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A Combinerless LINC-OFDM Systems:

Hardware Design and FPGA Implementation

Student: Chia-Chang Lin Advisor: Dr. Wen-Rong Wu

Institute of Communications Engineering

National Chiao Tung University

Abstract

It is well known that the power amplifier (PA)-of OFDM systems must operate in a wide
linear region to cope with the high-PAPR problem, making-it the most power-hungry device in
the RF circuit. The linear-amplification-with-nonlinear-component (LINC) technique,
allowing the use of nonlinear PAS; has ‘been developed to solve the problem. However, a
critical component in LINC transmitter, named" power combiner, is difficult to design and
implement. A combinerless LINC system is recently proposed to avoid the problem. This
thesis considers the implementation of a combinerless LINC-OFDM system with FPGA. We
first design low-complexity architectures for a combinerless LINC-OFDM transmitter and
receiver. Then, we implement the operations of the transceiver with the VHDL and conduct
register transfer level (RTL) simulation to verify the correctness of the design. The resultant
circuit is further placed and routed, and downloaded to a FPGA platform. Finally, experiments
are conducted to transmit and receive LINC-OFDM signal through radio frequency (RF),

confirming that our design can function properly.
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X(t) = a(t) cos[at + ¢(t)] (2.1)

Hoa(t) i:sk @ (envelope) > Fa(t) 2 ¥#A  BlZHATRLS > o) 2058
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y(t) = G X (t) + G,X* (1) + Gx(t) =Gy
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5 2
_GA (cos(Ba,t +3¢(1)) + cos(a t + p(1)) ) + a
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2

3
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y(t) = G X*(t) + G,x*(t) + G,x(t) + G,
=G,a’(t) cos’ (amt + p(t)) + G,a’ (t) cos’ (w,t + (1)) + Ga(t) cos(mt + o(t)) + G,
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2
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- Sl(t) - S2 (t)
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% 77 4T
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At) = {17 (1) + Q*(t)

_tan+ 20
6(t) =tan 0
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(2.12)
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FFfR S S MELY LA T A
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(2.14)
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@ e LINC % .?\i{:té’k@?] NEAEEATHR A A B F L & AnUEL L LR KAk B
e B RFAE > Tt LINC 8 * & B2banfd s Faox B DRg »ea 0 (73] M
* gy e ie LING 3 SRR a2 Fociv che F & 2 B3 52 F R - Fl[SlR M|
FENEDIE o AP FEE N E2Z LINC st o gtk sidhst Foa s gﬁn@?]:um;;
B A BPELAS NESEIRIRARBE > CES BEF D BB Fp A
BATIRLE AL ez B Y p AR E F B A RASGERIEY LT3 BELETAR AR
FATF LT T AR S S RS BB E S L G et VA
BEALING d M Aas FE BRIP4 | &2 Ben ki id » BiE2 o Jf & 4o

»RAE TR A BRLE SRR - R BEF L] -

| Up
|Convener

s atal

Equaliser
\j

FIR
LPF

1Q
Meod.

B 2.6 5 2x1 & & = EB LINC % su% 1 B = 5L e (Digital Signal Processing, DSP)

I

RBF AT RS R B/ARE L EEH L B (B o [B] KB

fL X ARk AL HHACR 2.7 977 > T S A IR A ) - g #5  2x2 e MIMO Jx 5% >



- KT UEAAGE X R WP B2 T 0L A BUE A LR o [5]H

BEFHET 2x1 fr 2x2 & & * B LINC ek Sisay gt A2 i@ 50 LINC i 5v5 ~ ek

TR

2.4 1§ g
2.4.1 41§ F (Zero Forcing, ZF) % i %
2547 - OFDM # < fpFis(time domain) b ¢zt 55 » 4ot #rif » LINC % si-d

EATUELS A PFR TR S 2 S, 40T

S, =%(S+e)
(2.15)
S =l(s—e)
==

Ay
1 ,..,js(N -1 2.16
{‘”w \/|<N =i } o

#¢ NG+ BE & LINC-OFDM k3¢ 2 F 5 OFDM it ~ €& 47 3 (frequency
domain) » F]pt fdleih € BT B oA A AR 0 £ §(p) & S,(p) A - F kA B
ML N(p) 2 hy(p) 3 AR SR e 47 5 B> J(p) 58Tt p s Pk ok
(index) » R T3 B4 7 4o

¥(p) =R (P)S,(P) +,(P)S,(P) +n(P) (217)

1_1_

0 Beanp B R Rdeh@E i §(p)=5(p)+5(p)> ZF & - Bp g B % 2AF Y
Wttt AP EK R(p) 2 hy(p) fApifie 3 % 2 - % Tt A P E-h(p) £ hy(p)

T30 s # il i PR e (p) =(R(p)+hy(p))/2 > FI* s E PR K TER 7 @

45 5
FiL S gdeT™

3 =(Fr () (D) (2.18)
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ZF & i ggf%i;gﬁé' f’ﬁ; fﬂ% %’E}’f;‘_;m fﬂ—% sy L ;,;eﬁ ;5@.%%”55:"‘ ﬁjFp“%E’ 7 4} fﬂf; ﬁl(p)
AR,(p)F 2 2AnE > B AL - FHF > AT

§(p) = (e (P))x(5:(P) +5,(p))
J{fi(p);ﬁz(p)jxgl(p)+(ﬁz(p);fi(p)jxgz(p)+ﬁ(p) (2.19)

Interference

EEALL OIS, FEAE RN AR TR ONEEIIEB S (P) 2 S(p)F

i TR (P) 2 R (p) i B it fol 4 T i A3 Pk et g -

242 B3 ZFE B
27w A (219) 914k T et SR B B R TR e s [Bl - B hZF B R

#-(2.16) 1~ ~ (2.15) 17 | 5L ER2=E i F A Ty
1 ]
s, = (14 JCO)s

s, = %(I SCE)s (2.20)

M & A |
C(s) =diag =1, | —"—=-1
! [\/|s(0)| \/|S(N-1)| }

He NZFFRBECGS)s - $HaEL B B OFDM & 35l 4 7 L 03] 50 o

Fle 3 e (2.17)F 1 & T 4o

¥ =H,Fs, +H,Fs, +f
Lim ove. d(e
:E(H1+H2)S+E(H —H,)FC(s)F"5+n (2.21)
signal interference

(2.21)¢ F 2 F" 4 wu] & £ 34 % §] £ #& 4% (Discrete Fourier Transform, DFT) fc& 34%

i 4] ¥ # 4 (Inverse Discrete Fourier Transform, IDFT) > H 4o H, % % & 6% » % & 4+

e % h(p) 2 (p) 4 2.21)7 @i+ 4E3E &d B gl H =H,pF % 004 H =H,

11



PR gt F1 A CS) M fEl » F T B2l EM T L o f H,
¢ H, 25 BB AD MR pF o (2.21)F B e EL¥ T 4B 8 (Signal to Interference Ratio,
SIR) « % H, 22 H, 4 B 425 tupF o (2.21) U S 4f 0 (877 0% 15 o 340 #-(2.21)* 3

If enT 34 T_‘gia‘r"‘,érf P OGRS 4R IE % S F T 35(zero-mean) i Lo B 3E e R R 1L o

[B]eiix E_i¢ * — S¥cu>0 > BK P 287 LT C(s) el 35iE » (221)F :e B 40T
37:%(I:I1+I:I2)§+%(I:I1—|:I2)FC(S)FH§+F1
:%(ﬂ1+H2)§+%(H1—F|Z)F(uI)F”§
+%(I:|1—I:|2)F(C(S)-yl)FH§+ﬁ (2.22)

