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SPUR MITIGATION TECHNIQUES 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to wireless local area 
networks (WLANs) and in particular to various techniques 
that ignore or cancel Spurs, thereby improving receiver 
performance. 

0003 2. Discussion of the Related Art 
0004 Wireless local area networks (WLANs) are becom 
ing increasingly popular as communication networks. The 
IEEE 802.11 standards provide guidelines for the operation 
of devices operating in WLANs. To address multipath and 
other conditions, a wireleSS System can employ various 
techniques. One Such technique is Orthogonal Frequency 
Division Multiplexing (OFDM). 
0005. In an OFDM system, a signal can be split into 
multiple narrowband channels (called Sub-channels) at dif 
ferent frequencies. For example, current 802.11a and 
802.11g OFDM systems include 52 sub-channels. Thus, a 
transmitted Signal could be represented by X. . . X. . . . 
X, wherein both negative and positive Side frequencies are 
included. In this configuration, each Sub-channel carries a 
portion of the signal. Each Sub-channel is “orthogonal' (i.e. 
independent) from every other sub-channel. Multipath con 
ditions and noise can result in deterioration of this orthogo 
nality. 
0006. In an attempt to restore orthogonality, the 1999 
IEEE 802.11a standard provides that a transmitted data 
packet includes a preamble, which precedes the actual data. 
Note that all references to the 802.11a standard, which 
operates in the 5 GHZ band, equally apply to the newer 
802.11g standard, which operates in the 2.4 GHz band. FIG. 
1 illustrates a portion of a data packet 100 including a 
preamble 105. As defined in the 802.11a standard, preamble 
105 includes 10 “short” identical known symbols 101A 
101J of 0.8 usec (hereinafter shorts 101) concatenated to 2 
“long” identical known symbols 102A-102B of 3.2 usec 
(hereinafter longs 102). Note that a symbol refers to any 
waveform at discrete moments in time (e.g. represented as 
voltage versus time). 
0007 Longs 102 can be used to provide channel estima 
tion. Specifically, because longs 102 are known, the receiver 
can use these Symbols to provide channel estimations for a 
Subsequent data symbol 103 in the data packet. In this 
manner, longs 102 can thereby increase the likelihood that 
the received data Symbols can be correctly interpreted. 
Longs 102 are also called “training” symbols because they 
can “train an equalizer, e.g. a frequency domain equalizer, 
to learn about channel conditions. 

0008. The 802.11a standard also provides that guard 
intervals (GIS) should be placed before longs and data. 
Specifically, a double guard interval (GI2) is placed before 
long symbols 102A-102B, thereby forming part of longs 
102. In contrast, a regular guard interval (GI) is placed 
before data 103A, thereby forming part of data symbol 103. 
The double guard interval, as the name implies, is twice as 
long as the regular guard interval. 
0009 Shorts 101 can be used to determine a frequency 
offset between the oscillators in the receiver and transmitter. 
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Additionally, shorts 101 can be used to provide initial 
System time Synchronization. System time Synchronization 
can also be continuously tuned using the data Symbols. 
0010) A difference between the frequency of the trans 
mitter and receiver oscillators can adversely and Signifi 
cantly impact System performance. For example, if the 
receiver's clock is not aligned with the incoming data, then 
Sampling of the received signal could be Sub-optimal. Addi 
tionally, phase noise in the radio-frequency Synthesizers in 
the transmitter or receiver can degrade performance. For this 
reason, "pilots, also known signals (e.g. -1 and 1 in a 
pre-determined pattern) defined by the 802.11a standard, are 
provided on 4 of the 52 orthogonal Sub-channels to track and 
correct the difference between clockS. 

0011 For example, FIG. 2 illustrates a data symbol 200 
including a GI 201 and data 202. If the receiver's clock 
Samples earlier in time than the incoming data, then instead 
of detecting the values indicated by 1 sampling 203, the 
values indicated by 2" sampling 204 could be detected. This 
de-synchronization can result in a phase ramp 300 in the 
frequency domain, as shown in FIG. 3. Note that phase 
ramp 300 is negative when the receiver's clock samples 
earlier in time than the incoming data and positive when the 
receiver's clock Samples later in time than the incoming 
data. Because of the continual “slide” in sampling (see FIG. 
2), the slope of the phase can continue to rotate Symbol by 
symbol. 

0012 Moreover, when a signal is transmitted, the signal 
is modulated by the channel frequency, thereby improving 
its propagation properties in the channel. The modulation is 
based on the clock at the transmitter. Thus, at the receiver, 
the Signal must be demodulated. This demodulation can 
result in Some residual phase error, which can be represented 
by an offset 301. The 4 pilots provided by the 802.11 
Standard are used to track the phase slope and phase offset, 
thereby allowing the System to compensate for Such slope 
and offset when necessary. 
0013 Unfortunately, using only four sub-channels can be 
insufficient to compensate for phase slope and offset. For 
example, certain narrow tones, called “Spurs' can corrupt 
the pilots provided on these four Sub-channels, thereby 
distorting the phase slope and phase offset information 
derived from Such pilots. The Spurs can be generated by an 
oscillator and/or Synthesizer provided in the receiver, as now 
described in reference to FIG. 4A. 

