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e Introduction
— MIMO for bandwidth-efficient wireless communications
— Multiuser diversity
— Single-user (SU) MIMO versus multi-user (MU) MIMO
— Uplink MU-MIMO versus downlink MU-MIMO
— Linear versus non-linear MU-MIMO

e Single-user MIMO
— Single-user MIMO in 3GPP Long-Term Evolution (LTE)
— Spatial multiplexing with Rx and Tx processing

e Theoretical fundamentals
— Introduction to Dirty Paper Coding (DPC)
— Tomlinson-Harashima precoding (THP)
— Precoding for the MIMO broadcast channel
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e Non-linear MU-MIMO algorithms based on Dirty Paper Coding (DPC)
and zero-forcing (ZF)

— Sequential encoding with DPC and ZF for single receive antennas
— Sequential encoding with DPC and block zero-forcing (block ZF)
— SESAM: A capacity approaching algorithm

— Comparison of achievable rates

e Theoretical limits
— Capacity of the SU-MIMO channel
— Capacity region of the MIMO multiple-access channel (MAC)
— Sum capacity of the MIMO broadcast channel (Sato bound)
— DPC and dual MAC region of the MIMO broadcast channel
— Capacity region of the MIMO broadcast channel
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e Linear MU-MIMO schemes for 3GPP Long Term Evolution (LTE) and
3GPP LTE Advanced

— Linear versus nonlinear precoding

- MU- versus SU-MIMO

— Summary of MIMO techniques in 3GPP-LTE

— Precoder codebook based 3GPP-LTE MU-MIMO
— Channel codebook based ZF precoding

— Performance comparisons

- MU-MIMO Status in 3GPP-LTE-Advanced
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Performance Targets for LTE-Advanced

Peak system data rate
DL: 1 Gbit/s
UL: 500 Mbit/s

Average cell spectrum efficiency

DL: 2.4 bps/Hz/cell (2x2 MIMO)
3.7 bps/Hz/cell (4x4 MIMO) H

Peak spectrum efficiency

DL: 30 bps/Hz (8x8 MIM
3?5

UL: 15 bps/Hz (4x4 MIMO)

UL: 0.04 bps/Hz/cell (1x2 SIMO)
0.07 bps/Hz/cell (2x4 MIMO)

Development of spectrum efficiency:

docomo

DOCOMO Euro-Labs
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DL: downlink
UL: uplink

HH

HHH

UL. 1.2 bps/Hz/cell (1x2 SIMO)
2.0 bps/Hz/cell (2x4 MIMO)

Cell edge user spectrum efficiency

DL: 0.07 bps/Hz/cell (2x2 MIMO)
0.12 bps/Hz/cell (4x4 MIMO)

X 2-4 X 2-4
B o D ife
H PA L OVANGED
S Lte Lte
200 2010 /2011 2015
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Channel capaclty In Gblts/s

Capacity of Single-User (SU) MIMO oocomo curoabs
Universitdt k3 Miinchen
Carrier frequency: f.=3.8 GHz WINNER channel model:
Bandwidth: B = 100 MHz Urban macro cell, non-line-of-sight (NLOS)
Transmit power: P, _ _ ;
n; transmit antennas Use multiple antennas at transmitter (and receiver)
Ng receive antennas — capacity increases significantly in fading environment
10— nTan:1 ; ' ' ! et
of TR I
— M
81— N=Ng —t -
7H ——n=n=5 -
6l n=n_= I
——n_=n_=7 |
Sjr— nT=nR=8 *
T R o
4H —— N =Ng= °
3|| ——ny=ng=10 g “CT‘/"
—nT=nR—12
0 Tt

20 30 40 46 50 60 70
10log 10(PTxImW) indBm
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Capacity of Single-User (SU) MIMO
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Channel capaclty In Gblts/s

Carrier frequency: f.=3.8 GHz WINNER channel model:
Bandwidth: B = 100 MHz Urban macro cell, non-line-of-sight (NLOS)

Transmit power: P,
n; transmit antennas
Ng receive antennas

10— "1 1 — ! |
n=n_= max. transmit |

| TR - i |
9 _ R t-power in LTE: i
——N=ng=3 . 46 dBm
8 N |
MR
7S
6l =NR7° |
. —nT=nR=
- nT=nR=8
UL
3l —— n=ny=10
| — nT=nR=1 1
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y [
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targets cannot be met
without MIMO.
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Static FDMA: A fixed fraction of the
subcarriers is allocated to each user.
A Sum capacity:
2 K
2 C,+C, C=2C
o
@ C _
© 2 C,: capacity of user k
C,
no MU diversity
» SNR
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Dynamic FDMA: A subcarrier is allocated to the
user with the highest capacity on that subcarrier
(exploitation of MU diversity).

A

Sum capacity:

K

C,+C, with _N ¢
172 C,+C, C_;l(,,r

MU diversity

capacity

C, C,: capacity of user k

no MU diversity

> SNR
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1

Dynamic FDMA: A subcarrier is allocated to the
user with the highest capacity on that subcarrier
(exploitation of MU diversity).

A

Z | Cu*C, with
c MU diversity Ci+G,
S C,
C,
no MU diversity
> SNR

Advantage:
Sum capacity is increased.

Problem:

A user in a bad channel state may not be
served for a long time (fairness problem,
QoS is not guaranteed).

— Exploitation of multiuser diversity is
difficult for delay sensitive applications.
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» resource unit

A resource unit in time, frequency and space is
allocated to the user with the highest capacity
on that resource unit.

A

Advantage:
Sum capacity is increased.

Problem:
A user in a bad channel state may not be

> .
§ IC\:AIJS'Z W't,rt] C,+C, served for along time (fairness problem,
Q Versity QoS is not guaranteed).
3 C,
C,

— Exploitation of multiuser diversity is

no MU diversity > SNR difficult for delay sensitive applications.
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Single-User (SU) MIMO Multi-User (MU) MIMO

» All spatial dimensions assigned to one user. e Spatial dimensions assigned to several users.
e Separation of users by TDMA, FDMA. e Separation of users by TDMA, FDMA and
SDMA.

frequency frequency

» time » time
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Single-User (SU) MIMO Multi-User (MU) MIMO

e Limited exploitation of multi-user diversity. e Better exploitation of multi-user diversity.
e Number of spatial dimensions is limited by e Full number of spatial dimensions which is
number of antennas at UE. supported by node B can be exploited.
= Potential spatial dimensions are wasted if = Capacity gain if UEs have less antennas
UEs have less antennas than node B. than node B.
» Used spatial dimensions may be weak in case e Stronger spatial dimensions are exploited,
of low rank channel (spatial correlation). particularly in case of low rank channel.

Design goals: <« Precoder for spatial user separation
= Scheduler for exploitation of multi-user diversity
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Uplink MU-MIMO Downlink MU-MIMO
optional CSIT CSIR
() () #
@ CSIR CSIT
Channel state info at Rx Channel state
S —=— infoat Tx
_T H e All Rx antennas can T_ e All Tx antennas can
] \1 T_— cooperate. —_T H, .4 cooperate.
—> >
_—T T_ - Tx antennas of different users _T /T—_ = Rx antennas of different
: T_ — cannot cooperate. —> _T N - users cannot cooperate.
_j/ T_ — Inter-user interference can _TH T—_ — Inter-user interference
] _j HK | be resolved at Rx. - K T_ ~ needs to be resolved at Tx.
— Same detection methods as e Sum transmit power
in SU-MIMO can be applied. constraint.
e Transmit power constraint per Main challenges:
user. e Precoding for user separation
Main challenge: Scheduling e Scheduling
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Umversrtat' \3:- Mu’nchen
Frequency Division Duplex (FDD) Time Division Duplex (TDD)
CSI feedback of user 1 CQI feedback of user 1
[T~~~ ——=—===—~—-~ =1
I |
1 2. | w8,
v \Y4 Hl < = = \ 4 Y 1 % = T
user 1 S 21— user 1 o S S
— v 2 3 —— 8 [V 2 3
© ) @ T 56 o @
: 3 = o 5 =g =
' S| Y user 1 S 2.5 user 1
Q oS>
IRV Y (o 52 Y Y [@
n
user K H, el user K 3 H 29
t 25 1 25
o o2
S I 3
CSI feedback of user K ICQI feedback of user K
user K user K
Channel state information (CSI) e Channel matrix H, is estimated
feedback based on estimated from uplink signal.
e channel matrix H,. e Channel quality indicator (CQI)
* noise power c,°. feedback based on estimated

noise power 2.
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INn computer networking:

Transmitting packets that will be received by every device on the
network. The packets are not requested by the devices but are part
of a continuous data stream which is sent through the network.

— Common information is sent to multiple devices.

In common knowledge:
Distribute information e.g. via television or radio.

(Oxford Advanced Learner’s Dictionary: Send out in all directions
especially by radio or TV) .

— Common information is sent to multiple devices.

As service in wireless communications:

Cell Broadcast in GSM and UMTS is a one-to-many service for
simultaneous delivery of messages to multiple users in a specified area.
— Common information is sent to multiple devices.

In information theory:

A broadcast channel is defined by a one-to-many scenario, where independent
information is transmitted to multiple users via a common signal.
— Different information is sent to multiple devices.

Transmission of common information is a special case of a

broadcast channel.
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Uplink MU-MIMO Downlink MU-MIMO
MIMO Multiple Access Channel MIMO Broadcast Channel

& & o &

& — Zi & - Zi

e Independent information is transmitted e Independent information is

from multiple users to a common receiver. transmitted from a transmitter to
- Different users apply independent transmit multiple users.

signal alphabets. e The information for all users is
= Transmit power constraint per user. contained in a common signal.

e Total transmit power constraint.
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Linear Precoding Non-Linear Precoding

X A ° A [

user 1 — 1311 ¢ Vx user 1 —* DPC 1311 .

i | V1 ° Vi1 j
D

WM iy
user K 12,8 g user K —¥ DPC 2,2,

Vn,2 A4 Vn,z X
X _ _
1 Vll V12 VlK
X V,, v
2 21 22 2K
x=| |, V=[v, v, ve] =| : )
Xy Vo1 Voo Virk
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Next Phase of More Fundamental/
3GPP-LTE Standardization Theoretical Work
(IMT-Advanced)

