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Abstract

The project this year is focused on designing architectures for the channel
estimation and data detection subsystems of the OFDM receiver. Because the
transmission method of the digital audio broadcasting system (DAB) is differential
modulation, it does not require channel estimation and the data can be detected
directly. Therefore, we focus on the digital video broadcasting — terrestrial (DVB-T)
system. By using scattered pilot signals, we designed the architecture of the channel
estimation and signal detection subsystems as a reference for SDR design. Three
kinds of pilot-symbol-based channel estimation methods, which are caled 1-D
channel estimation method, 2-D channel estimation method, and the modified MM SE
channel estimation method, are designed for aDVB-T receiver. We also discussed the
advantages and disadvantages of these methods. In the aspect of signal detection, we
designed the channel equalizer and the data decision unit. Because the DVB-T system
is a OFDM system, the most commonly used channel equalizer is the one-tap
equalizer. Here, we adopt the zero-forcing agorithm for this channel equalizer.
Besides, we get the channel characteristic from channel estimation and utilize the
estimated data from equalizer and data decision unit to separate the received signal in
each path by eliminating the multipath interference. Afterwards, we use the maximal
ratio combining method to collect the energy in the received multipath signals. By
repeating this process, we are able to refine the received signals and achieve more
reliable data detection.
Key Word: OFDM receiver, channel estimation, signal detection, DAB, DVB-T,
pilot-symbol, 1-D channel estimation, 2-D channel estimation, modified MMSE
channel estimation, channel equalizer, one-tap equalizer, data decision unit, multipath
interference, maximum ratio combining.
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1.1 DVB-T

(Constellation)

MPEG-2 coded TV signals (Transport Multiplexing)

188 (Packet) (Transport
Multiplexing Adaptation)
Randomization 188 (Packet)
(Sync-Word Byte=47 ) 187 (Data Bytes)
XP+x"+1 (Pseudo Random Binary
Sequence) 47 qex B8 ex

(Transport Multiplexing Adaptation)
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(Reed-Solomon code RS(204,188,t=8)) 188 204
(Convolutional Interleaver)
(Block Interleaver)
2/3 3/4 5/6 7/8

16
64 (64-QAM) 16 (non-uniform 16-QAM)
64 (non-uniform 64-QAM)
2K 8K (2048/8192)
(Transmission Parameter Signaling)
111
68
(Super-frame) t
- o 67 K
.t
S(t)=Re{e” " ZZ z Coik X¥mik (D} 1.1
m=0 1=0 k=K ;.
jZZIL/*(t*A*' XTyota —08xMX Ty )
v =4¢ " (1 +68xm)xT, ., <t<(1+68xm+1)xT, 1.2
0 dse
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1.1
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Parameter 8K mode 2K mode
Number of carriers K 6817 1705
Vaule of carrier number K, 0 0
Vaule of carrier number K. 6816 1704
Duration Ty 896 usec 224 usec
Carrier spacing  1/Ty 1116 Hz 4464 Hz
Spacing between carriers K ;, and K .. (K-1)/Ty | 7.61 MHz 7.61 MHz

112
Scattered Pilots Continual Pilots Transmission
Parameter Signaling, TPS
> Scattered Pilots
I
k=K., +3x(I mod 4)+12x p |p integer, p>0, k € [K,;,.K . ] 1.3
12
Interpolation
> Continual Pilots
X"+ X% +1
W, k
Re{C, t=4/3x(1-2w), Im{C_, }=0 1.4
> Transmission Parameter Signaling, TPS
(TPS bit) S
m I k TPS
Coux =D xCpiiy | =1,2,3,....,67 1.5



Re {Cm,o,k} =1- 2Wk » Im{cm,o,k}zo

68

1.2

Synchronization Word, S-S

68
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1.2

Bit number Pur pose/Content
S Initialization
S — Sis Synchronization word
Si7—S» Length indicator
$3,S)4 Frame number
$5,S6 Constellation
$7,$85S9 Hierarchy information
$30,S31>S3n Code rate, HP stream
$33,S34, S35 Code rate, LP stream
S36-S37 Guard interval
S35 S39 transmission mode
S40— Ss3 Reserved for future use
Ssy— 7 Error protection
12 DAB
(Eureka 147 DAB System)
121
1.2 MUSICAM(Masking pattern
adaptive Universal Sub-band Integrated Coding And Multiplexing)
768,000 128,000 (Code Rate)
1/4 (Convolutional Encoder)
(Puncturing)
(Fast Information Channel FIC)
1/3 384 (Block
Interleaver)
(DQPSK)
(Complex Data)
/ 2048/512/256/1024
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T

