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Abstract

IEEE 802.11n is known as the specification for the next generation
high-speed WLAN systems. The distinct baseband feature is the use of
multi-input multi-output (MIMQ) OFDM technology. In this thesis, we
consider the design and implementation of-an IEEE 802.11n baseband
receiver (with the TGn Sync proposal). We divide the receiver into the
front-end and the back-end receiver.-Fhe ‘front-end receiver includes
modules of packet detection; automatic gain control, frequency offset
estimation, frame detection, channel estimation, and fast Fourier
transform (FFT). The back-end receiver includes modules of the
minimum mean square error (MMSE) signal estimator, the soft-bit
demapper, and the Viterbi decoder. We first design the front-end receiver
and perform system simulations for the whole receiver. Using the FPGA
design flow, we then implement the front-end receiver for a 2x2 system.
In the design, we use the CORDIC algorithm for phase estimation and
rotation and propose efficient structures for packet detection and
frequency offset estimation. Simulations show that our design perform
properly in random generated MIMO channels.
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L-STF L-LTF L-SIG HT-SIG " | HT-STF HT-LTF HT-LTF HT-DATA
— S/ _
~ YT

d PR o AT g £ HT preamble .4 g A7iE 03 R4 ATHES 0 e

F_HT # 445 (7 802.11n receiver) ¥ # 1 7 Frif Jc ¥| e0&_legacy PPDU # §_HT

PPDU o F]pt » 3% & HT dfcs b 3 B - & p & 0 R4 3% & legacy

signal(L-SIG)z_ {5 » 3 HT &8 it 59 2 %] 41 L-SIG 2_ {4 & enE_HT signal (HT-SIG)

B %_legacy data(L-DATA) - HF e 2 P HE > AP R &d 2T a8 BRIKP

# 1 B HT-SIG:(a) 2 BPSK &2t 55 % % HT-SIG % < $h(quadrature axis) @ B~ it

A% a3 ph(direct axis) t o (b)# HT-SIG ¥ & «H#kE2n 55 (pilot) & L-SIG & & o

F BN s PR GRJCEBIE SR AR LSIG L1 FF LT

4

R bt a £ P AR 4 ’)’j'fé‘é FoE TR ELALE &




HT 4 ster@:i¥enn o
- 453k > preamble ghx ip 0 A RA E T A A

(1) #t = 1 p|(Start-of-Packet detection): & = 2 A d& T BLpF > AP g 847 wd_F
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IH AT 5 4o T B 2-2977 0wt BB RIE T REe B
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Y [GI Setl | Setl | 6L Set0 | Se }

.. —
HT-LTFO HT-LTF1
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Nss

Set 0 Set 1

Set 2

Set 3

1 [-28:1:-1] [1:1:+28]

2 [-28:2:-2] [2:2:28] | [-27:2:-1] [1:2:27]

3 [-28:3:-1] [2:3:26] | [-27:3:-3] [3:3:27] [-26:3:-2] [1:3:28]

4 | [28:4:-4] [1:4:25] | [-27:4:-3] [2:4:26] [-26:4:-2] [3:4:27] [-25:4:-2] [4:4:28]

# t& 2-1 Tone partitioning into sets for 20MHz(56 tones)

23 H i REEP

231 AREHANE

7 B TGn Sync thi & F 4k chFLfedeT “13, o

Feature Mandatory Optional

Number of Spatial Streams land 2 3and 4

Number of Transmit Antennas 2 Greater than 2

Channelization bandwidth 20MHz 40MHz

Number of Occupied Subcarriers | 56 in 20MHz 114 in 40MHz

Number of Data Subcarriers 52 108

Number of Pilot Subcarriers 4 6

Modulation Order JENbES St 256-QAM
64-QAM

Code Rate 1/2, 2/3, 3/4, 5/6

Guard Interval 800ns 400ns

Convolutional Coding

R:1/2, K=7, (91:13381
9:=171g)

# & 2-2 PHY Feature Set

d & 2227 gl 2w 802.11a A fe e

R g S8 =gt

v?bo4E Fd 20MHz ¥ 40MHz> 3 % % ' d R &~ 3. % 64QAM 1| 256QAM> Code



Rate » j%_3/4 = § 7] 5/6 - F pF = ;£ 4 & (Guard Interval)~ % % {4 »d 800ns "% 3

A00ns - #rF EECRERL TR R RSPERDTHELE -
frequency QAM insert analog
% [ interleaver [ mapping [ IFFT ) a P arF
'G-E 8 e I .
8 NEL RE: . . . . .
g g = . . . .
&) a : . . . . .
2 =
<
s ) f
& frequency QAM insert analog
) interleaver K mapping [ FFT Y Gl [ & RF

Nss spatial streams = Ny, antenna streams

B 2-5 MIMO datapath
Bl 2-5 #_MIMO OFDM @ % =3 g fdindg » £ d 1 = MPDU(Mac Protocol

Data Unit) e3 L 5 i %45 % (FEC encoder) » i& B %8 B 5 Safb i 5 1/2 i 45

(convolutional code - & 2-6) -

———— = Qutput Data A

>

= Qutput Data B

Bl 2-6 convolutional encoder (k = 7)
ER B ez > ¥R d 3k (puncture)sn 38 o 3R B Bk 3 2/3 > 3/4
& 5/6(%% B 2-7) -

Coded Sequence
Input Sequence

1334 Ao |Ar| Ao | As| A
Lhilh|L|L]], 171,

> By

1BZ 3B4

Punctured Sequence:

R=5/6 A.ByAB,AB,

Bl 2-7 Puncturing pattern for code rate = 5/6

10



B¥F oA IELEET P AL - P &) (bursterrors) o AR R &
W 2 45 B (Data interleaving) 242 cnF L L4 BX A 2 2 BREHE S P ehu sy
(space-frequency interleaving) » ¥ 7 & » fiz(Spatial Parsing) £ #7 5 % 4% %
(Frequency Interleaver) - 7 & & fie B e 3% 4e( 2-1)

s = max{Ngp. /2,1}
(2-1)

H P Ngpsec % Bits per subcarrier » )4 64QAM P » BPSC=6 » p* pF s=3 >
BACieF @B E TAL L 2(Ng=2) 274 3B 28 % - BEAm &7 &
SBrALGE B LB AlE - B 5 o

mANESF I E TR 0 F T2 (R 2-8) 7%;—5?\/7\ = = 1B 4
(three-step permutation) - % — & # 5‘?{#:—#9 Teen i 5 7 (coded bits) » T3] # 4p
Teehilpz b o PR A EL Y B BRRAKSAFLER TR o miR 72y
SRR 4 o - B IR AR e R Ak R A (MSB) R B i i a
(LSB) » i 3 =7 - 4 » it FARWEn (2B LB « % 2 B H 545
*z #% (Frequency rotation) » ir*‘u{t«t_% Fe e 3 R (spatial streams) t > #% e % ] e0
PR ST UL AR BRAESFY > F B RIRRASEE

! >3 =
ﬁﬁ E,f;m/T g 0 7

\“ﬁr

T2

11a Bit interleaver, 11a Bit interleaver,
Permutation > Permutation

Operation 1 Operation 2

11a Bit interleaver, 11a Bit interleaver,
. Frequency
Permutation Permutation Rotation
Operation 1 Operation 2

B 2-8 3 43% 5T > 1ln 2 4 BA,

MIMO 2x

parser

\

232 z FFHEHEES R (Antenna Map Transformation)
A MIMO % ¢ » 2B iienlic(NG)? LE& 2 his= ;;j’{.’rhfﬁtﬁfc( N, )-

%3‘—\ > M {ﬁﬁ%‘— NSS _mln{NTX,NRX}(ﬁ ¢ NRX F";I}q“it% @E{n‘n@:ﬁ{) ]E; E mﬂ'\:’*

11



TR A BB AL Blded N =2 > do b A HR A § 3B X R
TS A - 42X A K H 4o transmit diversity 0 28 * {0 andR e X sk i

receive diversity - i%;fé_iiﬁﬁm* & Spatial Spreading > 4@ 2-9 #77% o

frequency QAM insert analog

Q K interleaver [ mapping [ ¥ IFFT Gl i & RF
5 5]
3 =
g & g

<] 5 = . . . . .

EpEp E w : .

