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(57) ABSTRACT 

A circuit for improving accuracy of channel impulse 
response estimation and compensating for remnant fre 
quency offset in a receiver of an orthogonal frequency 
division multiplexing (OFDM) system is provided. The 
circuit comprises an equalizer, for compensating a first 
signal for channel distortion with the channel impulse 
response estimate to generate a second signal. The circuit 
also comprises a remnant frequency compensation module, 
coupled to the equalizer, for rotating a phase of the second 
signal with a phase angle of an phase offset coefficient 
calculated according to a plurality of pilot signals of the 
second signal to generate a third signal. The circuit further 
comprises a error estimation module, coupled to the remnant 
frequency compensation module, for generating an error 
estimate according to the third signal and its hard decision 
estimate, and the error estimate is further fed back to the 
equalizer to refine the channel impulse response estimate. 
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CIRCUIT FOR IMPROVING CHANNEL MPULSE 
RESPONSE ESTMLATION AND COMPENSATING 
FOR REMNANT FREQUENCY OFFSET IN THE 

ORTHOGONAL FREQUENCY DIVISION 
MULTIPLEXING BASEBAND RECEIVER FOR 
IEEE 802.11A/G WIRELESS LAN STANDARD 

STANDARD 

BACKGROUND 

0001. The present invention relates to a baseband pro 
cessor of an orthogonal frequency division multiplexing 
(OFDM) receiver, and more particularly, to an OFDM 
baseband processor for wireless LAN (WLAN) IEEE 
802.11a or IEEE 802.11g standards. 
0002 Orthogonal frequency division multiplexing 
(OFDM) is a modulation technique for wireless LAN stan 
dards such as IEEE 802.11a or 802.11g. OFDM distributes 
the data over a large number of carriers (or Sub-carriers) that 
are spaced apart at precise frequencies. This spacing pro 
vides the “orthogonality” that prevents the demodulators 
from seeing frequencies other than their own. Because the 
data is split for transmission on several Sub-carriers, the 
duration of every transmitted symbol on each sub-carrier is 
increased, and the amount of crosstalk between symbols or 
inter-symbol interference (ISI) is reduced. This is the reason 
why OFDM is so popular among applications for high bit 
rate communication systems nowadays. 

0003) In IEEE 802.11a, the carrier frequency is 5 GHz. 
There are 64 implied Subcarrier frequencies with a spacing 
of 312.5 kHz(=20 MHz/64, wherein 20 MHz is the channel 
bandwidth). Among the 64 implied subcarriers, there are 52 
nonzero subcarriers, which includes 48 data subcarriers 
carrying data and four pilot Subcarriors used as pilot tones. 
Each subcarrier hums away at 312.5 k symbols/second. Data 
is blocked into 3.2-microsecond frames with an additional 
0.8 microsecond of cyclic prefix tacked on for mitigation of 
intersymbol interference, and the data frame and the cyclic 
prefix thereof forms a data symbol lasting for 4 us. A 
64-point fast Fourier transform is performed over 3.2 micro 
seconds to extract the 48 data symbols on the 48 QAM 
signals. Forbinary phase-shift keying (BPSK), with 1 bit per 
symbol, that is 48 bits in 4 microseconds, for an aggregate 
data rate of 12 Mbits/s. Half-rate convolutional coding 
brings the net rate down to 6 Mbits/s. For 64 QAM, the 
aggregate data rate is six times higher, or 72 Mbits/s. 

0004 FIG. 1 illustrates the main function blocks of the 
transmitter end 100 of the OFDM baseband processor 
according to the IEEE 802.11a standard. The main function 
blocks of the transmitter end include a signal mapper 102, a 
serial to parallel converter 104, an inverse fast Fourier 
transform (IFFT) block 106, a parallel to serial converter 
108, a cyclic prefix (CP) adding block 110, a digital to 
analog converter (DAC) 112, and a radio frequency (RF) 
transmitter 114. OFDM is a multi-carrier modulation tech 
nique. First, the data stream is modulated with signal mapper 
102 using modulation techniques such as Quadrature Ampli 
tude Modulation (QAM) or Binary Phase Shift keying 
(BPSK). The next step in OFDM modulation is to convert 
the serial data into parallel data streams with the serial to 
parallel converter 104. The Inverse Fast Fourier transform 
(IFFT) is then performed on the modulated data with the 
IFFT block 106. The IFFT is at the heart of the OFDM 
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modulation, because it provides a simple way to modulate 
data streams onto orthogonal Subcarriers. The data streams 
before and after IFFT are designated as Xn and xn to 
represent frequency domain data and time domain data 
respectively, wherein in represents the order number of the 
subcarriers. After the IFFT, the parallel data streams are 
concatenated into a single data stream by the parallel to 
serial converter 108. Finally a characteristic cyclic prefix 
(CP) is added to each OFDM symbol being transmitted in 
the single data stream with the cyclic prefix adding block 
110. The OFDM symbol is now ready, and after being 
converted from digital to analog form with the DAC 112 and 
modulated by the RF transmitter with a carrier frequency fe, 
it is sent over the channel 150 as RF signals to the receiver 
end. 