DQPSK
Demodulation

T
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1.2 Eureka 147

(Main Service Channel

Synchronization
Channel

v

o

(Synchronization Channel)
MSO)[12][13], 1.3

Radio 1|Radio 2|Radio 3|Radio 4 |Radio 5| Other Data

Fast Information

Channel ( FIC)

1.3

(Automatic Gain Control)
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1.3
Transmission mode 1 | Transmission mode 2 | Transmission mode 3 | Transmission mode 4
L 76 76 153 76
1536 384 192 768

N 2048 512 256 1024

Ty Ims 250us 125us 500us
/T, 1KHz 4KHz 8KHz 2KHz

T, 246us 62us 3lus 123us
Tsym 1.246ms 312us 156,us 623us
TyuLL 1.297ms 324us 168us 648us

Te 96ms 24ms 24ms 48ms

fc about 375MHz 1452~1492MHz about 3GHz about 1.5GHz
13 DVB-T
random phase shift
amplitude variation
[2][3]
1.5 OFDM
Binary
.. . . .| output data
RF Rx + ADC (> FFT —Equalization— Coher'ent ﬂDelnterleavmgﬂDecodlngp4>
detection
A
N » Channel
Synchronization »| Estimation
1.5 OFDM
( ) DVB-T
(Scattered Pilots)
14
DAB DVB-T
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1.6

1.6

DVB-T
Frame Symbol Timing &
Front H A/D Mode Synchronization by ———  Fractional Frequency — —— Gu?{red Lm?‘ival — FFT
End Detector DAB| Using Null Symbol Offset Detection mova
Integral Frequency | | Frame Channel One-Tap Data
DVB-T i Synchronization Estimation i Detection
Offset Detection Equalizer
Integral Frequency Symbol-by- Symbol
DAB Offset Detection Differential Detection
DVB-T . L
Inner Inner Decoding Outer Outer Decoding Demultiplexing and
De-interleaving (Viterbi Decoding) De-interleaving (R-S Decoding) Source Decoding
DAB

1.6 DAB DVB-T
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2 DVB-T

21
Root
Mean Square Value of Delay Spread
Coherent Bandwidth
Correlation Coefficient 0.9
Fading
Frequency Selective Fading
Flat
Fading
211
L1
h(t,z) = 2 r()d(z —7)
i=0 2.1
t T 1 I (t) 1
N-1 )
(D=2 A, e
n=0 2.2
Central Limit Theory N r, (t)
(Gaussian Random Process) Rayleigh
Jake’s Model r.(t)
Uncorrelated

Gaussian Wide-sense-stationary Uncorrelated-scattering Channel

15



212

Pulse width

flat
r Rayleigh
o(r) = Le™ r=0
0 r<o
N variance
Jake’s Model Rayleigh
(Equivalent Baseband)
Fading Profile N
T(t)=A(e"
Eo NZ_:l j[wtcosa,+d,1
=—2 ) el athl w =27f
JIN = T
Ai(t) t a() Random Phase
fi an ¢ n Doppler
On o [0, 21 ]
Distribution N Rayleigh
21.3
2.1.1 2.1.2
L Ti

16

23

Narrow Band

24

Eo T()

Uniform
Distribution

Time variant



Ty
A (t)ejel(t) A WGN
I npyt Tz ® Out put
— > 449—
Az(t)ejgz )
Ty X
A‘_(t)eJHL(t)
2.1
2.2
DVB-T
2.2.1
Ty N
St P[K] P[K]
D[K] K

Plk] k=k,=q-S, . q=o,1,2,....,sﬁ—1

DIK] k=k,

(Circular Convolution)

f

, 0<k<N-1

(Linear Convolution)

HIK]
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PIk]-HK] k=k,=q-S, . q=o,1,2,....,si—1
f
D[k]-H[k] k=k 0<Kk<N-I
[K]-H[K] k=K, ; 6
P[K]
K Plkq] Kq
(AWGN)
H[K] k=k =q-S . q=012,..~_1
ﬁ[k]: q f o 9lglegeccey Sf
0 k=K, , 0<k<N-I1
2.7
(Interpolation) Af
OFDM Ty
(Aliasing)

! >Tyax "1 = N >T
S, -Af ~ M s~ " )3
Tmax (Coherent

Bandwidth) T
( St
OFDM ) St
(Doppler)
(Coherent Time)
St
(Aliasing)

! > 21, yax
St " isym 29
Tsym OFDM famax
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2.2
St 4 0S¢ 5

Tirle
1000000000000
000000000080
000000000000
000000000000
000000000000
©0000e0000e0

