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Outline

e Space-time codes
e lll-behaved MIMO channels
e A Precoding approach

— For low-rate codes
— For high-rate codes
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Space-time codes
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Space-time codes: General model

Step 1: P input (QAM) modulation symbols are mapped to a codeword matrix
of size M, x K.

a(l) a®) .. alk)
A%T%mv .mew = (C = . ) .

(D) e (2) e (K)
Step 2: The codeword is launched into the channel. We receive:

\@: \SNE QHAMV OHANV OHANV
Y = m m : : ; + Noise.

| oy hane haio, || e (1) ea,(2) - ear,(K)
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Low rate vs. high rate codes

Low rate codes

e Diversity (redundancy) oriented: E.g. P = K (rate 1 symbol per channel
use).

e Orthogonal ST codes are such that C' is a unitary matrix (up to a scalar).
e For uncorrelated channels: Diversity order is M;M,.

e Sensitive to correlation. Moderately sensitive to rank.
High rate codes

e Rate (low redundancy) oriented: E.g. P = KM, (rate M,; symbols per
channel use).

e Sensitive to correlation. Very sensitive to rank.

e Unable to extract capacity in strongly Ricean or correlated channels.
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lll-behaved MIMO channels

lll-behaved channels occur due to:

e Fading correlation at TXer and/or RXer
e Correlation model is non separable (Kronecker model not realized)

e Low rank Rice component dominates

Leading to:

e Effective diversity order reduced

e Effective rank reduced
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Antenna Array Correlation
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Rank behavior of Rice component

The rank of LOS component is full iff [Gesbert et al. TCOM Dec. 2002]

AR
\f\w% N §

where A;, (resp. A,) is TX (resp. RX) array aperture, R is range...never
realized!
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Dealing with lll-behaved MIMQO channels

e Propagation (Rice, correlation) scenario hard to predict
e Transmitter design must be adaptive.

e Low-rate statistical feedback is realistic.

e We want to keep rate constant.

e \We want low-complexity closed-form solution where possible!

ldea

e Design a linear precoder based on statistical feedback

— Part 1: for low-rate space-time block codes
— Part 2: for high-rate space-time (multiplexing) codes
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Part one

e Linear precoding for low-rate space-time orthogonal block codes
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The interesting questions!

Let us assume the TX knows the full correlation information (TX,RX) but not
the instantaneous channel...

1. Can we tackle transmitter correlation using a linear precoder?
e Answer: Yes! [Giannakis et al][Sampath et al][others]
2. Can we find the optimal precoder in minimum SER sense?
e Answer: Unknown! (Only bounds on pairwise error prob. used so far)
3. Can we find the precoder for correlated receiver case? Is there any gain?
e Answer: Unknown! (Ergodic capacity says no gain!)
4. Can we find the precoder for non-separable TX-RX correlations?
e Answer: Unknown!
5. Can we find a good precoder in closed-form for correlated receiver case?

e Answer: Unknown!
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Precoded Space-time
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Correlated MIMO channels

General case: Joint correlation at TX and RX

vec (H) = RY?vec (H ) (2)
where H, is 1.i.d. Rayleigh MIMO matrix

The Kronecker case (Correlation at TX and RX are separable)

R =E [vec(H)vec" (H)] = R ® R,, (3)

...Is not always true! [Bonek et al. 04]
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Expressions for Symbol Error Rate (SER)

For M-QAM (also available for M-PSK,M-PAM [Simon & Alouini]):
v is the instantaneous SNR, depending on channel, precoder

SER ! : : >_<_<&%
— H - sin? - sin? %
" A Qv foe o \ B

4
Average SER:

)

SER = Pr{Error} = \ SERp(7y)dry. (5)
0

Looks like the defintion of a moment generating function ¢, (s) = [~ p,(v)e*dy.
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Exact SER as function of precoder

