United States Patent

US006633616B2

(12) (10) Patent No.: US 6,633,616 B2
Crawford @#5) Date of Patent: Oct. 14, 2003
(549) OFDM PILOT TONE TRACKING FOR OTHER PUBLICATIONS
WIRELESS LA
N U.S. patent application Ser. No. 09/790,429, Crawford, filed
(75) Inventor: James A. Crawford, San Diego, CA Feb. 21, 2001. o
(US) U.S. patent application Ser. No. 09/935,243, Crawford, filed
Aug. 21, 2001.
(73) Assignee: Magis Networks, Inc., San Diego, CA European Telecommunications Standards Institute 2000
Us) (ETSI); “Broadband Radio Access Networks (BRAN); Hip-
. . . o . erlan Type 2; Physical (PHY) Layer”; Technical Specifica-
(*) Notice: Sub]ect. to any dlsclalmer,. the term of this tion; http://www.etsi.org ; pp. 1-40; ETSI TS 101 475
patent is extended or adjusted under 35 V1.1.1 (Apr. 2000).
U.S.C. 154(b) by 0 days. IEEE Computer Society; “Draft Supplement to Standard
) [for] Information Technology—Telecommunications and
(21)  Appl. No.: 09/935,081 Information Exchange Between Systems—Local and Metro-
(22) Filed: Aug. 21, 2001 politan Area Networks—Specific Requirements—Part 11:
65 Prior Publication Dat Wireless LAN Medium Access Control (MAC) and Physical
(65) lor Yublication Lata Layer (PHY) Specifications: High Speed Physical Layer in
US 2002/0159533 Al Oct. 31, 2002 the 5 Ghz Band”; IEEE P802.11a/D7.0; Supplement to IEEE
L Standard 802.11-1999; (1999); pp. 1-90.
Related U.S. Application Data
(List continued on next page.)
(63) Continuation-in-part of application No. 09/790,429, filed on . .
Feb. 21, 2001, now Pat. No. 6,549,583 Primary Examiner—Young T. Tse
5 (74) Antorney, Agent, or Firm—TFitch, Even, Tabin &
(51) Imt. CL7 .o HO04K 1/10; HO4J 11/00 Flannery
(52) US.CL ... 375/326; 375/147, 375/260;
375/349; 370/206; 370210 (57) ABSTRACT
(58) Field of Search ...........c.cccoceuvveiine. 375/134, 137, . . o .
375/144, 145, 147, 148, 149, 226, 360, e e e e el st Fourie
326, 327, 340, 341, 349; 370/2006, 207, ’ .
transform coupled to a phase rotator output, and a pilot
208, 210 - . . >
phase error metric including a discrete Fourier transform
(56) References Cited portion coupled to the phase rotator output. The pilot phase
error metric determines a phase error estimate associated
U.S. PATENT DOCUMENTS with a received OFDM symbol, e.g., a data symbol, from the
5170415 A * 12/1992 Yoshida et al. ............. 3201304  phase rotator output. A loop filter is coupled to the pilot
5,577,072 A * 11/1996 Moon et al. ... ... 375/261 phase error metric output and an oscillator is coupled to the
5,799,047 A * 8/1998 Dobrica ........ ... 375/350 loop filter output. The oscillator output is coupled to the
5,930,305 A * 7/1999 Leib ............ ... 329/304 phase rotator to adjust the phase of subsequent OFDM
5,940,450 A : 8/1999 Koslov et al. . - 375/326 symbols of the incoming signal. Phase noise introduced by
6,035,0(5)3 A i 3/2000 Park et al. 1 .............. 370/208 a radio portion of the OFDM receiver and OFDM transmit-
6,181,258 B1 1/2001 Summers et al. ...... 340/870.02 ter is reduced by the baseband portion of the OFDM receiver
6,218,896 B1 * 4/2001 Becker et al. .... 329/304 . ine OFDM si 1 ki d SNR di
6,310,926 B1 * 10/2001 Tore ....cocooevvveeereenn. 375/261 ?npro"mg signal tracking under poor condi-
ions.
FOREIGN PATENT DOCUMENTS
EP 0822682 Al * 2/1998 29 Claims, 13 Drawing Sheets
806
802 304 804
| om0 T
Phase Cydlic = 1
A | Channel
”6‘{ o | / pomvt L] Esmate [
__ B ;
f 0 , 312
Pitot Phase PN Code
Neo . Error Metric Generator
316 808 (Pilot Modulation Removal)

1 314

&

Coarse + Fipe freg. Est.
320

Loop Filter




US 6,633,616 B2
Page 2

OTHER PUBLICATIONS

Baoguo Yang, et al., “Timing Recovery For OFDM Trans-
mission”, IEEE Journal of Selected Areas In Communica-
tions, Nov. 2000, pp. 2278-2291, vol. 18, No. 11, IEEE.
Jihoon Choi, et al., “Carrier Frequency Offset Compensation
For Uplink Of OFDM-FDMA Systems”, IEEE Communi-
cations Letters, Dec. 2000, pp. 414-416, vol. 4, No. 12,
IEEE.

Dusan Matié, et al., “OFDM Synchronisation Based On The
Phase Rotation Of Sub—Carriers”, IEEE Journal, 2000, pp.
1260-1264, IEEE.

Stefan A. Fechtel, “Performance Of OFDM Carrier And
Sampling Frequency Synchronization On Stationary And
Mobile Channels”, International Conf. On Consumer Elec-
tronics 2000, IEEE Journal, Jun. 13-15, 2000, pp. 18-19,
IEEE.

Navid Lashkarian, et al., “Globally Optimum ML Estima-
tion Of Timing And Frequency Offset In OFDM Systems”,
IEEE Journal, pp. 1044-1048, IEEE.

Hyoung—Kyu Song, et al., “Frequency—Offset Synchroniza-
tion and Channel Estimation For OFDM-Based Transmis-
sion”, IEEE Communications Letters, Mar. 2000, pp. 95-97,
vol. 4, No. 3, IEEE.

Sébastien Simoens, et al., “A New Method For Joint Can-
cellation Of Clock And Carrier Frequency Offsets In OFDM
Receivers Over Frequency Selective Channels”, Center de
Recherche Motorola Paris, Espace Technologique Sain-
t—Aubin 99193, Gifsur Yvette France, pp. 390-394, IEEE
VTC2000, IEEE.

Fred Daneshgaran, et al., “ML Symbol Synchronization For
Multichannel Modulation: Analysis And Implementation”,
ECE Department, California State University, Los Angeles,
p- 1-5.

Timothy M. Schmidl, et al., “Robust Frequency And Timing
Synchronization For OFDM”, IEEE Transactions On Com-
munications, Dec. 1997, pp. 1613-1621, vol. 45, No. 12,
IEEE.

Hui Liu, et al., “A High—Efficiency Carrier Estimator For
OFDM Communications”, IEEE Communications Letters,
Apr. 1998, vol. 2, No. 4, pp. 104-106, IEEE.

Keukjoon Bang, et al., “A Coarse Frequency Offset Estima-
tion In An OFDM System Using The Concept Of The
Coherence Phase Bandwidth”, IEEE, pp. 1135-1139, IEEE.

Paul H. Moose, “A Technique For Orthogonal Frequency
Division Multiplexing Frequency Offset Correction”, IEEE
Transactions On Communications, Oct. 1994, vol. 42, No.
10, pp. 2908-2914, IEEE.

Paul Koufalas, “State Variable Approach To Carrier Phase
Recovery And Fine Automatic Gain Control On Flat Fading
Channels”, Aug. 30, 1996, Submitted to the School of
Physics and Electronic Systems Engineering of the Faculty
of Information Technology of the University of South Aus-
tralia for the Degree of Master of Electonic Engineering by
Research, University of South Australia.

* cited by examiner



U.S. Patent Oct. 14, 2003 Sheet 1 of 13 US 6,633,616 B2

102 100
/
/—104 /—106
L /L
112
6
A /1
114 /-1 10
NOISE BASEBAND
PROCESSING
108
/_
LO.
RADIO
FIG. 1
200
e

Be8=1s /202 204
rosegs ), P02 225 08+32=40p8|08+32-40pS|Q8+32-40pS
T CT7TT

t, b t4 t5 fe t7 tg tg GlZl T | T2 GII Dataﬁl Dataﬁl | Dala

/ /' 212—/ /212/ /212//
206 210 210 210

FIG. 2

5 \




US 6,633,616 B2

Sheet 2 of 13

Oct. 14, 2003

U.S. Patent

€ 9l
8L¢
~ X 157 "bai aul{ + 8s/e0)
806\ oz
abeios B
uiod aouaiapey | ole /] 0N
gm./
Fly 208
Y “ N | Y \l 9/l
| /J“| o b L
p oy souz | L [eubis
18)ji{ OO | 8SelYd 10/id _I_ I“ IIL_ J0jej0Y QQ\EOUE\
pie/ 7 8?\. oseld
01€
10)BIaUaY)
Uoie/npo 10/ld Nd
o 218/
00¢



(o
e
o
g ¥ "9l
O,
) (T T T ey T T !
8 ! ngos 2eh- |
M clé m KﬂT_||\||_ ! ./“
= A i Jopewsis | oep-/ (€% 100
10]B18U3Y) m \m\\m\.‘w 1 m
Nddond | | gyt | N
r - T ;
s | ! |
" | ‘ | | 07 | oz 16# 10lId
- 91| [ferowsy 157 J0ssa00id [ Hp|XIW[~ |
R Wd -~ J0L3 Bunybiap vmv./“
2 U] Jojid wopuey | |aseyd /10417 9SBYd — m
o nl — | —
_ pooyiaxI] — LL# 10/id
o “ 2/ o/ wnupey | ol mmv\m
] m T I IZIZ| . 0ch\ | Sa/0LLES-p)
) ! 90¥ _ . T _
g R m---p--————————-ooioiohdesodstob Ao \0# J0Id  sajduwes-f
° oie/ | R} | \gip
_“ EEREN mmm.\sm K "
_ ¥ VAR
1 abe10j3 "n N 9y “
" vl !

U.S. Patent



US 6,633,616 B2

1,109

1.104

Frequency Offset, Hz
FIG. §

1.103

100

Zjj/agp ‘8slopN aseyd

I ST Rt NN BT
IIIIII cC- - - I L.
IIIIII [ D T TR, -]
llllll “I|II|L.|||||
_
|||||| R S
| {
IIIIII I J ———
[ _
I [
|||||| TI"I'—IIIIII ——— . —— —— —— —— ——— —— ——
I |
o
) E-——- e — g 2 LT A ¥ AU ORI SIS -
- S----—- R o —m A — e m—m —— = —
S S - fm——— g —— T ———— - I Rt R
- T ] ORI SRRt DU SO N\ W B
Q r T r 1 %
= Qf-——- F———L == T-———" it Bttt et et baty
o LDlE-———— R . e e s dg b
= ® I 1 i i i I ~ |
» ol _ _ | (I Ny ]
= |7 A T————= St et Hetl e
> _ I i [ i _ [ ~.
||||||||| (R (N I MR IUSUUN S
5 gl N T T
N
: Sl 8N Ll
N L S I N S i F—__-3-ZCZCC I ———
A o= ——— g f———— g ———— f————= o ——
- fzZIz=z F===oNCTIITTTTCTIECIIIOTIIICIIIIIINTIII]
I ettt b oaenienls sttt Il RS S I
> S R Sttt hle it St == T———-- ===
R S —— [ TR NV S I (R fm [T—
[ i i I i _ I
|||||| L N ]
r H P T i
- U FRURIURIPRY S R A, B I |
= i _ ] [ 1 _ i
| _ I _ I i _
it _ _ [ | _ _ |
{ ] 1 } { { |
s N N
== 3 © R ~ D = & S S
O 0 ' v v —
g '
A



U.S. Patent Oct. 14, 2003 Sheet 5 of 13 US 6,633,616 B2

Determine pilot reference points for each of a /602
plurality of pilots
_ , /-604
Save the pilot reference points

—

Determine complex measurements for each of the |/ 6%
plurality of pilots for a subsequent data symbol

\

Determine complex signals for each of the pilots of the 608
subsequent data symbol based upon the complex
measurements and the pilot reference points

\

Sum the complex signals to produce a complex /610
composite signal

Estimate the aggregate pilot phase error for the subsequent | /672
data symbol from the complex composite signal

Use the estimate of the aggregate pilot phase error to 614
modify the pilot tracking loop and repeat for the next /
subsequent data symbol

FIG. 6



US 6,633,616 B2

Sheet 6 of 13

Closed-Loop Transfer Functions

Oct. 14, 2003

U.S. Patent

1.10%

YT —F-T———Jd-———F———T-——1
R e Ht At Rttt Sttt ENC St
b — O S 7 At o Sttt St
b —— b A T — T e R S S e e T At
IS S L 10O =t SRS IS SN S IS Y SO A— § R PR

TTTTTTTrT

[
|
I —
L
[
[
I
|
|
L
l
|
1
|
|
l———.
|
)
|
-
I
|
-
)
|
I
1
i

4

SN OO .4 N W - S
— |¢.|.II.|I|T||7A —

1-10

Lllp

tt+H-——t ==+

. —

3
Frequency Offset, Hz
FIG. 7

[ I . S PP SN W SN S
-lllJNLllrl||r|||L||||r|||k|||1

———trm b e e
————p———p——— ]

AR USRI AN NS [ R, SN Ep——
Mo e Sl S oo e s g St
F———F === ==t === === ==
UG S S S S S I
e e e e R e B
e e B, e e ot St Y AN A

1.10

Sp

e e e e o e e e e ————

—————— e — e — —_————— —

Closed-Loop Transfer Functions

— —— . — o . o S e, e e [ e . s e e el

—++

e . o e e e ey T e e (e e e e o e e e ]

T7771TTT
t+-———+4-t++
Lo bld
T T TT
—~—~

-—— — —— e

+

]
|
i
1
1
|
]
]
]
i
4 -
|
|
|
+——
|
|
|
B -
|
|
1
]
I
|
!
I
|
]
|
1
|
|
i
]

1.105

1.104

L
FIG. 11

Frequency Offset, Hz

1.108

100

15
10---
5____

0
g 5+4--
-10+4+--
-] 4——

5

0
54—
-20+--
25 +—--

3
[ -10+4--
3
&S -154--

100



US 6,633,616 B2

Sheet 7 of 13

Oct. 14, 2003

U.S. Patent

8 “9ld

0ce |/

157 "bai4 aUl{ + 951209

|
|
|
“
! 18}ji{ d0OT
|
|
1
e/
|
1
(fenoLiay UoiEINPO 10/id) m 808 9l
Jojesauey 1 Jljely J04iF — 09N
8p09) Nd | 9Sel/d 10/id
|
" 3 |
216/ " ! 0 ‘
A g
- 1 [PAOLIDY te—i c0¢
Nmﬁw w 14 Meid || = \ O soeroy
- — Opfy | aselyd
o I gt |
s08 vop/ 208 o ]
m%.\i



