1 AN APPARATUS. A RECEIVER AND A METHOD FOR TIMING
RECOVERY IN AN OFDM SYSTEM Field of the invention The present
invention relates to an apparatus, a receiver and a method for timing
recovery in an OFDM system, and particularly for sampling timing
recovery implementation in a MIMO-OFDM system for wireless
communications. Background of the invéntion MIMO-OFDM technology is
extensively employed in high-speed Wireless Local Access Networks
(WLAN) such as IEEEB02.11n, mobile cellular systems WIMAX, and
Digital Vldeo Broadcastrn : . Itis well known that OFDM
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OFDM is known to be vulnerable to synchronization error
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carrier frequency synchronization and timing recovery that is further

|nt n}bt%l synchr nization and sampling clock synchronization.
ng’ o
e correct position of the Fast Fourier
TransfoerJ_(FFT) window with the aid of the dedicated training symbols.
THEVEdribdeNdf technology is extensively employed in high-speed Wireless

Local Access Networks (WLAN) such as IEEE802.11n, mobile cellular
systems WIMAX, and Digital Video Broadcasting systems (DVB-T). It is well

known that OFDM is robust in frequency selective fading channels with a
relatively low implementation cost and high bandwidth efficiency. Moreover,
MIMO takes advantage of multipath propagation to increase throughput,
range/coverage, and reliability. By transmitting multiple signals containing
different information streams over the same frequency channel, MIMO
provides a means of doubling or tripling spectral efficiency. The combination
of MIMO and OFDM techniques provides low-cost implementation particularly
for high data rate communications.

However OFDM is known to be vuinerable to synchronization errors, which
can cause inter-carrier interference (ICl) and degrade system performance. In
MIMO-OFDM transmission systems, the synchronization tasks include carrier
frequency synchronization and timing recovery that is further divided into
symbol synchronization and sampling clock synchronization. Symbol
synchronization finds the correct position of the Fast Fourier Transform (FFT)
window with the aid of the dedicated training symbols. The purpose of

sampling clock synchronization is to align the receiver sampling clock



sampling clock synchronization is.to align the receiver sampling clock 2
frequency to that of the transmitter, that is, the sampling phase drift should
be correctly recovered. There exist many publications dealing with timing
recovery for OFDM/MIMO- OFDM receivers. Examples of these are: [1].
Hieing Minn, Vijay K. Bhargava, and Khaled Ben Letaief, "A Robust
Timing and Frequency Synchronization for OFDM Systems", IEEE Trans.
On Wireless Comm., Vol.2, No.4, July 2003, pp822-839. [2]. Michael
Speth, Stefan A. Fechtel, Gunnar Pock, and Heinrich Meyr, "Optimum
Receiver Design for Wireless Broadband Systems Using OFDM- Part I",
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[BLJNayen, WG, and Hyuncheol Park, "Joint Fine Time
Synchron?zaétl%on é‘zll%%gchannel Estimation for MIMO-OFDM WLAN", IEEE

Proc. Of Intelligent Signal Processing and Communication Systems,

ISPIRES D64NEY. Relioatians. dealn e it BLBINg 4R BsekyHoNEFDM/MIMO-

DeFah laveivsrd. HYRaRh BN aiks hpsical Layer Implementation and
Evaluation of Multiple Input Multiple Output-Orthogonal Frequency

Divisign, Multiplexing,(MIMO-OEDM) system", IEEE Proc. International
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Throug%pu elest 1 ,qéEéuﬂX & M@%&%QFaqllc Conference

on Circuit and Systems. Dec 6-9, 2004, pp205-208. [6]. Aliert van Zelst,

ahél TiMichaelSthetik, ‘SietmAntatannts] a GUMOPBM: and Heinrich Meyr,
“Optimum Receiver Design for Wireless Broadband Systems Using OFDM-

Part I", IEEE Trans. On Comm. Vol. 47, No.11, November 1999, pp1668-
1677.

[3]. Nguyen Duc Long and Hyuncheol Park, “Joint Fine Time Synchronization
and Channel Estimation for MIMO-OFDM WLAN", IEEE Proc. Of Intelligent
Signal Processing and Communication Systems, ISPACS 2004, Nov. 18-19,
Nov. 2004, pp463-467.

[4]. Seok Ho Won, Deuk-Su Lyu, and Hyeong Jun Park, “Physical Layer
Implementation and Evaluation of Multiple Input Multiple Output—Orthogonal
Frequency Division Multiplexing (MIMO-OFDM) system”, IEEE Proc.
International Conference on Communication Technology, ICCT 2003, Vol.2,
April 9-11, pp1348-1352.

[5]. Chi-Yeh Yu, Zih-Yin Ding, and Tzi-Dar Chiueh, “Design and Simulation of
a MIMO OFDM Baseband Transceiver for High Throughput Wireless LAN',

IEEE proc. Of 2004 Asia-Fag/lc Conference on Circuit and Systems. Dec 6-9,
2004, pp205-208.

[6]. Aliert van Zelst, and Tim C.W.Schenk, “‘Implementation of a MIMO OFDM-
Based Wireless LAN System”, IEEE Trans. On Signal processing, Vol. 52,



Based Wireless LAN System", IEEE Trans. On Signal processing, Vol. 52,
3 No. 2, February 2004, pp483-494. [7]. Shou-Yin Liu, Jong-Wha Chong,
"A Study of Joint Tracking Algorithms of Carrier Frequency Offset and
Sampling Clock Offset for OFDM-based WLANS," IEEE Proc. Qf
Communications, Circuits and Systems and West Sino Expositions,
Vol.1, June 29- July 1, 2002, ppl 09-11. [§]. Baoguo Yang, Khaled Ben
Letaief, Roger S. Cheng, and Zhigang Cao, "Timing Recovery for OFDM
Transmission”, IEEE Journal of Selected Areas in Communications,
Vol.18, No.11, Nov., 2000, pp2278-2291, [9]. Pei-yun Tsai, Hsin-Yu Kang

andor 4. PabahinehpiniphMéigdted Least Squares Estimation of
Frequency and Timing Offset for OFDM Systems over Fading Channels”,
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P Wil S els". doc.: IEEE 802.
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tracking the timing drift with a low complexity actually focus on symbol
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Fading Channels”, IEEE Trans. On Vehicular Technology, Vol.54, Issue 1,
Jan. 2005, pp211-223.

[10. “EWC HT PHY Specification”, Enhanced Wireless Consortium
Publication. V1.27, December 23th, 2005.

[11]. “IEEE P802.11 Wireless LANs TGn Channel Models”, doc.: IEEE 802.
11-03/940r4, May 2004.

However, a majority of the work addressing the problems in quickly acquiring
the varying sampling phase and stably tracking the timing drift with a low
complexity actually focus on symbol synchronization [see for example the
publications by Hlaing Minn, Vijay K. Bhargava, and Khaled Ben Letaief,
entitted “A Robust Timing and Frequency Synchronization for OFDM
Systems”, published as IEEE Trans. On Wireless Comm., Vol.2, No.4, July
2003, pp822-839, and Michael Speth, Stefan A. Fechtel, Gunnar Pock, and
Heinrich Meyr, entitled “Optimum Receiver Design for Wireless Broadband
Systems Using OFDM-Part 1”, published as IEEE Trans. On Comm. Vol. 47,
No.11, November 1999, pp1668-1677.



No.11, November 1999, ppl668-1677. 4 Many sampling frequency offset
estimation algorithms jointly with carrier frequency offset estimation only
address the timing error estimation instead of recovery [see for example
publications [3] to [7] mentioned above], and few works lend them

efficiently to integrated circuit implementations suitable for low cost

WLAN products. A non-coherent delay-ldcked loop based sampling clock
recovery scheme is proposed in the publication by Baoguo Yang, Khaled

Ben Letaief, Roger S. Cheng, and Zhigang Cao, entitled "Timing

Recovery for OFDM Transmission”, published in the IEEE Journal of
Shlectecsarepling demensattast \asitingativo. lgNann@ogantly with carrier
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performance is poor particularly in low SNR and multipath fading channels
diRMEast MYAAR pradeddfscrimination algorithm. A jointly weighted least
squares estimation of carrier frequency offset and sampling frequency
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Hsin-Yu Kang and Tzi-Dar Chiueh, entitled "Joint Weighted Least
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Technology, Val.5 ue 1, Jap. 2005, 11-223. Although thjs
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inalersietitationethbds itarat qefeitioatrdcking the timing drifting caused by the
sampling frequency offsets. However, its acquisition is slow and tracking
performance is poor particularly in low SNR and multipath fading channels

due to its coarse phase discrimination algorithm.

