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Outline 
ÅWhat is MIMO? 

ÅTopologies: SISO, SIMO, MISO, MIMO 

ÅSpatial Multiplexing 

ÅMulti-User MIMO (SDMA) 

ÅInformation-Theoretic Channel Capacities 

ÅSome Australian Examples 

ÅReferences 

ÅQuestions 
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What is MIMO ? 
ÅWhat? / Why? / When? 

ÅWhere? 
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What? / Why? / When? 
ÅWhat? 

ÅMIMO = Multiple Input Multiple Output 

ÅMultiple antennas at both input and output 

ÅInput = transmitter side, Output = receiver side 

ÅWhy ? 

ÅIncreased bandwidth efficiency (bit/s/Hz) 

ÅIncreased capacity (bits/s) in the same bandwidth (Hz) 

ÅHigher datarates for users 

ÅMore users 

ÅMore $$$ for telcos 

ÅWhen ? 

Å/ƘŀƴƴŜƭ Ƙŀǎ Ψƭƻǘǎ ƻŦ ǎŎŀǘǘŜǊƛƴƎΩ 
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Where ? 
Category Sub- 

Category 
Standard Year MIMO QAM Max 

Datarate 
(Mbit/s)  

Bandwidth 
 

(Hz) 

Bandwidth 
Efficiency 
(bit/s/Hz) 

SISO Generic - - 1x1 64 - -   6 

      ά    ά - - 256 - -   8 

WLAN - 802.11n 2009 4x4 64 600 40 15 

      ά - 802.11ac 2013? 8x4 256 6770 160 42 (1) 

Cellular 3G HSPA+ 2008 4x4 64 84 5 17 

     ά 3.5G LTE 2009 4x4 64 300 20 15 

     ά 4G LTE-A 2014? 8x8 64 3,000 100 30 

Wi-Max 4G 802.16m 2011 4x4 64 365 20 18 (2) 

NOTES: 
(1) Achieved with 2 x Multi-User 4x4 MIMO. 
(2) Can aggregate up to 3 x 20 MHz channels to achieve 1,095 Mbit/s in 60MHz. 
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Topologies 
ÅSISO 

ÅSIMO 

ÅMISO 

ÅMIMO 

ÅMulti-User MIMO 
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SISO 

ÅSISO = Single Input Single Output 

ÅClassical radio link beginning with Marconi  (c 1901) 

ÅSingle input (transmitter) 

ÅSingle output (receiver) 

ÅNo receive diversity 
ÅFades in propagation path cause outages 

ÅCountermeasure 
Å Increase transmitter power -> Fade Margin 

ÅhǳǘŀƎŜǎ Ŏŀƴ ǎǘƛƭƭ ƻŎŎǳǊ ƛƴ άŘŜŜǇέ ŦŀŘŜǎ 

Transmitter 1 Receiver 1 
In Out 

h 

Channel Gain: h 

Guglielmo Marconi 
c. 1908 
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SIMO 

ÅSIMO = Single Input Multiple Output 
ÅReceive diversity 
ÅUsed since 1959 
ÅImproves link reliability 
ÅMultiple paths used 
ÅSelection diversity 
ÅCombining diversity 
ÅMaximal Ratio Combining 
ÅOptimal Ratio Combining 

ÅTypical usage 
ÅMicrowave point to point 
ÅCellular uplink 

 

Transmitter 1 Receiver 1 

Receiver 2 

Receiver NR 

In 

Out 

h1,1 

Channel Vector: 
h = [h1,1 h2,1 ... hNR,1]

T 

. 

. 
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MISO 

ÅMISO =  Multiple Input Single Output 

ÅTransmit diversity 

ÅDescribed by Alamouti [1] 1998 

ÅSpace Time Block Code 

ÅMultiple paths used 

Å Improves link reliability 

ÅNo bandwidth efficiency 
improvement 

ÅGood for cellular telephone systems 

Å Multiple transmitters at basestation 

Å Only 1 receiver at handset 

Å Cheaper, less complex, longer battery-
life 

Transmitter 1 Receiver 1 

Transmitter 2 

Transmitter NT 

. 

. 

. 

In 

Out 

S 

P 

h1,1 

Channel Vector: 
h = [h1,1 h1,2 ... h1,NT]

T 
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MIMO 

ÅSpatial multiplexing 
Å Single User is allocated multiple ¢ȄΩǎ & wȄΩǎ 

Å Users data is split between ¢ȄΩǎ 

Å Huge increase in bandwidth efficiency 

Å Units: bit/s/Hz 

ÅCapacity Comparison 
Å SISO, 4QAM:  

Å 2 bit/s/Hz 

Å MIMO, 16 Tx * 16Rx, 4QAM 

Å 32 bit/s/Hz 

 
ÅMIMO = Multiple Input Multiple Output 

ÅFirst described circa 1995  

ÅFoschini & Gans [2] 

ÅTeletar [4] 

ÅLocations 

Å Transmitters co-located 

Å Receivers co-located 

 

 

. 