0014 WLAN Receiver: Overview 
0.015 FIG. 4A illustrates a simplified receiver 400 for 
receiving signals in a WLAN environment. In receiver 400, 
a bandpass (BP) filter 402 receives the incoming signals 
from an antenna 401 and outputs a predetermined band of 
frequencies (while excluding those frequencies higher and 
lower than the predetermined band). A variable gain RF 
amplifier 403 can provide an initial amplification to that 
predetermined band of frequencies. A mixer 404 converts 
those amplified signals into intermediate frequency (IF) 
signals, which are then amplified by an IF amplifier 405. 
0016. At this point, mixers 406 and low pass filters 407 
(including both I and Q branches) can generate signals in the 
desired channel (called the baseband signals). Amplifiers 
408 then amplify these baseband signals. Analog to digital 
converters (ADCs) 410 (provided for both the I and Q 
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branches of low pass filters 407) transform the amplified 
baseband Signals into digital signals that can be analyzed by 
a processing block 411. Processing block 411 determines the 
modulation type of the detected Signal and provides this 
determination to an appropriate decoder in a decoder block 
412 for System optimization, thereby allowing the originally 
transmitted Signal to be recovered. 
0.017. Of importance, a reference oscillator 420 in 
receiver 400 provides its clock to synthesizers 423 and 424 
as well as to other components in receiver 400. Synthesizers 
423 and 424 generate local oscillations 421 and 422, respec 
tively, using the frequency of reference oscillator 420. For 
example, Synthesizer 423 could generate a 2.4 GHz fre 
quency for local oscillation 421 from a 32 MHz frequency 
provided by reference oscillator 420. Note that in some 
embodiments, synthesizers 423 and 424 can be combined 
into a Single Synthesizer capable of generating multiple 
frequencies. 

0.018. Unfortunately, the frequency of reference oscillator 
420 (a Square wave signal) creates harmonics (both odd and 
even) of the reference frequency (e.g. 32 MHZxn). These 
harmonicS can include Spurs, i.e. known frequency Spectra 
unrelated to a received Signal, which can adversely affect the 
front end of receiver 400, particularly RF amplifier 403. 
Spurs can be present at harmonics near the desired received 
Signal. 

0.019 For example, if the radio is to tune to 2.4 GHz, then 
synthesizer 423 could be set to 1.92 GHz and synthesizer 
could be set to 0.48 GHz (because 1.92 GHz=0/48 GH=2.4 
GHz). If the Synthesizers generate these frequencies from a 
32 MHZ reference oscillator, then Spurs can be generated at 
2.4 GHz (32 MHZx75), 2.432 GHz (32 MHZx76), and 2.464 
GHz (32 MHZx77). FIG. 4B illustrates an exemplary spur 
430 generated at 2.432 GHz. Of importance, spur 430 
coincides with a pilot 431 (one of four pilots indicated by a 
cross-sectional pattern) provided within the 52 Sub-channels 
of this 17 MHz wide band. Note that although spur 430 is a 
narrow band frequency, the strength of spur 430 can affect 
other Sub-channels adjacent to the Sub-channel including 
spur 430 as indicated by curves 432 (also known as skirts). 
Other Spurs, not shown, could coincide with and/or affect 
other pilots, data, and the shorts/longs in the preamble. 
0020. Of importance, a spur is mixed with a signal 
received by antenna 401. Therefore, Spurs cause significant 
problems with Signal detecting, amplifier gain adjustment, 
and Signal decoding. Thus, a need arises for a technique of 
mitigating the effects of Such spurs, thereby improving the 
performance of the receiver. SUMMARY OF THE INVEN 
TION 

0021. In accordance with the present invention, various 
techniques can be used to mitigate the effects of Spurs on a 
received signal. In general, these techniques work by either 
canceling or ignoring the Spurs. These techniques can 
include, but are not limited to, filtering, interpolating, and 
masking. Exemplary techniques are now further described. 
0022. A method of improving receiver performance by 
avoiding bad pilots is provided. To avoid bad pilots, a pilot 
mask can be used in the receiver. The pilot mask includes a 
Set of flags, wherein the Set of flags is associated with certain 
Sub-channels. Advantageously, each flag in the Set deter 
mines whether its associated Sub-channel is usable for pilot 
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tracking. Thus, if a spur coincides with or otherwise affects 
a Sub-channel, then the pilot mask will not allow that 
Sub-channel to be used for pilot tracking. In one embodi 
ment, the Set of flags includes 52 flags associated with 52 
Sub-channels. The pilot mask is usable for any data rate. 
0023. A method of improving signal decoding in a 
receiver is also provided. In this method, each Sub-channel 
can be designated either a good Sub-channel or a bad 
Sub-channel. Any otherwise good Sub-channel including a 
spur can be converted to a bad sub-channel. The bits of a 
Signal in a good channel can be weighted more than bits in 
a bad Sub-channel. This weighting can also consider data 
rate information. The weighted information can be provided 
to a decoder. In one embodiment, a Viterbi mask implements 
the weighting and the decoder is a Viterbi decoder. 
0024. A decoding circuit in a receiver is also provided. 
The decoding circuit can include a Viterbi decoder and a 
Viterbi mask in operative relation to the Viterbi decoder. Of 
importance, the Viterbi mask provides a weighted channel 
estimate for each Sub-channel based on Spur information. In 
one embodiment, the Viterbi mask provides the weighted 
channel estimate based on data rate information. 

