creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804:21028-200000105203

FHYA} SR

ATSC 3.0 Al="S 9%t FEXE

Az ¥t AE dad=

An Iterative Detection Algorithm of Bootstrap Signals for
ATSC 3.0 System

A=ng A R

20183 8¢

e Frista et
A5 F 53}
A8 A



20183 07€¥ 02¢

Collection @ kmou



LISt Of TADIES +eeeeesressessessesessessessessasessassassassassasassassassassassssassassassssassassassasassnsnassans iv
LiSt Of FIGUIES +rsereserserssersssusersssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssass v
ADDIEVIALION ++vesreeressesressessessessessessessessessessessessessessessessessessessessessassessassassassassassassans viii
ADSLTACE ++eeereeressessessessassessessessessessessessesassasssssassassessessassessessessassassessssassassassassassassans X
LAl B s s e 1
2. ATSC 3.0 2 REXEH] 4359 &
2.1 ATSC 3.0 TP Q. sercressracesnsercscscsecscescsesencaesinssiesssesesssssessseisssesessessssesees 3
22 REXEH 4359 Fx
021 BESREZ AT AA] corerreessersessnsersesessmsssssssessassssessasensessessassssassasss 5
222 HEAEZ AT FBF O cerrcccrsnncnnicnciiinnnniissetiscsncicsanniannns 11
223 FEZAEY AT AITF GG LI cernesscsssnnnssnssnisssnissassssnnsones 14
224 FEXEZ A TO] A|T1 T FLIE ceererrrrecsssssnniossssnnciissnsniisissnnns 15
3. REXEY AZ7]
3.1 FLESEZ] ZAIT] ceerersersesessessnsensensesesssssssstssnsessessesssssnsenssnsessessasssssees 19
32 HEXEd A5 A2S 9% HYOE AA TFH s 20
4 RE2EQ A2 S JT AQse 12 AF SueF
A1 FNE ZEA] e s s s s ssens 24
4.2 SoHFSE Z1Z crrercniii s sttt st st senes 24
4.3 9H}3F AZ=E T HUY LT AR TFR] cescrsnnnnniiiiiiiiii. 27
A4 BFE Z1Z cresesersessessessessnsensensessessessesssssssssnsessessessssssssssssssssssssssassassssssss 29
B, BRAE BLA] i s s s ssess 33

Collection @ kmou



Collection @ kmou



List of Tables

Table 1 Initial register state of the PN sequence generator for bootstrap

ININOT VEISIOIS seeeseveseeeseesccrsceancsancernccanccsacssscssscscscssscssacssacssasssascsascsasssssssasscssaes 8
Table 2 Fixed OFDM parameters for bootstrap Signal «essesesseessesssceseceesncenne 11
Table 3 Signaling information for bootstrap Symbol 1 «eeesessesesecssecencsnccncens 16
Table 4 System bandwidth for the value of ‘system_bandwidth’ «eeeee 17
Table 5 Signaling information for boOtStrap SYmbOl 2 «esesessesescncssecencsnccncens 17
Table 6 Signaling information for bootStrap SYmbOl 3 seessessessessessessesseaceaane 18
Table 7 Pseudo-code for proposed iterative detection algorithm eeeseeseeeeses 32
Table 8 Channel profile for RL20 and RC20 channels -«esseseeseeeseencssecenccncens 37
Table 9 TU6 Channel profﬂe .............................................................................. 47

— iy -

Collection @ kmou



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

=l
Colle

List of Figures

l ATSC 3.0 frame SLTUCLUTE sseeeererrsreesserecseesssensseacsrenscresssaescssenssesssensssassssnnes 3
2 Block diagram of transmitter architecture for ATSC 3.0 system - 4
3 Sequence generator for bootstrap signal in the frequency domain 6

4 PN SEQUENCE GETIETALOT swsersersessssessnsensessusussasessusessescusessasessessusessasessasensescnss 7
5 Snapshot of auto-correlation response in the time domain, (a) ZC
sequence, (D) ZC X PN SEQUENCES serresesesessnsessusessusessessusensusessessnsescusessases 9
6 Snapshot of auto-correlation response in the frequency domain, (a)
ZC sequence, (D) ZC X PN SEQUEICES wwsersesrssessuseuseusensussussasenensunsassasense 9
7 Example of bootstrap sequence with absolute cyclic shift in the time
dOMAIN eeremsereressnesommmrenceeee e M. G- Moo ol s 13