© 2 = * *
/= =

o =] E /
2 frequency QAM cyclic insert analog
i interleaver i mapping i ¥ IFFT delay [ Gl i &RF
Nss spatial streams Nt antenna streams

B] 2-9 Time domain implementation of spatial spreading cyclic delay

B 2-9 ¢ chw F4E 1 2 4B (unitary matrix)W(= -] 5 Np, x Np )B~ 3 N 7 41 5% >

M ¥ BN, =22 N, =4 * Walsh matrix 4=~ 3%

+1 +1 +1 +1
+1 +1 +1 -1 +1 -1
W,,, = =1 Fo Wiy = &
V2| +1551 2/+1 +1 -1 -1
+1 -1 -1 +1
(2-2)
@ N, =3FFi¢ * Fourier matrix 4~
+1  +1 +1
W3><3 — i +1 ej27z/3 e—j27[/3
\/5 +1 e—jZﬂ/S ej27z’/3
(2-3)

ok R H B anSiE w s o € 2 4 7 7 Fg 8 chbeamforming sc g 0 i A F G F

7 e erispatial streams 2. FF eidp M2~ B e 0 B 5 A58 - B3 2w e beam o
F

BEGW S B R TR I T AN L A PR P X R o

3

B+ i Bk 2t 2 (Cyclic Delay Diversity - CDD) » i # 14 j& 4% i B 42(6] 2-9) -

Ay 7l CDOD*ef g F kiar e wiad s 2 Qo 4r(24) -

Q =0- [\NNTXXNTX ]Nss
where @ = diag(l, exp(—j27KA-D),---,exp(—j27z(N,, —1D)kA-D))

(2-4)

12



b5 P Q-+ € £ % & Transmit Beamforming, 3% Q % % iz | 3] il 3 (H)

SVD(singular value decomposition) s eV 5B 4T o

— H —
NoxN, — Uy N, N,thVNIth =Q= VN[th

r

D =diag{o,,0,.0y } » "H EHce X hitdEL s a UV Y L1 EL -
SVD A fgenp e 7V RUERF 2 I pF > a3 pT ﬁm@@,} )y 3P —
Ko APF AR R EHSNREAS 7 R nF o & kg g B G
7 Fam@%ﬁ F o pl4e e [2] ¢ & Extended MCS 42 ’fg & * e B o (spatial
stream)t » 55 AR A QAM B K o AR BE AL X R P VB {80 A
B e B ar B e T

+V

Yna = HerNIVNthrXNtxl N, =1

_ H
=U N, xN, DerNtVN‘thVNthtXNtxl + VNr><l

= UN,er DerNtXNtxl TV

(2-6)
B chy S o BF Lk U dEmExEe ok o BN 4T
H H
UNrXNrerxl = DerN,XNtxl + UerNrVerl
(2-7)

SugErl b ospatial spreading €0 2 > A BT Ut - BHESHQEE Y TR K
spatial spreading » 4] 2-10 -

frequency QAM insert analog
2 [ interleaver mapping > IFFT Gl & RF
5 g antenna
L B map
g H 8 D) g . . . . -
= «©2 . .
=N I =
s
& R frequency QAM Q N insert analog
interleaver mapping Gl &RF
Nss spatial streams Nrx antenna streams

Bl 2-10 Spatial Spreading via Q

13



F3F AR HERBIRE 2

I 2 & #g % 1 (Orthogonal Frequency Division Multiplexing)##sfz -7 & %

£ B 5 i i (Multipath Channel) ® > F]i€ 3§ & # chaf 8 93¢ = R 0 (2 Bk 3L

Fedh = G o frimd - BATEORIAL o 20 e Rl o LSRR I AT 3
(ISI-free)eraid i) » # g N P Frm 2 X H s 13 2 3 3 Bk (8 s &

E@#FFT) - a5 0 FFPRA2ZFohm 2> E 3@ Y8+ E(ICl-free) - B3z
SR BT A T e R B O -

MIMO(Multi-Input » Multi-Output) 4 $t2& % A # f1 % 5 B b chgrid 3% 3 @
B RSO F o3 T L ARCRPT A 0 §F F AR B AT
AP Ao R AR R ARRIF LY - BEL P A

AREAR- L FUFEE o RfRE R R R DR AL -

3Lendte WR[E 32 9N BB il o3t ¢ £ ¥iea B AALREY H 5

HORRm @ 3.3 cd i & 358 3.4 sk B9 S HhoRl 0] 8 A Bk Bkl B

Anhn

R, At 35 444 38 3.4 A RS Y S o

3.1 #t# i p|(Packet Detection)

d A E MR FEATTES > AR Y 2R 0 B EF e g )’j}u%ﬁ
RAREL T oA e BR> 2 ¥ A pls gt ng o0 ¥ LR
BRI I R B MAST R Gk 0 LE G B F o it (R
M iz4ps 5 ot RAMT ROFREEG Fhaikz T A AP
Ra By aFyE e
3.1.1 Double Sliding Window Detection (DSWD)

B3]7 #rdk eE B o )t fEIE B 2 B > Amsiget (SNR) S <
BT 0 F FR B D EAEN MR L T R 2
RIBEAGEE > 4o B 3197 AEBLES iﬁ?ﬁ%@.’rﬁg‘: = (windows) > &3 B %

14



SPGB EWEATATEF R AP AN 2h AaL T Am L - B

¥_% ¥c(decision variable) - H #% ;X 3 4o 1 o

M -1 M -1

Z r . = |rn_m|2

0 m=0
1

m
L —
Z n+|rn+l Z |rn+l|

mnzan/bn

(3-1)
A Ripzk A® B hg 2 5ol 0 F23 A £ (noise power) B %0 I EE

pea vt (SNR)4g + o 2R3 ¢ 2 kpF > A2 B ¥ L % ¥ noise chic £ 0 % 5]

IS

Y
ey

i

e chi R EF RS At b 4735 Tm A EERERN - §
M- AL (HEN D) F e BB AT P8 a, g BEMRBE e b,
Plas? % rm bt 2 a fdbadid AL Bt famom § T
ot o Fateier B2t b i B4 gRE2 = oom PIRB T E o PlEE
He 22 LS FALBRE > M2 §RI-0 LE(HENL -

Packet

Threshold

m_

&l 3-1 Double Sliding Window

domoehd Ry koo pdfe Bk ¢ MR- @A < E(maximum) o iz E¥
Bot B R X TR F ek A A F] L AP RGE R o T - % EE € m-
B A o Fr - iR o IR E Y 2 — B P H(Threshold) » 4 m, Az i F°
B e i 30 R A AT sl o 2 AP F g Uk AR (false alarm)

SR 4 4o (Miss)™ s 5 k) Tz Biw B i aF ik o

15



3.1.2 Delay, Correlated and Normalized Detection (DCND)

% TGn Sync #1# 1 802.11n proposal([1]) #+ _%: 7 Legacy Short Training
Field(L-STF)erpFs v » Ed 10 B~/ I 5 16 chfp e Hedfflo s » NP
TR ER Y A4t R o AP LA FRAK N P LG Rk B

e

BRI SRE LRGSR RS 16(L& 5 D)E Apd g 2 o FitEL
Wi S B “ﬁ* T 4P fadp 1238 5 (correlation) » B #cB N3 4o (3-2) o Ait
A Ak T o m A BiCPPE S A e - EIF 2P JEd W
FUELT I AP o M os EREF R S 0 SR PTG EER yesi
T I B R PET A FRAEEF M nAF B FIE S PR AL
- ﬁhi’\;ﬁa”%ﬁrﬁﬂﬂi g L AvnFEL o

m =c = > TFrr

n+k “n+k+D

Y =

20 RAPHEE O TR E R RAT > A4]Y frik AL e 2 ;Th{
$2 % fepl e, g i (normalization) o 4(3-3) 0 > #c, k1 T T it £
B m i AR Em 608 12 B R AP ST

PRV R R BRSNS ﬂ'.ﬁ,%;é Eenh o 7 oo

D-1
Z r-n+k n+k+D
2D-1 2D-1
2
n+k n+k - Z | +k|
=0
2
Mm
m, = >
Py

(3-3)
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313 s itHh

d 0 ARand B ix o APE L fRR] 0 B E AL TR FEE > A dofe
TT- BHEOPEE O BE{EZE - & o

PR -2 B A0t & 3 B4R (false alarm) 22 44 ¢ i 2 (miss) e
TR APy > e AWFEIAPBGER D F PHEEEB o LAY T € 3
MR M A BRERPF TR e AP ERF A oF P HEEE M
Flg Ldte LR Mo e BA P E T E s R REROP I AL o doiv B
- B3R -T frek(trade off) o Afs o B IE » THFE o

ORI A2 APATER- BE R OIRE o AR [1]MrE A D
M EL A s L-LSF o i siand g ¥ 5 160 AP F 2 DSWD 0 A 2 B
%2+ % 16> DCND D % %23t 16 i i PR €5 T 12 7 & §& /5 (rayleigh
fading) > iic £ (07)» 1> tesifes Ml ARG o0 f62 02 > A w35 A Py (false
alarm) % Py, sh(miss)#% 5 -
(1) DSWD g -3 i LEsd st et en2 o 2% 4 DSWD 3 78 5% 3-2

L P frPn® PG SNR PHHRE S + d WY 7o Prx 2 & 7

LAUELsest (SNR)eH7 @ 4 P AT erec S @ P47 ¢ 5% SNR ¢

B AT AR SRR E  AHHBEERDERT &
G el AR B Fame AR s Ag B £ 1

§TIE AR Rl A R e aiH e 4§ SNR-
245 A8 By g gﬁﬁl%"}.ﬂ,ﬁﬁﬂr’iéﬁ%{@jafg v 4t@ iE 4
mﬁ‘iQ»%«wwu«»\;f—% | % SNR= 30 > ' P A $ I BL A Qe ¥ o

d B 32754 ASNR=5F» v iz d - Biien

“m\

PP ® 2.8 S P Pri 5 24% > fe & SNR=10 fF » & i P f
B3 450 BB A FER A4 o 4 3 A A PR P R TR 0 A
Fhe % AP LR AR - & F SNR=10 11t shg T -

17



SR R AR T 0 T L Pl Rk (S - e 4 S

AR AR o Aok BB ERZT o FA P T L f 0

SNR>10dB erpFig » 22 P B 7 K T 4~5 2 F » i g 3
Pm £ Pso] 3t 2% -
1 DSWIHR =i a3 s e e 3= E
’,é--"e_"‘ﬁ
0.9 L -
f'y’
08t e .
I’ﬁ‘
07r ¢ [ —6— PF(SNR=5 dB) ]
s
—~ 0L —%— Pf(SNR=10 dB) ]
z & —e— Pf(SNR=30 dB)
S g5t - --¢- Pm (SNR=5 dB) §
= / --%- Pm (SNR=10 dB)
& 04 -=-€-= Pm (SNR=30 dB)
0.3
0.2
0.1

-
ThresholdPIE{g)

