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ELEC6214 AWCNSs: Advanced Topics

Introduction to Turbo Coding and Turbo
Detection

e Armed with soft-input soft-output decoding, powerful turbo code was born
— We briefly discuss parallel-concatenated turbo coding

e lterative or turbo principle is more general than just for channel coding: iterative
decoding-detection, iterative timing recovery-detection, iterative equalisation, etc.

— We briefly discuss serial-concatenated turbo detection
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Turbo Code: Introduction

e Turbo encoder consists of two usually identical simple encoders

— Interleaver makes input bits to input bits
.encoder 2 look “different” to suncturing | output bits
input of encoder 1 L

. . . > Mmultiplexing
— Puncturin and multiplexin
achieves required combined rate

e For example, half rate recursive systematic convolutional code RSC C'C(2, 1, 2)

> encoder 1

:ul

— Feedforward generator polynomial Grsc = [1 0 1]5 systematic bit

_ @-
— Feedback generator polynomial Gqo = [1 1 1]2 J ’é T
— Single RSC C'C(2,1,2) is not powerful, but with — - D - D
ity bit
two parallel concatenated, = very power turbo code =/_‘|'_: parl'?; '
e Two parallel concatenated decoders, soft SyStemaﬂc/. L»
channel > decoder 1—

— each accepts soft channel output  output > —

and information from the other
decoder as a priori LLRs

— and outputs a posteriori LLRs

— LLRs are properly interleaved or
deinterleaved

decoder 2

i\!

parity 2
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Turbo Decoding: Introduction

e Two component decoders exchange extrinsic information — extrinsic information outputed by one
component becomes a priori information for the other component, and they iterate a few times

— It is this turbo principle that makes turbo code, which is obtained by two parallel concatenated
weak components, very powerful
e Each component decoder may for example be implemented as a soft-output Viterbi algorithm

— Recall slide 112, soft-input bit decisions to Viterbi algorithm are provided by soft demapper as
LLRs, at each iteration, together with a priori LLRs provided by the other decoder,
— it calculates a posteriori LLRs, which can be expressed as

Ly(br) = Le(br) + La(bi)
N = N o—r’ N —r
a posterior LLR extrinsic LLR a priori LLR

— Since a priori LLR came from the other decoder, it would be redundant to sent it back to the
other component decoder, therefore, it is taken out from a posterior LLR to yield

Le(bx) = Lyp(br) — La(br)

— After interleaver/deinterleaver, extrinsic LLR L.(by) is sent to the other component as a priori
LLR for the next iteration

— At first iteration, since there is no a priori information, or b, = 0 and b, = 1 are equiprobable,
all a priori LLRs are set to zero
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Turbo Decoding-Detection: Motivation

e Consider transceiver structure we have studied so far

information i channel% recovered
bits information
channel channel bits
™ encoder decoder [~

Each component operates separately /independently from others

1. For example, soft detector/demapper of slide 112 provides LLRs of soft bit decisions to channel
decoder

2. Decoder (may iterates a few times itself if is turbo code) to provide final hard-bit decisions

e To attain high performance, channel code employed must be high power, such as powerful low
density parity check (LDPC) codes or turbo codes

— These powerful channel codes have high decoding complexity

— Simple RSC CC(2, 1, 2) however could not offer high performance
e Alternative: use simple code, e.g. RSC CC(2, 1, 2), but let

detector/demapper and channel decoder iterate a few times
— This turbo principle can boost the achievable performance

channel
decoder

— Two components involved are serial-concatenated
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Two-Stage Turbo System

e Transmitter: usual channel encoder and modulator/mapper, separated by an interleaver
— e.g. simple RSC CC(2, 1, 2) of slide 206

— Channel encoding introduces.correlation {b} channel {z} {u} {x}
— Interleaver makes coded bits to modulator ™ encoder
mapper more random (interleaver)
e Recall slide 111, for M = 2"-ary constellation X = {531, Lo, - ,:EM}, mapper at transmitter
maps every n bits to a symbol: {ug, w1, ,up—1} — x € X

— Look at 2th bit u;, and divide X into two subsets with u; = 0 and w; = 1, respectively
X = X-(O) U X.(l)
— Received signal sample is

Y = goT + €
go: CSI, e: channel AWGN sample with power N

e Turbo receiver: SISO detector/demapper and SISO channel-decoder exchange extrinsic information
a number of iterations

— Lad, Lpd, Leg: detector/demapper a
priori, a posteriori, extrinsic LLRs

— Lyc, Lpe, Lec: channel decoder a
priori, a posteriori, extrinsic LLRs
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Iterative Detection-Decoding

e SISO channel decoder: e.g. soft-output Viterbi algorithm of slides 202 and 203
— Each iteration, decoder accepts a priori LLRs L, (z;) from detector/demapper, and computes
a posteriori LLRs, expressed as: L, (2;) = Lec(2i) + Lac(2:)
— At first iteration, there are no a priori information, all L,(z;) = 0
— Extrinsic LLRs Lec(z;) of decoder after interleaver become a priori LLRs L,q4(u;) to
detector/demapper for the next iteration

e lterative demapper accepts a priori LLRs L,q = [La4(uo) Lag(ui) - - - La,d(un_l)}T from
channel decoder at each iteration, and computes a posteriori LLRs
1 N, N,
Lpd(u;) = —— | min {|y — gox|” — —OSELa,d} — min {—|y — goz|” + —OSELa,d}
No \ zex©® 2 sexV 2
— where s, = [1 — 2uUgy 1 — 2uUg, - -1 — Qu%_JT and {Uzq, Ugy, Uz, ) — T