A jointly weighted least squares estimation of carrier frequency offset and
sampling frequency offset in OFDM systems is proposed in the publication by
Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, entitled “Joint Weighted
Least Squares Estimation of Frequency and Timing Offset for OFDM Systems
over Fading Channels”, published in the IEEE Trans. On Vehicular
Technology, Vol.54, Issue 1, Jan. 2005, pp211-223. Although this algorithm
derives the optimal weight factor and can achieve near the Cramer-Rao low
bund in the variance of estimation errors, its complexity is very high and it
may not be suitable for practical application. Moreover, its accurate estimation
is not integrated with an efficient PLL implementation. Thus its acquisition and
tracking performance are not promising due to the high dynamics in the

estimator output or the loop filter input.

Thus there is a need for a system and method which ameliorates or



tracking performance are not promising due to the high dynamics in the
estimator output or the loop filter input. Thus there is a need for a system
and method which ameliorates or 5 substantially overcomes the
abovementioned disadvantages, Summary of the invention In general
terms, the present invention provides an apparatus and method for timing
recovery in an OFDM system, such as a MIMO OFDM system,
comprising a third order phase lock loop and a two-dimensional maximum
likelihood estimator as s timing offset discriminator. According to a first
aspect of the present invention there is provided an apparatus for timing
resobetyritiaiy Olebddrsysiens cppssiagtiaibidiserphagedock loop
(PLL) comprising: a Fast Fourier Transform (FFT) stage for receiving a
number of input signals in the time domain and transforming one or more
of the number of input signals to the frequency domain; one or more of
the number of inp ut S|gnals having an associated sampling frequency and
> ' WENRMAber of symbols, the Fast Fourier Transform
stage belng arranged to apply a Fast Fourier Transform process to one or

miorgenenal hermizertbéippesesignatsntion basvidesriar Héﬁéfﬁfﬂ% R PREthod for
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rotation stage or estimating uency o S BERI8EN sampled signals to

provide one or more frequency offset estimates;
According to a first aspect of the present invention there is provided an

apparatus for timing recovery in an OFDM system comprising:

a third order phase lock loop (PLL) comprising:

a Fast Fourier Transform (FFT) stage for receiving a number of
input signals in the time domain and transforming one or more of the number
of input signals to the frequency domain; one or more of the number of input
signals having an associated sampling frequency and phase and comprising a
number of symbols, the Fast Fourier Transform stage being arranged to apply
a Fast Fourier Transform process to one or more of the number of input
signals, the Fast Fourier transform process having an associated window of
operation;

a phase rotation stage couplable to an output of the Fast Fourier
Transform stage for adjusting the phase of one or more of the one or more

transformed signals;

a frequency offset estimation stage couplable to an output of the
phase rotation stage for estimating frequency offset between sampled signals

to provide one or more frequency offset estimates:



6 a first accumulator couplable to an output of the frequency offset
estimation stage for accumulating the one or more frequency offset
estimates; a low pass filter couplable to an output of the first accumulator
for stabilizing the phase lock loop; a second accumulator couplable to an
output of the low pass filter for accumulating outputs of the low pass filter;
the second accumulator being arrangedgo control phase rotation in the
phase rotation stage; and a controller stage for controlling timing
associated with the window of operation of the Fast Fourier Transform
process applied by the Fast Fourier Transform stage, the second

accumulator bemgratracgedatepo80baBISABENIBUEIAT8T e HShuency offset
acCyNURLOr £ %ln(? arranged to generate a time recovered output signal.
In"a TITSt preferad emBoaimanthe FsBRAG Srs Beanppn aifageestimates;

comprises: one or more Fast Fourier Transform stages arranged to
receive a signa idfh Raparftbahacfriakleeiveaarmlitp appiyteFast Eedtiatulator

T@ngﬁg@nizjmgqﬁgsdﬁ)ag@%gg%go provide an output signal; one or more
cross-correlation stages for correlating one or more outputs from the one

or more Fast Fourier Transform stages and forngoviding one or more
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second summation stage for summing the one or more outputs of the one
oPel gpe%ﬂrgtngﬁgf ﬁ?aﬁ%’r%@%h@]%@?% rotation in the phase rotation stage; and
a controller stage for controlling timing associated with the
window of operation of the Fast Fourier Transform process applied by the

Fast Fourier Transform stage, the second accumulator being arranged to
control the controller stage;

the first accumulator being arranged to generate a time
recovered output signal.

In a first preferred embodiment, the frequency offset estimation stage
comprises:

one or more Fast Fourier Transform stages arranged to receive
a signal from an antenna of a receiver and to apply a Fast Fourier Transform

process to said signal to provide an output signal:

one or more cross-correlation stages for correlating one or more
outputs from the one or more Fast Fourier Transform stages and for providing

one or more cross-correlated output signals;

one or more first summation stages for summing the cross-

correlated output signals in each antenna channel;

a second summation stage for summing the one or more

outputs of the one or more first summation stages:



a further stage for determining an average phase difference between
consecutive symbols from an output signal from the second summation
stage; and a phase extraction stage couplable to an output of said further
stage for extracting the phase of the one or more cross-correlated output
signals and to generate an estimated sampling frequency offset. In a
second preferred embodiment, the apparatus further comprises a MIMO
detection stage couplable between the one or more Fast Fourier
Transform stages in the frequency offset estimation stage and the
cross-correlation stage. According to a second aspect of the present

invention there ig grpMdedseydre iming recovery inan OEDM
system comprisig%: applying ?r?a@ig?%gﬁg?n af?g‘o%neg?ggee Bless; difference
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the frequency domain, one or more of the number of input signals having

an associated s lj requency and phase and comprising a number
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est%'mates,in a first accumulator; 8
stages in the frequency offset estimation stage and the cross-correlation

stage.

According to a second aspect of the present invention there is provided a
method of timing recovery in an OFDM system comprising:

applying in a Fast Fourier Transform stage a Fast Fourier
Transform process to a number of received input signals in the time domain to
transform one or more of the number of input signals to the frequency domain,
one or more of the number of input signals having an associated sampling
frequency and phase and comprising a number of symbols, the Fast Fourier

transform process having an associated window of operation;

adjusting the phase of one or more of the one or more
transformed signals in a phase rotation stage couplable to an output of the
Fast Fourier Transform stage;

estimating in a frequency offset estimation stage frequency
offset between sampled signals to provide one or more frequency offset
estimates from an output signal of the phase rotation stage;

accumulating the one or more frequency offset estimates in a
first accumulator;



stabilizing the phase lock loop using a low pass filter; accumulating
outputs of the low pass filter in a second accumulator; controlling the
phase rotation in the phase rotation stage using the accumulated outputs
of the low pass filter; controlling timing associated with the window of
operation of the Fast Fourier Transform process applied by the Fast
Fourier Transform stage using the accugwlated outputs of the low pass
filter; and generating a time recovered output signal as an output signal of
the first accumulator. Preferably, the step of estimating the frequency
offset comprises: applying one or more Fast Fourier Transform processes

to one or moressig) ﬂ%’ﬁﬁéé@%@ﬁ?ﬂ@&ﬁﬁ@PtWW?§§% fIRS:O"

more receivers to provide one or more output sigrials; correlating one or

more output Sig@&!ﬁrﬁ%@ the one or more Fast Fourier Transform stages

and for providing one or Hide RHIRULEPE)atRE SRpuPERhaldtesuriiming second
inasseMKiaLIe first summation stages the cross- correlated output signals
for each antenna; summing in a second summation stage one or more

outputs of the eaﬁtpcsm'r‘@f%ﬁg%ﬁé@nﬂ%%ﬁt%?ﬁea@ge%%ﬂ%%% S stage using

output signal; determining an average phase differe etwe
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output signals teopérsintetaning Bedeskead MOt TE WRREY UWFSL A fon of the

f rpreferred embodiment, the method further comprises applying the
Lﬁ;ﬁ ipounereprans?orm proéess appned by the Fasthourierp%énsgform stage

using the accumulated outputs of the low pass filter; and

generating a time recovered output signal as an output signal of
the first accumulator.

