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Abstract

Orthogonal frequency division multiplexing (OFDM) is a promising
transmission technology for high data,rate communications. One problem
arising in the OFDM system is the gain and the phase mismatch between 1-Q
oscillators. It has been shown that the |-Q imbalance problem can significantly
affect the performance of OFDM rsystems.-Many [-Q imbalance compensation
methods have been proposed; however, most of them are not valid in the
presence of frequency offset. In thisthesis, we propose a novel method to solve
the problem. This method can effectively estimate the gain and phase mismatch
disregarding the frequency offset. We also investigate the ISl problem in
OFDM systems. A common remedy for this problem is to apply a time-domain
equalizer (TEQ) such that the channel impulse response can be shortened.
However, the TEQ approach is not effective for complex wireless channels. We
then propose a decision feedback equalization method that can effectively
remove ISl and at the same time enhance the detection performance. Finally,
computer simulations based on DVB-T specification are conducted to

demonstrate the effectiveness of the proposed agorithms.
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(OFDM)

OFDM

(Asymmetric Digital Subscriber Loop ADSL) DMT(Discrete

Multi-Tone) OFDM

OFDM (ETSI) (Digital Audio Broadcasting
DAB) (Digital Video Broadcasting DVB)
IEEE 802.1x ODFM
1-Q
(I1C1) I-Q
I-Q

[4] (Adaptive Frequency-domain equalizer AFEQ)
[5] (Adaptive Time-Domain Compensator ATDC)
[6] (Decision-Feedback Correction Scheme DFCS)
pilot

I-Q

(Interference Cancellation)

I-Q pilot



-Q I-Q

1-Q
I-Q
(Inter-Symbol-Interference ISI)
ISI OFDM ISI symbol
(Guard interval)
Guardinterval Guard interval
Guard interval (TEQ)
TEQ Chow  Cioffi [11]
(Minimum Mean Square Error MMSE)
(Target Impulse Response TIR)
(Shortening Impulse Response SIR)
OFDM
Melsa [12] (Shortening
SNR SSNR) TEQ

TEQ
ISI
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(DVB-T)

(Digital Terrestrial Television

Broadcasting; DTTB) DVB-T

2.1

(data broadcasting)

ATSC (Advanced Television Systems Committee)
[1] DVB-T (Digital Video Broadcasting - Terrestrial) [2]
ISDB-T (Integrated Services Digital Broadcasting - Terrestrial)
ATSC 1996 12 FCC (Federal Communications Commission)

1998 11

DVB-T 1997 2 (European
Telecommunication Standard Institute ETSI)
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DVB-T

ATSC 2001.5.24
2001.6.8 DVB-T
British Digital
Broadcasting 1998 11
1997 10
2000
2003
2.2 (Channel Coding)
DVB-T COFDM(Coded Orthogonal Frequency Division
Multiplexing)
(channel coding/decoding) (modulation/demodulation)
DVB-T 2.1 DVB
MPEG-2 MPEG-2

(Transport Stream Packet) 2.1

(randomizer) (outer coder) (outer interleaver)
(inner coder) (inner interleaver)
(Hierarchical)
QPSK
16QAM

64QAM
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2.1 DVB-T
RTTTT
23 (Randomizer);‘
188 (bytes) MP‘EG '3
(sync byte) 187 ..::1:' (daTabyte;)
( ) PRBS (Pseudo Random
Binary Sequence) Exclusive-OR 2.2 PRBS

16-bit  shift register

"1" "OH Hl" "OH

(time recovery)

1000 "O" 999 1000
1oor "o" (de-randomizer)
PRBS ( )  Exclusive-OR
PRBS
1+X44x 1



Initialization Sequence 1 0 o 1 0 1 o ¢ @ 0 O @& O 0 0
1[2]37a]s 6[7]a]o 0] nfaz]13] 14 15]
I TITILIE
— Randomized.de-randomized
_— daia cutput
et
2.2
24 (Outer Coder)
Reed-Solomon code

(RS ) RS MPEG 188

16 parity 188

204 204
. 8 RS
RS | RS(204,188,t=8)
(Code Generator) g()—(xFA )(x+‘)»1 YEAAT) - (xHA)
(Field Generator) p(x)=x¥ x4 !
2.5 (Outer Interleaver)
RS (random noise)
(burst error) RS
RS

(interleaver)



(de-interleaver)

(block
interleaving) (convolutional interleaving) DVB-T
2.3
i g 1 i s
"| 17l |I|I . . H— - 1
hyie o - | i per
piealiia '.2 T 2' Lpasilisn . g = R'
) / ITad 4 B 3 [ e B
. 2 11 T=hA } II:'
o 17l [ =k . =I-1,
L -
FIFLY it reglster [hner Imedesver Chater Deinteriemver
2.3
2.6 (Inner Coder)
(RS )
(inner coding) DVB-T
(convolutional encoder) (puncturing unit) 2.4