US 6,633,616 B2

Sheet 8 of 13

Oct. 14, 2003

U.S. Patent

.................... 6 ‘94
“ N
i i, 806 Iy
., e0g 106 e\ i
216 | mtl*l_ L (7 + JouROgnS Jy) (=i
\ | 16# 80 10]d 0j 14011
Jojeuunsy !
10JBI9URY | | | I
Ndlowd | | sop/| AWEMD 906~ !
. R P i | L_"
= : [ 1 (- sowzogng 1) |
m 1 _ 0% | e 8u0L10jd 10/ 10|
| [eAoWisY 154 108$390id | XN = ! "m
-~ Wd - 10117 Bunybiam RGN i
|| JOUd wopuey | | 8SByd | | /10113 aseliq —— (12 + Jauteagns y) ;mw
| / pooyijaxr — 1[4 8oL 10fig 0f (4]
i cly o/ wnwpep |5 M\WNH _-]z | 206 mm
| I [ D I N O T
| 90v _ _ ——h (12 - 191BOGNS YY) | 018
| "10# 9U0j Jopd J0f a1 —
r-limmm.N-iilll}.llll..-lfl__lnh.,h.ﬂ.u-.n.ﬂ. .«L«Lwn.u._ ...................... i Sajalues-|
{
m ] ﬁ.:l:l m@m.\ohm v\\_ _" m
i . \ ]
— abelo)S vs/ 9ip-" !
"FI 148% !
s0e



U.S. Patent Oct. 14, 2003 Sheet 9 of 13 US 6,633,616 B2

DFT Bin Quéput
for +7\F

DFT Bin Output
for-7\F

M P

"Ch | Dat) Ch | Dat\

:———————"“————""1 Est | Sym EstlSym|
| Weo2 ot | 20 MHz | 128 64 0to 2 Depending
| 21aF | upon Clock Rate, Ch/Dat
iCos( )| Sin() Cos()| | 40MHz 256|128\ Symbol, & Constellation Type

|

|

|

|

DFT Bin Quiput
for +21\F

DFT Bin Qutput
for -21°F




US 6,633,616 B2

Sheet 10 of 13

Oct. 14, 2003

U.S. Patent

1
|
|
I
|

9
]
|

4
|
]
|
|

9

e S B L Sttt nuSettE S O S
humieis il mhihat

1.10%

|
1.104

Frequency Offset, Hz
FIG. 12

1.108

R [ -
| | | | I |

-t --—"t——"t————t ===

L 8

b o

g € R B 8 8 8§ 3§ 8

ZH/agp ‘asI0N aseyd .

Clk_40MHz

1304—\

7215

Pilot Phase

1isb =
116Q15t

7
/ s
[4

t
£

NCO/
Phase Rotator

[se]
—
™

/
320

Signal
Decryption
I

808 /| Error Metric

20Q0t

Coarse + Fine
Frequency Estimate |14Q0t

-

Phase Error

Loop Filter

(DPLL)

314-/

FIG. 13 Clk_40MHz



U.S. Patent Oct. 14, 2003 Sheet 11 of 13 US 6,633,616 B2
K1, "K1a
808 1 LSB ~ 38.15Hz at 40MHz
/ or 19.07Hz at 20MHz

Pilot Phase 14Q0t

Error Metric

1416

\

To NCO Rotator
1418

1408 /-7470
N\ 20019t >>17
< <Shift (—+
Y- 1406 33019t
Kod_shift + Kog 1412
Z—l
At40MHz : Ky, =1 and Kyg =0
At 20MHz : K,_,— =2 and Kog =2
FiG. 14
Pilot Phase Error K1d DPLL Proportional 320
1520 1514
Pilot Phase\ / /N
. ~ X a0 12 -
Error Metric 50 ZSJ 1506 378SJ /
1500~ I DPLL Output
] 1518
1504 1508 B\PLL/ tegral
ntegra
% +é 1516
+ 1
-1)1512
Kog

FIG. 15



U.S. Patent Oct. 14, 2003 Sheet 12 of 13 US 6,633,616 B2

. Freq Offset= 1000Hz, Wn= 4000Hz, Damping= 0.5, K1d= 2*329, K2dShift= 2+2

1608
70 DPLL Output (20MHz/220 per Isb)

60- 1 1606
50 \ APpatlyfedn i,

DPLL Integral (20MHz/220 per Isb)

40

 ~1604
DPLL Proportional (20MHz/220 per Isb)

1602
DPLL Phase Error Metric (degree)
* sinl mA. 1. A i A .0 048060
Mryanr il =l i i i
-10 | T n j 1 I
0 2000 4000 6000 8000 10000 12000 14000

20MHz Samples

FIG. 16



U.S. Patent Oct. 14, 2003 Sheet 13 of 13 US 6,633,616 B2

Detect the beginning of an incoming 1702

OFDM MAC frame

]

Operate a pilot tone tracking loop at a
closed loop tracking banawidth wider
than a nominal closed loop tracking
bandwidth during a plurality of OFDM /1704
symbols at the beginning of a data portion
of the OFDM MAC frame to track out
frequency errors due to frequency pulling
and frequency pushing

Y

Reduce the closed loop tracking
bandwidth to the nominal closed loop [1706
tracking bandwidth for OFDM symbols

received after the plurality of
OFDM symbols

FIG. 17



US 6,633,616 B2

1

OFDM PILOT TONE TRACKING FOR
WIRELESS LAN

This application is a Continuation-In-Part (CIP) of U.S.
application Ser. No. 09/790,429, filed Feb. 21, 2001, now
U.S. Pat. No. 6,549,583, entitled “OPTIMUM PHASE
ERROR METRIC FOR OFDM PILOT TONE TRACKING
IN WIRELESS LAN”, the entirety of which is hereby
incorporated by reference.

This patent document relates to the following patent
documents filed concurrently herewith. The related patent
documents, all of which are incorporated herein by
reference, are: U.S. Pat. No. 6,549,561, of Crawford;
entitted OFDM PILOT TONE TRACKING FOR WIRE-
LESS LAN; and

U.S. patent application Ser. No. 09/935,083, of Craw-
ford; entitled OFDM PILOT TONE TRACKING TO
REDUCE PERFORMANCE LOSS DUE TO FRE-
QUENCY PULLING AND PUSHING.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to orthogonal
frequency division multiplexed (OFDM)-based
communications, and more specifically to tracking pilot
tones of OFDM-based communications to reduce phase
noise requirements in the radio portion of an OFDM
receiver, as well as provide nearly optimal frequency error
tracking performance.

2. Discussion of the Related Art

In wireless local area network (WLAN) applications,
multiple devices communicate with each other via OFDM-
based radio frequency (RF) wireless links. A common for-
mat for such OFDM communication is based upon the IEEE
802.11a standard or the HiperLAN2 standard, for example.
Good local oscillator (LO) phase noise performance in the
radio portion of the OFDM transmitters and receivers is
critical in such OFDM-based communications when using
complex signal constellations, such as 64-QAM and 256-
QAM (quadrature amplitude modulation). This is because
the symbol rate is chosen to be low enough to combat the
severe multipath propagation characteristics that exist like
those in indoor wireless applications and this low symbol
rate also leads to greater phase noise related performance
impairment. For example, in IEEE 802.11a and HiperLAN2,
the symbol rate is approximately 250 kHz thereby accentu-
ating the need to have excellent phase noise performance in
the radio at frequency offsets from the carrier in the vicinity
of 250 kHz and less.

Furthermore, the phase of the RF signaling is effected by
phase noise generated in the local oscillators (LOs) of both
the transmitter and the receiver. Also, phase perturbations
are introduced when the transmitter or the receiver physi-
cally moves relative each other and also when the multipath
changes, e.g., a door is opened. Unfortunately, poor LO
phase noise performance leads to a potentially high symbol
error rate, which seriously degrades both the communication
range and throughput of the system. For example, in a
typical system using IEEE 802.11a, it is estimated that the
acceptable phase noise interfering with each subcarrier of
the OFDM waveform is on the order of 2.7 degrees rms.
While this may be acceptable for QPSK and 16-QAM
modulations, it is excessive for 64-QAM modulation or
higher constellations, resulting in constellation points being
easily confused.

Further adding to the problem is the fact that most
transmitters and receivers of such wireless products are
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highly integrated on a single device or chip. As such, the
performance of the RF portion of the receiver, for example,
is relatively limited. Furthermore, implementing the RF
portion of the system to have the desired good phase noise
performance that is required for higher order modulations,
such as 64-QAM and above, is very difficult when imple-
mented on a single chip with low supply voltages (e.g., 3.3
volts).

SUMMARY OF THE INVENTION

The present invention advantageously addresses the needs
above as well as other needs by providing a pilot tracking
system utilizing an optimum pilot phase error metric based
on a maximum likelihood estimation approach in the base-
band processing portion of the OFDM-based receiver to
compensate for poor local oscillator performance in the
radio portion of the OFDM-based receiver and transmitter
and improve frequency tracking in general.

In one embodiment, the invention can be characterized as
a pilot phase tracking loop for an orthogonal frequency
division multiplexed (OFDM) receiver including a phase
rotator for receiving and phase de-rotating an incoming
signal, a fast Fourier transform coupled to an output of the
phase rotator for processing a signal output from the phase
rotator and a pilot phase error metric including a discrete
Fourier transform portion. The discrete Fourier transform
portion is coupled to the output of the phase rotator. The
pilot phase error metric determines a phase error estimate
associated with a received OFDM symbol of the signal
output from the phase rotator. Also included are a loop filter
coupled to an output of the pilot phase error metric and an
oscillator coupled to an output of the loop filter. The
oscillator has an output coupled to the phase rotator such that
the phase rotator adjusts the phase of subsequent OFDM
symbols of the incoming signal arriving after the received
OFDM symbol by the phase error estimate.

In another embodiment, the invention can be character-
ized as a method of pilot phase tracking in an orthogonal
frequency division multiplexed (OFDM) receiver compris-
ing the steps of: receiving a baseband signal corresponding
to an OFDM preamble waveform at a discrete Fourier
transform portion of the OFDM receiver, wherein the dis-
crete Fourier transform is a separate processing operation
than a fast Fourier transform of the OFDM receiver; deter-
mining pilot reference points corresponding to a plurality of
pilots of an OFDM preamble waveform; receiving a base-
band signal corresponding to an OFDM symbol at the
discrete Fourier transform portion; determining complex
signal measurements corresponding to each of the plurality
of pilots of the OFDM symbol; determining a phase error
estimate corresponding to the OFDM symbol based on the
pilot reference points and the complex signal measurements;
filtering the phase error estimate; and rotating a phase of an
incoming signal corresponding to subsequent OFDM sym-
bols to be received at the fast Fourier transform after the
OFDM symbol by a filtered phase error estimate; wherein a
phase noise of the incoming signal corresponding to the
subsequent OFDM symbols to be received at the fast Fourier
transform is reduced.

In yet another embodiment, the invention can be charac-
terized as a method of pilot phase tracking in an orthogonal
frequency division multiplexed (OFDM) receiver compris-
ing the steps of: receiving a signal representing an OFDM
waveform at a discrete Fourier transform portion of the
OFDM receiver, wherein the discrete Fourier transform is a
separate processing operation than a fast Fourier transform



US 6,633,616 B2

3

of the OFDM receiver that also receives the signal; deter-
mining a phase error estimate corresponding to an OFDM
symbol of the OFDM waveform; filtering the phase error
estimate; and rotating a phase of the signal for subsequent
OFDM symbols to be received at the fast Fourier transform
after the OFDM symbol by the filtered phase error estimate,
wherein a phase noise of the signal for the subsequent
OFDM symbols to be received at the fast Fourier transform
is reduced.

In yet another embodiment, the invention can be charac-
terized as a pilot phase error metric for an orthogonal
frequency division multiplexed (OFDM) receiver including
a discrete Fourier transform portion for receiving an incom-
ing signal corresponding to an OFDM waveform. The
discrete Fourier transform portion outputs complex signal
measurements corresponding to each of a plurality of pilots
of a preamble portion of the OFDM waveform and complex
signal measurements corresponding to each of a plurality of
pilots of a subsequent OFDM symbol of the OFDM wave-
form. The discrete Fourier transform portion is separate
from a fast Fourier transform operation of the OFDM
receiver. A maximum likelihood phase error/weighting pro-
cessor is coupled to the discrete Fourier transform portion
for processing the complex signal measurements corre-
sponding to each of the plurality of pilots of the subsequent
OFDM symbol in comparison to the pilot reference points.
And a phase error estimator is coupled to the maximum
likelihood phase error/weighting processor for estimating a
phase error of the subsequent OFDM symbol relative to a
phase corresponding to the preamble portion based on the
processed complex signal measurements and the pilot ref-
erence points.

In a subsequent embodiment, the invention can be char-
acterized as a method of pilot phase error estimation in an
orthogonal frequency division multiplexed (OFDM)
receiver comprising the steps of: determining pilot reference
points corresponding to a plurality of pilots of an OFDM
preamble waveform; processing, in a parallel path to the
determining step, the OFDM preamble waveform with a fast
Fourier transform; determining a phase error estimate of a
subsequent OFDM symbol relative to the pilot reference
points; and processing, in the parallel path to the determin-
ing steps, the subsequent OFDM symbol with the fast
Fourier transform; wherein the determining the phase error
estimate step is completed prior to the completion of the
processing the subsequent OFDM symbol with the fast
Fourier transform in the parallel path.

In another embodiment, the invention can be character-
ized as a method of pilot phase error estimation in an
orthogonal frequency division multiplexed (OFDM)
receiver comprising the steps of: determining, in a separate
processing path parallel to a fast Fourier transform process-
ing path of the OFDM receiver, pilot reference points
corresponding to a plurality of pilots of an OFDM preamble
waveform; and estimating, in the separate processing path,
an aggregate phase error of a subsequent OFDM symbol
relative to the pilot reference points using complex signal
measurements corresponding to each of the plurality of
pilots of the subsequent OFDM symbol and the pilot refer-
ence points.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of
the present invention will be more apparent from the fol-
lowing more particular description thereof, presented in
conjunction with the following drawings wherein:
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FIG. 1 is a block diagram of an orthogonal frequency
division multiplexed (OFDM) receiver illustrating a phase
noise contribution of the local oscillators (LO) of the radio
portion of the OFDM receiver, and in which one or more
embodiments of the invention may be practiced;

FIG. 2 is a diagram of the PHY-layer frame structure for
the IEEE 802.11a standard used in OFDM communications,
for example, by the OFDM receiver of FIG. 1;

FIG. 3 is a functional block diagram of a pilot tracking
loop of a baseband processing portion of the OFDM receiver
of FIG. 1, which utilizes a pilot phase error metric based on
a maximum likelihood estimation approach for estimating
the phase error of the OFDM data symbols in accordance
with one embodiment of the invention;

FIG. 4 is a functional block diagram of a pilot phase error
metric of the pilot tracking loop of FIG. 3 which is based
upon maximum likelihood estimation in accordance with
one embodiment of the invention;

FIG. 5 is a graph illustrating the L.O phase noise contri-
bution vs. frequency using no pilot tracking and pilot
tracking according to the embodiment of FIGS. 3 and 4;

FIG. 6 is a flowchart of the steps performed in the pilot
phase error metric of FIG. 4 in accordance with one embodi-
ment of the invention;

FIG. 7 is an illustration of the closed-loop transfer func-
tions of the pilot tracking loop of FIG. 3 according to one
embodiment;

FIG. 8 is a functional block diagram of a pilot tracking
loop of the baseband processing portion of the OFDM
receiver of FIG. 1, which includes a phase error metric
utilizing a maximum likelihood estimator for the phase error
of OFDM data symbols in accordance with another embodi-
ment of the invention;

FIG. 9 is a functional block diagram of the pilot phase
error metric of the pilot tracking loop of FIG. 8 using an
optimum maximum likelihood estimation performed in
accordance with one embodiment of the invention;

FIG. 10 is a functional block diagram of a discrete Fourier
transform portion of the pilot phase error metric of FIG. 9 in
accordance with yet another embodiment of the invention;

FIG. 11 is an illustration of the closed-loop transfer
functions of the pilot tracking loop 806 of FIG. 8 according
to another embodiment;

FIG. 12 is a graph illustrating the LO phase noise con-
tribution vs. frequency using no pilot tracking, pilot tracking
according to the embodiment of FIGS. 3 through 4 and pilot
tracking according to the embodiments of FIGS. 8 through
10;

FIG. 13 is a functional block diagram illustrating the loop
filter of the pilot tracking loop of FIG. 8 according to one
embodiment of the invention;

FIG. 14 is a functional block diagram of a digital imple-
mentation of the loop filter of FIG. 13 according to another
embodiment of the invention;

FIG. 15 is a functional block diagram illustrating a
simulated version of the digital loop filter of FIG. 14;

FIG. 16 is a graph illustrating the response of the simu-
lated tracking loop filter of FIG. 15 as measured at the
indicated probe points in FIG. 15; and

FIG. 17 is a flowchart is shown of the steps performed to
reduce the effects of frequency pulling and frequency push-
ing according to another embodiment of the invention.