0025 A filter system for canceling a spur from a signal is 
also provided. This filter System can include first and Second 
mixers, a low-pass filter, and an adder. The first mixer can 
be used to rotate the Signal Such that the Spur frequency is 
at 0 frequency (i.e. DC). The low-pass filter performs its 
computation on that rotated Signal to filter out everything but 
the Spur. Note that the rotation by the first mixer generates 
a signal with 0 frequency offset, thereby allowing the 
low-pass filter to advantageously remove the non-spur com 
ponents of the Signal. The Second mixer can be used for 
rotating the resulting filtered Spur Signal back to its original 
frequency. The adder can Subtract the re-rotated Signal from 
the original signal. 
0026. In one embodiment, the low-pass filter can be 
implemented using a growing box filter. This growing box 
filter can include two accumulators. A first accumulator can 
provide a cumulative Sum of Samples. A Second accumulator 
can provide a total Sum of all Samples to a current Symbol. 
0027. A method for canceling a spur from a signal is also 
provided. In this method, the Signal can be rotated to 
generate a first rotated Signal in which the Spur frequency is 
at 0 frequency. A computation based on the first rotated 
Signal can be performed to generate a filtered spur Signal in 
which only the rotated Spur Signal remains. The filtered spur 
Signal can be rotated back to its original frequency to 
generate a Second rotated Signal. At this point, the Second 
rotated Signal can be Subtracted from the original Signal. 
0028. In one embodiment, performing the filtering com 
putation can include Setting a Sample Set size. A cumulative 
sum can be computed for the sample set over time. When the 
Sample Set Size is reached, then the cumulative Sum can be 
added to a total Sum and the cumulative size can be reset to 
Zero. An estimated Spur value can be computed by dividing 
the total sum by a total number of samples. This estimated 
Spur value can be provided as the filtered signal. Periodi 
cally, the Sample Set size can be increased over time. In one 
embodiment, if the cumulative Sum is denoted by csin and 
the total Sum is denoted by tsin, then adding the cumulative 
Sum to the total Sum and resetting the cumulative size to Zero 
occurs when n is a power of 2. 
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0029. A method of improving a channel estimate for a 
received signal is also provided. In this method, a channel 
estimate for a plurality of Sub-channels of the received 
Signal can be determined. If a Sub-channel includes a spur, 
then that Sub-channel estimate is ignored. An average Sub 
channel estimate can be computed, wherein the average 
channel estimate is based on Sub-channels adjacent the 
Sub-channel with the Spur. This average Sub-channel esti 
mate can be used as the Sub-channel estimate for that 
Sub-channel. 

0.030. A method for canceling a spur from a signal is also 
provided. In this method, the Signal can be rotated to 
generate a first rotated Signal in which the Spur frequency is 
at 0 frequency. A computation can be performed based on 
the first rotated Signal to generate a filtered spur Signal in 
which only the rotated Spur Signal remains. The resulting 
filtered spur Signal can be rotated back to its original 
frequency to generate a Second rotated Signal. 

0031. In one embodiment, the self-correlation of the 
original Signal can be computed to generate a modified 
Signal. At this point, the Second rotated Signal can be 
Subtracted from the modified signal. In another embodiment, 
the Second rotated Signal can be Subtracted from the original 
Signal to generate a modified Signal. After Subtracting, 
Self-correlation of the modified signal can be computed. 
0032. A filter system for canceling a spur from a signal is 
also provided. The filter System includes a first mixer, a 
low-pass filter, a Self-correlation block, a Second mixer, and 
a spur removal means. The low-pass filter receives an output 
of the first mixer which has rotated the original signal Such 
that the Spur frequency is at 0 frequency. The low-pass filter 
performs its computation to generate a filtered spur Signal in 
which only the Spur Signal remains. The Second mixer 
receives an output of the low-pass filter and rotates the 
filtered spur Signal back to its original frequency. In one 
embodiment, the Spur removal means receives the original 
Signal and an output of the Second mixer, whereas the 
Self-correlation block receives the output of the Spur 
removal means. In another embodiment, the Self-correlation 
block performs its computation on the original Signal and the 
Spur removal means receives outputs of the Self-correlation 
block, the first mixer, and the Second mixer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0033 FIG. 1 illustrates a portion of an exemplary OFDM 
data packet. 

0034 FIG. 2 illustrates the effect of non-synchronized 
clocks for a transmitter and a receiver on the Sampling of an 
exemplary data Symbol. 

0.035 FIG. 3 illustrates a phase ramp and phase offset in 
the frequency domain caused by the de-synchronization 
shown in FIG. 2. 

0.036 FIG. 4A illustrates a simplified receiver for receiv 
ing signals in a WLAN environment. 
0037 FIG. 4B illustrates an exemplary spur in a specific 
band. 

0.038 FIG. 5 illustrates an exemplary set of hard masks 
that could be used to determine which of the 52 Sub-channels 
can be used for pilot tracking. 
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0039 FIG. 6 illustrates a technique wherein a Viterbi 
decoder receives a signal and outputs a decoded signal. The 
Viterbi decoder ignores certain Sub-channels based on a 
Viterbi mask. 

0040 FIG. 7 illustrates a simplified filter system that 
includes a low-pass filter used to cancel Spurs. 
0041 FIG. 8A illustrates a filter system that includes a 
growing box filter used to cancel Spurs. 
0042 FIG. 8B illustrates the operation of an exemplary 
growing box filter. 
0043 FIGS. 9A and 9B illustrate techniques for deter 
mining an average Sub-channel estimate for one or more 
Sub-channels including or affected by a Spur based on 
interpolating Sub-channel estimates for adjacent Sub-chan 
nels. 

0044 FIGS. 10A and 10B illustrate exemplary filter 
Systems that can cancel the Spur effect from Self-correlation 
of the Signals. 