8 Structures of bootstrap signal in the time domain, (a) CAB structure,

(D) BCA StIUCLUTE seeeesessessessessesessssuesuisessessnsacssnssnsscsessessessussessessesssssssessessesses 14
9 Block diagram of receiver architecture of bootstrap signal for ATSC
3.0 SYSLEIIL reerseesesensesusensensusensensnseusesnscususnsensnssusensussusessussusnsssssssessasensessnsessenss 19
10 Computational complexity of the proposed detection scheme in
terms of the number Of MUItIPLCALIONS sswssrsersessusesesensessusensescnsensescnsenses 34
11 Snapshot of frequency responses for considered channel models, (a)

AWGN, () RL20, (C) RC20 sresesesesesessssreserususususussessaesesnsnsusasasasssassesssnsesnsnss 36
12 Snapshot of IFFT output for the conventional scheme under AWGN
channel, (@) SNR=-14 dB, (b) SNR==17 (B sesseresesresesessesusussesususussesusuenens 37

13 Snapshot of IFFT output for the proposed detection scheme with 2
iteration under AWGN channel, (a) SNR=-14 dB, (b) SNR=-17 dB - 38

ction @ kmou



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

=l
Colle

14 Snapshot of frequency response for estimated equivalent channel
using the conventional scheme under RL20 channel, (a) SNR=-13 dB, (b)
GNR==16 (JB sesessessssusssssssssusssosssssnsesassssusssssssssnsssssessasassonsssssssssssssnesssssssasessasssans 39
15 Snapshot of frequency response for estimated equivalent channel
using the proposed detection scheme with 2 iteration under RLZ20
channel, () SNR=-13 dB, (h) SNR=-16 (B ssseresesesessesesususussesesusususassesnanse 39
16 SER performance of the conventional and proposed detection schemes
UNder AWGN CHANIE]L seeeseeeeeseesessssssassssnsssanassanssansssansssasssassssasssaassssasssanssasanes 41
17 SER performance of the conventional and proposed detection schemes
under RL20 CHhANNE] «w+ssseesssesessesssasssaasssanssaasssansssasassasssassssasssansssasssasssanassassnns 41
18 SER performance of the conventional and proposed detection schemes
under RC20 channel =----s\@ANE AN LA Aol ecceneeececceeeccecreeeececaees 49
19 FER performance of the conventional and proposed detection schemes
under AWGN channeheat------f... 0. . 88 J0....... o8 oo eccceeeeccennnesecesnncnans 43
20 FER performance of the conventional and proposed detection schemes
under RL20 channe] e s et Mumnt® JUW...........ccocceeeecennnnenees 43
21 FER performance of the conventional and proposed detection schemes
under RC20 channel --------- Yl MRA SV .. .......c.c.cccoceercensnnesannessnsassanaesnns 44
22 Snapshot of time responses for TU6 channel according to various
Doppler frequency, (a) 0 Hz, (b) 38.3 Hz, (¢) 76.6 Hz, (d) 114.9 Hz 45
23 Snapshot of frequency responses for TU6 channel according to
various Doppler frequency, (@) 0 Hz, (b) 38.3 Hz, (c) 76.6 Hz, (d)
114.9 HZ ereserssnsesssssssussssnssssssssssssssasssssssssanssssnsssssssssussssnss snsssssnsssnssessasassanssssnssss 46
24 Snapshot of frequency response for estimated equivalent channel
using the conventional scheme under TU6 channel, (a) SNR=-8 dB, (b)
GNR==14 (JB sesesessssusssssssssusssosssssnsesassssssssssssssnsssssessasassonssssssessssssnssssssssasessasssans 47

_Vi_

ction @ kmou



Fig. 25 Snapshot of frequency response for estimated equivalent channel

Fig.

Fig.

Fig.

Coll

-
e

using the proposed detection scheme with 2 iteration under TU6 channel,
(a) SNR=_8 dB’ (b) SNR=_14 dB ................................................................. 48
26 SER performance of the conventional and proposed detection
schemes under TU6 channel with 76.6 Hz Doppler frequency e 49
27 FER performance of the conventional and proposed detection
schemes under TU6 channel with 76.6 Hz Doppler frequency - 50
28 Required SNR of the conventional and proposed detection schemes
with 2 iteration under TU6 channel according to various Doppler

frequency ....................................................................................................... 5 1

- Vil -

ction @ Kmou



Abbreviation

ALP ATSC 3.0 link layer protocol

ATSC Advanced Television Systems Committee
AWGN additive white Gaussian noise

BICM Bit Interleaved and Coded Modulation
BCH Bose-Chaudhuri-Hocquenghem

CAZAC constant amplitude zero auto-correlation
CB channel bonding

CRC cyclic redundancy check

CTI convolutional time interleaver

FDM frequency division multiplexing

FEC forward error correction

FER frame error rate

FFT fast Fourier transform

HTI hybrid time interleaver

IFFT inverse fast Fourier transform

LDM layered division multiplexing

LDPC low density parity check

LFSR linear feedback shift register

LS least square

MIMO multiple-input multiple-output
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MISO multiple-input single-output

