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Why MIMO

* Motivation: current wireless systems
— Capacity constrained networks
— Issues related to quality and coverage
 MIMO exploits the space dimension to improve wireless systems
capacity, range and reliability
e MIMO-OFDM - the corner stone of future broadband wireless
access
— WIiFi —802.11n
— WIMAX — 802.16e (a.k.a 802.16-2005)
— 3G /4G
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Transmission on a multipath channel

In wireless communication the propagation channel is characterized by
multipath propagation due to scattering on different obstacles
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* Time variations: Fading => SNR variations
* Time spread => frequency selectivity
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Transmission on a multipath channel

Fading:

Amplitude (dB)
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* The received level variations result in SNR variations
* The received level is sensitive to the transmitter and receiver locations
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MIMO Defined

« MIMO is an acronym that stands for Multiple Input Multiple Output.

* [tis an antenna technology that is used both in transmission and
receiver equipment for wireless radio communication.

 There can be various MIMO configurations. For example, a 2x2
MIMO configuration is 2 antennas to transmit signals (from base
station) and 2 antennas to receive signals (mobile terminal).

Transmitter \ Receiver
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MIMO vs. SIMO/MISO

(Linear vs. Logarithmic Improvement)

Channel |

Capacity MIMO

C = log, (det[I+SNR/M H H])

logarithmic SIMO/MISO

C =log, (1+SNR)

No. of Antenna ]
Elements
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How MIMO Works

 MIMO takes advantage of multi-path.

 MIMO uses multiple antennas to send multiple parallel signals (from
transmitter).

* In an urban environment, these signals will bounce off trees,
buildings, etc. and continue on their way to their destination (the
receiver) but in different directions.

o “Multi-path” occurs when the different signals arrive at the receiver
at various times.

« With MIMO, the receiving end uses an algorithm or special signal
processing to sort out the multiple signals to produce one signal that
has the originally transmitted data.



Radio |[mn

" Radio pnn

Multiple data streams transmitted in a single channel at the same time
Multiple radios collect multipath signals

Delivers simultaneous speed, coverage, and reliability improvements
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Types of MIMO

« MIMO involves Space Time Transmit Diversity (STTD), Spatial
Multiplexing (SM) and Uplink Collaborative MIMO.

« Space Time Transmit Diversity (STTD) - The same data is
coded and transmitted through different antennas, which effectively
doubles the power in the channel. This improves Signal Noise Ratio
(SNR) for cell edge performance.

o Spatial Multiplexing (SM) - the “Secret Sauce” of MIMO. SM
delivers parallel streams of data to CPE by exploiting multi-path. It
can double (2x2 MIMO) or quadruple (4x4) capacity and throughput.
SM gives higher capacity when RF conditions are favorable and
users are closer to the BTS.

 Uplink Collaborative MIMO Link - Leverages conventional single
Power Amplifier (PA) at device. Two devices can collaboratively
transmit on the same sub-channel which can also double uplink
capacity.
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Space-Time Transmit Diversity
Alamouti Code

. ...—sa* 8y
.. 101101 g By Alamouti
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MIMOQO Increases Throughput
Spatial Multiplexing

IO Average Capacity for Raylelgh Feding Chennel

—— 1x1 SIS0
— 2x2 MIMO
— 3x3 MIMO

0 6 110 15 a0

Wireless throughput scales as
more radio transmissions are
added onto the same channel

Only baseband complexity, die
size/cost, and power consumption
limits the number of simultaneous
transmissions (assuming good
channel conditions)
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MIMO Channel Capacity

Capacity CDF, MIMO, SNR=10,20 dB
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MIMO Increases Range

Each multipath route is treated

|| as a separate channel, creating
‘ many “virtual wires” over which
A _! | —lﬁl to transmit signals
7P ﬂ < =T Traditional radios are confused
s ’ by this multipath, while MIMO

| ‘|

N takes advantage of these

“echoes” to increase range and
throughput
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Single Radio Performance (Office)
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MIMO Performance (Office)

5-10Mbps
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Single Radio vs. MIMO Performance

OMbps 10-15Mbps 20-30Mbps 40Mbps

= o s S

3-10Mbps 15-20Mbps 30-40Mbps

HDTV + SDTV + Gaming + Music + Internet + Voice
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Different from Traditional Multiple
Access Techniques

e Itis not FDMA — multiple users using the same frequency
e Itis not TDMA — multiple users communicate simultaneously

* Itis not CDMA/Spread Spectrum — frequency band occupied is
similar to that of conventional QAM system

 |tis not SDMA — there are no directed steered/switched beams in
space (e.g., smart antennas)

e |tis ECDMA (Environmental CDMA): like CDMA without having
to spread the signal through space-time coding; here the code is
the imprint of the environment on the signal and it comes free...

Exploiting Multipath Rather than Mitigating It



ireless and Information Technology 4

MIMO Channel
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The “Magic™:
Separating the self-coded signals

o 0 ) 0
o 0 D)
o o0 D)
o 0 D

using laser diodes using radio frequency
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MIMO Channel Matrix

0010110
MIMO Transmitter

—_—

Example for 3 X 4 system:

Number of spatial streams
equals rank(H) < min(M, N)

M RXers
\
e j: 1
<N
- ]

Tl P MIMO Receiver

h; are complex
numbers: a+jb
(amplitude&phase)
and frequency
selective

0010110

—
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How It Works

Example for 3 X 3 system:

i T | | hi1 hio his 11 b1 |
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Impact of Channel Model

MIMO performance is very sensitive to channel matrix invertibility

The following degrades the conditioning of the channel matrix:
 Antenna correlation caused by:

- small antenna spacing, or

- small angle spread

Line of sight component compared with multipath fading component:
- multipath fading component, close to i.i.d. random, is well
conditioned

- Line of sight component is very poorly conditioned.
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MIMO-SM In Line-of-Site

several km

The system is near rank one (non invertible)!