Preferably, the step of estimating the frequency offset comprises:

applying one or more Fast Fourier Transform processes to one
or more signals received from one or more antennae of one or more receivers

to provide one or more output signals:

correlating one or more output signals from the one or more
Fast Fourier Transform stages and for providing one or more cross-correlated
output signals;

summing in one or more first summation stages the cross-
correlated output signals for each antenna;

summing in a second summation stage one or more outputs of

the one or more first summation stages and providing an output signal;

determining an average phase difference between consecutive

symbols from an output signal from the second summation stage; and



one or more outputs of the one or more Fast Fourier Transform stages in
the frequency offset estimation stage to one or more inputs of a MIMO
detection stage prior to the step of correlating the signals in the frequency
offset estimation stage. According to a third aspect of the present
invention there is provided a receiver comprising the apparatus for timing
recovery in an OFDM system defined alove. One or more preferred
embodiments of the present invention comprising the third-order PLL with
a two-dimensional maximum likelihood (ML) estimator as its sampling
offset discriminator are particularly advantageous in timing recovery for
MIMO-OFDM bagedciigithsysiants ofntipartinelarn aneocrosssconefateat output
embodim%)nts are hoth acc ratt? and of I?.vver com Iexi%gn%cost than
cSUEhfiona7 S)St8 saéh‘asﬁﬁf&% SR RSV RERTr PLL
structure assists in providing good loop noise performance to assist in the

adnievignteer prafetiierd strabadisieat, dhe methodfiering. erepdessrinpiing the
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example and with reference to the drawings in which: Figure 1isab
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Figure 2'is a block diagram of a two dimensional Sampling clock frequency
ofesdineaidRa®t?96r use in the third order phase lock loop of Figure 1; 10

Figure 3 is a block diagram of an alternative two dimensional sampling

fregeengingffect estinateidesstseintike prabedimevs sfidiowhert Hodresided a
4a is a graph showing the variation in ampling frequency offset with
receiver comprising the apparatus for fiming recovery in an OFDM system

defined above.

One or more preferred embodiments of the present invention comprising the
third-order PLL with a two-dimensional maximum likelihood (ML) estimator as
its sampling offset discriminator are particularly advantageous in timing
recovery for MIMO-OFDM based WLAN systems. In particular, one or more
preferred embodiments are both accurate and of lower complexity and cost
than conventional systems and methods. Moreover, the third-order PLL
structure assists in providing good loop noise performance to assist in the

achievement of both fast acquisition and stable tracking.

Brief description of the drawings

The present invention will now be described by way of example and with

reference to the drawings in which:

Figure 1 is a block diagram of a third order phase lock loop (PLL) for
recovering timing in a sampling system according to a preferred embodiment

of the invention;

Figure 2 is a block diagram of a two dimensional sampling clock frequency
offset estimator for use in the third order phase lock loop of Figure 1;



symbol index for a third order PLL according to a preferred embodiment of

the present invention as the PLL acquires the signal; Figures 4b is a

graph showing the variation in symbol phase rotation with symbol index

for a third order PLL according to a preferred embodiment of the present
invention as the PLL tracks the signal; Figure 5a is a graph showing the
variation in BER with SNR for a signal agpdulated according to a BPSK
modulation scheme in an AWGN channel firstly with no drifting, secondly

when a PLL according to the present invention is used and thirdly when a
conventional PLL has been applied/used in the processing thereof; Figure
SFiguaegraphs shobdhi@dhﬂia@%ﬂoofiraBEﬂtwiﬂaﬂﬁRtm a:iir'ngmaéional sampling
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modulation scheme in a Bﬁ}/pe channel firstly W|th no drifting, secondly
whEasanbinvaptisriay thethe brReHisBRt®E @ used and thirdly when a
conventional PLL has been applied/used in the processing thereof; Figure

OlF igLaey afth @Q\N@“rgﬁhesmﬁ“ﬂ@ntiﬁe%lmiﬂhSN%Wtﬁl@osighalse rotation with

modulat ccardin o BPSK modulation scheme in a B t
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applied/used in the processing thereof; Figure 7a is a graph showing the
"1‘5{839.” g‘aBER V\f;'trgawNRhfg\yv%S %gl variation in BER with SNR for a signal
modulated according to a BPSK modulation scheme in an AWGN channel
firstly with no drifting, secondly when a PLL according to the present invention
is used and thirdly when a conventional PLL has been applied/used in the

processing thereof;

Figure 5b is a graph showing the variation in BER with SNR for a signal
modulated according to a 64 QAM modulation scheme in an AWGN channel
firstly with no drifting, secondly when a PLL according to the present invention
is used and thirdly when a conventional PLL has been applied/used in the

processing thereof;

Figure 6a is a graph showing the variation in BER with SNR for a signal
modulated according to a BPSK modulation scheme in a B type channel firstly
with no drifting, secondly when a PLL according to the present invention is
used and thirdly when a conventional PLL has been applied/used in the

processing thereof;

Figure 6b is a graph showing the variation in FER with SNR for a signal
modulated according to a BPSK modulation scheme in a B type channel firstly

with no drifting, secondly when a PLL according to the present invention is



modulated according to a 64QAM modulation scheme in a B type channel
firstly with no drifting, secondly when a PLL according to the present

invention is used at 20ppm and 200ppm and thirdly when a conventional

PLL at 20ppm and 200ppm has been applied/used in the processing

thereof; and Figure 7b is a graph showing the variation in FER with SNR

for a signal modulated according to a 64QAM modulation scheme in a B

type channel firstly with no drifting, secondly when a PLL according to the
present invention is used at 20ppm and 200ppm and thirdly when a
conventional PLL at 20ppm and 200ppm has been applied/used in the
pnmm@smgithbheﬂ)f Rewiled deswgptionall frefemed drebodapeiitsifigee in the

1 spoocw§sall ntl Fq Jecovery apparatus for a MIMO-OFDM system
accor ngt st preferred embodiment of the present invention. The

apparatus comprises a Fast Fourier Transform (FFT) stage 11 for
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of a phase rotation stage 12, the output of which is applied to an input of
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and 200ppm has been applied/used in the processing thereof.

Detailed description of preferred embodiments

Figure 1 shows a timing recovery apparatus for a MIMO-OFDM system
according to a first preferred embodiment of the present invention. The
apparatus comprises a Fast Fourier Transform (FFT) stage 11 for receiving
an input signal and for converting the input signal into the frequency domain.
The output of the FFT stage 11 is applied to an input of a phase rotation stage
12, the output of which is applied to an input of a two-dimensional sampling
frequency offset estimator 13. The output of the two-dimensional sampling
frequency offset estimator 13 is applied to the input of a first accumulator 14
and the output thereof is applied to the input of a low pass filter 15. The
output of the low pass filter 15 is applied to the input of a second accumulator
16. A first output of the second accumulator 16 is applied to a further input of
the phase rotation stage 12 and a second output of the second accumulator
16 is applied to an input of a FFT window controller 17. The output of the FFT
window controller 17 is applied to a further input of the FFT stage 11. The
first and second accumulators 14 and 16 and the low pass filter 15 form a



Figure 2 shows the components of a first embodiment of the
two-dimensional sampling frequency offset estimator 13 for use in the
system of Figure 1 according to a first preferred embodiment of the
invention. The two- dimensional sampling frequency offset estimator 13
may comprise, for each subcarrier, an FFT stage 21 for receiving the
output of the phase rotation stage 12 ofifigure 1, the output of the FFT
stage 21 being applied to the input of a cross-correlation stage 22. After
cross-correlation, the output of the cross-correlation stage 22 is applied to
the input of a first summation stage 23. The outputs of the first summation
stigrel 23der phabesidatalsigy dPethen applied to respective inputs of a
second summation stage 24. The output of the second summation stage

Zfl:iigﬁ(?pii%‘fi\égv%'%@%B%%%W?ﬁ@?@m%%& ﬂggfz,@\é%@dimensional
second output of the accumulator stage 24 is applied to a first input of a

stege B fmseanayingfisrt priveairferchdeheseedéh tbensustameof Figure 1
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input of the stage 26 for determining the phase difference between
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offset estimator 13 shown in Figure 2 is particularly suitable for use in

MHAGCTRNF sy d WA Quipsteaidheibhirk 3987 A RaingoBRIRS 10 the input

digreasigpat asireminshsaagdo shat sk dfoddByRARIOIANY Butbut of the
further preferred embodiment of the invention. The same reference

nEFRSERORRIRlIReAagR €4 18 RIRRIRAICoBIRBHESSH thirstveWisgation stage
The sofp difgtsneediahuenithe sirgapshaugenBiseachasth3alsidhaire then

in the embodiment of Figure 3, a MIMO detector stage 32 is included to

reRRRliethio JeRRASHIRHRAtS Gt 889PNthPURTRALINL StABR A tHde output of
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an input of the respective cross-correlation stages 22. , ]
delay stage 25 and a second output of the accumulator stage 24 is applied to

a first input of a stage 26 for determining the phase difference between
consecutive symbols. The output of the OFDM delay stage 25 is applied to a
second input of the stage 26 for determining the phase difference between
consecutive symbols and the output of the stage 26 is applied to the input of a
phase extraction stage 27. The two-dimensional sampling frequency offset
estimator 13 shown in Figure 2 is particularly suitable for use in MIMO-OFDM
based WLAN systems.

