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Overview

Multiple-antennas systems have generated great interest for high data

rate wireless communications, since they can
e significantly boost channel capacity
e lower the probability of error

of a wireless communications link. (Key: spatial diversity)

Applications abound and include:

e wireless LAN, fixed wireless access, mobile wireless, wireless

Internet, etc.

What does all this mean for wireless networks?
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\ Why Multiple Antennas? /

Spatial diversity is not a new thing (antenna arrays have been around for
quite a while)

e In fact, the idea of diversity has also been around and has been
exploited in a variety of forms
— temporal diversity
— frequency-domain diversity
— multi-user diversity
All these make communications more reliable, but they do not

directly increase the channel capacity.

To increase capacity, it was traditionally believed that one has to either
increase the transmit power or increase the bandwidth:

C' = Blog(1 + p).

/29292 of which is particularly exciting :( K
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But what about multiple antennas? Well, pre-1995:
e fading is bad, scattering environment is bad
e line-of-sight is good
e beam-forming, angle-of-arrival estimation are the way to go

e capacity grows logarithmically in number of receive antennas

Things changed around 1995 (Foschini, Telatar). Now we know better:
e Fading is good! Rich-scattering environment is good!

e Capacity increases linearly in the minimum of the number of receive

and transmit antennas.

This is now an exciting solution :)
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Research Challenges

e information theory
e coding theory (space-time codes)
e signal processing

e experimental — the propagation environment

— Rayleigh vs. Rician fading, rich-scattering vs. line-of-sight
e RF circuits, antenna design

e system issues, network issues, multiple access, etc.

Will focus on the first three items.

(What does this all mean for wireless networks?)
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nformation Theory

rich scattering
environment q
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If the channel is known at the receiver, Wyner showed in the s that

C = logdet A -+ b|v
In 1995, Foschini and Telatar observed that, if  is rich-scattering,

C' = min( Jlogp+ (1).
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e Take p = db. Then the capacity of a single-antenna system is 5.9
bits sec , Whereas the capacity of a 1 1 multi-antenna system
is 55. bits sec

— this implies that for a 1 1 system it is theoretically possible

to transmit at rate 1. 5 Mbit sec over a k  bandwidth
— to get the same rate with a single-antenna system requires a

bandwidth of k ,oran SNR of1 db!

e f course, all this depends on the receiver knowing the channel.
This is a reasonable assumption if  is not too large, or if the

channel is not fading too rapidly.
— so it makes sense for fixed-wireless access

— but what about mobile wireless? (industry is beginning to

consider : and systems)




The loc a ing Channel

A somewhat realistic model of a fading channel is the loc fading model:
is unknown to the receiver, but is fixed for a coherence interval of

channel uses, after which it changes to an independent value.
e computing the capacity for this channel is an open problem

e the high SNR capacity is ( heng and Tse , assibi and
Mar etta 1)

C = AH Iv_omb+ (1) = min( —)

e utocapacity ( assibi, Mar etta and ochwald ): If  and
are large enough ( and appear to su ce) then reliable
communication can be achieved by coding over a single coherence

interval.




ow to achieve this capacity?

e ne method is to employ a training-based scheme:

— use a portion of the coherence interval to send training symbols

so that the receiver can learn the channel
— use the rest of the coherence interval to transmit data, assuming

that the receiver knows the channel

e Analysis of training-based schemes shows that ( assibi and
ochwald )

— if optimi ed correctly, training-based schemes can achieve
capacity at high SNR

— training-based schemes are by their very nature highly
suboptimal at low SNR




ow to Convey nformation?

In the block-fading model, it is useful to gather all the transmit and
receive signals during one coherence interval into and

matrices

so that we may write
= — +

Thus, in multi-antenna systems, we transmit matrices and receive
maftrices.

But how can we convey information, given that is unknown?
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If we assume high SNR (or ignore the additive noise term ),

P

ey o servation cannot alter the subspace spanned by the columns of

e Therefore what we can convey is this subspace information.

e The subspace information is best represented when the columns of
are orthonormal.

e Such transmission schemes are referred to as unitary space time
modulation ( STM).

12




Space-Time Co es

In multi-antenna systems the codes constellations signals transmitted

and received are matrices.

e The extra spatial dimension adds a whole new twist to the problem
of designing codes and constellations.

A space time code (space-time constellation) is any set =

of = : complex matrices.
b, Coceboo] 5 (1 ' Rayleigh flat-fading channel ' . b,
b X I I X b
"N —> Rt (X ——=(X) \MJ : Decoder ——> "N
IR . .
_o_u._. 1/2 " " U_M._.
- - (P/M) ! H (MxN) wW A._.va__ -
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Space-time codes fall under two general categories

o (coherent detection): here there is no

restriction on the

— the maximum-likelihood decoder is given by

arg min

o (noncoherent detection): here the

have orthonormal columns

— the maximum-likelihood decoder is given by

arg max

14



inear Space-Time Co es

The most widely used class of known channel space-time codes are linear.

e The first such code was introduced by Alamouti in 199 and is

called an orthogonal design

These have many desirable properties, but they cannot be easily

generali ed to more than two transmit antennas.

A general linear space-time code has the form

= + B

where the B are fixed matrices, and the scalars

carry the information.
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esign of Space-Time Co es

The quality of a space-time code is determined by the probability of
mistaking one element of by another. At high SNR, the probability of

mistaking  with  is dominantly dependent on det( ) -

e This leads us to the so-called determinant criterion (Fit et al 199 |
Tarokh et al 199 )

max min det( )

— this criterion is very di cult to use for the design of high rate

codes, especially when

— it also has the unsatistactory property of not depending on

Any code for which det( ) is non- ero for all = is called

fully diverse.




A more useful criterion is based on maximi ing mutual information

( assibi and ochwald ). This leads to the following criterion
max  logdet + £ (1)
where = ( B ) is determined by
Re( )
Im( )
Re
vec C) = B )
Im( )
Re( )
Im( )

e The optimi ation problem (1) can be numerically solved for any rate

and for any number of transmit antennas

e The optimal codes are referred to as d (L ) codes

and they depend explicitly on




ere, for example, is an

):

ochwald

optimal three-antenna L

code ( assibi and
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complexity exponent

I
—— L=2 analytical
— — L=2 empirical
—©— L=4 analytical
A~ L=4 empirical
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