_ Nonlinear _

Linear Precoding N0n|lnear
Precoding ' Precoding
ereduced complexity

epartial CSI :
eperformance eclose to capacity
e Jracatieh Linear <high complexity
=low complexity Precoding

eperfect CSI

epartial CSl via eimproved precoders

feedback <codebook design

G

= -

e.g. SESAM
algorithm
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Single-User MIMO in 3GPP LTE
* Closed-Loop Downlink MIMO
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feedback 2 TX 4 Tx
rank indicator (RI): 1 bit 2 bit
precoder matrix indicator (PMI) 2 bit 4 bit
channel quality indicator (CQl) 1st codeword: 4 bit
(modulation and coding scheme (MCS)) | 2nd codeword: 3 bit (differential)

l v (1) (1) 1 1
| channel ] | oo ramblingl—|QAM |72 | 2 J Y
coding . .g’ %
X(Z)Xl(z % o § ;. & _Llayer) |UE
coding scrambling Q - s
1-2 codewords QPSK 1-4 layers 2 or 4
16 QAM TX antennas
 Rank adaptation 64 QAM
* Spatial multiplexing layer: spatial dimension
* Precoding rank: number of layers
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Precoded Spatial Multiplexing: Rank 1 Universitit (¢ Miinchen
Example: 2 Tx antennas
1 layer RI, PMI, CQl (CW1)
precoding j
v v 0 0 \ 4 O 0
channel : dl( )dé dl( )dé ) XT T .
—»> : » scrambling » QAM > .
coding o Wqq
53 ) UE
o
c>5\ § Whn1 Y
- v
: QP Y
1 codeword QPSK 1 layer
16 QAM 2 Tx antennas
64 QAM
2 Tx antennas: index | 1 layer | 2 layers
DFT-based precoder T
codebook 0 ﬁm
111
1|
an
e J2|i
3 s
270
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Precoded Spatial Multiplexing: Rank 2 Universitat , Minchen
Example: 2 Tx antennas
2 layers RI, PMI, CQl (CW1), cQl (CW2)
precoding j
v v (0) (0) v O O
channel : dl do dl( )dé ) XT N2
— : » Scrambling » QAM >
coding o Wy
o5 UE
channel d(l)d(()l) E g dl(l)d(gl) 'int j
_ - : o o o 1 :
- coding »| scrambling QAM £ Aé_,@ Y
2 codewords QPSK 2 layers
16 QAM 2 Tx antennas
64 QAM
2 Tx antennas: index | 1 layer | 2 layers
DFT-based precoder 1
codebook 0 5[1 _J
11
1 5[1’ }
2
3

270
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Precoding Beam Patterns: 4 Tx Antennas and Rank 4 Universitiit (s Miinchen
Householder codebook

W =I,-2uu’ /uu,

n

For L layers: Use L columns of W,/+L

Example: W

index u,
O o5 035 05 -05
1 u=f -j 1 jf Wo=l05 —05 05 -05
2 |u=f 1 -11] 05 -05 -05 05
3 |u=ft i1 -]
4 Ju=f (-2 -i a-pH2|
5  |us=f a-pAN2 i (1-/V2] 270
6 |U=f @rD/N2 - (-1+))/V2]
7 |w-b crpNz j aepe] | PEmPIE W
8 ug=f -1 1 1f
9 up=f -j -1 -jf
10 Ju-h 11 |15 05 j0s 08
11 u=ft j -1 jf W= 05 -j05 05 jo5
12 up,=f -1 -1 1 -j0.5 05 -jo05 05
13 us=f -1 1 -1
14 ug,=1 1 -1 -1f
15 | us=f 11 1]
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* Narrowband precoding

Suband 1 Suband 2 Suband 3 Suband M
4 A N\ A N\ 7 A N\ /—)%
m W W m m m > Frequency
PMI 1 PMI 2 PMI 3 PMI M

* Wideband precoding

Suband 1 Suband 2 Suband 3 Suband M

4 A N\ 7 A N\ 7 A Y /—)%
m m m » Frequency
) PMI 1 ]

Both wideband/narrow band precoding are supported
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LTE CL-MIMO supports maximum 2 codewords (CW)

Rank 1 Rank 2
— CW1— Layer 1 —~<
2 TX CW1— Layer 1> Precoder Precoder
—< CW2— Layer 2 —<]
Rank 1 Rank 2 —<
Y CW1— Layer 1 ]
| 4 Precoder 4
CW1— Layer 1 - Precoder 4 CW2— Layer 2-¥ 4
<
—
4 TX —> Layer 1-» Y
Allowed only in _»CWl—» S/IP Precoder Y
retransmission —> Layer 2 ¥
<
Rank 3 Rank 4
CWl—— Layer 1 < CW1—»S/P > Layer 1~ i
— —> Layer 2 - p q
> Layer 2 - Precoder 4 L Laver 3 —» recoder 4
Cw2—»s/P cw2—s{sp| -
> Layer 3 — —> Layer 4 - —
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Single-User MIMO in 3GPP LTE

* Open-Loop Downlink MIMO
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Open-Loop MIMO in LTE
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€ Rank = 1: Transmit diversity
2 Tx: Space frequency block coding (SFBC) 4 Tx: SFBC+Frequency-shifted transmit diversity (SFTD)

i—V Tx antennas l—> Tx antennas
« s, 0 -s; 0|
3 5 S, 0 s 0
job) * ) .
AT = [00s, 0 -5
’ 00s, 0 s |
€ Rank > 1: PMI-free precoding (CDD+precoder cycling)
R R NTX _
Precoder cycling
DD » Codebook » IFFT Precoding matrix at k-th data symbol is
* | Precoding |||s :
DkU . ) ° =F =mod K LN)+1
.= Vk LT ’ V, =F, n—mo(E—, )+
where,

CDD among virtual antennas

{F,---F,} : subset of the codebook {Cm}

{F1 " 'F4} = {C12 o 'C15} (4-Tx)
{E}={C,} (2-Tx)

27 _jZﬁ(R—l)k

Dk:diag(l e'R' el w JeRxR

27 _1)(n—
U:i{e’R( . ”} eRxR (nm=1,.,R)

R

» CDD for inter-layer diversity (CQI averaging) : * Increased diversity gain

* Precoder cycling for random beamforming * No PMI feedback
* Only one CQI
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Alamouti Space-Frequency Transmit Diversity

4 Tx antennas 2 Tx antennas
~ space ~
d, 0 —d° 0
space
Slg, o d 0| B .
g0 d, 0 -dy| g|d, d,
* Y— (nTl)
0 d, 0 dj| h
| channel | | scramblingl—| QAM "'dldo* layer f di Hn=) diversity |
coding mapping| precoding Ycombiner
\_ - _/
Al o P ‘
MIMO channel is transformed into g L/ g
SISO channel with lower variance T T
of SNR L G 2
— only 1 effective dimension | | AWGN

i=1 j=1
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Precoding for Transmit Diversity
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2 Tx Antennas Universitdt (3 Miinchen
Alamouti space-frequency scheme do
>,  Space d i’ i’
(&) * 1
3 do _dl | —
- d wnwi_,
= . , | L DL
o|d, d, = =
- d
3L
dd, 2 :° erai
o .- Ul = diversit
dldo | - .E g U > > - y —>
o a o) * combiner
— QAM >2 d.dl &l —d
© ©---H3Hy| @ 1, S
£ » o Y >
d0
i ”
— LL < P
d2= LL [l
d3
MIMO channel is transformed into "'dldO =® =® >
SISO channel with lower variance T
of SNR N T
— only 1 effective dimension | h® 7 AWGN

=1 j=1
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Precoding for Transmit Diversity

4 Tx Antennas Universitdtdi&iﬁ”ﬂwg}r chen
Double Alamouti space-frequency scheme d >
dl
~ space ~ 0 - j
* > N
Sld, 0 d 0 o,
| 1 0 L, R
s/ 0 d 0 -d 0 ,
= 2 3 T >
* »
0 d, 0 d 1] o A
0d, oo | i
o> 0 ; ;
d.d 43 S diversity
e oo 1 O o] o o . —Pp
— QAM dd!l 8 - g combiner
= o - B TR .
- I S
< cl...d.d SRR ;)
gl 673 0 L|_I|: a1 Gl
R
...d7d3 5:
—> > >
0

\ 4
A\ 4

Gl

FFT
P/S
v
L4

\ 4

\ A 4
\ 4
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CDD: Cyclic delay diversity

Rl and CQl (CW1)

v

Xgl)Xl(l)
p— | y ‘ Y Y
- chanhne » scrambling [ QAM > o) 2 > OFDM
coding = = _ UE
(TS :
xPx? & =g
| channel » scramblin > AM” = o g S z
coding 9 Q > » OFDM
1-2 codewords 1-4 layers 2 or 4 Tx antennas
Precoder: W(i)D(i)U , wWhere i corresponds to symbol index
layers U D(i) W(i)
, {1 1 } {1 0 2 Tx: 3{1 0} 4Tx: W, =1, —2u uH/u u,
—j2zl2 127r|/2
1 1 1 1 H
3 S - W, =L, -2uu) /ulu,, n=12,.,15
1 e gienns 0 g enirs Householder codebook
11 1 1 1 0 | y
4 T PSS LS LT 0 e—12ﬂ1/4 0 0 W _I —2u ) /u un,n 12 15
1 gl grissla geimala 1l g gTiAN 0 Householder codebook
_1 e—j6n/4 e—j127rl4 e—le;r/4 0 0 0 —j6ﬂil4_
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CDD: CyC“C delay diversity Rl and cQl (CW].)
v ¥ 1 Xy v Y Y |
> Cchozr;QEI » scrambling [ QAM " o _E’ > OFDM
> A N: : UE
«@y@ 2817 8 |
| channel | . _ 02 Xl‘ - @ <
: » scrambling " QAM > el | 2| .
coding > » OFDM
2 codewords 2 layers 2 Tx antennas

Precoder: W(i)D(i)U , Where i corresponds to subcarrier index

90 ,
Example: 2 Tx antennas, 2 layers: ]
layers U D(i) W(i)
5 1 1 1 0 111 O
1 ei2r2 0 g 22 E 0 1
(1 1] _
for even i

i 1 0 1 1 1 -1
D(')U: 0 e i2Ai2||q e-izer2 :<—1 17

for odd i

= Beams are switched on every other subcarrier. 270
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CDD: Cyclic delay diversity

Rl and CQl (CW1)

v ¥ 1 Xy v Y Y |
> cchoa;rilgel » scrambling [~ QAM Y o £ —|oFDm
9 . T :
«@x@ 25| °| S ' -
| channel | _ R e A2 X1‘ G o
. » scrambling | QAM » E ] e
coding > > OFDM
2 codewords 2 layers 2 Tx antennas
Precoder: W(i)D(i)U , Where i corresponds to subcarrier index

Example: 2 Tx antennas, 2 layers:

v || ) HE()

()] R HEG)
—

CH®O+HD () HI () -HP (i) |
: : for even |

HE (1) + HE™ (1) HE™ (1) - HE (i)

HY (O -H () HP )+ R ()
: . for odd |

| HE ()= HE (i) HE (i) HE™ (i)

90 |,

270
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L L L A I R
o 2TX, 2 Rx antennas

Bandwidth: 10 MH 8 _ closed loop precoding
andwiain. z | —e— Narrowband PMI (5RB )
« Carrier f.requenc,?y. 2 GHz | —O— Wideband PMI (50RB )
 Subcarrier spacing: 15 kHz )
« FFT size: 1024 - —iii— CDD based precoding

(=)

* 12 subcarriers/resource block I ~/\- SVD precoding

* 10 resource blocks/user

« Channel model:

 spatially uncorrelated six-ray
typical urban

« Adaptive coding and modulation:

* R=1/16-12/13

+ QPSK, 16-QAM, 64-QAM

Spectrum Efficiency (bps/Hz)
o

MMSE receiver
UE speed=3km/h

0_"""""""""""'
0 4 8 12 16 20 24

Average SNR per receiver branch (dB)
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C v v v I v v v v v —
- 3 km/h 30km/h
- —O— —@— closed loop

- -

2 Tx, 2 Rx antennas

* Bandwidth: 10 MHz

 Carrier frequency: 2 GHz

» Subcarrier spacing: 15 kHz

* FFT size: 1024

» 12 subcarriers/resource block

» 10 resource blocks/user

* Channel model:

 spatially uncorrelated six-ray typical
urban

* Adaptive coding and modulation:

* R=1/16-12/13

+ QPSK, 16-QAM, 64-QAM

—— CDD based

2o O N ®

Spectrum Efficlency (bps/Hz)
)

0 4 8 12 16 20 24
Average SNR per receiver branch (dB)
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Open-Loop vs. Closed-Loop Precoding in LTE
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Universitdt (.5 Miinchen

« 4 Tx, 2 Rx antennas

« Bandwidth: 10 MHz

 Carrier frequency: 2 GHz

» Subcarrier spacing: 15 kHz

* FFT size: 1024

« 12 subcarriers/resource block

* 10 resource blocks/user

« Channel model:

« spatially uncorrelated six-ray typical
urban

« Adaptive coding and modulation:

« R=1/16-12/13

« QPSK, 16-QAM, 64-QAM

—0O—  —@— closedloop
- {1 —ii— CDD based

Skm/h >
CL > OL

Spectrum Efficlency (bps/Hz)

Ozuuul...|...|...|...|...‘
0 4 8 12 16 20 24

Average SNR per receiver branch (dB)
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Downlink Rank1-beamforming O e
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cal

UEL ' _’(?_ . z
.

