
 
 

 
 

LAN  

MIMO  

A Study on High Efficiency Multiuser 

MIMO for Wireless LAN Systems 

 

 

 

 

 

2015 7  

 

    

Tomoki MURAKAMI 

 

 



 
 

 

 
 

LAN  

MIMO  

A Study on High Efficiency Multiuser 

MIMO for Wireless LAN Systems 

 

 

2015 7  

 

  

  

 

    

Tomoki MURAKAMI 



 
 

 

 

1   ........................................................................................................................ 1 

1.1  ............................................................................................................... 1 
1.2  ............................................................................................................... 4 
1.3  .......................................................................................................................... 7 

2  MU-MIMO  ............. 9 

2.1  ................................................................................................................... 9 
2.2  ...................................................................................................... 12 
2.3 MU-MIMO  .......................................... 12 
2.3.1 CSMA/CA SU-MIMO ................................................................... 15 
2.3.2 MU-MIMO  ................................................................ 16 
2.3.3 MU-MIMO  ................................................................ 17 
2.4 MU-MIMO  ..................... 18 
2.4.1  ........................................................................................... 19 
2.4.2  ............................................... 20 
2.4.3 LAN  .............................................................................. 23 
2.5  ................................................................................................................. 25 
2.5.1  ....................................................................................... 25 
2.5.2 MU-MIMO  ............................ 25 
2.5.3  ................................................................................ 30 
2.6  .................................................................................................................... 34 

3  AP MU-MIMO  ...
  .............................................................................................................................. 36 

3.1  ................................................................................................................. 36 
3.2  ...................................................................................................... 38 
3.3 AP MU-MIMO  ............................. 40 
3.3.1 CSMA/CA MU-MIMO  ................................................................. 42 
3.3.2 AP MU-MIMO  ................................................................. 43 
3.3.3 AP MU-MIMO  ................................................... 45 
3.3.4 AP MU-MIMO  ................................................... 47 
3.4  ................................................................................................................. 49 



 
 

3.4.1  ........................................................................................... 49 
3.4.2  ............................................................................................................. 53 
3.5  .................................................................................................................... 57 

4  MU-MIMO OFDMA  .................. 59 

4.1  ................................................................................................................. 59 
4.2  ...................................................................................................... 60 
4.2.1 OFDMA  ...................................................................................................... 62 
4.2.2 MU-MIMO  .................................................................................................. 62 
4.3 MU-MIMO OFDMA  ............................................................. 63 
4.4  ................................................................................................................. 65 
4.4.1  ....................................................................................... 65 
4.4.2  ....................................................................................... 67 
4.5  .................................................................................................................... 73 

5   ...................................................................................................................... 74 

 ....................................................................................................................................... 76 

 ............................................................................................................................... 77 

 ........................................................................................................................ 80 



1 
 

1  
 

1.1  

1-1

[1]

1.5

3GPP(Third 

Generation Partnership Project) [2]

LAN(Local Area Network)

LAN

IEEE(Institute of Electrical and Electronics Engineers) 802.11 [3]  

LAN

LAN

LAN 1-2 5GHz LAN

1999 5GHz IEEE 

802.11a( 11a) 11a

(OFDM: Orthogonal Frequency Division 

Multiplexing) 54Mbit/s [4] 2009

IEEE 802.11n( 11n) MIMO(SU-MIMO: Single-User 

Multiple Input Multiple Output) 600Mbit/s

[5][6][7] SU-MIMO

(AP: Access Point)

4 1 1

11a 20MHz 1 2

2014 IEEE 802.11ac( 11ac)

20MHz 8

MIMO(MU-MIMO: MultiUser MIMO) [8][9]

1 AP MIMO

8 6.9Gbit/s



2 
 

LAN IEEE 802.11ax( 11ax) TGax

2014 5 11ax

LAN AP

1  

LAN

LAN

20MHz 160MHz

5GHz 20MHz

19 11ax

160MHz

LAN

1 8

 

 

