JAIST Repository

https://dspace.jaist.ac.jp/

K Turbo Equalization: Fundament al s, 1
Theoretic Considerations,| and Exten:

Author(s) Mat sumot o, Tad; Anwar, Khpirul; Ahm:

L A Tutorial on the 75th | EEE Vehicul

Citation .
Conference (VTC-Spring 20p2)

Issue Date 2012-05-06

Type Presentati on

Text version aut hor

URL http:/7 /7 hdl handle.net/ 10119/ 10523
Copyright © 2012 Aut hors| Tad Mat su
Anwar and Norul husna Ahmagd, Turbo E:q
Fundament al s, I nformation| Theoretic

Rights Considerations, and Extenpions, A T
75th I EEE Vehicular Technplogy Conf
Spring 2012), Tutori al Hapdout ; Pl
Yokohama, Japan ; Date : K - 9 May,
| EEE Vehicular Technology| Conferenc

Description obooboooooboovTCe 2012-SprinpU00Tutori al

Handout

AIST

JAPAN
ADVANCED INSTITUTE OF
. SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



Turbo Equalization: Fundamentals, Information

Theoretic Considerations, and Extensions
A Tutorial on IEEE VVTC-Spring 2012

Tad Matsumoto, Khoirul Anwar and Norulhusna Ahmad

Information Theory and Signal Processing Lab., School of Information Science,
Japan Advanced Institute of Science and Technology (JAIST),
1-1 Asahidai, Nomi, Ishikawa, 923-1211 JAPAN,

E-mail: {matumoto,anwar-k} @jaist.ac.jp

Yokohama, 6 May 2012

(IEEE VTC-Spring 2012) Tutorial on Turbo Equalizations 1/40




Part |l
Chained Turbo Equalization (CHATUE) for Block

Transmission without Guard Interval
- Application to Uplink SC-FDMA -

Khoirul Anwar

Japan Advanced Institute of Science and Technology (JAIST)
e-mail: anwar-k@jaist.ac.jp

1-1 Asahidai, Nomi-shi, Ishikawa, 923-1292, JAPAN
http://www jaist.ac.jp/is/labs/matsumoto-lab

(IEEE VTC-Spring 2012) Tutorial on Turbo Equalizations 2/40




.
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@ Motivations
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® The Concept of CHATUE Algorithm

©® Performance Evaluation
@ Applications
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® Mathematical Formulation
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General Problem of Wireless Communications
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Motivation
Conventional:
oo Block 1 GI Block 2 Gl Block 3 oo
Proposed @
oo o Block 1 g Block 2 77 Block 3 oo o
| > |
| ) " Length of desired ,  Interference
+ Interference from the fyture ,
: current block ! !
i from the past N >
| Saving the Time: j

Advantage of CP removal

@ Normal Guard Interval (Gl) (cyclic prefix): 4.69 us ( Cover 1.4km )

@ LTE-Advanced SC-FDMA symbol length= 66.7 us

o Data rate loss 4.69/66.7=7.03%

@ GSM: 3.69 us

o W-CDMA : 0.69 us st
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The Standard Technique

Fourier
Transform

S

AR

‘ | .
. > >
< L > Frequenc
Time 9 Y

v T N vl N

Tx: Tx:

Rx: Rx:
» Desired »le Desired s :Desired . Desired : Desired S Desired
K K K K L K L K

CP: Cyclic Prefix AIST

ADVANCED INSTITUTE oF

(IEEE VTC-Spring 2012) Tutorial on Turbo Equalizations



The Benefit of Guard Interval Removal

With Guard Interval: Without Guard Interval:

‘/? L‘/’—K\ K K 0000
seeee Desired Desired

L
Desired Desired < > |«
X=X e K K

@ Rate Loss: YES @ Rate Loss: NO
S E K S _ kB p K |
N—WZ'R'(K+L)'M N B (K+40) M
@ Power Loss: YES @ Power Loss: NO
R_Q,No,(IG‘L),l Rzﬁ.NO.(KJFO).l
— N E K M N ' E, K M
Notation:

%: Signal-to-Noise Power Ratio, R: Coding rate, %: Energy bit per
0
noise, M: Number of bits per symbol, K: Block length, L: Gl length

]%%ES;&;HR
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CHATUE Algorithm: The Basic Principle

Khoirul Anwar

E-mail: anwar-k@jaist.ac.jp
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|
System Models