Spatial multiplexing requires multipath to work!!!



NIT - Center of Excellence in Wireless and Information Technology

Zero-Forcing Receiver

T4 hii ks . Sq

T | = | g han % | £1

Zero Forcing implements matrix (pseudo)-inverse (ignores noise
enhancement problems):

Where,
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Example

Simultaneous Transmission of 3 Different Bit-Streams

Q Channel
1 !

) . ) ! R
Data  [—{1USYmboll_J1 5pgi E} Rayleigh > AGWN | R
Mapping | Fading — R,
001011 0,2,3 1-1,-1 i
Sl Sz 83 _______________________________________________________
Scatter plot for 3x3, N=100 15
2 . .'v. 1 .
i} D ..-' . 0.5
w P P IR 2
E e CRTNIS g
=0 '.:.'5 N < o
| R 0.5
2 -1t
3 - - - : : 1.5 ' : S .
-3 -2 -1 0 1 2 3 -1.5 -1 -0.5 0 0.5 1 1.5

In-Phase In-Phase
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Downstream Signals

all signals sent at same fre cy and same time
AP MU
S, <H
it SRR N
slszsgsg S, 5% @ $,S,5.S,
S ) <+
N 0) N
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Mixed Signals

Downstream
AP MU
hll
Sy h, R,
h21

S, R,

channel mixing matrix
ncl)ise S, R,

R=H-S+n n

S, » R,

eg., R= h1181 T hlZSZ T h1383+ h14S4 T,
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The Recelved Signals

Ry = Ny3S; + NgpS, + hysS;+hy S+
Ry = Np1Sy + hppS; + hysS3 + hySy+n
R3 = N3;S; + N3pS, + N3aS3 + Ny, S+
Ry =hy1Sy + hypSy + NysSy + Sy +n

h, h, h13 hy,
B:ﬂ.§+n H= h21 hzz h23 h24
hyy hy  hy hy,
hy hy, hyg o hy, )
S<H' R~H*-H-S
o «—— IfHisill-conditioned (close to singular)
Y Y will be far from the identity matrix

Resulting in co-channel interference
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Spatial Correlation
or how well the matrix H is conditioned

T‘-H ) _
| Ray, o
Transmitter

R;ceﬁ; '{\d

=] !f‘
wave frofit
-
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Spatial Correlation (cont.)

Correlation
E[(v, — E0))(v, - EW))]
E| (v, —E0))’ |E| (v, - E(»))* |

Receive Antenna |1

'Jr' r
i,
= Za';. e’ | u,
i=l .

Receive Antenna 2

L
i, if8d r
—(Zaf}, e I} u, B=w/c. d =Dcos8,
= |

p=
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Spatial Correlation (cont.)

Correlation Drops Significantly for D>A When Angle
Spread >65°

spatial corre lation

cormlation

D/ lambda
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Co-Channel Interference

. (Y Yo Y Vi
Y=Hgy Hype#l v _ Yoo Yo Yz Yu
) | Yar Y2 Y Ya
S&Y-S Ya Yoo Y Yu)
SINR;, = 20log Yl
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Graceful Capacity Degradation in
Partially Correlated Channels

Multi-path
components
do not need
to be fully
Independent

3.2

P
I

Capacity Factor

—
oo
I

1B
1.4+

1.2
O

3x3 MIMO Correlated Channel

SNR=10dB

" C.=log, (det[I+SNR/M H HT]) / log, (1+hhTSNR)

| | | | | | | 1 |
o1 02 03 04 05 06 0OF 08 09 1
Correlation Factor
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Random Capacity in MIMO Channels

Correlation Effect

NR=10 dB

Capacity CDF, 3x3 MIMO, S

L

= e = =R sl e
= M (ny) -l oo i}
T T T T T T

=
LJ
T

Probability ( capacity < abscissa)

O
.

— uncorrelated

— 0.3 correlated |7

-- 0.6 correlated
— - 0.9 correlated
— SIS0 1x1

=

o 11
Capacity [bits/sec/Hz]

12 13 14 15
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Collaborative MIMO

Downstfeam\ mu
AP
S
S11 512 S13--- Sl—’ Sy _[>>>>
S21 S92 Sp3--- SL’ S _[>>>>
S31 S3p S33--- SB—’ S3 _[>>>>
Sy Sup Saze: | —2—s|  Sutd
Four 4x4 mixing matrices, one for each MU

2444

511 812 313- "

821 822 823- "

S31 539 S33. -

Sa1 542 S43- -
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Sll 812 813- (s
S21 522 S23---
S31 532 S33: -
S41 542 S43---

Collaborative MIMO

MU
Com s,
S11 S12 S13---

Upstream

o AP
<1 R

2 R2 _[>
Ss | R; >
S4 Ry H>

One 4x4 mixing matrix in the AP

I

Szl 822 323- -
S31 532 S33:- -+
S4
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Mixed Channels

Upstream
Four different Single AP
MU’s
hll
MU S, N, Ry
h21
MU, S, R,
channel mixing matrix
ncl)lse MU3 SS R3
R=H.S+n n
MU, S, » R,

eg., R= h1181 T hlZSZ T h1383+ h14S4 T,
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MIMO Pre-Processing at the Transmitter
A single antenna at the mobile

* AP pre-processes the signals based on channel
knowledge (CSI Tx)