0005 FIG. 2 illustrates the main function blocks of 
receiver end 200 of the OFDM baseband processor accord 
ing to the IEEE 802.11a standard. The main function blocks 
of the receiver end 200 include a RF receiver 202, a sampler 
204, a synchronization block 206, a cyclic prefix remover 
208, a serial to parallel converter 210, a fast Fourier trans 
form (FFT) block 212, a channel estimation and equalization 
block 214, a parallel to serial converter 216, and a signal 
demapper 218. The receiver end 200 performs the inverse of 
the transmitter end 100. After transmitting through channel 
150, the signal is received by the RF receiver 202 with 
carrier frequency fe'. The received signal is then passed to 
the sampler 204 and sampled. Then the data samples are 
compensated for carrier frequency offset (CFO) with the 
CFO correction block 226 inside the synchronization block 
206 wherein the CFO is caused from the difference between 
carrier frequency of transmitter end 100 and receiver end 
200 (fc and fe'). The other function blocks inside the 
synchronization block 206 are frame detection block 220 
and timing synchronization block 224. Frame detection is to 
detect the symbol frame of the data samples, and timing 
synchronization is to detect the symbol boundary of the data 
samples inside data frame. The receiver end 200 has to 
determine the symbol boundary to assure that only the signal 
part of every OFDM symbol is written into the FFT and no 
part of the cyclic prefix. Implementing timing synchroniza 
tion can also avoid Inter Symbol Interference (ISI) caused 
by Sampling timing errors. After the cyclic prefix of symbols 
are removed with the CP removal block 208, the data 
samples are converted from serial to parallel, and applied to 
the FFT block 212. The Fast Fourier Transform (FFT) 
converts the time domain samples back into a frequency 
domain. Because the signal through channel 150 has suf 
fered from frequency selective attenuation, the data samples 
are passed to the channel estimation and equalization block 
214 for equalizing the attenuation. The parallel to serial 
converter block 216 converts the parallel data samples into 
a serial data stream. Finally, the data stream is demodulated 
with a QAM or BPSK scheme by signal demapper 218 to 
recover the original input data. 
0006 There are many sources of the frequency offset in 
wireless systems. The main sources are the difference 
between local oscillators at the transmitter and the receiver 
and the Doppler shift. Frequency offset destroys the orthogo 
nality between the OFDM symbol subcarriers and intro 
duces inter-channel interference (ICI) at the output of the 
OFDM demodulator. Therefore, the CFO correction block 
226 shown in FIG. 2 is required to compensate the samples 
for CFO. The preamble of an OFDM packet specified by the 
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IEEE standard consists of 10 identical short training sym 
bols (each containing 16 data samples) and two identical 
long training symbols (each containing 64 data samples). 
These symbols can be used for the CFO estimation in the 
conventional method. The CFO is estimated based on some 
repeated training symbols with structures that are different 
due to CFO from ideal structures. The conventional method 
of the frequency offset estimation uses equations based on 
maximum likelihood (ML) criterion. These equations per 
form the search for the maximum of the correlation between 
the received training symbols or their functions to derive 
CFO. However, there is still some remnant CFO not com 
pensated for in the conventional method. Because the 
OFDM system is far more vulnerable to the carrier fre 
quency offset than single-carrier systems, even the remnant 
CFO of a small fraction of the Subcarrier spacing can cause 
serious performance degradation if not properly compen 
sated. 

0007 FIG. 3 shows an equalizer 300 for implementing 
channel equalization in the conventional method. The equal 
izer 300 is one embodiment of the channel estimation and 
equalization block 214 shown in FIG. 2. Channel equaliza 
tion compensates for channel distortion caused from multi 
path fading channels, which introduce inter-symbol inter 
ference (ISI) in the received signal. To remove ISI from the 
signal, the equalizer 300 require knowledge about the chan 
nel impulse response H, which can be provided by a 
channel estimator 302. The suffix k represents the order of 
the sub-carriers, and channel estimation in OFDM is typi 
cally done by using a simple estimation technique in the 
frequency domain independently in all the Sub-carriers. The 
reciprocal circuit 304 then generates the reciprocal R of the 
channel impulse response H. Assume the equalizer 300 
receives signal Y from FFT block 212, the equalization 
circuit 306 can then use the reciprocal R of the channel 
impulse response H to compensate the signal Y for channel 
distortion to generate a signal X. However, if the estimate 
of channel impulse response H is not accurate enough, the 
signal X will not reflect the original signal in the transmitter 
end. Thus there is a need for a method to obtain more 
accurate estimation of the channel impulse response H. 