6  shiftregister modulo-2

2.5 (bit)
(code rate)
1/2 (coding efficiency) 1/2
( )
DVB-T
172 2/3 3/4 5/6 7/8 2.1

(transmitted sequence)
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Inner Coder

X .
. Puncturing
> CUI-IE?;]::JIELEDEMI _with Inth;:;ver B
Y| serial output
2.4

X Output G, = 171 Osctal)

1-Bit 1=Bit |-Bit
Drzlay Delay Nelay
_o—'-_'_'__'_'_'__'_'_
wLo ¥ Output (G, = 133 Octal)
Module-2 addition
2.5 (code rate 1/2)
2.1
Gl Rabes r Furlq:l.uﬂng pattarm Transmitisd saquencs
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11
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2.7

(Inner Interleaver)

(non-hierarchical)

(hierarchical) (bit
interleaver) (symbol interleaver) 2.6
2.7
64-QAM
Re{z} comeay
Yeo¥asXan
e
Ky Xy K, DEMUX I—p Symbal | T Mapging
_—I By g By 1. B By plly ... I—H_.Inturlumr
e VImiz} commy
N Ba-CAM  TieFae¥es
By g,
hi :-bi L [31} 15
P
L-'_’x,l“:__“ — ',f‘:a._l- -
2.6 s 3 (64-QAM)
bz-n-bn,n--
:'_.I_._*.#..:-r-... DEMLIK
Bty g By .
" Ra{z} convay
. pro¥ists
Symbal Yo, )
by by Interieaver Mspping
“":!'“'"'""i" DEMULIX —Iﬁzﬁmmw
_|_|_ FETRETS Y
|h‘”'b""' —“*—_BH Sy Hierarchical B4-QAM
by by ... lrﬂarllgawr - P M
2.7 (64-QAM)
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QPSK 16-QAM  64-QAM
QPSK 16-QAM  64-QAM
(bit-stream)
(QPSK  16-QAM  64-QAM) de-multiplexed

(sub-streams)

(mapping) OFDM (sub-carrier)
64-QAM (X0>X15-++)
QPSK
(Yo:Y15---) 16-QAM
64-QAM QPSK
64-QAM 16-QAM
64-QAM
64-QAM
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2.8 (Modulation)

2.8.1 OFDM

OFDM (Multi-Carrier Modulation)
(sub-carrier)
bit rate (Frequency

Division Multiplexing)

2.9
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OFDM IDFT (Inverse Discrete Fourier

Transform) DFT (Discrete Fourier Transform) IFFT
(Inverse Fast Fourier Transform) FFT (Fast Fourier Transform)
DVB-T 2N 2048 (2k mode)
8192 (8k mode) OFDM
Sub. 0 | 3 ; 4
\/\/
29, OFPMIT /-
2.8.2 Frame structure
DVB-T (frame) 2.10
68 OFDM
Ts U
( Ty) ISI (Inter-Symbol Interference) guard
interval  ( T Ts=Ty+T ) Guard interval
(cyclic prefix) 1/4 Ty 1/8 Ty

116 Ty, 1/32Ty
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0 1 2 3 Super frame

0|1 i 66 | 67 frame
OFDM symbol
0 2k mode 2047
8k mode 8191
2.10 DVB-T
2k 8k 2k
OFDM 2048 1705
guard band 1705
1512 QAM QPSK
1705 1512 193 (pilot signals)
17 TPS (Transmission Parameter Signaling pilots) 45
(continual pilots) 131 (scattered
pilots) 8k OFDM 8192
6817 6817
6048 QAM  QPSK 6817 6048 769
68 TPS 177
524
OFDM TPS

(1/2,2/3,3/4,5/6,7/8) constellation
(QPSK, 16-QAM, 64-QAM) guard interval (1/4 Ty, 1/8 Ty, 1/16 Ty, 1/32
Tuv) (2k, 8k)
OFDM
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TPS
DBPSK
DVB-T

&8MHz 7MHz 6MHz

8MHz 7MHz 6MHz Ty

2.2
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2.2 DVB-T OFDM

OFDM parameters for S8MHz Channels

Parameter 8K mode

Number of carriers K 6817

Duration Ty 896us

Carrier spacing 1/Ty 1116 Hz
Bandwidth 7.61 MHz

Data Rate 498 31.67 Mbps

OFDM parameters for 7MHz Channels

Parameter 8K mode

Number of carriers K 6817

Duration Ty 1024

Carrier spacing 1/Ty 0.976563 kHz
Bandwidth 6.66 MHz

Data Rate 4.354 27.71 Mbps

OFDM parameters for 6 MHz Channels

Parameter 8K mode
Number of carriers K 6817
Duration Ty 1194.667u
Carrier spacing 1/Ty 0.837054 kHz
Bandwidth 5.71 MHz