« No MIMO processing in the mobile

AP sends linear combination of all signals from each
antenna such that when they all arrive at the mobile all
undesired signals cancel out

« Effectively AP solves the equation to each mobile

e Benefits:
— Mobile: lower cost, power and size

— Scalability: more MIMO channels possible resulting in higher
aggregate capacity

— Strong physical-layer security, hard to break
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Sll 812 813- (s
S21 S22 Sp3- -

831 832 533- .
S41 542 S43- -

All undesired signals cancel out at the mobile

MIMO Pre-Processing at the Transmitter

A single antenna at the mobile

AP
S 1)
SL’ S ’2 _[>>>>
S s
S S

MU
S
>>>> . S11 512 513+

821 822 823- (s
S31 539 S33.--

S

¢ 4
T 541542 543
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Mixed Channels

Downstream

Single AP Single MU

h Single antenna
11

channel mixing matrix
no/ise

R=H -8’ +n
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MIMO Pre-Processing at the Transmitter

Downlink
R=H-S+n
S'=W-S
R'=H-S'+n=H-W-S+n
H_J
W=H" Y
Y =Hy, Hest_l =1
S<Y-S
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End-to-End Reciprocity

AP MU
o R
T_ap H_U R mu
_en - Yeu—

 Practically, downstream and upstream channel matrices are not reciprocal
* AP Tx/Rx chain mismatch could result in significant performance degradation
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End-to-End Reciprocity (cont.)

H’ p=R muH pT ar end-to-end downstream
H u=R arH uT mu end-to-end upstream, estimated using training sequence

Note that R_mu, T_mu, R_arand T_ar are diagonal matrices
H b and H_u are the channel matrices (antenna-to-antenna) for downstream and
upstream, respectively

H p=R1 muH’ pT1 ap antenna-to-antenna downstream
H u=R1 aApH’> uT1 mu antenna-to-antenna upstream

H p=HT u reciprocity from EM theory
R muH pT! aAp=(R1 ApH uT® mu)T
RImuH Tl Ap=TI muH T uRl A

H p=R muT!l muH T uR1l ArT ar

Note that R_mu and T_mu are unknown
H’ u T apand R_arare known
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Calibration at the AP

P> p=H’T uR1 apT_aAp  matrix used for pre-processing

=R muH bT APP’1 b=R muH T Ap(H T UR1 ApT ap)-1
R muH DT Ap((R_ APH UuT mu) TRL ApT_ap) -1

R muHDT Af(T_ muHT uR APR1 APT Ap) !

R muH DT A(T_muH DR APR1 APT Ap) -1

R muH DT Ar(T_muH bT Ap) -1

R muH DT ApT1 aApHT DT mu

Y=R muH pH?1 pT! mu highly diagonal (low interference)
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No Calibration at the AP

P’ p=H’T_u matrix used for pre-processing

R muHDT ApP’1 p=R muH bT Ap(H’ T u) -1
muH bT_ap((R_APH uT mu) T) -1

muH DT Af(T_ muHT uR ap) 1

muH bT _Ar(T_muH bR Ap )t

Y
Y=R
Y=R
Y=R

Y=R muH bT ApPR! ApH1 DT -1 mu

- J
Y

diagonality could
be spoiled resulting
in interference
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End-to-End Reciprocity

Conclusions

AP Tx/Rx mismatch could result in significant performance
degradation

MU Tx/Rx mismatch has relatively small effect on performance
Calibration in the AP is necessary and sufficient
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Mobility Effects

* Motions of mobiles change the channel matrix

» Since the packet length is very short, the change of channel matrix
IS supposed to be negligible. Estimation of channel matrix using
header (preamble) only is considered as the channel responses for
decoding the entire packet.

 The SINR results are much worse than what were expected
originally. The reason is: when the condition number of H is very
high, H! is very sensitive to small changes of H.

« SINR for some multiplexing channels may be less than 10dB even
when the displacement of a Tx or Rx Is less than 2% of the
wavelength

« Better estimation of channel matrix is required.
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Effect of Mobilty

Statistical Model

\gA p

v\>‘ KAX

—_—

/

_ -16, ~ —j(@,+(271 ) Axcosg,)
hy = Zape — Iy = Zape p p
P p

8,, ¢, 1id uniformly[0,27]
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Header only

(o2}
o

N
o

N
o

S o
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O Mobiles: None Move

uplink

0 5 10

downlink

0 5 10
displacement (0.25% wavelength)

Input SNR=20dB

configuration
10 [+
* ..
., 000 SINR'’s constants and finite
5. * 0QOo+ : : :
0g0 (imperfect channel estimation
0 - ‘ due to noise)
0 5 10 15 20
10" 1 1
—— condition number of H
10°
10°
0 5 10 15
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O Mobiles:; 1 Moves
Input SNR=20dB

uplink
40
30
20
10
0 5 10
50
downlink

40

30

20— ‘

0 5 10

displacement (0.25% wavelength)

10

configuration
*
*
% Q00O
L * O QO*
OQ @
4
0 5 10 15 20
—— condition number of H f
0 5 10 15

-Uplink: ALL SINR’s are
deteriorating as the
displacement increases
except that for the moving
mobile

-Downlink: ALL SINR’s
remain unchanged except
that for the moving mobile
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Applications

« WLAN — WiFi 802.11n

 Mesh Networks (e.g., MuniWireless)
« WMAN - WIMAX 802.16e

o 4G

« RFID

e Digital Home
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@ High Throughput WiFi - 802.11n kbl
General

* Using the space dimension (MIMO) to boost data rates up
to 600 Mbps through multiple antennas and signal
processing

o Target applications include: large files backup, HD streams,
online interactive gaming, home entertainment, etc.