DETAILED DESCRIPTION OF THE DRAWINGS 

004.5 Spurs can cause receiver performance degradation 
in various ways. For example, Spurs can corrupt information 
in the received Signal used for data decoding, Signal detec 
tion, timing, and frequency offset. Multiple techniques, 
described below, can be used to mitigate the effects of Spurs. 
These techniques can ignore and/or cancel the Spurs. 
0046 Pilot Mask 
0047 One known pilot-tracking algorithm is discussed in 
U.S. patent application Ser. No. 10/263,415, entitled “Deci 
sion Feedback Channel Estimation and Pilot Tracking For 
OFDM Systems”, filed on Oct. 1, 2002, and incorporated by 
reference herein. In one embodiment, this pilot-tracking 
algorithm can use the four pilots on the pilot Sub-channels as 
well as information from certain data Sub-channels to com 
pute frequency offset. For example, the 48 data Sub-channels 
could be partitioned into 4 groups, wherein each group 
includes 12 Sub-channels. The receiver could then select the 
Sub-channel in each group having the maximum channel 
power. 

0048. In this embodiment, the four pilots and the four 
pseudo-pilots (information from the Selected data Sub-chan 
nels) can be weighed by their channel estimates for calcu 
lating frequency offset. Unfortunately, pseudo-pilot Sub 
channels with Spurs could be chosen based on their power 
and given a disproportionate weight due to Such power. 
Therefore, Spurs can Severely degrade the performance of 
this pilot-tracking algorithm. 

0049. In accordance with one embodiment of the inven 
tion, a pilot mask can be used to avoid bad pilots (including 
actual pilots and pseudo-pilots). For simplicity, a set of 52 
flags can be provided for the 52 Sub-channels. In this case, 
each flag will determine whether to use a particular Sub 
channel for pilot tracking. For example, if a spur (which has 
a known frequency) will coincide with a Sub-channel, then 
the pilot mask will not allow that sub-channel to be used for 
pilot tracking (hence the pilot mask is considered a “hard” 
mask). Advantageously, because the performance of the 
pilot-tracking algorithm is relatively insensitive to how 
many Sub-channels are masked, one pilot mask can gener 
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ally be provided for all the data rates. FIG. 5 illustrates an 
exemplary pilot mask 500 including a plurality of flags, 
wherein flags (with fill pattern) 501 indicate sub-channels 
that cannot be used for pilot tracking and flags (without fill 
pattern) 502 indicate sub-channels that can be used for pilot 
tracking. 
0050 Puncturing Using A Viterbi Mask 
0051 AS described in reference to FIG. 1, longs can be 
used to provide channel estimation. Specifically, a transmit 
ter includes known information on each Sub-channel to 
allow the receiver to accurately estimate the Sub-channel. 
The receiver includes a Viterbi decoder to decode the 
received signal based on the Sub-channel estimates. 
0052) To reflect sub-channel conditions in the Viterbi 
decoder, thereby improving Signal decoding, the bits being 
transmitted in a "good” Sub-channel can be weighted more 
than bits transmitted in a “bad” Sub-channel. In accordance 
with one embodiment of the invention, a Viterbi mask can 
take into account Spurs that occur within or affect predeter 
mined Sub-channels. In other words, even if Sub-channel 
SB1 is a “good” channel and therefore would normally have 
a weight greater than a “bad” channel, the presence of a Spur 
within Sub-channel SB1 should significantly reduce its 
weight to accurately reflect the condition of that Sub-chan 
nel. 

0.053 Including the effect of a spur in a sub-channel is 
called “puncturing”. A Viterbi mask indicates the amount of 
puncturing by providing a weighted value for each Sub 
channel. Because the Viterbi mask provides a weighting for 
each Sub-channel it is considered a “Soft” mask (in contrast 
to the “hard” pilot mask). In one embodiment, the weighting 
value can be set between 0 and 1 (e.g. 0s weighting value 
s1). The higher the weighting value, the less the Spur affects 
that Sub-channel. Thus, a weighting value of 1 indicates that 
the spur has effectively no effect on that sub-channel. 
0054. In one embodiment, because puncturing has dif 
ferent impacts on different data rates, multiple sets of Viterbi 
masks can be provided. For example, puncturing logically 
affects a received signal having one bit per channel (a typical 
low data rate) less than a received signal having six bits per 
channel (a typical high data rate). However, the Spurs tend 
to distort more Sub-channels for low data rate Signals than 
for high data rate Signals. The Soft Viterbi mask can effec 
tively compute an appropriate weighting to be used for each 
Sub-channel. For example, for bits of low data rate Signals, 
the weightings provided in a Viterbi mask (for 7 sub 
channels having a spur at the 4" Sub-channel) could be 1, 
%, /3, 4, 72, /3, 1). In contrast, for bits of high data rate 
Signals, the weightings provided in a Viterbi mask (also for 
7 sub-channels having a spur at the 4" sub-channel) could be 
1, 1, 4, /6, 4, 1, 1). 
0055 FIG. 6 illustrates a technique wherein a Viterbi 
decoder 600 receives a signal 601 as well as channel 
estimation information 604 and outputs a decoded signal 
602. In this technique, a Viterbi mask 603 can advanta 
geously receive spur information 605 and data rate infor 
mation 606. The resulting Sub-channel weights computed 
for Viterbi mask 603 can be multiplied by the associated 
sub-channel estimates in Viterbi decoder 600 to accurately 
decode received signal 601. 
0056 Providing weighting in a Viterbi decoder based on 
only channel estimation information is described in U.S. 
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Patent application Ser. No. 09/816,810, entitled “Decoding 
System and Method for Digital Communications”, which 
was filed on Mar. 24, 2000 by Atheros Communications, 
Inc., and is incorporated by reference herein. 
0057 Spur Filtering For Data 
0058. In accordance with one embodiment of the inven 
tion, the receiver can estimate the Spur and cancel it out. This 
technique can be particularly useful with high data rates, 
wherein Spurs can undesirably distort Significant numbers of 
encoded bits in the received signal. 
0059 FIG. 7 illustrates a simplified filter system 700 that 
operates collectively as a narrowband notch filter to cancel 
Spurs. AS noted previously, the frequency of the Spur is 
known. A low-pass filter 701 can use this frequency to 
accurately estimate the Spur. 
0060. To illustrate how low-pass filter 701 works, con 
sider a simple model without noise and a spur as expressed 
by the following two equations, respectively. 