ML maximum-likelihood

OFDM orthogonal frequency division multiplexing
PLP physical layer pipe

PN pseudo-noise

RF radio frequency

SER symbol error rate

SNR signal-to-noise ratio

TDM time division multiplexing

UHDTV ultra high definition television

ZC Zadoff-Chu
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An Iterative Detection Algorithm of Bootstrap Signals
for ATSC 3.0 System

Kim, Hyeong Seok

Department of Electronics and Communications Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

In this thesis, an 1terative detection algorithm of bootstrap
signals for ATSC 3.0 system 1s proposed. A maximum—likelihood decision
rule to detect the signaling information included in the bootstrap
signals 1s derived and the 1iterative detection algorithm to 1mprove
the detection performance 1s described. The proposed detection
algorithm 1teratively averages the channel estimates for the two
consecutive  symbols.  Furthermore, this thesis analyzes the
computational complexity of the proposed detection algorithm. The
simulation results show that the proposed detection algorithm can

obtain the signal-to—noise ratio gain of approximately 2.0 dB at frame

error rate of 107° compared to the conventional detection scheme.
Also, this thesis presents the sufficient number of iterations to

provide a good performance—complexity trade-off.

KEY WORDS: ATSC 3.0; bootstrap; channel estimation; iterative detection;
maximum-likelihood decision rule.
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Fig. 2 Block diagram of transmitter architecture for ATSC 3.0 system
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PN Sequence Generator

916) 15| Y1a 91 Jo

generator output

Fig. 4 PN sequence generator
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Table 1 Initial register state of the PN sequence generator for

bootstrap minor versions

Initial register state 7, = {r,_;, .-, 70}
Bootstrap minor version Binary Hexadecimal
0 0000 0001 1001 1101 0x019D
1 0000 0000 1110 1101 0x00ED
2 0000 0001 1110 1000 0x01ES8
3 0000 0000 1110 1000 0x00ES8
4 0000 0000 1111 1011 0x00FB
S 0000 0000 0010 0001 0x0021
6 0000 0000 0101 0100 0x0054
7 0000 0000 1110 1100 0x00EC

o
e
2l
12

Figs. 5-62 FE7} 137?01 ZC +4# L3 ZC =< PN 4=
o] 7] (auto-correlation) A &S zbzb Azt F93 Faig J o
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Fig. 5 Snapshot of auto-correlation response in the time domain, (a) ZC

sequence, (b) PN sequence overlaid ZC sequence
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Fig. 6 Snapshot of auto-correlation response in the frequency domain, (a) ZC

sequence, (b) PN sequence overlaid ZC sequence
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= ATSC 3.0014 AHH REXE= AlZo| thd OFDM Zgn gl S vehdth
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Table 2 Fixed OFDM parameters for bootstrap signal

Parameter Value
Sampling rate (f,) 6.144 Msamples/sec
Occupied bandwidth 4.5 MHz
Subcarrier spacing (f ) 3 kHz
OFDM sample duration (7},) 1/(6.144 MHz) (= 0.16276 pus)
FFT size (Nypp) 2048
OFDM symbol duration (7},,,,,) 500 us

Zops odeiol A WBE FAe 52 @O 2ol 2048 Fole] IFFTE Fa) A

T el 9 A ()2 waEg

~ 1 — ~ 2k At Woem 1)12, kS At

A ()= —— E sn(k:)e] ‘- E sn(k)e] 2 6)
NZC_l k:_(Nzc_l)/Q k=1

A7NA [ FEFEY HF S ou]sty, ATSC 3.0914 FxHkE3 7HA L2 3 kHz

222 REXEW N3 &3 oF

FEX2EHL 4 AEE FAHH A HA FEZEH] AES AYS o
A REXEH AlBoE= Aady ARV 23AC. 83 $AHE A)ad
z E

83 piA REAEY B Ag® Aadd HE FE Nolgk )

_‘l‘l_
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N2a el ol FAL B by, 0T AT 5 ok

ATSC 3.001M= A2 <=3 o]% (absolute cyclic shift)z} Atz <=3 o]
(relative cyclic shift)e] F 7FA] &% ol&s< A3t Yot Aoy =3 olF
]

2 Z b ol b RE2EY AR 09 ARE &3 o

H

o rlo
1

m

\

m

i)

z

e

N
AN
o
il
39
flo
=
ol
2
o
|t
[
|t
ml.m g I

e 8 &
r {
)
4
[
[
i
i)
o
s
4>
rlot
(o]
offl
§\I
o

L ¢
o
Y
kW)
I
ich

code mapping)dte] Aeth 4 (D& ALEP AE HIE b, by, 2R

?