{%(HﬁH2)+j7“(ﬂl—ﬂz>}§+%(ﬂl—ﬂz)F(C(s)-ul)F“m

new signal new interference

A ip -2 & (modified)=h ZF % VB8 5 MZF o Bt & & MZF &

'SH

ﬁwp(p)E%(fi(p)+ﬁz(p))+j7”(ﬁl(p)—ﬁz(p)) (2.23)

" MZF & v {6 6 8L & AT

$()=(fuae (M) " ¥(P) (2.24)
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= ~ LINC-OFDM i i¥ 4 27 43 yc 83K 3*

3.1 RHimAesy Wi
ik T i e 1 B R BORA R IR WO ARAC R 4-1 AFor o K FHIRARA &

A A R e i k8 - 3% > gkl @ * Matlab #5t @ A 48 % * ModelSim 2 Xilinx ISE #7488 -
Matlab #-#t ¢ % 7 ;5 2h#c(floating point) s 4 st 2 = 8h#c(fixed point) itz o (5 BE#ic i %
SHRT U A LA BN R foR TR 4 T TRk Bdka 0 @ R BB
gAY RA T A BAETEI R OA T Ak TRFREEAEMT FIFIRLN
ERAELA T B 21 o e 0 AR TRBCER

AR R AR > R AR LFE Br AR R AP R
VHDL # it izt # 5¢ = B> & * Modelsim 2 Xilinx Isim &g %8 {7 5 fickt (Behavior
simulation) » s — % 3¢ ¢ 4P d ~Matlab L g Hcer ) Sttt r A 2 hlicdy o k F etk
VHDL # i 2 Buenit e o § 8 Wenfm 5 ikt rrzofe » @& % Xilink ISE 14.2 4 »
Spartan6 XC6SLX150 7 library #-VHDL % ;% 75 # % RTL (register transfer level)> & = =
Z_ts | g $ (translate) ~ ¥+ & (map) ~ # % % &3 (place and route) » 3T ifh? R B i
#E(timing simulation) » ##t & B 9rig = BB VB 2 YRR B FE PN PR fangk it

WA o gt A A R MR
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Funtional Fixed point

Simulation Simulation
Matlab Matlab

Hardware Architecture
Design

Behavior Simulation
VHDL Modelsim/lIsim

Translate ~ Map -
Place and route

Xilinx
) Spartan6
Synthesis XCGSLX15

Timing Simulation

IR RN

Bl 3.1 K AR

14



v
DAC

v
RF

—<

v
v
[ <

QPSK Mapping
IFFT
Add CP
Over-sampling
!
Amplitude Clipping
SCS

3.2 4% 4

BIERS AR 3.2 AT 0 3T Ok § A B o - B A& B2 (bit)
pt S+(mapping) ] # - (symbol) - A 2 OFDM #f 3 e+ §U 3080 » 27 R IFFT & X >
MU B S PR OFDM 8 & o & e 5 4 b 97k 50 3 (Cyclic Prefix, CP) » 14 & 4.
~ [ 3 4p+ 3 (Inter Symbol Interference, ISI) o 4% ¥ > i% i #3548 % (pad zero)frig ik
(filtering) % 4% & B~ 4847 & o AU BLAE x SCS 2 5 244w 37 91— BB b JRiG
st » SCSEY 67 1 ¥ E T QB A JRIF T IR 54 5 S T A e S
ety o dopt 2 ¥ LR g 303 ok (Peak-to-Average Power Ratio, PAPR) » Tt 2 i 7 &
FIGHFRF o B (S M BLIT i SCS™ M iid Bk ¢ 4TAAA BH AL ¢ A FL o d
SCS #j 1 et 5L 4 e -4 27+ # 4% F (Digital to Analog Converter, DAC) » 2 £ £ -k

% S S RI I SL
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2 3 & 2
= = L = 7
S D = ]
n 0 = & 0 E =
L o g 8 b © = 2
c ks 3 = =
s ¥ £ €

g S g £ e
o (@) ‘%‘ T

c

- S

o) -

o <
= [a
s B - :
& K d <k 3
— I 2
LL & E
N = Y
p 3 «

=

O

Bl 3.3 # i 7 H HF

R T A R AR R b ok A AT 0 2 iR %Y 802.11a )k 5
AH[9] > ET kg LR T R & o OFDM iz i1 5L & B AT é’ “
(multipath channel) ® > F]id :g A2 gt & 9738 X enFl4E o v gig*x)@m/@ﬂw:ﬂfkf
mEE LT kPR B f e gzt BET R rpkﬁ’bﬂiz};m%);

FEFA PSR- fEn 2 X E s B AT ROPAR B FFT o @ B33 2 ey 2 I g 5 7
TR g YR ehip 3 g (Inter Carrier Interference, ICI) » & 7 BF4F U L %
PoZ IR RRB TR IERA T R P HEE SRT KA FFT B 5
43 5

i B VRN C R T I E S TRk B
7 EEFEE TR RIE AR Am e DRI 2R Y T 242 TR T
3 42 ¢ Iz

fon

2 {5 e MZF 6]k F IR
T RN Z2E : ;
2 - 2 E L S B2 LINC-OFDM i 4z 4% (2x1) s rl #8335 » & & 3.2 34 i
LR R G e ~ .
¢ PR E I R FIDERH A FARANG > FE 33 AL BERERD

Y 2 2 2 44
AR F 9 34 P 8 R 3 o 1K
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32 ERF# N RH

3.2.1 CORDIC(Coordinate Rotation Digital Computer)i# ¥ ;2

CORDIC & - fggp b cenitAg se R B2 [10] > v 7 0% k3t ¥ = & Sode~ %
EN ",’T FEEZ o ARREHY Y o AR E £ KIE F 1 dofic(Arctangent)frAp =g o
POFREEAY R Rk Behe B 0 S U B2 Bk F I - CORDIC iF ¥ £
SIF 1T > - R T A A AR 0 - & B g 05 (Rotation Mode) - ¥ - &R A
w & #-58 (Vector Mode) © 353 A Ak chP ImP " € I| o g st {:téz-gz;—] »
Bl - B RPE R e RSN R A e B F RORIET Xt o B0
Fhiw it g o
> REES

BRGNP > AP AEER R LB Z e B AR A R o T AR e it

PP OREBEAER R A BenE 2R o g N a8 N AT

Xy = X = Y. -0 27
Vi = Vit %0 ; 2
z,,=2—d -tan"(27)
where (3.1)

d =-1if z<0,d =+1 if z >0

A ® A1 RO R LGRS 2 RS R o R eh=i iy B
LR
Xy = Ah (Xo COS(ZO) Yo Sin(zo))

Yo = A, (Xo Sin(zo) + Yo COS(ZO))
z,=0 (3.2)

A = H«/1+ 274

17



>

freks
i

i

~

e € ozt ¢ > CORDIC ;é“—é’;“:fi—@?] »AEEHE D X fhE o AP F L F R R s

#10 W IR A g~ FUBLEOAR IR o BRI T - P S Rt p By AR ¢ ARIT

W0 Ft gl y kAR oo w BN g N e

X =X Y, d; -2
Yo =Y +X%-d 27
z,,=2—d -tan*(2)
where (3.3)

d=+11if y,<0,d,=-11if y,>0

Edih sy S P ATV R

X = AX Ve

Yo= 0
Z =tan (Y, X;) (34)

A=]]s27

SREMERRE I F I PR 3 S (RN SIS S I

PEACRERG A e B A g R A RPN E T BB R
SEIERECONSEE N T NS W A8 IR o
—tan(2") < rotating angle per iteration < tan(2™) (3.5)