0061 where yn is the simple model without noise, Xn 
is the time-domain signal of the received signal (e.g. a data 
Signal), Sn is the spur Signal, A is a complex value 
including the phase and amplitude, f. is the Spur frequency, 
n is the index of particular Sample, and T is the Sampling 
period. 

0062. At this point, the received signal can be rotated 
Such that the spur frequency is at 0 frequency (i.e. at DC). 
This rotation, which can be performed by mixer 702, can be 
expressed by the following equation. 

0063 Low-pass filter 701 can then easily estimate the 
spur (i.e. filter out everything but the Spur Signal) using the 
following equation, wherein hk) is the filter coefficient. 

A = X. hkan -k 

0064 wherein l is the filter length. 
0065. This filtered signal is then rotated in the opposite 
direction by mixer 703, thereby returning the spur signal to 
its original frequency. Using adder 704 (which can perform 
both adding and Subtracting operations), the spur effect can 
be cancelled from the received signal on line 705 in accor 
dance with the following equation. 

0066. Of importance, low-pass filter 701 needs to be 
applied fast enough So that there are still significant data 
remaining. However, to minimize distortion of the received 
signal, low-pass filter 701 needs to be very narrow, which 
corresponds to having a long filter in the time domain. A 
long filter implies an intense computation, a large memory 
to provide this computation, and an undesirably long delay 
in generating this computation. 

0067. Therefore, in accordance with one embodiment of 
the invention, a growing box filter, which is a form of a 



US 2005/0059366 A1 

low-pass filter, can be used. FIG. 8A illustrates a system 800 
including a growing box filter 801 that can estimate the Spur 
using the following equation. 

0068. Note that mixers 802/803, adder 804, and line 805 
perform functions similar to mixers 702/703, adder 704, and 
line 705 (all of FIG. 7), and therefore are not explained in 
detail herein. 

0069 Growing box filter 801 can advantageously func 
tion as an expandable low-pass filter. Thus, growing box 
filter 801 can initially be sized relatively small, thereby 
minimizing delay in providing spur estimation. Additionally, 
growing box filter 801 can use all the data up to the current 
Symbol, thereby increasing the accuracy of its spur estima 
tion over time. 

0070 FIG. 8B illustrates the operation of an exemplary 
growing box filter. Signal 810 indicates the number of 
Samples taken each Sample period whereas spur estimate 
820 indicates the value of A (see equation above), which is 
refined based on those Samples. The Size of the growing box 
filter for processing each Set of Samples effectively balances 
the desire to minimize latency while increasing the accuracy 
of spur estimate 820. Specifically, in one embodiment, the 
Sample Size during each Sampling period can be increased to 
provide a doubling of total Sample size. Thus, for example, 
a first sample set 811 (sampling period between to and t1) 
can be sized to have only 128 Samples, a relatively Small 
number of samples. To provide a doubling of the total 
Sample size (i.e. provide a total Sample size of 256 samples), 
the next sample set 812 (sampling period between t1 and t2) 
can have 128 Samples. At this point, to provide a doubling 
of the total Sample size (i.e. provide a total Sample size of 
512 Samples), the next sample Set 813 (sampling period 
between t2 and t3) can be increased to have 256 samples. 
After two Subsequent sample sets (not shown, but used 
during Sampling periods between t3 and ts), another sample 
set 816 (sampling period between tS and t0) can be increased 
to have 2048 Samples (thereby providing a total Sample size 
of 4096 samples). 

0071 AS appreciated from the above-described embodi 
ment, because latency and accuracy generally have an 
inverse relationship (i.e. the shorter the latency, the less 
accurate the result), the growing box filter can initially be 
sized Small and then quickly increased in size to improve 
accuracy. In one embodiment, a maximum growing box 
filter length can be set to limit the latency of the filtering 
operation. In another embodiment, the filter length can be 
increased until spur estimate 820 exhibits a substantially 
Similar value over a predetermined number of Sampling 
periods (described below in further detail). 
0.072 In accordance with one feature of the invention and 
referring to FIGS. 8A and 8B, growing box filter 801 can be 
efficiently implemented by including two accumulators for 
processing the Samples of Signal 810, i.e. a first accumulator 
806 for generating a cumulative Sum cS in and a second 
accumulator 807 for generating a total sum ts n). In 
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accordance with the embodiment shown in FIG. 8B, when 
n is a power of 2, the total Sum can be updated by adding the 
cumulative Sum to the current total Sum, and the cumulative 
Sum can be reset. 