UE1l

v

\ 4

scrambling QAM

1
1

coding

layer
mapping

v 1
channel )
eamformed pilot
n
M L

]
DOA

* Rank1
* Only CQI feedback is needed.
 Specification is only UE specific reference.
= Design freedom in transmitter
One good example is DOA-based non-codebook beamforming
with more than 4 Tx antennas
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e Single-user MIMO

— Spatial multiplexing with Rx and Tx processing
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hD)
1 Y 1
-y & x® y® KW Go
\ encoder—> %—> »decoder—
E o U, c® xo | T e 50 e
— ——encoder—> V =% » U > decoder—
Us c® @ | ne | e e GO
—encoder— . =% S Jdecoder
— n® L
—~

@ | _h(ll) h (2D h(31)__x(1)_ _n(l)_

y ) 4,(?_,?_, 2O
y(2) —|h®® K@ K| x@ | 4| n@

y(s) h(13) h(zs) h(33) X(s) n(3) A {O
S - - = - c@ 2@
y=Hx+n % ?_'
H=UAV" 2, A®

c® @
U"y=U"HVce+U"n=U"UAV"Vc+i ? 'ETB '
InR InT ﬁ(3)
A 0 0 4
A={0 4, O
0 0 A4
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hw
1 Y 1
Uy c® x() y@ & Go
\ ——»encoder—— %—» »decoder——
g \Y \Y ~ ~
‘g U2 C(Z) X(2) Il.:')y(Z) y X(z) u(2)
e ——»encoder » V =t? » U »decoder——
U, e @ | he [ NP G G©
—»encoder— u »H—> »decoder——
~ ~ ik —
Optimum power allocation PO c® H(?—» xw
to parallel subchannels:
Waterfilling A O
P.®@ c® 4,(?_,?_, @
4, A®
2
PO O 4,(?_,%9_, 2@
ﬂ?‘ ﬁ(3)
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Capacity of M parallel AWGN channels with
channel knowledge at the transmitter:

M P
C=>log,| 1+ G
il n

Pl = (0 P(i))+ _Je-p", fore-p">0
0, otherwise

and O is the solution of the waterfilling
problem

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH

Power allocation by
waterfilling

[

1 2 M chénnel
index |

Pn(i): Noise power in channel i.

PO -  Transmit power which is
allocated to channel i

according to a waterfilling
solution.

Mo
P,=>'P": Total transmit power.
i=1
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h(11)
1 Y 1 ~(1
Uy x(1) y( ) y() 0(1)
\ —nencoder %—> > » decoder——
= ——sencoder =% » Q" » A (—*decoder—
( I
Ug G®
—»encoder % »decoder—
y=Hx+n
H - R Ul
Q —>»encoder
r11 r12 r13
_ u
R=10 Iy T L’encoder
| 0O O s | s
F3s ~(3) 5 ~(3)
y=Q"Hx+Q'n
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With QR-DecomPOSition der Bundeswehr

Universitdt (3 Miinchen

hw
1 Y 1 ~(1
Uy x(1) y( ) y() 0(1)
\ ——»encoder %—P > »decoder—
4—
E L U, @ % % n@ @) y(2) ELJ | l:I‘(Z)
<—
U3 X(3) Y h(33) Y, n(Z)y(S) y(3) | 0(3)
—»encoder u »(D—> > »decoder—
—
y=Hx+n e
H=0R Uy |
Q —>»encoder
r11 r12 r13 @)
_ U, <2>I Y y a®
R=|0 r, ry ——sencoder X =CJP »P»decoder———
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h()
1) Y 1) ~(1) ~
U, X y ¥ Go
\ —encoder %—> > » decoder—
= ——sencoder =% » Q" » A (—*decoder—
—
u ®) Y h(33) Y n® 3) )7(3) | Go
3 X Y
—»encoder H =QF > > »decoder—
y=Hx+n f A ~
—_
.

H=0QR U, xmi 1 Y G ~(1)
Q ——»encoder _,? y =C‘ »D—decoder—
~ _ [ -

hy Ny Dy AD A(Z)r12
R={0 r, r Y ¥ X G®
= 2 I > »P»decoder—
Y . AR tx Ge
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h(11)
c w Y ) () X
u; 1 X y y a®
\ ——encoder— mod—~>decoder——>
E Y a | o Y e §@ a®
[\ 2 Cy I oD I H
O ——»encoder - > » Q mod—>decoder——
Us Cq x®) VAl G®
—»encodert— »decoder—
- _J
u; Cy
—»encoder
U, Cy
—»encoder .
u3 03 N7 (3) A A
—bencodera(% Y3 =X + N3 =C; + 1y
-1
£ i ] e
r11 r12 r13
y=Rx+n where R=|0 71, T,
0 0 ry
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h(11)
c w Y @ G R
u, 1 X y Y Go
\ ——»encoder— mod—decoder—
E Y a | o Y e §@ a®
[\ 2 Cy I oD I H
O ——»encoder - > » Q mod—>decoder——
Us Cq x®) VAl G®
—aencodert— »decoder—
- _J
u; Cy
—»encoder
U, Cy
—»encoder .
us cy X
—bencodera(% »decoder—
~ _ (3) =~ ~
. ~ _ HE) Ys =X + N, =C; + 1y
r11 r12 r13
y=Rx+n where R=|0 71, T,
0 0 ry
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h(11)
u, c, «@ Y T Y g G
\ ——encoder— mod—~>decoder——>
\Y \Y 1 - ~
E U, c,| & | x@ ya| @ G@
— —»encoder = > » Q mod—decoder——
Ug Cs x®3) V' ohey Y @ & VAl G®
—encoder}— u =% > »decoder——
- n® _
~N
u]_ Cl ~ T "’(1)
—encoder D —»%
A1)
™ o
U2 C2 T ~ ~
——encoder >P——mod "(% _’E?—’ Y, =C, = 2KCp + 1,
-1
r23 r13 r22 ﬁ(z)
5(3) ~(3)
u3 C3 Y T\ y u
—bencodera(% > »decodert—
~ (3) ~ ~
1 ~ _ Ly Y3 =X N, =C+ 1,
£ r, r, T 4
11 12 13
y=Rx+n where R=| 0 Ty Y, = I’22X(2) +N,=(C, - I’23X(3) = 2KC,p ) r2_21r22 + rzsx(S) +1,
i 0 0 r33_ =C, — 2kaaX +N,
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h(11)
—-ul “ X | y® g Go
\ encoderf—> mod—decoder—
% Y, 1 . )
E U, c,| T X2 2(\)3’(2) ) j@ e
_ —»encoder - > » Q modl+ldecoder—
Uy c; @ | he T % y© e
—encoder— - =% > Jdecoder
— n® L
<
u; C N T o
—»encoder (] >

Y ﬁ(l) J yz — C2 B 2kCmax + ﬁz
—

) "
u, C, U(Z)
——encoder >D—r—>mod *(% E?—» mod|—decoder—
-1
V23 I3 22 A® o .
Uy Cs Y ¥ R (
—bencodera(% > »decoder—

~ _ (3) ~ ~
Y3 =X + N3 =C; + 1y

-1

I"33 B ] ﬁ(3)
i, I I
y=Rx+n where R=| 0 o T Y, = I’22X(2) +N,=(C, - I’23X(3) = 2KC,p ) r2_21r22 + rzsx(S) +1,
i 0 0 r33_ = 02 — 2kaaX + n2
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h)
c w Y (1) e
Uy 1 X y y a®
\ ——encoder— mod—~>decoder——>
E U | & | x| [ %o y* Gt
L\ 2 2,0 T » D3 OH
— —encoder - > > Q mod —decoder——
Ug Cy NE) y®) VAl Ge
—nencoderi— > »decoder——
— _
N ~
y, =c,—2kc., +1
u, Cy x(D (D) Go
—>encoder > =€+9 »mod %—L» mod—>decoder—
u c (%k - 3 (Z)Y i y© Yo =~ 2Klna, +1, ~2)
2 2 u
——encoder =%_ »mod *(% X E?—» mod —|decoder—
-1
I =(2
Fas Fis 2 e - 3) ~3
U, , Y 3 G®
—bencodera(% »decoder—
~ (3) ~ ~
Iy A® Y =X £, =C + 1,

y, = rllx(l) +N = (Cl - rlsx(s) - rlzx(Z) — 2KC, ) r111"11 + r13X(3) + r12X(2) +0

3
8
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and Linear Transmit Filter Universitéit 'y Miinchen
h()

/'f U, x x@ y® Go
——»encoder— %—vmod decoder——

v

A\ 4

Y \
u o |¢@ @ Ny G®@
2 I X » H X ~/'I\ y » >
—encoderf> = —*Q r? »mod > decoder—
U, @ kol hey [ N G®
—encoder> > u =% »decoder—
w n®
Y
. A
Il r Ill A
@
u, c, ¥ )~(<1)Y | T y ~(1)
——encoder —(X) |3 21 ——(p s[decoderF—+
I
L1 "é é" 15, 22 n®
u, C, - £ Y T y? G
—encoder "D mod » —>@—*mod|—decoder—
1! I, n®
Us C3 v - 2(3 |33 Y y(S) 0(3)
—»encoder > »H—mod =? » mod —decoderi—
1.2 n®
H=LQ l, 0 O
— — H ol — ol —
y=Hx+n=LQQ"X+n=LX+n where L=, |, 0
Lo, |31 |32 |33
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e Theoretical fundamentals
— Introduction to Dirty Paper Coding (DPC)
— Tomlinson-Harashima precoding (THP)
— Precoding for the MIMO broadcast channel
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der
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AWGN N ~N(0,R,)

RN
o

2
Power constraint: P, = E{‘X‘ } <Pk

Y=X+N

P P
C=log,|1+-* | =log, |1+
o105 ] -tog, (17

The optimum transmit symbols X are Gaussian 10 20 30
distributed with zero mean and o?=P. P_/P indB

C in bit/channel use
(@)

o
o
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Interference unknown to transmitter and receiver :/ap

| ~ N (O, |:>I ) interference ‘73

/
b B
L 501N

AWGN N(0,Ry)

RN
o

2
Power constraint: P, = E{‘X‘ }S P

Y=X+I|+N

C=log,| 1+ P =log,| 1+ i
P, +P, P, +P,

C in bit/channel use
(@)

OO 10 20 30

P_/P,, in dB
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Interference unknown to transmitter and receiver

| ~ N (O, |:>I ) interference
X :@ ;? > Y
AWGN N ~N(0,R,)

RN
o

2
Power constraint: P, = E{‘X‘ }S P

Y=X+I|+N

C=log,| 1+ P =log,| 1+ i
P, +P, P +P,

C in bit/channel use
(@)