B Zdlo] == WP Bl Mol 7 uEe] ge Tahe HYS dehinh

10—1
(Ebz)modz i>10—= N/

k=0

0, i<10— N,

0
M, = _ ®
n— S
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e
3
I
e
+
=
=i
o
(@R
=
3
R

Fig. 7& Az 9499 RFEZE]] $d& 4 A= g Ao & ols

22

BA
,=1048, M, =7882}7 & W], 2 FE2EY Ao OiF Arjz &8 oF
#e A ®EFE M=0, M =204(=(0+204)mod2048), M, =104
(= (204 +1948) mod2048), M, = 892(= (1044 788)mod2048) 9} o] LreEbT},

| I 1 | |
| t | | |

] 1—’|
Ay(t) = A, (L) 4,(1) A (1) As(2)
= A;((t +204) mod Nysr) =A((t +104) mod Negy) = A;((t +892) mod Nesr)

Fig. 7 Example of bootstrap sequence with absolute cyclic shift in the time

domain
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223 FE2EF 4359 A @Y =

504T;

Tb =

+Jh shift

(7

[

o0

S

™

(av]

Il ~—

(=
e
e
LR
L
eretetetetitetds
e
LRt

" ——_ —

e

= g

o =+

L =

n ¥

I I ]

&

B~ -]

B~

— /3 shift

(b)

Fig. 8 Structures of bootstrap signal in the time domain, (a) CAB structure, (b)
BCA structure

AR, A @A A4

20482 2ol &

o

=]

=]
T T

Fig. 814 A

7HA

=
=

5049} 520¢] #ol

7AW o] w Z}
7HAW dol= T, = 500us ] tt.
Fig. 8(@¢} #&o] CAB FxF 7IAH, o] o B H&2 A F&o| thsto

=

=

Fo] =0 30729 Ao

=
=

Ze A% go

o
| .
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TfaTE F9s HolEo] WRETL CAB Txe| A7 9o T2E 40w

A, (t+1528T) 0< t <5207,
. A, (t—520T) 5207 < t < 25687y
Scap = 2 f at (10)
A (t—1024Ty)e 2568 Ty < t < 30727y
0 otherwise
A7NA Tee shte] OFDM Al&E9] A3E AolE orditt. A WA FEZEF
AEs AT UmA A= Fig. 8t &Zo] BCA +xE zted. ©ol W B #
T2 A Fiol sty —f 05 Ty AolEe] @dn. BCA 7x2 ARt
¥ TEE FAE Y| b3 2o
A, (t+1528Ty)e PHal=22T 0 < < 50AT
Sh, = A, ([t+1024Ty) 504Tg < < 10247 11
A, (t—1024T,) 10247 < t < 30727,
0 otherwise

224 REXZEJ A9 A1dy F=Z

A WA FEZEY AES A9 UrA AEde 44 A1dd ZER7
gE g AJladyd AR= ATSC 3.0 A28 7o Q3 gehn|g e} gy
EZxo ZQ3 OFDM Ietvulel & 233tk $4 A5 5 W F
525 0¥ W, REXEH AE 12 8 HEY A ad

A gdoZ JeERNHE b by by by by bl b biot BT FEXER AlE 1o X

He Alady AR 7 FHo| EdEE HE $~& Table 33 2t

O dr
051_4,
2
m
Ry
|t
gl
2>
ofo
ol

©
o
12
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Table 3 Signaling information for bootstrap symbol 1

Syntax No. of Bits
bootstrap_symbol_1( ) {
ea_wake_up_1 1
min_time_to_next
system_bandwidth 2
}

‘ea_wake_up_1’ & 1 HIEV} @@= Jom, 7 A3 HAE &

.?_
et ge]l A WA BlEc|y REXEH HE 20 T HdetrlE e F A

HE7} Z3Eo] 9t ‘min_time to_next’ = AA Z# A AZFEE TS
ZH L AA7IR Y HA AIZES oJv|git o] o, dA =AY o ZHY
2 F HAY B HHo] sddordth. Y FZr|H= 5 HETRE d9EI

317k 9] @re Zheth wEEy gl mE Ha olel e the 4% 2
o] Al4teiT,

50X+ 50, 0< X<8
p—J100(X—8)+500, 8< X<16 (12)
200(X—16)+1300, 16< X< 24

400(X—24) 42900, 24< X< 32

=
EbAiTh ‘system_bandwidth’ & @A ZH oA FEXEFH o|%
B E A" gdZs ousty, AlOd® e gl tig A" g9