Data Rate 3.732  23.751 Mbps

17

2K mode
1705
224us
4464 Hz

7.61 MHz

2K mode
1705

256us
3.90625 kHz

6.66 MHz

2K mode
1705
298.6667us
3.348214 kHz

5.71 MHz



(Orthogonal Frequency Division Multiplexing)
(Frequency Selective Fading)

OFDM

(Synchronization) OFDM

3.1 OFDM

OFDM

OFDM

Suh- i

carrIct

/

.v

3.1 OFDM
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Frequency

[W\ Savinge of bandwiadih

Froquency

3.2 (a) (b)OFDM

3.2 OFDM
OFDM n -
SO=% Zxk.cb <t
© .‘ ejankt tE[O T)
“ = nO g othervvuse G.1)
f, _k k 0,1,2,---,N—1
TS
X | OFDM symbol k
T. N OFDM f, kK
/T, OFDM symbols
1 N
s(t) = ZS(I) Z[WZ Xk,I(Dk(t_ITs)i| (3.2)
k=
OFDM
j O, (D" (t)dt =T.5(k—m) (3.3)
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OFDM (3.3)

OFDM (3.4)
n 1 pa+nT, .
Xk,.=ij”s S, (tyclt (3.4)
)Zk,, | OFDM symbol Kk
OFDM 3.3

ﬁ—» I Deci s—i—obzm
—j 27 ft

X I Dec i Hl)(u

%?—» I Deciﬁ—t)ﬂ(Nill
j27 fygt

e_J

c hann

3.3 (Continuous-time)OFDM

N N

(DFT)

(3.1) t=—17

1 N-1 )
S(n)—_ X, -e"* ™
Nic t:%TS
e " (3.5)
:ﬁz €N =01, N -1

=~
\ |
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(3.5) (IDFT) OFDM
(DFT) (DFT)
(OFDM)
N 2™(m ) (FFT)
(DFT)
S i all S oo q ¢ Guarld
Dzrt—laiS/P"l\?lg'q | DF[Te P/S‘Interv*Efag‘CUp -
Il nput :‘ appe-: :‘ Il nserti onverter
A
Chan
serifal & . <] <] <] Guar|d L
.1 Sign&lOne- <¢gap < LPE Downl|_
(g)ua%u&tPlg. MapperEqual i-zDeFrT . S/ R é:;}:":lzr)«Converter
P < < 3 <
34
0 1 (Serial-to-Parallel converter)
N N
xk,l
N X, (IDFT)

(Cyclic Extension) (Guard Interval)

(Inter Symbol Interference)
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33 (Guard Interval Insertion)

ISI

Guard _
Intervzylse]CUI Symbol Duration Tu

‘“—r >

\

Copy
3.5
(Useful Symbol)
(Cyclic shift)
ISIT
Gug 1 Gu ar
Symbol InpﬂérfvaISymbol Interg\yanpbol M+ 1

k—ﬂ(a) Correctly Timed Sam,
H—»{(b) I ncorrectly Timed but Dec
}4—){(0) I ncorrectly Timed Sampl es
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(multi-path)

ISI (Linear
Convolution) (Circular Convolution) ISI
(IST free region)
ISI
1st Payrmbol| SYAIE  symbol CUalEymbol M+ 1
2nd PaSkmbol IGnu[\ﬂérrfEVmSymbol IGnutaerrg\yanpbol M+ 1
Sum Sy mbol M - Symbol M+ 1

' ST riegijosn  ftree region

3.7
3.4
OFDM
® FFT
°
°
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3.4.1

FFT (Frame synchronization) IFFT/FFT
OFDM (Frame)
CP(Cyclic Prefix) (
) CP
CP ISI
OFDM
FFT OFDM
OFDM CP (Guard

Interval Based)

OFDM
3.5 OFDM
r(n) N r(n—N)
N OFDM
(moving sum) 3.8 Cp
N
CP (Ny) CP OFDM
CP OFDM match

i r(n+kyr(n+k—N)

k=0

} (3.6)

N=arg max{
n

24



\ 4
A

r(n) moving ~
> X F—> sum . arg mﬁ%§—+-n

i

|

[1
<k<——————
!