e Backwards compatible with 802.11a/b/g

h,, : v
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\\_
hl,? ~
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gﬁ? High Throughput WiFi - 802.11Nn  luled
Technology Overview

e 2.4 GHz and 5.8 GHz unlicensed bands
e Channel bandwidth of 20 MHz and 40 MHz
e Up to 4 spatial streams (e.g., 4x4)

e Current product offerings (pre-N) use only 2 spatial
streams with 3Tx / 3Rx in the AP and 2Tx / 3Rx in the
mobile supporting up to 300 Mbps

o Spatial diversity, spatial multiplexing, beamforming

 Enhancements in both PHY and MAC (e.g., frame
aggregation, block-ACK, space-time coding, power save,
green field mode, etc.)
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MIMO In MuniWireless

» High capacity (MIMO) cross-links
 WiFi access



«~—— single-hop comm.
«—— multi-hop comm.

» A collection of wireless mobile nodes that self-configure to form a
network (data rate + range)

* No fixed infrastructure is required
* Any two nodes can communicate with each other
» High capacity link are useful for scalability and multimedia services
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i Mobile-WiMAX 802.16e

Technology Overview

 Non line of site, up to 4-6 mbps per user for a few km
« 2.5 GHz (US) and 3.5 GHz licensed bands

e Channel bandwidth from 1.25 to 20 MHz

e QPSK, 16 QAM and 64 QAM modulation

« OFDMA access (orthogonal uplink)

« TDD for asymmetric traffic and flexible BW allocation

 Advanced Antenna Systems (AAS): Beamforming,
spatial diversity, spatial multiplexing using MIMO (2x2)
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MIMO in WIMAX
A 2x2 MIMO Configuration in 802.16e

N — .
- \ . Emob..e 2
m mobile 1

mobile

Downlink Uplink
(collaborative)

* Increasing spectral efficiency (bps/Hz)
« Downlink — higher capacity and user peak rates
» Uplink — higher capacity only
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DL Burst #3

UL Burst #2
Burst #4

PREAMBLE
DL-MAP

DL Burst #1

Sub Channels Logical Number

UL Burst #3

DL Bursi 2
Ranging Channels

Time — OFDMA Symbols (Ts)k+| -
m

QPSK [16@QAMY| 16QAM DAERI
Ya 112 3/4 25

OFDMA TDD Frame Structure
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Time/Frequency Multi-User Diversity
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MIMO in WiMAX (cont.)

Layer 3 Throughput Comparison

throughput per sector/per channel
technology downlink uplink
1| Fee 2 Rx 2 RX
IXEVDO revA | 0.9 Mbps 1.3 Mbps 0.5 Mbps
2.5 MHz
HSPA 10 MHz | 2.4 Mbps 3.6 Mbps 1.5 Mbps
Mobile WiMax NA 14 Mbps 5.3 Mbps
2ze| 1B D)L
2x2 -10 MHz
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MIMO In RFID

A

gy 1))}

A

« Increasing read reliability using space diversity X
* Increasing read range and read throughput
 Full channel information at the reader

comes for free (tag backscatter)
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MIMO Enables the Digital Home

MIMO delivers whole home coverage
with the speed and reliability to stream
multimedia applications

MIMO can reliably connect cabled video
devices, computer networking devices,
broadband connections, phone lines,
music, storage devices, etc.

MIMO is interoperable and can leverage
the installed based of 802.11 wireless
that is already deployed: computers,
PDAs, handheld gaming devices,
cameras, VoIP Phones, etc.
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Modern radio communication systems have
to provide higher and higher data rates. As
conventional methods like using more
bandwidth or higher order modulation types
are limited, new methods of using the
transmission channel have to be used.
Multiple antenna systems (Multiple Input,
Multiple Output — MIMO) gives a significant
enhancement to data rate and channel
capacity.

This application note gives an introduction to
basic MIMO concepts and terminology and
explains how MIMO is implemented in
different radio communications standards.
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2.1

Introduction

All radiocommunications systems, regardless of whether mobile radio networks like
3GPP UMTS or wireless radio networks like WLAN, must continually provide higher
data rates. In addition to conventional methods, such as introducing higher modulation
types or providing larger bandwidths, this is also being achieved by using multiple
antenna systems (Multiple Input, Multiple Output — MIMO).

This application note gives an introduction to basic MIMO concepts and terminology
and explains how MIMO is implemented in the different radiocommunications
standards. The solutions offered by Rohde & Schwarz are presented in the conclusion.
The MIMO terminology refers to the channel, thus the transmitter is the channel input
and the receiver the channel output.

MIMO

Several different diversity modes are used to make radiocommunications more robust,
even with varying channels. These include time diversity (different timeslots and
channel coding), frequency diversity (different channels, spread spectrum, and OFDM),
and also spatial diversity. Spatial diversity requires the use of multiple antennas at the
transmitter or the receiver end. Multiple antenna systems are typically known as
Multiple Input, Multiple Output systems (MIMO). Multiple antenna technology can also
be used to increase the data rate (spatial multiplexing) instead of improving
robustness.

In practice, both methods are used separately or in combination, depending on the
channel condition.

Conventional Radio System (SISO)

Conventional systems use one transmit and one receive antenna. In MIMO
terminology, this is called Single Input, Single Output (SISO) (Figure 1).