SRR AT O R R R g AT T e S b AT R
fo SR cniE P o ij‘ug’@i%;ﬁ— FP AP A b A T REOER G S BRE X
FikpEand R 1o 2 iddediia d 00 7 $rip b % > TR R L hi B S
D tan(27")=1.7433 (3.6)
i=0

5 i&{?é*@ﬁﬂi}i%@&-l.m%ﬁ 17433 2. fFF > =~ ¥t f 100 & 2 F - F AR EE
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B &R 1\.1}“»,;%,%@ T E ﬂ%’%ﬁi}imﬁi ﬁ_fzﬁf%ﬁjﬁﬁ]ip\ s —,ﬁ.?;‘«kr‘f

Xo =0y -X_i
Yo=0do-y_ .
z,=1z1f dy=10r z_i-sign(y,) ~if d, =— (3.7)
where d, = sign(x,)
Roox_i~y_ifez T4 ma4eiE o osign() © & 245507 0 f 50 o Rl A7 g 2
B R R X Yy~ B A F r AR DN TT o S B AIEZ 1 BRI R PR

Fobo EBE)T g R caadend R 5 17330 d 32 AT A E(3.7)

’zbr

LA AR o TR A L R S

7 +1.7433=4.8849 =279.884" (3.8)
dod dEiE 4 B <30 4.8849 0 A PE o A 27 0 & :T‘*-J%L#%—gr%]‘i’ T8 g2 B
¥ i 72 CORDIC & & -

CORDIC 7 & i e3¢ #[12] & 5.5 & - 1fik (iterative) 7% .22 & {7 (parallel) 7 1 -
ifix CORDIC Z 4@l 3.4 #7or » & Stifw chk o Sfcid d v 3f = a4 (Read Only
Memory, ROM)f 1> R F & ¢ * fp - BT RO E Y & ff 0 & 27 F & 5 o 7% ik 89 (clock
period) g i i =t FeHg 4v @ JEH 0 FLF B T F OPF LK S 0 % ek 8o T {7 CORDIC
% HAo @) 3.5 4o o ¥t ehvfie i B & st dy o Arctangent @9 ROM B~ > 445 B &
A TVHRE- BAE T - BREREH AT > L XL I H - BFR Y P
FhE 24 L RIAMGfF o Flpt > A PFEES ﬁ_;’ﬁ#f&g&ﬁﬂi o - fE 2
HReR? » AP Firo P BE NI > e fEEEFREHFIEL

o
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X(0)

X(i)

Y(i)

Y(0)

\Shiner HShiﬂer \

¥

Addér/ Addér/
subtractor subtractor

D D
X(i+1) Y(i+1)

Phase
ROM

MUX

b

¥
Addér/

subtractor

ATAN output

3.4 #fiz CORDIC % -7

X—» P e
&l el |-
Y £ 8 g
= €18
g @] |@
=
0 — P M
X(i)
Y{(i)

Mic

/

/A

N
Adder/
subtractor

\

ro Rotatio

=

o.(i

[=]

Aéd/erf
subtractor

Angle accumulation

Stage (N-2)
Stage (N-1)

N
Adder/
subtractor
x
n

— Y(i+1)

g'(i+1)

® 35 = {7 CORDIC % # B
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3.2.2 i & * ¥ & (Fast Fourier transform, FFT)
AEH2 Y CFFTiEE 2 451 * d Xilinx IPCore & 2 crfitie » F)pt #-2 p Xilinx #7

# & ch#icdy 4 (Data Sheet)[13-14] e 12 3P o

= XN_RE XK_RE [
XN_IM XK_IM
— START XN_INDEX {rmmmmm
— UNLOAD XK_INDEX. e
—J NFFT RFD [——
— | NFFT_WE BUSY |—
vl
— 1 FWD_INV EDONE |——
— FWD_INV_WE DONE|
=] SCALE_SCH
— ] SCALE_SCH_WE cPV[—
] CP_LEN RFS |——
— | ePLen wE BLK EXP
—Jscr -
— {cE ovFLo |
— Jecwk

DS260_068_091707

B 3.6 Xilinx FET V7.1 #5-%

B 36 aguaiy it d hFFT it s BT R e? - £ & m%l » P"’%J
HJ%@@Woﬁﬁ%ﬁﬂ%ﬂ’QAWWWHHHWTﬁﬁﬁﬁﬁﬁ’ﬁﬁﬂ%ﬂﬁ
(rising) s » P 4o » & 38 B A4 > XN_RE 3 5 » U 5L 3% » XN_RE 3 5 » e st
3R START 5L 42 7 Z ‘adF - B % B apr iy > 7t i“ = - =& OFDM # ~
FALE > M FEET - & START ;siens 42> 4 ¢ #F 3 57 - B OFDM & = %
A FFT &8 o & 5 47 BUSY MELE A A2 T BiEd o pFEZ 418 > DONE 3
Bog A LT LKA PR & mﬁi@?] PR R~ XKCRE & ﬁ%] » et gg #% 0 XK_RE
R SELELE R b R R & - B R 0 T AP AR TR e
BT = RS T3 B e [ i (Random Access Memory, RAM) 5 /& > 1 33 4o 384 £ (s 3 en

fod® o B 3.7 A Pk (TPE A B o
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start™7—\ | |

A

=

rocessin

1
1
1
1
1
1
1
T
1
]
1
]
1
1
1
|
1
1
1
1
\ |
1
T
1
I
: 1
¥n_re u

/ unioad Frame A nload Frame B

Xm_im |

____m_____
Ry
W

VNN [N NN PRI N IO NN AN I A
[3:]
m

xn_index !

Mote:
All transitions are synchronous with the rising edge of the clock. Mp22a

@ 3.7 Xilinx FFT v7.1 4% T pF & [

3.3 B PK

v
DAC

v
RF

 —

v
v
[ <

QPSK Mapping
IFFT
Add CP
y
Over-sampling
\
Amplitude Clipping
SCS

F3.8 @82 4

3.3.1 #% B B (Up-Sampling)

BORE MG g B LR AP €L Al Ak B PR e 0T o
PR PART 4 53 B3R g LK B ik RAZ P~ 1k F]+ (over-sampling factor) 73t 5t
L2 B E BT AL BB RN R Bk o Aot T VR B AR S 0 A%
i M gt B @ * T 2 432 &gz (square root raised cosine, SRRC) gk B 0 4

B 3.9 2% 3.10 #71 » F AP F]F E 3 4 0T 2 A i p gl B o

22



SRRC(time domain): over-sampling factor=4

1.4 T

1.2+

T T T T T T T

alpha=0.2
alpha=0.5
alpha=0.8

()
K 4
=
=
IS 4
<
_04 r r r r r r r r
(6] 5 10 15 20 25 30 35 40 45
timing index
%‘]39 E% '11%?"‘[’@#54//%/&?’?
SRRC(frequency domain) : over-sampling factor=4
45 T T T T T T T
4 alpha=0.2
alpha=0.5
3l alpha=0.8 | |
3 [ -
8 25F i
=
£
£ 2 -
1.5~ -
1 - =
0.5 4
0 . . r . -
-80 -60 -40 -20 0 20 40 60 80
index
B 3.10 #4745 T = 422 iz gkt B

- ARG Bk B fE2E

AR B ALG B R At

B iz (critical path) » it B (hdicA 5 8 B GEE

Hapskho m F(b)BIRE & B TpE s @ Ard 5o~ (fan-in)+ + o gk s
IR CERES (OO SECE R S S S