SUMMARY 

0008. It is therefore an object of the present invention to 
provide a circuit for improving accuracy of channel impulse 
response estimation and compensating for remnant fre 
quency offset in a receiver of an orthogonal frequency 
division multiplexing (OFDM) system. 
0009. An embodiment of a circuit for improving accuracy 
of channel impulse response estimation and compensating 
for remnant frequency offset is provided. The circuit com 
prises an equalizer, for compensating a first signal for 
channel distortion with the channel impulse response esti 
mate to generate a second signal. The circuit also comprises 
a remnant frequency compensation module, coupled to the 
equalizer, for rotating a phase of the second signal with a 
phase angle of phase offset coefficient calculated according 
to a plurality of pilot signals of the second signal to generate 
a third signal. The circuit further comprises a error estima 
tion module, coupled to the remnant frequency compensa 
tion module, for generating an error estimate according to 
the third signal and its hard decision estimate, and the error 
estimate is further fed back to the equalizer to refine the 
channel impulse response estimate. 
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0010. In another provided embodiment of a circuit for 
improving accuracy of channel impulse response estimation, 
the circuit comprises an equalizer, for compensating a first 
signal for channel distortion with the channel impulse 
response estimate to generate a second signal. The circuit 
also comprises an error estimation module, coupled to the 
equalizer, for generating an error estimate according to a 
hard decision estimate of the second signal and the first 
signal. Then the error estimate is further fed back to the 
equalizer to refine the channel impulse response estimate. 
0011. In another provided embodiment of a circuit for 
compensating for remnant frequency offset, the circuit com 
prises an equalizer, for compensating a first signal for 
channel distortion with the channel impulse response esti 
mate to generate a second signal. The circuit also comprises 
a remnant frequency compensation module, coupled to the 
equalizer, for rotating a phase of the second signal with a 
phase angle of an phase offset coefficient calculated accord 
ing to a plurality of pilot signals of the second signal to 
generate a third signal. 

DESCRIPTION OF THE DRAWINGS 

0012. The invention can be more fully understood by 
reading the Subsequent detailed description in conjunction 
with the examples and references made to the accompanying 
drawings, wherein: 
0013 FIG. 1 illustrates the main function blocks of the 
transmitter end of the OFDM baseband processor according 
to the IEEE 802.11a standard; 
0014 FIG. 2 illustrates the main function blocks of 
receiver end of the OFDM baseband processor according to 
the IEEE 802.11a standard; 
0015 FIG. 3 shows an equalizer to implement channel 
equalization in the conventional method; 
0016 FIG. 4 illustrates the main function blocks of a 
circuit for channel equalization with improved channel 
impulse response estimation accuracy according to an 
embodiment of the present disclosure; 
0017 FIG. 5 illustrates the main function blocks of a 
circuit for channel equalization with remnant frequency 
offset compensation according to an embodiment of the 
present disclosure; 
0018 FIG. 6 illustrates the main function blocks of a 
circuit for channel equalization with improved channel 
frequency response accuracy and remnant frequency offset 
compensation according to an embodiment of the present 
disclosure; 
0.019 FIG. 7 illustrates the main function blocks of a 
circuit for channel equalization with improved channel 
frequency response accuracy and remnant frequency offset 
compensation according to another embodiment of the 
present disclosure. 

DETAILED DESCRIPTION 

0020 FIG. 4 illustrates the main function blocks of a 
circuit 400 for channel equalization with improved channel 
impulse response estimation accuracy according to an 
embodiment of the present disclosure, and the circuit 400 
comprises an equalizer 450 and an error estimation module 
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470. Equalizer 450 resembles the equalizer 300 shown in 
FIG. 3, but the error estimation module 470 is provided for 
improving the channel impulse response estimation accuracy. 
The error estimation module 470 uses a hard-decision equa 
tion to generate a hard-decision estimate of the equalized 
signal, which is fed back to the next iteration of the 
estimation of channel impulse response on the next Sub 
carrier to improve its accuracy. 
0021. Because the equalizer 450 processes frequency 
domain data, samples of the received signal are delivered to 
a FFT block 212 to perform fast Fourier transformation and 
convert the samples on the k-th Sub-carrier to frequency 
domain signal Y, wherein the suffix k represents the order 
of sub-carrier. The equalizer 450 includes a channel estima 
tor 402, an update circuit 410, a reciprocal circuit 404, and 
an equalization circuit 406. First, channel estimator 402 
generates an estimate H' of the channel impulse response. An 
update circuit 410 then generates a revised estimate H of 
channel impulse response of the k-th Sub-carrier at current 
time index n according to an error estimate E- and a 
channel impulse response estimate H of the k-th sub 
carrier at the last time index n-1 with the following equa 
tion: 

wherein the parameter n in the parentheses represents the 
time index of the OFDM symbols. The estimate H of the 
channel impulse response from the channel estimator 402 is 
used as the initial value Ho of the channel impulse 
response of of the k-th sub-carrier to generate the H and 
the estimates at the following time index by iteration. u is a 
predetermined constant, E is an error estimate at the 
last time index generated from an error circuit 414, and conj 
(X) is the conjugate of a signal X-1 at the last time 
index generated from the equalization circuit 406. The error 
estimate E-1) and signal Z-1) is further described in the 
following. The reciprocal circuit 404 can then generate the 
reciprocal R of the revised channel impulse response esti 
mate H. 
0022. Equalization circuit 406 compensates the signal Y. 
for channel distortion with the reciprocal R to generate a 
signal X. Signal X is then fed to the error estimation 
module 470, which includes a hard decision module 412 and 
an error circuit 414. The hard decision circuit 412 use a hard 
decision equation to generate a hard decision estimate XII 
of the signal X. Thus, the error circuit 414 can calculate an 
error estimate Ek between signal X and its hard decision 
estimate XD according the following equation: 