:5’7Ht7 27 L:I,Et
AN . |
bO ............... bM I L BCIR Le’Et IT! a’.DL, Dt _>b
b C 1 |m X' Mod| Z¢
. DACC St—1, St St+1 « ol I, o
. q +
T D-acct L Lep,
/!
a, b
0 1 k K—-1\7T Kx1
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Yt — Htst + Ht—lst—l + t4+15t+1 +1n c C( * )% , (2)
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Channel Model

R -
. h([)l]
h[o] :
H,;= 1 : c C(EHA1)xK (3)
h[l] h[K—l] |
1—1 0
- My
i K-+l - _ |
ey Bl O
E 0]
H, ;= h[LIfIl] CHY, | = Al
5 O i i h[l?]—Q « o h([)L_2] -
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e
Avoiding the Confusion on the Channel Models

Yt-1 Yt Yi+1
|« K e K > K o (Ime —»
HY | H; | HY,, |
eoo0 I 'Htl ! I_It :m Htli LN
' I_If \ + : H,
t—l ! |
-
. Length of desired '
Interference i current block \ Interference
from the past block from the future block
H; 1 : A Past channel matrix
"1 A Past channel matrix with the past form
Y 1t A Past channel matrix with the future form

H; : A Current channel matrix
+ A Current channel matrix with the past form
¢ A Current channel matrix with the future form

]’é‘\‘g%‘r&;‘\'\ﬂ
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Channel Model: Examples

Given the channel responses of the past, the current, and the future
blocks, respectively, as

he_ 1 =[1,0.7],h; = [1,0.5], hysq = [1,0.3],

and block length K = 4, write the channels of:
Q@ H, ,
@ HY
© H,
O H;
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Solution by the CHATUE Algorithm

< K > K > |« K >| time —»
| FD SC/MMSE Decoder
o Block 1 Block 2 ~.| Block3 e
< Lensth of detected _| y — EQ | " cv
Block 2 |
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With Gl Without Gl v lEQ > c1 b
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Chained Equalization 12

1 [1] K. Anwar, Z. Hui, and T. Matsumoto, " Chained Turbo Equalization for Block Transmission without Guard
Interval”, in IEEE VTC-Spring 2010, Taiwan, May 2010.

2 [2] K. Anwar and T. Matsumoto, " Low-complexity Time-concatenated Turbo Equalization for Block Transmission: .
Part 1 — The Concept”, Wireless Personal Comm., Springer, March 2012 (DOI 10.1007/s11277-012-0563-0). ]AlSl
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Two Key Principles

© Retrieval of Circularity: Matrix J

J_ O(K—L+1)x(L-1) Ty c CEXEHL-Y (4)

Lii1)x ()

@ ISl and IBI Removal: Modified FD/SC-MMSE

Example of Matrix J with L = 3, K = 3 and h; = |hg, h1, ho|
0 0|1 0 O] " ho hi hy
J=|10]0 1 0|, JH,=| hy ha M (5)
0 1{0 0 1 hi ho  ha |
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Modified SC-MMSE for CHATUE: ISI and IBI Removal

MMSE Filter

input 4N
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|
Soft Canceller MMSE for Chained Equalization

s'. s, 8" @ Receive signal
S H' H,H' p
=H;si + Hy_ s, +H/,;si; +n (6)
y @ Restore the circularity of the channel
J T
't — JY)
n~ N(0,0%) = JH;s;+JH] s}, +IJH/; s}, +In (7)
@ Soft Replica
t, = JH,8: + JH, 8, + JH{, 18/, (8)

o Ca ncellation ft =TIy — ft. To simplify the expression, subscribe notation ; may be removed.)
@ Minimize the error:

w(k) = arg mi, w(k)? [ +h(k)3(k)] — (k)| (9)
with h(k) is the k-th column of matrix JH. st
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]
Modified SC-MMSE for CHATUE: Time Domain

@ The Wiener-Hopft Solution

o [Olw(B)™[7 + h(k)3(k)] — s(k)[°
ow (k)"

=0 (10)
o MMSE Weight
w(k) = (E[FF? +h(k)[8(k)[*h(k)") " h(k),
= (JHAH"J" 4+ JH'A'H I 4+ JH"A"H"™ 3"
o233 + h(k)|3(k)*h(k)") " h(k),
= (S +h(k)[s(k)*h(k)T) " n(k) (11)

—1

A = diag (1 —[8(0)*, 1 —[s(1))%, -+, 1 —[8(K —1)]*), (12)