0 10 20 30
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Interference known to receiver but unknown to transmitter

| ~ N (O, |:>I ) interference
X - ? B voron y -
AWGN N ~N(0,R,) ?S

Power constraint: P, = E{‘X ‘2} <Pk 10

Y=X+I+N-I=X+N

P P
C=log,|1+-* |=log, |1+~
o1 i

Interference which is known to the receiver
does not cause any loss in terms of capacity. 0 10 20 30

C in bit/channel use
(@)
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Interference known to transmitter but unknown to receiver

| ~ N (O, |:>I ) interference
X —(D -D——P YSXeN g

AWGN N ~N(0,R,)

Power constraint:

P, =E{IX-1}=P +R <R, 0
Y=X+I+N-I=X+N

C= Iogz[1+P—Xj = Iogz(1+ h =k ]
I:)N I:)N

C in bit/channel use
(@)

0 10 20 30
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Interference known to transmitter but unknown to receiver

| ~ N (O, P, ) interference
v
X _’dirty paper| D N\ T .y
coding N '\T/ -
AWGN N ~N(0O,PR,)
2
Power constraint: P, = E{‘D‘ }S P 10

Y=D+I+N

Writing on dirty paper

C = log 14 1] Costa 1983:
TP

C in bit/channel use
(@)

N
Interference which is known to the transmitter 00 10 20 30
does not cause any loss in terms of capacity. P_/P. indB
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Interference known to transmitter but unknown to receiver

| ~ N (O, |:>I ) interference

4
<

X { mod Q»C> (1)

g \T/
limit range of D:

D=X-1-k-2D_ | AWGN N~N(O,PN)

RN
o

2
Power constraint: P, = E{‘D‘ }S P

Y=D+I+N

C in bit/channel use
(@)

0 10 20 30
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Interference known to transmitter but unknown to receiver

| ~ N (O, |:>I ) interference

limit range of D:

D=X-1-k-2D_ | AWGN N~N(O,PN)

\ 4
<

Example: ! PS T PPY !; D
D, =15 Dinax -1 *1 Dpa
X e{-1,+1} +1 | -1 | -1 |+1
I 01 | 25|-02| -5
X -1 0.9
D=X-1-k-2D,_, 0.9
k 0
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Interference known to transmitter but unknown to receiver

| ~ N (O, |:>I ) interference

X v mod LCD NanN

= \T/
limit range of D:

D=X-1-k-2D_| AWGN N~N(O,PN)

\ 4
<

Example: P ! O T . ! » D
Dmax =15 'Dmax -1 +1 Dmax
X e{-1,+1} +1 | -1 -1 |+1
I 01 | 25|-0.2| -5
X =1 09 |-35/-08| 6
D=X-1-k-2D,, 09 |-05/-08| O
k 0 -1 0 2
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Interference known to transmitter but unknown to receiver

| ~ N (O, |:>I ) interference

Y Y=X-k-2D
X a mod LCD an = mod —*

= \T/
limit range of D:

D=X-1-k-2D_| AWGN N~N(O,PN)

X

Example: ! ® T O ! » D

Dmax =15 'Dmax -1 +1 Dmax

X e{-1,+1} +1 | -1 ] -1+

I 01 ]| 25]-0.2] -5

X -1 09 |[-35/-08]| 6

D=X-1-k-2D,, 09 [-05/-08] 0

k 0 -1 0 2
Y=X-1+1-k-2D,, =X-k-2D, | +1
X =Y+k-2D,__ +1
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Interference known to transmitter but unknown to receiver

| ~ N (O, |:>I ) interference

Y Y=X-k-2D
X { —— mod LCD VA max-[ mod ———

limit range of D: \T/

D=X-1-k-2D_ | AWGN N~N(O,PN)

X

Example: ! ® T ® ! &> D
Dmax =1.5 'Dmax -1 +1 Dmax
X e{-1,+1} +1 | -1 ] -1+
I 01| 25]-02| -5
X -1 09 |-35/-08| 6
D=X-1-k-2D,, 09 |-05/-08| O
k 0O | -1 | 0] 2
Y=X-I1+1-k-2D,, =X-k-2D_. | +1 21 11 -5
X =Y+k-2D,__ +1 | -1 ] -1]+1
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Interference known to transmitter but unknown to receiver

| ~ N (O, P ) interference
v Y =X —k-2D )
X ><J mod LCD ;CTD max-[ mod — X
limit range of D:
D=X-1-k-2D_| AWGN N~N(0,R,)
Example: ! O T o ! » D
Dmax =15 'Dmax -1 +1 Dmax
X e{-1,+1} +1 | -1 | -1 |+1
I 01 | 25|-0.2| -5
X =1 09 |-35/-08| 6
D=X-1-k-2D,, 0.9 |-05/-0.8| 0 |[D=(X-1+D,,)mod(2D,,,)-D,.
k 0 -1 0 2
Y=X-I1+1-k-2D,, =X-k-2D_. | +1 21 11| -5
X =Y +k-2D,, +1 | -1 | -1 | +1 | X =(Y + D,y )mod (2D, )~ Dy
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Interference known to transmitter but unknown to receiver

| ~ N (O, |:>I ) interference

Val D, an
X —X mod =D

_,6
v
<

limit range of D:

AWGN N ~N(0,R,)

RN
o

Approximately
16-QAM uniform distribution

Xv
C in bit/channel use
(@) ]

o

0 10 20 30
P./P, in dB
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Interference known to transmitter but unknown to receiver :jp

Xl — encoder ;F\T%\ :? > Yl

interference AWGN
from user 2
and 3
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pz

Interference known to transmitter but unknown to receiver

Xl — encoder

7

l AWGN g
X2 _»dirty paper Na TN TN — j

coding "\ \r '\T/ > Y,

iInterference AWGN
from user 3

év
o\

\
_,E
<

N
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Example: MIMO Broadcast Channel

docomo

DOCOMO Euro-Labs

der Bur deswehr
Umversdat u Munchen

Interference known to transmitter but unknown to receiver

Xl —+ encoder
i

ve

X dirty paper| T\ TN VAR Y —
2 coding % % '\T/ 2
u AWGN
X dirty paper N Dy
3 coding N \T/ 3
AWGN
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Example: MIMO Broadcast Channel with Sequential Encoding and
ZerO'ForCing (ZF) Urfn/ezwrsnfatdu8 {}Mwu’nchen

Interference known to transmitter but unknown to receiver

Xl —+ encoder

l AWGN ?_

v
o |
B
N

w

dirty paper| | Naa TN N L, T
X coding [147 "D % '\T/ " Y2
u AWGN
X dirty paper N SN, Y
3 coding N 3
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Example: MIMO Broadcast Channel with Sequential Encoding and ggﬁﬁ?’ﬂ‘?

der Bundeswehr

ZerO-FOFCing (ZF) Unnversrtat 3 Munchen

Interference known to transmitter but unknown to receiver

v

AR N
Xl —+ encoder W, ,

l AWGN ?_

dirty paper Naa T TN . —
X — coding [14F " N '\T/ "Yz
u AWGN
dirty paper ) SN
X3 coding | ZFU Y3
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Zero-Forcing (ZF)

DOCOMO Euro-Labs
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Interference known to transmitter but unknown to receiver

Xl —+ encoder

dirty paper

NP

N s
ZF P

coding

|

dirty paper

coding
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e Non-linear MU-MIMO algorithms based on Dirty Paper Coding (DPC)
and zero-forcing (ZF)

— Sequential encoding with DPC and ZF for single receive antennas
— Sequential encoding with DPC and block zero-forcing (block ZF)
— SESAM: A capacity approaching algorithm

— Comparison of achievable rates

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

docomo
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h;" AWGN

?_’%S_' Yz

h,T AWGN

?—»%}—» V3

h,” AWGN

k-1 K
T T T
) —_—— jok+1

—— desired ——
eliminated  gjgngl eliminated
by DPC by ZF
Vy he
vV, = : h, = :
VnTk hénT)

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH

1 Rx antenna per user
l Yo
'/DY1
Vx

L,

Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v;, I<k by
subtracting a linear combination
of all previous v, from h,:

h,

P.h, P =1
v, =—— where * " ]
Hthk P =P (InT ~ ViV )
Goal:
vi'v, =0, for I <k viv, =1

h,v, =0, for k < |



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

docomo

DOCOMO Euro-Labs
der Bundeswehr
Universitdt Miinchen

vi'v, =0, for I <k

Proof: .
ViV, = Hlehz v, (InT v, v, )h; = HP;IZH[V — v(; v, Vv, }hz =0
ViV, HPlh*H v, (InT AL )(InT AL )h;
373
1 .
_ H  H H _
= HP3h3H \4 VS \A4 (InT V,V, )h3 =0
Vv, = L v/ k_1(1 —VVH)h
I Tk ‘thk ‘ | - nr (I k
- ll_[(l —V;V, )kl(l —VVH)I'I
‘thi j=1 i=l ‘
(e .
= v =viv, v 1_[(1nT -V.v ) (InT vy )hz
]| S
VVIH
_ 1 v —v'v, v/ kl(I —V,V, )h—O
] "o A

1 Rx antenna per user
Y2

O/yl

h,

1=,

Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v,, 1<k by
subtracting a linear combination
of all previous v, from h,:

_ Ph, P =1

. .where &
[Py

P =P (InT AL )

Goal:
vi'v, =0, for I <k

h,v, =0, for k < |

Hy —
v, v, =1



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

docomo

DOCOMO Euro-Labs
der Bundeswehr
Universitdt Miinchen

Projector matrix:
J Pk _ PkH

Pk Pk = Pk

Proof:

P, = (InT - V1V1H )(

vy (L, -vivt)

i=3
k

1_[(1nT — ViViH )

_ H H H H
=|I_—Vv,v; —V,V, +V,V, V,V,
—_—

A O i=3
- Zk:ViViH = Pk|11
i=1
k-1
P P, _H[(Im —V.V )(IInT —V,V,H )]
ot i
H

H H H | _
i=1 v

0

since (InT : :

—_—

0 fori= |

:(InT —Vjv'; )(InT —ViViH)

H HY) _ _ H H H H
— V.V, )(InT—VJ—Vj)—InT ViVi =V, Vi +V, ViV, Vv,

1 Rx antenna per user
Y2

O/yl

1=,

Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v,, 1<k by
subtracting a linear combination
of all previous v, from h,:

_ Ph, P =1

Ny
Vk_Ph WhereP _p (1 - y
Ky kit — T\ = ViV
Goal:
vy, =0, for I <k Vv, =1

h,v, =0, for k < |



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

docomo

DOCOMO Euro-Labs
der Bundeswehr
Universitdt Miinchen

h,v, =0, for k < |

Proof:
P, = PkH
1 ;
h,v, = . ‘hlehj
1 I
:Pj—h li}lH(InT _VkaH)ilgl(InT A )hj
b |v,
P.h, i1
Ay _yiy R lL[(InT—ViViH)hj:O
Pjhj 1 i=k+1
0

1 Rx antenna per user

Y2
Y1

h,

Vx h,

A

h,

Y3

Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v,, 1<k by
subtracting a linear combination
of all previous v, from h,":

Ph P =1
v, =——%_ where * " ]
Hthk P..=P (InT — Vi Vi )
Goal:
vy, =0, for I <k Vv, =1

h,v, =0, for k < |



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

docomo

DOCOMO Euro-Labs
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Xy ViXq
> \/ > (1 :?—»?—» yl
v, = h.T
L= T AWGN
1

Tx matched filter

k—1 K
T T T
Y, = thvixi + hlv,x, + thvjxj +n,
i1 — jok+1

———  desired “—u——
eliminated signal eliminated
by DPC by ZF
Vy he
v, =| h, =| :
VnTk hIEnT)

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH

1 Rx antenna per user

'/OY2

h,

=t =
=
&

Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v;, I<k by
subtracting a linear combination
of all previous v, from h,":

P.h P =1
v, =——%_ where * " ]
Hthk P =P (InT ~ ViV )
Goal:
vy, =0, for I <k viv, =1

h,v, =0, for k < |



Sequential Encoding with gg$?Q?