Frequ@necy

2.2
St OFDM St OFDM
St (Two-Dimensional Interpolation)[4][5]
(DVB-T) St
IS 12 &R) 28
OFDM
St 1S 3 2.8)
222
2221 [17]
k

H[k]=H[i - S; ]+ {H[(i +1)- S; ]-H[i - S ]} -

for i-S; <k<(i+1)-S;
f 2.10)

2.2.2.2 | [67.8]
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Sy
2.11
N N
S, S,
(2.11) ( )
S, 1/S¢
HIK] h(n)
K] h(n)
h(n)—2T>H[K] , h(n)—>"—H[k] 2.12
H[K]  H[K] (2.7)
H[k] fork=a+Q-S;, q=0,1,2 E—1
H[k] = Y s,
0  otherwise 213
aq S — a
f
H[K]
N 1 Nt 2=
h(n)=—> H[k]-¢ ™
NS
N
St 27 a+g-S;)n
:i H[a+q-Sf]~eJN( a-Sr)
N &
Ny
13 Eh(x) fi%”(am»sf)x_ej%”(am-sf)n
N q=0 x=0
—-1
N-1 S axeny 3, Zj2Zgs, (xen
:%Zh(x).e PN )Ze e
o 40 2.14a)
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1 & g 1 for X=Z-S£ (z is an integer)
S—>e =
N& L
0  otherwise
Sf
S -
= 25((X z: —)N)
X X aoen .
f _itr ¢ (x-n) f - f
LY N =Ye :—25((x n— z—)N)
q=0 q=0 f z=0
2.14¢) 2.14b) 2.14a)
N
~ N-1 Sj2 T axeny 3, _j2g ¢ (X=N
h(n):iZh(x)-e Jaoem . JAS e
N x=0 q=0
1 M 71-2
:EZh(X)-e —25((x n- z—) )
x=0 f z=0
EL
:S_Zh((n+z —) )oe o
f z=0
N
Sf
St
N
Sf
1/ S
23 2.3 (a)
N 2.3 (b)
(Impulse Trains)
23 (c) 23 (c) N

w
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[hn) [HIK]
FFT
>
IFFT
Tvax Tir’ne Freque:cy
(sample) (carrier spacing)
(a)
p(n) \ﬁ[k]\
FFT
=
T LGN T T ¢ IFFT |
N I T|mc | Frequency
—_— (sample) (carrier spacing)
S (b)
o)

0 © N

Time (sdmple)

(C)

(b) (©)

Il [9,10,11]

St
N
N
Sf
N
Sf
N N
h(n) N HIK]
2.12)
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H'[k]=H[a+q-S,] for q=0,1.2,..,——1

St
N a
St
h'(n)
£_1 l—l
1 Sy - jzikn 1 St izl(a‘*'qsf)“
h'(n)=— 2 H[kl-e ¥ =——) Hla+q-S;]-e ™
E k=0 E a=0 f
S; Sy
1 élf_l N-I 27 (arqs 27 (a+qs
R 3D ¢ I AR
i q=0 x=0
Sy
Ny
N-I 27 Si 27
—j=a(x-n) —J==9:S¢ (x-n)
“Sh(x)-e j % o I
x=0 90
Sy
2.14c 2.16a 2.16a
Ny
~ N-1 —i2Za(x-n S L -St (X-n
m =Y hoo-e N 3 N
x=0 g0
Sy
N-I _i 2 agxeny 7 N
=2.h00-e MR S((x=n-2- )
X=0 z=0 f
S -1 —jzs—”az
=Zh((n+z e
z=0 f

N N
=h(n for n=0,1,2,.....,—-1 and 7,,,, <—
(n) s, wax < g

h(n)

2.16b h'(n)
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2231 [4,5,6]
OFDM
2.2
H[m,n] m n
H[m,n]

2D-IDFT

H[m n]———h(k,I)

H[mn]  h(k)

M-l N-1 Sk -2
H[mn]=> > hkl)-e ¥ .e N

k=0 1=0

[ iZmk 2
h(k,1)=—— Hmn]-eM .e N
(k1) MoN 22 [m,n]

2.17b 2.17¢
M
H[m,n]

H[m,n] =
0 otherwise

24

H{mn] for m=pS,n=qS, p:O,l,.,%—l, q:O,l,.,S——l

OFDM

h(k,I)

2.17a

2.17b)

2.17¢

H[m,n]

N
f
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H[mn] h(k,1)