Corresponding reference characters indicate correspond-
ing components throughout the several views of the draw-
ings.
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DETAILED DESCRIPTION OF THE
INVENTION

The following description is not to be taken in a limiting
sense, but is made merely for the purpose of describing the
general principles of the invention. The scope of the inven-
tion should be determined with reference to the claims.

Referring first to FIG. 1, a block diagram is shown of an
orthogonal frequency division multiplexed (OFDM)
receiver illustrating the phase noise contribution of the local
oscillators (LO) of the radio portion of the OFDM receiver,
and in which one or more embodiments of the invention may
be practiced. The OFDM receiver 100 (also referred to as the
receiver 100) includes an antenna 102, a radio portion 104
and a baseband processing portion 106. The radio portion
104 includes local oscillators, shown collectively as local
oscillator 108 (hereinafter referred to as LO 108), which
introduces phase noise, shown as noise 110, into the receiver
100. The noise 110 is summed with the signals from the local
oscillator 108 (illustrated at summer 114) and multiplied
with the received signal at mixer 112. As is common, the
received signal is converted from RF (radio frequency) to an
incoming signal 116 (also referred to as a “baseband/IF
signal”) sent to the baseband processing portion 106. The
incoming signal 116 may be a baseband signal (also referred
to as a “baseband I/Q signal”). In some embodiments, the
incoming signal 116 may be an intermediate frequency
signal (also referred to as an IF signal) which is converted
to baseband in the baseband processing portion 106. The
frequency translation from RF to baseband can be done in
multiple steps of frequency conversions. As such, the incom-
ing signal 116 includes phase noise 110 as introduced by the
LO 108 of the radio portion 104 of the OFDM receiver 100.
In reality, the incoming signal 116 will also include phase
noise as introduced by the local oscillators at the OFDM
transmitter that transmits the OFDM signal to the receiver
100 as well as other noise introduced by the channel, e.g.,
changes in the multipath, movements of the receiver and
transmitter relative to each other, and thermal noise.

One solution to reducing the phase noise contribution of
the LO 108 is to design a radio portion 104 having good
phase noise performance characteristics. However, in such
an implementation where the radio portion 104 and the
baseband processing portion 106 are integrated into one or
more devices (i.e., chips), the design of such a radio portion
104 is difficult and costly, particularly as higher order
modulations are used.

In accordance with one embodiment of the invention, the
specifications of the radio portion 104 are relaxed such that
a certain amount of phase noise 110 introduced by the LO
108 is acceptable. Advantageously and according to one
embodiment, the phase noise 110 introduced by the LO 108
is compensated for by the baseband processing portion 106
of the OFDM receiver 100. Thus, the baseband processing
portion 106 works to effectively relax the phase noise
performance requirements of the radio portion 104, which
allows the radio portion 104 to be designed anticipating the
poorer phase noise performance. Thus, the radio portion 104
can be implemented more easily and inexpensively. The key
to such embodiments is understanding the relationship
between both the radio portion 104 and the baseband pro-
cessing portion 106. A typical approach might be to opti-
mally design the radio portion 104 and then optimally design
the baseband processing portion 106. Such an approach
leads to a complex and expensive radio portion 104 requir-
ing good phase noise performance. That is, the phase noise
introduced by the LO 108 does not need to be further
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corrected and is sufficient to support signaling at the speci-
fied modulations. However, as the modulation constellation
increases, for example, moving from 16-QAM to 64-QAM
to 256-QAM, less and less phase noise introduced by the LO
108 can be tolerated. Otherwise, with such higher-order
constellations, the same phase noise introduced by the LO
108 is more likely to result in constellation points being
confused. Thus, as the modulation constellation increases,
the specifications of the radio portion 104 become increas-
ingly more stringent. Thus, a radio portion 104 with good
phase noise performance becomes more difficult and expen-
sive to implement as the constellation complexity increases.

However, by relaxing the requirements of the radio por-
tion 104 such that the radio portion 104 contributes phase
noise 110 that might otherwise result in constellation point
errors (possibly resulting in an unacceptable symbol error
rate), a simpler and less expensive radio portion is imple-
mented. Furthermore, advantageously the phase noise con-
tribution of the L.O 108 is tracked and removed using a pilot
tracking loop employing a maximum likelihood estimator in
the baseband processing portion 106 of the receiver 100.
Thus, the baseband processing portion 106 effectively
reduces the phase noise contribution of the LO 108 of the
radio portion 104 without requiring that the radio portion
104 have good phase noise performance. Thus, the baseband
processing portion 106 and the radio portion 104 are
designed together to provide an integrated OFDM receiver
100 that is more easily implementable on a single device and
that can support many symbol by symbol modulations, such
as MPSK or M-ary QAM, e.g., constellations of 64-QAM or
higher.

Further details regarding the specific techniques of using
the baseband processing portion 106 to effectively reduce
the phase noise contribution of the LO 108 of the radio
portion 104 are described below.

Referring next to FIG. 2, a diagram is shown of the
PHY-layer frame structure for the 802.11a standard used in
OFDM communications, for example, by the OFDM
receiver 100 of FIG. 1. Shown is a frame 200 having a
preamble 202 and a data portion 204. The preamble 202
includes a short symbol portion 206 including 10 short
symbols (t,—t,,) and a long symbol portion 208 including
two long symbols (T, and T,). The data portion 204 includes
multiple data symbols 210 (also referred to as OFDM
symbols or simply symbols). Each long symbol T; and T,
and each data symbol 210 having a guard time interval 212
preceding it. The frame 200 is also referred to as a PHY-
layer frame or a medium access control (MAC) frame.

According to these standards, the preamble 202 is chosen
which is well suited to measuring frequency errors quickly
in the communication system, but is substantially less ideal
for measuring precision time of signal arrival. As is well
known in the art, the short symbol portion 206 is used for
signal detection, diversity selection, coarse frequency offset
estimation, and timing synchronization. The long symbol
portion 208 is used for channel estimation and fine fre-
quency offset estimation. Following the preamble 202, each
OFDM symbol 210 consists of a properly time-windowed
set of modulated subcarriers (e.g., sine waves) and a guard
time interval 212. As is well known in the art, this guard time
interval 212 is utilized to allow the communication chan-
nel’s transient to decay before transmitting the next OFDM
symbol 210. According to the IEEE 802.11a standard, this
guard time interval 212 is 0.8 us and the symbol 210 length
is 3.2 us. Note that the guard time interval in the long symbol
portion 208 is twice the duration of that preceding each data
symbol 210, ie., 1.6 us. According to the HiperLAN2
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standard, the guard time interval 212 is selectable between
0.4 us or 0.8 us while the symbol 210 length is 3.2 us. As
such, the guard time interval 212 is long enough such that all
reflections of the transmitted symbol 210 are adequately
reduced prior to transmission of the next OFDM symbol
210.

As is well known in the IEEE 802.11a and the Hiper-
LAN2 waveforms, each symbol, whether the data symbol
210 or one of the long symbols T, and T,, includes 48 data
bearing subcarriers and a plurality of pilot subcarriers (also
referred to as “pilot tones” or simply as “pilots”) buried
within the signal that do not transport data, e.g., 4 pilots in
the IEEE 802.11a and HiperLAN2 waveforms. According to
the IEEE 802.11a standard, these pilots occupy subcarrier
positions £7 AF and +21 AF of each symbol. As such, the
phase behavior of the pilots is precisely known aside from
channel related impairments and L.O phase noise. Since the
phase noise imposed on these pilot tones is the same phase
noise that is imposed upon all of the subcarriers, it is
possible to mitigate much of the L.O phase noise by phase
tracking these pilots. However, since finite signal-to-noise
ratio (SNR) at the OFDM receiver input also contributes
phase noise to all of the subcarriers, the effective noise
bandwidth of the tracking algorithm can not be made
arbitrarily large. Rather, the bandwidth of the tracking
algorithm is based upon a compromise between LO-related
phase noise suppression and additive noise due to the finite
input SNR.

According to one embodiment of the invention, during the
long symbols T, and T, of the long symbol portion 208,
complex signal measurements are taken for each pilot tone
and stored in rectangular form as a respective pilot reference
point for each pilot tone of the MAC frame 200. Then, a pilot
phase error metric of a pilot tracking loop processes com-
plex signal measurements for all of the pilots of each
subsequent data symbol 210 along with the pilot reference
points to produce an estimate of the aggregate phase error of
the current OFDM data symbol as compared to the actual
phase at the beginning of the MAC frame 200. The pilot
phase error metric is based on a maximum likelihood
estimation approach in how the complex signal measure-
ments of the pilots and the pilot reference points are com-
bined. Advantageously, this embodiment estimates the
aggregate phase error of the data symbol without having to
explicitly calculate the amplitude and phase of the individual
pilots in the long symbol portion 208 or calculate the
amplitude and phase of the individual pilots of each data
symbol 210. Next, the estimation of the aggregate phase
error of the current data symbol is then fed back through a
loop filter and used to rotate the phase of the incoming
baseband IQ signal for the next OFDM data symbols so that
they will be received with an improved phase error. This
maximum likelihood estimation-based approach in the pilot
phase error metric is a departure from conventional methods
in that it tracks the pilot aggregate of the data symbols, rather
than only tracking the strongest of the plurality of pilots of
the data symbols. Thus, the maximum likelihood pilot phase
error metric compensates for the poor phase noise perfor-
mance of the radio portion of the OFDM receiver. A natural
by-product of the maximum likelihood metric is that it also
maximizes the effective SNR for the pilot symbols consid-
ered as a whole. The additional SNR permits greater sup-
pression of the LLO phase noise by these disclosed tech-
niques. The maximum likelihood formulation automatically
adjust the effective contribution made by each pilot even in
the presence of frequency selective fading, delivering the
lowest variance phase error estimate possible.
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Referring next to FIG. 3, a functional block diagram is
shown of a pilot tracking loop 300 of the baseband process-
ing portion of the OFDM receiver of FIG. 1, which utilizes
a pilot phase error metric based on a maximum likelihood
estimation approach for estimating the phase error of OFDM
data symbols in accordance with one embodiment of the
invention. Shown is the incoming signal 116 (which may be
a baseband signal or an IF signal, for example), a phase
rotator 302, an FFT 304 (fast Fourier transform, which may
be referred to generically as a “Fourier transform”), a switch
306 having positions A (solid line) and B (dashed line), a
reference point storage 308, a pilot phase error metric 310,
a pseudo random pilot modulation generator 312
(hereinafter referred to as a PN pilot modulation generator
312), a loop filter 314, a summation 318, a coarse and fine
frequency estimate signal 320 and an NCO 316 (numerically
controlled oscillator, which may be referred to generically as
an “oscillator”).

The incoming signal 116 is input to the phase rotator 302.
The phase rotator 302 is coupled to the FFT 304, which is
coupled to the switch 306. In position A, the switch 306 is
coupled to the pilot reference storage 308, which is coupled
to the pilot phase error metric 310. In position B, the switch
306 is directly coupled to the pilot phase error metric 310.
The PN pilot modulation generator 312 is also coupled to the
pilot phase error metric 310. Additionally, the loop filter 314
couples the pilot phase error metric 310 to the NCO 316 via
the summation 318 and the NCO 316 is coupled back to the
phase rotator 302. The summation 318 sums the output of
the loop filter 314 with the coarse and fine frequency
estimate signal 320, which is then output to the NCO 316.

In operation, the pilot tracking loop 300 (also referred to
as a phase-locked loop) is used to track the phase changes of
all of the plurality of pilots for each symbol in order to
correct or minimize the phase error for subsequent data
symbols relative to the reference points measured, for
example, during the preamble. Initially, the pilot tracking
loop determines reference points for each of the respective
pilots since the amplitudes and phases of the received pilots
are completely unknown and may vary from pilot to pilot
within each symbol due to the multipath and the time of
arrival. In one embodiment, the pilots of the long symbols T,
and T, of the OFDM preamble waveform are used to
determine the reference points. As such, when the long
symbols of the incoming signal 116 pass through the phase
rotator 302, they are unchanged in phase since the pilot
tracking loop is not yet activated, i.e., the switch 306 is in
position A. During the long symbol portion of the preamble,
a channel estimate is made by the FFT 304 and saved, e.g.,
the complex signal measurements 1+jQ for each pilot are
extracted at the FFT 304 and saved in the reference point
storage 308. The reference points for each pilot are saved in
rectangular form as u, and v, (where k=0,1,2 and 3), which
represent the I (in-phase) and Q (quadrature) values,
respectively, for each pilot tone. During this time (i.e., when
the switch 306 is in position A), the NCO 316 is preset to the
proper initial conditions and the loop filter 314 updating is
disabled.

After the pilot reference points u, and v, are determined
for each pilot using the FFT 304, the subsequent data
symbols of the incoming signal 116 are processed by the
FFT 304 one at a time. The switch 306 is now moved to
position B, which activates the pilot tracking loop. The
outputs of the FFT 304, i.e., complex signal measurements,
corresponding to each of the pilots of the current data
symbol are input to the pilot phase error metric 310 which
is based upon a maximum likelihood estimation approach
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using each of the pilots of the data symbol as compared to
the respective stored reference points u, and v, for each
pilot. The result of the pilot phase error metric 310 is an
aggregate phase error estimate over the respective data
symbol. As previously mentioned, in this embodiment, the
pilot phase error metric 310 advantageously uses all of the
pilots to produce its estimate. It is important that all of the
pilots of each data symbol are tracked in order to mitigate
the effect of frequency selective fading over the frequency
range of the OFDM data symbol.