100

200

300

400

500

600

700

20
11

/3
20

11
/6

20
11

/9
20

11
/1

2
20

12
/3

20
12

/6
20

12
/9

20
12

/1
2

20
13

/3
20

13
/6

20
13

/9
20

13
/1

2
20

14
/3

A
 m

ou
nt

 o
f a

ve
ra

ge
 tr

af
fic

 p
er

 m
on

th
 [G

bi
t/s

]

 

1-1  



3 
 

 

 

 

Year

1G

10G

100M

10M

1M

100k

100G

Sy
st

em
th

ro
ug

hp
ut

 [b
it/

s]

2005 2010 201520001995

.11a

.11n
.11ac

11ax

OFDM

AP

SU-MIMO

AP

MU-MIMO

AP

2020

 

1-2 5GHz LAN  



4 
 

1.2  

11n SU-MIMO

LAN LAN

[5][6] SU-MIMO AP

SU-MIMO

AP

SU-MIMO

AP 11ac

MU-MIMO AP

MIMO [8][9] MU-MIMO

MU-MIMO AP AP

AP

MU-MIMO

(CSI: Channel State Information)

MU-MIMO

MU-MIMO

MU-MIMO  

 

1  

MU-MIMO AP

AP

[10]

AP MU-MIMO MU-MIMO

[11]-[14] AP MU-MIMO [11][12] AP

AP

MU-MIMO AP

AP



5 
 

MU-MIMO [13][14]

MU-MIMO

AP

1

MU-MIMO

[15]-[20]  

 

2 (CSI)  

MU-MIMO AP

CSI 11ac CSI

3 1 AP CSI

LAN CSI 2

AP CSI 3

CSI AP

3 AP CSI MU-MIMO

1-3 [3] 1-3 AP MU-MIMO

CSI NDPA(Null Data Packet Announcement)

CSI NDP

NDP CSI 1

AP CSI-FB(CSI Feed Back) CSI

CSI-FB AP BRP(Beamforming Report 

Poll) CSI-FB CSI

CSI

AP MU-MIMO

[21]

2 CSI

MU-MIMO 1

OFDMA(Orthogonal Frequency Division Multiple Access)



6 
 

[22]  

 

N
D

PA
D

A
TA

A
P

ST
A

-1

ST
A

-m

t t t

N
D

P

C
SI

-F
B

B
R

P

C
SI

-F
B

B
A

B
A

R

B
A

N
D

PA
:

N
ul

l D
at

a 
Pa

ck
et

 A
nn

ou
nc

em
en

t
C

SI
-F

B
: 

C
ha

nn
el

 S
ta

te
 In

fo
rm

at
io

n 
Fe

ed
 B

ac
k

B
R

P:
B

ea
m

fo
rm

in
g 

R
ep

or
t P

ol
l

B
A

:
B

lo
ck

 A
ck

no
w

le
dg

em
en

t
B

A
R

:
B

A
 R

eq
ue

st

 

 1-3 IEEE 802.11ac MU-MIMO  

 



7 
 

1.3  

5 1-4  

1 LAN MU-MIMO

MU-MIMO CSI

 

2 1 1 AP

MU-MIMO MU-MIMO

MU-MIMO 11ac

AP

1

MU-MIMO

 

3 2 1

2 MU-MIMO MU-MIMO

LAN

AP AP

(ICI: Inter-Cell Interference)

MU-MIMO

ICI

2 AP

MU-MIMO AP MU-MIMO

 

4 2 CSI MU-MIMO



8 
 

1 OFDMA

 

5 2 4 MU-MIMO

LAN

LAN  

AT A ||A||F AH A

 

 

 

 

1

1

2 CSI

2
MU-MIMO

4 MU-MIMO OFDMA

5

3
AP MU-MIMO

 

1-4  



9 
 

2

MU-MIMO  
 

1 1 AP

MU-MIMO MU-MIMO

MU-MIMO 11ac

AP

1

MU-MIMO

 

 