Del ary—N 1/27 —>af
3.8 CP
j27ZnAf
r(n)=xme N (3.7)
af (Carrier frequency offset) r(ny r(n—N)
j27Z'nAf . 2z(n=N)af
r(ny=x(ne N’ (n-N)=x (n)e N
) _ (3.8)
= r(n)r'(n-N)=|x(n)|” e/
(3.6)
. 1 Ng—l
f=—J/ r(Ai+k)r (A+k—-N
af =— {kz;, (A+k)r( )} (3.9)
3.4.2
OFDM
(Pilot Signal)
( )
R =X, -H +W, (3.10)
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X, H, W,
Least Squares(LS) pilot
pilot
R,
Ay, = X, (3.11)
& pilot (Interpolation)
[
® Sinc-function
® Cubic-spline
DVB-Z pilot pilot
pilot
OFDM pilot pilot
( pilot )
Symbol 0 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT ---- f
0 12 36
Symbol 1 TTTT Preet fTTTTITSTHTTf TTTELTTTTTTTTTTELT """ ¢
Symbol 2 TTTTTT rerprereet TngTT TTTTTTTIOTTTTTTTTTT ----- f
Symbol 3 TTTfTfTTTTTTTTHTTTT?JJTTHTTTTTTLTTTTTH ----- f
Combine Tf TTT TTT TTT TTT TTT TTT TTT TTT TT TTT TTT TTT TTT ----- f

0 3 6 9 12 15 18 21 24 27 30 33 36 39

3.9 DVB-T
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3.5 OFDM

ISI

OFDM
(Inter-Carrier Interference)
OFDM

(Peak-to-average power ratio)
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OFDM 1-Q

(low-power consumption) (low-cost)
(direct- conversion)
(Radio frequency) (Baseband) (IF)

(Image Signal Interference)

(Image-rejection Filter) (DC
Offsets) I-Q (I-Q Imbalance) OFDM

1-Q
4.1 1-Q

(Ditect Conversion)

(Cosine) (Sine)
In-phase Quadrature-phase [-Q demodulation
Cosine Sine
I Q 4.1
f. LPF(Low-pass
filter) € S
I-Q OFDM
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H?—> LPF—r1 (1)
cos(2z f t)
rt)——-+-
—(1+¢&)sin2z f t+6)
Hé—b LPF—> I‘('g (t)
4.1
OFDM (Complex envelope)
1 & 27kt /T
mt)=—> X.e @.1)
NS
(Equivalent-Low-pass) (multipath) h(t)
r(t) = mty®@h(t) + w(t) w(t)
F(t) = Re{r(t)e” "
I Q ) 1o () RO+ -1 =r)
I-Q IQ
I (t) = Re{[r, () + jr ()]} -cos(2z f 1)
=1, (t)cos(2z f 1) cos(2x f t) — 1, (t) sin(27 f t) cos(2z f t) (4.2)
LPE =r, (1)

ro(t) =Re{[r, (t)+ jry ()]} - [-(1+ &) sin2z f t + 0)]
=1+ &)1, () cos2z f t)sin(27 f t+O) -1y (V) sin(27z f 1) sin(27 f t+O)] (4.3)
LPE =(1+¢&)[ry(t)cos @ —r, (t)sin O]

(4.3) 1-Q 1 Q

Cross-talk

r)=r, )+ jryt)
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r(t) (conjugate)r(t)

r) =K r@®+K,-r (4.4)
K, K, (complex constants)
1 _io
K1:5[1+(l+8)e ]
1 0 (4.5)
K, _5[1—(1+5)e ]
(44) DFT
Re=K -R+K,-Ry
* o * 4.6
= K, [ X Hy +W ]+ Ky o[ X HT + W] (4.6)
X, R k H,
W, (AWGN) (4.4) I-Q
€ =0 0 =0% Ki=1..K,=0 (44)
I-Q (4.6) OFDM symbol
k f.
N-k (Image Signal) ICI
(Inter-Carrier-Interference) 4.2
€ =0.15 0 =15° FFTsize=16 tone
tone tone
15 tone
(ICI) I-Q

1-Q 43 16QAM
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4.2 I-Q

I-Q 1-Q
Cross-talk ICI
4.2.1 (Adaptive Frequency-Domain Equalizer AFEQ)
I-tap
I-Q
(Image Signal)
I-Q
4.4 R,
R, 4.5 two-taps

pilot sub-carriers

R R, two-taps

X data sub-carriers
LMS(Least Mean Square) two-taps
4.7)
A H o=
R, =Ci Ry,
= K =Ry (4.7)

E
Coin =C + 1B "Ry
C,, =[c, G,I" coefficient vector R,, =[R, R;,]" input vector

I | OFDM symbol
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at

Adaptive Frequency
Domain Egquali zer
/a guency
Two—TapsinZer
3 y
Equal zeerF
Coef fifcflient
Adapt at|i gn
2
Adapt atrean

Adaptatpon

TT .
Eblual T

] Rk,

Coef fi]c
Adapt

r(n - . Farvio)
( FFET SS“bl Qe
R, Se!l eqR} Ry ]
4.4
Ru [y
%
Cy.»
Ro R
Coef fici end
4.5 two-taps
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LMS

two-taps Wiener solution 4.5
Input vector I-Q
R, R, (4.6) desired symbol
X Input vector  correlation
matrix  Input vector  desired symbol cross-correlation vector
two-taps Wiener solution