Figure 3 is an alternative two dimensional estimation stage to that shown in
Figure 2 according to a further preferred embodiment of the invention. The
same reference numerals have been applied to identical components in the
two stages. The sole difference between the stages shown in Figures 2 and 3
is that in the embodiment of Figure 3, a MIMO detector stage 32 is included to
receive the outputs of the FFT stages 21 for each subcarrier and the outputs
of the MIMO detector stage 32 for each subcarrier are applied to an input of

the respective cross-correlation stages 22.



13 In operation, after coarse symbol synchronization is performed in the
time domain in a MIMO-OFDM system, the symbol timing is assumed to
be strictly synchronized for a first OFDM symbol. The timing recovery
system and method according to preferred embodiments of the present
invention starts its function in the frequency domain after FFT in the FFT
stage 11, as shown in Figure 1. In the tiging recovery stage, there are
two operations, namely, timing estimation and timing adjustment. For the
timing adjustment, a two dimensional timing frequency offset estimator 13
such as that shown in Figures 2 or 3 may be used to estimate the
frequency offset. After the frequency offset has been estimated in the
frequency offset estimator 13, a third-order PLL comprising stages 14 to

16 tr varied timi . .
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each OFDM symbol. The third-order PLL in Figure 1 comprising the

sthigasa 4 to 16 He Hmikgd@rmabo§iaoRe herRdmianvrassaiions, namely,
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often associated with conventional systems which tend to exhibit slow

acimenAnMatppmardaaHg ey uRfaeb astieaiohal dintwe frégudliryy shown in
offsgtirstinmatgr 33 aggoptingdedhe RIGIRIERE eRRPEIRIHENONBAD  After the

Figure 2, the signal output from the phase rotation stage 12 in Figure 1, is

apfsRéerihe sl eetRImAles IRHBRTPAERIRY 2fiafkeRiimpator 13, a
Ur@RpiRERAIoRID BSHFTEiRReesel $408516 tracks the varied timing phase for

every OFDM symbol. The tracked timing estimation outputs are divided into
an integer part and a fractional part. The integer part is used to adjust the
symbol timing in the FFT window controller 17 which moves the window
position forward or backward for each sample. At the same time, the fractional
part is used for sampling clock adjustment which may be performed in the
discrete-time domain by phase rotation in stage 12 of every subcarrier for
each OFDM symbol.

The third-order PLL in Figure 1 comprising the stages 14 to 16, has an
excellent loop noise performance for both achieving fast acquisition and
stable tracking and solves the problems often associated with conventional

systems which tend to exhibit slow acquisition and poor tracking.

In the two dimensional timing frequency offset estimator 13 according to the
preferred embodiment shown in Figure 2, the signal output from the phase
rotation stage 12 in Figure 1, is applied to the input of FFT stages 21 as
shown in Figure 2. After FFT transformation in the FFT stages 21, cross-

correlation is performed in the cross-correlation stages 22 between received



correlation is performed in the cross-correlation stages 22 between

received 14 positive and negative subcarrier pairs a, and am in an OFDM
symbol. The cross-correlation values are then summed in the frequency
domain through all positive and negative subcarrier sets in the first

summation stages 23, and are further accumulated in the spatial domain

in the second summation stage 24 ovefall received antennae signals.

The averaged phase difference between two consecutive OFDM symbols

at the receiver is computed in the stage 26 by cross-correlating the

outputs of the second summation stage 24 with the previous outputs of
theositvendrstimeaive ageatdeatatayadan thedokih ayndeDi¢laymbol. The
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In the two dimensional timing frequency offset estimator 13 according to an
alternative preferred embodiment shown in Figure 3, the signal output from
the phase rotation stage 12 in Figure 1, is applied to the input of FFT stages
21 as shown in Figure 3. After FFT transformation in the FFT stages 21, the
signals are applied to a MIMO detection stage 32 and then to respective
cross-correlation stages 22 in which cross-correlation is performed between
received positive and negative subcarrier pairs a, and a., in an OFDM
symbol. The cross-correlation values are then summed in the frequency
domain through all positive and negative subcarrier sets in the first summation
stages 23, and are further accumulated in the spatial domain in the second
summation stage 24 over all received antennae signals. The averaged
phase difference between two consecutive OFDM symbols at the receiver is
computed in the stage 26 by cross-correlating the outputs of the second
summation stage 24 with the previous outputs of the second summation stage
24 delayed in the OFDM symbol delay stage 25. The second-tier cross-

correlation output from the stage 26 is applied to a phase extraction stage 27



computed in the stage 26 by cross-correlating the outputs of the second
summation stage 24 with the previous outputs of the second summation
stage 24 delayed in the OFDM symbol delay stage 25. The second-tier
cross- correlation output from the stage 26 is applied to a phase extraction
stage 27 15 to obtain the estimated sampling frequency offset. The output
of phase extraction stage 27 is applied 4§ the third-order PLL comprising
stages 14 to 16 of Figure 1 which tracks the varied timing phase for every
OFDM symbol. The offset estimator of Figure 3 is particularly
advantageous as it has improved anti-fading capabilities and better

aesuoaeyin thi|brfrdény s:hapmy dveqﬂmeystﬂfgahowrmm bigpte of phase
The roceSS| of na e structu es n Figures 1 to,3
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Iét'q ubcarrj ler m be (r)nten as- ék = H(K)x(k)+n(k) (1) Here
(?3 Fy e( f(rkg Kﬁﬁ%\ S x(la IS 'x 1 signal vector transmitted
from N, transmltter antennae on the k-th subcarrier, which may be written

Slé%‘?éﬁ‘%cf rQéan"l%qu HPQWPM@ ORBMB LR ABATARG SVRMYED Bansceiver
may be denoted by H,)(k), and

signals may be expressed |n the frequency domain using relatively
straightforward matrix algebra. Considering a Ny x N, MIMO-OFDM system,
where N; and N, are the numbers of transmitter and receiver antennae
respectively, the N, x 1 received signal vector on the k-th subcarrier may be

written as:

y(k) = H(k)x(k)+n(k) (1)

Here y(k)=(y, (k)y,(k),..x, (k) ,and x(k) is the Ny x 1 signal vector
transmitted from N, transmitter antennae on the & - th subcarrier, which may

be written as
X(k) = ()Cl (k),xz (k)a""ﬂle (k)),[

The channel frequency response of the k-th subcarrier from the j-th

transmitter antenna to the i-th receiver antenna may be denoted by H, (k),

and



H,,, (k) H1,2 (K) ... Him (k) H2,1(k) H21(K) ... H2,N, (k) H(k) _ HN,I (k)
HN,1(k) ... HN"N, (k) n(k) = (n, (k), n2 (k),..... n,, (k)y In the above system
model, ideal synchronization in the OFDM receiver has been assumed.
However, there is usually a carrier frequency offset between the receiver
and transmitter due to the mismatch between the transmitter and receiver
oscillators or the channel Doppler frequegcy shift. This is true also for the
receiver sampling clock. There is also usually a sampling frequency offset
between transmitter and receiver side. In the receiver, the carrier
frequency may be denoted by and the sampling clock by T'. Therefore the
carrier fr Q€ offsgt, Afyand the (gglative sampling clock offset, g, may
be desighated as 4f = - f q:(T'-ﬂiT In practice, there are multiple radio
ci}g' fc r%lll@(@-OF[ﬁAJﬂ@nsmiﬁewéﬁb receiver sides respectively, and
these 'multiple radio chains share the same frequency synthesizer such
that mult radio chainsimthe transmitter and receiver are synchronized
respecti %T u%, tt%”abcg?/é"dlgﬁ’nﬁsigi or carrier frequency offset and
sampling frequency offset are applicable both for OFDM systems and

M =( ystems, Following the system analysis method in [9], the
MSS’&B%%, SEHENS

MIM em suffering a synchronization error may be
derived as shown below. It is assumed that the information signals are
ehtdbe chbondensyhitate driodelrndédl aproRDkiztnboixifle @RV receiver has

fr%%%%”&é/s%?nr%%".”-ﬁékﬁé\'/%ﬂﬁré}%%fs%@ﬁgw a carrier frequency offset between
the receiver and transmitter due to the mismatch between the transmitter and
receiver oscillators or the channel Doppler frequency shift. This is true also for
the receiver sampling clock. There is also usually a sampling frequency offset

between transmitter and receiver side.