The loop filter 314 is updated based upon the output of the
pilot phase error metric 310. Since the pilot phase error
metric 310 and the loop filter 314 track relatively small
frequencies, the coarse/fine frequency estimate signal 320
(obtained from the channel estimation process during the
long symbols of the preamble at another portion of the
OFDM receiver) is summed with the output of the loop filter
314 at summation 318. Thus, the loop filter 314 then
modifies the NCO 316 which causes the phase rotator 302 to
de-rotate the incoming signal 116 to keep the aggregate
phase error as low as possible. The loop filter 314, summa-
tion 318 and the NCO 316 are well known components that
may be found in many phase-locked loops as known in the
art.

Additionally, as is well known, the PN pilot modulation
generator 312 provides the pseudo random number sequence
to remove the random BPSK (binary phase shift keying)
modulation applied to each of the pilot tones as given in the
IEEE 802.11a standard.

The pilot tracking loop 300 includes phase rotator 302 for
receiving and phase de-rotating the incoming signal 116, the
switch 306, the reference point storage 308, the pilot phase
error metric 310, the loop filter 314, and the NCO 316 while
advantageously utilizing the FFT 304 which is required
within the OFDM receiver. It is also noted that in this
embodiment, the phase rotator 302 is provided before the
FFT 304 in the receiver such that the phase error is corrected
prior to the FFT 304 operation. In the event the incoming
signal 116 comprises an IF signal, the phase rotator also
converts this IF signal to a baseband signal or a baseband I/Q
signal. Thus, whether the incoming signal 116 is a baseband
signal or an IF signal, the output of the phase rotator is a
baseband signal.

Referring next to FIG. 4, a functional block diagram is
shown of the pilot phase error metric of the pilot tracking
loop of FIG. 3 which is based upon maximum likelihood
estimation in accordance with one embodiment of the inven-
tion. Shown is the pilot phase error metric 310 including
multiplexers 402 and 404, a maximum likelihood phase
error/weighting processor 406, a quality estimator 408, a
phase error estimator 410, and a random pilot modulation
removal 412. Also shown are the PN pilot modulation
generator 312 and the reference point storage 308 which
includes a u, storage 414 and a v, storage 416. Input I and
Q samples from the FET 304 for the respective pilots of the
OFDM data symbols are illustrated as signals 418 and 420
for pilot #0, signals 422 and 424 for pilot #1, signals 426 and
428 for pilot #2, and signals 430 and 432 for pilot #3.

Again, as the long symbol portion of the incoming base-
band signal is processed by the FFT, the frequency bins of
the FFT that correspond to the four pilots of the long
symbols are saved as u, and v, within the u, storage 414 and
the v, storage 416, where k=0,1,2 and 3. Thus, u, and v, are
complex signal measurements in rectangular form for each
pilot that represent the reference points in IQ space for each
of the four pilots (i.e., pilot #0, pilot #1, pilot #2 and pilot
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#3). These pilot reference points are saved for use in the
maximum likelihood phase error/weighting processor 406.

The information from the FFT operation can be repre-
sented as A, (amplitude of the k* pilot subcarrier) and 0,
(phase of the k” pilot subcarrier). If the discontinuous nature
of the OFDM symbol subcarriers is ignored, the k” pilot
tone can be represented as:

7D = Aes (0% + () Eq. (D)

where r(t) is the received signal, s (t) is the transmitted
signal and n,(t) represents complex Gaussian noise having a
two-sided power spectral density of N_/2 W/Hz. Thus, the
beginning of the pilot-bearing OFDM signal train for a given
OFDM symbol and pilot tone is represented as:

7 (0) = Agse (0% + 1 (0) = 1y + jiv, Eq. (2

Next, after having stored the reference points, the pilot
phase tracking loop is activated, e.g., the switch 306 of FIG.
3 is moved to position B. During the subsequent data portion
of the MAC frame, each r(t) changes with time from data
symbol to data symbol over the frame structure. Generally,
it is desired to track the pilots having a larger amplitude
because they are less influenced by the additive Gaussian
noise of the receive channel, and also the channel phase near
frequency-selective spectrum nulls will be erratic. Thus, the
sampled tracking loop tracks the nominal pilot subcarrier
phase departure from the phase of the reference point at the
beginning of the frame structure for each pilot.

As such, the pilot tracking loop is activated and the
complex signal measurements (Is and Qs) from the FFT
corresponding to each of the respective pilots #0 through #3
for each subsequent data symbol are coupled to the respec-
tive one of multiplexers 402 and 404 to be input into the
maximum likelihood phase error/weighting processor 406. It
is noted that the pilot reference points are stored in rectan-
gular form as u, and v, and that the amplitude and phase of
each of the pilot reference points is not actually calculated.
It is also noted that the subsequent data symbol by data
symbol complex signal measurements of the in-phase and
quadrature terms for the same pilot tones during the rest of
the burst reception are labeled as I, ,,, and Q, ,,, where m is
the data symbol time index. For example, the I, ,, values
from the FFT operation for each data symbol are coupled to
multiplexer 402 while the Q, ,, values from the FFT opera-
tion for each data symbol are coupled to multiplexer 404.
The multiplexers 402 and 404 function to buffer the I, ,, and
Qg,, values to the maximum likelihood phase error/
weighting processor 406. Thus, the maximum likelihood
phase error/weighting processor 406 serially processes one
setof I, ,, and Q. values at a time such that redundant gates
are not required to simultaneously perform the steps in the
maximum likelihood phase error/weighting processor 406 in
parallel.

The initial relative phase of each pilot subcarrier at the
beginning of the frame can be largely removed by modifying
r,(t) of Eq. (1) for t>0 per
— 6 (0)

my () = ri (e Eq. 3

where rm,(t) represents the k™ pilot after removal of the
phase initial estimate for the particular pilot during the long
symbol portion of the preamble. Substituting Eq. (3) in Eq.

:
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(1) = rmg (1) — Ags ()@ OO Eq. &)

= rmy (1) — Aps (De?%e®

where ¢, is the actual pilot phase error of the k™ pilot of the
data symbol relative to the pilot reference point, which is not
explicitly calculated, but is assumed to be the same for all of
the pilots of a given data symbol. In the OFDM waveform,
the MAC frame time duration is purposely chosen such that
the channel characteristics change very little over an indi-
vidual MAC frame. Therefore, for a specific MAC frame, it
is assumed that |A;s(t)|=A, a constant. Thus, while the
amplitudes of the individual pilots may be different from
each other, the amplitude of each pilot (A,) from symbol to
symbol will stay approximately constant over the course of
the MAC frame. Since the pilot tracking loop of this
embodiment primarily tracks phase rather than signal
amplitude, some error in signal amplitude is acceptable.

The probability density function for an individual noise
sample n, is given by

Eq. (5)

2,2
e + Tis }

1
pdf(ny) = mexp{— 252

where n,, and n,, are the real and imaginary parts of the k**
bin noise sample n, and o is the standard deviation of the
Gaussian noise. Computing the log-likelihood function from
Eq. (5), and then maximizing it, the maximum-likelihood
estimator for the actual pilot phase error 6 for a data symbol
is given by:

{Z AkIm(rmk)] Eq. (6)
9 =tan"! £

% ArRe(rmy)

where 6 is the estimate of the aggregate pilot phase error
of a data symbol relative to the reference points looking
at all of the pilots of the data symbol together.
Generally, the sum

24
k

will be nearly equal to a constant due to the AGC (automatic
gain control) action that precedes the A/D converter in the
baseband processing portion. If the receive channel is flat
(ie., no frequency selective fading present), then the A,
terms will all have the same value and Eq. (6) reduces to the
classical maximum-likelihood estimator that is commonly
seen for carrier phase.

In rectangular form instead of polar form, the complex
signal measurements corresponding to the k pilot of the m”
data symbol are represented as:

Pl Qom Eq. (7)
where k=0,1,2 and 3. The phase rotation for the k” pilot that
must be applied to remove the phase argument as computed

by the channel estimation process (i.e., the storage of u, and
v,) can be expressed as:
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%0 e = JVy Eq. (8)

2 2
uy +Vk

where ¢ 7% is found in Eq. (3). Thus, rm, ,, for the m™ data
symbol becomes:

Eq. (9)

2

. g = Jv,
M = U + JQp ) £
Ui

+vF

where rm,,, represents the signal measurement of the k*
pilot after removal of the phase initial estimate, which is not
explicitly calculated.

According to this embodiment of the maximum likeli-
hood estimation based approach which tracks all of the
pilots of the OFDM data symbol, each pilot signal contri-
bution of Eq. (9) is then weighted by the signal amplitude A,
of the k™ pilot. Even though the amplitudes A, are time
varying, they generally do not vary over the duration of the
MAC frame such that A,(t) approximates the A, measure-
ment at the beginning of the MAC frame, e.g., from the
reference points u,+jv, of the long symbol duration. Thus,
the amplitude to weight each of the pilot contributions is
given by:

Ar(0) » Ap(0) = uf + 9]

Eq. (10)

Multiplying Eq. (9) by Eq. (10), the quantity A,rm, ,, is a
complex signal given by:

Armgm = [t dim + Vi Qum] + jlok Qiom — Viclem) Eq. (11)

Summing the each of the complex signals A;rm, ,, for the k
pilots produces a complex composite signal looking at all of
the pilots of a data symbol together and is given by:

3 3 Eq. (12)
Z Ay m = Z [(etg o + Vi Q) + J (0 Qo — Vil m)]
=0 =0

Thus, based upon Eq. (6), the aggregate phase error
estimate for the m” data symbol, 0,,, is the argument of the

complex composite signal for all pilots together,
3
Z Ay m,
k=0

which is represented mathematically by:

] Eq. (13)

O = arg[i Ay m

k=0

It is noted that Eq. (13) must be adjusted to deal with the
random bi-phase modulation of the pilot subcarriers during
the frame; however, the quantity in Eq. (13) is the estimate
that is produced by the pilot phase error metric, and is further
shown in more detail below as Eq. (14).

The argument of the complex composite signal (i.e., Eq.
(13)) is determined by the phase error estimator 410 and is
based upon the maximum likelihood estimation approach of
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Eq. (6), which is re-written below in Eqgs. (14) through (16).
Preferably, using a cordic-based arctangent method on the
real and imaginary parts of the complex composite signal in
the phase error estimator 410, the output of the phase error
estimator 410 is given by Eq. (14). In alternative
embodiments, making use of the small angle approximation

within the phase error estimator 410, Eq. (14) can be recast
as Egs. (15) and (16):

3 Eq. (14)
Z (4 Qtem = Viclim)

A _1| =0
D = tan ™!

3
kZO (et D m + Vi Qiem)

3 Eq (I5)
Z (4 Qtem = Viclim)
=
= sin 37
2 (i dim + Vi Qum)
=0
Eq (16)

3
Z (44 Qieym = Vicleym)

=0
3
kgo (g m + Vi Qi)

where 6, is the aggregate phase error of the m™ data symbol
relative to the pilot reference points at the beginning of the
OFDM MAC frame. Thus, the maximum likelihood/
weighting processor 406 calculates the quantities in the
numerator and the denominator of Eqgs. (14) through (16)
while the quantity 6,, of Egs. (14) through (16) is determined
in the phase error estimator 410. The quantities in the
numerator and the denominator or Egs. (14) through (16) are
weighted averages producing composite I and Q signals that
represent the deviation of the pilots of the current data
symbol compared to the reference points measured at the
beginning of the frame.

With the AGC present and the fact that the actual pilot
phase error 0 for a data symbol will be kept small by the pilot
tracking loop, it can suffice to use the small angle approxi-
mation and use only the numerator portion of Eq. (6) for the
pilot tone phase error metric as

B~ Z Addmirmy) Eq. (17)
k

Again, it is noted that the random bi-phase modulation
applied to the pilots at the OFDM transmitter is removed by
the random pilot modulation removal 412, which uses a
pseudo random sequence which is known a priori from the
PN pilot modulation generator 312. Thus, the output of the
random pilot modulation removal 412 is the aggregate phase
error of the processed data symbol, 8 .

As previously described, the multiplexers 402 and 404
buffer the I and Q samples for each pilot of the symbol
received from the FFT operation. Thus, when the maximum
likelihood phase error/weighting processor 406 calculates
the numerator and denominator of Egs. (14) through (16), it
only processes one pilot at a time. This reduces the overall
gate count in a design implemented in a chip. However, it is
noted that redundant gates may be used in place of the
multiplexers 402 and 404 in other embodiments.
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Additionally, all calculations done within the maximum
likelihood phase error/weighting processor 406 are done in
rectangular form, instead of in polar form, for simplification
reasons.

As shown above, advantageously, the pilot phase error
metric 310 does not actually calculate the amplitude or
phase of the individual pilot reference points, nor does it
calculate the amplitude and phase of individual pilots of
each subsequent data symbol. Likewise, the pilot phase error
metric 310 does not actually calculate the relative phase
error of individual pilots of each data symbol compared to
each pilot reference point. The pilot phase error metric 310
advantageously uses pre-signal detection combining tech-
niques to combine the complex signal measurements (from
the FFT operation) of the pilots to be used as the pilot
reference points and the complex signal measurements of
the pilots of each subsequent data symbol in such a way that
a complex composite signal is generated prior to signal
detection. This complex composite signal represents a
weighted pilot phase error for the aggregate of the pilots of
the m” data symbol relative to the pilot reference points.
Thus, the maximum likelihood phase error/weighting pro-
cessor 406 determines the composite signals for the numera-
tor and denominator of Eq. (14).

Furthermore, the phase error estimator 410 performs the
signal detection by computing the arctangent in Eq. (14) to
obtain the aggregate phase error for the m™ data symbol.
Thus, by advantageously combining the complex signal
measurements in the maximum likelihood phase error/
weighting processor 406 prior to the signal detection in the
phase error estimator 410, a processing gain of approxi-
mately 10log,, n (where n is the number of pilots) is realized
in comparison to performing signal detection on each indi-
vidual pilot of the data symbol and then averaging them to
obtain the aggregate phase error of the data symbol, e.g.,
approximately 6 dB in the 4 pilot case. In other words, signal
detection on the individual pilots would amount to estimat-
ing the amplitude and phase of each pilot of the data symbol
in order to determine a phase error for each pilot and then
averaging the phase errors to determine the aggregate phase
error for the entire data symbol. Thus, in one embodiment,
the pilot phase error metric 310 performs pre-signal detec-
tion combining.

Additionally, as described above, the phase error estima-
tor 410 determines the phase angle of the aggregate phase
error 6, or phase noise of the signaling, a potentially large
portion of which is due to the phase noise contribution of the
LO of the radio portion of the OFDM receiver. A preferred
approach is to use a cordic-based arctangent method (see Eq.
(14)) and an alternative approach is to use a small angle
approximation (see Eq. (16)). The cordic-based arctangent
approach does not require large bit-width multiplications. It
only shifts and adds. The small angle approximation should
be faster than the cordic-based arctangent approach, but it
involves large bit width multiplication or division and is
more prone to difficulties with the numerical dynamic range.

In one embodiment, the cordic-based arctangent approach
is implemented such that the cordic iteration is performed
between 8 and 15 times. Cordic-based arctangent methods
are well known in the art, thus, no further explanation is
required.