Wiener solution C=R™'-P

E[R R E[R R,
where R = . .
E[R, R] E[R} R,]]
2 2 2 2
| IH QEPHRGD 2KK [H
=(ox + 0o, s == 2 2 2 2 (4.8)
2K/ K, [Hy] H [ (K| +]K,[)
P = 1% * - O-X *
E[R, X,] H, K,
R correlation matrix P cross-correlation vector oy o
power Wiener solution
data sub-carriers
4.2.2 (Adaptive Time-Domain Compensator ATDC)
4.2) 4.3) I-Q Q
I I
Q e 0
4.2) (4.3)
Q Q
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4.6 I-Q

I
Q Q
fo(M  Q I
fo(N) =ro (M) =W -1/ (n) (4.9)
w r|V(n) I
E{| rf?(n) B LMS
W(N+1) = W(N)43h(N) - £, (N) (4.10)
i step size Q
Q power I power
Q power Q
Q
1
E[r*(m]|?
Oy = E[rQ'z(n)} (4.11)
() i ~ 7, ()
S| W
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4.2.3 (Decision Feedback Correction Scheme DFCS)

(hard decisions)

(noise-free) AWGN
(multipath)
(4.6) I-Q K, K,
(4.5) e 0O
X, (4.6)
Xy cor = R- iz X (4.12)
1
K, Ky X, (4.12) [-Q
(hard decisions) X,
KK,
K K,
(4.6) (complex constants) K, K,
i (4.13)
K, K, (4.14)

R=K, X +K, - X,

o . (4.13)
R =K,-X,+K,-X,
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AWGN

(4.15)

(4.15)

*

« _ RX -R-X

* *

LOX X =X X
'_K .X. (4.14)
« - RoKoX
X
OFDM symbol K, K,
(4.12)
(multipath)
(4.6)

FEQ.(Frequency domain Equalization)

(hard decisions)

FEQ
5 Rk KZ'Xjk'ij
Ro=—-=K X + 4.15
H, H, (*.15)
(4.16)
I§<_K2-Xjk H*k
Hk
Ky corr = K (4.16)
1
K, AWGN
~ K, -X"-H"
= K- X, 2
R 1 i HI
- K, X7, -H, (4.17)
R =K, X+
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~ RXHH -R X, H H,

Kl - * * * *
XiX_jH_J-Hi —XJ-X_iH_iHj
2 _K - X (4.18)
K,=H,+-———— L1
X—i ) H—i
4.3 I-Q
4.2 I-Q
(Frequency offset) 1-Q (I-Q imbalance)
4.3.1 I-Q
I-Q OFDM
ICI
Doppler shift
I-Q
1-Q
4.7 I-Q
f af ) 0

38



ﬂ@@—> LPF »ADGE »r (N

<«— 2cos[27(f, +a )]

90" +6

(t) ﬁ» LPF >ADC »r,(N)

4.7 1-Q

I'o

1-Q 1Q

' (t) =Re{[r, (t)+ jry(t)]e” ™ }-cos[2z( f, +a f)t]
=1, (t)cos(27 f t) cos[2z(F, +a f)t] = T ()sin(27 f.t) cos[27( . +a )] (4.19)
LPE =1, (t)cos(27a ft) + 1, () sin(27za ft)

1o (8) = Re{[r, (1) + jry (D] & (1 + &)sin[27(f +a F )t + 6]
=(1+¢&){-r, (t)cos2x f t)sin[27(f, +a f)t+ 6]
~ Iy (t)sin(27 ft)sin[272( f, +a F)t+ 6]} (4.20)
LPE =(1+¢)[ry(t) cos(2za ft+0)—r, (t)sin(2za ft + 0)]

I-Q
4.8 1-Q
4.8 4.7
4.8 1-Q
I-Q
I-Q

39



r®

'

4.3.2

JORES-

A

Il -Q I mbal ance

90

() %

4.8

LPF rADCr'(n) > 1, (N)
<«— 2cos[2z(f, +af)t] S‘lrn
LPF—>»AD CFQ(n) »cos > 1,(N)
I-Q
I-Q
0
e 0 I-Q
(4.19) (4.20)
I-Q [ Q

() =r, (t)cos(27za ft) + 1, (D)sin(2 7 ft)

() = (1+ )| ry(t) cos(2za ft +0) -1, (D sin(27a ft + 6) |

(uncorrelated)

r(t) power

I

r()

E[r,(Drg(t) [=0
E[r’®)|=E[r5®]

€

I Q

Q

0
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(1)

power

()

(4.24)

4.21)

(4.22)

(M)

(4.23)

power



Elrg®] (l+e) E|15(t) |-cos’ 27a ft+0)+ E[ 7 (1) | -sin* (274 ft +6)