wherein the parameter n in the parentheses represents the 
time index of the OFDM symbols. The error estimate E. 
is delivered to the update circuit 410 for improving the 
precision of the channel impulse response estimate H. 
of the next time index of the OFDM symbols. In equalizer 
400 the hard decision block 412, error circuit 414, and 
update circuit 410 are added to refine the estimate of channel 
impulse response, and the hard decision estimate is fed back 
to the update circuit 410 to generate a more precise channel 
impulse response estimate through iteration. Thus, perfor 
mance of circuit 400 is better than that of circuit 300 shown 
in FIG. 3. 

0023 FIG. 5 illustrates the main function blocks of a 
circuit 500 for channel equalization with the remnant fre 
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quency offset compensation according to another embodi 
ment of the present disclosure. The circuit 500 includes an 
equalizer 550 and a remnant frequency compensation mod 
ule 560. Equalizer 550 resembles the equalizer 300 shown in 
FIG. 3, but a remnant frequency compensation module 560 
is provided for remnant frequency offset compensation in 
frequency domain. The remnant frequency compensation 
module 560 uses a frequency rotor circuit for remnant 
frequency offset compensation by means of utilizing the 
phase of the pilot signals. 
0024. Because the equalizer 550 processes frequency 
domain data, samples of received signals are delivered to an 
FFT block 212 to perform fast Fourier transformation and 
convert the samples on the k-th Sub-carrier to frequency 
domain signal Y, wherein the suffix k represents the order 
of sub-carriers. The equalizer 550 includes a channel esti 
mator 502, a reciprocal circuit 504, and an equalization 
circuit 506. First, channel estimator 502 generates an esti 
mate H of the channel impulse response of the k-th Sub 
carrier. The reciprocal circuit 504 can then generate the 
reciprocal R of the revised channel impulse response esti 
mate H. Equalization circuit 506 then compensates the 
signal Y for channel distortion with the reciprocal R to 
generate a signal X. 
0025 Signal X is then fed to the remnant frequency 
compensation module 560, which includes a pilot phase 
calculation circuit 520 and a frequency rotor circuit 522.The 
pilot phase calculation circuit 520 can calculate phase offset 
coefficient P with the prior symbol of the pilot signal 
Xi, which is actually the signal X on the pilot sub 
carriers with specific Suffix k, and Suffix j ranges from 1 to 
4 because there are four pilot sub-carriers in the OFDM 
system. The phase offset coefficient P is calculated accord 
ing to the following equation: 

4. 
2 P = angle Hpilot.in). X (Xpilot.in) - Xpilot.j(n-1)) 

i=l 

wherein Xisi is the sample of j-th pilot signal of the 
signal X at the current time index n, Xisi is the sample 
of the j-th pilot signal of the signal X at the last time index 
n-1, and His is the estimate of the channel impulse 
response of the j-th pilot Sub-carrier at current time index n. 
0026. The frequency rotor circuit 522 rotates the phase of 
the signal X with the phase angle of the phase offset 
coefficient P calculated from samples of pilot signals to 
generate a signal Z. The frequency rotor circuit 522 gen 
erates signal Z according to the following equation: 

Z(n)=X1(n)xexp(ixPen), 
wherein the parameter n in the parentheses represents the 
time index of the OFDM symbols, exp() is the exponential 
function, and the signal Z is the signal compensated for 
remnant frequency offset. 
0027 FIG. 6 illustrates the main function blocks of a 
circuit 600 for channel equalization with improved channel 
frequency response accuracy and remnant frequency offset 
compensation according to another embodiment of the 
present disclosure. The circuit 600 includes an equalizer 
650, a remnant frequency compensation module 660 and an 
error estimation module 670. 
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0028. Equalizer 650 resembles the equalizer 300 shown 
in FIG. 3, but the circuit 400 is combined with the circuit 500 
by introducing both a remnant frequency compensation 
module 660 and an error estimation module 670 for improv 
ing the accuracy of channel impulse response and compen 
sating for remnant frequency offset, respectively. 
0029. Because the equalizer 650 processes frequency 
domain data, Samples of received signal are delivered to a 
FFT block 212 to perform fast Fourier transformation and 
convert the samples on the k-th Sub-carrier to frequency 
domain signal Y, wherein the suffix k represents the order 
of sub-carrier. The equalizer 650 includes a channel estima 
tor 602, an update circuit 610, a reciprocal circuit 604, and 
an equalization circuit 606. First, channel estimator 602 
generates an estimate H' of the channel impulse response. An 
update circuit 610 then generates a revised estimate H of 
channel impulse response of the k-th Sub-carrier at current 
time index n according to an error estimate E- and a 
channel impulse response estimate H of the k-th sub 
carrier at the last time index n-1 with the following equa 
tion: 