For M-QAM (also available for M-PSK,M-PAM) [Hjorungnes & Gesbert 04]:

pp_ AVM -1 \M df \ df
T < m det ANiwiﬁlT%mlmﬁ v 0 det ANiwiﬁlT%mlmﬁ v
n Amv -

Where matrix ¢ defined by
& =RV [(F'F")®I,,] R (7)
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The optimum precoder: problems and properties

Optimum precoder:

min  SER (8)
A.TJinmeW
subjectto Kao?Tr{FF"} =P 9)

Some properties:

e If F'is an optimal precoder, then F'U, where U is unitary, is also optimal.

e if SNR— oo then the optimal precoder is given by the trivial precoder
F = pBI,,, for the M-PSK, M-PAM, and M-QAM constellations.

o If R = I, then the optimal precoder is given by the trivial precoder F' =
BI,,, for the M-PSK, M-PAM, and M-QAM constellations.

e |If Kronecker model holds and R; = I, then F' = 31,,,.
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One more property

If no transmitter correlation, then the general-case correlation writes:

mﬁo O.\gﬂxiﬁ e O.\gﬂxiﬁ ]
0 R, ---0
.m _ iﬂXiﬂ " 1 . iﬂXiﬁ : AH_.OV
| Ongxnt, Ongoxs, - Ry )|

Theorem:

e In this case, optimal F' can be chosen diagonal, real, positive, up to a
unitary matrix. (power scaling strategy).
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Access point 1

Non separable-No TX correlation

Access point 0
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Non separable-No TX correlation: A closed form solution

Equivalent SISO channel formulation for M; = 2 case:

M,—1 M,—1
o = follholl® + fElRal* = £5 D ?igiw + > yigﬁ.m. (11)
=0 =0

where ,CQL and ,C:L, are the eigenvalues of R, and R,,. 3@. are i.i.d.
Gaussian.

Maximum diversity spread principle: The symbol energy should be spread as

much as possible over all independent components of the equivalent SISO
channel.
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The Maximum Diversity Spread Solution

1 M,— 1 M,—1 2
min N — 2)\. | subjectto fZ+4 fi=1, (12)
:MM P, i X | st g+

With parameterization f, = cos(d), f1 = sin(f):

v,w
.M ﬂ.ow
7=0
2
22
P2

tan @ =
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Simulation: Scenario 1

M, = 2, Alamouti, M, = 4,6. (R),, = 0.99% I (Non separable)

BER

SNR [dB]

BER

SNR [dB]
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Simulation: Scenario 2

M,; = 2, Alamouti, M, = 4,6. No transmit correlation. R,, = [ and R, ="all-

e I

BER

..................................................................................................................................

BER

SNR [dB]
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Part Two

e Linear precoding for high-rate codes
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Spatial Multiplexing with Precoding

SL /] M //& ——

LINEAR N
m_A ............. = SM = Sk

PRECODER \\
RECEIVER N
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Proposed approaches

e Focus is on low-complexity, closed form solutions for transmitter optimiza-
tion.(IEEE Globecom 2003, IEEE Trans. Wireless, to appear).

e Previous work: Nabar, Bolcskel, Paulraj (BER optimized). Ivrlac et al
(capacity optimized).
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Correlated Ricean MIMO model

Channel model:
(13)

y =Hs+n (14)
Precoding as a phase/amplitude adjustment:
S = T\MT& V Py, .. /\M\Emkgﬁmi@_ﬂ. (15)
where S P = 1.
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Constellation multiplexing

let s belong to a regular 2":-QAM constellation. Then there exist r,, € [0, 1]
and sy, s9, ..y, Symbols, each belonging to a 2™-QAM constellation, such that
s can be written in the form of:

Sk (16)

where r,, is such that 327 72F =1
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Constellation multiplexing
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Precoding for low rank MIMQO channels

Consider rank one channel : H = [h, h, .., h]

M
k=1

where the precoding coefficients are selected as:

P=r3* k=1.M, (18)
=0 k=1.M (19)

= transmitting over a rank one MIMO channel with an appropriate diagonal
precoder is equivalent to transmitting over a higher-order constellation signal
over a SIMO channel
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MRC-based SIC detection