ﬁ(k |) 1 Mliﬁ[ ] % J%nl
N=—— m,n]-e e
M-N m=0 n=0
i o P i
1 . s
=—— H[pS.,0S;]-e & e
YRPIIRLRN
1 %-15—1\1-1 M-1 N-1 712@”’” g jzﬁpk JEQI
- { h(xy)-e e led e
M-N ; g=0 x=0 y=0
L N %_1 Sﬂ-l ﬂ%p(x—k) —i%{Q(y—U
1 SN . S s,
IO I I N
M-N X=0 y=0 p=0 g=0 2193)
2.19a) 2.14) 2.19a)
MONG 2Ty o2 ey
LSZ& € S € sil\i zzlsza((x k- )M’(y_I_S‘E)N)
M-N p=0 g=0 r=0 s=0 S Sf
S-S 2.19b)
2.19b) 2.19a) 2.19a)
~ 1 M %'1 Sﬂf_l 71’2@%(“() jzfq(yl)
h(k,1)=—— h(xy)Y > -e ® e
‘N x=0 y=0 p=0 g=0
1 M N M-N 3] M N
e —— h(xly) 5((X_k_r'_)M>(y_|_s'_)N)
N x=0 y=0 S : Sf r=0 s=0 S Sf
1 3_13f -1
= h((k+r- )M,(I+s —)\)
S5 = 2.19
2.19¢ hk,]) k S |
St Si- St
2.8 2.9
h(kl)
h(kl) H[mn]
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24
St St
St St
Tirme Time
T OO0OO0OO0O0O0O000000O0 RN NOXOX NONOX JOXOX NONOX J
00000000000 [ NoXoX NONOX JoNOoX NONON J
O00000O0O0O0O0O0O0OO Li"9afT!ntefPO'OOOfDOOQOO.OO.
000000000000 ® bnonome 000000000000 e
Q000000000000 ﬁ { NoYoX XoNoX JoXoX NeNoN |
O00e00000Oe000 [ NoNoX JONOX JOXON NONON )
0000000000000 000000000000 @
[ XoYONOXONOX JONCNORONON J _ [ NoYoX NoNoX JoJoX NoNoX | _
Frequ(V,gfncy Frequ(V@mcy
24
2.2.4
2241 [18,19]
HLMMSE Y
H e =KY (uncorrelated)
2
E{IIKY-Hea ||} (2.20)
K (2.20) min E{||[KY-He|*}
[15]
i -1
Howve = KY = Ry RyY (2.21)
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Ray=E[HY']
=E[H(XH+2) ]
=E[H(H X'+Z")]
=E[HH X +HZ']]
—E[HH" X+ E[HZ |=RuuX (2.22)

Ry = E[YY"]
= E[(XH + Z)(XH + Z)"]
= XE[HH" X" + E[Z2Z"]
= XR, X" + a7l

(2.23)

(222) (2.23)  (2:21)

l:ILMMSE = RHYR;Y
=(RHHXH)(XRHHXH +O—§IN)_1Y (2.24)

=Ry (Ryy + o3 (X" X)) 'H g

A

H,s Leastsquare

autocorrelation

autocorrelation (2.22)

H -1
X X X)
LMMSE estimator

2242 [16]

K (2.25)

k:[koakla"'akN_l]T

) oo . (2.26)
h s = diag([h s(0),hs(), -, h (N -1)])
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&= El|h-hk

]
= E[(h-hk)" (h—h k)]
K (€)

V,(8) = Vi {El(h = Rgk)™ (h— i )]]
= _E[Hrs(h - I'A]Lsk)]
= —E[h{th]+ E[h{th Ik

(2.28) V,.(£)=0

k= {E[hh ]} E[Rh]

E[hith <] = E[diag(h+ 2)" diag(h+ 2)]
= E[diag(h)" diag(h)] + E[diag(2)" diag(2)]
=diag([E{| h, '} + o, E{|h "} + o, E{ hy, "} +0;])

E[h/.h] = E[diag(h+ 2)" h]
=E[diag(h)" h]
=(E{n[ L EdN[ . Edhy [T
(2.30)  (2.31) (2.29)

k= {E[hsh,s]} ' Elh{sh}

{ R Bl Efnf) ]
Edh[ 1+ Efn[3+o TEfh [ +0?

uncorrelated  E{|h P}~/ h [} -6 (2.32)

| Efe[i-0? B[ -02  EfRS[} -0 '
ey B ERE[

(2.33)
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efhsfs  Efn[s Efhis[ )

sub-optimum > geeesy
B0 B0l BRGS0 (239
ﬁ,_s least square channel estimation lop
1 N-1 A 2
A2
TNCN, ZN: () (2.35)
(2.34)
least square
hiumse = hisk hs
one-tap h. =h.+z lease
square
one-tap 7k ”
(2.34) k
least square estimation
least square
2243 (Path Selection)