B 3-2DSWD ¥ > 7 ¢ SNR 2 T ¢t & Pr &2 P,
(2) DCND: ® 3-37]5 DCND ¥ PifrPnE P2 SNR st S % - d B

¥ 5 410 22 DSWD 4p fe st = 0 £4E % SNR chdk & 0 Py 850 7

Flpt @ orrec s e EP, W S EbHLET - d B® - SNR=5

" o

VHI - BEREMEBELE 042 wFG P8 Pk i 12% 0 @
¥ SNR=10FF > B 2 P18 % 0.58 o 1t B & DSWD *® &1 ;2 >
A 24# SNR>10 sy mpr > = v 3w - BREEES 4305

062> miEadPre Prv R A& 1% THT L] o

T

' DCND fe2zse & &+ DSWD 4+ F - & =

F_*

0L iR B ek

+(0.24->0.12 » 0.02->0.01) » AFfgimeant 2t &+ {4 ¥ 7 ML (0.6 3

18



082 AF)» 7 fedte P> & > 2Z3k#HE* DCND e 2 » 2 630 € i

BERBAEE R -

1 DONDR E B a B =
- T T T T T T H_Q_H,
—&— Pf(SNR = 5dB) ﬁr" ,F i
0.9+ —%— Pf (SNR = 10dB) s’ / 7l
—e&— Pf (SNR = 304B) ¥ ! !
08t --&-- Pm (SNR = 5dB) I }
=== Pm (SNR = 10dB) #‘
07 F —=©-- Pm (SNR = 30dB} 7
- 06
T 05
[=]
£ 04

0.3

0.2

0.1

04 T 05 0B
ThresholdPIE{g)

# 3-3DCND ¥ » A SNR 2.°F vt #& Py &2 Py,

3.2 # & ¥ # & 3+ (Frequency Offset Estimation)

DA LAY SR E e b kB AR SR
AT 0 R B PR T e e g B B sy 2 AR o cnik F F (Crystal
Oscillator)# = fepF » £ 3 & (7FAF 5 A5 48 0f » 41t 5 UL B chk 2 HABURH -
Fl@ i & 3 UL ehdp 3 F #(Inter-carrier Interference, ICI) » # #6 sLehis £ ¢
T AR S g ALl X TR < X R Rk

& [3][5][6]° - & FIHE F A B B e i o Ak a2 2RI A
IR L DR > A BT G R AR s BEL S A K B4 PF 5 3%
FEBEFILIERNLRE A A - BAL WA C ohBED V- i B

BELRACREF R 0 S B 2R ET RS RS X (Maximum

19



Likelihood Frequency Offset Estimation) = ;% -

1%

BI81Y o o TR T AMEF A R E ) a0k 5 A A ] AR
LRAR LEPRE AL TR EVRE A

BT et o @ BT b e

IS B 0 PR Y RBUE S BB A B o a A #3491 802,110 eh

N~

M BT A 8 HER B HT-LTF 2 2 0 f et B 3dih P b a2 o

=
amy

3.2.1 Time Domain Approach for Frequency Synchronization

W At AR B AR L LA 2K HOFDM kA T o i &
@Wﬁ%iﬁﬁﬁ%ﬁﬁwﬁﬁﬁWﬂﬁﬁ%ﬁ%ﬁﬁﬁﬁ@{ﬁ%io
£ BEenpr Ll s o PRIPUL 2 e i RIE LY, S

_ j2m Ty nTy
yn - Sne

(3-4)

5 s enf T 5 5 TS BB s A e Rl - B LS S A,

Bn P RAE AT 0 B g ViR e T B RS LR S

[ = g @i27 funTs g 27 funTy
n

n
27 (fy— fr)NTy
s, e

j27zAfNT
=g el

(3-5)

B Af=f, —f A BER R PURF DL E L DA BEHPRATA B
AR IE B~k @ cnat & 0 B 4 53t (estimator) z A

L-1

Z= rnrn+D

— S
= O

j27ANT, j2zAf (Nn+D )T \*
s,e (s,.p€ )

n=0
j27AfDT - 2
_ - Jj27A
=e * 2. sal
n=0
(3-6)
Apd P AT ERAl B A R G ST R RS heT

20



° 1
=- ¥4
27 DT,

(3-7)
d 3tz g B 272ADT, % § P R en T & e[, ) 22 B 0 AT IR A e 1 R
e Fl &
1
27zDT 2DT

S

|Af|<

(3-8)

B WLAN ¢ » & 0 S S A 2 5 U0 5 99 20ppm o e 1ln ¢ et
% 4 24GHz » 5GHz » #2 49GHz » 12 5GHz % ] » it B hhb A X B# £ 5

Af =40-107°.5-10° = 200kHz - @ 12 423" 3+ ~ (L-STF » D=16)#7 it fz if| ek < 47

¥ s
1
Af . = — = 625kHz
2-16-50-10
(3-9)
M £ 2P A (L-LTF » D=64)s% fm3t e <47 % %
1
f = ~5 = 156.25kHz
2-64-50-10
(3-10)

AR R PR R AR A - R e BRI
dufe p Kigx A {7 e
B & A A A MIMO 1+ ahiFix & Pk ke R Ak LEFT AT A

k’E’(g 6)#5]]?'””1—»19 ’ -ﬁfé;kfﬁé\f‘fﬁﬁ"’f%" ’ 71:1;};\:_{1‘_—.'1: °

Z= qu,nrq,mD

— s e J2 AT, (S

j27AF (N+D)T, \*
q,n e )

g,n+D

.- j27AfDT, Z
=€ Sq’n

g=1 n=0

(3-11)
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Alertvan Zelst &[7]¢ P 7 % ST fc{o £ 4F P~k Bt & < /| (D) ¥ sy e

Mtk 2SR R RE L Ko™

A~

Af — Af N
K =var(——— )_ E( )2 = L —
(27)°N,D°p
(3-12)
po sV B SNR PF g gk el o H ¢ R LR SR Af R £
B BB E o AF BN A i\ AR enpEdE(1ln ¢ 20MHz & 5 20MHz/64) > p

5 e samuEiiesnt > N, 5 subcarrier h#icp (11n @ 20MHz ™ 3 64)

=

‘IJ ﬁ_*{_yl;c% /ﬂﬁ"{ o \:; -g ]E; A }\4 1) -J-\. ]FE'—I I,[ ﬁq:i (;;_};}i’j’%_l']:‘(% ?ﬂfrﬁ;{fﬁ»
BB L (D)enz x> R Pl o BRI RS > 4 RHAARL T

AR

322 B * 2w

fegt A i 802,110 A HE FAMBLR G A e s B X AN, 0 8
Yot RBN, 3 S TR ERDVERE M- 1BF s BTy Bix s
RBEA e m E2m gt o D=16 pF > A i e s A (L-STF) » D=64 p&F » 3t
PiENEIRE A(L-LTF)- B 3-4 28 38577 K&? F SNR 2 7 2% » #
vfo AT RS E A K A(3-12)° S ki AP L MSE(Mean Square
Error) of normalized frequency offset = 2% if% 12 pb % 7 & szap edF 3 » 5 KA »
AT BT DL AT U S ARIT o i AR o

2(3-12)7 ki (@ K A2 F ) N D& 1t o ] 3-4 % d A IxL £ 2x2
FBE SR MPF > L W A D=16 &2 D=64 pFenfiR > 5 B s (1x1 > D=16 &
D=64)4p £ 7 ¥ 18dB(10log,,(4>) =18.0618dB) * & B 47 X o @ gt * hf

A s (1x1 - D=16 £ 2x2 - D=64)p| £ 7 ¥ 3dB(10log,,(2) =3dB) - iz ( 3-12)
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MSE of normalized frequ
---ciz: == ==
2 —&— 1x1,D=16

. —H— 1x1,D=64

-- - 2x2,D=64

107
5
SHNR per Rx antenna

Bl 3-4 MSE of normalized frequency.offset for 1x1 and 2x2 (fo = 100KHz)

TR B 357 'FT %5'{';%-*{’ AR B f IX1 ~ IX2 2 1x3 ¥ Ix4 2. T e
FE TRl I B T X S L R R o L

W (d (3-12)7 %) e
(1B @E s BrRt Mo n A PREEAES o 4oF] 36 47 0 A

L

B E_1X2~2%x2~3X2 7 4x2 {3 B iFE T X R0 PR e

)
f

15 5114 ,gg x

-

FEFABGEEA - LGRS APRER BB S

RBHT A EF Jyferkis 2 b oo
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MSE of normalized frequency offset (fo=100KHz,D=16)

107 e P — - T .
22| ==€= 1x1 Theoretical -]
N M -l b 4 IE-110 T E- 1 1)) ]
<L -=EF-- 1x2 Theoretical |_|

A —8— 1x2 simulation
N el ::| =-&r=- 1x3 Theoretical =3
______________ - —&— 1x3 simulation E
---------- Lo Mg T T e oo ooooooooooooo| —=ye—- x4 Theoretical |-
"""""""" R, e TG T | e x4 simulation 7
e g g s 3
L I ey iy R, .