E[r’®] 1 E[r5(t) ]-cos’(27a ft)+ E[ 1)(1) ] -sin® (274 Tt)
=(+e) (4.24)
-] -
€ rot) r(t) cross correlation
6 (4.25)

E[ro®)-r/()]

=(1+¢é)E {[rQ (t)cos(2za ft+0) —r, () sin(2za ft + O)][1, (1) cos(2za ft) + 1y (1) sin(2 7 a ft)]}

= (1+ &) {E[ry (D, () cos(27a ft + F) cos(27a ft)] + E[ré (t)cos(2za ft +8)sin(2za ft)]
—E[r] (t)sin(27a ft + @) cos(27a ft)] - E[T, (Oro (V) sin(2za ft+0)sin(27za ft)]}

=—(1+&)E[r’(t)]sin@

= O =sin! {E[r'(t)-ré(t)}}

(1+ &)E[r* ()]

(4.25)
e 0
e 0 1-Q 4.8 1-Q

AOINA ) g

r(t) =" (1)

ro () = (1+&)[fy (t) cos O —F, (1) sin ] (4.26)

r(t) _{ 1 0 }ﬁ(t)
()| [~(+&)sing (1+&)sind ]| fy(t) (4.27)

—=r =MxF

41



M (Inverse matrix)
Fr=M"x
I-Q
34.1
4.4
4.3 (
2K mode
16QAM 4464 H;
AWGN
4.1

1-Q

( ) r
.
4.8
1-Q
)
g.=0.1 0 =10°
4f =1896 H,
(multipath)

tap delay (us)

tap coefficient

hy 0
h 224
h, 448

0.6229
0.5248

0.5802

SER(Symbol Error Rate) vs. SNR

symbol

SNR
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DVB-T

(4.28)

symbol



4.9 4.10

I-Q
4.2.1
two-taps  Wiener solution lower
bound I-Q
4.11 4.12
lower bound
4.13 4.14
taps
I-Q tap
I-Q cross-talk tap Q
redundancy
pilot
4.15 4.16
K, K, 5
OFDM symbol K, K, K, K,
e 0
(hard decisions) X,
e 0O (hard
decisions)
AWGN
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4.17 4.18

(4.24) (4.25) & 6
symbol & 0
6

4.19 4.20

-Q

FFT

I-Q
1. FFT
2. (4.24) (4.25) £ 0

1-Q
3. (3.9)
4. (LS method)
5. FEQ(Frequency domain equalizer)

1 OFDM symbol

8  symbol

44

1

4.3

ideal conditions

M>

OFDM

M

34

practical conditions

6

(Frame synchronization)

(427) (4.28)

(decisions)
2 symbol
1-Q
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18 19 20
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10°

—— No I-Q imbalance

o —= No compensation ||
—~ ATDC

107 ]

—H E

R
|-

10°L

SER
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11 12 13 14 15 16 17 18 19 20

SNR (dB)

4.11 AWGN 1-Q
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—- No compensation

& ATDC

107

i
i
| | \ﬁ\\u\

SER

107+
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4.12 1-Q
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10°

N |'Q imbalan E
@f —++ No conlpensatiol' 1

| N \\E“‘ |

| . 77""5’"“ 7
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Ll
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10°L

SER
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—- No compensation
— ATDC
—&— AFEQ

107
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i
| | \ﬁ\\u\

SER

107+

10 | | | | | | | |
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-2 | TE— —5 i
10 E T 'K‘EJ
h 10°} .
n ]
10°1 .
5 No I-Q imbalance
10 - . N
No compensation ¥
i DFCS (estimated K1,K2) g
— DFCS (exact K1,K2)
10'6 ] ] ] ] | | | |
11 12 13 14 15 16 17 18 19 20
SNR'(dB)
415 AWGN I-Q
10 ‘ ‘ 5
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—=— No compensation ]
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107% .
e ]
S — 4
5 10°t .
n .
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4.16 I-Q
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107 3
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| - No compensation
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OFDM ISI

OFDM ISI
symbol (Guard interval)
ISI
guard interval
guard interval
(TEQ) TEQ FFT
FEQ
TEQ FEQ 5.1
5.1 Cyclic Prefix \% h(n) TEQ w(n)
b(n) v+1 TEQ TEQ
v+l
h(n) *w(n)=9o(n="Delay) *b(n) (5.1)
* convolution b(n) (Shortened Impulse
Response SIR) b(n) v+l Cyclic Prefix
symbol symbol  x(n) channel
TEQ x(n) b(n) N circular
convolution FFT
b(n) B(k) X(k)
B(k) FEQ

guard interval
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v(n)

X(n) Channel %ﬂ, TEQ —
h(n) w(n)