(Inter Symbol Interference)
2.5

i
Al Modse
Mullipsih i
Channe] !
| “ i i
L]
[
Mg lengilk H-Hf lenglh
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2.5

2222 2.2.3.1
2.6
[h(n)]
N/S, 2'N/5; Ti:ne
2.6 St
1/ St
N
t>—
Sy
N
t _
Sy
N
t _
Sy
2.35
6= SR (2.36)
© N/ S -Lm
L path 1 path  index
(2.34)
E th2 E Ls|? Eqdhts 2
{h,°| s {h=|}
= 5 , > yeees 3 (2.37)
E(RS[1+02 EN[1+02 ERS[}+o?
LS channel D Transformed D Path Estimate LMMSE
estimate into m.ne Selection $ noise power weighting
domain
2.7
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2.2.5 DVB-T
KIIIIH @ scattered pikod O data max
SO0 000000080 el Ielelelalelelalslealal |
(lalal lalaieiaielebslalala [ alaialel alseialalacalale
Lelelalalalel Ialalalelelaly slelelalelnlel InInle eIl
OO0o00000e0000 o QOOODO0000e000 symbol 67
SOO0QO00000080 Q@COOOOOQ0C00E symbol O
COQe00Q0000000 L QOOOBROCO000000 symbol 1
QOOQOOOeQOO00O00 QQOoOOOCOe00C000 symbo] 2
E'E}{J QQQO00E ﬂﬁﬂﬂ e D QOQOQOQ0EOQC symbol 3
DOO0000040 DeOOO0O0000008
DD'D 8000000 DDGG alelelel elesislslealale
2.8
2K ( 2048 ) 8K
( 8192 ) Kinin 0, Kmax 1704
6816
2251
2.9
N
Remove Eciimane 7
Guasd FFT Chanel m‘;f.; IFFT
Interval Samples &
Symbol-by-symbaol Fath 4
- Avernge — Selection FFr rr:fpl:ﬁf:ﬂ

2.9
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0 2K
2048 8K 8192
Kmax N 0
N N
Kiax sinc
N/12 12
Inter Carrier Interference
Symbol-by-symbol average
Path Selection
12
2252
2K
4*2048
2.10
N/
Gl 2048 Estimate -
Removal FET = Channel 1= o dding
Samplas —‘
Storage | 42048 Fath | 4*2048
" | i4symbaols) | 2D-IFFT Selection " 2D-FFT
2.10
0
12
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2253

1/12
OFDM
1/4 1/4
4
4 [":.ll'. X
I'u.i::u ® Fim ] 0 o lm
L D] DAl TEle Tale T ol Telel Telel Teiel Telsel
L Jeinl Dalel Iele (6lel Ieleeeenel ielel lJels] Islel Telsl |
| Tl Talll TEleS Taladl T ] Jale] Tale] Daled Talel |
L ] e el lelel L Q@RDOROOOCE00N
2.11
1/12 1/3
Y Extract Linear
Remove 2048 Zero o
¥ Channel —¥H : —¥ Interpolation in
Gl FFT Samples padding Time Axis
Svmbol-hby-
2048 ! g Path 2048 Freqguency
" FET [ ;t*;:z; | Selection | | FFT Response
2.12
2.254 DVB-T
DVB-T
h < 2242
h 2232

LS
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= Y

s 2.2.4.2
2.13
Remove LS channel Zero Linear
Guard _i'\> FFT i> estimation :’> . Interpolation
Padding o .
Interval samples in Time Axis
Estimate
Path . LMMSE
IFFT ﬁ>
:'> Selection i> noise weighting
Power
2.13 DVB-T
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DAB
DVB-T DVB-T
OFDM
flat fading
one-tap equalizer
31
DVB-T
3.1
H
X—» Channel :T Y:XHIN
N
3.1
X H N
AWGN Y
3.1
Y XH N 31
3.2
X = S 3.2
H
33
X = i 33
H
33
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DAB DVB-T
DAB
/4 (m/4-shift DQPSK) 4.1
DQPSK DVB-T
QPSK  16-QAM  64-QAM  hierarchical 16-QAM
hierarchical 64-QAM hierarchical 16-QAM  hierarchical 64-QAM
16-QAM  64-QAM DVB-T

TPS (transmission

parameter signaling)

4.1 w/4-shift DQPSK signal space

41 DAB symbol-by-symbol differential detection
DABm/4-shift DQPSK
1.4
QPSK mapping QPSK
(differential modulation)
(4.1)
7 ={ej¢k,for-K/2sk <0and 0 <k <K/2
’ 0,fork =0

4.1)
Vs
P = E(hi,k—k’ +n)
The index 1, K', nare specified as function of carrier index k for different modes, so
the value of h will different.