2.1  

1 LAN

MU-MIMO [8][9] MU-MIMO

AP AP CSI

MU-MIMO

AP

AP

[23]  

MU-MIMO AP

[10][24] AP



10 
 

MU-MIMO MU-MIMO [11]-[14] AP

MU-MIMO AP

MU-MIMO

MU-MIMO

AP MU-MIMO

 

MU-MIMO

AP AP

MU-MIMO

AP

MU-MIMO

(TDMA: Time 

Division Multiple Access) CSMA/CA(Carrier Sense Multiple Access with Collision Avoidance)

(FDMA: Frequency Division Multiple Access)

AP SU-MIMO MU-MIMO

[2][3]  

MU-MIMO MU-MIMO

[15]-[17]

MU-MIMO

MU-MIMO 1

MU-MIMO

MU-MIMO

1

MU-MIMO AP

AP



11 
 

MU-MIMO

MU-MIMO

LAN OFDM

 

MU-MIMO

AP

1

MU-MIMO [19][20]

AP

AP

AP

OFDM

AP CSI

MU-MIMO

 

2.2 2.3

CSMA/CA SU-MIMO MU-MIMO

MU-MIMO 2.4

MU-MIMO

2.5

2.6  



12 
 

2.2  

2-1 1 AP AP -1(STA-1)

-M(STA-M) M 1 AP

N 2

MU-MIMO-OFDM MIMO-OFDM

AP 2 (N=M)

AP

MU-MIMO Hm(k)=[h1,m(k)T h2,m(k)T]T 2×N AP

m(m=1…M) 1 2 k(k=1…K)

CSI h1,m(k) h2,m(k) AP m 1 2

k CSI OFDM

k

AP 1-3 AP CSI

CSI MU-MIMO-OFDM MIMO-OFDM

 

 

2.3 MU-MIMO  

MU-MIMO

MU-MIMO MU-MIMO [4][15]-[17]

AP LAN CSMA/CA

1 1 SU-MIMO

2-2 4

2-2(a) CSMA/CA SU-MIMO

AP 1 1 SU-MIMO

2-2(b) MU-MIMO

AP

MU-MIMO 2-2(c) MU-MIMO

AP

MU-MIMO  



13 
 

 

 

 

. . .

AP

STA-1

1             N

STA-M. . .

� �kx1 � �kxM

. . .

� �ky1 � �kyM

. . .� �k1H � �kMH

 

2-1  

 



14 
 

 

 

 

(a) CSMA/CA SU-MIMO  

 

(b) MU-MIMO  

 

(c) MU-MIMO  

2-2  

 



15 
 

2.3.1 CSMA/CA SU-MIMO  

CSMA/CA SU-MIMO

2-2(a) AP CSMA/CA

N 2 1 1 SU-MIMO

m ym
SU(k) 2×1 xm

SU(k) N×1 (1)

 

� � � � � � � � SU
m

SU
m

SU
mm

SU
m kkkk nxWHy ��    (1) 

Wm
SU(k) 2×N m SU-MIMO nm

SU

0 �2 SU-MIMO

(E-SDM: Eigenvalue Space Division 

Multiplexing) (2) Hm(k)

 

� � � � � � � �H
mmmm kkkk VΣUH �     (2)

 

Um(k) Hm(k) ��m(k) Hm(k)

Vm(k) Hm(k)

SU-MIMO E-SDM Wm
SU(k) Vm(k) 1 2

SU-MIMO m

C'mSU(k) (3)  

� � � � � � � � � �
�
�

	




�
�

�


���

2
 detlog 2

2
2

H
m

HSU
m

SU
mmSU

m

kkkk
kC

HWWH
I�

  

(3) 

I2 2×2 CSMA/CA SU-MIMO

SU-MIMO

(4) SU-MIMO

Cm
SU(k)

 

� � � � MkCkC SU
m

SU
m ��

    

(4) 

CSMA/CA SU-MIMO  

 