In the receiver, the carrier frequency may be denoted by f , and the
sampling clock by 7". Therefore the carrier frequency offset, Af, and the

relative sampling clock offset, n, may be designated as
N=f-f
n={T -T)/T

In practice, there are multiple radio chains for MIMO-OFDM transmitter and
receiver sides respectively, and these multiple radio chains share the same
frequency synthesizer such that multiple radio chains in the transmitter and
receiver are synchronized respectively. Thus, the above definition for carrier
frequency offset and sampling frequency offset are applicable both for OFDM
systems and MIMO-OFDM systems. Following the system analysis method in
[9], the MIMO-OFDM system model suffering a synchronization error may be

derived as shown below.

It is assumed that the information signals are encoded and modulated to form



and pass-band modulation, the time-domain transmitted signals pass

through a MIMO fading channel. The 1-th received baseband OFDM

aymbol after sampling with sampling clock T' and removing the guard

mteryal, may be represented by N samples. The demodulation of the

_recelved samples via an N-point FFT yields the received OFDM symbols

in the frequency domain Y, (k) = exp(2 gAf (IN, +Ng)(1+i)T+(0,) (2) exp
j27dc(IN,+Ns)"IH(K)x,(k)s(n4~k)+IC!,(k)+n,(k) where ~9, is phase noise; T

and N are the sample duration and the number of FFT points

respectively; Ng and N. are samples in the guard interval and the whole

QR ) BYMbghiboluding)gimttientergabrespectivalp. Afteditibriicihassiprgnation

K- th subcarrier data d
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ronlza Ion error causing distortion of the k-th subcarrier
data includes phase rotation and magnitude scaling respectively.

Md(‘éo%%(/?’ﬂféf(i‘ét/ﬁd}lw)@ﬁ“ﬂgi“bﬁ error destroys the orthogonality. 2Z?etween
bCartieneg reg) X d s are small, s(W )'Is close to
d's(nrppk) is ﬁ%{% ’%ké %a’nﬁl‘gr@‘ gﬁltude distortion and the ICI term

may be |gnored Thus, a phase rotation occurs when the subcarrier
sample xi(k) is transmitted. The

where ¢, is phase noise; T and N are the sample duration and the number of
FFT points respectively; Ng and Ns are samples in the guard interval and the

whole OFDM symbol including guard interval respectively. The distortion of

the k-th subcarrier data caused by synchronization error includes phase
rotation and the magnitude scaling, s(zg, ), respectively. Moreover, the
synchronization error destroys the orthogonality between subcarriers resulting

in ICI, which is the function of s(zg,,). As setoutin publication [9] mentioned

above, the definition of s(z¢,) may be expressed as:

S(7Z¢ pk) = M , and

N sin¢ 2t
N
s(mgy ) = s(74 ) in the case of p=k

where p and k are subcarrier indexes and ¢, =(1+7)(&+p) - k,e=AT.

The synchronization error causing distortion of the k-th subcarrier data
includes phase rotation and magnitude scaling respectively. Moreover, the

synchronization error destroys the orthogonality between subcarriers resulting



rotated phase is such that 01(k)=2fAf(IN,+Ng)(1+77)T+ N (IN,+Ng)17 (3)
The first component is the inter-play of carrier and sampling frequency
offsets, and the second component is contributed by sampling frequency
offset exclusively. In the cases when only timing frequency offset exists,
the phase rotation is proportional to the subcarrier index as well as the
symbol index. In general, to obtain a prggise timing in a wide range, the
synchronization process usually includes two steps, coarse
synchronization and fine synchronization. In one or more preferred
embodiments of the present invention, focus is concentrated on the

URACKING FOALREVBRCOE thestigHil diiftipg Yue osemelingligavensy) is near
offset. A conventional correlation based coarse symbol synchronization
atgositzmdnpy besigniledeedtstbrith tredaiden! Ghtedudivatedergniorgd. Thus, a

symbals to locate the initj [ iti mple ;
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\figazt&d Bhasgaiess wstdtKatled Ben Letaief, entitled "A Robust Timing and
Frequency Synchronization for OFDM Systems”, published as IEEE

Trans. On Wireless Comm., Voly2,No.4, July 2003, pp822-839, and

Midhael Bpglhy Stelbn (A+Bathtel-GiNMnarduk, d48d Heinrich Meyr,

entitled "Optimum Receiver Design for Wireless Broadband Systems

Using OFDM- Part 1", published as IEEE Trans. On Comm. Vol. 47,

NEheTfirstosembenargas thspisEs-pEr7oarseremdaasel tehifeatiensay offsets,
caprier.freq V. Izatiok SHEh ' in
e Pl P ing Fagibacy Jofset
ireotugiysimentations of preferred embodiments of the present

invention.

In the cases when only timing frequency offset exists, the phase rotation is

proportional to the subcarrier index as well as the symbol index.

In general, to obtain a precise timing in a wide range, the synchronization
process usually includes two steps, coarse synchronization and fine
synchronization. In one or more preferred embodiments of the present
invention, focus is concentrated on the tracking and recovery of the timing
drifting due to sampling frequency offset. A conventional correlation based
coarse symbol synchronization algorithm may be implemented with the aid of
the dedicated training symbols to locate the initial FFT window position and
examples of conventional correlation are described in the publications by
Hlaing Minn, Vijay K. Bhargava, and Khaled Ben Letaief, entitled “A Robust
Timing and Frequency Synchronization for OFDM Systems”, published as
IEEE Trans. On Wireless Comm., Vol.2, No.4, July 2003, pp822-839, and
Michael Speth, Stefan A. Fechtell, Gunnar Pock, and Heinrich Meyr, entitled
“Optimum Receiver Design for Wireless Broadband Systems Using OFDM-
Part 1”, published as IEEE Trans. On Comm. Vol. 47, No.11, November 1999,
pp1668-1677.

Moreover, various conventional carrier frequency synchronization methods



When there is a sampling clock frequency offset between the transmitter
and the receiver, the symbol timing error will be linearly increased or
decreased. Feedback technigues based on PLL (phase lock loop)
structures have a better tracking ability to track slowly varying parameter
changes automatically, which is a good solution for tracking the timing
drift due to sampling frequency offsetsqd o derive the two dimensional
sampling frequency offset estimation for MIMO- OFDM based WLAN
systems according to the embodiment shown in Figure 2, it may be
assumed that 2J pilots are inserted among N subcarriers and that these

D&Q&ﬁt&%ﬁﬂ@éIa@g@md@@ylrbwﬂmﬂ@ézmsnwmbérba [3] Th¢7] listed above

two-dimensional estimator of ure |s bas d on the fa t that timi
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ai@ Hhissehepteffsehis proportlonal to the sub-carrier frequency as
shown in Equation (3). The estimation derived by the estimator of Figure
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are commonly app ied for every OFDM symbol. Namely 20
better tracking ability to track slowly varying parameter changes automatically,

which is a good solution for tracking the timing drift due to sampling frequency
offsets.