SIS0

Figure 1: SISO antenna configuration
Shannon-Hartley theorem

According to Shannon, the capacity C of a radio channel is dependent on bandwidth B
and the signal-to-noise ratio S/N. The following applies to a SISO system:

1MA142_0e
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C=Blogz(1+%)

Formula 1: Shannon-Hartley theorem for SISO

2.2 Multiple Antenna Systems

A MIMO system typically consists of m transmit and n receive antennas (Figure 2). By
using the same channel, every antenna receives not only the direct components
intended for it, but also the indirect components intended for the other antennas. A
time-independent, narrowband channel is assumed. The direct connection from
antenna 1 to 1 is specified with h44, etc., while the indirect connection from antenna 1
to 2 is identified as cross component h,4, etc. From this is obtained transmission matrix
H with the dimensions n x m.

hiy hyz h.. hiy

h21 hzz h.. hon

h.. h. h. h,
hn'l hn2 hn_ hnm

Formula2: Matrix H

m transmit antennas nreceive antennas

AR

X H

Figure 2: General MIMO

The following transmission formula results from receive vector y, transmit vector x, and
noise n:

1MA142_0e Rohde & Schwarz Introduction to MIMO 4
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y=Hx+n.

Formula 3: MIMO transmission

Data to be transmitted is divided into independent data streams. The number of
streams M is always less than or equal to the number of antennas; in the case of
asymmetrical (m # n) antenna constellations, it is always smaller or equal the minimum
number of antennas. For example, a 4x4 system could be used to transmit four or
fewer streams, while a 3x2 system could transmit two or fewer streams.

Theoretically, the capacity C increases linearly with the number of streams M.

C=MBlogg(1+%)

Formula 4: Shannon-Hartley theorem for MIMO

Single User MIMO (SU-MIMO)

When the data rate is to be increased for a single UE, this is called Single User MIMO
(SU-MIMO)

Base station LE

Figure 3: SU-MIMO

Multi User MIMO (MU-MIMO)

When the individual streams are assigned to various users, this is called Multi User
MIMO (MU-MIMO). This mode is particularly useful in the uplink because the
complexity on the UE side can be kept at a minimum by using only one transmit
antenna. This is also called 'collaborative MIMO'.

1MA142_0e
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UE1

UEZ2

Base station

Figure 4: MU-MIMO

Cyclic delay diversity (CDD)

CDD introduces virtual echoes into OFDM-based systems. This increases the
frequency selectivity at the receiver. In the case of CDD, the signals are transmitted by
the individual antennas with a time delay. Because CDD introduces additional diversity
components, it is particularly useful as an addition to spatial multiplexing.

2.21 Spatial Diversity

The purpose of spatial diversity is to make the transmission more robust. There is no
increase in the data rate. This mode uses redundant data on different paths.

2.21.1 RX Diversity

RX diversity uses more antennas on the receiver side than on the transmitter side. The
simplest scenario consists of two RX and one TX antenna (SIMO, 1x2).

T - ¥
1 1

SIMO

Figure 5: SIMO antenna configuration

Because special coding methods are not needed, this scenario is very easy to
implement. Only two RF paths are needed for the receiver.

1MA142_0e Rohde & Schwarz Introduction to MIMO 6
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221.2
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Rx —

Feceiwved Signal Switched Diversity  Maximum REatioCombining

SMR,
EUB}If

C=maxfB)

Figure 6: RX diversity
Because of the different transmission paths, the receiver sees two differently faded
signals. By using the appropriate method in the receiver, the signal-to-noise ratio can

now be increased. Switched diversity always uses the stronger signal, while maximum
ratio combining uses the sum signal from the two signals (see Figure 6).

TX Diversity

When there are more TX than RX antennas, this is called TX diversity. The simplest
scenario uses two TX and one RX antenna (MISO, 2x1).

W =-T
1 1

MISO

Figure 7: MISO antenna configuration

In this case, the same data is transmitted redundantly over two antennas. This method
has the advantage that the multiple antennas and redundancy coding is moved from
the mobile UE to the base station, where these technologies are simpler and cheaper
to implement.

To generate a redundant signal, space-time codes are used. Alamouti developed the
first codes for two antennas.

1MA142_0e
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2.2.2

Space-time codes additionally improve the performance and make spatial diversity
usable. The signal copy is transmitted not only from a different antenna but also at a
different time. This delayed transmission is called delayed diversity. Space-time codes
combine spatial and temporal signal copies as illustrated in Figure 8. The signals s,
and s, are multiplexed in two data chains. After that, a signal replication is added to
create the Alamouti space-time block code.

jl) Space

q_Y
[ ] 51 &1 — & j:)
58 *
1 4 & Eq & Time
Figure 8: Alamouti coding

Additional pseudo-Alamouti codes were developed for multiple antennas [14][15].

The coding can also be handled in the frequency domain. This is called Space-
frequency coding.

Spatial Multiplexing
Spatial multiplexing is not intended to make the transmission more robust; rather it
increases the data rate. To do this, data is divided into separate streams; the streams

are transmitted independently via separate antennas.

Because MIMO transmits via the same channel, transmissions using cross
components not equal to 0 will mutually influence one another.

I111 h12
h21 hEE

Figure 9: MIMO 2x2 antenna configuration

If transmission matrix H is known, the cross components can be calculated on the
receiver.

In the open-loop method, the transmission includes special sections that are also
known to the receiver. The receiver can perform a channel estimation.

In the closed-loop method, the receiver reports the channel status to the transmitter via
a special feedback channel. This makes it possible to respond to changing
circumstances.