16 
 

2.3.2 MU-MIMO  

1 MU-MIMO

MU-MIMO 1

MU-MIMO

MU-MIMO 2-2(b)

AP

MU-MIMO 2

1 AP

m

ym
MU(k) xm

MU(k) (5)  

� � � � � � � � MU
m

M

j

MU
j

ant
jm

MU
m nkxkkky ��� �

�1
wh    (5) 

wj
ant(k) N×1 j (j=0…M) MU-MIMO

nm
MU 0 �2

2

AP CSI h'm(k) 1×N

CSI CSI

H'(k)=[h'1(k)T…h'm(k)T…h'M(k)T]T MU-MIMO

ZF(Zero Forcing) (6)

(7) ZF Want(k)  

� � � � � � � � � � � �� �kkkkkk ant
M

ant
m

ant

F

antantant wwwWWW ��1
ˆˆ ��  (6) 

� � � � � � � �� � 1ˆ �
���� HHant kkkk HHHW

 

   (7)
 

MU-MIMO

MU-MIMO m

Cm
ant(k) (8)  



17 
 

� � � � � � � � � ��

� � � � � � � � �
�

	



��
	



��
�


���

����

�

��
�

1

,1

2

2
2 detlog

M

mjj

H
m

Hant
j

ant
jm

H
m

Hant
m

ant
mm

ant
m

kkkk

kkkkkC

hwwh

hwwh

�

�

  

(8) 

MU-MIMO

MU-MIMO

 

 

2.3.3 MU-MIMO  

2 MU-MIMO

MU-MIMO AP

AP MU-MIMO

MU-MIMO

2-2(c) AP

MU-MIMO m

um
(0)(k) Hm(k)

1 m

ym
MU(k) xm

MU(k) (9)  

� � � �� � � � � �� � � � � �knkxkkkky m

M

j
j

i
jm

i
m

MU
m �� �

�1
wHu    (9) 

wj
(i)(k) N×1 j MU-MIMO

i

ZF

(10) CSI CSI H(0)(k)  

� �� � � � � � � � � � � � � �� �H
M

T
M

H
m

T
m

HT kkkkkkk )0()0()0(
11

0 uHuHuHH ���  (10) 

CSI H(0)(k) ZF 0

(11) (12) 2.3.2

ZF ZF



18 
 

 

� �� � � �� � � �� � � �� � � �� � � �� �� �kkkkkk MmF

000
1

000 ˆˆ wwwWWW ����
 
 (11) 

� �� � � �� � � �� � � �� �� � 10000ˆ �
� HH kkkk HHHW

   

(12)
 

0

1 uk
(1)(k) Hm(k)wm

(0)(k)

1 0

(10)~(12)

W(1)(k) 1

AP AP

MU-MIMO m Cm
(i)(k)

(13) i  

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

�

	



��
	



��
�


�

��

�

��
�

1

,1

2

2
2 detlog

K

kjj

i
m

H
m

Hi
j

i
jm

Hi
m

i
m

H
m

Hi
m

i
mm

Hi
m

i
m

kkkkkk

kkkkkkkC

uHwwHu

uHwwHu

�

�

  

(13) 

MU-MIMO

MU-MIMO

 

 

2.4 MU-MIMO

 

2.3 MU-MIMO MU-MIMO



19 
 

MU-MIMO OFDM

[19][20] AP CSI

MU-MIMO

 

 

2.4.1  

MU-MIMO

AP

AP

AP

(14)

AP h''m(k) 2-3

2-3 AP

 

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

�
�
�

��������

��������

MU
m

ant
m

MU
m

ant
mmm

MU
m

ant
m

MU
m

ant
mmm

nkknkkifkk

nkknkkifkk

whwhhh

whwhhh

,2,1,2

,2,1,1

 

(14) 

w'ant(k)

MU-MIMO

(15) (17)

AP

CSI



20 
 

H'(k)

AP

 

� � � �kk N
ant vw ���     (15) 

� � � � � � � �Hkkkk VΣUH �����   (16) 