1 5 10 15 20 25
SHNR per Rx antenna

B 3-5 MSE of normalized frequency offset (fo = 100kHz - D=16)

] MSE of normalized frequency offset{fo=100kHz,D=16)
107 == T T

10

1|:|'!;I 1 1 1 1

SHNR per Rx antenna

B 3-6 MSE of normalized frequency offset (fo = 100kHz - D=16)
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B(3-9)¢ » AP I AEDRE AT B P B L RS
625kHz> &% 3-7 ¢ - § fo=800kHz p¥>+# 125 3| K & % it 16;@ % fo = 630kHz
PRt R A B e A A SNRAERT » F 7 i § 75 f2iE A
SR R BB B K A5 5% & 625kHZ 4 h o @ B SNR BF > Bld &

3 aE A 0 Fla f b

5y

SNR ' B SNR »cii B4 c7 47 o
fo=625kHz p% » §_it i3 B &L > e F] 5 - ZRERAR A hEL AN i&? fo e Atk B

dART o WA Ak

MSE of normalized frequency offset (2x2,0="16)
17 T T T T

16 < < ¢

<
Ty

—&— fo = 800kHz

e 11 .
—&— fo = 630kHz
10 .
—&— fo = 625kHz
9 —
v

g

>
O
&

7 1 1 1 1
0 =) 10 14 20 25

SHR per Rx antenna

B 3-7 MSE of normalized frequency offset (2x2 » D=16)

#FR 387 - fo=625kH hd MBIk 5/ - 2L P - B 625kHZ
Tk | FHEF A £ fo=600kHz » P &g« ™ SNR ¥ 8 SNR 2 ¥ ¢ 7
& 7 A5k (waterfall) » #]5 < SNR ] 5 e~ > ER G334 RN RTF
B> @ f® SNR PF o it 7 X feiE ~ el 55 & #2374 fo=100kHz(* %

g el ) P e AR o
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MSE of normalized frequency offset 2x2,0=16}
g & & & % :
[ -

—&— fo = 625kHz

—+8— fo = 600kH=z

—— fo = 100kHz

x 107}
107
1D-4 E 3
)
1|:|'5 | | | |
0 5 10 15 o0 25

SHNR per Rx antenna

Bl 3-8 MSE of nermalized-frequency offset(2x2 > D=16)

3.3 iL i 7z ipl(Channel Estimation)

% 802.11n ¥ > TGN Sync #737 & iz P13 if ehw F3 g > F1 5 1% 7 Tone
Interleaving et jis > i€ 17 2t bl Bipl#r 802.1la &g HAA R o @ 57
#5 TR 27 45 s 53 (Full Space-Frequency Observability) » i€ 4 €
F] 5 X R 4o 0 doB] 3-9 A1 o ipe @ (8w a5k (preamble) hE B T E 5
4v o iz— E 4_TGN Sync 4% + ?\iafﬁe g 2 o e 4% A TGN Sync st &
BT % FrereiR? o B-HT-LTL «hE& B 8] > & 2X2 R ™ > 4@ 3-10 7 #1
TP EARIM ARG - mm MG R A 2 BRRG  7 fL
WavEAY S METRA B pieE R F- R RORTF] LR E T LRER

F90F kg Rona o oA A R RUE K R R -

¥t OFDM i ig 3t 2P ¥ K - 3 OFDM % 57 #.¥ > & § -

Bate @ > A FHHL LD B2 F - B3R & WLAN s s ¢ 4
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i F% M %1 i i (slow fading channel) iRl g en 2 5 AP AT
TREE AR TN RAEBFRST T o A PER AR BRI o d 3
T d2u 5k * Tone Interleaving e9= ;% » &7 e H B N 3 4o
R =H X + W,
(3-13)
Ry M & %434 %k ®tone td cdlamg > W, BIEHE e
PN R LD - B b BHEFEE AR

-1 &

HTL ,,, =[-1-11..L11]([2] ¥ = sequence 2)+ #if > HTL me%{ EY g
1> d 3 HTL 3 ¢ a3t 5L > #100 B & AT @ e (T ﬁ‘}.—;? IDRCEIET TS
|:|I,k = RI,kXI: = (H X, +W|,k)XI:
=H, | X, [ AWiXe=H, tW,,
where X, = £1
(3-14)
d P e ApET g SR (HTL )k e g B o framc 1

- P 2 S 1= P 2 2 NE =
-1 ",% PR HTL g T 307 F A0k b > 0% .3 AR MR B2 Ben
FlHE -
7.2us 7.2us 7.2us 7.2us
Y "4 N
Nss=1 | GI | HT-LTS HT-LTS
A I\ J
o
Tone Tone Tone Tone
Nss=2 | Gl |interleaved |interleaved| Gl |interleaved |interleaved
| HT-LTS \ HT-LTS | HT-LTS A HT-LTS )
— N Y ~\ ~N
Tone Tone Tone Tone Tone Tone
Ngs=3 | G! |interleaved |interleaved | Gl |interleaved |interleaved interleaved mterleaved
| HT-LTS | _HT-LTS J | HT-LTS | HT-LTS ) HT-LTS HT-LTS
o o ~N
Tone Tone Tone Tone Tone Tone Tone Tone
Ngs=4 Gl |interleaved |interleaved | Gl |interleaved |interleaved interleaved | interleaved] Gl |interleaved |interleaved
| HT-LTS | HT-LTS ) | HT-LTS | HT-LTS ] HT-LTS HT-LTS | HT ATS ) HT-LTS )
—
B 3-9 HT-LTF(TGn Sync = *? k)
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7.2us 4us 4us 4us

Nss=1 | GI | HT-LTS HT-LTS

A A J
— N —\
Tone Tone Tone
Nss=2 | Gl |interleaved |interleaved| Gl |interleaved
| HT-LTS ) HT-LTS HT-LTS
) ' \f—fﬁf—
Tone Tone Tone Tone
Ngg=3 | Gl |interleaved|interleaved| Gl [interleaved| Gl |interleaved
| HT-LTS ) HT-LTS HT-LTS HT-LTS
—J A A A
'—( a4 \f—fﬁf—
Tone Tone Tone Tone Tone
Nss=4 | Gl interleaved |interleaved | Gl |interleaved| Gl |interleaved interleaved
| HT-LTS ) HT-LTS HT-LTS HT-LTS HT-LTS
—) — A~ A A~

B 3-10 HT-LTF(TGN Sync 7 * *&)
& 2X2 thle fi 2 T RN A e X 4o B 3-11 1m0 A @ iX s b Set0(i)

R4 Set0 il HTL g, i b &+ et g » H @ P22 00 B W chrl gl dfid o @
hdelaay > 2 HP o HIL( ) +H12(F )% 7583 = s s Jolp 5+ & _HI11 3 3¢

i BoAp 5 4 b HI2 end BOE S 1 AT e e Ayt T BT oo A el

FE AR E e 7.%? ol TR DR B .

[ SetO(#) I Set1(ZF) ) TKT [Hl1({%)+H12(§)IH11(§)+H12(ﬁ%))
[ Set1 (&) I SetO(f#) T T [Hz1({%)+H22(§)IH21(§)+H22(ﬁ%))
Bl 3-112x2 T i i #3on 2 B

Premtiie GEFRL O BET Y PRDS E ferlid 0 A PR-L 35 SR

S EE

3.4 ) 353 £ £ ¥ BI(MMSE Detection)
BT - R Sk Send B PR o U 4c i B g F(link throughput) e
fe i i £ (network capacity) » @ BB i iR jeagc ¥ SRR AL T P h

- B (e & anfiv o R A Y F FrsIRB § ¢ (rich scattering
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environment) - y* % ﬁ_ﬁ%] ~ 3 ;{531,?] 4t (multiple-input multiple-output » MIMO) 4 ji
1 & ¥ e a4 %3 Space Time Coding (STC)¥2 Space Division Multiplexing
(SDM)-STC 2 & & | * @287 s iy B e Htme s 3% 3 B
»zi; > m SDM i & {f‘gc} Bi% 5 Apfp > enF L @ (data streams) > abg"’i“ - B
PA AR FhBiEimr > E I { §hE ek E (throughput) » A3~ @

B REH AR F > AP RE R AL SDM G o

& SDM 3 B eriw &2 5 1% % > 1§&_Zero Forcing ~ Maximum Likelihood
Estimation ~ MMSE ~ V-BLAST {v D-BLAST % % > d *t A< 1k bR 5 e
Viterbi Decoder e #c » #1224 gk * MMSE (Minimum Mean Square Error) g i
B oo AipEg IR > * MMSE et Viterbi soft-Decoder » ¥ 12 i $] 7 45 s o

B3k MIMO OFDM i if % #F & % #% 34 3¢ (Frequency Selective Fading) » - 3
g hCP & Rgganfe 27 > @l T ] W AR G T % 5 (flat fading) -
H 3 %57 (3-15)

Y =HX+n
( 3-15)
FY Rl rRT o BRIk T iy S

Y(k) = HX(K)+n(k) » 2 i % % - Bages Be(k) » &4 @i+ MMSE

Tk B AR A 0 XK G

e(k) =x(k)-G"y(k)

(
HY G % MMSE gt ® o i B MMSE Criterion > A i & &/ 352 £ J » H 3 &
P
= E{e" (k)e(k)}
:tr[E {e(k)e" (k)}]

(3-17)

B0 B AP E s > ¥ EE0 4 I Wiener-Hopf equation:
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(3-18)

(Cross-Correlation) - ¢ (3-18) » 24 ¥ r2 g 3 11 MMSE jjg it B4 ™

G:[HH“+mMmj H
(3-20)

I~
)|

Ve i TSN

G =H[HHsal, .\ |
(3-21)
He g% E e At SNR Ak o L SDM 2 & » ¥ % s 3 | E
fex BB TN SN, > 0 2RO (BRI B R § ] & F 20 (3-20) ) T
S A PRY 3 (3-20) RETED s LRl o Btso H 0 A
PTG G
x(k)=G" -y(k)
(3-22)

3.5 #icHE (Simulation)

Bt A PUEEHE R S kS RUF R 38k (floating point) stk 0 ¢ 4
TAtE R RREF BB R I BB B R A B g
B A ENET & o e o AdTsi R4 * MMSE Detection fie & i if 7 3
(CSI > Channel State Information)£ +4c + Soft-Input Viterbi Decoder » & B % i% & 3%