. 

. 

Transmitter 1 Receiver 1 

Receiver 2 

Receiver Nr 

Transmitter 2 

Transmitter Nt 

In Out 

. 

. 

. 

S 

P 

P 

S 

Channel Matrix: 

h1,1  h1,2  ... h1,Nt 

h2,1  h2,2  ... h2,Nt 

 

hNr,1 hNr,2 ... hNr,Nt 
 

..
. 

..
. 

..
. H =  

Gerard J. Foschini 
c. 1998 
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Multi -User MIMO 

 
ÅMU-MIMO = Multi-User MIMO 

ÅLocations 

Å Transmitters co-located 

Å Receivers in different locations 

ÅEach receiver corresponds to a different User 

ÅEach User uses the same spectrum 

     at the same time as all the other Users 

. 

. 

. 

Transmitter 1 Receiver 1 

Receiver 2 

Receiver Nu 

Transmitter 2 

Transmitter Nt   
  
  

  
  

  
  

 P
re

co
d

e
r 

In #1 

. 

. 

. 

Channel Matrix: 

h1,1  h1,2  ... h1,Nt 

h2,1  h2,2  ... h2,Nt 

 

hNr,1 hNr,2 ... hNr,Nt 
 

..
. 

..
. 

..
. H =  

Out #1 

Out #2 

Out #Nu 

In #2 

In #Nu 

ÅPrecoding 

ÅCƻŎǳǎŜǎ !t ǇŀǘǘŜǊƴ ΨōŜŀƳΩ ƻƴǘƻ ǊŜǉǳƛǊŜŘ ǊŜŎŜƛǾŜǊ 

Åtǳǘǎ ǇŀǘǘŜǊƴ ΨƴǳƭƭǎΩ ƻƴǘƻ ŀƭƭ ƻǘƘŜǊ ǳǎŜǊǎ 

ÅΨ{Ǉŀǘƛŀƭ ŦƛƭǘŜǊƛƴƎΩ 

Å SDMA = Space Division Multiple Access 

ÅHuge increase in bandwidth efficiency 

Å Units: aggregate bits/s/Hz 
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Spatial Multiplexing 
ÅModel 

ÅMaths 
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Model 

. 

. 

. 

x1 

x2 

xNt 

+ 

+ 

+ 

. 

. 

. 

y1 

y2 

yNr 

n1 

n2 

nNr 

Channel 
Matrix 

H 

h1,1  h1,2  ... h1,Nt 

h2,1  h2,2  ... h2,Nt 

 

hNr,1 hNr,2 ... hNr,Nt 
 

..
. 

..
. 

..
. 

x1 

x2 

 

xNt 
 

Transmitted 
 Vector 

x 

..
. 

y1 

y2 

 

yNr 
 

Received 
Vector 

y 

..
. 

x1 

x2 

 

xNt 
 

Recovered 
Vector 

x ^ 

^ 

^ 

..
. 

^ 
n1 

n2 

 

nNr 
 

Noise 
Vector 

n 

..
. 

  
  
  

  
  

  
  

  
 

D
e
te

ct
o

r 

Detector 
Matrix 

W 

w1,1  w1,2  ... w1,Nr 

w2,1  w2,2  ... w2,Nr 

 

wNt,1 wNt,2 ... wNt,Nr 
 

..
. 

..
. 

..
. 

x1 
^ 

x2 
^ 

xNt 
^ 

hNr,Nt 

h1,1 

h1,2 

hNr,1 

h2,2 

h2,1 

h2,Nt 

h1,Nt 

hNr,2 
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Maths 
Åy = Hx + n 

Åx = Wy 

      = WHx + Wn 

ÅZero-Forcing Detector 
ÅW = (HHH)-1HH 

Åx = (HHH)-1(HHH)x + Wn 

       = Ix + Wn 

       = x  + n    « noise is enhanced by zero-forcing 

ÅOther Detectors 
ÅMMSE ς Minimum Mean Squared Error 
ÅOptimizes combined enhanced noise and cross-stream interference 

ÅMaximum Likelihood 

ÅBLAST 
 

 

^ 

^ 
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Multi -User MIMO (SDMA) 
ÅModel 

ÅMaths 
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Model 
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Maths 
Åz = Px 

Åx = Hz + n 

       = HPx + n 

ÅP = HH(HHH)-1 

Åx = (HHH) (HHH) -1x + n 

       = Ix + n 

       = x  + n 
 

 

^ 

^ 
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Information-Theoretic Channel Capacities 

ÅMIMO 

ÅMulti-User MIMO 
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MIMO 
ÅSISO Theoretical Capacity (Shannon) 
ÅC/B = log2(1 + SNR)    bit/s/Hz 