Thus, the pilot phase error metric 310 advantageously
provides a maximum likelihood estimation based approach
for the pilot phase error relative to the pilot reference points
for all of the pilots of the OFDM symbols. According to one
embodiment, it is important to track all of the pilots to
reduce the effects of frequency selective fading across the
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OFDM symbols and reduce the variance of the estimator as
well. For example, the phase may not change uniformly for
all of the pilots as the channel conditions change. A single
pilot may have the strongest SNR (e.g., the highest
amplitude) and its phase changes noticeably from symbol to
symbol; however, the phase of the other pilots may remain
unchanged, or have changed only slightly, from symbol to
symbol. These other pilots may also continue to have a lower
amplitude than the amplitude of the strongest pilot. As such,
due to frequency selective fading, the strongest pilot does
not accurately reflect the phase characteristics of the entire
OFDM data symbol. However, by tracking and performing
a maximum likelihood based estimation using all of the
pilots, a more accurate picture of the signal phase across the
OFDM symbol is estimated such that the phase contribution
due to the multipath and also introduced by the LO of the
OFDM radios can be minimized. Furthermore, by keeping
the phase error minimized, it is possible to use higher order
modulations, such as M-ary QAM, e.g., 64-QAM or 256-
QAM, without severe performance degradation. It is noted
that several of the embodiments of the invention will reduce
this phase error for many symbol by symbol modulations,
such as MPSK and M-ary QAM.

Further advantageously, a natural by-product of the maxi-
mum likelihood metric of this embodiment is that it also
maximizes the effective SNR for the pilot symbols consid-
ered as a whole. The additional SNR allows enhanced phase
noise tracking resulting in greater suppression of the LO
phase noise.

Additionally, the quality estimator 408 calculates a mea-
sure of the pilot tracking loop’s quality, which is required
elsewhere in the signal processing of the OFDM receiver. A
convenient measure is the total power present in the 4 pilot
subcarriers of each symbol given by:

3 Eq. (18)
Pr=" [u} +]
k=0

Note that the quality estimator 408 may be integrated with
the maximum likelihood phase error/weighting processor
406.

It is noted that Eqs. (12) through (16) and Eq. (18) are
specifically for a waveform having 4 pilots (k=0,1,2 and 3);
however, these equations may be written more generally for
a waveform having n pilots with the summation term
expressed as

n—

1
k=0

Referring next to FIG. §, a graph is shown illustrating the
LO phase noise contribution vs. frequency offset in Hz using
no pilot tracking and pilot tracking according to the embodi-
ment of FIGS. 3 and 4. Line 502 represents the L.O phase
contribution spectrum without pilot tracking techniques syn-
thesized at 4 GHz. Note that the graph of FIG. § does not
include channel additive Gaussian noise. For example, it is
estimated that in an embodiment where the radio portion is
highly integrated, the achievable phase noise performance in
a free running on-chip VCO may be approximately -78
dBc/Hz at 10 kHz offset. Thus, with the IEEE 802.11a
waveform, the integrated phase noise interfering with each
subcarrier is on the order of 2.7 degrees rms, which is
excessive for 64-QAM and above. In general, in one
embodiment, the achievable phase noise performance in a
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free running on-chip VCO is greater than about —-80 dBc/Hz
at 10 kHz offset. Also, in one embodiment, it is noted that
phase noise is present in both the transmitter and receiver
ends and that above about 1.5 degrees rms, the integrated
phase noise interfering with each subcarrier at the receiver
end becomes excessive for 64-QAM communications.

Line 504 represents the phase noise contribution spectrum
of the LO of the radio portion with the pilot phase tracking
of the embodiments described above, such that the phase
noise contribution is significantly reduced, particular at
lower frequency offsets. Thus, it is estimated that the inte-
grated phase error interfering with each subcarrier can be
substantially improved, the actual amount being a function
of the signal constellation type and the prevailing channel
SNR.

Referring next to FIG. 6, a flowchart is shown for the
steps performed by the pilot phase error metric in accor-
dance with one embodiment of the invention. Initially, the
pilot reference points are determined for each pilot subcar-
rier of the OFDM waveform (Step 602). These reference
points u, and v, are the complex reference points within IQ
space which represent the respective pilots and are
determined, in one embodiment, by taking the output of the
FFT operation for each of the pilots of the long symbol
portion of the preamble of the IEEE 802.11a waveform.
Thus, these pilot reference points are received into the pilot
phase error metric 310 of FIG. 3. This is performed when the
pilot tracking loop of FIG. 3 is not activated, for example,
the switch 306 of FIG. 3 is in position A. Next, these
reference points are saved (Step 604), for example, in the
reference point storage of FIGS. 3 and 4.

In another embodiment, the pilot reference points may be
obtained by taking the output of the FFT operation for each
of the pilots of a particular data symbol (e.g., data portion
204 of FIG. 2) within the data symbol portion of the MAC
frame (e.g., data portion 204 of FIG. 2), rather than from the
long symbol portion of the preamble. In some embodiments,
the length of the data portion may be significantly longer in
duration than that specified in the IEEE 802.11a standard
and may require new pilot reference points to be obtained
from within the data portion. For example, in such cases, the
phase of the data symbols in the middle or near the end of
the data portion may be quite different relative to the pilot
reference points measured during the preamble. Thus, it may
be desired to obtain new pilot reference points from loca-
tions within the data portion of a MAC frame to compare
with the pilots for subsequent data symbols. Thus, the pilot
reference points may be obtained using pilots of symbols
from the preamble or from pilot from symbols in the data
portion of a MAC frame.

Next, as the subsequent data symbols of the OFDM MAC
frame enter the baseband processing portion of the OFDM
receiver, the pilot tracking loop is activated (e.g., switch 306
of FIG. 3 is now in position B). As such, complex signal
measurements are determined in the FFT operation for each
of the plurality of pilots for a subsequent data symbol, or
more generically, a subsequent symbol (Step 606). In one
embodiment, these complex signal measurements are
received at the pilot phase error metric of FIG. 3. This is
done by taking the outputs of the frequency bins of the FFT
operation corresponding to the respective pilot subcarriers.

Next, the pilot phase error metric performs pre-detection
combining and computes a complex signal for each pilot of
the subsequent data symbol based upon the pilot reference
points and the complex signal measurements for the pilots of
the subsequent data symbol (Step 608). For example, the
complex signal for each pilot of the subsequent data symbol
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is given by Eq. (11). Next, the complex signals are summed
to produce a complex composite signal (Step 610). For
example, the complex composite signal for the subsequent
data symbol is represented in Eq. (12). It is noted that the
pilot phase error metric deals strictly with vectors and thus,
no phase is actually determined at this point, i.e., signal
detection has not yet occurred.

Next, the aggregate pilot phase error for the subsequent
data symbol is estimated (Step 612). This estimate is
obtained by determining the argument of the complex com-
posite signal, for example, as given in Eq. (13). The argu-
ment of the complex composite signal is determined as
guided by Eq. (6) in the phase error estimator 410 of FIG.
4 and may be done using a cordic-based arctangent approach
(see Eq. (14)) or a small angle approximation approach (see
Egs. (15) and (16)). Note that signal detection occurs during
Step 612, for example, in the arctangent operation. Thus,
Steps 602 through 612 apply a pilot phase error metric based
on a maximum likelihood-based estimation that advanta-
geously tracks all of the pilots for each data symbol of the
OFDM waveform.

It is noted that this estimate must be modified to remove
the pseudo random modulation present on the pilots. For
example, this is removed at the random pilot modulation
removal 412 of FIG. 4, which uses the PN pilot modulation
generator 312.

Next, the estimate of the aggregate phase error is used to
modify the pilot tracking loop and then Steps 606 through
614 are repeated until the end of the MAC frame (Step 614).
This is done by the updating the loop filter 314 of FIG. 3,
which adjusts the NCO 316 of FIG. 3. The NCO 316 causes
the phase rotator 302 of FIG. 3 to de-rotate the incoming
baseband signal 116 to minimize the phase error of the next
symbols, e.g., the next data symbols. Then Steps 606
through 614 are repeated for the next OFDM data symbol (or
more generally, the next OFDM symbol) in an iterative
fashion.

In one embodiment, Steps 602, 606, 608 and 610 are
performed by the maximum likelihood phase error/
weighting processor 406 of FIG. 4. Step 612 is performed by
the phase error estimator 410 of FIG. 4. Conveniently, all of
the calculations of the maximum likelihood phase error/
weighting processor 406 are carried out in rectangular form
to simplify the implementation.

The steps of FIG. 6 are typically performed as a set of
instructions that are performed in dedicated hardware for
optimum speed in the calculations or in software using a
processor or other machine to execute the instructions to
accomplish the given steps. Ideally, the steps of FIG. 6 are
performed by the pilot tracking loop of the baseband pro-
cessing portion of an OFDM receiver having a pilot phase
error metric and utilizing the FFT operation of the OFDM
receiver. Additionally, the baseband processing portion and
the radio portion of the OFDM receiver may be integrated on
to one or more devices or chips.

Next, generally referring to the pilot tracking loop 300 of
FIG. 3, in operation and according to one embodiment, the
FFT 304 must wait to receive all of the samples of a given
data symbol before it begins processing them. Then, the FFT
304 processes the samples in order to produce the complex
signal measurements that are input to the pilot phase error
metric 310. Then, the pilot phase error metric 310 processes
these complex signal measurements as described with ref-
erence to FIGS. 4-6. Once an estimate of the aggregate
phase error is obtained, the loop filter 314 is updated which
causes the NCO 316 to make adjustments to the phase
rotator 302 to minimize the phase error for subsequent data
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symbols. Thus, in addition to having to wait the entire 3.2
usec length of each subsequent data symbol before the FFT
304 may begin processing, it is estimated that the total
processing delay in the FFT 304 and the pilot phase error
metric 310 is about another 3 usec. This overall delay of
about 6 usec negatively impacts the maximum allowable
closed-loop bandwidth of the pilot tracking loop 300.

Due to this delay, the optimum transient response perfor-
mance (i.e., dead-beat response in only two samples) accord-
ing to one embodiment of the pilot tracking loop of FIG. 3
occurs when w, T=1 and damping factor £=0.75 are selected.
This choice also corresponds to the maximum closed-loop
bandwidth achievable in the sampled control pilot tracking
loop. For example, the maximum closed-loop bandwidth is
approximately 40 kHz for the 250 kHz OFDM symbol rate
(of the IEEE 802.11a and HyperLAN2 standards). While
this tracking loop bandwidth is sufficient to track and reduce
local oscillator phase noise at small frequency offsets, it is
too small to help reduce local oscillator phase noise at larger
frequency offsets, for example, frequency offsets in the 100
kHz range, as is illustrated in FIG. 7 below.

Briefly referring to FIG. 7, an illustration is shown of the
closed-loop transfer functions of the pilot tracking loop as
shown in FIG. 3. The LO phase noise transfer function 704
and the pilot tracking loop phase noise transfer function 702
are illustrated, when the update rate is 250 kHz (i.e., 1/4.0
usec), and when w,T=1 (i.e., w, is about 13.9 kHz) and a
damping factor £=0.75 are selected, which corresponds to a
maximum closed loop tracking bandwidth of 40 kHz. It is
noted that this illustration does not include additive Gaus-
sian noise. As can be seen, at frequency offsets of about 40
kHz, since the gain margin for this optimum transient
response is only about 2.5 dB, noise peaking rather than
suppression happens near the edge of the tracking loop
bandwidth. This noise peaking is on the order of about 10
dB, which actually worsens the phase noise performance
and increases the likelihood of symbol errors at larger
frequency offsets. In general, smaller closed loop band-
widths must be used for this reason.

Referring next to FIG. 8, a functional block diagram is
shown of a pilot tracking loop of the baseband processing
portion of the OFDM receiver of FIG. 1, which includes a
pilot phase error metric utilizing a maximum likelihood
estimator for the phase error of OFDM data symbols in
accordance with another embodiment of the invention.
Shown are the incoming signal 116, the phase rotator 302, a
baseband signal 810 which is ouput from the phase rotator
302, a cyclic prefix removal 802, the FFT 304, and a channel
estimator 804. Also shown is a pilot tracking loop 806,
which includes the phase rotator 302, a pilot phase error
metric 808 (also referred to as the phase error metric), the
loop filter 314, the summation 318, the coarse and fine
frequency estimate signal 320 and the NCO 316. Also shown
is the PN pilot modulation generator 312.

The incoming signal 116 is input to the phase rotator 302.
As described above, the incoming signal 116 may be a
baseband signal or an IF signal. The output of the phase
rotator 302, i.e., the baseband signal 810 or baseband 1/Q
signal, is coupled to both the cyclic prefix removal 802 and
the pilot phase error metric 808. The output of the cyclic
prefix removal 802 is coupled to the FFT 304, which is
coupled to the channel estimator 804. It is noted that in some
embodiments, the cyclic prefix removal 802 occurs before
the phase rotator 302, such that the output of the phase
rotator 302 is coupled directly to the FFT 304. Thus, the
cyclic prefix removal 802 is an optional functional compo-
nent illustrated in dashed lines. Furthermore, in some
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embodiments and as is known in the art, there may be other
functional modules or processing operations that occur in
between the phase rotator 302 and the FFT 304 in place of
or in addition to the cyclic prefix removal 802. Within the
pilot phase tracking loop 806, the output of the pilot phase
error metric 808 is coupled to the loop filter 314, which is
coupled to the NCO 316, which is coupled back to the phase
rotator 302. Since the pilot phase error metric 310 and the
loop filter 314 track relatively small frequencies, the output
of the loop filter 314 is summed at summation 318 with the
coarse and fine frequency estimate signal 320. The coarse
and fine frequency estimate signal 320 is commonly derived
at the channel estimator 804. The pilot phase error metric
808 is also coupled to the NCO 316 in order to preset the
NCO 316. The PN pilot modulation generator 312 is coupled
to the pilot phase error metric 808.

Advantageously in this embodiment, rather than using the
FFT 304 to process and produce the complex signal mea-
surements needed for the pilot phase error metric, the pilot
phase error metric 808 generates the complex signal mea-
surements itself. This reduces the processing delay that
occurs while waiting for the FFT operation to be completed,
which will increase the allowable closed-loop bandwidth.

Although the improved pilot tracking loop 806 does not
utilize the FFT 304, the FFT 304 is still part of the OFDM
baseband processing portion of the OFDM receiver. As
shown, the incoming signal 116 passes through the phase
rotator 302. In this embodiment, the output of the phase
rotator 302 goes through the cyclic prefix removal 802 prior
to entering the FFT 304. The cyclic prefix removal 802
removes the guard time interval prepended to each OFDM
symbol. However, it is noted that the output of the phase
rotator 302 may be directly routed to the FFT 304, the cyclic
prefix removal occurring elsewhere. It is also understood
that other functional modules or processing steps may be
located in between the phase rotator 302 and the FFT 304,
in place of or in addition to the cyclic prefix removal 802.
The FFT 304 continues to process the baseband IQ signal.
For example, according to IEEE 802.11a and HiperLAN2,
the channel estimator 804 utilizes the outputs of the FFT 304
to determine the initial course frequency estimate from short
symbols (e.g., t, through t,,) of the OFDM preamble and the
fine frequency estimate from the long symbols (e.g., T; and
T,) of the OFDM preamble. This information is used to
generate the coarse and fine frequency estimate signal 320
needed in the pilot tracking loop 806.