1MA142_0e
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2.2.3 Beamforming

Antenna technologies are the key in increasing network capacity. It started with
sectorized antennas. These antennas illuminate 60 or 120 degrees and operate as one
cell. In GSM, the capacity can be tripled, by 120 degree antennas. Adaptive antenna
arrays intensify spatial multiplexing using narrow beams. Smart antennas belong to
adaptive antenna arrays but differ in their smart direction of arrival (DoA) estimation.
Smart antennas can form a user-specific beam. Optional feedback can reduce
complexity of the array system.
Beamforming is the method used to create the radiation pattern of an antenna array. It
can be applied in all antenna array systems as well as MIMO systems.
Smart antennas are divided into two groups:
- Phased array systems (switched beamforming) with a finite number of
fixed predefined patterns
- Adaptive array systems (AAS) (adaptive beamforming) with an infinite
number of patterns adjusted to the scenario in realtime

Figure 10: Switched beamformer and adaptive beamformer

Switched beamformers electrically calculate the DoA and switch on the fixed beam.
The user only has the optimum signal strength along the center of the beam. The
adaptive beamformer deals with that problem and adjusts the beam in realtime to the
moving UE. The complexity and the cost of such a system is higher than the first type.

3 MIMO in Radio Communications Systems

Various mobile radio and network standards use MIMO. This section provides a brief
overview of the various implementations. In principle, all standards use TX diversity
and spatial multiplexing.

More detailed explanations for the individual standards are provided in the dedicated
sections.

1MA142_0e Rohde & Schwarz Introduction to MIMO 9



MIMO in Radio Communications Systems

3.1 3GPP UMTS

The 3GPP mobile radio standard (UMTS) has undergone numerous phases of
development. Starting with WCDMA, various data acceleration methods have been
introduced, including HSDPA and HSUPA. The newest releases cover HSPA+ and
Long Term Evolution (LTE).

3.1.1 HSPA+ (3GPP Release 7/8)

A transmit diversity mode had already been introduced in Release 99 (WCDMA).
Release 7 of the 3GPP specification (HSPA+) expanded this approach to MIMO and
again increased the data rate with respect to Release 6 (HSDPA). The introduction of
64QAM modulation and MIMO in the downlink makes a peak data rate of 28 Mbps
(Rel. 7) possible. In Rel. 7 MIMO and 64QAM can not be used simultaneously. Since
Rel. 8 the simultaneous use is possible which leads to peak data rates up to 42 Mbps.
Uplink MIMO is not provided.

MIMO was introduced in the form of a double transmit antenna array (D-TxAA) for the
high speed downlink shared channel (HS-DSCH).

Prirmary CPICH. Aot
transport block W e
[he-DschH -+ 'eH —+{ z z
T processing | L i
I:?' .
Spreadsfscramble W]
Secondary - ;
tranzport black é ! W, Pt
I /| |~ ’ I _| ?
H5-D5CH processing = T
==
e O | CPICH.
W w
Primary: Mwaws present for scheduled UE |
: 1 Determine weight info
Secondary. Optionally present farschedaled UE Wizight G naration message fn:umguplink

Figure 11: HSPA+ MIMO

With D-TxAA, two independent data streams can be transmitted simultaneously over
the radio channel using the same WCDMA channelization codes. The two data
streams are indicated with blue and green color in Figure 11. After spreading and
scrambling, precoding based on weight factors is applied to optimize the signal for
transmission over the mobile radio channel. Four precoding weights w1 to w4 are
available. The first stream is multiplied with wy and w,, the second stream is multiplied
with w3 and w,. The weights can take the following values:

A

1MA142_0e Rohde & Schwarz Introduction to MIMO 10
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E E

LV G ) S At o,
2 2 2 2

Formula 5

Note that w, is always fixed, and only w, can be selected by the base station. Weights
w3 and w, are automatically derived from w; and w,, because they have to be
orthogonal. The base station selects the optimum weight factors based on proposals
reported by the UE in the uplink.

In addition to the use of MIMO in HS-DSCH, the weight information must be
transmitted to the UE via the HS-SCCH control channel. Although MIMO is not
provided in the uplink, MIMO-relevant information still does have to be transmitted in
the uplink. The UE sends a precoding control indication (PCI) and a channel quality
indication (CQl) in the HS-DPCCH, which allows the base station to adapt the
modulation, coding scheme, and precoding weight to the channel conditions.

For more information on HSPA+, refer to [7].

3.1.2 LTE (3GPP Release 8)

UMTS Long Term Evolution (LTE) was introduced in 3GPP Release 8. The objective is
a high data rate, low latency and packet optimized radio access technology. LTE is
also referred to as E-UTRA (Evolved UMTS Terrestrial Radio Access) or E-UTRAN
(Evolved UMTS Terrestrial Radio Access Network).

The basic concept for LTE in downlink is OFDMA (Uplink: SC-FDMA), while MIMO
technologies are an integral part of LTE. Modulation modes are QPSK, 16QAM, and
64QAM. Peak data rates of up to 300 Mbps (4x4 MIMO) and up to 150 Mbps (2x2
MIMO) in the downlink and up to 75 Mbps in the uplink are specified.

For an introduction to LTE, refer to [2] [3] [4]. For more information on MIMO in LTE,
refer to [6].

Downlink

The following transmission modes are possible in LTE:

Single antenna transmission, no MIMO

Transmit diversity

Open-loop spatial multiplexing, no UE feedback required

Closed-loop spatial multiplexing, UE feedback required

Multi-user MIMO (more than one UE is assigned to the same resource block)
Closed-loop precoding for rank=1 (i.e., no spatial multiplexing, but precoding is
used)

e Beamforming

1MA142_0e Rohde & Schwarz Introduction to MIMO 11
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Antenna
- Resource - ports
. | Modulation - CFDMA signal
Scrambling > element generation I
Layer TEppEr
¥ Pracoding
ISP Fesource
. Modulation OFDMA signal
Scrambling - elament - N —
mapper mapper generation

Figure 12: LTE downlink

In LTE, one or two code words are mapped to one to four layers ("layer mapper"
block). To achieve multiplexing, a precoding is carried out ("precoding” block). In this
process, the layers are multiplied by a precoding matrix W from a defined code book
and distributed to the various antennas. This precoding is known to both the transmitter
and the receiver. In the specification, code books are defined for one, two, and four
antennas, as well as for spatial multiplexing (with and without CDD) and transmit
diversity. Table 1 shows the code book for spatial multiplexing with two antennas as an
example. Code books for four antennas are also defined.