ÅMIMO Theoretical Capacity (Foschini [2]) 
ÅChannel Matrix H ƛǎ ŘŜŎƻƳǇƻǎŜŘ ƛƴǘƻ Ψ9ƛƎŜƴ /ƘŀƴƴŜƭǎΩ ǳǎƛƴƎ  ƳŀǘǊƛȄ 

singular value decomposition (SVD) 
ÅThe Sum Capacity is the sum of all of the individual Eigen Channel 

capacities ... 
    C/B = Si=1

R  log2(1+SNRi si
2(H)   bit/s/Hz,  

    where si are the singular values of H, & R is the rank of channel H  
ÅUncorrelated channel H (e.g. NLOS) 
ÅAll singular values si are roughly equal 
ÅC rises linearly with the rank R = min(Nt,Nu) 
Å i.e. C rises linearly with number of antennas 

ÅCorrelated Channel H (e.g. near LOS) 
ÅSome singular values si are near zero 
Å For full LOS, only one non-zero singular values si -> SISO capacity 

ÅGenerally, C rises less than linearly with number of antennas 
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MU-MIMO 

Number of Transmitter Antennas at Basestation 

S
u

m
 C

a
p

a
ci

ty
 (

b
it
/s

/H
z
) 

 /
 H

D
R

 S
u

m
 C

a
p

a
ci

ty
  
(b

it
/s

/H
z
)

 
Single cell, 20 users, 1 Rx Antenna per User, SNR = 5dB,  
/ƻƳǇƭŜȄ Dŀǳǎǎƛŀƴ /ƘŀƴƴŜƭΣ Ψ5ƛǊǘȅ tŀǇŜǊΩ /ƻŘƛƴƎΦ 

Source: [9] 

Optimal MU-MIMO Sum Capacity Relative to HDR 
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Some Australian Examples 
ÅCSIRO Off-Line MIMO Testbed 

ÅCSIRO Real-Time MIMO Demonstrator 

ÅCSIRO Ngara Access Field Trial 
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CSIRO Off-Line MIMO Testbed 
ÅCSIRO Wireless Technologies Laboratory Marsfield 
ÅFirst CSIRO foray into MIMO 
ÅInstigated by : Dr Boyd Murray 
ÅStarted           : 2002 
ÅCompleted    : 2004 
ÅStrategy         : Build up CSIRO expertise in MIMO 
ÅPractical equipment design 
ÅAcademic papers based on real-world experience & measurements 

ÅSpecs 
ÅNon-real-time 
ÅOff-line processing in Matlab 

ÅMIMO: 8x8 
ÅBandwidth: 20MHz 
ÅRF: 2.4GHz 

ÅOutcomes 
ÅNear real-time channel measurements 
ÅMIMO algorithm testing 
ÅConfidence 
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CSIRO Real-Time MIMO Demonstrator (1) 

Å CSIRO Wireless Technologies Laboratory Marsfield in 2007 
Å REAL-TIME digital signal processing using FPGAs 
Å Up to 8x8 MIMO 
Å Wide Bandwidth: 40MHz 
Å RF: 5.2GHz 
Å ²ƻǊƭŘΩǎ ŦƛǊǎǘ ǊŜŀƭ-time 4x4 MIMO for WLAN 802.11n 
Å Several world-record bandwidth efficiencies 

 
 

MIMO Transmitter (8 Channels)  MIMO Receiver (8 Channels)  

ÅDr Hajime Suzuki 
Å Project Leader 

ÅDr Boyd Murray 
Å RF System Design 
Å FPGA DSP Firmware Teamleader 

ÅProject team size: 8 

Source: [7] 
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CSIRO Real-Time MIMO Demonstrator (2) 

Single Transmitter IF/RF Module  Single Receiver RF/IF Module  

Source: [7] 

What is 
MIMO 

Topologies 
Spatial 
Multiplexing 

Multi-User 
MIMO 

Theoretical 
Capacities 

Australian 
Examples 

References Questions 

CSIRO  Off-Line MIMO Testbed CSIRO Real-Time MIMO Demonstrator CSIRO Ngara Access Field-Trial 



A
 B

ri
e
f 
 O

ve
rv

ie
w

 o
f  

M
IM

O
 T

e
ch

n
o

lo
g

y 

Ò
D

r 
B

o
y
d
 M

u
rr

a
y
  
2

0
1

3 
  

  
 M

u
rr

a
y
 W

ir
e

le
ss 

  
  
 E

: 
B

o
y
d
.M

u
rr

a
y@

m
u
rr

a
y
w

ir
e

le
ss

.c
o
m

.a
u

 
  

  
 W

: 
w

w
w

.m
u
rr

a
y
w

ir
e

le
ss

.c
o
m

.a
u
 

 

T
h

a
le

s,
 S

yd
n

e
y 

0
6-

Ju
n-

2
0

1
3 

25/30 

CSIRO Real-Time MIMO Demonstrator (3) 

MIMO Digital Module (Uses Xilinx FPGAs)  

Source: [7] 
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