QPSK
(4.2) Y  QPSK
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Zl,k = Zl—l,k 'Yl,k
for1 =2,3,4,...,L and -K/2 <k <K/2. (4.2)

1 is the symbol index and k is the carrier index.

DQPSK 4.2

Circular buffer

Real part signal —»|

Bits output
modulo-27 Phase to bits P
Arctan(Q/) correction logic mapping
Image part signal —»| Phase difference compute

4.2 Symbol-by-symbol differential detection block

4.2 QPSK In-phase

Quadrature

27
hard decision
4.2 DVB-T
421 Non Data reconstr ucted
DVB-T TPS (
$25~s29 bits) TPS TPS

(hierarchical parameter) 43
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QPSK
demodulation
- 16-QAM .
demodulation
D > Bit
Signal E 64-QAM tl st
input M P> demodulation > M outpul
—> U [}g —>
X [ Hierarchical 16-
QAM
o |— A demodulation =3
I I Hierarchical 64- I
: $— 3 demodulation :
I
| TPS hierarchical |
TPS Constellation __ _L __information i
control
43 DVB-T
4.3 TPS
( inner deinterleaver)
4.2.2 Data reconstructed
Maximum ratio combining
(L-path) ]
D[n] d[n] X[n] yin
o IFFT ¢l h{n] (+)
1nsertion W
win]
44
4. 4 D[n]
d[n]
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Guard Interval X[Nn]
yln]
y[n]
h[n]
D[n]
d[n]
X[Nn] h[n] X[Nn]
Channel hin] N i,[n]
estimation T'th path im
r \\/ R interference . L0
y[n] GI One tap d[n] reconstruction o [n]
: Removal FFT equalizer 7 IFFT t
o GI
. insertion )Z[n] @eocvccccccctnnans
D) Aalewng
o | um
y[n] t—z,]1+W[n] |.. . yin] d[n
(3 XTI pime aignment — d FFT 3 Detection |3 IFFT Gl
_ﬁ/ removal insertion
and
L]
MRC
+ aLX[t_TL]+WL[n]

)N([n]g

4.5
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a
a
a
&
| T T >
0 Lho L T Tia T
4.6
yin] 4.3
y[n] = a1x[t_T1]+azX[t_Tz]+---+aL—lx[t_TL—l]"'aLX[t_TL]"'W[n]
h[nl=a,Xt-7,]+a,Xt-7,]+..+a_XNt—7]+a Xt-7 ]
LIn=a,Xt-7r,]+aXt-7,]+..+a_ XNt-7 _]+a Xt-7 ]
i n=4Xt-7]+aXt-7,]+...+4 _,Xt—-7,_,]1+a XNt—7 ]
i[n=aXt-r]+a,Xt-r,]+..+a ,Xt—7r ,]+a _XNt—7 ]
y[n]_il[n] = alx[t _7-1]+W1[n]
y[n]—i,[n] = a,Xt —z, ]+ W,[n]
y[n]—i_[n]=a Xt -7z ]+W_[n]
Wn]=(a,qt—7,]- &t —7,]) +...+ (a X[t =7, ] - & K[t — 7, ]) + wn]
W,[n]=(aXt—7,]-4Xt—7])+(a,Xt—7,]-&Xt—7,])+...
+(axt-r ]-4 Xt-7])+Wn]

W [n]=(axXt—7]-4t-71)+..+(a_xt-7_,1-4_Xt—7z_,1)+wn]

yn]
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D[n]

D'[n]or D'[Nn]

Decoding

Encoding

D[n]

4.7

X[n]
D[n]or D[n]
Coding gain
D[n] D'[n]
Decoding Encoding ————
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5

51 DAB DVB-T Demodulator

Received DVB or
DAB Signal
DVB-T

)S Frame Symbol Timing & ’ )
FrontEnd [H A/D Dhe/i:gteor ization by Fractional Frequency =i Gu;ri;gz]:rlwl — FFT
DAB | _Using Null Symbol Offset Detection \

DVB-T ottt Deeion. [ Synchronsation [ Estimaion [ Emvatser [ Deteetion
Ot t0 FEC
—
o I i byl
5.IDVB-T DAB
DAB DVB-T demodulator 5.1
DVB DAB RF Front End Mixer
LPF AGC Baseband
ADC DAB
DVB-T (By Pass)
DVB DAB (Symbol Timing
and Fractional Frequency Offset Detection)
DVB DAB
DAB DVB-T
DAB DVB-T
DVB DVB-T
(Transmission Parameter Signaling TPS)
DVB
0 1
DVB DVB
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(Outer Receiver) Forward Error Correction
DAB DAB