Instead of relying on the FFT 304 to generate the complex
signal measurements needed for the pilot phase error metric
808, the output of the phase rotator, i.e., the baseband signal
810, is routed to both the FFT 304 (e.g., through the cyclic
prefix removal 802) and the pilot phase error metric 808 of
the pilot tracking loop 806 in parallel paths, i.e., path A and
path B. This embodiment of the pilot tracking loop 806 is a
departure from those known in the art. The fact that the
incoming signal 116 is phase de-rotated prior to the FFT
operation is unique. Most pilot tracking techniques take
place and adjust the phase after the FFT operation.
Furthermore, processing the baseband signal 810 in parallel
paths, shown as path A and path B, with the FFT 304 is
unique. Again, in known OFDM receivers, pilot tracking, if
present occurs after the completion of the FFT operation, not
in a parallel path to the FFT operation. Thus, the presence of
path B for pilot tracking is not known in the existing art.

Advantageously, according to this embodiment, all pilot
tracking occurs before the FFT 304 operation, such that the
phase error for subsequent symbols, e.g., subsequent data
symbols, is reduced prior to these subsequent OFDM data
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symbols being processed by the FFT 304. Thus, the output
of the phase rotator 302 is routed to the pilot phase error
metric 808, which outputs an estimate of the aggregate phase
error over the entire OFDM data symbol. This estimate is
used to update the loop filter 314, which triggers the NCO
316 to rotate the phase of the incoming signal 116 for
subsequent OFDM symbols.

The pilot phase error metric 808 is similar to the pilot
phase error metric 310 of FIG. 3, but includes respective
discrete Fourier transforms (DFTs) to generate complex
signal measurements corresponding to each of the respective
pilot subcarriers of the OFDM symbols. See FIG. 9 for more
details on the pilot phase error metric 808. Thus, the pilot
phase error metric 808 of FIG. 8 determines its own pilot
reference points (u, and v;) and saves them. Then the pilot
phase error metric 808 determines complex signal measure-
ments (I, and Q,,,) corresponding to each of the pilot
subcarriers of subsequent symbols and processes them as the
pilot phase error metric 310 of FIG. 3.

However, since the pilot phase error metric 808 does not
have to wait for the FFT 304 operation to be complete, the
pilot phase error metric 808 may generate an aggregate
phase error almost immediately after receiving the last time
sample of the baseband signal 810 for a given symbol. This
reduces the time delay within the pilot tracking loop, which
will increase the allowable closed-loop bandwidth. In
contrast, the FFT 304 of FIGS. 3 and 8 waits until it receives
all of the samples of the given OFDM symbol, e.g., given
OFDM data symbol, to begin processing them.

Referring next to FIG. 9, a functional block diagram is
shown of the pilot phase error metric of the pilot tracking
loop of FIG. 8 using a maximum likelihood estimation
performed in accordance with one embodiment of the inven-
tion. Shown is the pilot phase error metric 808 including a
discrete Fourier transform portion 901 (hereinafter referred
to as DFT portion 901), multiplexers 402 and 404, a maxi-
mum likelihood phase error/weighting processor 406, a
quality estimator 408, a phase error estimator 410, and a
random pilot modulation removal 412. The DFT portion 901
includes DFTs 902, 904, 906 and 908 (each of which may be
referred to generically as Fourier transforms). Also shown
are the PN pilot modulation generator 312 and the reference
point storage 308, which includes a u, storage 414 and a v,
storage 416.

In operation, the pilot phase error metric 808 of FIG. 9
works similarly to the pilot phase error metric 310 of FIG.
4. However, rather than relying on the FFT to determine the
respective pilot reference points u, and v, and to determine
the complex signal measurements for the m” subsequent
data symbol I, ,, and Q, ,,, these values are determined in the
DFT portion 901 by respective ones of DFTs 902, 904, 906
and 908. Each of these DFTs is configured to process the
respective pilots of the OFDM waveform. For example,
according to one embodiment, during the long symbol
portion of the OFDM of the preamble, DFT 902 determines
the complex signal measurements in rectangular form for
pilot #0 (i.e., DFT 902 determines u, and v,), DFT 904
determines the complex signal measurements in rectangular
form for pilot #1 (i.e., DFT 904 determines u, and v,), DFT
906 determines the complex signal measurements in rect-
angular form for pilot #2 (i.e., DFT 906 determines u, and
v,), and DFT 908 determines the complex signal measure-
ments in rectangular form for pilot #3 (i.e., DFT 908
determines uy and v;). These values of u, and v, are stored
in the reference point storage 308, i.e., in the u, storage 414
and a v, storage 416. It is noted that the reference point
storage 308 is not shown in FIG. 8. This reference point
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storage 308 may be embodied within the pilot phase error
metric 808 or separately, as shown, such that the reference
point storage 308 couples to the pilot phase error metric §08.
With respect to Step 602 of FIG. 6, respective ones of DFTs
902, 904, 906 and 908, not the FFT operation of the OFDM
receiver, determine the pilot reference points for each of a
plurality of k pilots. As described with reference to FIG. 4,
these pilot reference points are saved for use in the maxi-
mum likelihood phase error/weighting processor 406.

Next, as the subsequent data symbols of the OFDM MAC
frame are received, the pilot tracking loop 806 is activated.
As such, complex signal measurements are determined by
the DFT portion 901 using respective ones of DFTs 902,
904, 906 and 908 for each of the plurality of pilots for the
subsequent symbols, e.g., subsequent data symbols, rather
than using the FFT operation. Thus the DFTs 902, 904, 906
and 908 determine the complex signal measurements (I, ,,
and Q, ,,) corresponding to each of the pilot subcarriers of
subsequent symbols. Once these values of I, ,, and Qy, are
determined, they are coupled to multiplexers 402 and 404
and processed by the maximum likelihood phase error/
weighting processor 406, the phase error estimator 410 and
the random pilot modulation removal 412 as described with
reference to FIGS. 4 and 6 in order to produce an estimate
of the aggregate phase error of the processed data symbol,
8 .. Thus, the phase error metric 808 also follows the same
steps as recited in FIG. 6; however, Steps 602 and 606 are
performed by the DFT portion 901, instead of FFT 304.

It is noted that in some embodiments, the data portion of
the MAC frame may be much longer in duration than that
specified in IEEE 802.11a. In such cases, it may be neces-
sary to obtain and store updated pilot reference points at one
or more locations within the data portion in addition to or in
place of pilot reference points obtained from the preamble
portion of the MAC frame. For example, at a specified
symbol (e.g., data symbol) within the data portion, the
complex measurements obtained for the pilots of a particular
OFDM data symbol are stored as pilot reference points,
replacing the pilot reference points previously obtained
during the preamble portion of the OFDM waveform. Thus,
in Step 602 of FIG. 6, the pilot reference points may be
obtained from the pilots of an OFDM symbol, e.g., an
OFDM data symbol, within the data portion of the MAC
frame. Next, the complex signal measurements of the pilots
of subsequent OFDM symbols, e.g., subsequent OFDM data
symbols, are compared to the pilot reference points obtained
from within the data portion of the MAC frame.

In this embodiment, since the pilot phase error metric 808
does not have to wait for the FFT 304 operation to be
complete, the pilot phase error metric 808 generates an
aggregate phase error almost immediately after receiving the
last time sample of the baseband IQ signal output from the
phase rotator 302 for a given symbol. This reduces the time
delay within the pilot tracking loop, which will increase the
allowable closed-loop bandwidth. In contrast, the FFT 304
of FIGS. 3 and 8 waits until it receives all of the samples of
the given OFDM data symbol to begin processing them.
According to one embodiment, the time delay from the
arrival of the last input sample pair (I,Q) of the current
OFDM symbol into the pilot phase error metric 808 to the
computation of the output of the phase error metric 808, ém,
should be less than or equal to 10 clocks at 40 MHz. Ideally,
the total transport delay through the pilot phase error metric
808 should be kept to less than 10% of an OFDM symbol,
ie., about 0.40 usec. Advantageously, this represents a
significant savings in time as compared to using the output
bins of the FFT as described with reference to FIGS. 3-5.
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It is noted that in some embodiments, the pilot phase error
metric 808 of FIG. 8 and the pilot phase error metric 310 of
FIG. 3 may employ other metrics to track the phase error of
the OFDM data symbols. For example, rather than deter-
mining an aggregate phase error estimate of the current
OFDM data symbol relative to the pilot reference points for
each of the pilots of the preamble or for each of the pilots of
a data symbol within the data portion of the MAC frame, a
phase error estimate may be determined by tracking the
pilots of the current OFDM data symbol relative to the
strongest pilot of the preamble. Even such pilot phase error
metrics when applied in the pilot tracking loops of FIGS. 3
and 8 are a departure from the known art since the phase
rotation is applied to the incoming signal for subsequent
OFDM data symbols prior to being input into the FFT
operation of the OFDM receiver.

Referring next to FIG. 10, a functional block diagram is
shown of one embodiment of the DFT portion 901 of the
phase error metric of FIG. 9. Illustrated is the DFT portion
901 including the baseband signal 810 input into correlation
processors 1002 and 1003, sign reversal modules 1004 and
1005, and integrate and dump modules 1006 and 1007.

In correlation processor 1002, the inphase (I) and quadra-
ture (Q) terms of the baseband signal 810 are correlated with
the respective ones of the sine and cosine of the output of a
numerically controlled oscillator 1010 at 7 AF (hereinafter
referred to as NCO 1010) at multipliers 1012, 1014, 1016,
and 1018. The outputs of multipliers 1012 and 1014 are
summed at summation 1020, while the output of multiplier
1014 is subtracted from the output of multiplier 1012 at
summation 1022. The outputs of multipliers 1016 and 1018
are summed at summation 1024, while the output of mul-
tiplier 1016 is subtracted from the output of multiplier 1018
at summation 1026.

Similarly, in correlation processor 1003, the inphase (I)
and quadrature (Q) terms of the baseband signal 810 are
correlated with the respective ones of the sine and cosine of
the output of a numerically controlled oscillator 1011 at 21
AF (hereinafter referred to as NCO 1011) at multipliers
1028, 1030, 1032, and 1034. The outputs of multipliers 1028
and 1030 are summed at summation 1036, while the output
of multiplier 1030 is subtracted from the output of multiplier
1028 at summation 1038. The outputs of multipliers 1032
and 1034 are summed at summation 1040, while the output
of multiplier 1032 is subtracted from the output of multiplier
1034 at summation 1042.

As is easily seen, due to symmetries in the pilot tone
frequencies, the number of discrete DFTs is reduced from 4
to 2. That is, the number of NCOs and complex cross
multiplies is reduced from 4 to 2 in the correlation proces-
sors 1002 and 1003. Since the pilots are located at +7 and
+21 times the basic subcarrier spacing AF (e.g., 312.5 kHz),
the NCOs 1010 and 1011 operate at 7 AF and 21 AF
respectively and the negative frequencies are realized by
using different signs in the addition processes (e.g., respec-
tive ones of summations 1020, 1022, 1024, 1026, 1036,
1038, 1040 and 1042) that immediately follow the multipli-
cations (e.g., at respective ones of multipliers 1012, 1014,
1016, 1018, 1028, 1030, 1032 and 1034). Since these two
frequencies (i.e., 7 AF and 21 AF) are known a priori, and
they are tied to the symbol timing, the outputs of NCOs 1010
and 1011 are straightforward known number sequences.

Next, polarity differences between the pilot tones due to
the random bi-phase modulation (e.g., BPSK) that is
imposed on the OFDM pilot subcarriers are removed using
respective ones of sign reversal multipliers 1044, 1046,
1048, 1050, 1052, 1054, 1056 and 1058 of the sign reversal
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modules 1004 and 1005. This is due to the fact that depend-
ing on various modes, the polarity of all the pilot tones is not
necessarily +1. For example, the polarity of one or more
pilot tones may be set to +1 while the polarity of others of
the pilot tones may be set to —1. Since these polarities are
known a priori, they are corrected at the sign reversal
modules 1004 and 1005. This ensures that the removal of the
random bi-phase modulation of the pilot subcarriers for the
subsequent data symbols can be easily done at the conclu-
sion of the pilot phase error metric 808, e.g., by the random
pilot modulation removal 312 of FIG. 8.

As such, the output of summations 1026 and 1020 are
multiplied at sign reversal multipliers 1044 and 1046,
respectively, by S,. the output of summations 1024 and 1022
are multiplied at sign reversal multipliers 1048 and 1050,
respectively, by S;; the output of summations 1042 and 1036
are multiplied at sign reversal multipliers 1052 and 1064,
respectively, by S,; and the output of summations 1040 and
1038 are multiplied at sign reversal multipliers 1056 and
1058, respectively, by S;. The values of S,—S; are either +1
depending on the specific system design. It is noted that if
all of the pilot tones have the same polarity, e.g., +1, the sign
reversal modules 1004 and 1005 are not needed. It is noted
that the sign reversal modules 1004 and 1005 could occur
either before the correlation processors 1002 and 1003, or
after the respective integrate and dump modules 1006 and
1007; however, the location was chosen in order to minimize
the number of gates for implementation.

Next, the outputs of sign reversal modules 1004 and 1005
(or respective summations of the correlation processors
1002 and 1003, if no sign reversing is required), are input to
integrate and dump modules 1006 and 1007. Each signal is
input to a respective one integrators 1060, which is then
input to a respective one of shifters 1062. The number of
samples summed in the integrators 1060 depends on whether
the long symbols T, and T, of the long symbol portion 208
are being summed in the channel estimation (accumulating
2x3.2 usec or 128 samples at 20 MHz (or 256 samples at 40
MHZ)). i.e., Ch Eat in FIG. 10, in order to determine the
pilot reference points u, and v,, or whether the subsequent
pilot symbols are being received to determine the I, ,, and
Q.. values (accumulating 3.2 usec or 64 samples at 20 MHz
(or 128 samples at 40 MHz)), i.e., Dat Sym in FIG. 10. Thus,
the number of samples summed in the integrators 1060
depends on whether the DFT portion 901 is determining the
pilot reference points (Step 602 of FIG. 6) or whether the
DFT portion 901 is determining the complex signal mea-
surements for each of the pilots of a subsequent data symbol
(Step 606 of FIG. 6). Additionally, the shifters 1062 dump
a number of bits from O to 2 depending on the dock rate, the
type of symbol (e.g., channel estimation symbol (Ch Est) or
data symbol (Dat Sym)), and the type of constellation type
or modulation.

As is know, the integrate and dump modules 1006 and
1007 should be synchronized with the period of time rec-
ognized by the receiver as the active portion of the received
OFDM symbol, and accumulation only occurs over this
interval, e.g., a 3.2 usec window. The accumulation window
should be similarly aligned in time with the channel esti-
mation process, precisely in-synch with the FFT channel
estimation process that is occurring in parallel at the channel
estimator 804 of FIG. 8.