23
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- ;
- D
e
L
-
-
K) é
ol F
S
ol F
D

R
L
R
L

A
N

B 3.11 (a) E #Alg > (D) wE IS - (c) ®REAF

d 3R PR R UL A T LRSURAR R 360 g ok o B
Bug oo BRKAZBHRTF]F AN AP T R AHGEFSINE > 7Ty N2 gk B

(sub-filter) » @ = % #p = (poly-phase)ig it B » 4@ 3.12 22 §] 3.13 #7771 » 4ot £ F -
. 1
%il$§ﬁ1F%Wﬁ$%%$ﬁﬁ%$ﬁ&’%%%ﬁ%ég?%;&iﬁ’%

GRS I EE o d 0 F] 313 inE B Rt BenGcit > AT 2D & E Y F()

ST 0 Pk AR B PR R RS
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12
oe — sub-filter 1
oeb ] —— sub-filter 2
- 1} e sub-filter 3
oab ] —sub-filter 4
0z 1 08

- - T o OM’
-02 L ‘LJ'* n lJ’ 06 5
0 5 10 15 20 25
- 04t i
| 02f I <] |
| 1 o .2t ifa,

T T ] ¢ ‘J I ! l“ N

B 312 % 4p ik BHEE B

2 H@) P,——s
R e
/:f H,(2) ) V_

% @ |,

B 3.13 J4p ik B % B
3.3.2 & tg#t*» (Amplitude Clipping)

BAELE A SCSHTfEA A BHIR S NET > APELITRNEAIFRIFA > Aok
WELIRIG AT A P FIE AP ¥ chSCS 5 1Qi% 0 €3 3 WA M BLAIgN § £ &
SCS FX ¢4 2 BAL » TP Z & AHIRGAZE A FUELRARIE » ¥ ¢ > d 3b 3t
PEEFEER Y SHSNFEE(T - L E 333 §F RGP ) 0 50 RV REE i

SRR A SR e BV R 0PI R A BARACL A, o b A

h7 i3 5 B HERESUBLR I RER T - TR RN 0 40(3.9)47T o R 1E L T A R RT3
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AR i X MSUBLIEITARR D A, o 4ok JRIE) 2 a, B G B 0 X MUBR R

£3a,-
xt), a,<[x<A,
X(t) =4 Ae® x>
=1 A", > A, (39
a,e”v, |x|<a,
where @(t)=xx(t)
- . flag N
X Amplitude h
> » Comparator &
Calculator P
l flag
Angle Calculator | Vector Rotation X*"?x E I,
(CORDIC) |  (CORDIC)
X
.-"'ff’f

B3.14 J=treiE R B A B E

@&Mé%ﬁ%h$%%@@W@ifﬂm%m%WJ +Q? OF LA R
RS fesd@ 8 > £ 41201 = 22 M 1T KRB I5Lei@ B > gt 2 ko A L
05 22% SV EFER - AR RIERITV AT S

(8,0y,8,0) =1 —,—. =) (310)

1
2 3 311
. 16" 416

d (B10)F AT - 1 Gl A L 2SBS0 GHEA P AR RN TEL R
P REE S R T P H B B4 E o B 3.15 2 B 316 5 o A% i i7(3.10)

CESTE R
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|
!
~

Real part
g =
E £
g =
=8 I
Imag. part g = Segment
— | S g i
P
-] >>1 j
=
®] 3.15 # [Fl(Segment) > T 3. 7 1 B
Segment
1 1 —
= T > =
P Magnitude

L] Q output

—

Y L
— 1 =1

>2 ;—) =1 |‘)/

L

B 3.16 = & = M ftig T HER

BOOGUBLIRIGZ (5 0 5 d ) B L UGRIGEE A A &l ta, Aokt R iR
ERTE S x‘t‘ﬁ‘%ﬂé’;—}?ﬂ jx;’ﬁ;wfuﬁ%] Ay K2 E}'Jﬂ&/@gi@ﬁﬂ;wfj&] Ao 2B AT & L A g
£ B A2 CORDIC % # 54 kF It B o BT kL #8 & uritg el - 4 7
Ffd e BB LR > P T @ % D] CORDIC g #5538 » el = t5 W@ 3| A P & e

B e
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3.3.3 # #Li7 % E (Signal Component Separator, SCS)
f 22225 33> SCS enf A & 3 4p =2 [15]02 2 1Q ;2 [16] > H = BLRl4- K]
317 2B 318 d *Apiri2 T & 5 vk RIEE BIEE > X ",lrt % fek & 7% (Arcsine)i#

B F A AHT Y o AP IQ G A AT .

Polar

Converter Polarto 1IQ —

S

s

>

£

I (45}

Scalling S

[«B)

n

(9+]

=

[a
arcsin Polarto IQ [—>

B3 17-SCS:#p ;% > H. B

P+ = +'"Q2 -1 SQRT

MULT

ADD/SUB

b

] 3.18 SCS:1Q i% = K.
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d B 3.18 ¥ &> 5 7 .#5!%37%%%%%“’5“7?“%&“%/% BE FAIE *j‘a’fi LA Ry
RASS 0 R AL e e )L SN i R A 4B BB R o SN IR A8 TR B AR BT AL 1F

4522 %)+ (error factor) » H #&F ;N & 7 40T

A,

- (3.11)
[s(t)

€ (t) =

Ao (t) s MR AL APRRIEEES L[ BETS B BET) T i B

= UEBLIRAR > T Rt g - - S N B RSN A R T TS
M[I7-18] - 5 7 & A A AT IR 0 F T & AR AOUBLIRAG RS A 4T 0 A R AT
Mt FgrT R, ¥t gEie ~ SCS wh fawh B Ed® o LA - 0] § 3332 ko
MR AR I A AT AoB] 3.19 Aror o AP R R w1850 (R ML R R ke B
e T RhATA 01 d 2 R e RENRT A TR REF R A 6k s
BARFOP BT RAcB B200F 0 AR H S pF SN kTt R SRR
AT RE T AR R s RS B R B B RE T R § 0 7 B H AR ehk
% FECT o MR T AP H RO O ST N EE g R A 321 HToT o A B R BLEDC Y

538 Nt dicde £ 3.1 AT oo

1000 OFDM symbols (Nfft=32)
5000 L L L U L L L
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Statistical Result

1500

1000

500

-0.5 0 0.5 1 15 2 25
sl

Bl 3.10 OFDM # = 2 3& g 52 A 4%

3.5
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|s(n)|=[0.1,Am]

20 T T T T T T T T T
18- .
16 .
_14r .
12k .
& 10k 1
g
g 0 |
(2] 6* i
4 |
Zﬁ -
0
0 2
[s()l
] 3.20 SCS 455w & o 2 [
ROM
a b c
fd ) Jd )
N % L/
B 3.21 4 3L 5]+ P45 2% 1L
%31 - rF 5Nt 0 aXP+bX +C HlkcE
a b c
0.1~0.2 623.000 -280.350 40.410
0.2~04 77.700 -70.190 20.195
0.4~0.75 10.314 -18.364 10.246
0.75~1.4 1.477 -5.324 5.437
1.4~1.8 -0.745 0.858 1.137
1.8~1.85 -53.842 62.161 -17.833
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TR 2 e SCS H Hde Bl 3.22 4w 0 d (BT Aes fit xS PHED

B Z FMELIRAR > IR A P 331 S B F| T U - A MAMEIT RS > W
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B RZ2BEFRENRY > TFHE DB FE AR BT AR 5N

PRt

WiT R R PIFE B U F ey F’Jféﬁ?’aﬁ Gl BN R ju;g;gﬁ/,xl%% E RV
Bofd #2835 T B UELAP R X R B R o Aot A T A

SCS ch%e .2k 2+ o

Amplitude .|  Poly-based
Calculator | Interpolation
(linear approximation) I
> MULT
—
* ADD/SUB
—
] 3.22SCS:#x 2 {5 13 1Qj% = BB
3.3.4 % ¥ 5. (Preamble)
s|s|s|s|s|s| CP L L CcP L_s1 CcP L_s2 X

CP L_s1 CP L_s2

@B 3.23 = Han gL
WHEMELA B AR R eI 0 RGP R FE 2 oo Rl
BAR o B A n BB D Y 802108 nHL 9] A 37 o 4ol 3.23 47

54
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fhem B CPo BB AL &Y G A B R I R A e B
TR R RIPRE A S T ST AR 4R A - SCS AT R [ hA BRI A BT
PR @ iE o 3Ry AT B SRR IR AR B R det (T kBRI NS e

WA MATA A A e el i o o

!