To derive the two dimensional sampling frequency offset estimation for MIMO-
OFDM based WLAN systems according to the embodiment shown in Figure
2, it may be assumed that 2J pilots are inserted among N subcarriers and that

these pilot subcarrier indices may be denoted by a,,m=~1,-~J12,-,J

The two-dimensional estimator of Figure 2 is based on the fact that timing
offset in the time domain results in phase offset in the frequency domain and
this phase offset is proportional to the sub-carrier frequency as shown in
Equation (3). The estimation derived by the estimator of Figure 2 may be

represented as Equation(4).

z,arg Zz ylmu(a )ym(a-,){zz:% 1,(‘7 VL 11(0_1)] J

=l J =l j

2

( 27KN, ﬂj
=arg| exp| J

i=1 m=1{ j=1

ZZ[ZH,,(a )x(a,,»{ZH, ,(a_m>x<a_,,,>} J

_ 272KN 1
N

+S)

where the frequency domain channel response H,’j(k) and the pilot

subcarrier x(a,) are commonly applied for every OFDM symbol. Namely



H,,,,1(k)=H,_1,,,i(k)=H,,j (k), and x,-,(a,n)= x1(a,,)=x(a,n) In Equation (4),
arg() is the phase of its argument and the summation is carried out over
all pilot subcarriers and over multiple receiver antennae for averaging. el
and g, take into account all contributions from noise in the estimator for
the MIMO-OFDM system. It should also be noted that the index distance
for each pair of pilot subcarriers is equapgp K. The derived variable is a
linear function of the sampling frequency offset with a constant scaling
factor. Thus, an ML timing error estimator independent of carrier
frequency offset, subcarrier index, and symbol index may be efficiently_
deriyedbpser] on (he-two(dimensianaedimatar sbaywn in Figure 2. This
estimated timing offset niay be denoted by, z,N"_,N _ ¥ 2irkKN, 2,rK'N, (5)
where the first component is the useful component and the second is a

zeid-EALaH s {318 ThetNAL REGRFaMOH B eAEwRENbyane dhetemramation is
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algorithm described in the publication by Pei-yun Tsai, Hsin-Yu Kang an
TAYSEREPueh, entitled "Joint Weighted Least Squares Estimation of
Frequency and Timing Offset for OFDM Systems over Fading Channels",

published-asdikd-intdrapso @ afeduewtyulionsiiPE YoV R tHESESk IR for the
2005, %p211-223 although it adopts a simple single parameter

ulNdignRicMisvatesn ik eheil piee heonghestthaidhegnaexatistanterfor each
Wishireggmbioscprueiy idhe, naighting Thetgt faler Ao adanted L iNeinction
algorithm described in the publication by Pei 21 _
of the sampling frequency offset with a constant scaling factor. Thus, an ML
timing error estimator independent of carrier frequency offset, subcarrier
index, and symbol index may be efficiently derived based on the two-
dimensional estimator shown in Figure 2. This estimated timing offset may be

denoted by,

N oV
= 77 +
27KN, 27KN,

1= ()

where the first component is the useful component and the second is a zero-

mean disturbance.

The ML estimation performed by the system of Figure 2 has similar accuracy
to that achieved by implementation of the algorithm described in the
publication by Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, entitled “Joint
Weighted Least Squares Estimation of Frequency and Timing Offset for
OFDM Systems over Fading Channels’, published as IEEE Trans. On
Vehicular Technology, Vol.54, Issue 1, Jan. 2005, pp211-223 although it
adopts a simple single parameter un-weighted estimation instead of joint
weighted least square estimation. With regard to complexity, the weighting
factor calculation adopted by the algorithm described in the publication by Pei-



yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, entitled "Joint Weighted

Least Squares Estimation of Frequency and Timing Offset for OFDM

Systems over Fading Channels”, published as IEEE Trans. On Vehicular
Technology, Vol.54, Issue 1, Jan. 2005, pp211-223 is avoided. Moreover,

in the algorithm described in the publication by Pei-yun Tsai, Hsin-Yu

Kang and Tzi-Dar Chiueh, entitled "Joip{ Weighted Least Squares

Estimation of Frequency and Timing Offset for OFDM Systems over

Fading Channels", published as IEEE Trans. On Vehicular Technology,
Vol.54, Issue 1, Jan. 2005, pp211-223, even the simplified estimator of n
sfillhasaihigBisorpkexity and iT noDavihladhr gmtttedatJGint Weighted Least

implementation. By contrast, in the two-dimensigpal estim f, Bigure 2
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receiver antennae further impraves the accur f the estimate. The,.
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KD il 2 i RO 4 BVE SHIRSE SRR OFOM
showiB &N miaHreuliisi e nediivenivaiestifiatalltodhatteovamipl&igameltilication is
thelardired for second tier correlation over two consecutive OFDM symbols.
However, its complexity and cost is attractively low, but a high accuracy may
be achieved as the two-dimensional cross-correlation efficiently removes the
influence of carrier frequency offset on sampling frequency offset. Moreover,
the first tier correlation is performed on pairs of positive and negative
subcarriers, which are half symbol separated. This decreases the influence of
SNR variation for different subcarriers in a dispersive fading channel. In
addition, the averaging over multiple receiver antennae further improves the

accuracy of the estimate.

The above-described estimator shown in Figure 2 operates on the OFDM
symbols after a number (N,) of N-point FFTs where N; is the number of
receiving antennae. In practice, the estimation variance may affected by
MIMO fading channels, as shown in Equation (4) above. The estimator
shown in Figure 3 is an alternative estimator to that shown in Figure 2 which

operates on the OFDM symbols after MIMO detection. Namely it operates on
v, (k),



operates on the OFDM symbols after MIMO detection. Namely it operates
on ya(k), 22 y'/(k)=G(K)y(K)=G(k)H(k)x(k)+G(k)n(k) (0) = exp(cp, (K))x,
(k) +ICf 1(k) + n'1 (k) In the above equation, G(k) is the detection matrix,
which can be computed according to zero-forcing (ZF) or minimum mean
square error (MMSE) criteria. The detection is performed assuming that
G(k)H(k) =I , where | is an identity matpix. If the above y'z(k) is applied to
Equation (4), the estimation performed by the estimator of Figure 3 may
be given by: z = arg C exp j 2xKN5i7\ + et,) = 2irKN,g + (7) N N C where
C is a constant which is associated with J, N,, and Nt, and has no direct

rg}%mt@&ﬁ@yygﬁbl\;g@@)tmg)gh@nmjgkjﬁ@)means éég:lt the estimation
variance [ antly redyced. Thus the rnative estimator
sh W:E%\éﬁe?’%?aggg&géwm 3OFDM symbols after MIMO

combination, which substantially removes the significant influence of
dispersive fading channel on the estimation variance as shown in

EileoARayevrsteBlRR, thelBsiimthforedectipr Ak My CHbReRomPuted
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evert ow to structure shown in Figure 1, in an effort to .
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the estimation accuracy is not a unique factor dominating the feedback
trALK gxwﬁg%rmame. In conventional timing tracking loop designs
sychasbee Ldessribepplidiete tiications by Beogstiméiog, KdvitechBemy the
Letaief, Roger S.

estimator of Figure 3 may be given by:

2
z) = arg(C exp(j ”lij“ﬂ] +e" j = —————27[];][\["77 +¢ (7)

where C is a constant which is associated with J, N, and N;, and has no
direct relation to the MIMO fading channel. This means that the estimation

variance may be significantly reduced.

Thus the alternative estimator shown in Figure 3 operates on the OFDM
symbols after MIMO combination, which substantially removes the significant
influence of dispersive fading channel on the estimation variance as shown in
Equation (4). Moreover, the estimation accuracy benefits more from the

averaging over multiple pilot subcarrier pairs and multi-spatial streams.