Yoo e B Fl4eT B 3-18 o
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BiE bt ald 5 N 8 5 Fox(spatial streams) N9 @ x s> H ¢ N &
12344 5 5 20MHz & B 3t¢ 0k & 2 12 B OFDM symbol - FEC encoder
#* B 2-6 < Convolutional Encoder (k=7) - coding rate = 1/2 » 2 5 XS4k
% (puncture) - @ 7 & & fe(Spatial Parsing) £ #7 & < 45 % (Frequency Interleaver)
2317 ¥3 4% - QAM mapping 54 3 * 64QAM(s 4% [1]) - 3£ #* ~(Guard
Interval) £ % 800ns » A #E F h A £ L A 3217 #1/ LiBhd *x 3 LT BB
200kHz -

M edfm > AP * g JERFZFULERT - AEMRE G K2 1

Bugd O BREIIER T o T B 3-12 7

Reflected (. e Walls )
Paths

Direct )

paths

Radio Radio
Transmitter Receiver
Office
Furniture

B 3-12 7 £ RS % T g7 &R
T B REROBESBECE TS Bk S PR B is A g

A
IR UL T - BERIIE ORI B TISE T R RZOR R
Bl w2 PR A o AT PR T LAY ki g0 5
7 Fe BT af Y g0 22 V2 3% B (Root Mean Square Delay Spread » TRMS) B AN e
SRl AT BRI R XML By B A F - B R P
5 50 T iodRIEHE F 1 B el So @ 2 — 1B 45 8ok % (Exponential Decay) - # ¢ % &
FKBESE- Biflc 7 F82 R#NAEd THE5 02 $B#i o) /2
B AT R HCTA A o ;ﬁ;é’\i{— ¥ 5+ endety 5 Rayleigh Distribution > 4p i

% Uniform Distribution s % #ic > g ] ® T8 % K BRE #E 7 407
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h =N, Z02)+j-N(0, L o?)
2 2
O-k2 = O-g -exp(—kTS /TRMS)
ot =1—exp(=T, /Tays)
(3-23)
H ¢ T % 50ns: Trws &t 2t 5 150ns » @ 3UEE82 20t (SNR)E_% % &5 {2434 2

Ry o- FRie ZH oM o TR LF B ERSHTION TR -

Average Power
e o o o o o o O
M oW R BB N D W =
0
o

[=]
=

(=]

0 1 2
Ts

(]
B

B 3-13 Average Power of Exponential Decay Multipath Channel

hipfoagains o Bl 318 R FERBE S e i AR 0 H Y
Synchronization » Channel Estimation &2 MMSE Detection 12 2_ v $% i e577 j 4v 14
B > m QAM(soft) Demapping = i » d *+ % E &< “THRHhE B 15
[14]c ¥ ¢bavipr g &7 B 3-14 2B 3-17 w 56 s Bl > 4 472 b @2 X R
Jz* AT > SNR & BER B % o

FPAAP R BRI RS R 2 F o W ik el B R £ R
T 5 NxN(N=1234) > #ra ) kaweic B 3-14 0 B~ & A ~dh 2 gtk
B2 T ik AF R o AP 1y —Ffi TloREF R BT A X2 BT s AR
KA AT € FRF T F o IxI(F SISO 2 T )0 d 3G H o X At i
g b AR W Z ERBAF FIF S o

BEFAP L 2x2813x3 > ¢ deil f GlcA PEA R 2o AR T o f S
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ookt A T fo e SoUE S A At e R 315 9 0 T L LB AT T 15 A

FAs 0 &2 AoaE [ AS R T 0 £33 1dB -

7 MIMO-OFDM floating point performance (no impairment}

BER

—&—— 4x4
—B— 3x3
—a— 2x2
_________ —F— 1x1

1|:|'5 1 1 1 1 1
10 12 14 16 18 20 22

SHNR per receive antenna

B 3-14 MIMO-OFDM floating-point:performance (no impairment)
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Frequency Offset Impairment

S

BER

221 —O— 3x3 (frequency offset impairment)
--0r- 3x3 (no impairment)

10 E=:3 -k~ 2x2 (frequency offset impairment){::

[--} —8— 2x2 (no impairment)

1|:|'5 1 1 1
10 12 14 16 18 20 22

SHNR per receive antenna

Bl 3-15 Frequency.offset impairment

B B G (AP Gt L TGnSync = " k% ¢ oW R

Lo 5 F Bl 3-9) 0 Aok H B ¥ (3:14) A0 B eht Z doti 4ol 3-16 0 ¢

[

BER 107 '/ » 2x2 * ™ » @ Jrid if fhder Bpld E hE e S 4dB > A 3x3 %

h

AT L 5ABy A 4x4 X RT R G 6dB o AN R mr e s 33 (CS)E oA el i

T 3s L(MSE) > #7 %

sffcdpdr & 2 3-1o
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MIMO-OFDM performance (Perfect vs. Channel Estimate without interpolation)

_______

__________________

.......

__________________________________________________

R
< T Y S T R e, S S
B [ S SN NSO U ISUY RSN TSN N U S
10° E —&— 2x2 perfect channel estimate
-~{r- 2x2 channel estimate (no interpolation) [32=22 23N 2o
t-1 —B— 3x3 perfect channel estimate —————— e
o =1 —EF- 3x3 channel estimate {no interpolation) ' : '
[-] —5— 4x4 perfect channel estimate :
-] --&- 4x4 channel estimate {no interpolation) [-:- .2 .. B
-5 H H H
g 1|1 1|2 1|3 1|4 1:5 1|5 1|? 1|8 1|9 zla 2|1 22
SNR per receive antenna
Bl 3-16 MIMO-OFDM performance (Perfect vs. Channel Estimate)
SNR 10dB 13dB 16dB 19dB 22dB
NXN
2x2 C 0.4178 0.2123 0.1068 0.0540 0.0269
| 0.1964 0.0995 0.0513 0.0268 0.0142
3x3 C 0.6399 0.3239 0.1633 0.0821 0.0410
| 0.2684 0.1416 0.0751 0.0434 0.0267
4x4 C 0.8706 0.4379 0.2205 0.1097 0.0548
| 0.4726 0.2673 0.1195 0.0596 0.0299

# & 3-1 MSE of perfect CSI and Estimated CSI (C: Channel Estimate using ( 3-14)

equation - I : Channel Estimate with Interpolation)

He hC k4 (3-14)°F 4 geh= 2 Betidag o a | plEY f3Een N e
SNANSENE B HT-HTF # Ak @i el i > £ 401 T 358 (4 5|4 CSl o d
A 3-15 01 2x2 > 3x3 2 4x4 2 I MSE £2 3% % Sudic(N,) % 1 vt > ] 4r 2X2

1C 7 3B C AL 15 R LA 5 bk - BAF L B RRG U
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FAROFTARFE O RF)S BEIRAL T BE o S AT AR B S oo
AR ARE T o T E R A R A R T ¥ b % MMSE Detection
Fm oo CSlenz BR > & €58 F X RBEcHH 4r > @ R’ MMSE i T % 0 9712
iii:'ﬁ’;’@‘ﬁfiféls\l PR E R R BCEOR S d B A o

e spents A B AP TN B (matlab poE S e 54k

e

v 0 B % 4oR 3-170 BH A BER 2107 - 2x2 2 T 0 @ Al if fhdk
2Rl i ch L Y 4dB R F) 2.5dB 5 3x3 % T R _5dB i > 7] 3.5dB - 4x4
Td 6dB RS L 4dB o W A 3-1APL WouFd s gAML E() 2 9
WL FRPEAF 2 o AV I A 2X2 X A X3 X AT o AR * enlinear

RIEE spline pFEAP L & A o e A Ax4 T RIE & % spline 4 ¢ i PlfAF gk o

7 MIMO-OFDM {Perfect vs. Channel Estimation with interpolation)
10 fe==z
10
107
o
W b oo ol e e e e el Lo L ___ MM, ____
= = - S A . S
107 i —§— 2x2 perfect channel :
11 --€-- 2x2 channel estimation with interpolation [
|| —B— 3x3 perfect channel N
10 || ~EF- 3x3 channel estimation with interpolation |_ ;.
1] —S— 4x4 perfect channel
'1-"Cr- 4x4 channel estimation with interpolation |-1----------------- ]
) S T R S T T T T s

10 11 12 13 14 15 16 17 18 19 20 e 22
SNR per receive antenna

] 3-17 Perfect vs. Channel Estimation with interpolation

36



i

VA Decoder

?

Spatial Stream De-Parse

T

f

Frequency Frequency
De-Interleaver L De-Interleaver
—rr
QAM(soft) QAM(soft)
Demapping Demapping
11 11
—» MMSE Detection
11 11
Remove pilots e o0 Remove pilots
FFT e 00 FFT
T, Tt 13
Remove CP Remove CP
> e
S/P e oo S/P
¥ T
Synchronization and Channel Estimation
AGC AGC
% o0 e %
CD\ CD\
~ ~
N )

—

Bl 3-18802.11n 1 i¥ 2 c 1
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1SD

Data Source

y

FEC Encorder

!