Hiken-Hiken-1)+ixEken-Xconj(4HD(n-1), 
0030 wherein the parameter n in the parentheses repre 
sents the time index of the OFDM symbols. The estimate H' 
of the channel impulse response from the channel estimator 
602 is used as the initial value Ho of the channel impulse 
response of of the k-th sub-carrier to generate the H and 
the estimates at the following time index by iteration. u is a 
predetermined constant, E is an error estimate at the 
last time index generated from an error circuit 614, and conj 
(Z-1) is the conjugate of a signal Z at the last time 
index generated from the equalization circuit 606. The error 
estimate E1 and signal Z is further described in the 
following. The reciprocal circuit 604 can then generate the 
reciprocal R. Of the revised channel impulse response 
estimate H. Equalization circuit 606 then compensates the 
signal Y for channel distortion with the reciprocal R to 
generate a signal X. 
0031 Signal X is then fed to the remnant frequency 
compensation module 660, which includes a pilot phase 
calculation circuit 620 and a frequency rotor circuit 622. The 
pilot phase calculation circuit 620 can calculate phase offset 
coefficient P with the prior symbol of the pilot signal 
Xi, which is actually the signal X on the pilot sub 
carriers with specific Suffix k, and Suffix j ranges from 1 to 
4 because there are four pilot sub-carriers in the OFDM 
system. The phase offset coefficient P is calculated accord 
ing to the following equation: 

4. 
2 P = angle Hpilot.in) X (Xpilot.in) - Xpilot.j(n-1)) 

= f 

wherein Xisi is the sample of j-th pilot signal of the 
signal X at the current time index n, Xisi is the sample 
of the j-th pilot signal of the signal X at the last time index 
n-1, and His is the estimate of the channel impulse 
response of the j-th pilot Sub-carrier at current time index n. 

0032. The frequency rotor circuit 622 rotates the phase of 
the signal X with the phase angle of the phase offset 
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coefficient P calculated from samples of pilot signals to 
generate a signal Z. The frequency rotor circuit 622 gen 
erates signal Z according to the following equation: 

wherein the parameter n in the parentheses represents the 
time index of the samples, exp() is the exponential function, 
and the signal Z is the signal compensated for remnant 
frequency offset. 

0033 Signal Z is then fed to the error estimation module 
670, which includes a hard decision module 612 and an error 
circuit 614. The hard decision circuit 612 adopts a hard 
decision equation to generate a hard decision estimate ZHD 
of the signal Z. Thus, the error circuit 614 can calculate an 
error estimate E between signal Z and its hard decision 
estimate ZHD according the following equation: 

wherein the parameter n in the parentheses represents the 
time index of the samples. The error estimate E is delivered 
to the update circuit 610 for improving the precision of the 
channel impulse response estimate H1 at the next time 
index. In equalizer 600 the pilot phase calculation circuit 
620 and frequency rotor circuit 622 are added to compensate 
for remnant frequency offset by means of utilizing the phase 
of the pilot signals. The hard decision block 612, error 
circuit 614, and update circuit 610 are also added to refine 
the estimate of channel impulse response, and the hard 
decision estimate is fed back to the update circuit 610 to 
generate a more precise channel impulse response estimate 
through iterations. Thus, the performance of circuit 600 is 
better than that of circuit 300 shown in FIG. 3. 

0034) Refer now to FIG. 7, which illustrates the main 
function blocks of a circuit 700 for channel equalization 
with improved channel frequency response accuracy and 
remnant frequency offset compensation according to another 
embodiment of the present disclosure. The circuit 700 
includes an equalizer 750, a remnant frequency compensa 
tion module 760 and an error estimation module 770. Circuit 
700 resembles the circuit 600 shown in FIG. 6, because it 
combines the circuit 400 with the circuit 500 by introducing 
both a remnant frequency compensation module 760 and an 
error estimation module 770 for improving the accuracy of 
channel impulse response and compensating for remnant 
frequency offset, respectively. It differs from the circuit 600 
slightly in that the function performed by the pilot phase 
calculation circuit 720. 

0035. Because the equalizer 750 processes frequency 
domain data, Samples of received signal are delivered to a 
FFT block 212 to perform fast Fourier transformation and 
convert the samples on the k-th Sub-carrier to frequency 
domain signal Y, wherein the Suffix k represents the order 
of sub-carrier. The equalizer 750 includes a channel estima 
tor 702, an update circuit 710, a reciprocal circuit 704, and 
an equalization circuit 706. First, channel estimator 702 
generates an estimate H' of the channel impulse response. An 
update circuit 710 then generates a revised estimate H of 
channel impulse response of the k-th Sub-carrier at current 
time index n according to an error estimate E-1 and a 
channel impulse response estimate H of the k-th sub 
carrier at the last time index n-1 with the following equa 
tion: 
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0.036 wherein the parameter n in the parentheses repre 
sents the time index of the OFDM symbols. The estimate H' 
of the channel impulse response from the channel estimator 
702 is used as the initial value Ho of the channel impulse 
response of of the k-th sub-carrier to generate the H and 
the estimates at the following time index by iteration. u is a 
predetermined constant, E is an error estimate at the 
last time index generated from an error circuit 714, and conj 
(Z-1) is the conjugate of a signal Z at the last time 
index generated from the equalization circuit 706. The error 
estimate E1 and signal Z is further described in the 
following. Then, the reciprocal circuit 704 can generate the 
reciprocal R of the revised channel impulse response esti 
mate H. Equalization circuit 706 then compensates the 
signal Y for channel distortion with the reciprocal R to 
generate a signal X. 
0037 Signal X is then fed to the remnant frequency 
compensation module 760, which includes a pilot phase 
calculation circuit 720 and a frequency rotor circuit 722. The 
pilot phase calculation circuit 720 can calculate a phase 
offset coefficient P with the pilot signal Zils and a hard 
decision estimate of the pilot signal Zistipi. The pilot 
signal Zis is actually the signal Z, on the pilot sub-carriers 
with specific Suffix k, and Suffix j ranges from 1 to 4 because 
there are four pilot sub-carriers in the OFDM system. The 
phase offset coefficient P is calculated according to the 
following equation: 