DAB

(Outer Receiver)
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DVB-T

6.1.1

6.1
Number of Sub-carriers 2048
Number of Active Sub-carriers 1705
Sampling Interval 7/64 n sec
Useful Symbol Duration Tyu=224psec
Sub-carrier Frequency Spacing 4464Hz
Effective Bandwidth 7.61Mhz

Guard Interval

14Ty =56p sec

Maximum Delay

500TS =500* 7/64 p sec

Coherent Bandwidth

4.816 carrier spacing

Carrier Frequency fc 474MHz
Maximum M obile Velocity 90K m/hr
Maximum Doppler Frequency fd ~=39.5Hz
Maximum fd *Ty ~=0.01106
Total Pilot Power 176*(16/9)
Modulation QPSK

Simulation Time

~=10sec 47600 DVB-T symbols

>

number of symbol-by-symbol average

threshold of path selection
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-13dB

coherent time

S€C

S€C

S€C

S€C

Tom fdmaXNavg <0.02
Navg TSYM fdmax
>
2*2048
-13dB
>
2242 2.25
One-tap
-13dB
AWGN

» AWGN
1. I 1 50*7/67
2. 9 1 50*7/67
3. I 8 1 250*7/67
4. 5 3 2 250*7/67
>
1. 11 50%7/67 sec

30km/h 90km/h
2. 5 3 2 250*7/67 sec

30km/h 90km/h
3. I 8 1 250*7/67 sec

30km/h 90km/h

SDR  Signal to Distortion Ratio

45

6.1

500%7/67
500%7/67
500%7/67
500%7/67

500%7/67

500*7/67

500*7/67

S€C

S€C

S€C

S€C

S€C

S€C

S€C
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Average Channel Power

DR =10log( — 6.1
Average Estimation Error Power
SDR
6.1.2
6.1.2.1 AWGN

AWGN

LMMSE

E0E in 2pain 11 delay=(0, B00"7Sdusec) SWEN channe

- -fll IIEI 1I2 1:5 0 24 28 az
EbMOdh)
6.1 1:1 AWGN SDR
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208 in 2path &1 delay={0,

NCTU.cm.wireless communication L ab

EOOF TS mo) &SN charnel
| 1 T .

47

6.2 9:1 AWGN SDR
S0H in9-path 181 delay={0, 260" usec, S 00FEd LB ) AWIEN chanral
£ - -
B0
45
45
144
42
40
BT
R |
m ¥ . : : . E.- J: - o L"HE
T
EbT b))
6.3 1:8:1 AWGN SDR
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DR in3-path 522 delay={0, 260" 5usec, S00FE LB ) AWIEN chanral

L] T T
.......... :-“““-.h.:"““”:““““.i“.“““l”““-
i
; — 1D FFT
—s— IFFT
_ : _ ; _ —5 LMM=E
3:| 1 1 1 1 1 1 1 ||
el =] 12 [ 20 24 28 a2
ELMOdh)
6.4 5:3:2 AWGN SDR
6.1.2.2
Path SDR DVB-T
2048 sub-carriers 1705 active sub-carriers
sinc sinc
sinc
side-lobe
6.5
6.6
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(a)All 2048 sub-carriers are used

1
0.5 i
0 L L L L L L L L L
50 100 150 200 250 300 350 400 450 500
(b)Only 1705 sub-carriers are used
l T T T T T
0.8 i
0.6 i
0.4 i
0.2 i
0 Il L L | | | | | | |
50 100 150 200 250 300 350 400 450 500
6.5 2K 50*7/64usec
(a)All 2048 sub-carriers are used
1 T T T T T
0.5 i
0 50 100 150 200 250 300 350 400 450 500
(b)Only 1705 sub-carriers are used
1 T T T T T
0.8 |
0.6 i
0.4 i
0.2 i
50 100 150 200 250 300 350 400 450 500
6.6 2K 500*7/64pnsec
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S0A in 2-path 11 delay={0, B0F7"&dumea ) tading ohanned with w=20kmtr
42 T T T T | T T

I o e foremnns —
an - b s | == 1DFFT |4
: i i i —— 2D FFT
i ; : i —— LMKEE
1 1 1 1

12 16 20 24 28 az

6.7 1 1 Delay=50%7/64usec 30km/hr  SDR

S0A in 2-pat 1:1 delay={0. 807l =) tading channed wath w=90kmir

295 T T T T | T 1 .
i i i i i i —+— 1DFFT
—— IOFFT
=i | MMIE

amafrananrr e e fraann e feoreener e frananna e froeen

285

6.8 1 1 Delay=50%7/64usec 90km/hr  SDR
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S50H in 2-path 1:1 delay={0, 800" 75 fading chanrel wit w=30kmhr
44 T T T T | T T

i ’ poo b = 1oFFT |
= ; { : P = ameer
a0 i i i i i ; i

4 H 12 168 20 24 28 a2
EbTNdh)

6.9 1 1 Delay=500x7/64usec V=30km/hr =~ SDR

B0A In 2-path 21 delay=(0, S07TSdEac] tadng channed waih w=30kmiTr

2&e T T T T 1 t
S i
e

283 _........: .