Goals of detection scheme

e Sole purpose of detection scheme is to derive closed-form precoder.
e Precoder should be function only of the long-term statistics R;, K, H,,.

e lll conditioned channel components dealt with in a MRC-SIC manner rather
than matrix inversion.
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E.g: Closed-form Precoding for 2x2 case

20
K+1 1| hoy hoo (20)

where o? + 3? = 1, and p = 2a3 is the modulus of the antenna correlation
coefficient

K T:L FNM
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MRC-SIC detection statistics

7 =H)y= 1V P18 + oV Poel s, + (H");.n (21)
y=y—H VP;s. (22)
29 = Am*vwa%\ = ﬁw/\Mwmw@wmw + Am*vwasv Ava

with T1 = Am*vf“m”L. Ty = Am*vf.m.uw and T3 = Am*vwam:w.
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min distances under average channel behavior

01 = E{m\}V P1dpin — E{12}V Py, (24)
8y = E{ms}V Pod i (25)
where |
MAﬁHW — Nm'||_|HAw + NWA VH_AL*SL -+ bmh\@wbv (26)
- 1
E{r} = mm|.:@b + K|hj h12+ hy1ha2|) (27)
1
m&qu — .Nﬂv|l_l”_.AM I_I NA Muw\@rw l_l \Nmuw\\wwvwvv. AN@V
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Precoder optimization via the BBC

"Bit Error Rate Balancing Criterion" (BBC) involves equating minimum dis-
tances d; = d,, under constraint P, + P, = 1

Result;
po_ (dmaz(20 + Kla]) + dimin(2 + K(Jh12]* + |hoo|*)]?
F 22+ K(Jhal? + haal?)? + [dimee(20 + Klaf) + d2,;, (2 + K(Jh1 12 + _Awww_m%
and
P d7in(2 4+ K(|h1|? % +|hoa|?)
SR (24 K (R 4 [haa|?)? + [dimae(20 + Kla]) + d2,,,(2 + K(Jhi1]2 + _Awww_w%

where a = ML\Sb + bmh?wb :
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Interpretations

No LOS case:
(1 s H
wH - H H &39& Nv ww - H H &39& M. Awu_,v
+ (1 + 7p) + (1 + 4p)

e Uncorrelated: yields equal power transmission

e Fully correlated : eg: 4QAM. Yields P, = 0.8 and P, = 0.2 (equivalent to
16QAM!)

Full LOS case:

e \Weights depends on conditioning of LOS part.
e |lll conditioned yields P, = 0.8 and P, = 0.2.

Precoder performs smooth transition between spatial and constellation mul-
tiplexing!
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Numerical results

K =1, K =10, MMSE SIC with/without precoding, no TX correlation.

0
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—— Precoding,K
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Numerical results

K =1, K =10, MMSE SIC with/without precoding, TX correlation is 0.8.

T
— Precoding,K=1
— — No precoding,K=1
—— Precoding,K=10
-— - No precoding,K=10

BER
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Numerical results

K =10, K = 15, ML decoding, no TX correlation.

O R LR TR L L R RRIIRTITRT P :

— Precoding,K=10
— — No precoding,K=10 |]
—— Precoding,K=15
-— - No precoding,K=15 ||

BER
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Numerical results

K = 0. ML with/without precoding, various TX correlation levels.

2 tx = 2 rx, SNR=15dB

'l — — No precoding : : : : : : :
—— Precoding !

10 - S R S R R R P R e =

BER
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Conclusions

e lll-behaved channels are detrimental to MIMO STC performance. A solu-
tion is precoding.

e In low-rate STC, gain is limited. Analytical solution difficult, except for
macro-diversity case.

e In high-rate STC, gain is large. Analytical (simple) solution is possible.
Links spatial muxing to constellation muxing. Can be extended to arbitrary
number of antennas (see paper [Akhtar 04] upon request).

Open problems:

e Find closed form precoding for high-rate code, function of RX correlation.

e Find precoder linking STC and SM, function of correlation, Rice (results
to appear).
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