Reverting now to the PLL structure shown in Figure 1, in an effort to obtain an
efficient solution to timing recovery, it has been determined that the estimation
accuracy is not a unique factor dominating the feedback tracking loop
performance. In conventional timing tracking loop designs such as those
described in the publications by Baoguo Yang, Khaled Ben Letaief, Roger S.
Cheng, and Zhigang Cao, entitled “Timing Recovery for OFDM Transmission”,
published as |EEE Journal of Selected Areas in Communications, Vol.18,
No.11, Nov., 2000, pp2278-2291 and Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar



Cheng, and Zhigang Cao, entitled "Timing Recovery for OFDM
Transmission”, published as IEEE Journal of Selected Areas in
Communications, Vol.18, No.11, Nov., 2000, pp2278-2291 and Pei-yun
Tsai, Hsin-Yu Kang and Tzi-Dar 23 Chiueh, entitled "Joint Weighted
Least Squares Estimation of Frequency and Timing Offset for OFDM
Systems over Fading Channels”, published as IEEE Trans. On Vehicular
Technology, Vol.54, Issue 1, Jan. 2005, pp211-223, the estimated error
signal is smoothed by a low pass loop filter (LPF) and further
accumulated by an accumulator. In this case, the high accuracy offset

ﬁeﬁmew @dwe?(a“tﬁﬁhﬁmtglmea sleget ?waresoﬂfﬂme}t@uerdwmﬁmy and
ocking and tracking stage. However, in t ractical implem is
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preferred embodiments of the present invention and conyenti LLs
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accumulated by an accumulator, The verall t er PLL o eration
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of phase rot tlon atPhs durati |on estimation o |m|
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timing offset need be considered. In this case, the phase rotatlon is
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embodiments of the present invention and conventional PLLs is that, in the
present invention, the estimation output passes through an accumulator first,
then is smoothed by a low pass filter and further accumulated by an
accumulator. The overall third-order PLL operation may be described by the

equation:
%:Z{Zﬁl ®}f(l) ®)

where ® denotes convolution and f(/) is the LPF filter, and ¢, is the

estimated value of phase rotation at /-th symbol duration ¢

As the estimation of timing offset » is independent of the carrier frequency
offset A7 or €, only the timing offset need be considered. In this case, the

phase rotation is proportional to the subcarrier index as well as the timing

offset itself,

27tk
P,(0) == (N, + N, )y o

and



ir(k)= N (IN,.+Ng)11 (9) and 24 ec(1)=br P1 The stochastic difference
equation (SIDE) that represents the dynamic behaviour of the tracking
loop may be written as: '1= 4eQ(l)+n 0f(1) T, where 17 =(Pr.1 T ,Ae,,
(1)=ew(I+1)-ec(l). Based on the SDE equation, the third-order PLL loop
performance may be analytically evaluated. In the present invention, as
shown in Figure 1, the timing clock offset4discriminator output 13 passes
through an accumulator 14 first, then is smoothed by a low pass filter 15
and further accumulated by an accumulator 16. The loop is closed by
using the accumulator output 0" to adjust the symbol timing and sampling
clogk A2 dhegtiming offset caused ICI term may be ignored when
performing the sample timing adjustment and only the phase rotation
pr? ortlonagtoﬁjhe subcarrier index i |s appf% ed on each subcarrier. This is
8 t

ﬁlc?éﬂf“ o WHRIRNG?7 eURIRR (RihG re%er?@[%%@ the dynamic

eﬁ&hamummﬁlﬂhd‘ﬁtﬂ&@k&fgduabffﬁa}dbwmf&%é?or example, if the
estimated deviation is 2%, then the first two estimation outputs should be

98%i7, ang 93¢ (17 98%77) ~ 2%77. Thus, in a conventional second
ordep PLL, t of éheoop filter is highly dynamic in the initial stage
and the low’k pass oop filter should have a wideband to adapt to these
dynamics, WhICh |mpI|es a poor loop noise performance and a long

acquisition t| js directly results in a poor BER 25
where 7= ’“ S e, (D=e,(+1)—e, ().

Based on the SDE equation, the third-order PLL loop performance may be

analytically evaluated.

In the present invention, as shown in Figure 1, the timing clock offset
discriminator output 13 passes through an accumulator 14 first, then is
smoothed by a low pass filter 15 and further accumulated by an accumulator

16. The loop is closed by using the accumulator output ¢,, to adjust the

symbol timing and sampling clock 12. The timing offset caused ICI term may
be ignored when performing the sample timing adjustment and only the phase
rotation proportional to the subcarrier index is applied on each subcarrier. This

is an efficient solution when N7y <<1.

In the timing recovery PLL, the estimator output is the residual frequency
offset. For example, if the estimated deviation is 2%, then the first two
estimation outputs should be 98% 7, and 98%( 7 —98%mn) ~ 2% .

Thus, in a conventional second order PLL, the input of the loop filter is highly
dynamic in the initial stage and the low pass loop filter should have a
wideband to adapt to these dynamics, which implies a poor loop noise
performance and a long acquisition time. This directly results in a poor BER



(bit error rate) or PER (packet error rate) performance. In preferred
embodiments of the present invention, as the estimator output is the
residual frequency offset AO, its accumulation is the estimate of the
original frequency offset r/, but with a better accuracy in the progress of
accumulation. As the estimators according to further preferred
embodiments have a high accuracy, thegesultant accumulator output
enters into the stable state very quickly, and its dynamics are low. This
implies that a narrow band LPF with good loop noise performance may
be employed and assists in achieving both fast acquisition and stable

tréickisgrovitatiower BERp(¥itkenetrepsatIierfechembediments of the
invention may be verified in a 2x2 MIMO- OFDM based WLAN system.
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showing the acquisition and tracking behaviour of the third-order PLL of
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a GBuisition and tracking start at the same time and the transition time to
st

fe #4¢EKiAGUIRoRs Rl iBRITATERES stAAMallP dertelayed taad assists in
acumieilipg andHreskingguienidhusihestapiBoEkinRWRE ‘l&@!é?‘éo%%lexity and
reré;e erated with high accuracy, which implies an excellent system BER
afdSPER performance. The system performance comparison results for
two timing recovery schemes are shown in Figures 5 to 7. The system
siRmgifsticedresul®tinensGWNthe invention may be verified in a 2x2 MIMO-

OFDM based WLAN system. The system specification is referred to the
WLAN 802.11n standard draft [see the publication EWC HT PHY
Specification”, Enhanced Wireless Consortium Publication. VV1.27, December
23rd, 2005]. A Type B MIMO fading channel model [as described in the
publication IEEE P802.11 Wireless LANs TGn Channel Models”, doc.: IEEE
802. 11-03/940r4, May 2004] may be employed in the system simulation.

Figure 4 is a graph showing the acquisition and tracking behaviour of the
third-order PLL of Figure 1. The acquisition time is the estimation duration,
that is, only two OFDM symbols, which is confirmed in Figure 4. It will be
seen that the acquisition and tracking start at the same time and the transition
time to stable tracking status is negligible. This substantially decreases the
acquisition and tracking error, thus the timing drift may be tracked and
regenerated with high accuracy, which implies an excellent system BER and

PER performance.

The system performance comparison results for two timing recovery schemes
are shown in Figures 5 to 7. The system simulation results in an AGWN
channel for BPSK and 64QAM modulations are shown in Figure 5 for a packet



channel for BPSK and 64QAM modulations are shown in Figure 5 for a

packet 26 length of 2048 bytes. It is clear that the third-order PLL of

Figure 1 significantly outperforms the conventional second-order PLL
schemes. In the simulation, it was also observed that the phase unlocking
occurred frequently for the AWGN channel. In this case the bit errors are

not counted in the last BER. Evidently thg real BER performance of the
traditional PLL schemes should be much worse than the result shown in

Figure 5. The system simulation results in a MIMO fading channel B for

BPSK and 64QAM modulations are shown in Figures 6 and 7

relspettively R4gadkgedengtiis Bf 202k byies. thbe thinltatden esUltsf Figure 1
indicate that the third-order PLL of Fiqure 1 out-performs the conyentional
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can be added or substitute se above. Thus, although the invention
has been described above using particular embodiments, mané variations
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Claims 1. An apparatus for timing recovery in an OFDM system

copnsiiamef @ﬂﬁi%r'rd?%%‘w@é'%;ﬁe@lﬂ@) bsheptsithptdeathircborrgr PLL

Trgn$iRfime(FF DURLBE RIS AR ING ARWRRSA O5econd-order PLL significantly.
Moreover, the PLL of Figure 1 may support clock inaccuracy up to 200ppm
with negligible system performance degradation, which is much better than

the 20ppm clock inaccuracy requirement specified in the WLAN standard.