Spatial multiplexing LTE

Code book
index

Number of layers

Table 1: LTE precoding matrix for a maximum of two layers

Uplink
In order to keep the complexity low at the UE end, MU-MIMO is used in the uplink. To
do this, multiple UEs, each with only one Tx antenna, use the same channel.

3.2 WiMAX™ (802.16e-2005)

WiMAX™ promises a peak data rate of 74 Mbps at a bandwidth of up to 20 MHz.
Modulation types are QPSK, 16QAM, and 64QAM.

1MA142_0e Rohde & Schwarz Introduction to MIMO 12
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Downlink

The WiMAX™ 802.16e-2005 standard specifies MIMO in WirelessMAN-OFDMA mode.
This standard defines a large number of different matrices for coding and distributing to
antennas. In principle, two, three or four TX antennas are possible. For all modes, the
matrices A, B, and C are available. In the "STC encoder" block, the streams are
multiplied by the selected matrix and mapped to the antennas (Figure 13).

Modulat Sub- >
£ r!}_. i > % E
—|Encoder; odulatio 1y ni‘:r;p&ilr-lg-' | IFFT ¥ rsiter —# Dac |» RF :
STC || | PRBS [ !
encoder | —
1 il o
: ) Suh- oy . o
4 Niodiation|—p M camer (=B IFFT ¥ Fiter | DAC [
PEBS 4

Figure 13: WiMAX™ downlink

In actual systems typically only matrices A and B are implemented:

St -S% Si
_82 S’k1 82

Formula 6: WiMAX™ matrices A and B for two antennas

A=

Matrix A corresponds to TX diversity, while matrix B corresponds to spatial multiplexing
(known in the literature as "True MIMQO").

Corresponding matrices also exist for three and four antennas.

Uplink

In Uplink-MIMO only different pilot patterns are used. Coding and mapping is the same
like in non-MIMO case. In addition to single user MIMO (SU-MIMO) two different user
can use the same channel (collaborative MIMO, MU-MIMO).

For more information on WiMAX™, refer to [10] [11].

3.3 WLAN (802.11n)

WLAN as defined by the 802.11n standard promises a peak data rate of up to 600
Mbps at a bandwidth of 40 MHz. Modulation types are BPSK,QPSK,16QAM, and
64QAM. It is backward compatible with the previous standards 802.11 a/b/g.

With up to four streams, it supports up to a maximum of four antennas.

For more information on WLAN, refer to [12] [13].

1MA142_0e Rohde & Schwarz Introduction to MIMO 13
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WLAN differentiates between spatial streams (SS) and space-time streams (STS). If
Nss < Nsts, then a space-time block encoder ("STBC") distributes the SS to the STS
and adds transmit diversity by means of coding (Downlink block diagram Figure 14).
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Figure 14: WLAN downlink

Figure 15 shows the matrix for Nss = 1 and Ngts = 2 as an example.

d; di+1
-d%.q  d
Figure 15: Coding for SS -> STS (Nss = 1, Nsrs = 2)

In the "spatial Mapping" block, the STS is mapped to the transmit chains (N1x). Three
different methods are provided:

e Direct mapping
— 1-to-1 mapping from STS to TC.
e Spatial expansion
— Additional multiplication with a matrix. Figure 16 gives an example of two STS
and three TX antennas.

fad| pa]

|
|
N

10
01
10
Figure 16: Example matrix for two STS and three TX

e Beamforming
— Additional multiplication with a steering vector

1MA142_0e Rohde & Schwarz Introduction to MIMO 14
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3.4 Outlook

4.1

Future standards will continue to use MIMO technology. At present, the following
standards with MIMO are being worked on:

e |TE Advanced

The goal is to provide 1 Gbps at 100 MHz bandwidth in downlink direction.

e 1xEV-DO Rev. C

The goal is to provide 18 Mbps at 1.25 MHz bandwidth in forward link.

e  WiMAX™ 802.16m

The goal is to provide 300 Mbps at 20 MHz bandwidth in downlink direction.

Rohde & Schwarz Solutions

Rohde & Schwarz offers various instruments and systems for the individual radio
communications standards that use MIMO.

Signal generators are able to perform receiver test in MIMO conditions for up- and
downlink in non-signaling. Signal analyzers are used to test the transmitter side. Mobile
radio testers provide additionally signaling tests for RF testing or protocol testing. RF
test systems provide full RF conformance tests.

Signal Generators

SMU200A vector signal generator

The UE receiver tests can be performed using SMU signal generators from Rohde &
Schwarz. The SMU can generate the individual antennas for all MIMO standards
(802.11n, 802.16e-2005, and 3GPP Rel. 7 and Rel. 8).

In addition, the SMU performs the channel simulation (MIMO), whereby the individual
correlations can be modified. In addition, the SMU realtime fading is available with
predefined profiles for all standards. AWGN can be added for both channels.

1MA142_0e
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Figure 17: SMU overview

In a single instrument, two antennas can be generated with fading and MIMO for the
individual standards. By connecting two instruments together, up to four antennas can
be simulated.