— At first iteration, there are no a priori information, all L,4(u;) = 0, and iterative demapper
becomes non-iterative demapper of slide 112

— Extrinsic LLRs Leg(w;) = Lpd(u;) — Lad(u,) after deinterleaver becomes a priori LLRs
L, (z;) to decoder for the next iteration

e After a few iterations between SISO channel decoder and SISO detector/demapper, the process
converges, and decoder can output hard bit decisions {b; }
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Two-Stage Turbo System: Performance

e A reference of soft demapper for iterative detection-decoding:

— Tan, Wang, Qian, Wang, Chen, Hanzo, “A reduced-complexity demapping algorithm for BICM-ID
systems,” I[EEE Trans. Vehicular Technology, to appear, 2015

e Convergence performance analysis: extrinsic
information transfer (EXIT) charts «— turbo cliff
— Hanzo, Alamri, El-Hajjar, Wu, Near-Capacity
Multi-Functional MIMQO Systems:  Sphere- >
Packing, Iterative Detection and Cooperation. Q I
Wiley, 2000. g |2 non-turbo
' M
e Typical performance of turbo detection-decoding S U
— Dramatically boost achievable performance thJ
after a turbo cliff —
— Even with a powerful channel code, two-stage o
turbo system’s performance may still be far e
away from capacity line f?égg%rﬁy
e In order to achieve near-capacity, i.e. only a few
dBs away from capacity line:
— we need three-stage turbo system SNR (d B)
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Three-Stage Turbo System: Transmitter

e Transmitter consists of three serial-concatenated components: recursive systematic code (RSC)
encoder, unitary rate code (URC) encoder, and modulator/mapper, separated by two interleavers

b

u Z u X
® RsC_ | L L T
encoder 2
e Low-complexity memory-1 URC has an IIR
— Gurc = [1 02, Gype = [1 1]z U J 7
— allows system to spread extrinsic information beneficially across _1 D 2,

iterative decoder components without increasing its delay
— EXIT curve capable of reaching (1.0, 1.0) point of perfect convergence to vanishingly low BER
— Necessary for near-capacity performance operation and eliminating error floor

e With this three-stage structure, we do not need high-complexity powerful channel code in order to
attain near-capacity performance

— Half rate RSC CC(2, 1, 2) may be sufficient - bl. .

— Feedforward generator polynomial Ggrsc = (P systematic bit
[10 1] b ’é T

— Feedback generator polynomial Gpgee = =~ U - D - D o
[1 1 1]2 Y parity bit

Y
Cl-B\
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Three-Stage Turbo Detection-Decoding

e Three-stage iterative receiver structure, where E( ): extrinsic LLR, A( ): a pr/or/ LLR

composite inner decoder outer decoder

e Inner decoder: soft detector/demapper and URC decoder exchange extrinsic information I, times,
and operations are as described in slides 209 and 210

e Outer decoder loop: RSC decoder and composite inner decoder of detector/demapper and URC
decoder iterate or exchange extrinsic information I, times

— Each outer iteration, extrinsic LLRs E(u1) of URC decoder after deinterleaver become a priori
LLRs A(z1) to RSC decoder

— RSC decoder produces a posteriori LLRs, subtracts a priori LLRs A(z1) from them to yield
extrinsic LLRs E(z1)

— Extrinsic LLRs E(z1) of RSC decoder after interleaver become a priori LLRs A(wy) to inner
decoder, and inner detection-decoding procedure restarts

e At end of iterative procedure, hard bit decisions {b} are produced
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An lllustration Example

e 4 x 4 MIMO with 4-QAM, transmitted signal power normalised to unity, and hence SNR = Nio
e Open tunnel exists between EXIT curves of inner and outer decoders at SNR = —2.5dB
e Performance is only 2.2dB away from capacity
Lo 1
3 inner iterations $ _
09 - 6 Outer Iteratl ons 7 EE [teration 1t0 6
0sl SNR=-25dB 4 10*
G 0.7+ 5 |
- 10% |
i 0.6
=
_______________ Y
§0_5, 1 %10'3*3
S k
< | £
S 041 o . E
s 107 |3
T o3t I >
s
|
0.2 1 10° - i é
o MIMO Demapper-URC |0
0.1 Trajectory Iﬁ MIMO(4,4,QPSK)
. RSC, Memory length = 3, half rate 10° - ° ‘ ‘ ‘ ‘
O'Oo.o 01 02 03 04 05 06 07 08 09 10 e 4 -3 2 1 0
A(MIMO(4,4,4-QAM)), | (RSC) SNR (dB)

I Electronics and :"é?::"gmpton
[ H Computer Science

214



ELEC6214 Advanced Wireless Communications Networks and Systems S Chen

Summary

e \We have briefly introduced turbo codes

— Two parallel concatenated simple component decoders exchange extrinsic
information a few times to produce “turbo” effort

e Turbo principle can be applied to serial concatenated simple components, and we
have briefly introduced turbo detection-decoding

— Two-stage serial concatenated turbo detection-decoding

— Three-stage serial concatenated turbo detection-decoding for near capacity
operation with low delay

. University
1]
! ! Electronics anld of Southampton
= . & Computer Science
Bl 215