� � � � � �� �kkk NvvV ���� �1  (17) 

U'(k) N×N H'(k) ��'(k) N×N H'(k)

V'(k) N×N

m (18)  

� � � � � � � � � ��

� � � � � � � � �
�

	



��
	



��
�


�����

�������

�

��
�

1

,1

2

2
2 detlog

M

mjj

H
m

Hant
j

ant
jm

H
m

Hant
m

ant
mm

ant
m

kkkk

kkkkkC

hwwh

hwwh

�

�

  

(18) 

 

 

2.4.2  

CSI

MU-MIMO

AP (18)

h'''m(k)  

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

�
�
�

�������

�������

kkkkifkk

kkkkifkk
ant

m
ant

mmm

ant
m

ant
mmm

whwhhh

whwhhh

,2,1,2

,2,1,1

 

(18) 



21 
 

AP (19)

MU-MIMO

(19)

m

MU-MIMO  

� � � � � � � � � ��

� � � � � � � � �
�

	



��
	



��
�


�������

����������

�

��
�

1

,1

2

2
2 detlog

M

mjj

H
m

Hant
j

ant
jm

H
m

Hant
m

ant
mm

ant
m

kkkk

kkkkkC

hwwh

hwwh

�

�

  

(19) 

� � � ��
	



�
�

 ��� �
�

M

m

ant
m

s
max kCks

1
maxarg

   

(20) 

 

 



22 
 

Subcarrier #1

Subcarrier #2

R
x 

po
w

er

Ant #1 Ant #2

R
x 

po
w

er

R
x 

po
w

er
R

x 
po

w
er

. . .

AP

STA-1

1             N

STA-M. . .

. . .

Ant #1 Ant #2 Ant #1 Ant #2

Ant #1 Ant #2

 

2-3  

 



23 
 

2.4.3 LAN  

11ac

2-4(a) 2-4(b)

2-4(a) 11ac

L-STF(Legacy Short Training Field) L-LTF(Legacy 

Long Training Field) L-SIG(Legacy SIGnal field) 11ac

VHT-SIG-A(Very High Throughput SIGnal field A) VHT-STF VHT-LTF

VHT-SIG-B 11ac MU-MIMO

VHT-STF

MU-MIMO-OFDM

L-STF VHT-SIG-A

11ac L-STF VHT-SIG-A

 

2-4(b)

AP

L-STF VHT-SIG-A

L-SIG

L-STF VHT-SIG-A

L-STF

VHT-SIG-A

L-STF VHT-SIG-A

 

11ac

 

 



24 
 

 

 

 

 

…L-STF L-LTF L-SIG VHT-SIG-A VHT-
STF

VHT-
LTF

VHT-
LTF

VHT-
SIG-B Data Data…

MU-MIMO-OFDM

 

(a)  

 

 

 

1

AGC, AFC, CSI

>

Demodulation

L-STF L-LTF L-SIG VHT-SIG-A VHT-
STF

VHT-
LTF

VHT-
LTF

VHT-
SIG-B Data Data… …

2
L-STF L-LTF L-SIG VHT-SIG-A VHT-

STF
VHT-
LTF

VHT-
LTF

VHT-
SIG-B Data Data… …

 

(b)  

2-4  

 

 

 



25 
 

2.5  

2.5.1  

MU-MIMO

MU-MIMO MU-MIMO

CSMA/CA SU-MIMO

2-2 2-1

2-1 AP 4 2

AP 4 MIMO-OFDM MU-MIMO-OFDM

LAN LAN

20MHz 52

(SNR: Signal to Noise power Ratio) LAN

(CNR: Carrier to Noise power Ratio)

10dB 30dB

i.i.d.(independent, identically distributed)

LAN

LAN

1000

 

 

2.5.2 MU-MIMO

 