0073) Define f(n)=2'3", where x is the largest 
integer that is Smaller than or equal to X. 
0074 Suppose m is the size of the first filter (128 in the 
example). Then csin and tsin are given in the following 
equations 

0075 Thus, for example, at time t1, first accumulator 
806, which has generated the cumulative sum from time to 
to t1, adds that cumulative Sum to the total Sum that is 
generated by second accumulator 807 and then resets itself 
to Zero. Note that if time t1 is the first sample time, then the 
total Sum immediately preceding time t1 is Zero and the total 
Sum at time 1 is equal to the cumulative Sum. At time t2, first 
accumulator 806 adds its new cumulative sum (i.e. from 
time t1 to time t2) to the total Sum (at this point including 
only the first cumulative sum from time t0 to time t1) that is 
generated by Second accumulator 807 and then once again 
resets itself to Zero. 

0076. In one embodiment, spur estimate 820 can be 
computed by taking an average of the total Sum, i.e. the total 
sum divided by the total number of samples to the current 
symbol. As shown in FIG. 8B, spur estimate 820 can change 
its value based on the average total Sum computed at each 
Sampling time. Of importance, with each Sampling time, the 
value of spur estimate 820 is refined. Thus, at Some point in 
time, the value of Spur estimate converges to its actual value. 
For example, in FIG. 8B, the value of spur estimate 820 is 
Substantially similar at times t3 and ta. In one embodiment, 
if spur estimate 820 exhibits little change within a given time 
interval (e.g. if the absolute difference is less than a prede 
termined threshold or if the relative error is within +/-10%), 
then that value can be used as the actual spur value (e.g. 
indicated by line 820). 
0.077 Channel Interpolation 
0078 Channel estimates at spur locations are generally 
distorted. Therefore, in accordance with one embodiment of 
the invention, a pseudo channel estimate for a Sub-channel 
known to coincide with a spur location can be computed by 
interpolating the channel estimates of adjacent good Sub 
channels. For example, in one embodiment shown in FIG. 
9A, an average sub-channel estimate for 901 (which 
includes a spur) could be computed in an interpolator 904 
using the Sub-channel estimates for adjacent Sub-channels 
902 and 903 (i.e. sub-channels left and right of the Sub 
channel including the Spur). In another embodiment shown 
in FIG. 9B, an average sub-channel estimate for Sub 
channel 905 (which includes a spur) as well as sub-channel 
906 (which is adversely affected by the spur in sub-channel 
905) could be computed in interpolator 904 using the 
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sub-channel estimates for adjacent sub-channels 907 and 
908 (i.e. sub-channels left and right of the bad sub-chan 
nels). Note that this channel interpolation can be performed 
before using a channel Smoothing filter, thereby preventing 
Sub-channel estimation errors from propagating to neigh 
boring Sub-channels. 
0079. Note that the number of adjacent sub-channels used 
to provide the interpolated Sub-channel estimate can be 
varied based on multipath conditions. Specifically, using 
only two adjacent Sub-channels for interpolation wherein at 
least one of the two sub-channels is affected by multipath 
can distort Sub-channel estimation. However, too much 
interpolation, e.g. using multiple adjacent Sub-channels all 
affected by multipath, can also distort the interpolated Sub 
channel estimate. Therefore, in one embodiment, the amount 
of interpolation (i.e. the number of adjacent Sub-channels 
used for the interpolated Sub-channel estimate) can be 
determined based on multipath effects on Specific Sub 
channels. 

0080) Self-Correlation 
0081. Of importance, spurs can adversely affect many 
types of Symbols. For example, in addition to affecting data 
Symbols as explained above, Spurs can also adversely affect 
the shorts of an OFDM signal. In general, these shorts have 
known periodicity. Specifically, in the 802.11a/802.11g 
OFDM shorts, twelve tones (complex sinusoids) are spaced 
(peak to peak) at 1.2 MHz with a period of 0.8 us. Therefore, 
looking for periodicity of 0.8 Is (hence the term self 
correlation) is very effective in detecting a packet, deter 
mining timing (i.e. symbol boundary between shorts and 
longs), and estimating frequency offset between the trans 
mitter and the receiver. 

0082) Unfortunately, because the spur can have a sub 
Stantially similar periodicity, the Spur can corrupt Self 
correlation output more than white noise. For example, 
channel 6 in 802.11g has a center frequency of 2.437 GHz 
and a spur of 2.432 GHz. Therefore, in baseband, the spur 
would be at -5 MHz (i.e. 2.432-2.437 GHz), which would 
appear periodic with 0.2 liSec and thus also with 0.8 usec 
(the period of the shorts). 
0.083. In accordance with one feature of the invention, a 
low-pass filter can be used in combination with Self-corre 
lation to effectively cancel the spur effect. FIG. 10A illus 
trates an exemplary filter system 1000 that can advanta 
geously include a self-correlation block 1006 to facilitate 
canceling the Spur effect. Note that the filtering described in 
reference to FIG. 7 can be equally applied in this system. 
Specifically, mixers 1002/1003, low-pass filter 1001, and 
line 1005 perform substantially the same functions as mixers 
702/703, low-pass filter 701, and line 705, as described 
above in reference to FIG. 7. 

0084) Note that low-pass filter 1001 does not have to be 
very narrow because shorts do not occupy every frequency 
Sub-channel. Specifically, shorts have data every fourth 
Sub-channel. Thus, losing one Sub-channel of the shorts does 
not give much loSS in performance because the receiver is 
not trying to decode shorts, but instead utilizing their peri 
odicity. 