4. 
2 Pon) = angle X. Zpilot.j(n-1) X conj(Zpiloth.D.in-1))x|Hpilot.in)l, 

i=l 

wherein Zis is the sample of the j-th pilot signal of the 
signal Z at time index n-1, Zistrip is a hard decision 
estimate of the sample of the j-th pilot signal of the signal Z 
at time index n-1, conj () is the conjugate function, and 
H is the channel impulse response estimate of the j-th pilot(n) pilot sub-carrier. 

0038. The frequency rotor circuit 722 rotates the phase of 
the signal X with the phase angle of the phase offset 
coefficient P calculated from samples of pilot signals at 
last time index to generate a signal Z. The frequency rotor 
circuit 722 generates signal Z according to the following 
equation: 

wherein the parameter n in the parentheses represents the 
time index of the samples, exp() is the exponential function, 
and the signal Z is the signal compensated for remnant 
frequency offset. 

0.039 Then, signal Z is fed to the error estimation 
module 770, which includes a hard decision module 712 and 
an error circuit 714. The hard decision circuit 712 adopts a 
hard decision equation to generate a hard decision estimate 
Zip of the signal Z. Thus, the error circuit 714 can 
calculate an error estimate E between signal Z and its hard 
decision estimate ZHD according the following equation: 

wherein the parameter n in the parentheses represents the 
time index of the samples. The error estimate E is delivered 
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to the update circuit 710 for improving the precision of the 
channel impulse response estimate H1 at the next time 
index. In equalizer 700 the pilot phase calculation circuit 
720 and frequency rotor circuit 722 are added to compensate 
for remnant frequency offset by means of utilizing the phase 
of the pilot signals. The hard decision block 712, error 
circuit 714, and update circuit 710 are also added to refine 
the estimate of channel impulse response, and the hard 
decision estimate is fed back to the update circuit 710 to 
generate a more precise channel impulse response estimate 
through iterations. Thus, performance of circuit 700 is better 
than that of circuit 300 shown in FIG. 3. 

0040. In this disclosure, we provide a simple method for 
estimating channel impulse response accurately and cancel 
ing the remnant effects of frequency offset in the wireless 
LAN environment. Because the equalization is more precise, 
the overall performance of the OFDM baseband receiver can 
be improved. 
0041 Finally, while the invention has been described by 
way of example and in terms of the above, it is to be 
understood that the invention is not limited to the disclosed 
embodiment. On the contrary, it is intended to cover various 
modifications and similar arrangements as would be appar 
ent to those skilled in the art. Therefore, the scope of the 
appended claims should be accorded the broadest interpre 
tation so as to encompass all Such modifications and similar 
arrangements. 

What is claimed is: 
1. A circuit for improving accuracy of channel impulse 

response estimation and compensating for remnant fre 
quency offset in a receiver of an orthogonal frequency 
division multiplexing (OFDM) system, the circuit compris 
1ng: 

an equalizer, for compensating a first signal for channel 
distortion with the channel impulse response estimate 
to generate a second signal; 

a remnant frequency compensation module, coupled to 
the equalizer, for rotating a phase of the second signal 
with a phase angle of an phase offset coefficient cal 
culated according to a plurality of pilot signals of the 
second signal to generate a third signal; 

a error estimation module, coupled to the remnant fre 
quency compensation module, for generating an error 
estimate according to the third signal and a hard 
decision estimate of the third signal, and the error 
estimate is further fed back to the equalizer to refine the 
channel impulse response estimate. 

2. The circuit according to claim 1, wherein the remnant 
frequency compensation module includes: 

a pilot phase calculation circuit, coupled to the equalizer, 
for calculating the phase offset coefficient according to 
the plurality of pilot signals of the second signal; 

a frequency rotor circuit, coupled to the equalizer and the 
pilot phase calculation circuit, for rotating the phase of 
the second signal by the angle of the phase offset 
coefficient to generate the third signal. 

