variability (variance of power)
- To overcome the effects of fading
- Minimize Pe (conservative approach)

Multiplexing Gain

Interference Reduction

- Offers linear increase in capacity by
transmitting independent data streams
from different antennas

- Critical to achieve high spectral
efficiency Maximize transmission rate
(optimistic approach)

- Use rich scattering/fading to your
advantage

- Exploits the difference of spatial

signatures of the user and CCls

- Allows aggressive freq. reuse plan
- Space-time signal processing can

cancel or reduce the interference, and
boost signal power and reduce signal
amplitude variability

LTE/MIMO E&J|=
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MIMO vs. AAS

MIMO AAS
Require aLargely separated TX antennas -CIoseTIy spaceFi Tx an.tt.annas
ment mRelatively static condition
mNo requirement on channel conditions
(mobile, static, flat, FSF etc)
:gﬁ;sl:’tgz Sctr::ztwu;gOL CLinlidor mAdaptive beamforming on the best
_ o frequency bin to maximize throughput
mNo complicated calibration needed (OL) alnterference reduction capability
Pros -S.lgnahng scheme less compllcated aRange extension advantage
mLinear capacity increase with the number of L ess complexitv and power at SS
antennas at no cost in BW and transmit power .M " pd' y ] p
mNo feedback overhead even in FDD (OL) miiLE-USer diversity gain
mIncludes the beamforming as a special form
(single stream precoding)
mSensitive to channel time variation
Cons mMore complexity at SS in general (N; = Ny) mSignaling overhead (e.g AAS preamble,
=Not suitable at very low SINR region sounding)
mComplicated calibration required
LTE/MIMO HE&J|=
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MIMO Summary

m SISO
e Capacity = log(1+SNR)

x SIMO
e SNRO|S: x =&l OHH[LE ==
e Diversity0| 5

x MIMO

o E S It x min(Ntx, Nrx)

* E2E (AT, “MIMO JI=&&”, M43 S2J|1HS ?Ie 0lss4 Dl

C=log,(1+S5/N)

Capacity

S/N

N

5
C:10g1(1+—] Y
Tx ' - N__, 1 Rx I

C. Shannon
Bell Labs Technical Journal, 1950

/
Y ,
Tx C=10gg[l+ﬂd—¥] ‘ — Ry,

M
\/_ N
Tx, — 't L R
\V/ _ T e
Tx, }— 4 CﬁMlogg{l‘F;J — R,
N :
TXM | a'hr RX"

A& HOIU, 32234, May 2008
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MIMO techniques

MIMO Technigques

Diversity Gain
perspactive

I

| Space-Time Codes
| (STTC/STBC)

|

DEen—Iaﬂp Made Selaction Dlised—lcrr::p
Systems Systems
[ [
| [ |
Multiplexing Gain Beamforming Gain Multiplexing Gain
perspective perspactive parspactive
[ [

—_ ————— o PTR | p— _ — [ E— ——— 1._._. -
; | L Bl Rt | . | . : |
! | Bell Labs Layered ! i |'u"|‘1>:|rr|urr.1 F1_‘=:11||:| | i To/Rx | i Eigen Modes |
| : e . I Transmission | : based on 3VD 1
. I Space-time L I | Antenna I 1 N
i | arch.(BLAST) i based on SVD | I Selection I Fower Allocation |
i I i ’ l . (MRT) [ . | T-AMC |
L e — b i e s e — e . — e . —

Single—carrier Single—user Single—cell

or or or
Multi—carrier Multi—user Multi—call

LTE/MIMO E&J|=
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Key Messages

= MIMO = Diversity + SM + ...

= MIMO SM (OL/CL) i1s NOT very difficult to
understand

= MIMO is one of the KEY ENABLERS for
broadband wireless system

m MIMO has CHALLENGES to be overcome

LTE/MIMO E&J|=
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