Thus, the DFT portion 901 outputs either the pilot refer-
ence points U, and v, or the complex signal measurements
for the m” subsequent data symbol I, and Qg .. Thus, them
is a respective DFT bin output for each of the plurality of
pilots of the OFDM waveform. For example, as illustrated in
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FIG. 10, there is a separate DFT bin output for the pilots at
+7 AF, =7 AF, +21 AF and -21 AF. These outputs are coupled
to either the reference point storage 308 or one of multi-
plexers 402 and 404 as shown in FIG. 8.

It is noted that the functionality and design of the corre-
lation processors 1002 and 1003, the sign reversal modules
1004 and 1005 and the integrate and dump modules 1006
and 1007 components of the DFT portion 901 of the phase
error metric 808 am well understood in the art. It is also
noted that the DFT portion 901 represents one embodiment
of the DFT portion 901 including DFTs 902, 904, 906 and
908 of FIG. 9. It is further noted that one of ordinary skill
in the art could easily modify the DFT portion 901 to
achieve slightly different results depending on the imple-
mentation.

Referring next to FIG. 11, an illustration is shown of the
closed-loop transfer functions of the pilot tracking loop 806
of FIG. 8. The LO phase noise transfer function 1104 and the
pilot tracking loop phase noise transfer function 1102 are
illustrated, when the update rate is 250 kHz (i.e., 1/4.0 usec),
and when w, T=1 (i.e., w,, is about 13.9 kHz) and a damping
factor £=0.75 are selected. It is noted that this illustration
does not include additive Gaussian noise. This choice also
corresponds to the maximum closed-loop bandwidth achiev-
able in the sampled control pilot tracking loop. For example,
the maximum usage closed-loop bandwidth is approxi-
mately 40 kHz for the 250 kHz OFDM symbol rate (of the
IEEE 802.11a and HyperLAN2 standards) without the addi-
tional delay, in comparison to the maximum usable closed
loop bandwidth of 15 kHz with the additional delay as
shown in FIG. 7. Note that the maximum closed-loop
bandwidth is derived from the symbol rate of 250 kHz
divided by 2w given an acceptable amount of delay. As can
be seen, and in comparison to the illustration of FIG. 7, at
frequency offsets of about 15 kHz, the noise peaking as
shown in FIG. 7 is substantially reduced. Thus, due to the
increased tracking loop bandwidth, the pilot tracking loop
806 of FIG. 8 is sufficient to track and reduce local oscillator
phase noise at small frequency offsets, as well as at larger
frequency offsets.

Referring next to FIG. 12, a graph is shown illustrating the
LO phase noise contribution vs. frequency using no pilot
tracking, pilot tracking according to the embodiment of
FIGS. 3 through 4 and pilot tracking according to the
embodiments of FIGS. 8 through 10. Line 502 represents the
LO phase contribution spectrum without pilot tracking tech-
niques synthesized at 4 GHz. Note that the graphs of FIG. §
and FIG. 12 do not include channel additive Gaussian noise.
For example, it is estimated that in one embodiment where
the radio portion is highly integrated, the achievable phase
noise performance in a free running on-chip VCO will be
approximately =78 dBc/Hz at 10 kHz offset. Thus, with the
IEEE 802.11a waveform, according to one embodiment, the
integrated phase noise interfering with each subcarrier is on
the order of 2.7 degrees rms, which is excessive for 64-QAM
and above. Generally, according to one embodiment, the
achievable phase noise performance in a free running
on-chip VCO is typically greater than about -80 dBc/Hz at
10 kHz offset, which results in an integrated phase noise
interfering with each subcarrier of greater than 2.5 degrees
rms.

Line 504 represents the phase noise contribution spectrum
of the LO of the radio portion with the pilot phase tracking
of the embodiment of FIGS. 3 through 4 as described above,
such that the phase noise contribution is significantly
reduced, particular at lower frequency offsets. It is also seen
that at higher frequency offsets, e.g., between 10 kHz and
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100 kHz, the phase noise actually worsens in comparison to
not using any pilot tracking techniques. It is also noted that
as the closed loop tracking bandwidth is increased in the
pilot tracking loop of FIGS. 3 and 4, more and more
instability results due to additional delay added. Although
not illustrated in FIG. 12, this results in an even more
pronounced phase noise peaking at about 25-30 kHz in
comparison to that shown in line 504.

Line 1202 represents the phase noise contribution spec-
trum of the LO of the radio portion with the optimum pilot
phase tracking of the embodiment of FIGS. 8 through 10 as
described above, such that the phase noise contribution is
also reduced, in comparison to no pilot tracking techniques
and also in comparison to the phase noise contribution of the
pilot phase tracking of FIGS. 3 through 4. In particular, the
peaking shown in line 504 is reduced at higher frequency
offsets, more closely resembling line 502 at frequency
offsets greater than about 11 kHz. Thus, as can be seen, the
phase noise performance in a free running on-chip VCO will
be approximately -85 dBc/Hz at a 10 kHz frequency offset.
Thus, according to this embodiment, the integrated phase
noise is advantageously reduced from about 2.7 degrees rms
to about 0.48 degrees rms using the pilot tracking loop of
FIG. 8. According to some embodiments, the integrated
phase noise may be reduced from greater than about 2.5
degrees rms to less than about 1 degree rms, and more
preferably, less than 0.5 degrees rms. This improvement in
the phase noise makes it possible to reduce the requirements
on the radio’s LO phase noise performance. This improve-
ment also makes it possible to support higher order
modulations, such as MPSK and M-ary QAM, e.g., QPSK,
16-QAM, 64-QAM, 128-QAM, or higher.

Referring next to FIG. 13, a functional block diagram is
shown illustrating the loop filter of the pilot tracking loop of
FIG. 8 according to one embodiment of the invention.
IMustrated are a signal decryption module 1302, the incom-
ing signal 116 (which is a baseband signal in this
embodiment), an NCO/phase rotator 1304 outputting base-
band signal 810, the phase error metric 808, the loop filter
314, coarse/fine frequency estimate signal 320 and a sum-
mation 318. Also shown are path A and path B for the
baseband signal 810.

Although the loop filter 314 is illustrated for the embodi-
ment of FIG. 8, these details of the loop filter also apply to
the embodiment of FIG. 3. It is noted that the signal
decryption module 1302 is shown in FIG. 13, although not
illustrated in FIG. 8. Thus, according to this embodiment,
the incoming signal 116 received into the NCO/phase rotator
1304 has already been decrypted. Furthermore, in this
illustration, for simplicity, the NCO and phase rotator func-
tional blocks of FIG. 8 are combined into the NCO/phase
rotator module 1304.

The loop filter 314, illustrated as a closed-loop tracking
filter functions as a digital phase lock loop that tracks out
small frequency errors remaining after the coarse and fine
frequency estimation steps performed, for example, by the
channel estimator 804 of FIG. 8. As described above, the
input to the loop filter 314 is an estimate of the aggregate
phase error of the processed data symbol relative to the
average pilot phase of the pilot reference points, 6,,. In this
embodiment, the loop filter 314 (and the NCO/phase rotator
module 1304) is clocked at sampling rates of 20 MHz or 40
MHz and the loop filter 314 outputs 20-bit words (19.07
Hz/lsb at 20 MHz or 38.15 Hz/Isb at 40 MHz). Since the
pilot phase error metric 808 and the loop filter track rela-
tively small frequencies, the coarse/fine frequency estimate
signal 320 (from the channel estimation process during the
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long symbols of the preamble) is summed with the output of
the loop filter 314 at summation 318. The resulting output to
the NCO/phase rotator module 1304 updates the NCO and
causes the phase rotator to de-rotate the phase of the
incoming baseband signal 116 in order to reduce phase error
and noise over the symbols of the OFDM MAC frame.

Referring next to FIG. 14, a functional block diagram is
shown of a digital implementation of the loop filter of FIG.
13 according to another embodiment of the invention. Illus-
trated are the pilot phase error metric 808, multiplier 1402,
summations 1404 and 1406, bit shifters 1408 and 1410, and
z-transform 1412. In this embodiment, the z-transform 1412
is a simple one clock delay. The output of the phase error
metric 808 (or optionally, phase error metric 310) is multi-
plied at multiplier 1402 with digital parameters KK, , to
produce a digital phase lock loop proportional term 1414,
where digital parameter K, =1 at 40 MHz (K =2 at 20 MHz)
and digital parameter K, , is derived by setting the loop
natural frequency w,, and the damping factor T at desired
values and then computing the digital gains to achieve
equivalent loop filter outputs for the digital implementation
as compared to a classical analog PLL response.

In parallel to determining the proportional term 1414, the
output of the phase error metric 808 is input to bit shifter
1408 (which is a left shifter), which shifts the input word by
K, suintKs,, where digital parameter K, is 0 at 40 MHz or
2 at 20 MHz, and digital parameter K, ;,, is derived by
setting the loop natural frequency w,, and the damping factor
C at desired values and then computing the digital gains to
achieve equivalent loop filter outputs for the digital imple-
mentation. The output of bit shifter 1408 is summed at
summation 1406 with the output of the summation 1406 as
output from z-transform 1412 (e.g., one clock delay) and fed
back into summation 1406. Also, the output of summation
1406 is also input to bit shifter 1410 (which is a right shifter)
in order to produce the digital phase lock loop integral term
1416. The integral term 1416 is summed with the propor-
tional term 1414 at summation 1404 to produce the loop
filter output 1418.

The fixed-point Q numbers illustrated in FIG. 14 indicate
the number of binary bits and the position of their relative
binary points. Any change in the Q format after an operation
implies truncation of the least significant bits after the binary
points (the fractional part) and dropping the most significant
bits before the binary point (the integer part) while preserv-
ing the msb sign bit. For example, the Q format for the
product the output of the phase error metric 808 and K, K, ,
at multiplier 1402 is 16Q15t*12Q0u or 28Q15t and is
converted to 15Q2t by truncating 13 labs. Another example
is the summation of the proportional term 1414 (15Q2t) and
the integral term 1416 (16Q2t) at summation 1404 results in
16Q2t number and is converted to 14QO0t by dropping 2 Isbs.
Rounding and saturation are assumed in these conversions.

The phase detector gain K, is such that the a full-scale
error of 180 degrees yields a unity output, and the NCO step
size K, , is given by

o= f)

where F, is 40 MHz or 20 MHz, for example. Under these
conditions, the digital gains K; and K, are given by:

de) Eq. (19)

K = wnéV( T
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-continued

w? E
_ n q. (20)
K, = nTS[—Vd ]

where w,, is the natural loop frequency, C is the damping

factor, K, is the NCO step size, and T, is F,~*.

For =0.5, w,=274000 Hz, K =2-7-100-10°> and K =1,
and approximately 69.813 Hz per 1° phase error, which
corresponds to 32768/180 at the input to the loop filter, the
digital proportional term 1414 output is:

K, =329 in 12Q0u

32768 .
1° phase error = T - 182 in 16Q15t

Proportional (1° phase error) =

truncate 3 Isbs
—

182-329 =598 in 28Q15t——

truncate 2 Isbs and drop 4 msbs

7357 in 150
175> 2 in 9Q0r~2-38.15 Hz=763 Hz

A subset of the possible settings for the loop filter digital
parameters K; and K, for operation at a sampling rate of 40
MHz are shown in Table 1 below. Digital parameter K, , is
the rounded K, value representing with 13-bit unsigned
number (13QOu) in the fixed-point implementation. Digital
parameter K, , is a fixed point representation of K,*16 and
rounded to the closest power of 2°s so that the multiplier on
the integral path can be implemented with the left bit shifter
1408 as indicated in Table 1 by K,,; ;.- At the 20 MHz rate,
the K, and K, values are as given in Table 1 except that they
must be multiplied by factors of 2 and 4, respectively. In this
embodiment, the output 1418 of the digital implementation
of the loop filter 314 has resolution of

Fy
3%

Hz per Isb.

It is noted that the loop filter 314, such as the digital
implementation illustrated in FIG. 14 is operated under
processor control. Thus, the processor controlling the loop
filter selects the appropriate digital parameters to ensure the
best operation of the pilot phase tracking loop. It is further
noted that the loop filter and the determination of the
respective digital parameters as described herein is well
understood in art.

TABLE 1
K K,*16
0,/27 g K, (13Q0w) K, (D)) Koa_snirt
0 2000 Hz 0.50 167.71 168 0.05175 0.8 <<0
1 2000 Hz 0.707 232.90 233 0.05175 0.8 <<0
2 2000 Hz 0.90 296.48 294  0.05175 0.8 <<0
3 4000 Hz 0.50 329.42 329  0.20698  3.31 <<2
4 4000 Hz 0.707 465.8 466  0.20698  3.31 <<2
5 4000 Hz 0.90 59296 593 0.20698  3.31 <<2
6 6000 Hz 0.50 494.13 494 0.46571 7.45 <<3
7 6000 Hz 0.707 698.7 699  0.46571 7.45 <<3
8 6000 Hz 0.90  889.43 889  0.46571 7.45 <<3
9 8000 Hz 0.50 658.84 659  0.82792 13.25 <<4
10 8000 Hz 0.707 931.6 932  0.82792 13.25 <<4
11 8000 Hz 0.90 118591 1186 0.82792 13.25 <<4
12 10000 Hz 0.50  823.55 824  1.29363 20.7 <<4
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TABLE 1-continued
K4 K,*16
0427 C K,  (13Q0y) K, Q) Kou_nine
13 10000 Hz 0.707 1164.5 1165  1.29363  20.7 <<4
14 10000 Hz 0.90 148239 1482 1.29363 20.7 <<4
15 Res. Res. Res. Res. Res. Res. Res.
31 Res. Res. Res. Res. Res. Res. Res.

Referring next to FIG. 15, a functional block diagram is
shown illustrating a simulated version of the digital loop
filter of FIG. 14. Illustrated is the pilot phase error metric
1502, multipliers 1502 and 1504, summations 1506, 1508
and 318, and z-transform 1512. Also shown are the probe
points in the simulation, i.e., the pilot phase error metric
1520, the DPLL proportional 1514, the DPLL Integral 1516
and the DPLL output 1518. The simulation was done using
a fixed point Matlab simulation. The results of the simula-
tion at the probe points are plotted in FIG. 16 for an initial
frequency offset of 1000 Hz with w,=274000 Hz, T=0.5,
K,,=329*2 and K, =242 at a 20 MHz rate. Line 1602
represents the output of the pilot phase error metric 1520,
line 1604 represents the DPLL proportional 1514, line 1606
represents the DPLL Integral 1516 and line 1608 represents
the DPLL output 1518 after being summed with the coarse/
fine frequency estimate signal 320 at the summation 318.

Thus, for a step change in frequency of about 1000 Hz, it
can be seen that the transient peak time of occurrence is
approximately 48.12 sec or 962 samples at 20 MHz and the
peak phase error is approximately 7.8°. It is noted that in
operation, the actual peak time of the phase error metric will
be longer than 962 samples because the loop filter does not
run during the guard interval of the OFDM symbol. Thus, as
can be seen in the simulation, the pilot tracking loop quickly
acquires the initial frequency error thereby eliminating fre-
quency errors prior to the FFT in the OFDM receiver.