Puncture

Y

Spatial Stream Parse

y

Frequency
Interleaver

QAM
Mapping

4 y

Add pilots

Bl

TOT)IOSU]
[BAIIU]
preny

-
-t

vid

1°4ﬂz!a

<

y

Frequency
Interleaver

QAM
Mapping

Add pilots

IFFT

-
hd

P/S

-

Bl

TOT)IOSU]
[BAIIU]
preny

-
Bl
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4.1 E3-inAe

EAMEF G o AP TR B KRBT R ¢ 4% Xilinx ISE
3.0 > ModelSim > & H ¢ g2& = gic p @ * Xilinx ISE # p 2 07 XST Synthesizer
ks o2 v 4L4 TGN Sync #74k shproposal > 7 2x2 9 1% i% £7 37 X 4> 64QAM
2T ER S BRI F RS EIERAE PRIl R R R e R
To s 2B B chrd i S ML o

AL B AeT B 4-1 > s L2 Matlab =032k 8ci8 ¥ (floating point) & E¢ i
SE AL S ML BB R siamiay o R E d Matlab iz BR#E 8 (fix point)3 &
B d m AR RFREAE NI FFarn o BT RFEEE B A
e L Y 2 1‘]& v A R F i 3F 5 VERILOG # #fag a7 50 = H > 1 12 Xilink ISE p
2 XST & = Bie 7 & = e RTL> & 5% 2. 15 £ fa place and route £ timing

simulation » Frie & 2 5|3 @EEr 2 & fclock A o

N
/" /Functional Fix point \
|| Simulation Simulation Software
| Matlab Matlab Design Entry

Hardware Architecture Hardware
Design Design Entry

le—— [ Behavior Simulation
Verilog Modelsim

XST
Synthesizer

Place and Route
Simulation

l————— Timing Simulation

\

B 4-1 4 R83K AR
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SHE R ERHCORCRE 0 A P RGBT R ST k2 18 0 10 =~ eh AD
CEERPEAPDT R 2 A MOT BT E MRS T 0 ki TR

7R E vy o

4.2 & & # % % B (Functional blocks)

4.2.1 CORDIC(Coordinate Rotation Digital Computer);& & /&
+ CORDIC 4%

@ 71959 # Jack E. Volder # ! CORDIC(Coordinate Rotation Digital
Computer)if & /= &_> &% K- B HEFY > bldr= & Sfc > 72 - ik 2
EERHTAAKEERLEE - A A% Y > 18 & £ k3t ¥ Arctangentfrip
g o R E I F R R R R B e B A duiE Bk

4 3. - CORDIC;# & i crp & 2gd = B20(4-1)

Vie X'| | Cosg =sing|| X
|y Clsingcose || y

(4-1)
’“v[xy] ‘}@’iﬁi¢ fs 18 3 '°}§]4-2§@'§_%@.}«€§]0
y
s V'
Bl 4-2 % £ 2T LB
BArA P ZREH 5 i B3 N guE Y o PR e B
¢=Z¢i.
(4-2)
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B4R

X'| . |cosg  —sing |l x
{y}_n{sinﬁ cos;zi,}{y}

(4-3)
FRF AR R AT 0 BF L Bcosg ko i TS
X' 1 —tang ||| x
=<IIcos¢
y' i tan ¢, 1 y
1 —tang || x
~{Mcos g} 11
i i tang, 1 y
(4-4)
kAP g @
tang = + 27
(4-5)
- L R pfEA 5 R irsy‘jfua Vs heah B BBl RAF R b NP el
5LE 5 0 R(4-2)7 hgac 59 RTEORLL T 2 HGE o
X' : 1 .27 ([ x
{ }:{H cos(tan™ 2*')}171 o { }
y i 2" 1 y
1 F, 2 || x
i 1+272I i ii27| 1 y
1 F 27 |[x
b2 1 y
(4-6)
FRPEA LA BERATSFEE - BTLE T UEAE L AR

0.6073 PFiEFldzare m fém B L@ FApak > » 7 Al H ahff 82402 (2R

jé)ﬁ'—, 2 o 2\ i ;jz,_?‘;v};;\: EE Y %,p; _'rﬁﬂj;\:
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X =

1 [x—yldz}

Yin = Ki[yi - -d, '24]

where
4o 1
K,=cos(tan™ 2"') = ——
V14272
d==%1
(4-7)
d PP s AR anE R, 50 FE R e 0 % F R -
BERRSNELED 2R ajgﬁj did, o # & R R 4 B (Angle Accumulator) #c 5
v A7 LT
z,,=2—-d -tan"(27)
(4-8)

#8671 i Rotating Mode » ¥ — f&f| & Vectoring Mode - iz 5 8 #i5¢ & &
¢ 414 * 5] - Rotating Mode L #:hi > & £ e gk

“wek B > £ Vectoring
Mode B #_#&- Mz,?l e B 0 Sd2 BT T T X fh2

v R

o

» Rotating Mode

BAEF BRI 7

EX

BN F B R R DIRT > AP R 2 (SR
- BERE IS S i]"ﬁ{é“%%%i ¥ o % Rotating Mode ¢ » 2 i 5L
MERA GBI B aE iR T AR BT Y O FRBEAR

18 % 0 - Rotating Mode 2 3% 40T

X =%—Y-d v
y|+1 yl Xi ’ di ’ 2_i
Z;

4=7 -0 -tan~(27)
where
d, =-1ifz, <0,+1 otherwise

(49
AP AL SRR G T g o iy SR
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X, = A [X, c0s 2, — Y, Sinz,]

y, = ,Ah[y0 COS Z, + X, Sin zo]
z,=0

1
A=ll—
H V1+27%
(4-10)
»  \ectoring Mode

% Vectoring Mode # > CORDIC :# fg’:lés-gzg?l NAFEHE T Xfh b o AT Y
S iatRas4 T3 R dxﬁiﬂ » gL e B (phase)£ + -] (magnitude)- #2 Rotating
Mode # — T shs = » 3T R FRP Ay hiE s 00 LTS cho £ 3
X fh o H P EE S APy kg g2 w o Vectoring Mode 2 58 4o T

Xia =X Y, 'di 2

y|+1 y| Xi I di : 24
z,,=Z~d -tan'(27™)
where

d, =+1ify, <0,~1 otherwise

(4-11)
FRAIISIE ATV EG
xnzVX5*€4(
Yo =0 ”
z, = zo+tanl(%)
ATl =
v+ 2?
(4-12)

PR d b NP s F ARz L O T oAl 7 kB IS e
LR FIZAPEFE Y NGBS ] (magnitude) > #TE R F &Y
A -

7 ¥ 4_Rotating Mode # 2_Vectoring Mode » &% =t fr % ¢ > g & & 4

£ HoA U] B e 8 4 B 0 B B AR & B U4 T
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—tan™(2') < rotating angle per iteration < —tan"(2')

(4-13)
Aﬁ{git%%O%’ﬁﬁﬁﬁgﬁ*—%?%;@’ﬁﬁﬁﬁiﬁﬁﬁ&%
R SR LB o Tk TR R LS S SR R
P 1o 3 B s o Rt E R (AR A S
0)

S tan'(2") ~1.7433

i=0

(4-14)
4P £ 617433 8 LTABB L 0 S KD f 100 R o F

BAPE S B &R DR R pEE A & R A R U A E (R e
B2 p o> Bl he™ (2 i & 747 dn )

X, =0, - X_I

Yo=0do-y_i

z,=z_iifd,=10rz=r=sign(y,) 7 ifd, =-1

where d, = sign(Xy)

(4-15)
20 sign() & & FaIR Y hl f B MR A AR 5o B4 Xy 0 Y, ~ 2,2 d,

FE Ty | A A
+ CORDIC ##2%

44+ CORDIC ;& & ;= » 2% P 2 Matlab #3527 B 4-3 F|B 45 £ =36 @ > ~~

2EFLF AT OBA o X Yy B ZEEG P F N PFaX Yy 8 7 adkiT
e e #2444 Rotating Mode & ik > & &4t 2 L REY Sl S 1
H oo ;I&{ré»ﬁﬁv%&ﬁféiﬁ;%io AR~ UBL S 1+ g & R S 3n/2 0 TR
dJr 2

DAL E 1A e W 43¢ AT F 3] x()# y)EF § s

Woenimie 1210 B R X &y ek x(0) ~ Y(0) » R A iRl A o
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foa Ml 510 BT 5 ek B 4 (5 3n/2) 0 A e gk T -
BreR o %5 XO0)=1>y0)=-1° 7 fz(i)* 5+ EFbH 5 0> L H 4

Rotating Mode # #73c1z(n) € 48173+ 0 -

CORDIC Algorithm with Vector Rotate (Rotating angle = 3/2*pi)
2 T T T

—e— i
—=— z(i)
1 &4 —— vfi)

x{n) when n is large | ]

""" z(n} when n is large
- yin} when n is large

B 4-3 CORDIC Algorithm with Vector Rotate (Rotating angle = 37/2)

B N LB G L4 Aol & R G 4.93(X) 5 282468°) 0 £ 4 A
FAs e 288 PR 4-4 ¢ > 7 0 BIE T PR 2 ()~ y() & z(i)#n & F pk
Uy hE s R ERERTS SE TSR R HARE T i T TR
e o e Bt BT (4-14)7 50 R xacgddand R 5 174330 4 2t 2 3
AT LS EIFEAEE LR 0 TR R R
7+1.7433=4.8849=279.884" - 7 iz B K7 ¢ 3 2 AP PFHE > F]L 2 Wi
BhkRBRIZE NPT U4 27 o 4 iﬁ;{%—%]ﬁ]ﬁliﬁ_—ﬂﬁ 2 B ArE s & f ik

0 v de B (4r 055 -1 R-2)% o
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CORDIC Algorithm with Vector Rotate {Rotating angle=4.93)

2 T T T T T T
[
1581 .
1]
1F
o5k ®¥(n} when n is large
----- z(n} when nis large
e yin} when n is large

0.5

Bl 4-4 CORDIC Algorithm with Vector Rotate (Rotating angle = 4.93)