ZkS Table 49} 2t}
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Table 4 System bandwidth for the value of
‘system_bandwidth’

Bit value System bandwidth
00 6 MHz
01 7 MHz
10 8 MHz
11 Greater than 8 MHz

T4 Az F W F o] BE 09 o, RFEXEY 4E 2& 8 HE
g3t o)zl FHEoF VERNTE by b; b b by b by b

o} 2ot REXEY AE 20 xHE A1ddy AR 7 AR dgEE

Table 5 Signaling information for bootstrap symbol 2

Syntax No. of Bits

bootstrap_symbol_2( ) {
ea_wake_up_2 1
bsr_coefficient

‘ea_wake_up_2’ = 1 HEV} @3 FHo] glow, RE~EHN A& 19 x3+d
‘ea_wake_up_1’ ¥} Z3EHo] 117 A ARHE &eE. ‘bsr_coefficient’
HEZ} didEo] glom, dA Zydols F

AMZE (sample rate)= YEHIT AT1EE d PO 2REH AE

=
AL e 2

o

of
L
e rr

S

_‘|7_
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S=(N+16)x0.384, 0< N< 80 (13)

oA7IA Se AA ZH A FEZEH o] RO MESS sty @

© MHzo|th Al18® H= 3 N2 0FH 807bA9] #tvh AR&= Il 8158 127
7hA 0] e AHEEA B

A Az F WA F W] BEF 09 o, RFEXEY 4E 32 8 HE

g3t o7 FHEoZ e b bl b bl b bl b, b

o} Zrh. FEZEQ] AE 3o 23dHE AIE™H HR 7 HH dE=

Table 6 Signaling information for bootstrap symbol 3

Syntax No. of Bits
bootstrap_symbol_3( ) {
preamble_structure 8
}

‘preamble_structure’ = 8§ HIEV} TgEo] gom, nxe RE~E= A
oo & stk e oA JHY =Y PE A Eo| s OFDM 32tvy g
Uebdth 0ol 1597FA]2] Zko]l AolElo] 1 160%-E 2557-A]2] ZhHe A&
HA ge

mlo mhﬂ

1
>

_18_
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A3F FEZEH HE7]

31 REAEY A7)

Fig. 9= ATSC 3.0 A|2=ES 98 RE~EZH 27 25 B2 rtolo]]

Antenna Bootstrap Detector

Channel Relative

.\ = 1 s Gray Code . Signaling
RF Stage = Synchronizer -5 5>y | Estimator C%(;It':cig'rﬂ B Demapper * Information

F Y

Fig. 9 Block diagram of receiver architecture of bootstrap signal for ATSC

3.0 system

A~
T
REZEY 4B g AH =% olF g Mo 1w 2= oW (gray
code demapping)< T3l A2Ed AR BHEZ HIT 4 Q. I Z&

e e g 543 go| Faw

1)

op-

A71et 24171 Atele] &7] H5 g2 (6] [7]] AAIE o] A
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by =1ml, e myy .ls i <N} (14)
0 N'< i<11

st= AdEy HE ASEE 9u)sla, o = wlElA =8 (exclusive OR) <34k
18 AE HEE o] &3}

[¢] % E%;'
Foll gl TPy RS B2 5 o

rel o
-
[kl
=
uied
2
X
1
|
[»
|

R (k)= H (K)S, (ke ™ + W (k) (15)
— H, (1S, (k) + W, (k)
A7 H, (k) $4718F 5217 Abole] s REAEY AB OjF kHA)

A Fubgule]l 3 o]Fo] FPHI] Mo REZEY FId& UG, 17

[€)
A W (k)e niA FE2ER A& tigh kA Fukgate] sk WA The
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At #L&  (additive  white  Gaussian  noise: AWGN)S  YERATH
omkM,
J

H (k)=H (ke "™ = nWx RE2EZ AZo] gz rkx Huldnie =

e,n n

7} @ o= (equivalent channel gain)S YeRdATH

FRAZNA FA Aes &8 o]Fo] FHA &2 1A A
A=, A o] 59 f7de] AU «& olF #ol wet ddE A

o] & =
B & o A7 A o5 H (kS 93] ¢ Aoy 7pgE o, A
P

No—1 2mkm,, 2
. FFT j
M = arg;ﬂ;n Y R, (k) - H, (k)S, (k)e 7 (16)
mn a k:()

