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e Bit Interleaved Coded Modulation
e Turbo equalization
e Turbo V-BLAST
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Bit I nterleaved Coded M odulation
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Bit Interleaved Coded M odulation

S ® The demapper generates a posteriori probability or lodih&ed ratio
about the transmitted bits

Pla=41) | S onyle)P(ele)
P(c; = —1) > cie.—0 P(Y|c)P(cle;)

® Assuming the independence of the hitsve can write :

P(c|c;) H P(cj) (1)
J#1

L(cly) =1
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Turbo equalization
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u | Convolutional c Chamel
—»  Coder W Interleaver——— Modulator ——p o )
R =k/n
e Channel model
A D D
h, h, h, n
Y«
+
L
Yk = > hxrg—+np, kE=0,1,...,N—-1 (2)
[=0

APPLICATION OF THE TURBO PRINCIPLE — p.5/46



I
CONSERVATOIRE NATIONAL
DES ARTS ET METIERS

Turbo equalization
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' - L
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Soft In-Out i i
> _ Equalizer estimator
— Decoder

® Joint equalization and decoding using the turbo principle

L (c)

Interleaver

11

® First proposed by Douillard and als in 1997
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MAP equalizer

The a posteriori derivation is given by :

APP(af =a)oc S ar(m')ye(m!,m)Ber1(m)

/ S

m’,m/xy=a
with
Yye(m',m) = Pr{si1 = m;y¢|st = m'}

= Pr{st+1 = m|st = m'} X Pr{yt|st+1 = m;st = m/}
= APRI(zt = z¢(m',m)) X p(yt | s441 = m, s¢ = m’)
= APRI(x: = xt(m’,m)) X p(yt | vt)

L

. 1 — v )2
with vy = Tt—_ih; and  p(yt | v) = exp < _ (v — o) ) (3)
Py 2mo? 20

Z+_; IS the value ofr on the trellis path at the previous timhe- .
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Trellisrepresentation of the channel
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Complexity issue

S e The complexity of the MAP decoder is determined by the numbaedis
states)’ whereL is the number of delay elements afdds the size of the
symbol constellation.

e Some reduced complexity methods such as M-BCJR, T-BCJR.
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Per for mance

Dol e RSC code R — 1 / 2, m = 4)
e Block length= 4096 bits
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MM SE detector

e Linear filter based approach
e The operations are performed sequentially on a supsef M observed

symbolsyy.
e The channel equation can be expressed in a matrix form :

For the considered length 3 channel, we have the relation :

(yk—4\

Kyk;6)

His alM x (M + L) matrix

/hQ hi  ho
0 hy hy

o o

Y = I:IXk: + nyg

0o 0 ... O\
hgo 0 ... O

(710

0 ho hy hO)

(nk—4\

ka;Gj

\nk;6)

(4)
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MM SE detector

T e Computes an affine estimateof at timek:

7, = £'yi + by
such that the mean square error (MSE) is mimimum : :
o in E 02
Tj = arg min Elay, —

This is achieved by :

fi, = cov(yk,yk)_lc()v(yk,mk)

where
cov(y,,, zx) = Heov(Xp, 1)
cov(y,, ;) = Heov(Xy, X, ) H? + o2
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MM SE detector

w0 ¢ \We get the following MMSE solution :

#x = E(xi) + £ (y, — HE(y,))

Ty = F(xk) + cov(a:k,Xk)I:IH(I:Icov(Xk,Xk)I:IH + (72|)_1(y,~C — I:IE(Xk))
(6)

e The expectation of, is estimated using the availalderiori information

E(zy) = Z r.Priz, =z}
1

= tanh (§LApr(xk)) in the binary case

. . 1 1—
using the relation tanh (iln( a)) =1-—2a
a
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MM SE detector

T e Since the bits;, are independentov(zg, x;) =0 for k #1
cov(zg,Xg) = (0,...,0,covM(xy, x1),0,...,0) (7)
cov(xg, xy) = diaglcov(zi_¢, Tk_6), - - -, COM T k16, Tkig))

cov(ry, T) = ( Z 2. Priz;, = ZE}) — E(x)?

rEXg
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MM SE detector

e In order to extract the extrinsic information we have to nfipthe previous
equation in order to guarantee tligtis not calculated using s pr;(zx)