3. The circuit according to claim 2, wherein the pilot 
phase calculation circuit calculates the phase offset coeffi 
cient according to a following equation: 
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4. 
2 P = angle Hpilot.in) X (Xpilot.in) - Xpilot.j(n-1)) 

i=l 

wherein the suffix j represents an order of a plurality of 
pilot Subcarriers, and the parameter n represents an 
OFDM symbol time index, P is the phase offset 
coefficient at a current time index n, Xisi is a j-th 
pilot signal of the second signal X at the current time 
index n, Xisi is the j-th pilot signal of the second 
signal X at a last time index n-1, and His is the 
channel impulse response estimate of the j-th pilot 
Sub-carrier at the current time index n. 

4. The circuit according to claim 2, wherein the pilot 
phase calculation circuit is further coupled to the frequency 
rotor circuit and an errorestimation module which generates 
the hard decision estimate of the third signal, and the pilot 
phase calculation circuit generates the phase offset coeffi 
cient according to a following equation: 

4. 
2 P = angle X. Zpilot.j(n-1) X conj(ZpilotHD.j(n-1))x Hpilot.in). 

i=l 

wherein the suffix j represents an order of a plurality of 
pilot Subcarriers, and the parameter n represents an 
OFDM symbol time index, P is the phase offset 
coefficient at a current time index n, Zili) is a j-th 
pilot signal of the third signal at a last time index n-1, 
ZHDistic is a hard decision estimate of the j-th pilot 
signal of the third signal at the last time 

index n-1, conj() is a conjugate function, and His is 
a channel impulse response estimate of a j-th pilot 
Subcarrier. 

5. The circuit according to claim 2, wherein the frequency 
rotor circuit generates the third signal according to the 
following equation: 

wherein the parameter n represents an OFDM symbol 
time index, Z(n) is the third signal at a time index n, 
X is the second signal at the time index n, exp() is an 
exponential function, and P is the phase offset coef 
ficient at a time index n. 

6. The circuit according to claim 1, wherein the error 
estimation module includes: 

a hard decision circuit, coupled to the equalizer, for 
estimating the hard decision estimate of the third sig 
nal; 

an error circuit, coupled to the hard decision circuit and 
the equalizer, for calculating the error estimate accord 
ing to the hard decision estimate and the third signal. 

7. The circuit according to claim 6, wherein the error 
circuit calculates the error estimate according to a following 
equation: 

wherein the suffix k represents an order of a plurality of 
subcarriers, and the parameter n represents an OFDM 
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symbol time index, E is the error estimate, Z is the third 
signal, Z is the hard decision estimate, and H is the 
channel impulse response estimate. 

8. The circuit according to claim 1, wherein the equalizer 
includes: 

a channel estimator, for estimating an initial channel 
impulse response estimate; 

an update circuit, coupled to the channel estimator and the 
error estimation module, for adjusting the initial chan 
nel impulse response estimate with the error estimate to 
generate the channel impulse response estimate; 

an equalization circuit, coupled to the update circuit, for 
compensating the first signal for channel distortion with 
the channel impulse response estimate to generate the 
Second signal. 

9. The circuit according to claim 8, wherein the update 
circuit generates the channel impulse response estimate 
according to a following equation: 

wherein the suffix-k represents an order of a plurality of 
Subcarriers. He is the channel impulse response esti 
mate of a k-th Subcarrier at a current time index n, 
H, -1) is the channel impulse response estimate of a k-th 
subcarrier at a last time index n-1, u is a constant, 
E is an errorestimate of the k-th subcarrier at the last 
time index n-1, conj (ZHD1) is a conjugate of a 
hard decision estimate Zip of the third signal Z, on 
the k-th subcarrier at the last time index n-1, and the 
initial channel impulse response estimate generated 
from the channel estimator is used as an initial value 
H, O) of the channel impulse response of of the k-th 
sub-carrier to generate the the channel impulse 
response estimate H1 at a first time index. 

10. The circuit according to claim 8, wherein the equal 
ization circuit compensates the first signal for channel 
distortion according to the following equation: 

wherein the suffix j represents an order of a plurality of 
pilot Subcarriers, and the parameter n represents an 
OFDM symbol time index, X is the second signal, 
Y is the first signal, and H is the channel impulse kn) 
response estimate. 

11. A circuit for improving accuracy of channel impulse 
response estimation in a receiver of an orthogonal frequency 
division multiplexing (OFDM) system, the circuit compris 
1ng: 

an equalizer, for compensating a first signal for channel 
distortion with the channel impulse response estimate 
to generate a second signal; 

an error estimation module, coupled to the equalizer, for 
generating an error estimate according to the second 
signal and a hard decision estimate of the the second 
signal, and the error estimate is further fed back to the 
equalizer to refine the channel impulse response esti 
mate. 

12. The circuit according to claim 11, wherein the error 
estimation module includes: 

a hard decision circuit, coupled to the equalizer, for 
estimating the hard decision estimate of the second 
signal; 
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an error circuit, coupled to the hard decision circuit and 
the equalizer, for calculating the error estimate 

according to the hard decision estimate and the second 
signal. 

13. The circuit according to claim 12, wherein the error 
circuit calculates the error estimate according to a following 
equation: 

wherein the suffix k represents an order of a plurality of 
subcarriers, and the parameter n represents an OFDM 
symbol time index, E is the error estimate, X is the 
second signal, X is the hard decision estimate, and H 
is the channel impulse response estimate. 