By adding the "Phase Coherence" option (SMU-B90), precise phase relationships can
be ensured for up to four antennas for beamforming.

AMU200A baseband signal generator and fading simulator

In addition to the baseband generation of various radiocommunications standards, the
AMU provides MIMO fading via digital inputs/outputs for the CMW as well as for the
SMATE. The combination of AMU and SMATE has the same functionality like a two
channel SMU but provides additionally full frequency range up to 6 GHz on both
channels.

1MA142_0e
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4.2 Signal Analyzers

For the transmitter test, the FSQ, FSG, and FSV signal/spectrum analyzers are
available. They can carry out both the SISO measurements for the individual standards
as well as most of the MIMO measurements.

In addition to the SISO measurements, a single FSx can also complete certain MIMO
measurements, such as TX diversity and special spatial multiplexing modes. By
connecting multiple FSx instruments together (maximum four), up to four antennas can
be measured or demodulated simultaneously. A lot of the MIMO measurements
anyhow can be performed by a single instrument.

4.3 Mobile Radio Testers
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CMW500 wideband radio communication tester

The CMW500 wideband radio communication tester is a scalable tester for all stages
of UE testing from R&D up to conformance. As an LTE protocol tester, it allows
verification of all protocol layers up to the user plane. Signaling test scenarios can be
flexibly created via powerful programming interfaces. CMW500 supports MIMO testing
as well.

CMW270 WIiMAX™ communication tester

The CMW270 is the first all-in-one test solution for WiMAX™ mobile stations: from
realistic mobile station test in full signaling mode to high-speed, low-cost test in
non-signaling mode for RF alignment. In addition, the CMW270 supports WiMAX™
MIMO tests, including matrix A and matrix B verification with two antennas.

4.4 Systems

Complex RF test scenarios need to be covered to thoroughly verify MIMO handsets.
MIMO also plays an important role in RF conformance testing and UE certification.
Rohde & Schwarz provides custom-tailored RF test systems for WiMAX™ and LTE,
addressing test applications from R&D up to conformance.

R&S®TS8980 LTE RF test system
The TS8980 supports LTE mobile phone development with fully automatic RF

transmitter and receiver tests. It has a modular design and can be configured to
support precompliance through conformance tests and is MIMO-ready.
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R&S®TS8970 mobile WiMAX™ RCT

The TS8970 RCT was developed in response to a call for proposals from the WiMAX
Forum®. The system includes BS and MS radio certification test cases for Mobile
WiMAX™, including MIMO tests, adaptive modulation/coding, and beamforming
verification. With its scalability and outstanding measurement accuracy, the TS8970 is
optimally suited for applications in R&D, quality assurance, precompliance and, of
course, for the certification testing of WiMAX™ devices.

R&S®TS8975 WIMAX™ RF preconformance test system

The TS8975 handles most of the tests offered by the TS8970 and is the cost-effective
solution for quality assurance and precompliance testing.
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5 Appendix
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[15] M. Jankiraman: “Space-Time Codes and MIMO Systems” Artech House, (2004)

5.2 Additional Information

Please send your comments and suggestions regarding this application note to

TM-Applications@rohde-schwarz.com

Please also visit the technology sites at www.rohde-schwarz.com/technologies/mimo .
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6 Ordering Information

Please visit our website www.rohde-schwarz.com and contact your local Rohde &

Schwarz sales office for further assistance.

Ordering Information

Vector Signal Generator

SMU200A Vector Signal Generator 1141.2005.02
SMATE200A Vector Signal Generator 1400.7005.02
AMU100A Baseband Signal Generator 1402.4090.02

Signal Analyzers, Spectrum Analyzers

FSQ Up to 3, 8, 26, 31 or 40 GHz 1155.5001.xx
FSG Upto 8 or 13 GHz 1309.0002.xx
FSV Upto 3or7 GHz 1307.9002.0x

xx stands for the different frequency ranges (e.g. 1155.5001.26 up to 26 GHz)

Radio Communication Tester

Test System

. ™ . .
CMwW270 WIMAX'™ Communication 1201.0002K75
Tester
CMW500 Wldebanf:i Ra.dlo 1201.0002.50
Communication Tester
Systems
TS8990 LTE RF Test System 1510.6002.02
TS8970 WiMAX™ RCT 1162.0001.02
TS8975 WiMAX™ RF Preconformance

1510.6954.02

Note: Available options are not listed in detail.
Please contact your local Rohde & Schwarz sales office for further assistance.
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About Rohde & Schwarz

Rohde & Schwarz is an independent group
of companies specializing in electronics. It is
a leading supplier of solutions in the fields of
test and measurement, broadcasting,
radiomonitoring and radiolocation, as well as
secure communications. Established 75
years ago, Rohde & Schwarz has a global
presence and a dedicated service network
in over 70 countries. Company headquarters
are in Munich, Germany.

Regional contact

Europe, Africa, Middle East

+49 1805 12 42 42* or +49 89 4129 137 74
customersupport@rohde-schwarz.com

North America
1-888-TEST-RSA (1-888-837-8772)
customer.support@rsa.rohde-schwarz.com

Latin America
+1-410-910-7988
customersupport.la@rohde-schwarz.com

Asia/Pacific
+65 65 13 04 88
customersupport.asia@rohde-schwarz.com

Certified Quality System

1ISO 9001

DQS REG MO 1954 QM

Certified Environmental Systermn

ISO 14001

DAS REG MO 1954 UM

This application note and the supplied
programs may only be used subject to the
conditions of use set forth in the download
area of the Rohde & Schwarz website.
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