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Overview I

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.
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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

e increase the transmit power: C = log(1 + p)

e or, increase the bandwidth: C = limp_, Blog(l1+ p/B) =p

Qeither of which is particularly exciting :( /
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But what about mutliple 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 I

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.
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/ Information Theory' \
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If the channel H is known at the receiver, Wyner showed in the 70’s that

H*H
C = FElogdet (IN +p i )

In 1995, Foschini and Telatar observed that, if H is rich-scattering,

\ C = min(M, N)logp + O(1). j
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e Take p = 20db. Then the capacity of a single-antenna system is 5.9
bits/sec/Hz, whereas the capacity of a 10 x 10 multi-antenna system
is 55.0 bits/sec/Hz.

— this implies that for 10 x 10 system it is theoretically possible to
transmit at rate 1.65 Mbit/sec over a 30kHz bandwidth

— to get the same rate with a single-antenna system requires a

bandwidth of 280kHz, or an SNR of 170db!

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

— this is reasonable in fixed-wireless access

— but what about mobile wireless? (industry is beginning to
consider 4 x 2, 4 x 4 and 8 x 4 systems)
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/ The Block Fading Channel' \

A somewhat realistic model of a fading channel is the block-fading model:
H is unknown to the receiver, but is fixed for a “coherence interval” of T
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 (Zheng and Tse 2000, Hassibi and
Marzetta 2001)
T

C=K (1 - %) logp+0(1), K =min(M,N, 7)

e training-based schemes can achieve the high SNR capacity (Hassibi

and Hochwald 2000)

o Autocapacity (Hassibi, Marzetta and Hochwald 2000): If T'and M
are large enough (7" > 8 and M > 4 appear to suffice) then reliable
communication can be achieved by coding over a single coherence

\ interval. /
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How to Convey Information?.

matrices
S11 S1M
§21 oo S2Mm
S =
ST1 ... STM

so that we may write

= /L2
X =\[3fSH+V.

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

matrices.

T21

rT1

In the block-fading model, it is useful to gather all the transmit and
receive signals during one coherence interval into T'x M and T' X N

T2N

TN

Qut how can we convery information, given that H is unknown?

~

/
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If we assume high SNR (or ignore the additive noise term V'),

)
X~ /-—SH.
MS

Key observation: H cannot alter the subspace spanned by the columns of

S.

Therefore what we can convey is this subspace information.

The subspace information is best represented when the columns of S

are orthonormal.

Such transmission schemes are referred to as unitary space-time

modulation (USTM).

/

10



4 ™
Space-Time Codes I

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 S = {S1,...,S¢}
of L =287 T x M complex matrices.
e Space-time codes fall under two general categories

— known channel codes (coherent detection): here there is no
restriction on the S;

— unknown channel codes (noncoherent detection): here the S;

have orthonormal columns

N\ /
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/ Linear Space-Time Codes' \

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

e The first such code was introduced by Alamouti in 1997

S1 S2
S =
—s3 8]

A general linear space-time code has the form

S =

q

(quq + s:;Bq) ,

Q
=1

where the {4, Bq}qQ:1 are fixed T' x M matrices, and the scalars sq

carry the information.

We have recently (Hassibi and Hochwald 2000) come up with a method
\for optimally designing the basis matrices {Ag, Bq}qul. /
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Here, for example, is an optimal three-antenna code (Hassibi and
Hochwald 2000):

artag+j[2208 10, 22724 5104 220 0
zo2ted By 4 B2gha ar—j 22208 —o2ted 151 0 Pagha
S =
0 w%"'j[%—%] 041—043+j[ﬁ2j§63 —B4]
e2704 15[ P14 P2 20 —ag+jfa —o2bed 4O - Paghs |

where sq = g+ j3Bq, ¢ =1,...,4.

N\ /

13

/ Unitary Space-Time Codes' \
Unknown channel space-time codes must be unitary.
o Tarokh etal (1999) derived such a code from Alamouti’s scheme

z
S = 4 ,  where |z|> + |y|* = 1.
_y* .T*
e In Hassibi etal (2000) we have constructed a whole family codes
based on the representation of fixed-point-free groups.

e These are essentially the multiple-antenna analogs of PSK
constellations. An optimal 120-element code, for example, is
obtained by all possible products of p and v below where 5 = ¢?27/5

1| -0 n-n* 1 | n-n nP-1

, Y=
Vo | n—nt P =P VB[ 1—p® pt—p?

e We have also constructed unitary space-time codes based on the
\ Cayley transform (Hassibi and Hochwald 2001).
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The Signal Processing Challenge'

e Information theory suggests high data rates are possible in

multi-antenna systems

e Space-time codes (in conjunction with error correcting codes)
attempt to achieve these rates

Challenge: practical space-time transmission schemes must be simple

yet effective: all the processing done in real-time

Size of the problem: We need to decode a set of L = 27T, T x M
matrices. With 7= 8 and R = 16, this is L = 3.4 x 103® matrices!

Can this even be done?

N\ /
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Integer Least-Squares Problems'

The problem of maximum likelihood decoding of linear space-time codes,

as well as the class of Cayley unitary codes, reduces to an integer
least-squares problem
i —A
Jmin |z — Asfl,
where z € R", A € R™™ ™ and D is a subset of the integer lattice Z™.
e This problem is known to be NP-hard.

e Therefore all practical systems employ approximations/heuristics
(nulling and cancelling, decision-feedback, etc.).

e However, we have recently shown that, for the SNRs of interest, the

/

ezxpected complexity of the integer least-squares problem is

polynomial and, in fact, often cubic (Hassibi and Vikalo 2001).
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/ Nulling/Cancelling vs. Polynomial-time MLI \

o M=8, N=4, R=16, LD Code: N/C vs. ML Decoding
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Figure 1: Bit error performance of an optimal linear space-time code for
T =8, M =8and N = 4, at rate R = 16. Note that L = 2'%® ~ 3.4x10°%.

Qhe ML complexity was roughly twice that of nulling/cancelling. /
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Summary I

Multiple-antenna systems promise very high data rates for wireless
communications. To deliver on this promise, there are still many

challenges and open problems.
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.
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