Referring briefly to FIG. 1, frequency pulling (due to
slight impedance changes imposed on the output of the main
local oscillator frequency synthesizer or LO 108) and fre-
quency pushing (due to primarily slight D.C. supply changes
resulting from current load changes) can result in serious
frequency errors particularly at the beginning of a user’s
time slot. Frequency pulling is a frequency error primarily
caused by the switching of the OFDM transceiver between
transmit and receive operations. It is noted that although
FIG. 1 illustrates the OFDM receiver 100, the OFDM
receiver 100 may be a part of an OFDM transceiver includ-
ing an OFDM transmitter. Such an OFDM receiver and
OFDM transmitter may be integrated into one or more
devices and together comprise the OFDM transceiver. Fre-
quency pushing is a frequency error that arises from power
supply noise or contamination. Frequency pushing is most
problematic at frequencies on the order of the natural loop
frequency con of the pilot tracking loop. It is noted that the
concepts of frequency pulling and frequency pushing are
well understood in the art. Furthermore, as described above,
the total frequency error between an OFDM transmitter (not
shown) and the OFDM receiver 100 should be on the order
of 100 Hz or less for 64-QAM or higher modulation opera-
tion. This is a stringent requirement according to preferred
embodiments where the operational frequency is in the 5
GHz range and 100 Hz represents roughly 0.02 parts-per-
million (ppm). Thus, ideally, frequency pulling and fre-
quency pushing occurring at the beginning of an OFDM
MAC frame should be kept to the 100 Hz maximum.

The pilot tracking loops are described above with refer-
ence to FIGS. 2-16 are designed to reduce phase/frequency



US 6,633,616 B2

29

errors by tracking the pilots of the OFDM waveform. Thus,
at lower frequency offsets, the pilot tracking loop (e.g., pilot
tracking loops 300 and 806 in the baseband processing 106
portion) adequately reduces this effect. However, in cases
where frequency pulling and frequency pushing cause a
frequency error greater than 100 Hz, the pilot tracking loop
may be further modified to minimize this effect.

Since frequency pulling and frequency pushing primarily
occur at the beginning of a time slot, and according to one
embodiment of the invention, the closed loop bandwidth of
the pilot tracking loop is operated wider than the nominally
designed closed loop tracking bandwidth at the front end of
the time slot when receiving OFDM data symbols in order
to minimize the phase tracking error due to the frequency
transient. Then, the closed loop bandwidth of the pilot
tracking loop is subsequently reduced later in the time slot
to the nominally designed closed loop tracking bandwidth
once the frequency error has been adequately contained.
Generally, widening the closed loop bandwidth improves the
frequency error pull-in time and frequency pulling and
pushing issues of the pilot tracking loop up to a point, but it
also allows more Gaussian noise contribution to fall within
the pilot tracking loop.

In some embodiments, the RF frequency pushing and
pulling are kept to the 100 Hz maximum. The PTL is
designed such that it can be used to mitigate frequency
pushing and pulling problems at the beginning of a user
burst if this objective is not met. In doing this, the PTL
closed-loop bandwidth can be increased at the front-end of
the time slot in order to minimize the phase tracking error
due to the frequency transient and the bandwidth subse-
quently reduced later in the time slot once the frequency
error has been adequately contained. The larger bandwidth
will result in poorer performance due to Gaussian channel
noise however, so the degree of bandwidth expansion used
must be chosen to optimize the overall result.

Generally, the parameters of the pilot tracking loops 300
and 806 are designed to minimize the overall quantity given
by

Eq. (1)

(2 2
Oror = Orvansient + M awan + 0o

where 04,00 18 the peak phase transient caused by any
initial frequency error at the beginning of a user burst,
04wy 18 the Gaussian rms noise contribution from the
receive channel that falls within the PTL noise bandwidth,
and 6, is the phase noise contribution from the transmitter
and receiver local oscillators that still remains after clean-up
by the PTL. In Eq. (21), n is a confidence factor that should
be taken to be in the range of 1.0 to 3.0.

The choice of PTL parameters that minimize 64, of Eq.
(21) primarily depend upon (a) the received signal SNR, (b)
the phase noise spectrum of the transmitter and receiver
local oscillators, and (¢) the amount of initial frequency error
that must be handled at the beginning of each time slot. If for
a given scenario an acceptably small 6, cannot be achieved
relative to the signal constellation type being used (e.g.,
16-QAM), the net result is a loss of receiver sensitivity.
Thus, as can be seen in Eq. (21), the effect of increasing the
closed loop tracking bandwidth is an increase in the total
phase error. Thus, once the effects of frequency pulling and
frequency pushing are sufficiently reduced, the closed loop
bandwidth of the pilot tracking loop is reduced. This allows
for the OFDM transceiver to be able to support communi-
cations of at least QPSK modulation (i.c., 4-ary QAM) or
higher, e.g., 16-QAM, 64-QAM, etc.
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Referring next to FIG. 17, a flowchart is shown of the
steps performed to reduce the effects of frequency pulling
and frequency pushing according to another embodiment of
the invention. Initially, the OFDM receiver detects the
beginning of an OFDM MAC frame (Step 1702). The
preamble of the MAC frame is processed as described
above. Normally, once the preamble is finished and the
OFDM data symbols are received in the data portion of the
MAC frame, the pilot tracking loop is activated, such that
the pilot tracking loop has a nominal closed loop tracking
bandwidth.

According to one embodiment, if it is determined that
frequency pulling and frequency pushing are causing a
frequency error between receive and transmit operations
greater than a specified amount (e.g., 100 Hz in this
embodiment), the closed loop tracking bandwidth operated
at a closed loop tracking bandwidth that is greater than the
nominal closed loop tracking bandwidth during a specified
number of OFDM data symbols at the beginning of the data
portion of the MAC frame (Step 1704). It is noted that the
amount of the increase in the closed loop bandwidth above
the nominal closed loop tracking bandwidth and the number
of data symbols that the increased bandwidth is used varies
depending on the requirements of the particular system.
Furthermore, it is noted that operating the bandwidth above
the nominally designed closed loop tracking bandwidth for
a given system is normally not desirable since this allows for
more Gaussian noise to be introduced into the pilot tracking
loop.

Next, after the specified number of OFDM data symbols,
the closed loop tracking bandwidth is subsequently reduced
back to the nominal closed loop tracking bandwidth (Step
1706). With careful altering of the closed loop tracking
bandwidth, the effects of frequency pulling and frequency
pushing can be reduced, e.g., reduced such that the fre-
quency error between transmitter and receiver is less than
the prescribed amount, (in this case, reduced to less than 100
Hz). According to this embodiment, in order to minimize the
additional Gaussian noise contribution, the closed loop
bandwidth is returned to the nominal value. It is noted that
according to this embodiment, the closed loop tracking
bandwidth is altered during the data portion of a single
OFDM MAC frame. Again, the increase in the bandwidth
above the nominally designed closed loop tracking band-
width and the duration of increase will vary depending on
the system.

The steps of FIG. 17 are typically performed as a set of
instructions that are performed in dedicated hardware or in
software using a processor or other machine to execute the
instructions to accomplish the given steps. For example, the
steps of FIG. 17 are performed by the pilot tracking loop of
the baseband processing portion of an OFDM receiver as
controlled by a processor or other component.

While the invention herein disclosed has been described
by means of specific embodiments and applications thereof,
numerous modifications and variations could be made
thereto by those skilled in the art without departing from the
scope of the invention set forth in the claims.

What is claimed is:

1. A pilot phase error metric for an orthogonal frequency
division multiplexed (OFDM) receiver comprising:

a discrete Fourier transform portion for receiving an
incoming signal corresponding to an OFDM waveform,
wherein the discrete Fourier transform portion outputs
complex signal measurements corresponding to each of
a plurality of pilots of a preamble portion of the OFDM
waveform and complex signal measurements corre-
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sponding to each of a plurality of pilots of a subsequent
OFDM symbol of the OFDM waveform, wherein the
discrete Fourier transform portion is separate from a
fast Fourier transform operation of the OFDM receiver;

a maximum likelihood phase error/weighting processor

coupled to the discrete Fourier transform portion for
processing the complex signal measurements corre-
sponding to each of the plurality of pilots of the
subsequent OFDM symbol in comparison to pilot ref-
erence points; and

a phase error estimator coupled to the maximum likeli-

hood phase error/weighting processor for estimating a
phase error of the subsequent OFDM symbol relative to
a phase corresponding to the preamble portion based on
the processed complex signal measurements and the
pilot reference points.

2. The pilot phase error metric of claim 1 wherein the
phase error estimator estimates an aggregate phase error of
the subsequent OFDM symbol relative to the pilot reference
points based on the processed complex signal measurements
and the pilot reference points.

3. The pilot phase error metric of claim 1 further com-
prising a reference point storage coupled to the discrete
Fourier transform portion for storing the pilot reference
points corresponding to each of the plurality of pilots of the
OFDM preamble waveform.

4. The pilot phase error metric of claim 1 further com-
prising a pseudo random pilot phase modulation removal
coupled to the phase error estimator.

5. The pilot phase error metric of claim 4 further com-
prising a pseudo random generator coupled to the pseudo
random pilot phase modulation removal.

6. The pilot phase error metric of claim 1 further com-
prising a multiplexer coupling the discrete Fourier transform
portion to the maximum likelihood phase error/weighting
processor for buffering the complex signal measurements
corresponding to each of the plurality of pilots of the OFDM
symbol to the maximum likelihood phase error/weighting
Processor.

7. The pilot phase error metric of claim 1 wherein the
discrete Fourier transform portion comprises a respective
discrete Fourier transform module corresponding to each of
the plurality of pilots of the OFDM waveform.

8. The pilot phase error metric of claim 1 wherein the
discrete Fourier transform portion comprises a respective
discrete Fourier transform module for respective pairs of the
plurality of pilots of the OFDM waveform due to symme-
tries in the frequency locations of the respective pairs of the
plurality of pilots.

9. The pilot phase error metric of claim 1 wherein the
discrete Fourier transform portion has a plurality of fre-
quency bin outputs each corresponding to a respective one
of the plurality of pilots of the OFDM waveform.

10. The pilot phase error metric of claim 1 wherein the
pilot reference points comprise the complex signal measure-
ments corresponding to each of the plurality of pilots of the
preamble portion of the OFDM waveform.

11. The pilot phase error metric of claim 1 wherein the
pilot reference points comprise complex signal measure-
ments corresponding to each of the plurality of pilots of an
OFDM symbol occurring after the preamble portion of the
OFDM waveform and prior to the subsequent OFDM sym-
bol.

12. A method of pilot phase error estimation in an
orthogonal frequency division multiplexed (OFDM)
receiver comprising:

determining pilot reference points corresponding to a

plurality of pilots of an OFDM preamble waveform;
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processing, in a parallel path to the determining step, the
OFDM preamble waveform with a fast Fourier trans-
form;

determining a phase error estimate of a subsequent
OFDM symbol relative to the pilot reference points;
and

processing, in the parallel path to the determining step, the
subsequent OFDM symbol with the fast Fourier trans-
form;

wherein the determining the phase error estimate step is

completed prior to the completion of the processing the
subsequent OFDM symbol with the fast Fourier trans-
form in the parallel path.
13. The method of claim 12 wherein the determining the
phase error estimate step comprises determining an aggre-
gate phase error estimate of the subsequent OFDM symbol
relative to the pilot reference points using complex signal
measurements corresponding to each of a plurality of pilots
of the subsequent OFDM symbol and the pilot reference
points.
14. The method of claim 12 further comprising filtering
the phase error estimate of the subsequent OFDM symbol
relative to the pilot reference points.
15. The method of claim 12 further comprising rotating a
phase of an incoming signal by the phase error estimate,
prior to processing, in the parallel path, OFDM symbols of
the incoming signal occurring after the subsequent OFDM
symbol with the fast Fourier transform.
16. A method of pilot phase error estimation in an
orthogonal frequency division multiplexed (OFDM)
receiver comprising:
determining, in a separate processing path parallel to a
fast Fourier transform processing path of the OFDM
receiver, pilot reference points corresponding to a plu-
rality of pilots of an OFDM preamble waveform;

estimating, in the separate processing path, a phase error
of a subsequent OFDM symbol relative to the pilot
reference points using complex signal measurements
corresponding to each of the plurality of pilots of the
subsequent OFDM symbol and the pilot reference
points, the estimating the phase error for the purpose of
phase tracking; and

rotating a phase of OFDM symbols occurring after the

subsequent OFDM symbol according to the phase
error.

17. The method of claim 16 wherein the estimating step
is completed prior to the completion of processing the
subsequent OFDM symbol in the fast Fourier transform
processing path of the OFDM receiver.

18. The method of claim 16 wherein the estimating step
comprises performing a maximum likelihood-based estima-
tion using the complex signal measurements corresponding
to each of the plurality of pilots of the subsequent OFDM
symbol and the pilot reference points.

19. The method of claim 16 wherein the determining step
comprises determining the pilot reference points corre-
sponding to the plurality of pilots of a long symbol portion
of the OFDM preamble waveform.

20. The method of claim 19 wherein the determining step
further comprises processing the long symbol portion of the
OFDM preamble waveform with a discrete Fourier trans-
form producing the complex signal measurements corre-
sponding to respective ones of the plurality of pilots of the
long symbol portion of the OFDM preamble waveform.

21. The method of claim 16 further comprises
determining, in the separate processing path, the complex
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signal measurements corresponding to each of the plurality
of pilots of the subsequent OFDM symbol.

22. The method of claim 21 wherein the determining the
complex signal measurements comprises processing the
subsequent OFDM symbol with a discrete Fourier transform
producing the complex signal measurements corresponding
to respective ones of the plurality of pilots of the subsequent
OFDM symbol.

23. The method of claim 21 wherein the estimating step
further comprises performing pre-signal detection combin-
ing to produce a complex composite signal.

24. The method of claim 23 wherein the performing step
comprises calculating a complex signal for each of the
plurality of pilots of the subsequent OFDM symbol, wherein
the complex signal for each of the plurality of pilots is
calculated from a respective one of the pilot reference points
and a respective one of the complex signal measurements.

25. The method of claim 24 wherein the performing step
further comprises calculating the complex composite signal
by summing complex signals for each of the plurality of
pilots of the subsequent OFDM symbol.

26. The method of claim 25 wherein the estimating step
comprises estimating the phase error of the subsequent
OFDM symbol from the complex composite signal.

27. The method of claim 25 wherein the estimating step
further comprises determining an argument of the complex
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composite signal, wherein the argument of the complex
composite signal is based upon a maximum likelihood-
based estimation.

28. The method of claim 27 wherein the determining the
argument comprises estimating the phase error using a
cordic-based arctangent on the real and the imaginary parts
of the complex composite signal.

29. The method of claim 21 wherein the estimating step
is represented mathematically as:

n1
Z (4 Qieym = Vil m)

2 1| #=0
D = tan !

1
kzo(uk Lem + Vi Qim)

where 6, is an aggregate phase error for the subsequent
OFDM symbol having a time index m, wherein u, and v,
represent in-phase (I) and quadrature (Q) values,
respectively, for the pilot reference points for n pilots of the
OFDM preamble waveform, and where I, and Q,, rep-
resent the complex signal measurements corresponding to
the k? pilot of the m” subsequent OFDM symbol.