A7 e HuH 3 olFe RE 7153 S IS e,
n=1,2,30|t}.
2 A} o] p¥A REZEZ AR g HF £33 o]Fe
(h—1)9s RE~Exl A2 g A =3 o|%
Boj g AoA £33 o5 F (M, =M, ,+M)OZ JeEE 4 gtk g
E Zol7} ol OFDM A& dojrth &7 &

o tigt g o5 1AH T

e

_21_
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2mkm,, 2 ‘27Tk(mn,1+mn) 2
I ] N
R.()—H (K)S ke ™ | « |RK—H _ (®)S Ke (17)
‘271']{2’/7% 2
TN
=|R (k)—H ,_ (k)S (ke ~™
AN m =m, —m, 2] n=1,23°]tk F24 (16)F (NS o]&sH A3
8 oo Y HAusE A4 FAL AvH £3 ol5ol U AsE 2
3 FHOE WHe] ST 1M, FA <8 o5l UF ANSE 2%
FHE 524 193 2ol 4L + 9
1 27km, 2
. FFT J
M, =N R (k)-H (k)S, (ke (18)

A7 & AU &F o5 BE ST @) AL dehich 22w
FAH 23 oSl BF AWSE 2Y FALS £4 Q9% 2ol FFT 20

%vzex‘r k=0

27km,,

NFFT_l
= argmax Re{ D (R:(k)Hm_l(k)Sn(k)e Nerr
k=0

mne Xr

} (19)

= argmax Re{IFFT{R  (k)H,,_,(k)S, (k)}}

B

714 Re{ }& B4 #9 A BE& vehx, FFT{ }& FFT $23¢
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5 G,
ol ot Hujgke 2

0 dr Lo

o
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T2 (19)ell A %

o
L
-

o2 =3 olF @2 IFFT7}
AZE e~ (sample index)
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A 47 FE2EY HAESS AT Adsts B8 AE

dugE
41 Ad 4
NEsEY $9L DC EWMERE AT A 75 NIE o mE B
METt A AEET, olF A 2Hol o4 & Utk Ha ABW (east

E2EY AR i3 571 A o) & en(k)

& #

g = (complex con ugate)«l sokel < T Ao [25]

H,,(k)=R,(k)S, (k) (20)
21kM,
N .

=H (ke """ + W (k)S, (k)
[71 A AAR 712 FHolA pHR REAED AE sk Fujad 43
o)% g M FAHY (-1)HA REZEIH A2 0@ 57 Y s

H, ()% 54 19¢ Hesd 2

z
SEsER AR 00 U@ AH £3 ol

42 &0 AS

44 (190 Huew AA
g3k oA ZaA, oS A4 A%
A4 ol5e Aowe ola) YT Wit

Py A

E2EY AEo 4 Q09 LS ¥R<=

rlo
o
&Y
>
il
2
=
rot
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A
@ el 2 5o A oS 54 (21)4 Bl AT - 3l
2mkM,
TN
o, (k)= H,F&e " 21)
2rk(M, _,+ M,)

~ H _1(]{1)6 Nppr
27mkM,

J
(k:)e Nppr
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S
_g]

(22)

=

=
=
=

stef 914 9

7 A ol

&

(¢}
s7F Ad o

]
Zl

1

°
il

03+ A% 1 Aole] 914

2Dell

Al
>

2 AE 1o T

i, (k)

2mkM,

NFFT _|_

H&O(k:)e

& 19 A9 vi=zsiAl,

ol

2 AlE 20 T
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(23)

H,,(k)

2mkM,

N FFT _|_

(k)e

7 A o5

=N
o

mpAlgto 2 JH ol EH

W
e

3 Ho$x 24 73

iy

43 AT HAEL 9

o] sdle]
o] fjHlel Eoll AHE= 7] w ol

b oAd F7
b A el

7F A o]

FHE 57h A o5

L=
o

=
=

b

=N
(¢}

=N
(¢}

=< ddlolER

E

SR

@ 57 A ol5e 24 gl

IA (n+1)HA REXE=-] A&

b7 918

S

]_

(24)

N FFT

27Tk(mn+l - mn+1)

‘Rn (k) - Hn+1 (k)Sn (k)e

n 2

2wkm
Ngpr
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ANA m, ., =m,,, —m,°l3 n=0,1,2°]t}. £ 249 FE FHOZHE n
WA RE2EF] A& g 571 Ad o159 F4 @ H (k)= +24 @5}

e,
2ol 13% % k.