7y = o2HE (Heovy, (X, Xk ) HT 4+ 021) 7y, — HEL (X)) (8)

whereH,, is thekth column ofH,

Ek<xk> — <E<xk—6)7 R E(xk—1)7 0, E(xk—H)a SRR E(xk:—i—6))H

COV, (xx, X)) = diag(CoV(T,—6, Tk—6), - - - , COVM(T—1, T—1), Oy COUTh 1, Thr 1) - - -

.o, COV(T k465 Tht6))
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§ Soft input Soft output MM SE detector

e Finally the calculation of the extrinsic information is doassuming that the
estimates;, are the outputs of equivalent gaussian channels :

Tk = WeTr + Nk

where
ny = o2HE (Heovy, (X5, X, ) HE + 021)1H;,
n, gaussian noise with variances; = o2 (s, — (u)?)
Then:
2T,
LexTr(zr) = Q'LL
Yk
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Spatial multiplexing V-BLAST  roshinios

OOOOOOOOOOOOOOOOOOOOO
EEEEEEEEEEEEEEEE

|b1|b2|b3|b4|b5|be-l"'l |b2‘b5|'"|_’ g j z g _.'%_.Ibdb2|b3|b4|b5|b6|'"|
Example N; = N, =2,Q=2,T=1:
e The received signal is given by :
Y11 S1 n11
— H +
Y21 52 n21
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Turbo V-BLAST

ssssssssssssssss e \We consider a V-BLAST scheme withi; = N, = N

e \WWe assume iid MIMO channels

e Then we have the classical real-valued equati

X
N transmit*.B"*

N receive Yy = Bx TV
arntennas =Y AWGN ) ] .
y v e Assuming thaB is known at the receiver
MIMO the optimal decoder is the ML decoder:
Detector

F

X = arg min,, ||y — Bx||?

e Equivalent to the search of the closest point
In a lattice

APPLICATION OF THE TURBO PRINCIPLE — p.18/46



OOOOOOOOOOOOOOOOOOOOO
EEEEEEEEEEEEEEEE

M(x(©) = |ly — Bx(c)|I”
= (x—x)TB'B(x —x)+yT(1 —B(B'B)"'Bl)y
= (x—X)TR'R(x—%)+yT(1 —B(B'B)"!B')y
wherex = (BI'B)~ !By is the ZF estimate

R = {ri; }anx2n iS the upper triangular matrix with’ B = R* R obtained
using the Cholesky factorization.

e Instead of searching among t2&" points (QPSK modulation), we limit the
search to the points situated inside an hypersphere ofsgadiusC; and
with centery.
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M etric calculation
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M(x(c)) Zw 2N 4+ M

1=1
2N 2
2N
where w(X,L- ) = (Qii (Zz + Z Qijzj>
j=it1
~ 2 Tij f : :
Zi = Xi — Ty Gii = Ty Qi = 1003 >0

X

® The metric can be calculated sequentially over the suppemt:t

= 2 ul6") + MOGY.
= MOEY) +wOEY)

with M(XZY, ) = M’
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§ Support tree
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M'=M(x5\,)  Initial value

w(x3\) Branch metric

Depth 2N M(xZ,) Partial metric
2N
W(XZN—I)
Depth 2N-1 M(XZN )
2N-1
Depth 2N-2

APPLICATION OF THE TURBO PRINCIPLE — p.21/46



Example of sphere decoding chanandLe

OOOOOOOOOOOOOOOOOOOOO
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e SISO system NV = 1 => 2 real dimension lattice

e Signal constellation :64-QAM; € {—7,—5,—-3,—1,+1,+3, 45,47}

x = [1,—3]*
0.5 -1
B = v = [0.58, —0.31]"
1 05

y = [4.08,—0.81]"

% = [0.984, —3.588]"

e The sphere square radids is fixed to49 (chosen according to the noise

variance) APPLICATION OF THE TURBO PRINCIPLE — p.22/46
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Turbo V-BLAST

EEEEEEEEEEEEEEEE Interleaver
Source

]
( ) u Outer c ']_l" C
————————— —
Encoder Mapper
X
NPES
B

N - AWGN

Binary Hard

Sink ADecision Deinterleaver 4 Yy 4 v

u
( }=— | |=— Outer L (c") -1 |L(e) L(e)