+ e(n)
_ Shortened impulse
Delay response b(n)
5.1
5.1 MMSE
MMSE  TEQ 5.1 FIR
FIR
MMSE TEQ w(n) TEQ
b(n)
MMSE
x(n) y(n) TEQ
w(n) L b vl w b

min E[jef* |= min E[[x,(m*b-ym=wmf | (s2)
A x(n) w b x vy

T
W:[WO WL—]]

b=[b, - bb]T
x(N)=[X(N=A) --- x(n—A-V)]' (5.3)

y(m=[y(n) - y(n-L+DT

min [ lern)” | = min E{[b™x(m) - wy(n)] | 5.4
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mean square error

[ lenf | = EUbTx(n) —wTy(n)H

=b"E[ x(Mx(n)" |b+w E[y(My(M)" |w-b"E[x(ny(n)" |w-w'E[y(mx(n)' |b (5.5)
=b'R,b+Ww' R, w—2b'R W

w
(3 2 T
—E[|em)’ |=2R,,w—2R]b
ow a (5.6)
 p-lpT
=W =R R b
(5.5)
2| _ T -1\ T _ T
E|jem)f” |=b" (Ry ~Ry (R} )RY )b =bRy b (5.7)
(5.7) trivial b0
(constraint) b, b, =1 R,,
eigenvalue  eigenvector b (5.6) W oot
5.2
MMSE
LMS MMSE

e(n) =b(n)" x(n)—w(n)" y(n)

b(n+1) =b(n) - y,e(n)x(n)

w(n+1)=w(n)+ ,&n)y(n) (5.8)
where x(N) =[X(N—A) X(N—=A-1) -+ X(N=A-V+1) X(n—A-V)]'

y(m=[y(n) y(n-1) -+ y(n-L+2) y(n-L+D]

b(n) x(n) v+l w(n) y(n) L b
w trivial solution constraint update
b w b 1 b'b=1
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5.3
CP
ISI
CP
(5.9)
hy (0)
hy (1)
h, =Hw= :
he (N+L-3)
hy (N+L-2)
[ h(0) 0 0
h(1) h(0) 0
h(2) h(l) h(0)
) h(N—1) h(N-2)""h(N=3)""--
0 h(N-1) h(N-2) .-
0 0 0
N L TEQ
d heff
v+1 h,
hwall hwi hw 1l
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(Optimal shortening)

TEQ
TEQ h(n)
h . (n) h(n) w(n)
0 _
0 _ _ (5.9
0 w(0)
h(N-L)
h(N-L+1) _W(L—l)_
h(N -1) |
hys (n)
d



| e (d) ]
b hs (<:3| +1)
g (d+V) |
[ hd)  hd-1) hd-L+1) T wo) (5.10)
h(d +1) h(d) h(d-L+2) w(l)
. : . . =H,,w
| h(d+v) hd+v-1) -+ h(d+v-L+1) || w(L-1) ]
hy; (0)
| ha@-D
"y (d+v+])
_heﬂ (N+L-2)
[ h(0) 0 0 ] (5.11)
f f f [ wW(0) |
| hd-1) h(d-2) - h(d-L) w(l) _H
Tl hd+v+l) d(d4v) e Rl eve L 2) || wan VY
: : B 5 | W(L-1)
i 0 0 h(N —1)
shortening SNR(SSNR) h,,, h_,
SSNR SSNR (5.12)
— ||hWin ] _ WTHwinTHwinW _ WTAW
”hwa“ 2 WTHwallTHwallW - w Bw (5.12)
B Cholesky
decomposition (5.13)
B-0r0’ -(0VA)(A0)
(5.13)

=(QVA)(QVA) =BVB'
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r=vB w (5.14)

rr=w Bw=1 (5.15)
hwall hwin r
T T - A
wAw=r"(VB) A(VB') ¥
(5.16)
=r'Cr
r'r=1 r'Cr (5.16)
r C eigenvalue A__ unit eigenvector
lmax TEQ
T —1
W oot = (Jﬁ ) = (5.17)
SSNR
$\|R'nax 3 ﬂmax (5' 1 8)
MSSNR(Maximize shortening SNR) SIR
ISI
ISI MSSNR
MSSNR
MSSNR
eigenvalue  eigenvector Cholesky decomposition
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5.4 Frame-based decision feedback equalization (FDFE)

CP TEQ
CP
ISI symbol symbol

symbol

8 CP 2

x =[X(6) X(7) X(0) X(1) X(2) X(3) X(4) X(5) X(6) X(7)]'

h =[h(0) h(1) h(2) h(3) h(4) h(5)]' ( Cp )
y =[y(0) y(1) Y(2) Y(3) Y(4) Y(5) Y(6) V(DI y(n) = > h(k)x(n—k)
( symbol

yO)] [x(0) x(7) %®).>0 0 0
y | | X1 X0 x(7) 60  0}[h©)]
Y| [x2) x1) x©0) x(7) X6 01| h(h)
YO | [x3) x@ x1) x©0) x(7) x| h)
YA | | x@) x3) x@ x(1) x0) x(7)| h3)
YO | [ X5 x#) x(3) x2) x1) x(0)| h4)
YO | [ x6) X(5) x(4) x3) x2) x(1) | h(5)]
YD) XD x6) X(5) x(4) x3) x(2)]