Dirty Paper Coding (DPC) and Zero-Forcing (ZF) Universitdt (s Manchen

X1 ViXg

\ 4

vy D ‘ yl 1 Rx antenna per user

'/JY2

b ; h, T AWGN h,
2 VoRo ¥
—DPC—| v, oD — 2 &V
L Vx h
. Ph, (InT —ViVi )hz h2T AWGN ?Xi '
2 ‘ - ‘ *
2772
A h
—_— 3 '/By3
Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v;, I<k by
= ) K subtracting a linear combination
2hvix + hivixo + 0 ) hvix; +n, of all previous v, from h,*:
i= — j=k+1
—_—  desired . .
eliminated Signa| eliminated thk P1 =InT
by DPC by ZF Vi = ,where
Hthk P =P (I VieVi )
1
Vi h” onl
: oal:
VvV, = : h = .
VnTk hk

h,v, =0, for k < |
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Sequential Encoding with

Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

NTT
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DOCOMO Euro-Labs

der Bundeswehr

Universitdt ‘juf\ Miinchen

X1 ViXq

> \/ :<“> :?—»?—» yl

h;" AWGN
P

h,” AWGN
:%»?—» y3

x H\n*
v, =Tl _ P.(I, B )b h,” AWGN
| |

k-1
Yo = Zhl ViX;
i1

= j=k+1
%f_/

desired

K
T T
+ h v, X, + E h,v,X; +n,
%f_/

eliminated liminated
signal eliminate
by DPC 9 by ZF
Vi h”
vV, =| h, =| :
VnTk héﬂr)

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH

1 Rx antenna per user
l Yo
'/DY1

h,

Vx

A

&,

Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v;, I<k by
subtracting a linear combination
of all previous v, from h,":

Goal:
vi'v, =0, for I <k

h,v, =0, for k < |



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

docomo
DOCOMO Euro-Labs

der Bundeswehr

Universitdt (.5 Miinchen

X VX
! v, S > Y. 1 Rx antenna per user
| Yo
h," AWGN h,
> — Y '/:yl
Vx h
T 1
h,” AWGN ?Xi \
:(%)—» —>y3
? S h3 '/ByB
h;' AWGN  Gram-Schmidt Procedure:

k-1 K
T T T
) —_—— jok+1

— desired —
eliminated  gjgngl eliminated
by DPC by ZF
Vy he
v, =| h, =| :
VnTk hIEnT)

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH

Design v, such that it is
orthonormal to all v;, I<k by
subtracting a linear combination
of all previous v, from h,":

P.h P =1
v, =——%_ where * " ]
Hthk P =P (InT ~ ViV )
Goal:
vy, =0, for I <k viv, =1

h,v, =0, for k < |



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

docomo

DOCOMO Euro-Labs
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Universitit Miinchen

LQ Decomposition:

H=LQ
y:HQHX+n=LQQHX+n=Lx+n
[Sp—
Inr
1, 0 O]
where L=|l,, |, O Q"
_|31 l;, |33_
A
Gram-Schmidt Procedure: —
h, X,
h! X
y=HVx+n=| ’|[v, v, -~ v.]| ?|+n Vv
by | | X |
, 0 O 0]
l,, I, O 0
=\ : .. ¢ |x+n=Lx+n
0
IKl IK2 IK3 IKK_
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1 Rx antenna per user
l Yo
'/DY1

h,

Vx h,

A

h,

Y3

Gram-Schmidt Procedure:
Design v, such that it is
orthonormal to all v,, 1<k by
subtracting a linear combination
of all previous v, from h,":

Ph P =1
v, =——%_ where * " ]
Hthk P..=P (InT — Vi Vi )
Goal:
vy, =0, for | <k Vv, =1

h,v, =0, for k < |



Sequential Encoding with
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

NTT
docomo
DOCOMO Euro-Labs

der Bundeswehr

Universitit Miinchen

Sequential generation of precoding vectors v,
with Gram-Schmidt procedure allows

e optimized ordering of users
» scheduling of users (K> ny)

Heuristic scheduling rule:

At each step k, k=1,...,n;:

- Compute precoding vector v, for all users |
which are not yet served.

e For each user |, determine the effective
channel h,"v, and the resulting sum
capacity increment which would be
achieved if user | was scheduled at step k.

e Allocate the respective resource unit to the
user who achieves the highest sum
capacity increment.

1 Rx antenna per user

&
V1>/ '/:
&

# users K > # Tx antennas n;
— only n; users can be scheduled

&
&

Gram-Schmidt Procedure:

Ph P =1
v, =——%_ where * " ]
Hthk P..=P (InT — Vi Vi )
Goal:
vy, =0, for I <k viv, =1

T -
h v. =0, for k< j
Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH I



Sum Capacity of Sequential Encoding with gg&gﬂ??
Dirty Paper Coding (DPC) and Zero-Forcing (ZF)

Universitdt (5 Miinchen

: _ _ 1 Rx antenna per user
Sequential generation of precoding vectors v,

with Gram-Schmidt procedure allows '/’

e optimized ordering of users
= scheduling of users (K >ny)
VoXs O/D

A
Heuristic scheduling rule: == Vo
At each step k, k=1,...,n;: '/3 0/3

- Compute precoding vector v, for all users | | SUM capacity:
which are not yet served. (1(1)} .

- For each user |, determine the effective ¢ _Zlogz [H @) Puc)” u{f)J
channel h,"v, and the resulting sum

capacity increment which would be I1(j): Ordering: The jth spatial
achieved if user | was scheduled at step k. resource is allocated to user IT(j).
e Allocate the respective resource unit to the P( ) power which is allocated to
user who achieves the highest sum user I1(j) (waterfilling)
SElpelel ) INEET S P Noise power per Rx antenna
at user I1(j).

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH




System Model
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X Y T
user 1 L :? / h,
\4 T
user 2 > DpC |22 :?1 Y % h,
X3 | V2 — T
user 3 > DPC ——1» SHIYX, Y —— h;
\4
X ] /M % T
user 4 » DPC =§ Y h,
V4
K=4 user dirty paper linear n=4 Tx Y= HVXx+n
coding precoder antennas
V=[v, v, vl
%] i ] hT | [ (" D) ]
Xl Vll V12 1K hl hl hl
X = X2 ’ _ V21 V22 V2K H _ h-lz— . h2(11) hz(nTl)
Xg : ' o o :
X
L4 _VnTl VnT2 VnTK_ _h'L_ _hp((ll) hP(<nT1)_

»user 1

user 2

»user 3

user 4

ng, =1 Rx antenna

at user k

No cooperation
of Rx antennas.

[, (D)
Y. 1
1
Y2 | é)
Y= . |=| .
1)
_yK_ | YK ]
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System Model

der Bundeswehr

Universitiit | Miinchen

y(l) : ___________ .
X Y L suser 1!
11 :? Hl E :
user 1 1(2) !
[ ope 112 :Vl Y H —»user 1| !
? : — Yo =
X 2 Vx : :
user 2 » DPC 2% =§ > > Y 2 »user 2
Vv S !
X 3 /W
user 3 » DPC 1 =§ Y él) T o
L H; —»luser 3| !
4 ' i
_ . (2) 1 !
K=3 user dirty paper linear n=4 TX y= HVx+n 2 —suser 3|
coding precoder antennas Mgy RX S .
antennas ]
; K No cooperation
at use of Rx antennas.
) T
V=[v, v, vl h_“ L - Cy®
- - . - : W' (11) (D) - o Y
X1 Vip Vi Vik H T o L n Ya (2)
1 T h’ hl(12) h1(nT 2) A
X = X12 . V21 V22 V2K _ HZ ,.Rl _ -]Ez _ 11) (n,1) . y2 . @)
X21 ] —_— . . . y H —_— . : - h21 - h2 h2 y - . - 2
T T (11) (nr1) 1
Xy Vv Vv v H hy, h; h; h; é :
L3l | 'nrl Ny 2 K | | K . hT h(12) h(nTz) Yk 2
: 32 3 3 - y( )J
L - - 3
. _
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System Model
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Xqq ‘g Y
user 1 X v
> DPC |-12 >§1 Y
Xp1| Y2 Vx \V4
user 2 » DPC =§ > >
\%
ST
user 3 » DpC |21 =§ Y
M
K=3 user dirty paper linear n=4 Tx
coding precoder antennas
V=[v, vV, VK]
X1 Vie Vg, Vik [ H, |
DO A Al T
X1 .
| Xa1 | _VnTl VnT2 VnTK_ _HK_

y(l)
1
> H
H, o %ﬁm Uy,
y1 R 11 9V tu user 1
H > 1201
: = Yoo U, H
Yo' = uy,
> Pluser 2
u*
yél) 21
H > H
: (2) ?Am % y3‘ user 3
y=HVx+n Y3 =§)31/‘“
Nrx RX u;}
antennas linear Cooperation
at user K Rx filters of Rx
antennas.
.
h11 _
AT Sk B I T
T 1 (2)
Lngy hIz hl(12) hl(nT ? y 1
: — | = h@ (nr1) —| Y2 || y®
: =|hy |= hz hz Y= L T Y2
T T (11) (n;1)
hKl h31 h3 h3nT él)
: hy, | [h{? h{"? Yol o J
. - - | V3
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Yy
X Y » H
1 :? Hl ?ﬁm ullyl‘
user 1 y1(2) Uy DT user 1
X12| V1 \% = U,y
gk % — Yoo Uy, H ]
X \ X u
user 2 » DPC -2 =§ > y > Y Y > 2}’2: user 2
\ u,
Wl ) g
user 3 » DPC |—% =§ Y yél)
v H3 :?\ H
- @ U, B 5 y3‘ user 3
K=3 user dirty paper linear ny=4 Tx y= HVx+n Ya =§)31/1\U
coding precoder antennas Mgy RX U,
antennas linear Cooperation
at user K Rx filters of Rx
antennas.
LT
V=[v, v, 4 3 - e
- - . - : W' an ... gD - o Y
X1 Vig Vi Vi H T o L n Ya ()
L h, h” hl(12) ... h1(nT 2)
X = X12 . V21 V22 e V2K HZ ,. " -]Ez 11) (n,1) y2 1(1)
XZl ’ - E E ... E ’ H: : = : = h21 = h2 e h2 , y: : = 5
) T T (11) (nr1) : 1
X3 Vv Vv Y H hKl h31 h3 h3 é)
- [ 'nrl Ny 2 K | LK . h’ hi2 ... pr2) Y« | 2)
: 32 L'k 3 Ys J
. _
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Sequential Encoding with Dirty Paper Coding (DPC) and docomo

Block Zero-Forcing (Block ZF)

DOCOMO Euro-Labs
der Bundeswehr

Universitdt (3 Miinchen

e g, <n; Rx antennas at user K allow to
allocate ng, spatial streams to user K.

e Interference between spatial streams of a
particular user k can be resolved by Rx
processing.

e Only interference between spatial streams

of different users has to be avoided by Tx
processing.