A = diag(o,---,o,l—r( — P, 1= [8(- )\2) (13)
A = diag (1= )P, 1= 8K+ L=1)F0,--,0) (18),
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]
Output of CHATUE SC/MMSE

w(k)? = h(k)" [S+hk)|5k)[*hk)T]

(a) A —1 -
= (1 +~®)I5K)°)  hk)=" (15)
Therefore, time domain final output:

2(k) = (1+7(K)|5(k)[)) " h(k)TS7" (F(k) + h(k)3(k))  (16)

By performing block-wise processing, symbol wise inversion is not required:
z=(Ix +TS)"" (Ts + HYJF) | (17)
S = diag [|8]°] , (18)
I = diag [HYJ" (JHA(JH)" + JH'A'(JH)"
+IJH'A(JH)H 4 52337) 7 JH} (19)
Note: (a). v(k) = h(k)? X~ h(k) Just_
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e
Output of Block-Wise Processing CHATUE

> = JHAH"J? + JHAHHJ? + JH'A'HHJH
I = diag[H"J"S'JH],
S = diag(|3*)

Lemma: JH = FidF - HIJH — FEPF

(20)
(21)
(22)

)

= FHOFAFIOUF + JHAHYIY + JH'A'H"H IR (23)

I = diag [FPe7FS'F7oF] Y diag [FT7X18F] (24)
Finally, output of z:
z = [Ix+Ts] ' [Ts+HIID ],
2 [1x +Ts) " [T8 + FY &7 X 'F¥] (25)
Note: (a). X = FXFH, (b). X~ still require simplification. ust
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Approximation to Diagonal

X =®FAF " + FJH'ANH" J'F? + FJH'"AN"H" JPF" + Fo*JJ" F"
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Note: The mutual information (MI) of the past, the current, and the
future blocks are I, . = I g, = I} p, = 0.5.
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]
Extrinsic LLR Formulation

Z; can be expressed as being equivalent to a Gaussian channel output as,

Zi = St + V¢ € CKXl (26)

S S B %tr{I‘(IK LTS, (27)

where v; Is the equivalent noise vector with variance being
02 = (1 — py). In (27), we used the approximation,

K
. . 1 )
S = diag{|&°} ~ = > 18 - I € I (28)
k=1

Finally, the extrinsic LLR of the transmitted binary symbol is
Pr(zik]\syc] =+1) 4§R(z£k])

Le,E [S[k]] = In — ) (29)
o Pr(zik]\syc] = —1) 1 —
with zik] being the k-th component of z; and %(zik]) denoting the real
part of the complex zik]. PL
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EXIT Chart Analysis

E,/Ny = 4 dB

1 T T T T T T T T T

64-path Rayleigh Fading 1 02 64-path Rayleigh Fading 7

BPSK, FFT: 512, GI: 0 BPSK, FFT: 512, GI: 0
0.1 Interleaver: 512 o 0.1F Interleaver: 512
E,/N,=4dB, Without ACC Ey/Ny=4dB, With ACCP =18
O 1 1 ] ] 1 1 1 1 ] O 1 1 1 ] 1
0 01 02 03 04 05 06 07 08 09 | 0 0.1 02 03 04 05 06 07 0 8 09 |
[a,EaIe,D Ia,E:Ie,D

Note: EXIT analysis of the CHATUE Algorithm without and with doped
accumulator (D-ACC) with P = 8. Just
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The Advantage of GI/CP Removal

100 T T T T T T T T T
I, R=213,
10 F A CP:25% E
oLk, RELR,
\x, <) CHATUE
2 10°F NV 3
S8
A X N
O \\\}é\r >
&0 NN
8 H \s\ki/;»
o
> AN \s\ X
<16° Q)O' WS ~Jo E
OO, \* \\Q.@ *+
NERSGEN
Yyé > NSRS \f/, +
) R \aNe?
% e . \\\ 2 \\
41 . . /\/3 A % \\ O‘j\ |
10 F 64-path Rayleigh Fading °, =% %
‘o @ N // N
BPSK, K=256 NN
Interleaver: 256, CC-3[7,5] KR I\ R p
. N) Z NS/ IR
. Truncation Length= 1 block (€ _ ‘\*'/25 ™
. | | | | | | | S
10 0 1 2 3 4 5 6 7 8 9 10

Ey/No(dB)

Note: The total power (over all path) is EL:_Ol |hy|?* = 1. The block
length is kept by Kcuature = Kscop + L with advantage of

N — N4
RcHATUE ~ Rsccop JAST
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BER Performances