H (k)=H, (k)e (25)

JUBE 4 163 QOF olgstel AYFelA FH £ olF] U
AuoE A4 FAL 44 207 2o de F At

Nppr—1 J

~ argmin e Nert (26)

=
I

mnEXr k=0

714 n=1,23°th. AF HAEZNA Hy
Hole o]Ho| Fa3 REXEZH AETHE 5
=W A= A Hdex 24 e 74 @D Zol IFFT 3=

shel A4 5 Slok

2
op
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) omkm,
J

NFFT_l
_ argmax Re{ E (Rn_l(k)H:n(k)S* (/{1)6 Nppr
k=0

~ n—1
mnEX‘r

} 27

= argmaxRe{IFFT{R, _,(k)H, , (k)S,_, (k)}}

oY Ao 3" 5, FEZEY AE 20 U dHolEd S7F AL

g o5 24 7 Hlke Y & Hasosn guolEd 57 9 o=

) =\ B e Y+ H k) (28)

Je3 QuelE" F7b A oS 24 # HL(K)E 2 @Dl A3k

HFEZEH A& 3 tig A <& olF & Mye A AEste] dHlolE
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2rk(— M)

~ J
A Ad ose 24 @ ALWe T g e 4 goh aen BEssg
171 913 A, ol

- = 7b -
el 57 A o159 4 @ H,0k)<E LS BHog 2 57 Ad o5

o
s
Do
=2
=
B
e
ol
i,
offl
N
L
:);1__11

<
o

i
1o
2
i)
ki
il
o
ox
>
Y

=4 3 H,MT 94 d9=e mase de S Ad o=e 23 @
271'1@(-]71;;)
Elb : Nerr &= ] 1 oo >~ o)
s (k) HEFo =N 52 209 Lol AL & AT
2mk(— M)
130 = G\BWe 7+, ) (29)

a3 QuolER 57 A ol5e A 3k HL(k) e 4 @Ndl Hgstd
RerEd AR 20 U8 AU 28 o]F # M A AEse duolE

BA
g FEZES AE 29 FARE HHo=E, £24 2D)EHEH REXESH A&

~ J
Ad oS 24 @ HLke 7 & BEFOEA 4 Q0T o] AL

- 30 -
Collection @ kmou



(30)

2k (— M,)
NFFT

b A o5

=
(¢}

npA RO 2 JH o] EH

g ols ¥ Me TA AEst |

it

2 PJAgoe=w

57 A o) 5o

Cls

o] A&st= AlEd

ol

=}

°o]A} Z= (pseudo-code)S H &

7:5_1_

g Fel o

o]
=
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Table 7 Pseudo-code for proposed iterative detection algorithm

H,  (k)=R,(k)S (k) [/ calculate equivalent channel gain with LS scheme

ﬁg:g(k) =H,,(k) // initialize for first detection
/* Detection Procedure */
for i =1 .. N, {

/* Forward Detection */

" (k):fi:()l’b(k) /| initialize

e,0
for n=1..Ng—1 {

Detect M, [/ using R, (k) and ﬁi’i_l(k)
27kM,

I T >
(K)e ™ +H,, (k)| Il update

H )= B!

e,n e,n—1

}
/* Backward Detection */

~ib ~if Y N
H . (k)=Hy (k) Il initialize
for n=Ng—1...1 {
Detect M, [/ using R, (k) and ﬁi’i(k)
if i# N, or nz 1 {

27k (— M,)
78 Llzib o0 " Ner 7
Hle,bn—l(k)ZE Hze,bn(k)e N +H,, (k)] /I update
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g [7]. 2822
2l 3D 2ol & 4 AT,

)

23s 24
3 A o|Se] WL BT A ol a7

A 5%

A A (199 Hex WfEY (metric) S A4k

=

71&E "

Els

o o

(3D

Coonw = (NS - 1){2(NZC_ 1>+ NFFTIOg2NFFT}

)
e

V5=
(32)

=
T

94 5710]

°
i

Qonv + (NS_ 2>(NZC_ 1)

Crorumd= 521 (3209} 20] 2 5 91},

q"o rward

oy
a-

|
—_

)
4

24" 57 A ol

™

TR 8T

UG R

y

(333}

Npplog,Nppgol e [26].
- 33 -

|

LI

o 25w

],

Collection @ kmou

2) FFT



Cbackward = Cconv + (NS - 1>(NZC_ 1) (33)

@ Wl W AEe £ue gl =% xdelr] dEe Atss 7
PR NWOBES B2RE . (N)E £ GOs 2ol & 4 At
iterative (‘sz): ]Vz X {q"orward + Cbackward}+ (]VZ - 1>(NZC_ 1) (34)

=8 Urhith B2 3571 09 ASE J1E P gudh At 4%
ol A W 357} Fukge) wek AN BaEst HgHos Frbshe
AL B 5 U