ISI (5.19)

X (5.19)
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(5.19)

symbol
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G DFT matrix (5.20) G( DFT )

Gy =GXh
= G[x,X,,X;,X,,X;,X, h (5.21)
= h(0)Gx, + h(1)Gx, + h(2)Gx, + h(3)Gx, + h(4)Gx, + h(5)Gx,

X, X i column Gx, Gx, Gx, X, X, x, DFT
(phase rotation)

pilot Gx;, pilot tone

{Gy} pilots {GX} pilots h (5.22)
Least-squares(LS) h
h symbol symbol
symbol [z(n)] (decision
feedback) ( symbol

)

——————————————————————

VO] [x©0) x(7) x@)z7) 26) z(5)]
YO | | X1 x©0) X(7) X@2(7) «6] [hO)]
YO | | X2 x) x©0) X7 x©27) | h()
y3) | [ X3 x@ x1) x0) x7) x| h@)
y&) | | x@ x3) x2@ x1) x©0) x7)||h@3) (5.23)
Y5 | | X5) x@) x3) x2) x(1) x©) || h)
y6)| | x6) x5) x4 x3) x2) x| he)]
Y7 | XD x©6) x5) x#) x3) x2)]

§(0) = y(0)— 2(7)h(3) - 2(6)h(4) — Z(5)h(5)
9(1) = y(1) - 2(7)h(4) — 2(6)N(5) (5.24)
9(2) = y(2) - Z(DA(5)

(5.19)

58



(5.24)

(5.19)

Cy(0)] [h©) 0 0 ™0 0 0  h(2) h@)][x©)]
yi) | | h() h©) 0 00 h3) he) || x()
v | [h@ hd) ho) o 0 h4) hG3) || x2)
y3)| |h3) h@) hd) ho) o 0 hS) h@) | x3)
y(4) h(4) h3) h(2) h{) h(0) 0 0 h(5) || x(4)
y(5) h(5) h4) h3) h2) h(1) h) 0 0 X(5)
y(6) 0 h(5) h4) h@3) h2) hd) h) 0 X(6)
yh] L0 0 hG) h4) h@G) h@) hd) ho) [ x(7)]
Th©O) 0 0°“h() h@) hG) h@) 1) ]xO)]
hd) h©O) 0  0™h() h@)i h3) h@) | x)
h2) hd) h©) 0 _.05hG)| h@) h) | x@)
h(3) h(2) h() h¢D) 0 \(5\1' h(5) h(4) || x(3)

“Ih4) hG) h@) “hay Ay 0 = 0 ho) || x@) |
hG5) h@) h3) =h2y h®) h0) =0 0 || x5
0 h() h@4) hG) h@YTh(1) - h©) 0 || x(6)
L0 0 hG) h@:=h@).Hh@ hd) hO) | x7)
[0 0 0-<h(5 -h(#) -h3){ 0 0 |xO)]
0 0 0 0<h® -h@io 0 | x0
0 0 0 0 0~ch®io 0 |x
0 0 0 0 0 O0~l0 o0 [x3| 629
O 0 0 0 0 0 0 0 x4
0O 0 0 0 0 0 0 0 |x05
o 0 0 0 0 0 0 0 |x6)
0 0 0 0 0 0 0 0 |x7D]
y=Hx+Hx
=GHAGX+ITIVGHGX (5.26)

— (Gy) = A(Gx) + (GHG" )(Gx)
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(5.26) H circulant H G"AG A
DFT
FEQ Gy A
Gy (5.26)
A'(Gy)=Gx+A'(GHG" )(Gx) (5.27)
(5.27) Gx
(5.27)
CP
(A+GHG")"'(Gy) =(Gx) (5.28)
(5.25) H
(5.28)
H matrix inversion lemma

matrix inversion lemma

A=B7+CD'C"

=A"'=B-BC(D+C"BC)'C"B (5:29)
5.5
(LMS)
(MSSNR)
TEQ 16 CP
32 FFT size = 2048 16QAM
5.2 53 54
5.5 5.10 (LMS)
| 2

CP effective impulse response h g (n)
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target impulse response b(n) 3( )

5.11 5.13 (MSSNR)
1 2
CP 3
5.4
CP FFT
256 CP 16 16QAM 5.14
25 TEQ
symbol symbol

SER(Symbol error rate) vs. SNR

5.15 10
symbol SNR
SNR
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