=Suppress only interference to Rx antennas
of other users by zero-forcing (block ZF,
cooperative ZF)).

Nk, Rx antennas at user K

iy = Ujy
H2 2 2J2

v /‘;:Ul“yl
P

= H3 y;: = U? y;

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH



Sequential Encoding with Dirty Paper Coding (DPC) and docomo

DOCOMO Euro-Labs

Block Zero-Forcing (Block ZF)

Universitdt (3 Miinchen

e nNg,<N; Rx antennas at user Kk allow to
allocate ng, spatial streams to user K.

e Interference between spatial streams of a iyz = Ully,
particular user k can be resolved by Rx
processing.

e Only interference between spatial streams

of different users has to be avoided by Tx
processing.

Nk, Rx antennas at user K

=Suppress only interference to Rx antennas
of other users by zero-forcing (block ZF,
cooperative ZF).

— Diagonalize effective channel (including ZF
filter) of desired user by singular value
decomposition (SVD):

HkPk = UkAkaH

A 0
U'y, =U/UA V'V x, +U'n, = +Ul'n,
I 0 A

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH



Sequential Encoding with Dirty Paper Coding (DPC) and docomo
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Block Zero-Forcing (Block ZF) Universitit < Miinchen

e nNg,<N; Rx antennas at user Kk allow to
allocate ng, spatial streams to user K.

e Interference between spatial streams of a iyz = Ully,
particular user k can be resolved by Rx

processing. i y
. : Y = ULy,
e Only interference between spatial streams

of different users has to be avoided by Tx ?g Hy

Nk, Rx antennas at user K

_—

— §_> IT: iY3:UQY3

processing.

=Suppress only interference to Rx antennas
of other users by zero-forcing (block ZF,

cooperative ZF)).
Capacity is increased compared to

— Diagonalize effective channel (including ZF zero forcing with non-cooperative
filter) of desired user by singular value receive antennas since cooperation
decomposition (SVD): among receive antennas of the

same user is exploited.
HkPk = UkAkaH &

A 0
U'y, =U/UA V'V x, +U'n, = +Ul'n,
I 0 A
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Multiuser MIMO - Principle of CZF-SESAM o
Munchen

Umversrtat

CZF-SESAM: Cooperative Zero Forzing — Sequential Encoding Sequential Allocation Method

P

SVDatRx ¥ agnp. £ . j;i T_SVD at RXj T_

YTy Gmmm yTTY
I _T—’ T
effective MIMO decoupled spatial
channel dimensions

¢ f

perfect CSI i
Idea:

e Use beamforming at Tx and Rx, and successive encoding/interference cancellation based on Dirty
Paper Coding at Tx in order to provide interference-free channel dimensions to several users.
e Exploit multiuser-diversity by resource allocation in space, frequency and time.

p
&

Critical Assumption:
» Perfect channel state information (CSl) at Tx and Rx.
Optimization criterion:
Maximization of sum capacity/cell throughput

Copyright © 2010 DOCOMO Communications Laboratories Europe GmbH
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Multiuser MIMO - Principle of CZF-SESAM s

Umversrtat Munch en

CZF-SESAM: Cooperative Zero Forzing — Sequential Encoding Sequential Allocation Method

SVD at Rx - ‘7]

j_,Y_ | j_,T_ _TXT_SVD at RXj Y

J7L 7L
‘}0 effective MIMO decoupled spatial
> &

channel dimensions

SVD at Rx
/V
I e 7L ) &
perfect CSI i
CZF-SESAM OFDMA dynamic OFDMA static
sp;:ace frequency space frequency space frequency
A 4
4 A
w | 4

r 4O 4

» time » time » time
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bits/subcarrier

4 Tx antennas, 2 Rx antennas per user, 10 users, Rayleigh fading

uncorrelated channel

30 ]

—— Sato bound

<} CZF-SESAM

| P ZF-SESAM

=~ Block-ZF-SE

-8- ZF-SE

| =% OFDMA CSIT
-% - OFDMA no CSIT

Il
h

™)
p=

-
on

-
=]

P, /o’ (dB)
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bitsisubcarrier

correlated channel

30

250

204

== Sato bound

- CZF-SESAM
- ZF-SESAM
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e Theoretical limits
— Capacity of the SU-MIMO channel
— Capacity region of the MIMO multiple-access channel (MAC)
— Sum capacity of the MIMO broadcast channel (Sato bound)
— DPC and dual MAC region of the MIMO broadcast channel
— Capacity region of the MIMO broadcast channel
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[Foschini & Gans 98, Telatar 99]

Multivariate proper complex Gaussian
T — H ,?\ > distributed signal and noise:

N mNNC(OMaK-’E)a
n n~Ng Oy, Kn) with Kp >0

Mutual information: I(x;y) = h(y) — h(y|x) = h(y) — h(n)
= log |re Ky| — log |re Kn|
Kn+ HK H"

= log
[ Kn|

Capacity if transmit power is limited to P:

Csy = max I(z;y)
K;>0, tr Kp<P
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[Foschini & Gans 98, Telatar 99]

Capacity if transmit power is limited to P:
Kn+ HK;BHH‘
Csy = max log

KmECMXM: |Kn|
K >0, tr K <P

‘Kn —I—HK;BHH‘
| K n

KnK,'+ HK.H 'K,

= Iy + K.H"K,'H

EigenValue Decomposition (EVD): HHK,,;lH = QAQH

Orthonormal modal matrix: ) € cMxD

Diagonal matrix of eigenvalues: A = diag(A1,...,Ap) € RODET_D

A>0, D=rankH
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[Foschini & Gans 98, Telatar 99]

Capacity if transmit power is limited to P:
Kn+ HK;BHH‘
Csy = max log

KmECMXM: |Kn|
K >0, tr K <P

Kot HEGHY -
= |1, + K.H"K, H\
[ Kn|
— IM+KmQA%A%QH‘
1 1
Definition of transformed signal: = |Ip+ Ai(;)HI{a:QAj
H
=Q "'z ~Npg(0p, K
£§=0Q c(0p, K¢) =ID+A%K£A%

Equality holds for diagonal matrix: < ﬁ (1 LNk ) (Hadamard
Kg — diag(kgl, sy ng) o v inequality)
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[Foschini & Gans 98, Telatar 99]

Capacity if transmit power is limited to P:
Kn+ HK;BHH‘
Csy = max log

KmECMXM: |Kn|
K >0, tr K <P

‘Kn + HKxHH\ D
<

m S LA

D
Csy = Mmax log H 1+ )\ikfi
{kg;€Ro 4 1l1: =1 ( )

D
Zizl kﬁz <P
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[Foschini & Gans 98, Telatar 99]

Capacity if transmit power is limited to P:

\K,,,, + HK$HH‘
Csy = max log

leE(CMXM: |Kn|
K >0, tr K <P

With optimal variances kfi according to waterfilling:

D
CSU — Z IDg (1 -I‘ }lzkz‘) k&- = Mmax (D o — —) Z k&i = P
1—=1

Same capacity than the following D decoupled SISO channels:

-%9 ‘? "5 g~ NGO,k
S n; ~ Nc(0,1)
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[Foschini & Gans 98, Telatar 99]

D
powe
1 k=0 >k,
- i=1
1
77\

Q
Hl Ll

1 2 .. D

» channel index |
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_ [Cheng & Verdu 93, Yu et al. '04]
MIMO Multiple-Access Channel (MAC):

3314]\4?1’ H, For all ke{1,...,K}:
i .G% j\\}»y I NN(C(OMaKmk)
~ Ne(On, I
. . | n cOn, IN)
My

Capacity region if transmit power of user k is limited to P,:

( (R1,...,Ri) €R§

CmaC = U \ Z R; <log I+ Z HFEK:EA:HI:H f
Ko, eCME M keK kcK
Kz, >0, tr Ko, <P | VK C {1,...,K} |
vke{l,....K}

Note that for Gaussian channels, no convex hull is needed!
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A
MAC | P2 -
Crax™ T — MAC region
. — MAC maximum sum rate
A\\\ — SU maximum rate
CSU CA T \\
|
|

\l ’Rl
ClA ClB CSU CMAC

max

O

Application of successive decoding to achieve certain rate combinations
(e.g., points A and B):

e Decode user 1 considering signal of user 2 as noise.

e Subtract interference from user 1 and decode user 2 following
traditional SU MIMO
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____________________________________________________ T
CMAC -\{32 — MAC region
N — MAC maximum sum rate
A\\ — SU maximum rate

V= cp 4
|

\l ’Rl
¢t cf CPY CMAC

max

O

SU MIMO optimal covariance matrices (ke{1,2}):

K3’ = argmax  log|Iy + H,Kz H}
Ka:kECMkXMk:
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A
CMAC -\1\%2 — MAC region
"N — MAC maximum sum rate
3 \ A\\ — SU maximum rate
U_
CB -, M Yy
: o e %
H[ "
O \l ’Rl I
oo vame
| Iy+ H{K. HY+ HK2VHY
Point A: C{ = max log ‘ A et it 22 2‘

Ko, eCM1x My \INJerK%'HE\
KR:]_ED: trK:EISPl
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Capacity Region of the MIMO MAC with 2 Users 00COMO Euro-Labs
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____________________________________________________ ‘R
CMAC A” 2 — MAC region
N — MAC maximum sum rate
A\\ — SU maximum rate
CSU CA '
|
B |
5 Hy —D ﬁa—y
_____ n
O A S N c i
B U ~MA
Cl Ol C Cmax
., Iy+ H Ko HY + H,K39HY
Point A: C71 = max 0g S
Kmlga:ﬂfwﬂfl. \I v+ HoK3YHY \

C3 = C3Y =log |Ty + HoK3) HY|
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A
MAC | 1?2 '
Crax™ T — MAC region
\\ — MAC maximum sum rate
A\\ — SU maximum rate
SU__ A
Cs = Cj :
|

cp -

O \l ’Rl
Gt op oo

MIMO MAC maximum sumrate covariance matrices:

(Y S KAC) = argmax  log|Iy+ Y H Kz Hf
(Kzp.Kay): ke{1,2)
Ko, eCM My Ky >0,
tr Ko, <P, Vke{1,2}
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____________________________________________________ T
CMAC -\1\%2 — MAC region
N — MAC maximum sum rate
A\\ — SU maximum rate

V= cp 4
|

cp -

\l ’Rl
¢t cf CPY CMAC

maXx
Iy+ H KYACHY + HoKYACHY|
Iy+ HyKY/ACHY|

CQB = Crl\T]AéA;(C — ClB = log ‘IN + HQKMQACHE‘

Point B: C{B: log
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A
MacC | F2 '
Crax™ T — MAC region
. — MAC maximum sum rate
A\\\ — SU maximum rate
SU_ A N

\l ’Rl
¢t cf CPY CMAC

max

O

Special case: M,=1 transmit antenna for all ke{1,2}

- e MAC _ g~SU _
e Scalar covariance matrices: Kﬂ’»‘k = Kmk = P
e Points A and B fall together.

e Capacity region degenerates to a pentagon.
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Capacity Region of the MIMO MAC with 2 Users

A
R .
OMAC L 2 — MAC region
"N — MAC maximum sum
hN — SU maximum rate
SU . A_ B \\ A — B

0’2 =C —02 |
|
|
|
|
|
|
|
|
| R
| AN
| \\
| AN

O : \l ’Rl
A_ B SU ~MAC
O T Cl Cl Cmax
Special case: M,=1 transmit antenna for all ke{1,2}
e Scalar covariance matrices: KMAC — gSU — p
* CL'k a:k k

e Points A and B fall together.

e Capacity region degenerates to a pentagon.

docomo

DOCOMO Euro-Labs
der Bundeswehr

Universitdt (3 Miinchen
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Special case: M, =1 transmit antenna for all ke{1,2,3}

R
N 1 MAC region

1 MAC maximum sum rate

SuU
03
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—p H]_ —|— \\ Dyl £ NNC(OM')KCE)
n Nl . m=m1++mK
M For all ke{1,...,K}
S .
_’HK > YK T
n.? Ng ny ~ Nc(On, Iy,)
K

The capacity of the cooperative SU MIMO system

Y1 H 1 n1 K
=] i || o y=Hz+neCV N= Ny
YK _H K | uid k=1

is an upper bound on the sum capacity of noncooperative MU MIMO BC
channel.
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Sum Capacity of the MIMO BC Channel
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e Correlations between noise vectors at different receivers
affect the capacity of the cooperative SU MIMO system

but not the MIMO BC capacity region.

i
S={K,ecCVNN . K, =1 :

e Idea: Find the worst case noise to get the tightest bound!