0085. In one embodiment, spur removal block 1004 can 
directly cancel the Spur from the received signal. In this 
technique, spur removal block 1004 can compute win (see 
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equations in reference to FIG. 7), wherein x n is the 
time-domain Signal of the shorts. Thus, in this embodiment, 
spur removal block 1004 can perform substantially the same 
function as adder 704 (FIG. 7). After spur cancellation, 
self-correlation block 1006 can then compute self-correla 
tion of Spur-removed signals based on the following equa 
tion. 

0086). In another embodiment shown in FIG.10B, the 
Spur effect can be canceled from Self-correlation. Specifi 
cally, during signal arrival on line 1005, the spur can be 
estimated using low-pass filter 1001 at the same time 
Self-correlation is being performed by Self-correlation block 
1006. In this technique, the spur effect can be canceled for 
each Sample, thereby eliminating a possible latency due to 
Spur estimation. 

0087. This self-correlation technique determines what the 
spur would have done to the self-correlation performed by 
self-correlation block 1006 on the received signal on line 
1005. Note that this technique includes storing the informa 
tion regarding the 32 Samples to accurately perform the 
Self-correlation. 

0088. This “spur-less' self-correlation Sc n can be 
appreciated by transforming the equation immediately 
above (rewritten in expanded form in the first below equa 
tion) into an intermediate equation (Second below equation), 
and finally into the third below equation. 

+3. 

2-31 

+3. 

0089. Thus, self-correlation of the received signal can be 
computed using the following equation. 

+3. 

sc yn = Xy' (kly k +32) 
k=n 

0090. It logically follows that the effect of a spur from 
Self-correlation can then be canceled using the following 
equation. 
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sc (n) = scyn) + 32A ei2n is 32T 

0.091 In one embodiment, to normalize the self-correla 
tion output, the power can also be adjusted using the 
following equations, wherein the first below equation can be 
applied to FIG.10A and the second below equation can be 
applied to FIG.10B. 

+3. 

0092. In other words, power adjustment can be done 
either by canceling the Spur directly from the received signal 
or by removing the Spur contribution from the power com 
puted directly with the received signal. 

0093. In accordance with one aspect of the invention, it 
is recognized that the type and extent of performance 
degradation can depend on the data rate of the Signal being 
received. For example, in general, a spur occurring with a 
high data rate Signal will primarily affect data decoding, 
whereas a spur with occurring with a low data rate Signal 
will primarily affect Signal detection, timing, and frequency 
offset estimation. Moreover, irrespective of data rate, Spurs 
close to any pilots or data used for tracking will affect pilot 
tracking. 

0094. Thus, as explained in detail above, the techniques 
used to mitigate the effects of Spurs can be tailored to match 
the data rate of the received signal. For example, the 
techniques that ignore the Spurs (i.e. pilot masks, Viterbi 
masks, and channel interpolation) can provide particularly 
effective Solutions for received signals having a high data 
rate. The Spur filtering technique can also provide an effec 
tive Solution for received signals having a high data rate. In 
contrast, the Self-correlation technique can provide a par 
ticularly effective Solution for received signals having a low 
data rate. 

0095) Other Embodiments 
0.096 Although illustrative embodiments have been 
described in detail herein with reference to the accompany 
ing figures, it is to be understood that the invention is not 
limited to those precise embodiments. They are not intended 
to be exhaustive or to limit the invention to the precise forms 
disclosed. AS Such, many modifications and variations will 
be apparent to practitionerS Skilled in this art. 

0097. For example, the techniques described herein are 
equally applicable to Zero IF (i.e. a direct conversion) 
architecture. Thus, referring to FIG. 4A, in a Zero IF 
architecture, IF amplifier 405, mixers 406, and synthesizer 
424 could be removed. In this case, the techniques for 
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ignoring or canceling Spurs can Still be applied to any Spurs 
in the harmonics generated by Synthesizer 423. 
0098. In accordance with another aspect of the present 
invention, the Spur mitigation techniques can be applied to 
Spurs generated by a transmitter. Note that the frequency 
offset between the transmitter and the receiver oscillators 
should be determined and corrected before application of a 
Spur mitigation technique, thereby ensuring accurate trans 
mitter Spur mitigation at the receiver. 
0099. In accordance with another aspect of the present 
invention, even if the exact frequency of the Spur is not 
known (i.e. non-Synchronous spurs), a Smaller in time, wider 
in frequency box filter can be used to isolate the Spur. Then, 
a frequency estimator can be used to determine the exact 
Spur frequency. Once this preliminary frequency estimation 
is performed, then any of the above-described techniques 
can be used to provide Spur mitigation. 
0100. Accordingly, it is intended that the scope of the 
invention be defined by the following Claims and their 
equivalents. 

1. A method of improving receiver performance by avoid 
ing bad pilots, the method comprising: 

using a pilot mask in the receiver, 
wherein the pilot mask includes a Set of flags, the Set of 

flags associated with certain Sub-channels, 
wherein each flag in the Set of flags determines whether its 

asSociated Sub-channel is usable for pilot tracking. 
2. The method of claim 1, wherein if a spur will coincide 

with a sub-channel, then the pilot mask will not allow that 
Sub-channel to be used for pilot tracking. 

3. The method of claim 1, wherein if a spur affects a 
sub-channel, then the pilot mask will not allow that Sub 
channel to be used for pilot tracking. 