3.4 FripE*

= 5 k7 o .
‘ = = w = 7
= @) €
L Q = o e = o)
04 9( % o > O T L
= 5 % 3 O
= =2 o D)
2 S g 3 =
a o O % w
S
= =
2 = o
S £ O
% 72} - o
o < w < L,_',: <)
m ) 1=
N = &
2 8
O

B 3.24 o ibEiE > HH
3.4.1 *} KB~ (Down-Sampling)

BRE IR A o AP g ARSI SRR B P nd T 2Ry
BB R BT R0 A R Tl & & T 5 2 45 (Raised Cosine, RC) i it B
SR RSUEUE et o BT R MBS > R RTFITM 0 AR
z 5 M Tﬁp%ﬂﬁ{ij_-;!p@?]:l:- BAE > 51 &g kiEBenigd > Apv % 333K BBk
TP S AR Rk BAHEA o B BAT S M 304 0 M BRI SRE - ELA
PG E Y - XBEM BB SRIFE PAEASEREM BF AR

gﬁ%}»hp%ﬁuc’ i< 'ﬁ%]:”é;-‘;v ﬂ\‘:m‘? mM K%&ﬁ\‘l T];&@‘]_&r—r 325”"1’7? o
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/:' Hy(2) v B v
A H,(z2) /v— a—

v H,(2) _\;‘,f—

v H,(2) \',.f—

B 3.25 % B4k 2 1 ]

3.4.2 ## g (Packet Detection)

e WORIT riA o nig Rl EELaAe e 0 4 T U R IR T4t w0 B2
16 R ST Rl Ak 0 M B R B e R MR R 2 S AP A
Fl* s EnELE B ke mdte Rl AmaEYRF A F 6B R 5 8
e BB AT S > F]PL AT MRS BAC) R S O16(E & G L)FERE 0 8 BARE DR

fes 8(Z &5 D) ¥ LA B B RALT ¥ 3 48 watp BE 4 (correlation)i® & - H #1cH

;\‘ ‘&[—-'L‘

L-1

Z n+k n+k+D

k= (3.12)
D=8, L=16

F(B12)7 & e A kzmom P A - BB @ FEe - BT 22
doogd wESUELATE B o m s EREF RS 0§ TR PR
Rl e Bfefldte @ Z2HEZ SRR FEE T M A FHEFES DFI 2
> P B AR TAR § FIEE

B PR AEE AR R BB L DR e 2 R UL B Rl ehe, i R

it (normalization) » #& ;\ 4
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L-1
Cn = Z rn+k r-n+k+D
k=0
D-1 .
pn = rn+k+Drn+k+D (313)
k=0
e
n— 2
Py

S AR EF A EHMRI D 0 F
CE Cn 2 CI . mn
r C | -
z7P conj
%pe

conj

®1-3.26 &t & Wapldk A~ 7 1 W)

bo ] 3.26 0T > MEE KB E A A BRI E 0 50 MO AY 2

# # AR ¥ (sliding window)itse & dic &2 p, » HEE N & 7 40T

Cn+l = Cn + r-nJrlrnJrlJrD - rn+L+1rn+L+l+D
X . (3.14)
pn+1 = pn + |rn+l+D| _|rn+L+1+D|

Z—llS
c, orp, r €, 0rp,
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T d W36 R RETREERLEFN APEFR- B E 2L
WA E

~

ﬂ@%zﬁiwo%%$$lg¢ézwﬁaﬁ,xgﬁﬁ@aﬁ@,
g o AN PEHRFAEERT T S 075 ST e BAF S VRIFR(L Y
FRRINA) > ¥ & A A A R T flE 0 AP R F K- 3.26 ¢ fhc'ifiE
2 oo :T S endte 1

. .3 e s ,
ﬁ&ﬁ&g’ﬁﬁﬁ—%wﬁﬁ’éd>zﬂ’ﬂWMa@wﬂﬁs

PR R ZE ;&r@ 3.28 #151 o

Z—16
T { Ca c'
% ,/ J | |
z" conj — z
- Comparator [|——>
Z‘
p— p pl
“\ " 2
conj L 7
=2

B 3.28 2 (o2 T HRIE R

343 P AR 3 (Symbol Timing Estimation)
. OFDM #zis¥ > @ ¥ 8 § — B LA F 3 5 o o BT T AR a3

I FFT o = 45 %3018 S AZBE 18 35 ek » 38241 7 fiehit B (matched filter) » #-32 fc

-

™

Flarugie e oo BB T e 0 HEcE & 7 40T

L1 2

Z rn+kt:

k=0

(3.15)

t, =argmax
Heor BRI G R e AT R s ) L ST e EA Gl
R R o hRR TR 0 A EGE- B A AN - Bh o S ] e
WA B ] G R G P R R P L R PR - Bt B
RS
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AOAPE T kT e LB BV R LR Mk 1 N BB gk
EVRFBAFTHOE T G N BEREE Flies En EREap i X o 5 R PR
SRR €L F A BRI AR o AP APERY 332 48BN LA T
ﬁﬁﬁﬁ’U$ﬁw%@M%&ﬁiéﬁ’j&ﬁmﬁ%%w@j%&&%aw&ﬁ

(index) » 4o 3.20 “7 » 3% & T AP AT B 3Rl A2 40

z! Zl' T > z!
hD‘%Gi) hlﬁ_:'% hl% h, hys ‘—>® h_\1.1‘9®
i Pl
L/ L/ N L/

Comparator f———>

k)
L

[N
N

3,29 | A 408k 53k

344 X H#H iR (Frequency Offset Estimation/Compensation)

B 3% = 2 g el e B B (crystal oscillaton) 4 38 ¥ 7 € Apfe o F F & AL F B A
A R PUAF T AR @A FPRF AT R ARk St A Bk
T oA [T HhMB Fa 2 A& §J)% B ERLand P Fa (4
W E D) HA BERI kil EAR R T > P RBF 3 L E T
ARSI A AL - Apind o A ¢ R D FNT L RE L BEga s
foah el 5 R A o

Bk B cPpe i A EL G S o PR ARGy, 0 Rl B E R UL & T

4

yn — Snej'Zzz'fD(nTS (316)

B f 5 BE P o T 5 F B LB iR > A R R RS UL T
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zﬁﬁﬁmgwiﬁ Ef, PR RTETAL _’rﬁi\‘.;};‘\;};ﬁjfﬁ] RS 1 ﬁ&{ifm—i’ £