Sato bound of the MIMO BC channel :

Cgato = _iINnf max log

KnES K,eCMxM.
Kz>0, tr Kz<P

INK_

Sum capacity

A

A

‘Kn + HKmHH\

[ K n|

SU-MIMO
bound
Sato

boupd

SNR
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e Correlations between noise vectors at different receivers
affect the capacity of the cooperative SU MIMO system Sum capacity

but not the MIMO BC capacity region. t
SU-MIMO
i - i bound
NxN INl ° Sato
S=<KKnpeC  Kn = 3 3 _ bound
o . .. I =
- N >NR Bc sum
e Idea: Find the worst case noise to get the tightest bound! capacity
Sato bound of the MIMO BC channel :
. . | Kn+ HEK H"| B
= in max og =
Sato Kn€S K, cCMxM. K| max

K:>0, tr Ky<P

Dirty Paper Coding (DPC) can be used to achieve the sum capacity of the
MIMO BC channel!
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DPC Region of the MIMO BC Channel

—p Hl D? \ >y1
Ny
T —x— e :
M
— H ; -G—f > YK
Nk
ng

DPC region if transmit power is limited to P:

|"'
(R1,...,Rg) €R{,

docomo

DOCOMO Euro-Labs

der Bundeswehr
Universitdt (> Miinchen

For all ke{1,...,K}:
ni ~ Nc(On, In,)

K
H
convex hull IN—I_HT(H Egk Kz, HT(J‘E)
Copc = U 9 R?T(k) =log —I{ b
m Keii K, ): ) H
7.—:{(11...,34;41}_:.{1??}(}, I'n~+Hz) > Kz H )
Kaq, eCMXM_ K. >0 t=k+1
§ S ) = {1,...,K}

tr Zﬁf:l K <P
Vke{l
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— H; .GTB ]:}>yl z ~ Nec(On, Ke)
1 r=x1+ x>
T —\— ™
M H D> Yo For all ke{1,2}:
—¥ 2 A}
2

Example: DPC for 2 users (here, with ordering n(k)=k)

1. Encoder user 1 without considering the interference
caused by user 2.

Iy + Hy (Ko 4 Kap) HY|

i =los Iy + H1 Ko, HY

2[31‘?_ Hl t? yl’
ni

L2
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— H; 'GTB ];}>yl z ~ Nec(On, Ke)
1 r=x1+ x>
T —\— ™
M
T D> Yo For all ke{1,2}:
2 A}
2

Example: DPC for 2 users (here, with ordering n(k)=k)

1. Encoder user 1 without considering the interference
caused by user 2.

Iy + Hy (Ko 4 Kap) HY|

f1=log Iy + H1 Ko, HY

interference from user 1, encode user 2 following
traditional SU MIMO.

Ry = log Iy + HoKqo, HY|

.
2. After DPC which removes completely the 4’@_' H> '?
ny
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— H, [ —®— ¥ z ~ Ne(Ow, Ka)
ny Nl . 33:231++Q3K
T —x—1 ;
M For all ke{1,...,K}
e{1,..., K}:
_’HK +—>YK T
Ny ni ~ Nc(On, In,)

[Caire & Shamai 00, Yu & Cioffi '01]

e The DPC region is an achievable region of the MIMO BC channel.

e However, the rate equations are neither concave nor convex
with respect to the covariance matrices.

Finding optimal covariance matrices is computationally
cumbersome!
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[Vishwanath et al. '02]

MIMO BC Channel Dual MAC (DMAC)
— H, D—>Y1 T ——» H'
Ny Ny
n, . .

L —x— 1 +—x>Y
M M
—Hk D—>Yx T —> H} n
n NK NK

K

With the additional sum power constraint P;+...+P,<P of the DMAC:

C e C
DMAC U MAC H.E‘FHF j""l.ﬁ—ﬂ.f] ﬁ-jfkt—f"h'rk

K _
Py} =1 Pr=P vke{l,....K}
vke{l,....K}
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[Vishwanath et al. '02]

MIMO BC Channel Dual MAC (DMAC)
— H, D—>Y1 T ——» H'
n M N,

T —— L ' ' o D>y
M M
—Hk D—>Yx T —> H} n
n NK NK

K

With the additional sum power constraint P;+...+P,<P of the DMAC:

C = C =C

K —
Py k=1 Pr=P vke{l,...,K}
vke{l,....K}
Thus, standard convex optimization techniques can be used to compute optimal
covariance matrices (i.e., precoders)!
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— SU and Sato bound
—3 DPC region

OSU . — BC (DPC) maximum sum rate
SU -
I \I > Rl
0 SU BC
Cl C'max
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[Weingarten et al. '04]

The DPC region is the capacity region of the MIMO BC channel!

Consquences:

e DPC is the optimal encoding strategy.
e Union of DMAC regions is also equal to the MIMO BC region.

e Convex optimization techniques can be used to compute optimal
precoders.

e For example: iterative waterfilling method!

Problem: High computational complexity due to iterative nature!
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e Linear MU-MIMO schemes for 3GPP Long Term Evolution (LTE) and
3GPP LTE Advanced

— Linear versus nonlinear precoding

- MU- versus SU-MIMO

— Summary of MIMO techniques in 3GPP-LTE

— Precoder codebook based 3GPP-LTE MU-MIMO
— Channel codebook based ZF precoding

— Performance comparisons

- MU-MIMO Status in 3GPP-LTE-Advanced

Copyright © 2009 DOCOMO Communications Laboratories Europe GmbH



: : : docomo
Linear versus Non-Linear Precoding DOCOMO Euro-Labs

der Bundeswehr

Universitdt (3 Miinchen

Linear Precoding Non-Linear Precoding

X “Bj Ag
user 1 — 1311 . Vx user 1 —* DPC :311 .
¢ | Vi1 * Vi Vn,l
user K — DPC , "
n,2

A

1 Vll V12 VlK
V,, V v
2 21 22 2K
X=| "], V=[v, v, ve] = ) :
X, Vit Voo Vak |
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o
)

s ] System parameters

- == linearZF, K =14 L 7
25k linear ZF, K = 20 L7 e 4 Tx antennas
- — = nonlinear, K = 4 i * 1Rxantenna
20 L nonlinear, K = 20 e K users
g e semicorrelated
channel

e perfect CSIT

e optimal transmitter
and receiver

—
-]

Sum rate in bits per channel use
[ —
Ut

—-10 =5 0 D 10 15 20 25 30

Pros and cons of nonlinear precoding

@ e beneficial for very high data rates as @ e high computational complexity
required for IMT-Advanced e needs high hardware requirements
e trade-off between performance and (e.q., strictly linear amplifiers)
complexity
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System parameters

e 4 Tx antennas

e 2 Rx antennas

e Kusers

e uncorrelated channel

e perfect Channel
State Information at
the Transmitter
(CSIT)

e optimal transmitter
and receiver

o DN
o O

—
o O

Huge multiuser
gain possible!

10 =5 0 D 10 15 20 25 30
SNR in dB

Sum rate in bits per channel use
—
3y

| ©

Pros and cons of MU-MIMO transmission

@ e exploiting MU diversity @ e high computational complexity
e increasing system capacity if UEs have e needs high hardware requirements
less antennas than Node B (e.qg., strictly linear amplifiers)

e improving performance in case of low-
rank channels
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SU-MIMO MU-MIMO
e high user throughput ¢ high system capacity
@ e high peak data rates o full exploitation of multiuser
diversity

e multiple transmit antennas are e degradation of peak data rates

not fully exploited due to MU interference (ZF is not
@ | * mulituser diversity is not fully | Working perfectly due to imperfect
exploited CSIT)
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° SU-MIMO AGLOBAL\-I—I'N'ITIATIVE
— not su '
pported in 'Rel.ease.8 | @
- however, transmit diversity is not excluded: t
closed loop antenna selection for data channel is I. e

supported as an option for Frequency Division
Duplex (FDD) and half-duplex FDD

e MU-MIMO

— Spatial Division Multiple Access (SDMA) is
included

- one data stream per user
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e SU-MIMO 5@

- preCOder codebook based preCOding A GLOBAL INITIATIVE
— direction-of-arrival based beamforming

e | AN
— transmit diversity techniques lte

e Space-Frequency Block Codes (SFBC)
e Frequency Switching Transmit Diversity (FSTD)

— combinations of precoding and transmit diversity like Cyclic Delay
Diversity (CDD)

e MU-MIMO

— sophisticated methods are not included
e unitary precoder codebook based precoding
e channel codebook based ZF beamforming

- precoding based on combinations of SU-MIMO rank 1 codebook
entries

— CQI computation assuming no MU interference
— one data stream per user
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SU with Spatial
Multiplexing (SM)

t

TxS_T

/ot
J;L

JRx 1

TX

1

Rx 2

Rx K

L.

t

[
1 {Rx 2

\

t

MU with SM

Rx 1

MU without SM

(i
—" 4 {Rx1

|

Rx K

e E_T\‘TERXZ

[
tIRx K

Exploiting Multiuser Diversity!
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User 1
User 1 » Channel 1 »} Rx 1
o Stream
User 2 | <€ !
Stream
o Scheduler——|Precoder »[ Channel 2 f Rx2 —— gfferai
e
e |
€
User K : : :
Stream Tx L ® ®
R _ User K
» Channel K » RxK Stream
|
Feedback

e scheduler and linear precoder needs CSIT
e feedback channel with finite rate

What is the best limited feedback information?
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Multiuser MIMO System with Linear Precoding

Y, S1
— Hy D —r w] [
o N 1
& n .
—— P a ! :
D M .
Yk SK

S H

Linear precoding:

docomo

DOCOMO Euro-Labs

der Bundeswehr
Universitdat > Miinchen

Channel model:
y, = Hyx +n;, € CV

€Tr = Zpksk = Ps, Pr,=E {me} (transmit

keK power)
Linear MMSE receivers for estimating the kth user’s symbol: n
—1
A * * D k %k
sp=wry, €C, wy= (HkP P'H; + P—IN> H .p;.
N B J
2
/SINR: W — ’wEHkpk‘ Sum Rate: a
— 5 -
1eK
N ik kEK y
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Vector Codebook
(DFT, Random, Grassmann, ...)