24.8_--......;. -----I---------Jl----------I.--------JI---------J---------JI ......... : ......
24,8 : : —— 1D FFT
: : —w= 20 FFT
. . : . : ; —&— LMMSE
a4 4 i i i i i i i i
4 H 12 168 20 24 28 a2
EbTNdh)

6.10 9 1 Delay=50x7/64usec V=30km/hr =~ SDR
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SOR in3path 181 delay={0, 250" Edusec, 800 7B s ) ading chanrel wit v=30umhr
25 T T T T | T T .

24.5 _.-.-.-..;.......... -

L e T e RRRERR A P T

208 [reeneensd

4 H 12 1= 20 24 28 az
E bk

236

6.11 1 8 1 V=30km/hr SDR

SOR in3path 181 delay={0, 250" Edusec, 800 7E s ) ading chanrel wit v=20kmhr
16E T T T T T T T

1875 F— N OSSO 0oy commovut SONONN S SO

187 -
T3 S N EAR

1EE _.-.-.-..E,..... - :

3

'
1
1
i
£

185

—— 1D FFT

1845 . RN SUUSUUUU: SOUNE SUUUUNY RSN S SO

~--{ === 2DFFT

104 - ; S SSNSSR: SN SS——
: —— LMMEE

+ 4
1835 1 | i ] 1 | i
4 A 12 1€ 0 24 28 az

6.12 1 8 1V=90km/hr  SDR
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20

SOR in 3path §:2 2 delay={0, 250" Edusec, 800 7E s ) fading chanrel wit v=30umhr

-
P11 ANSEUNEN SRPSRUES SN -yttt SN SRS SN NI froeeem
285 e
=] | RSP S
375 I N
: : : : i [S= 1oFET
T DL iamse
I N i i T
4 H 12 16 0 24 28 a2

E bk

6.13 5 3 2V=30km/hr SDR

S0R in3path 53 2 delay={0, 2A0"TEus e, S00°7TEuEec ) fading chanre| with w=S0kmthr
262 T T T T | T T

n
[

o
o
el
=

[+

6.14 5 3 2 V=90km/hr SDR
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6.2 DVB-T

6.2.1

AWGN Fading

6.2
Number of Sub-carriers 2048
Number of Active Sub-carriers 1705
Sampling Interval 7/64 usec
Useful Symbol Duration Tu=224 pusec
Sub-carrier Frequency Spacing 4464Hz
Effective Bandwidth 7.61Mhz

Guard Interval

V4Tu=56 usec

Maximum Delay

500Ts=500*7/64 u sec

Coherent Bandwidth

4.816 carrier spacing

Carrier Frequency fc 47AMHz
Mobile Velocity 30, 90 Km/hr
Path Number 2, 3 path
Maximum Doppler Frequency fa~=39.5Hz
Maximum fa*Tu ~=0.01106
Total Pilot Power 176*(16/9)
Modulation QPSK

Simulation Time

~=10sec 47600 DVB-T symbols

6.2.2

Fading

Fading AWGN
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AWGN
180
180

Null
fading

6.15~ 6.19

6.2.2.1 AWGN

6.15 AWGN BER

6.2.2.2
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1 (dalay 0,50

1 {dalay 0.500)

1 {delay 0.50)

1 (chalay 0.500)

B e 0,250,500
22 [dedary 0,250 500]

6.16 BER 30km/hr

6.17 BER 90km/hr
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1 {delay 0.50] V=30
1 {delay 0.500) V=30
1 [dhalay 050] V=30

1 {ckarbiny QU500 =30
: Lokl 050 V=00
1
1

1 (dalay §500) V=80

1 {dalay 0500) V=50
T | I |

6.18 BER 30km/hr and
90km/hr

6.19 BER 30km/hr and
90km/hr
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(SDR) (DAB)
(DVB-T) OFDM
OFDM DAB
(DQPSK)
DVB-T
DVB-T (scatter pilot)
(channel equalizer) (data decision unit)

(zero forcing)

Maximum ratio

combining

OFDM

DAB DVB-T
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