€7 AR AR DFEIRT > ERAWMET L7 40T

rn — SnejZﬂf[XnTse—j27rfrans
= SnejZE(ftx_frx)nTs (317)
_ j2xf,nTg
=58

He f =f —f > SOEREBIAPRRFHLE D EABEFRAY 3 BAp

Bk imenut o &7 5

j2zf,nTg
Sne ( n+D

ejZ;zf (n+D)T; )

(3.18)

5§ L@i2rtaT,g-j2xt, (n+D)T,

n~n+D
n=0

27 DT, ). 2
=e 5
n=0
2\ pe F] g Ejt( - —‘:;J. & 4o F

ﬂ=——;L—AZ (3.19)
27DT,

d 2k B 27f DT & Jf & -8 w22 B 0 ST POIE S B A AT B Rl eDge B 5 97'
H:

f < r 1
A_27Z'DTS 2DT,

(3.20)

d (3.20)7 v o D AKX Aray fp RlehdE AR o FIRt AP LR * D o] et e e
v (coarse) fp 3t o dopt A R T FIAHME S RAS A R R 0 50 @RIV s E 2D
P K e (fine) 3o o RS BT T I A8 B S R FHR TR SR

B K 3t @R e d R ol o g o A& & h%E HERl4c B 3.30 1T e
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CFO
Compensation

Angle Ac@

Coarse N Fine
Estimation N Estimation

B 3.30 #7 F iH A AT B 2 B
B 3.30 ¥ > = iz (Coarse Estimation)? i 3 (Fine Estimation)® % #.4 | £_d &3 5

FALPRBPAGNarEE AR A iz &:iﬂ,.m%l ds 2 EEDRE A 5d CORDIC

R T R B BATA 4 ehd B 218 o A5 d daim Rz _L_E,f a1 4 iéﬁq%@'i’-}i’iﬁﬂﬂ%ﬁ’l

A RAPA 2 (8B AT R Aaganid & R o7 B CORDIC chfl #3347 £/ 3.2.2 -

*H-—r j\EJ{‘){F"P IEJ%! f—'—*;m}}?ﬁ"ﬁ’?{“l F} (3 18)9 £\ IFE“I iV %—Eﬁ-’?ﬁ T?-'—I %\ = 'ﬁf’g] 331 .

z?P conj
Complex T Angle 1 .
Multiplier L 1 (CORDIC) = :
71
] 3.31 Coarse/Fine Estimation # 4§ 7 # [§]
—,ﬁ:ﬂ D’z}_‘?}"ﬁ\l% f;'v : ,1.8’ ml‘:'.‘! E ;ggzog_giﬁﬁ\g,ﬁ CORD|C$~B’}5_ F’“l],

I+DHH S TR DL 2 hEht 0 HUEFR- BHEETT o 4 & &4 (Angle

Accumulator) ® . 5 — F R b B R s Bo B 5 L HE BB A E A R R e
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Anglel —
T rd Y T Compatator
ﬁjed L/ /-t
-1
Angle2 ——— Z

] 3.32 Angle Accumulator 7 1 ]

LW g~ R - bl R R R A B - B PR E RO 0 B 2 (8 e
#HERELN G 20,38, c AR F A A N R B 57 @4 A21E CORDIC 74t 3 i
s [F] > A7 R BUR 27 82 e 2 e 10 32 AR 3.28 7 vt i F (Comparator) i 173 5 o

Hert b AR AT R RS AT R

3.4.5 & P #l (Channel Estimation)

G R 0 3.3.5 W HUEL AR AR SCS TR (S ek IR R 0 b B
- RAAALREBE F o TARFETH RS FFT 25 LR E (S chpF i
B A dp e | U W SBEE T 5 103 Al PR 2N E RS
S S PR 2 - U R R R e B - AT R ¥
J9% AR BiEd SCSATRE (5 chpFid £ 2V & o i iF B R el £ 7 N AT

R, =H, X, +W, (3.21)

*

H =RX,
= (H X, +W,) X,
=H,|X, [ +W,X;
=H, +W, X,

(3.22)

£9 0RO BICHRACI 3 L X, 5 @it Pl HO SRS Pt
P 0 W B AR e H IR B K 6 R K A e o d R R AT

Hd - 3+l B-1 Al o Ak E BE R ﬁ*ﬁiﬁvﬁ%_ﬁi%’lj%ﬁ]&?%ﬁ AR

W
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d SR R R R MZF R Fpt A S R R S i ks o 1
i MZF i i 7 cehi® B (2.23)> o [8]7 4w » $dcp 2 0.7 B 2+ dhd % JR o0 B 4P o
AP ERARALF S 075 hept T U B BN B o B R (LM ik
RS RALY o BT 1 R 0 T Rl Gy e MZE 20 RE

FE e d fRAURA B R AL o i P e R E0R A % Hdo ] 3.38 4T -
=2
r =1 C
ROM

2—32
+
+
SCH >1 o RAM b—>

] 3.33 3 i Fk i3 1% 45 W

NP

>1 > i

Dt

3.4.6 MZF 1 r] (MZF Detection)

LS (R0 A ) 345 i BRI IR ¥ K EAMZF 1 R el 3 14 dik pUESE
Fls A e * OFDM ey » SUBLH% i 7 i 5 85 B+ Ul & Bl RUdZ > + e
AR eI b & B+ U T AR S T % R (flat fading) » gt 2 R F 3 AR
FA R TE R AELDE o A ol S AT B SUELE D

B 4T e

x___x a-h (3.23)
a+bi a+bi a-bhi

% HdeT ] 3.34 417

at+bi a-bi
RAM conj

Divider b——>

[ 3.34 UELE % 1
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s

SRT A APPSR - B R Ak B RAE A A AR g

/

B2 RE ik # (restoring division)[19] » #£4 F B E V2 dak > 2T kAP - B

=
gt
i
tal
K2
é\
]1 <
ol
tal
E
EJ\

H e Gl > 7L F A IR o KA P ATER BT eh
30 e bldeT
Example:29+3
29— 2*.3=-17 [0] restore
29-2°.3=5
5-22.3=-7  [0] restore
5-2'.3=-1 [0] restore
5-2°.3=2

1 1
— 227.3===0| restore
2 4 @

1 1
—=il 2
2 8

Ans.01001.101—%¢ $9.625
FACAPELATFROEA LI MOBETRE ZEE MR R R T
= 11}1“,%;‘24% R Y 28 f? od WP TR T AP R AR (5 12) g3 AMERIS SR
Bk BB R R TTHE S o Tt A P -3 G- = ehrg AT (pipelining) AT o 2 R RE

& BT S K ek Bl o
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T~ HEE
4.1 & ¥udtas HoBk
k%< ¢ e LINC-OFDM s sefigi @ * SUI[20] e dn B3 i 50) > A 2 7 I odp B
% #(correlation coefficient) 2. % 7% i ig (fading channel)> % sven$ ek T4o & 4.1 977 -

HY BT3B A 8A APXTL e BHEL > F) kY o PAPR BV 404 A

6dB rp o

# 4.1 LINC-OFDM x stttk 8t 53
Parameter Setting
Mapping QPSK

OFDM size 32

Length of CP 16

Number of OFDM symbols /packet 3

Number of channel taps Successive 3 taps
A 4 times of Standard Deviation

Correlation coefficient 0.96

d BT S B AT kS ATRE Y ARLE M 0T R B o ] & B
B AR B BB AL B T E D T E B o g4 i 4% % (Digital
to Analog Converter, DAC) © 3 cz & #3558 7 | P e vb 2 il 4 2 Hoi 3B » 1 jqs
Fovgge o 1) F & ggt i Boi % 3% E (Analog to Digital Converter, ADC) - iz £ Matlab
BT B Yy L Bl AP EEEOR L RTRF T %‘ﬁ%ﬁir“s P HO 5 O0 RAELEE
ITHEV A 0 AP AL T B R ok (Digital Modeled Analog; DMA) » — i fic i fi-
BV RABREY DS PEU Y R T 5 o MmO A1t ih