Various modifications to the embodiments of the present invention described
above may be made. For example, other components and method steps can
be added or substituted for those above. Thus, although the invention has
been described above using particular embodiments, many variations are
possible within the scope of the claims, as will be clear to the skilled reader,

without departing from the scope of the invention.



input signals in the time domain and transforming one or more of the
number of input signals to the frequency domain; one or more of the
number of input signals having an associated sampling frequency and MCSLLP
phase and comprising a number of symbols, the Fast Fourier Transform
stage being arranged to apply a Fast Fourier Transform process to one or
more of the number of input signals, the7ast Fourier transform process
having an associated window of operation; a phase rotation stage
couplable to an output of the Fast Fourier Transform stage for adjusting
the phase of one or more of the one or more transformed signals; a
frequency offset estimation stage couplable to an output of the phase
rotation stage for estimating frequency offset between sampled signals to
@w' ne or more frequency offset estimates; a first accumulator
c to an output of the frequency offset estimation stage for
accumulating the one or more frequency offset estimates; a low pass filter

cduplabl®RFRRANELTEF tHEINRTRLARRUIAER foF bR RO BHEING:

lock loop; a second accumulator couplable to an output of the low pass
filter for accumulatiing otpritshakth e bkiquas $Hllier cthrasesiogd
accumulator being arranged to control phase rotation in the phase

otaton stage: g MGk 2 4 CARHEOIEES PRI FOPHAURIHMI KLmber of

associated with the window of operation : rm
piopeésigngliedoih entneadormainanTr fisseieintag@naeosdeerr) of the number

a%‘f‘i%}#]g@éhﬁf@@ﬂ%n%aﬁgnﬁ rﬁ%ﬁlﬁ;%@ﬁ@%@@f the PASer of input

rotati eing arranged to generate a time recovere _
signals having an associated sampling frequency and phase and comprising a

number of symbols, the Fast Fourier Transform stage being arranged to apply
a Fast Fourier Transform process to one or more of the number of input
signals, the Fast Fourier transform process having an associated window of

operation;

a phase rotation stage couplable to an output of the Fast Fourier
Transform stage for adjusting the phase of one or more of the one or more

transformed signals;

a frequency offset estimation stage couplable to an output of the
phase rotation stage for estimating frequency offset between sampled signals

to provide one or more frequency offset estimates;

a first accumulator couplable to an output of the frequency offset

estimation stage for accumulating the one or more frequency offset estimates;

a low pass filter couplable to an output of the first accumulator

for stabilizing the phase lock loop;

a second accumulator couplable to an output of the low pass
filter for accumulating outputs of the low pass filter; the second accumulator

being arranged to control phase rotation in the phase rotation stage; and



output signal. 2. An apparatus according to claim 1, wherein the frequency

offset estimation stage comprises: one or more cross-correlation stages MCSLLP
for correlating one or more outputs from the one or more phase rotation

stages and for providing one or more cross-correlated output signals; one

or more first summation stages for summing the cross- correlated output

signals in each antenna channel; a seced summation stage for summing

the one or more outputs of the one or more first summation stages; a

further stage for determining an average phase difference between

consecutive symbols from an output signal from the second summation

stage;fand a p@%ﬁ}ﬁ&@ﬂoaté@%‘a@m&uamna§niwt@té>§i§aéébféahaﬁth the
stage for extracting the Se the one or more cross-correlate output
sifHES ¥nB'tOREY 't%ﬂegﬁl%é@ti%fﬁaftte&o QARSI PSRIEN KRR gPRIed by the

apeatafsaesoingstornistayduher sarppdsingcarvliMdr dséatgiomranged to
staczgt cgmlable e@‘/vee the one or more phase rotation stages and the

4 Fation Qe d¥the the frequency offset estimation stage. 4. A
method of timing recovery in an OFDM system comprising: MCSLLP 29
applying in a Fékke rhaser rotatisforbeinggyiargsd fo generptenaftinme recovered

p@f@%ﬁ Isqgﬁglumber of received input signals in the time domain to
transform one or more of the number of input signals to the frequency

domain, one or more of the number of input signals ha\_/in%han associated
s@mplind \rRRRAG th PERASENthd oRPIMBinG AMIGHHBr B1eyifRfbiente offset
FastirRHIéR stage comprises:

one or more cross-correlation stages for correlating one or more
outputs from the one or more phase rotation stages and for providing one or

more cross-correlated output signals;

one or more first summation stages for summing the cross-

correlated output signals in each antenna channel;

a second summation stage for summing the one or more

outputs of the one or more first summation stages;

a further stage for determining an average phase difference
between consecutive symbols from an output signal from the second

summation stage; and

a phase extraction stage couplable to an output of said further
stage for extracting the phase of the one or more cross-correlated output

signals and to generate an estimated sampling frequency offset.

3. An apparatus according to claim 2, further comprising a MIMO
detection stage couplable between the one or more phase rotation stages and

the cross-correlation stages in the the frequency offset estimation stage.

4, A method of timing recovery in an OFDM system comprising:



transform process having an associated window of operation; adjusting
the phase of one or more of the one or more transformed signals in a
phase rotation stage couplable to an output of the Fast Fourier Transform
stage; estimating in a frequency offset estimation stage frequency offset
between sampled signals to provide one or more frequency offset
estimates from an output signal of the ppase rotation stage; accumulating
the one or more frequency offset estimates in a first accumulator;
stabilizing the phase lock loop using a low pass filter; accumulating
outputs of the low pass filter in a second accumulator; controlling the
phase rotation ipihigipyage it ﬁageieusiﬁ’gatfﬁomcmtm@ﬂed diHapUt$:ourier
he I ass filter; ontrolh timjn assoc ated tW|Ih thle wm d t
(5?5&? o= t%gurlllérrnq??a{nsfo% g ces R e 'I?)yr}he%:t{!lnsqte omain to
FtnanefoTralmferm stage aﬁsmgrtbm hecmhmiptded;lgqustmahmé*dmuepaasdomain

filter. 5. A metho ccordin im 4, wherein the.step. of estimating the
frgquency SitseP C(fbnprlsesg L'RB“%ﬁ‘%B‘?‘r&a avm 8 %rar%%?gr%het% u amphng

siffeglssinogn dhel phase mndecghmstr@&nmushbge&ﬁ@rftbqﬁoﬂt&rﬁ&%& ourier
or, mor cross cor (%I%tae\ﬂn g?]u& S%?gg% 6v9 6@ géwgrg{l &ﬁ)re first

trans roce
summa on tages the cro s corre outp S|gnals or each antenna;

summing in a second summation stage one or more outputs of
adjusting the phase of one or more of the one or more

MCSLLP

transformed signals in a phase rotation stage couplable to an output of the

Fast Fourier Transform stage;

estimating in a frequency offset estimation stage frequency
offset between sampled signals to provide one or more frequency offset

estimates from an output signal of the phase rotation stage;

accumulating the one or more frequency offset estimates in a

first accumulator;
stabilizing the phase lock loop using a low pass filter;

accumulating outputs of the low pass filter in a second

accumulator;

controlling the phase rotation in the phase rotation stage using

the accumulated outputs of the low pass filter;

controlling timing associated with the window of operation of the
Fast Fourier Transform process applied by the Fast Fourier Transform stage

using the accumulated outputs of the low pass filter.

5. A method according to claim 4, wherein the step of estimating the

frequency offset comprises:



the one or more first summation stages and providing an output signal,
determining an average phase difference between consecutive symbols
from an output signal from the second summation stage; and extracting
the phase of the one or more cross-correlated output signals to generate
an estimated sampling frequency offset. 6. A method according to claim 5,
further comprising applying the one or mwre outputs of the one or more
phase rotation stages in the frequency offset estimation stage to one or
more inputs of a MIMO detection stage prior to the step of correlating the
signals in the frequency offset estimation stage. 7. A receiver comprising
the apparatus adf@anylatheyobakims rhdpe3 output signals from the one or more

phase rotation stages and for providing one or more cross-correlated output

MCSLLP

signals;

summing in one or more first summation stages the cross-

correlated output signals for each antenna;

summing in a second summation stage one or more outputs of

the one or more first summation stages and providing an output signal;

determining an average phase difference between consecutive

symbols from an output signal from the second summation stage; and

extracting the phase of the one or more cross-correlated output

signals to generate an estimated sampling frequency offset.

6. A method according to claim 5, further comprising applying the one or
more outputs of the one or more phase rotation stages in the frequency offset
estimation stage to one or more inputs of a MIMO detection stage prior to the

step of correlating the signals in the frequency offset estimation stage.

7. A receiver comprising the apparatus of any one of claims 1 to 3.