Number of multiplications

0 0.5 1 1.5 2 2.5 3 3.5 4
Number of iterations

Fig. 10 Computational complexity of the proposed detection scheme in terms

of the number of multiplications
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27], RC20 [27] A<= 7H83stH Tt Table 82 RL20 H
RC20 Aol A Atg== 208 =239+ (channel profile)e UeERATE Fig. 11&
ZF Qg 37 slolA Fak 9 (frequency response)?] W8AF (snapshot)<
Uebdth o] 714 RL20 2L 20709 ttEAE (multipath) 25 A5 7} 412
o] ) dL onm s, RC20 x12-& RL20 A dolA 2071e thE4 28ut o}y
2} LoS (line-of-sight)7}A] E3}sle] As7f 42 wo AQdS ofn| g

Table 8 Channel profile for RL20 and RC20 channels

Path number 4 pil=] 7l ps] 6.[rad]
1 0.057662 1.003019 4.855121

2 0.176809 5.422091 3.419109

3 0.407163 0.518650 5.864470

4 0.303585 2.751772 2.215894

5 0.258782 0.602895 3.758058

6

7

8

0.061831 1.016585 5.430202
0.150340 0.143556 3.952093
0.051534 0.153832 1.093586

9 0.185074 3.324866 5.775198
10 0.400967 1.935572 0.154459
11 0.295723 0.429948 5.928383
12 0.350825 3.228872 3.053023
13 0.262909 0.848831 0.628578
14 0.225894 0.073883 2.128544
15 0.170996 0.203952 1.099463
16 0.149723 0.194207 3.462951
17 0.240140 0.924450 3.644773
18 0.116587 1.381320 2.833799
19 0.221155 0.640512 3.334290
20 0.259730 1.368671 0.393889
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Magnitude [dB]
S
Magnitude [dB]

5 B

-20 ¢ | -20

=251 b 251

30 I I I I I 30

Frequency [MHZ] Frequency [MHZ]

(a) (b)

Magnitude [dB]
5 B

-20 -

=251

-30

Frequency [MHZz]

(c)

Fig. 11 Snapshot of frequency responses for considered channel models, (a)
AWGN, (b) RL20, (c) RC20

A7 p= MRl Ame) 74 ASE oulstm = i Az Ad A7

g ouad. o= iR Ao 94 WstE ofm

2
rr

Fig. 12 AWGN A2 alol A SNR=-14 dBY ®} 44 (19)] w& 7]=
Mol A= PSS AT FFT S99 2942 RolZth 4013 23 o
e IFFT 23ol4 Auighl sigshes AF Aua2 2eo2d 4% @ &

A, of71A, $HE FEXEQ ARe] JhA +F o|F ghe 204o]th Fig.
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12(b)= SNR=-17 dBY o} 71& W H+= A=< 9 FFT =349 =~
yoia

WAES BejZrh SNR=-17 dBYl ¢l el ol vw AA
B olF e AUR AL 5 Yt 7

s sample: 204

sample: 204

Magnitude
=
Magnitude

: NN I MMMMM

i | !
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Samples Samples

(a) (b)

Fig. 12 Snapshot of IFFT output for the conventional scheme under AWGN
channel, (a) SNR=-14 dB, (b) SNR=-17 dB

Fig. 13& AWGN Ad 3ol A A|Qtsts A= o] [FFT 8o g 29
Ak HojZrh Fig 129 SU8H Fig. 13 SNR=-14 dBE A 43591, Fig.
13(b)= SNR=-17 dB2 A A3l A3 AdE Yehdo. Adsi= AE U

o) W sl5E 282 Al AYsAT ALsHE AE PHAAE shtel
o
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- - N N w w B
(8] o (8] o (&) (=) (8] o
T T

[=]

/ sample: 204

“NM .mLMmMA

il

Magnitude

0 500 1000

Samples

(a)

2000 2500

N
o

4 sample: 204

w
<]
T

w
[=1
T

N
&3]
T

[N]
o
T

o
T

o
T

‘\

! |
0 500 1000 1500 2000 2500
Samples

(b)
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Fig. 16 SER performance of the conventional and proposed detection

schemes under AWGN channel
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Fig. 17 SER performance of the conventional and proposed detection

schemes under RL20 channel
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Table 9 TU6 channel profile

25

Path number Delayl[ y1s] Power[dB] | Fading model
1 0.0 -3 Rayleigh
2 0.2 0 Rayleigh
3 0.5 -2 Rayleigh
4 1.6 -6 Rayleigh
S 2.3 -8 Rayleigh
6 5.0 -10 Rayleigh
0 05 1 e [ms]1.5 2 25 0 05 1 e [ms]1.5 2
(a) (b)
0 05 1 e [ms]1.5 2 25 0 05 1 e [ms]1.5 2
(c) (d)

25

Fig. 22 Snapshot of time responses for TU6 channel according to various

Doppler frequency, (a) 0 Hz, (b) 38.3 Hz, (c) 76.6 Hz, (d) 114.9 Hz
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