Soft In-Out |« | | <E—?<7 MIMO | o
— Detector
' Decoder
L (c)
Interleaver
L_(c") Lale)

e Scheme capable of supporting rate close to the capacity

Hochwald and Ten Brink 03

e The outer code can be a convolutional, turbo or LDPC code
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APP detector for MIM O channels

S ® APP detector generates a posteriori probability or lodilic®d ratio
about the transmitted bits;

P(C,L'j = —|—1) +n ZCE(Cz'j,-H p(Y‘C)P(C|CU)

P(cij = —1) D cec,; , Pyle)P(clcij)

® Using the Max-log approximation and assuming the indepeteleh
the bitsc;; we obtain :

L(cijly) =In

Leoly) = max { = 5olly - Bx(©)F + Y ln Pla)|

CE(Cij +1 (kl)
1
T ceto { — 55 lly =Bx(o)|" + Zlnp(ckl)}
(k1)
_ L M(x(©) L Mx©)
- cg{Cl?j}il 202 ce%i}c_l 202
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List sphere APP detectors
A [] Deep first algorithm
® fixed diameter and selection of all the codewogdsros, Gresset, Brunel

and Fossorier 03

® fixed diameter but search of only tidé..,,; best codewordsochwald
and Ten Brink 03 Sorting for each new candidate.

® reduce the diameter on@€.,,,;, codewords have been selected

[1 Breadth first algorithm

® fixed diameter and selection of all the codewords : T algorith Ruyet,
Bertozzi and Ozbek 04

® keepM.,...q Paths at each level : a list éf..,,,,, good codewords is
providedReid Grant and Kind 03Le Ruyet Bertozzi and Ozbek 04
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Simulation results

o List Sphere Detectors versus M APP Detectors

eN,=N, =8

e QPSK mod

e 9216 info bits

.......................................... \ o A
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o0 ' ! \
. SD Mcand:32 ........... : | ...... | ..... R \\ .......... \ B PR
3 — : | | : : : . .
107 H A SPMegng=16 1yl g b 3 R=1/2. 8 iterations
:—Q—SDM =8 ::::::j:::::::.::::::‘l: SESORERRESEE ISESRERSEEE BP S EESREED IS EEDESEIIE H !
: cand o [ i Sl P R @
_O_:Bmca”d: e e )
—X— d: | | | | ‘ - .
1 SDMEZEdzl ...... SIS e S \\ ............. AU .4g|oba| iteration
-4 = : [ Sl : :
107 H = MDM (=82 1l h b
A MD M. =16 |0 e e S
- MDMep™® ﬁﬁﬁfﬁﬁﬁfﬁ'ﬁiﬁﬁ|ﬁﬁﬁﬁﬁﬁlﬁﬁﬁfﬁﬁlfﬁﬁﬁiﬁﬁﬁﬁ?ﬁﬁﬁﬁffﬁﬁ\\fﬁﬁfﬁﬁﬁﬁffﬁﬁﬁfﬁfﬁﬁﬁﬁfﬁ:
o MDM_ =4 | ool Lo Lo J P
*ﬁMDMcand_2 : I | i | | | ‘
I I | | ] I | l I
1 2 3 4 5 6 7 8
E,/N, (dB)
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§ Soft input soft output MM SE detector

T e Computes an affine estimate= Ay + b such that :

N . o2
X = argmin [jx — x||

e Solution : A = cov(x,y)cov(y,y) ! andb = E(x) — ABE(x)

2
By = %Bg (Beov, (x,x)B” + 02Ioy) "y — BE,(x))

whereB, is theqth column ofB,
E,(x) = (E(x1),...,E(xg_1),0,E(xgs1),-..,E(zan))’

2
. o
cov,(x,x) = diaglcov(x1, x1),...,COMXq_1,Tq—1), f,cov(a:qﬂ, Tgt1), - -

. 7COV(ZI?QN, ZEQN))
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Soft input Soft output MM SE detector

e We assume that the estimatesare the outputs of equivalent gaussian
channels :

Tq = phqTq + Mg
where

2
ly = %BQ{ (Bcov,(x,x)B” + 02L,y) " 'B,

2
2 Ua:

Vg = ?(Uq - (Nq)Q)
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