Truncation Length = 3 Blocks, 64-path Rayleigh Fading

BPSK,K =512, GI: 0 ]
Interleaver: 512, CC-3[7,5] -

I-path Rayleigh (uncod ed)

L FTETI
| -

20
Eﬁ 10
M
<10°
10°F Coded, AWGN,
K=512, GI=0 R
5
10 1 1 1 | 1
| 3 4 5 6 7 8 9 10
Eb /NO[dB]

Average BER

0
10 1 1 1 1 1 \ 1 1 ]
Truncation Length = 3 Blocks, 64-path Rayleigh Fading ]
BPSK,K =512, GI: 0 ]
: ACC P=8, Interleaver: 512, CC-3[7,5] 1
1 :?:.
10 L {:s \\ — -
“ S L2 Rayleigh (uncoeq)
- \\ D [
10 L \\ X S te[“ Ox E
W\ Y Q
i\ N
\ S
10°} 3 .
\ AR Q
%,
107} / % ¢ 3
Truncation: 1 Block”” { \ \_\= |\~ D
\ = \Q
Ia.,E:I;..E:Ig.EZI =\& t) 2
-5 \O
10 1 1 I fal I 1 1
1 2 3 4 5 6 7 8 9 10
Eb/NO (dB)

Note: BER performances of the CHATUE Algorithm without and with
doped accumulator (D-ACC) with P = 8.
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How to Solve the Channel Variation?

hy \ ///\

= N
H %7/

K k=0 ""¢
s 0 1 [ ho 0 -
Rl ho
H h[l?]—l . ~ BL—l
b 1] K—1] | - -
hi'y hg hr ho
.0 hgil] dy 0 hia J,

I & K+ —1)x K
= H; € CFHA) just
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Performances Evaluation

0

10° ¢
10"k
2
Eé 10 3 E,/N,=4 dB
A i
CRN =i E—
® il S
s ST v
< 107 --=4-- w/o ACC (Lower Bound) 7
Y —®— w/o ACC (Truncation)
j i~ --+-- w/ACC (Lower Bound) ]
104 —®— w/ACC (Truncation)
== Truncation Length = 3 Blocks 1
[ Block length, K =512 |
Lower Bound: lop=1I,p=1I,p=1
10’5 1 1 1 1 1
0.000001  0.00001 0.0001 0.001 0.01 0.1 1

Normalized Doppler Spread (f,;7; ) over single carrier symbol duration

@ In general, broadband communication (e.g. 4G) is sensitive to
Doppler shift.

o Highway speed: 100 km/h at 3.5 GHz (WiMAX)
— fqTs = 0.00162/512 = 0.0000031

Just
(IEEE VTC-Spring 2012)
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CHATUE Algorithm: Application to
SC-FDMA Systems

Khoirul Anwar

E-mail: anwar-k@jaist.ac.jp
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Application to (4G) Uplink SC-FDMA without Gl
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SC-FDMA: A Review

User 1[j S1
User 2 E] S9

y=His;+---+H;s; +n

User i ﬁsé Base Station
Subcarrier Allocation: “y‘y‘y.""v"‘ Wm
/\ - User 1 Localized Distributed
a M .. N H |
: User 2 ! F K D F M i
[\ i-th User [source §= S/P > % > S“l;l;(;a;irri;r > g > P/S i »— Channel Hi
: User 3 ! > > o o > :

i
SCIENCE AND TECHNOLOGY
D by
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|
SC-FDMA: System Model

User i N Past LLR
bi DA Sub j Y g Bf‘
Gt i | Meod Subcar.De-Mapping/ _ —1 —1 :
| Map. n [ cHaTUE sc-rpma [ PA™ 1L +Ci,t >
Hzt I’HZ t’Hz 141
| Doped Accumulator |
: ° :
! J—b@ m : Channel
e | Future LLR ————— ﬁ';ll;' II; _|_<><
The received composite signal is
1
ry — § It + Jn7 (30)
1=1

where
ri,=JH,; FyD;Fgs; +JH, FyDFgs,, +JH], FD,Fgs/,,

Just
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|
Matrix D for Subcarrier Allocations: Example

D, is a M x K matrix for the i-th user, by which, the k-th sub-carrier
component of the K-point Discrete Fourier Transform (DFT) is mapped
to the m-th sub-carrier of the M-point DFT, where 0 <k < K — 1, and
0<m< M -—1.