14. The circuit according to claim 11, wherein the equal 
izer includes: 

a channel estimator, for estimating an initial channel 
impulse response estimate; 

an update circuit, coupled to the channel estimator and the 
error estimation module, for adjusting the initial chan 
nel impulse response estimate with the error estimate to 
generate the channel impulse response estimate; 

an equalization circuit, coupled to the update circuit, for 
compensating the first signal for channel distortion with 
the channel impulse response estimate to generate the 
Second signal. 

15. The circuit according to claim 14, wherein the update 
circuit generates the channel impulse response estimate 
according to a following equation: 

wherein the suffix k represents an order of a plurality of 
Subcarriers. He is the channel impulse response esti 
mate of a k-th Subcarrier at a current time index n, 
H, -1) is the channel impulse response estimate of a k-th 
subcarrier at a last time index n-1, u is a constant, 
Ep is an errorestimate of the k-th subcarrier at the last 
time index n-1, conj (XHD) is a conjugate of a 
hard decision estimate XD of the second signal X on 
the k-th subcarrier at the last time index n-1, and the 
initial channel impulse response estimate generated 
from the channel estimator is used as an initial value 
H, O) of the channel impulse response of of the k-th 
sub-carrier to generate the the channel impulse 
response estimate H1 at a first time index. 

16. The circuit according to claim 14, wherein the equal 
ization circuit compensates the first signal for channel 
distortion according to the following equation: 

wherein the suffix j represents an order of a plurality of 
pilot Subcarriers, and the parameter n represents an 
OFDM symbol time index, X is the second signal, 
Y. is the first signal, and H is the channel impulse 
response estimate. 

17. A circuit for compensating for remnant frequency 
offset in a receiver of an orthogonal frequency division 
multiplexing (OFDM) system, the circuit comprising: 

an equalizer, for compensating a first signal for channel 
distortion with a channel impulse response estimate to 
generate a second signal; 
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a remnant frequency compensation module, coupled to 
the equalizer, for rotating a phase of the second signal 
with a phase angle of an phase offset coefficient cal 
culated according to a plurality of pilot signals of the 
second signal to generate a third signal. 

18. The circuit according to claim 17, wherein the rem 
nant frequency compensation module includes: 

a pilot phase calculation circuit, coupled to the equalizer, 
for calculating the phase offset coefficient according to 
the plurality of pilot signals of the second signal; and 

a frequency rotor circuit, coupled to the equalizer and the 
pilot phase calculation circuit, for rotating the phase of 
the second signal by the angle of the phase offset 
coefficient to generate the third signal. 

19. The circuit according to claim 18, wherein the pilot 
phase calculation circuit calculates the phase offset coeffi 
cient according to a following equation: 

4. 
2 Pn) = angle Hpilot.in). X (Xpilot.in) - Xpilot.j(n-1)) 

i=l 

wherein the suffix j represents an order of a plurality of 
pilot Subcarriers, and the parameter n represents an 
OFDM symbol time index, P is the phase offset 
coefficient at a current time index n, Xisi is a j-th 
pilot signal of the second signal X at the current time 
index n, Xpilot. (n-1) is the j-th pilot signal of the second 
signal X at a last time index n-1, and His is the 
channel impulse response estimate of the j-th pilot 
Sub-carrier at the current time index n. 

20. The circuit according to claim 18, wherein the pilot 
phase calculation circuit is further coupled to the frequency 
rotor circuit and an error estimation module which generates 
a hard decision estimate of the third signal, and the pilot 
phase calculation circuit generates the phase offset coeffi 
cient according to a following equation: 

4. 

wherein the suffix j represents an order of a plurality of 
pilot Subcarriers, and the parameter n represents an 
OFDM symbol time index, P is the phase offset 
coefficient at a current time index n, Zili) is a j-th 
pilot signal of the third signal at a last time index n-1, 
Ziris is a hard decision estimate of the j-th pilot 
signal of the third signal at the last time index n-1, 
conj( ) is a conjugate function, and His is a 
channel impulse response estimate of a j-th pilot Sub 
carrier. 

21. The circuit according to claim 18, wherein the fre 
quency rotor circuit generates the third signal according to 
the following equation: 

wherein the parameter n represents an OFDM symbol 
time index, Z(n) is the third signal at a current time 
index n, X is the second signal at the current time 
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index n, exp() is an exponential function, and P is the 
phase offset coefficient at the current time index n. 

22. The circuit according to claim 17, wherein the equal 
izer includes: 

a channel estimator, for estimating an initial channel 
impulse response estimate; 

an equalization circuit, coupled to the channel estimator, 
for compensating the first signal for channel distortion 
with the initial channel impulse response estimate to 
generate the second signal. 
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23. The circuit according to claim 22, wherein the equal 
ization circuit compensates the first signal for channel 
distortion according to the following equation: 

X1(n)-1-(nyHk(n): 
wherein the suffix j represents an order of a plurality of 

pilot Subcarriers, and the parameter n represents an 
OFDM symbol time index, X is the second signal, 
Y is the first signal, and H is the channel impulse 
response estimate. 

k k k k k 
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