A GLOBAL INITIATIVE
/ Precoder Quantization (implicit CSI feedback) ]
Channel Vector \
Quantization ‘ \
linear Zero-Forcing ( . ] / General \
(ZF) precoding \ Cod/eboo entry as preco\der Precoding
. . precoder can be
(explicit CSI Y N\ ] anything, e.g., ZF
feed%aéi(ariqwres Unitary Precoding Non-Unitary
new efinition only subset of Precoding -
: : interpret codebook
at Rx including MAI codebook entries are | |all combinations of ( en[’?ry as CSI
approximation) allowed to be codebook entries requires CQI,
K / \scheduled together/ \_ are possible Y, @rrection at eNBI)/

1 y
A

3GPP LTE (Rel-8)

SU MIMO rank 1 code-
book with SU CQI
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e One data stream (codeword) per user
e Reuse of SU-MIMO codebooks (2 Tx: DFT, 4 Tx: Householder)

1. Transmit common
reference signal

(pilot)

— 2. Estimate channel matrix
i 3. Determine rank-1

SU-MIMO precoder and
5. User scheduling g <

compute corresponding
CQI (no interference
considered)
(orthogonal 4. Feedback of PMI and CQI
pairing possible) \ / i

7. Estimate covariance
6. Indicate chosen precoder matrix of received signal
and number of i
scheduled streams

8. Compute receive filter

e PMI: Precoder Matrix Index
e CQI: Channel Quality Indicator
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2 Tx antennas 4 Tx antennas
DFT-based codebook Householder codebook
W =1-2uu"/ufu =w"
index | precoder index u,
0 m 0 up=f -1 -1 —1f
5 1 |w=p i1l
1 m > u,=[1 1 -1 1f
5 i'l} 3 U3=_[1 i1 -l |
vl 4 Ju=p 1-p/N2 -j a-p/¥2|
3 54 5 |u=-f a-DNV2 i (1-DN2]
r 6 |Us=f Q+rD/V2 - (1+])/V2|
4 E_J 7 |u=f (N2 joarp/i2]
11 8 ug=ft -1 1 1]
s | Fb 5 [wok 7 -
10 uo=f 1 1 -1f
11 u11=[1 j -1 JT

* Constant modulus property (|w, ;| = 1)

* Nested property (lower rank precoding 12 up =Mt -1 -1 1]
matrix is submatrix of higher rank precoding 13 us=L -1 1 -1
matrix) 14 u,=[1 1 -1 -1f

15 us=[ 1 1 1]
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4-bit CQI table
CQI index modulation | coding rate x 1024 | efficiency
out of range
1 QPSK 78 0.1523
2 QPSK 120 0.2344
3 QPSK 193 0.3770
4 QPSK 308 0.6016
5 QPSK 449 0.8770
6 QPSK 602 1.1758
7 16QAM 378 1.4766
8 16QAM 490 1.9141
9 16QAM 616 2.4063
10 64QAM 466 2.7305
11 64QAM 567 3.3223
12 64QAM 666 3.9023
13 64QAM 772 4.5234
14 64QAM 873 5.1152
15 64QAM 948 5.5547

TS 36.213 ver.8.3.0 (2008.05), Table 7-2-3-1
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Zero Forcing Channel Vector Quantization (ZF-CVQ)

e UE estimates and quantizes its channel based on the channel
codebook (Channel Vector Quantization, CVQ):

C ={uy,...,u,p} (assuming B feedback bits)

e UEs report their quantized channels together with CQIs (e.g.
SINRS).

e Node B computes ZF precoder and schedules users based on the
CQIs (e.g. maximum throughput scheduling).

Performance depends strongly on the codebook size 28
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e Random codebook:

vectors u; isotropically distributed on a complex unit i3 w
sphere : ",
u L/’ j
e Grassmannian codebook: 4
minimum distance between any pair of vectors is
maximum C—{u o }
Grassmanian line packing problem R At

e Fourier (DFT) codebook:
example for 4 Tx antennas and a codebook size of 28=8
(3 bit index, 8x8 DFT matrix section)

1 e iT/4 eTIn/2 Bm/4 mim o —iSH/4 —i3n/2 —iT/A
1 e dm/2  mim —iBw/2 —i2m —i5w/2  —i3m —iTw/2
1 e d37/4 ~I3m/2 —9m/4 3w —j157/4 —j9m/2 —j2ln/4

Advantages:
cheap implementation and good performance in correlated scenarios!
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« Assumption: more than one receive antenna at UEs (N>1)

Vector codebook: C = {uy,us, ..., Uyn}

Quantization of channel matrix H,:
— eachrow hy;, i=1,...,N, of the channel matrix H, is quantized individually

— Problem: huge feedback information in case of many receive antennas
g Fo i t

hyi=w;, (=arg max e
0 ’ ge{1,...28} ||hg i, y Z

Quantization of composite channel vector:

— combination of receive filter and physical channel matrix, i.e., the composite
channel vector g,=H,"w,, is quantized

only one vector per user needs to be quantized, independent of N

— Problem: receive filter w, depends on finally chosen precoder which is not
known ’uglgk‘

A

g, =uy, F=arg max ————
" ’ ge{1,-.25} |lgi |l
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Idea: Quantization of channel-receiver chain g,=H,'w,
(assuming one data stream per user)

Problem: Receiver not known at quantization step because it depends
on precoder!
Quantization of linear combination of the rows of H, with minimum error:

a. — u /= aramax u with the QR factorization of the
Ik & qe{%”,QB} ”Qk q||2 channel matrix H,=Q.R,.

Closest corresponding composite channel vector:

gx - Q.Q A,

T
gr = Hjw, = , g = ~
sT gl H
o latH, |QkQ} |,
k
: \\ Angle between quantized
S and normalized composite
1 ! ' channel vector:
|
|

\ cos ), = |gi hy|

range(H; )
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Set of scheduled users:

K ={m,m,....,7mp} e.g. K =41,3,7}

Channel matrix: [ AT 7 L
g’ﬂ'l ’\T
) gL . ng
T g7
_gWD_

ZF precoder:

2 ~H 7/~ ~H\ !
Py = PpA’, Py =Gy (GgGx)
Equal power allocation: \ D
. Pry
AK — dlag 5

DHp],KJfHQ/ k=1
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Cos-angle between channel vector and quantized channel vector:

c0s ) — 9,95
gl
CQI of user k: E ||gk|‘%(3082 Qk
Q=
1+ —= In“ o
+ Wi 19I5 sin” 0y,
Throughput approximation:
] M. _
E[SINRy] > — KCQl, = SINR;, A = e Agey,
Tx

Rk = log (1 + SINRk)
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ZF-CVQ: Comparison of Different Codebooks

20
-0- B = 6, Random
-B- B = 4, Random
=¥- B = 2, Random
15}
—=
—
10—
5F
SU-MIMO: precoder
codebook based precoding
-910 —5 0 5 10 15 20 25 30
20

-6- B = 12,Random
-B- B = 8, Random
-¥- B = 4, Random

—
o
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S
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—
-
T
"]
a
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Qe
@

MU-MIMO: channel
codebook based precc
(ZF beamforming)

&y

15 20 25

Sum rate in bits per channel use Sum rate in bits per channel use

| ©
—_
o

|
ot
o
ot
p—t
-

SNR in dB

docomo
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System parameters
4 Tx antennas

2 Rx antennas

20 users

uncorrelated channel
(best case for random
codebook)

feedback:
DB bits and one real number

Rx: MMSE

MU-MIMO:
one data stream per user

« DFT codebook is only good for
small number of feedback bits

« Random codebook is preferable for
higher number of feedback bits
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-e- SU, B=§, Ran.
-8- SU, B=4, DFT
=¥%- SU, B=2, DFT
- -~ SU, perfect CSIT
—-— MU, B=12, Ran.
—E
——

—_
o
T

MU, B=8, Ran.
MU, B=4, DFT
MU, perfect CSIT

—_
o
T

ot

System parameters
4 Tx antennas
2 Rx antennas
uncorrelated channel

feedback:
DB bits and one real number

Rx: MMSE
| MU-MIMO:

| &
—_
o

|
ot
)
ot

25 30 - one data stream per user

b
-

-e- SU, B=8§, Ran.
-B8- SU, B=4, DFT
-»- SU, B=2, DFT
=== SU, perfect CSIT
—-— MU, B=12, Ran.
—F—
——

—
o
T

MU, B =8, Ran.
MU, B=4, DFT
MU, perfect CSIT

—
-
T

&y

Sum rate in bits per channel use Sum rate in bits per channel use

| ©
—
o

|
ot
o
ot

- - max. 4 data streams

« MU MIMO gain strongly depends
on number of feedback bits!
» Very low feedback rate
IZ> SU MIMO should be preferred
because MU interference is
too large!
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« SESAM, LISA with full CSI « ZF: Max. 4 users

e LTE SU/MU-MIMO, 4-bit Housholder CB e LTE MU-MIMO: Max. 2 users
« MU-MIMO with ZF-CVQ, 4-bit DFT CB

Uncorrelated Highly correlated
30 T T T T T T T T T a0 T T T T T T T T T
— — - SESAM : | : g 1 — — - SESAM : : § : e
—e—LI3A : : ; —_—5a : : i b
25L- —&— Qyantized-=F  |.--.... . ........ RERTRREE . ........ ,,f' ...... - FE ] —— cuantized-7zF | e ........ [T _,," ..... -
—#— LTE-MU-MIMO : : e LTE= MU-MIMO : : : : '
SU-MIMO (RankZ) : _ : : L. : )
: : : : : : RV | SU-MIMO (Ranki} : : P 5 :
FOF e RS SRR foe L T S e B 20k ERRRERERE EREREEES PRI [ .}"( ....... [ T
g : : : : : F : : : g : :
Z £
= = I
O =)
o z
] i)
] ]
0 ] 1 1 i 1 1 1 ] i 0 i | i i | i 1 1 i
] Z 4 B g 10 12 14 16 18 20 ] 2 4 3 ] 10 12 14 16 18 20
SR (dE) SMR (dB)
2x4 MIMO

Note: In LTE-MU-MIMO, uses having orthogonal precoding vector are paired.
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K‘uppressiﬂ

e Relaying

é” fg,tg flatQ %

e Coordinated MultiPoint (CoMP)
Transmission/Reception

Joint A Joint beamforming

processing i and scheduling

A GLOBAL INITIATIVE

lt4DVA NCED

Packet sharing

e Bandwidth Aggregation

LTE-Advanced: Up to 100MHz

— A — fzﬂfl
_IESEEE - R - N
e Frequenc
4 / fa,t1 + 1o
-
20MHz ,

e Uplink and Downlink MIMO
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e SU-MIMO A GLOBAL INITIATIVE
— DFT-spread OFDMA (or SC-FDMA) as in 3GPP-LTE ;\m
Release 8 but non-contiguous data transmission 2\ A
with single DFT per component carrier allowed lte

- MIMO up to 4x4
— up to 4 streams with maximal 2 code words

e MU-MIMO
— more than one data stream per user possible
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e SU-MIMO
— OFD M A AGLOBAIi INITIATIVE
— MIMO up to 8x8 @
— up to 8 streams lte
e MU-MIMO

— sophisticated methods have been discussed
e unitary precoder codebook based precoding (implicit CSI)
e channel codebook based ZF beamforming (explicit CSI)

e even non-linear precoding like THP is under discussion but
very unlikely to be included because of excessive feedback
overhead and complicated CQI estimation

— more than one data stream per user possible:
requires update on methods discussed before!
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