DMAZ H4cBl4.197 7 ©
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P
;\D DMA Filter b——

4.1 DMA% 1 7]

A L
ERL

a0 AR Rk S BRI 0 B Ao 3.4 T o T
AR 3.20 #77 od A AFLBER Ut SH L F e F AP ¢ ® s ES (Bt
Error Rate, BER) & {# = 45 3% (Symbol Error Rate, SER) % 74z & » F]pt 4r& 3+ & BER &
SER » & & a‘r"% e g AT hi At B A Rl it e SRS
(Packet Error Rate, PER) > ¥ & @i¥4te 5 - B~ @ A8 2 438> TR p 4t H 2
BFo PR HFEF 70 MELHRISIFNE e WRSEFE SO EA AT E
A a & 1 SER k£ 57k Fuaay edFHE o

GF 24182420 459 A aE e Bh, $h o he(219) 5 # * A, E 1

P10 BELEFHARA AL LHT R A Ny, HHEF ESN(222)0 2 a0 T
FenTiof  FPFHEF R PR ATURAE R o 13 FBE L BehB oL A
WAE AP Cedcs 0.96 PRRCEE S 4oB] 429957 o Bl 4.2 ¥ A4 M S RA g R 0 JiL

B 75N FEF T 00 ok 2 R i grki o T B A3 KT A A B & 5

‘E\\ “\

(packet lossrate) » 3¢ B4 F -5 412 BRI e FA g S e APk T - B
WE <P R AR YRS SR A PRI BRITI O 4R AR AR
BIDILERE  FAASFEFERII PR AL AP ZFEI R
Fol A 45 0 KR 43 F 4o PR S 0.75 PEokai Bdd o o B 42 2 ] 4.3 et o R
P T h et e A SRR HE BET AT )RS TN LR

LINC-OFDM & ktendt & 45385 0 4 - B 4.4 B2 SER &k % 51 & SLemsiag o
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PER

packet loss rate

10—y
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10"
\\
—6— Standard OFDM \o
| —@— LINC-OFDM-ZF
—HB— LINC-OFDM-MZF
10° : :
0 5 10 15 20 25 30
SNR(dB)
®] 4.2 LINC-OFDM % s ZF ¥2 MZF % v ® szt (PER)
10° ¢ ; ; 3
E’\!\;'é\ —+H&— threshold = 0.75 |7
~— \$\ —©— threshold = 0.5 []
T~ \ —&6— threshold = 0.9 |1
10-1(;\\\ X \
.ﬂ
\ \
\
‘?\
10-2 ;\
B
\
~u
10°
0 2 4 6 8 10 12
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B 43 «sdte g4 %
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10" ¢ :

—©— Standard OFDM [T
—B— LINC-OFDM-MZF |
—&— LINC-OFDM-ZF

|

SER

It
10° \

10"t - s
0 5 10 15 20 25

SNR(dB)

® 4.4 LINC-OFDM. i $LZF & MZF % i+ ®»%5t (SER)

=T k> AP RIS RS SR R & 34505 K SR
BAAEALA LA mA S INA B 45 T LD BINA B e 4 35 (Mean Square

Error, MSE) » d ** & i3 st (Signal to.Noise Ratio, SNR)FF et #2588+ < » 2 ¢ e 5

2 s

Bl R R RS o L SNRFL A K HFDLE o B
4.6 M| E_RAT B 2Tl Ae » AT R BRI ) S 0 LB P S e MRS R B

oK 5 0.01 & fn+ UL’ pE(subcarrier spacing) » # #F R Ty SNR M o 47
F A R i G Rt B 23 SNR BF o MRS R A B ibra Ay
Eoprd B AR A FT g RGOS RB IR G I Bk St € 4B -

) oo
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MSE (radius)

SER

10" : : ‘
-\\ B— Coarse Estimation [
U ~B=_ —O— Fine Estimation  |]
N \‘\
o ~—
N
\ L\
10° \& ;\\
N -
SN e
N SN
N £
107 \\\
N
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-8 \
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\\\
10°
0 5 10 15 20 25 30
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®] 4.5 MSE of CFO Estimation
100 E r r ;
—O— Standard OFDM B
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4.2 H WK

¢4 CORDIC ;% & i* > 2 i 12 Matlab #-4¢7 B 5.6 2 B 5.7 @ 56 @] » * & ¥Fif
W Hee e 0 ] BHS T R ehk BB A SRR R S e B L € AR kAR

;%{ﬁﬁﬁﬁ&ﬁé’ammCﬁE%ﬁﬁﬁo@{iﬁﬁa?ﬁﬁﬁ%ﬁﬁ%
Bl oA ki clics 5> d B 562 B 57 VERD Fihw ch 80t
CORDIC i# & i @ #8458 e MSE & 407 ' ¢ 4830 T % » Ao 5 94 ke e % R
WAHEL 8 il B BRT ek R T EREE FRRESFT AR
The T g AR AR TR FR Y R B BFE S BREREN AN RS

s\j;mm%@],,bﬁx& Hobe 1 PR AR o FI2 AR & 321 F &5
A 9% CORDIC % 4 % & B 3.2 chifin 245 &0 ] 3.3 chT (7248 > 2t R4k o fh 22 pF

By g e

CORDIC: vector mode

10°

107

MSE (radius)
/

10° ~

10 ~—

10°
1 2 3 4 5 6 7 8 9 10 11

number of iteration

B] 4.7 MSE of CORDIC Vector mode
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CORDIC: rotation mode

10

/

10°

10°

MSE (amplitude)

N
-

10' =

m
=l

10°
1 2 3 4 5 6 7 8 9 10 1

number of iteration

B] 4.8 MSE of CORDIC Rotation mode

TR AR MR R B R A 2R Mg 5 (3.9) i B aal
P B Ehod ATt A PR S Tae B Y L 0% & 335 AP D kB
B APR DA S ERNAM O 0 TR RFE- BT R F
BRI L 63 A NGANEFEF S R R R 0 TR AR A Ak
A5 IE R g_mﬂ@;@ﬁ;’rsg o FIpt AT 7 - BT K iE 0.1 B 5.8

>

AT e PR BIRGT R IR S A B S APT LRBIER A AL

AEPTE AL BF R ] 5.9-F 5.11 Pl S 4R IF 2 B (S i ST B 2 R ST b

kK -
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N
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Bl 4.9 LINC-OFDM % ¥e3ziy - Amplitude Clipping

Quadrature

Before amplitude clipping

In-Phase
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After amplitude clipping(ldeal floating point)

Quadrature

Bl 411 @ giigp b 2 R(EEEE Y)

after amplitude clipping(fixed-point)

Quadrature

In-Phase

R 412 i i & 4 W(LRACE )

BT hnA o A48t SCS ek 3 kR 0k & 33524 & 5] » SCS h
FEHAP LR R® FA P IR RBTHFET] Gl B F AP F R RE R ki
AN GEREE ST A GREL S o B 512 WL R £ 31 5 fhlcrrid A B
1T %A vt (Signal to Approximation Error Ratio) » 1538 if § K 3R 0 AP A 1S 4
EFF AL IR 0 FERBINGE - B SN EIT 0 B AP RS T R
ot 30dB 4k o W 5.03 St SCS i) 0 i i L OFBgGE Y -
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Slice Logic Utilization:

Nunber of Slice FRegisters:
Number used as Flip Flops:
Nunber used as Latches:
MNurmber used as Latch-thrus:
Nurwber used as MD/CR logics:

Number of 3lice LUTs:

Nuber used a= logic:

HNwmber using 06 output only:

MNuaber using OS5 output only:

MNuabher using 25 and O6:

Number used as ROHM:

Number used as MNemory:

MNumbyer used as Dual Fort RAM:
Numwbher using O6 output only:
Nuwbher using OS5 output only:
Humwber using 05 and 06:

MNwber used as 3ingle Port RALM:

MNuaber used as 3hift Register:
Huwber using 06 output only:
Numwbher using ©5 output only:
Nuwbher using 05 and 06:

Nuber used exclusively as route-thrus:
MNuwber with same-slice register load:
MNwuwber with same-slice carry load:

MNumber with other load:

Slice Logic Distribution:
HNumber of occupied 3lices:

Numbher of LUT Flip Flop pairs used:

Nuwber with an unused Flip Flop:
MNumber with an unused LUT:

Number of fully used LUT-FF pairs:

Nuwber of unigue control sets:

Number of slice register sites lost

to control set restrictions:

Id Utilization:
Muabber of honded ICEs:

Gpecific Feature Utili=zation:
Muabber of RAME16EWER=:
MNumber of RAMESEUWERS:
HNumber of BUFICZ/BUFIOZ ZCLEs:
Mumber of BUFIOZFE/BUFIOZFE ZCLEs:
Nurber of BUFG/EBUFGMUIS:
Number used as BUFGs:
Nunber used as BUFGMUX:
Murmber of DCM/DCHM CLEGENsS:
Mumber of ILOGICZ/ISERDESZ=:

Muber of IODELALYZ/IODRFPZ/ICDRPZ MCEs:

Number of OLOGICZ/OSERDESZ3:
Mumber of B3CANs:

Muabber of BUFH=:

Muber of BUFFLLs:
Mumber of BUFPLL_MCEs:
Mumber of D3FP45hls:
Muber of ICAPs:

Mumber of HMCEs:

Muabber of PCILOGICSE=:
Number of PLL_ ADVs:
Mumber of PMVs:

Mumber of 3TARTUF=:
Number of JUSPEND S3YNCS:

bvrerage Fanout of Non-Clock Nets:
Peak Memory Usage: &70 HME

Total REAL time to MAP completion:
Total CPU time to MAP completion:

2,131
2,091

39
3,764
3,339
2,009

140
1,190

303
32

32

271
=

214
122
111

10

1,239
4,000
2,417
236
1,347
30

87
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Timing Swumitnary:

SJpeed Grade: -3

Minimwun period: Z3.164d4ns [(Haximun Fredquency: 43.170MH=)
Minimwnm input arriwval time before clock: 9.130n=
Maximun output redquired time afrter clock: 3.597n=
Maximum combinational path delay: HNo path found

B 5.8 &% 4% timing-report

Timing sumrmary:

Timing errors: 0 Score: 0 (Setup/Max: 0, Hold: 0)

Constraints cover 265828784197916 paths, 0 nets, and 15908 connections

Design statistica:
Minimum pericd: 23.294ns{l} {Maximum frequency: 42.930MHz)
Minimum input required time before clock: 10.491ns
Minimum cutput required time after clock: 9.038ns3

B 5.9 & 4x # static timing
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Slice Logic Utilization:
Mumber of Slice REegisters:
Number used as Flip Flops:
Number used &s Latches:
Nurkber used &= Latch-thrus:
Nunker used az AND/OR logics:
Mumber of 3lice LUTs:
Humber used a=s logic:
Nuwbher using ©Of output only:
MNuwbher using ©5 output only:
MNaber u=sing ©5 and 06:
Murber used as RoOM:
Number used as MNemory:
Mumwher used a5 Dual Port RAM:
HNuwber used as Single Port RAM:

MNumber used as
Nutber using
MNuber using
MNumber using

Shift Register:
06 output only:
05 putput only:
05 and O6:

Humber used exclusively as route-thrus:
Nuwbher with same-slice register load:

MNuwbher with same-slice carry load:
MNumwbher with other load:

Slice Logice Distribution:

MNuwmber of occupied Slices:

Muwdkyer of LUT Flip Flop pairs used:
Number with an unused Flip Flop:
Number with an unused LUT:

Nurkber of fully used LUT-FF pairs:

Number of unigue control sets:

HNumber of slice register sites lost
to Control set restrictions:

IO Utilization:
Muwboer of honded ICEs:

Feature Utilization:
RAME1S6EWER=:
RAMESEWER=:
BUFIO2/BUFIOZ_ZCLEs:
Huwmber of BUFICZFE/BUFIOZFE _ZCLEs:
Nubver of BUFG/EBUFGMUXs:

Number used as BUFGs:

HNurber used as BUFGHUIE:
MNumber of DCM/DCM CLEGENs:
Nurber of ILOGICZ/ISERDESZ=:
Humber of IODELAYZ/ICDRPZ/IODRPZ_MCEs:
Nugher of OLOGICZ/OIERDEZZ=:
Mumber of BICANs:

Mumber of BUFH=:
MNumbaer of BUFFLLsS:
Nuwaer of BUFFLL HMCEs:
Mumber of D3P454ls:
Mumber of ICAFs:
Muoer of MCEs:

MNuwber of PCILOGICSEsS:
Numiber of PLL_ADWs:
Muboer of PMV=:

MNuwmoer of 3TARTUP=:
Number of SUSPEND SYHNCs:

Specific
Muboer of
Number of
Mumber of

Average Fanout of Non-Clock Nets:

Peak Memory Usage: 791 ME
Total BEAL time to MAP completion:
Total CPU time to MAP completion:

2,931
z, 683

z45
7,941
7,700
3,624
630
3,446
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5,717
6,324
776
1,617
35

103

157

Lo e e e Y R o o o o |

11

oooooogQw

ra

5 mins 27 secs
5 mins 21 secs

out

out
out

out

out

out
out
out

out

out

out
out
out
out
out

out
out
out
out
out
out
out
out
out
out
out
out
out
out
out
out

¥

B 5.13 4z mapping-report

62

of 154,304
of 92,152
of 92,152
of 21,680
of 23,038
of 8,717
of g,717
of g,717
of 154,304
of 338
of 265
of BE36
of 32
of 32
of 18
of 1z
of tgE
of 586
of 586
of 9
of 3584
of g
of 9
of 180
of 1
of 9
of Z
of o]
of 1
of 1
of 1

13

8%
a3

1%

11%

TZ%
8%
15%

13

46%

0%
0%
0%
0%
1%

0%
0%
0%
0%
0%
0%
0%
0%
B2%
0%
0%
0%
0%
0%
0%
0%



Timing Summary:

Speed Grade: -3
Minimumw period: 26.491ns (Maximwn Frecquency: 37.748MHz)
Minimwum input arrival time before clock: 6.362ns

Maximumw output required time after clock: 3.73Zns
Maximumw combinational path delay: No path found

B 5.14 =% timing-report

Timing summary:

Timing errors: 0 Score: 0 (Setup/Max: 0, Hold: 0)
Constraints cowver 578313999376312 paths, 0 nets, and 32400 connections
Design statistics:

Minimum pericd: 34.125n3{l} {Maximum frequency: 29.304MH=)

Minimum input required time before clock: 11.577ns
Minimum cutput required time after clock: 11.E849ns

Bl 5.15 f= 1% static timing
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