HEF 4% B Vectoring Mode > s A ¥25 % 1407 » GRMES A s B &
AHEE o f;.;w;«]»gwfué 1-i> Fp8is Lk R RZ A —7/4(-0.7854) - s i d ]
4-5% v B MEF | 0B 4o 3 feehd B z(i)4 BB PET-0.7854 0 A y(i)+ dol
2w AT Flefs i s pF ¢ B3T3 0 o & Vectoring Mode ¥ 7 1% Rotating Mode
PEdg h R &) 48849 e o F L imirE A kend B “"K THRL-—TE
2 R o

d B 4-3 2R 4-5¥ 125 1 > CORDIC Algorithm sz acid & R § - <

72!\ “\

L & 1=6~8 2. F“ﬁ*u?' I arer ko 3 lfa)i* TREREN RS 2 (5F (Fen

\\?{.r

¥ o
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CORDIC Algorithm with Angle Calculation (1 - i)

1 o T T T T
—e— yii}
—B—z(j)
U&r — yin) when n is large |
""" z(n} when n is large
oog S —— = € = 4
05k -
o e o e S e e e e e — ]
-14 _
15 | | | | |
n 2 4 G a 10 12

B Y o AP FARMERARG kR o B 46 5 HEHR O F
0pF > %1 B(multiplexer):E F A= 4B X, ~ Y, 822z, % 153121 51 %
ERd 2 BEL R EX Y Bz odid y o R BT

v

AL PR R T F Z R B B R T A AP B 7 s B fs ek
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- >  Xn
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—d.
ol > I ,
sign(ys) Z -
Registerl w di
Yo
ROM I—>
™ Zn
==
Registerl
—d.
Zo
Bl 4-6 Iterative CORDIC structure
B et R by R IIIERET K U RO - ok R

B 4-6 ez ﬁm;; % 2 3 % - weaclockrate 4 70 s pFA P E 241 * pipeline
17 kK o Aol 4T T 0z, AR A B A X By, Rl e B o
MBAEIN e zeEE d & £ (LUT > Look Up Table) ™ ROM @ % » @ H & § 5Lk
FoRE A B ()2 B BAGTR o X B Y R E - marRg L o TR

TOHE AT T s (T o
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B 4-7 Pipeline CORDIC structure

4.2.2 M-ik & 1 E @& (FFT)
+ FFTH#4A%

Peid  FUE Wk 8 B A4V 4 I E i (DFT)enlic® @ &> 2417 3
ORI E e g Bk 2 A BT G L LR R ML e S Bk

LR - FPET AR RO REEE R 7 R RS WL T
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GOEE RGeS B o 3% 2 £ 4 1965 ¢ Cooly and Tukey ##% s g W %
R ¥ foepped S ER#FEFTL] 2 HEFHA R T L LA g
o - 85 PP A 2 . (Decimation InTime) » & ¥ #F — 8 7] 247 5 ghA w2
H#-(Decimation In Frequency) o @ ¥ & * 4f 5 B4 w12 (7§ 7 o DIF %
([12]) s 4o ™

N-1

DFT fi} X[k]: X[n]\N,\Tn,kzo’Lm,N_l , ,,‘Fl ¢ WN :exp(_jzﬂlN) o j&—k,‘?—ﬁ-é\ B

n=0

2Bk B S ok Bho LR Bk e £ 0 £ k=2r 2 ¢ r=0,12,..,(N/2)-1

N-1

X[2r]=) x[n] w:"
n=0
(N/2)1 N4
= > XMW+ Y xn]w2
n=0 n=N/2
(N/2)1 (N/2)1
= X[n] WNZrn + X[n+(N /2)] WNZr[n+(N/2)]
n=0 n=0
(N/2)-1
(x[n]+ x[n+(N L2)]) W),
n=0
(4-16)
B AT A LI E L L Rels X 2RER B AP 4o (£ (AN /2 86 DFT
HHcES G o B2 k=2r+1> 2 ° r=012,..,(N/2)-1> H 8 %
N-1
X[2r+1] = Zx[n] W 2ren
n=0
(N/2)1
X[n]W(2r+1 + Z X[n]W(2r+1
n=0 n=N/2
(N/2)1 (N/2)1
X[n]W(2r+1)n x[n+(N /2)] W(2r+1)[n+(N/2)]
n=0 n=0
(N/2)1
=3 (xn]-x[n+(N/2)]) W, W,",
n=0

(4-17)
BU G e FURR R 2 R S R IR AR 12 R b g $4 ] (twiddle factor) 3

6 #(N/2)8En DFT « £ 77 & Bl4cH] 4-8 > £ #-% = v (N/2)8: DFT » 12 4p e 2o

RILE (74 3 0 T Uk AeB] 490 ¥ P DIF butterfly » d bt e 4g L4
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AT 5 00 1800 ALl - M E L > TR EE T Ud RAF - s N KAf

BEE R LA - B NR2 = AFEE R i F AL A radix-2 i

—() XI0]

N/2 point : X2l
DFT O Xi
() X[6]
() X[]

Nopoimt [ =) X[
DFT | ) x5
() XIT]

B 4-8 ~ 2 FFT(1)

x[0] .'. .v. .“. O Xi0]
x[1] .\v ‘ (> OW@XM]
2 O A B e X(2]

x03) 0‘39!' O OA'Q W %ﬁ X[6]
'9‘9 1 we ]

x5] (U "AWO OOy X3
o) C——e O 0‘ %»W X[3]
W OO 2O O pO =00 XM

B 4-9 ~ 2t FFT(2)

4o % #-radix-2 sopL A e 8 $)0° ~ 90° ~ 180° 7 270° » ¥ r4H TR Adf T G
TR E AL 4 -1 o A - AT EOE N B L A H R
PEESOTR BRI LY - REA > 4 F] iAot > RASTR D 0
twiddle factor r‘]bs\ 57 A B enjf $icdk 2 3 B (trivial multiplication) » i yj%{
radix-4 +* radix-2 3 8 § 3 s 3 (7P RS EE § 25%) -

A d (4-16)cn X[2r] & (4-17)en X[2r +1] » & W] r i » 252 25 +1 » 17

7 radix-4 ;8 F 4T Ao
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(N/4)-1

NS (x[n+%]+x[n+%N]jW$4

n=0

(N/4) -1

r=2s (X[n] + X[n +

n=0

I\)lZ

N—

X[4s]= X[2r] ]

(N/4)-1
X[4s+1]= X[2r +1] 1 IWoW, — Z (x[n+%]—x[n+%N]jWN”WN”§4

r\)|Z

N—

(N/4 )-1
r=2s (X[n] - X[n +

(N/4)-1 N 3
W,2"W,S, — (x[n + Z] +x[n +Z N ]jWNZ”VvN"j4

n

(N/4)-1
re2si= (x[n] +X[n+

=

;_/

X[4s+2] = X[2r] ]

(N/4)-1

=251 (X[n] - X[n +

n=|

X[4s+3]= X[2r +1] 1w

I\)lZ N

;/

3 ns -(N/ N 3 3 ns
WW (x[nJrI]—x[n+ZN]jWN”\NN,4

n=0

(4-18)
Radix-4 % 1 5 £+ FMBE L Foed o P gn o L0 g
=X, 7 @a}ﬂ&i&{ﬁ B AE e A 3 0 B 4-10 5 radix-2 ¢7 radix-4 i &

;bfipl‘ﬁ;:io

Radix=2 Radix-4

Bl 4-10 Radix-2 ¢ Radix-4. 28 & ~ £ 1L fi
TRY T - B Radix-2 A NSRS BAFHSE Byl BAFERE E

w

Radix-4 |7 & 8 BAF#ictei2 B2 3 BAfdiek 2 B AMAFRR A7 = B>

a4

T LR B AL V4 Radix-2° 0 e Radix-4 - kR0 EE AT e R g gL

ETIES

P ¥ i%3F Radix-2 shbutterfly 78 4 > # B2~ fj H > 7 &3 - # Radix-4

a4

duF 8 > 352 A sk @ ¢ s Radix-2° 0 PE(Processing Element)4c™ ] o
X [4k]

X [4k + 2]

X [4K +1]

X[4k +3]

B 4-11 PE of Radix- 22
d B 4357 10 @40 FRT 2 radix shisficds g - 88 480 5 H H 4% 3 »

Fo A MR €4 F 0 it A 1945 Radix-2° 38 R ¥ Radix-2°(4 Radix-8
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FEEAeR) > #-3 B radix-2 8 # 0 B 7 oradix-2 ff H OB EE KAF R

Wy §egFgl > § M Radix-8 2 58 44 [13] > Radix-2° ¢ PE 40 )
WO

X[k] Q (O—( (O—(C 0 " X[81<

x[k+%] .