CSMA/CA SU-MIMO MU-MIMO

MU-MIMO MU-MIMO

2-5

SNR 10dB 20dB 30dB SNR

30dB

AP



26 
 

15 0

1.5bit/s/Hz

SNR 10dB 20dB 30dB

SNR

SNR

SNR

MU-MIMO

MU-MIMO

30  

CSMA/CA SU-MIMO (SU-MIMO) MU-MIMO

(MU-MIMO with antenna selection) MU-MIMO (MU-MIMO 

with weight assignment) 2-6

SNR

SNR SU-MIMO

SU-MIMO

MU-MIMO

MU-MIMO

MU-MIMO

2

MU-MIMO

MU-MIMO

 

LAN

2-7 30dB SNR

(CDF: Cumulative Distribution Function)

MU-MIMO MU-MIMO

CSMA/CA SU-MIMO

MU-MIMO



27 
 

4bit/s/Hz MU-MIMO 5bit/s/Hz

10% MU-MIMO

4.2bit/s/Hz MU-MIMO 4.5bit/s/Hz

MU-MIMO MU-MIMO

SNR CSMA/CA SU-MIMO

 

 

 

 

 

2-1  

  

AP  4 

 

( ) 

20MHz 

(52) 

 2 

 4 

SNR 10~30dB 

 i.i.d. 

 



28 
 

0

2

4

6

8

10

0 5 10 15 20 25 30

A
ve

ra
ge

 sp
ec

tru
m

 e
ff

ic
ie

nc
y 

[b
it/

s/
H

z]

The number of updating weight

SNR = 10 dB

SNR = 20 dB

SNR = 30 dB

 

2-5  

 

0

2

4

6

8

10

10 15 20 25 30

SU-MIMO
MU-MIMO with antenna selection (random)
MU-MIMO with antenna selection (optimum)
MU-MIMO with weight assignment

A
ve

ra
ge

 sp
ec

tru
m

 e
ff

ic
ie

nc
y 

[b
it/

s/
H

z]

SNR [dB]  

2-6 SNR  



29 
 

0 2 4 6 8 10 12
0

20

40

60

80

100

SU-MIMO
MU-MIMO with antenna selection (random)
MU-MIMO with antenna selection (optimum)
MU-MIMO with weight assignment

Spectrum efficiency [bit/s/Hz]

C
D

F 
[%

]

 

2-7   



30 
 

2.5.3  

2-8

AP

2-9

11ac

MU-MIMO

L-SIG VHT-SIG-A L-SIG

VHT-SIG-A VHT-STF MU-MIMO

VHT-STF

11ac L-SIG VHT-SIG-A

BPSK 1/2 2-8

2-1 2-8

(Conventional)

(Proposal)

2-4 L-STF VHT-SIG-A

 

MU-MIMO

2-10

2-11

3 1

2 (w/ 

BF) (w/o BF) 3

(Proposal) 2-10

(w/o BF)

2-11 50%

50% 24

(w/ BF)

10% 120%



31 
 

2-11

MU-MIMO

(Proposal)

AP

10% 80% 2-11

100%

 

 

 

0

20

40

60

80

100

2 4 6 8 10

O
ve

rh
ea

d 
tim

e 
[m

s]

The number of STA

Conventional

Proposal

 

2-8  

 



32 
 

1 1
K 2

-1

1 1
K 2

-M

…
L-

ST
F

L-
LT

F
L-

SI
G

V
H

T-
SI

G
-A

V
H

T-
ST

F
V

H
T-

LT
F

V
H

T-
LT

F
V

H
T-

SI
G

-B
D

at
a

D
at

a
…

 

2-9  

 



33 
 

 

0 2 4 6 8 10 120

20

40

60

80

100

Spectrum efficiency [bit/s/Hz]

C
D

F 
[%

]

Ideal

Proposal

w/ BF

w/o BF

 

2-10  

0

20

40

60

80

100

w/o BF w/ BF Proposal

A
cc

ur
ac

y 
ra

te
 [%

]

 
 

2-11  



34 
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3  

AP MU-MIMO  
 

2 1 2
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3.3.2 AP MU-MIMO  
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3.3.4 AP MU-MIMO  
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