4. The method of claim 1, wherein the set of flags includes 
52 flags associated with 52 sub-channels. 

5. The method of claim 1, wherein the pilot mask is usable 
for any data rate. 

6. A pilot mask for improving receiver performance by 
avoiding bad pilots, the pilot mask comprising: 

a Set of flags, the Set of flags associated with certain 
Sub-channels, wherein each flag in the Set of flags 
determines whether its associated Sub-channel is usable 
for pilot tracking. 

7. A method of providing an accurate channel estimate to 
a decoder, the method comprising: 

determining whether each Sub-channel is one of a good 
Sub-channel and a bad Sub-channel; 

converting any good Sub-channel including a spur to a bad 
Sub-channel; and 

providing information regarding good and bad Sub-chan 
nels, including converted Sub-channels, to the decoder. 

8. A method of improving Signal decoding in a receiver, 
the method comprising: 

determining whether each Sub-channel is one of a good 
Sub-channel and a bad Sub-channel; 

converting any good Sub-channel including a spur to a bad 
Sub-channel; 
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weighting bits of a signal in a good channel more than bits 
a bad Sub-channel; and 

providing the weighted information to a decoder. 
9. The method of claim 8, wherein a Viterbi mask 

implements the weighting and the decoder is a Viterbi 
decoder. 

10. The method of claim 8, wherein weighting includes 
adjusting based on data rate. 

11. The method of claim 10, wherein bits affected by a 
Spur at a higher data rate have a different weighting than bits 
affected by a spur at a lower data rate. 

12. A decoding circuit in a receiver, the decoding circuit 
comprising: 

a Viterbi decoder; and 
a Viterbi mask in operative relation to the Viterbi decoder, 

the Viterbi mask providing a weighted channel estimate 
for each Sub-channel based on Spur information. 

13. The decoding circuit of claim 12, wherein the Viterbi 
mask provides the weighted channel estimate further based 
on at data rate information. 

14. A filter System for canceling a spur from a signal, the 
filter System comprising: 

a first mixer coupled to receive the Signal; 
a low-pass filter coupled to an output of the first mixer, 
a Second mixer coupled to an output of the low-pass filter; 

and 

an adder coupled to receive the Signal and Subtract an 
output of the Second mixer. 

15. The filter system of claim 14, wherein first mixer 
performs a rotation of the Signal that generates a spur 
estimate at DC, thereby allowing the low-pass filter to 
estimate a phase and an amplitude of the Spur. 

16. The filter system of claim 14, wherein the low-pass 
filter is a growing box filter. 

17. The filter system of claim 16, wherein the growing 
box filter includes: 

a first accumulator for providing a cumulative Sum of a 
Sample, and 

a Second accumulator for providing a total Sum of all 
Samples to a current Symbol. 

18. A method for canceling a spur from a signal, the 
method comprising: 

rotating the Signal to generate a first rotated Signal; 
performing a filtering computation based on the first 

rotated Signal to generate a filtered Signal; 
rotating the filtered Signal to generate a Second rotated 

Signal; and 
Subtracting the Second rotated Signal from the Signal. 
19. The method of claim 18, wherein performing the 

filtering computation includes: 
Setting a Sample Set size; 
computing a cumulative Sum for the Sample Set Over time; 
when the Sample Set size is reached, then adding the 

cumulative Sum to a total Sum and resetting the cumu 
lative size to Zero; 
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computing an estimated Spur value by dividing the total 
Sum by a total number of Samples, wherein the esti 
mated Spur value is provided as the filtered signal; and 

periodically increasing the Sample Set Size over time. 
20. The method of claim 19, wherein if the cumulative 

Sum is denoted by cSn and the total Sum is denoted by ts 
n), then adding the cumulative Sum to the total Sum and 
resetting the cumulative size to Zero occurs when n is a 
power of 2. 

21. A method of improving a Sub-channel estimate for a 
received signal, the method comprising: 

determining Sub-channel estimates for a plurality of Sub 
channels of the received signal; and 

if a first Sub-channel includes a Spur, then ignoring the 
determined Sub-channel estimate of the first Sub-chan 
nel, computing an interpolated Sub-channel estimate 
based on Sub-channels adjacent the first Sub-channel, 
and providing the interpolated Sub-channel estimate as 
the Sub-channel estimate for the first Sub-channel. 

22. A method for canceling a spur from a signal, the 
method comprising: 

rotating the Signal to generate a first rotated Signal; 
performing a filtering computation based on the first 

rotated Signal to generate a filtered Signal; 
rotating the filtered signal to generate a Second rotated 

Signal; 

Subtracting the Second rotated Signal from the Signal to 
generate a modified Signal; and 

after Subtracting, computing Self-correlation of the modi 
fied signal. 

23. A method for canceling a spur from Self-correlation of 
a signal, the method comprising: 

rotating the Signal to generate a first rotated Signal; 
performing a filtering computation based on the first 

rotated Signal to generate a filtered Signal; 
rotating the filtered signal to generate a Second rotated 

Signal, which represents a spur effect; 
computing Self-correlation of the Signal to generate a 

modified signal; and 
Subtracting the Spur effect from the modified signal. 
24. A filter System for canceling a Spur from a Signal, the 

filter System comprising: 

a first mixer coupled to receive the Signal; 
a low-pass filter coupled to an output of the first mixer, 
a Self-correlation block coupled to receive the Signal; 
a Second mixer coupled to an output of the low-pass filter; 

and 

Spur removal means coupled to receive the Signal, an 
output of the Second mixer, and an output of the 
Self-correlation block. 