X[k + : N] ‘\ ‘” X[84+2]

X[k + g N] Q O A X[84+6]
Wy

x[k +§ N] .‘QQA“ Q (O 'v. () X[8k+1]
5k

SO OO Xiskes)

WNN/S W,\?k
5\ X[8+3]
Ak -+ N] C OO XI8k+T

B 4-12REiof Radix- 2°
+ FFTH %t

BOFFT sl R SR e A - el b s
(single path delay feedback System.» SDF)e- $ = pipeline FFT » ¥ - f& &
Memory-based FFT - = @] % Radix-2 16-points pipeline FFT 4 & % £ §] -

L, BF2 é;\ BF2 ’>®4> BF2 ’>®4> BF2 I
B 4-13 16-points pipeline FFT
d PEY O ART AR FFTEE R ER & B s

i

3%)%3

L 100%0 F)pt R ALE T A - REF- Ko m T NEDRE A LT
Mot et 5 N-I(N &% N 2 FFT) » d » 2ot 2>~ e it
(Distributed Memory) » %] 5 ;& {848 ¢ ~ ¥t &= @ butterfly 28 452 + > 8 - Mo
hRWE L RS nff o @ Bl 4-14 5 memory-based FFT 2 8] > — B4t d

X(n)#-4x f FET e85 35 B 2ot X + > 546 FFT CORE - & eAJge ®is » 4

FHFIGERM X ¢ 0§ B FFT g § S8 o B (s - g8 FFT Core ) 5
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2 {5 T FIEM Y 1o Gbitreverse s 2 {5 R gD X(K) -
EET Core
% Input/Worki FFT
y npl\l/llemg;y e ™ | Processet » Output Memory |—»O X(k)
x() T»O ‘
Phase
Factor
Memory

B 4-14 Memory-Based FFT -+ %, B

e lineh o se? - 20MHz 2277 > 64 B FFT & 72 < > & pipeline FFT 7 4%
PEAEEE g m E HAgFRe R fodrd D e o #t vt Memory-Based FFT

Mg % B OFDM f- £ 8 @ F FHRWFFT R } 2

=
=

Fod R EE G Bt 3 EP100% K@ ¢ o0 2 & 2 pipeline FFT
KB AR e o

2 7% 2 i 4% i 0 Radix-8-4 8 % 4556 = & £+ Radix-2 ff 5 » 715 2 | *
W BLFER L2 ER(MNvial) k2B R > FE R RS 00 {53

e & FPGA g .+ » |3 4 & % »~ (fan-in)¥2 5 ) (fan-out) e 38 » F]* radix-2

iﬁﬁiﬁf Mot FlEH B~ 5 4’&""31&’/ » Vil FPGA A B e o
FE G oenip B > P H A Radix-2° FFT - 64 8 Radix-2° pipeline FFT 93
4o @]

U0 | e, [UCO ul | gp |UOL 2| pm U3 | pgp |UO3 U4 | gpp | UO4 Uls| ggp |UOS
X — —f W '—? — — (W — X

L0 L0o LIt Lol L2 LOSI L4 LO4 LIS

MIO Mit MJ3 MI4

Bl 4-15 64 2t Radix-2° pipeline FFT
He HBF2%EHE~ AHH -7 A~ %3 fmode: - f& % Bypass mode: - #& % Normal

mode > 4= B 4-16
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>@pass Mode

Normal Mode

®l 4-16 PE of BF2

Hv¥ BypassMode i & £ R FAH L BB LHE- EFFOfFI v 81
&d 73 3 Normal Mode # > 222 18 enFoifd gaqp 4o it o

AR 4150 frn > AP R Z A TWL S 2%t - Bkt BTe > 20 h
%%;Mf{z ERFE A DAL k2 {8 £ AID s 5 10 B
bits > #xsv i*» & x(n) 5 10 P bits» = (FiF - & A H s @ﬁarﬂ%&g BLa 2
Arrd B - 2 {8 #ascale &8 E_truncate Fo% & e o X(k)%l = Z_10 B bits> A
X(k)gig,] a2 F_2 X(0) o X(1) ghix g Bedvste @2 X(0) 0 X(32) 0 X(16)... % % >
bit-reversal - ;Wi%l RN L g aGen N2 &3 BB ks X0)
X(32) » X(16)... 4 B 3l ze ot ¥ i Ae R0 Aok 0 & o 2 EHEhoT B 4417
* A Brefilai & p s £§ % P RRT T4k pr - d RAML ¢4 Bit-Reversal
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B 4-17 Bit-Reversal output
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ROEPER ALY chd 2  SnFlER > AP T 124 T F 4-18

HT-HTF HT-Data

— CP

B 4-18 FFT Block (s 4238 &)

FRAFET G R R EFFFT R s 2 R feno a2 HY ¥ g - B
7P (HT-HTF e384 ) » S 2 8 - W2 8B > k2 piB 72 W FFT eh
FRA ohe & R E B2 RAPEAPS 7w 5% - B FFT Block £ #-(4-t B 4-18
Y- BaAEE) FLEeE RO HT-HTF R4 & 8% kU3 oo &

-k C T L A AP aE e

4.3 e 1B (Packet Detection)

d 31 entdmg ¢ o AP rd DCND e 2 7 1 18 s a0 gt o
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EAILFE 0 32 By i A (L-STF)(D=16) > &7 B} ety ¥ i

TR FFEEG LS Al

55



Sp Sn S

r > S >4 |2—> - —— mn
*z0 1 OF Pn P
2
> P —»‘ ‘
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T ¥ e TR o Ll s guE (overflow) & B 24 R F 45 o BB B
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e B GRIFFEFEXIIEBA R AEE Flad 3w Fang 2 o
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e IR EEH < A 0 od T Ao B LA IR AP e B R LS

zgrétl,\i o
Power fluctuation of HT-LTF w.r.t. data(2x2, SNR=30dB}

1 T T T T T T T T =)
D9+ -
Dar =

—=— with Tone Interleaved 4
07+ -
» —&— without Tone Interleaved
=
= 05k { 7]
o
0.4r -
0D.3r- h =
0.2+ Data | power .
011 l =
D | | | | | | |
-G A -4 -3 -2 -1 ] 1 2 3

®x = Power fluctuation of HT-LTF w.r.t. data (dB)

B 4-22 Power. fluctuationjof HT-LTF w.r.t. data
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4.5 g +=18 ;@] (Frame Detection)

& OFDM 2 fc#? » i ¥ & - BHOBIW Rl > 4 i hts s i g
FIE 4 (FFT)P > BB 0 FE P o — 30 kB2 (L pleniis > 081%™ peify
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o
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=
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x(n)

y(n)

x(n)

» Compare > ymax(n) and nmax

B 4-25 Frame Detection 7 15 [§]

4.6 ¥ F B # w3+ (Frequency Offset Estimation)
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CORDIC Backend
.| Rotate o
2 ‘J
»  Angle Wah Angle
» Generatorl T\ Generator2

Bl 4-26 47 5 i A% AT TF S BL R
B 4-26 ¢ > rl & r2 & & fE4cF| s B FALE o Angle Generatorl ¥2 Angle

Generator2 4~ %) #_d L-STF & L-LTF 2 4 ez 4 & » » Angle Generator2 mﬁi%l
e g % L-HTF 54 CORDIC Rotate *z#& Angle Generatorl #7 2 4 & & 2.
5> 4 d AngleGenerator2 3+ 5 H % - et & B > T - R & B AP
2 fso 5 v g e anid & B o 55 B CORDIC Rotate <l #8337 %4 B 4-7-
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% 4o W 4-27:

—
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Mul
z™ Y
.| Angle | : D Angle
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[
! —Dl - j | -
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7
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Bl 4-27 Angle Generator 47 #8 7% 15 ] 1
He 5D Ajedpr(fl* 5 E30 50 L-STF) & 16(Angle Generatorl 7% 1) -

P (f1* = S350 50 L-LTF) = 64(Angle Generator2 7€ 4¢) - @ Fix Angle accumulator
- BATERDDE 4 B(F B A3217 Ahd B R4 B) o i iE

B EREETLE RS LR FEL AL 2D FIED
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BT MR NG FR)PF > 4 B IR 64x2x 2 1B register > for B AF ez B
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B 4-31 MIMO-OFDM (floating point vs. fix point)
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Bl 4-32 MIMO-OFDM (AGC performance)
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i il B B A TR BET - o dpser AT A 802,110 K B
AT R -
A 4l ALY e AF ek ot B 7 5 0 FFT £ Frequency Offset #7 &

o fFic CFFT & i chR Fl> £ F] 5 AP Ry 5 B FFT > A -

@ Frequency Offset | & F 3 HEr s BE R 2B Fenff ko 19 v ug IR
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4-33 &2 [B] 4-34 % % Mapping Report 2 Timing Report » &% * 3 7 % 40

F RS Bk 1 (T F 5 40.323MHz » & % £ 2 & 11n T 20MHz #8 % &

T2 B[ 42 E | #3 E | Gate Count(d)
Packet Detection 4 4 50 5
AGC 1 1 1 3
Frequency Offset 4 18 96 8
Frame Detection 8 8 8 5
FFT 1 12 68 16
Channel Estimation 0 0 128 6

2% 4-1 Al viigrent g
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Design Summary

Mumber of errors: 1]
Mumber of warnings: 1]
Logic Mtilization:

Total Mumber lice Registers:
Mumber wsed as Flip Flops:
Mumber used as Latches:

Mumber of 4 input LlT=:

Logic Distribution:
Mumber of occupied Blices:

Mumber of #lices containing only related logic:
Mumber of Slices containing unrelated logic:

9,126 out of 38,400 237
9,123
18,202 out of 33,400 47%
9,751 out of 19,200 5S0R
9,751 out of 9,751 100%

0 out of 9,751 0%

*¥Bee WOTES below for an explanation of the effects of unrelated logic

Total Mumber 4 input LlUTs:
Mumber wsed az logic:

Mumber used as a route-thru:

Mumber of bonded I0Es:
I0OB Flip Flops:
Mumber of Elock RiMs:

Mumber of GCLE=s:
Mumber of GCLEIOBs:

Total equivalent gate count for design:

18,758 out of 23,400

18,202
556
178 out aof 453 447
17 out of 1s0  10%
1 out of 4 25%
1 out of 4 25%
402,158

bddditional JTAG gate count for [0Bs: 8,592

Peak Wemory Usage: 294 ME

B 4-33 £ f% mapping report

Design statistics:
Minimum period:

24 800n=s (Maximum frequency:

40_323MH=)

B 4-34 £-Jx$% timing report
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Control Unit
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