For localized sub-carrier mapping,

1 =Ry - K
m{’ﬂl T (31)

0, otherwise

and for distributed sub-carrier mapping,

1 — Ru M *
m{,,n LrRE (32)
0, otherwise

with R, indicating the resource unit allocation, which is subjected to
M
U< iy < — 1 just
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]
Soft Cancellation in CHATUE-SC-FDMA

It
T YtIT‘I‘t A\ =~
1J] >

¥
" in  Soft Cancellation 1, = r; —
@ Soft Replica

I I
B = ) JHFyDiFrsi+ ) JH i 1 FyDFrs,
1=1 1=1

+ZJH 1 P DiF 8], (33)

@ Soft Symbol Estlmates

8i4(k) = Elsio(k)| L, 1] = tanh{L, -1 [s:0(k)]/2}, (34)
4 1() = Blsl, (B)|L, ”_]—tanh{L’ L [shea(R)/2), (35)
&y (k) = E_s;’,m<k>|L;;,CZ__;+ ] = tanh{L/,, 1[ 1 (R)]/2). (36)

’ : Just
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|
CHATUE-SC-FDMA Output

zit = (Tp+TiSie) 'Tiddiy + FR® FrX; Tiy]
= (In+ Fi,tsi,t)_ L'i+8it + F;I?@,fiX 1FKI'i,t] c Ch* (37)
where the I'; ; can be expressed as
¢ = diag:ﬁﬁEi,t_lﬁijt]
= diag[FL®/\FrZiy 'Fi®; F]
= diag[F @/ X '®;,Fg] € CH*K (38)

with X being the frequency domain covariance matrices given by
X = FkXitFk"” = @, FxA; Fii®!,+Fro;D;JI"D;F3;
+FKI:I’- 1A 1H 1FK
+FxH t—l—lAz t+1H;/ﬁ1FK e CHx& (39)
K

and a = Man for the 7-th user. JusT
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Approximation for Computational Complexity Reduction

Based on FAFH ~

X

a4
Y

Q

~tr[A]Ix, we can perform:

®, A @+ diag(Fro?D] JIJ"D,F}l + FxH], A}, H F}

I"H H
+FK zt—l—l zt—l—lH t+1F )

1
(I)Z tA’L t(]:) —|——tI'

2Ny T H 'H 1 H
K [ D JJ DZ+Hzt 1 zt 1I_I t— 1+ zt—l—l zt—l—le t—l—l] Ik
(40)
ICT Residual IBI from past and future Noise
_ & pHeH +FiH., AL, AP FI
X=®, Fi A, Fi-P KA — 14 —1 -1 Ty1H H
et KA 8 [ ¢ F H;’ A;’ H;’H FH +FAUD JJ Dy_‘FK
RSV SR PV Vi
N /
g
0 @ ; 0 " T 0
-
50 i 50_ 50 _
1007 100_ 100,
!
50l 150} ™~ sl
200 | 200p 2001
250 | ‘ ‘ ‘ . . 250F ‘ . ‘ . . 250 | . ‘ ‘ ‘ .
0 50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250
]AlSl

(IEEE VTC-Spring 2012)

Tutorial on Turbo Equalizations

36 / 40



- |
EXIT Chart Analysis for CHATUE-SC-FDMA
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Note: EXIT analysis of the CHATUE Algorithm without and with doped
accumulator (D-ACC) of foping rate P = 8. Just
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BER Performances of CHATUE-SC-FDMA: User 1
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Note: BER performances of the CHATUE Algorithm without and with
doped accumulator (D-ACC) with P = 8. just
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|
CHATUE-SC-FDMA: Performance of Multiple Users
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It is found that the BER performance is not significantly affected, even when the

512 sub-carriers are shared by 64 users.

i
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Conclusions

o Gl causes power loss or total rate-loss with a factor of K/(K + L).

e CHATUE Algorithm can excellently improve the performance of
transmission without Gl with low computational complexity (it is also
applicable for system with insufficient GI).

o Better performance (ICl, ISI, IBI Removal) can be achieved as
demonstrated by: BER performance & Trajectory Analysis of the
EXIT chart

@ Further Advantages: (1) Lower Code Rate, (2) Turbo Cliff, (3)
Multi-User Systems, (4) Uplink 4G SC-FDMA

@ Using the CHATUE Algorithm for SC-FDMA, the next generation 4G
systems is possible without cyclic prefix/guard interval.

@ A comparison of CHATUE SC-FDMA with the conventional
SC-FDMA with GI/CP-Transmission verifies that the performance is
almost similar, but CHATUE SC-FDMA has a better spectral

efficiency by eliminating the necessity of the GI/CP transmission. just
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