
(19) United States 
US 2015O103959A1 

(12) Patent Application Publication (10) Pub. No.: US 2015/0103959 A1 
Alexander et al. (43) Pub. Date: Apr. 16, 2015 

(54) RECEIVER PERFORMANCE INA 
COMMUNICATION NETWORK 

(71) Applicant: Cohda Wireless Pty. Ltd., Kent Town 
(AU) 

(72) Inventors: Paul Dean Alexander, Kent Town (AU); 
Paul Kingsley Gray, Kent Town (AU); 
David Victor Lawrie Haley, Stepney 
(AU); John Lawrence Buetefuer, Para 
Hills (AU); Alexander James Grant, 
North Adelaide (AU); Phuc Ngoc Pham, 
Prospect (AU); Joshua Charles Sutton, 
Maylands (AU); Martin Suter, Kent 
Town (AU) 

(21) Appl. No.: 14/573,330 

(22) Filed: Dec. 17, 2014 

Related U.S. Application Data 
(63) Continuation of application No. 12/444.279, filed on 

Nov.30, 2009, now Pat. No. 8,938,040, filed as appli 
cation No. PCT/AU2007/001506 on Oct. 5, 2007. 

(30) Foreign Application Priority Data 

Oct. 5, 2006 (AU) ................................ 2006905545 
Oct. 10, 2006 (AU) ................................ 2006905618 

Channel 
Estimator 

42 

Publication Classification 

(51) Int. Cl. 
H04L 25/02 (2006.01) 
H04L I/00 (2006.01) 

(52) U.S. Cl. 
CPC .......... H04L 25/0204 (2013.01); H04L I/0047 

(2013.01); H04L I/0054 (2013.01) 

(57) ABSTRACT 

Methods and apparatus are described for improving receiver 
performance in a multicarrier communication network in 
which an encoded symbol is transmitted over a transmission 
channel in the communications system. A model of the trans 
mission channel is estimated, said model characterising an 
effect of intercarrier interference on at least one carrier in the 
multicarrier system. The received symbol is decoded using 
the estimated model to remove a predicted effect of intercar 
rier interference. A pre-processor is also described for opera 
tion in conjunction with a communications receiver in the 
network. The pre-processor includes a channel estimator 
operable to estimate at least one feature of the communication 
channel based on a received signal. The pre-processor modi 
fies the received signal dependent on the at least one esti 
mated feature and provides the modified signal to the com 
munications receiver. 
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RECEIVER PERFORMANCE INA 
COMMUNICATION NETWORK 

RELATED APPLICATIONS 

0001. This application is a continuation application of 
U.S. application Ser. No. 12/444,279, filed Apr. 3, 2009, 
which is a U.S. national stage application filed under 35 
U.S.C. S371 from International Application Serial No. PCT/ 
AU2007/001506, which was filed Oct. 5, 2007, and published 
as WO 2008/040088 on Apr. 10, 2008, and which claims 
priority to Australian Application No. 2006905545, filed Oct. 
5, 2006, and to Australian Application No. 2006905618, filed 
Oct. 10, 2006, which applications and publication are incor 
porated by reference as if reproduced herein and made a part 
hereof in their entirety, and the benefit of priority of each of 
which is claimed herein. 

FIELD OF THE INVENTION 

0002 The present invention relates to communication sys 
tems and, in particular, to enhancing the performance of 
receivers in a communication network. 

BACKGROUND OF THE INVENTION 

0003 Communication systems may be modelled in terms 
of a transmitter 10 and receiver 30, separated by a channel 20, 
as shown in FIG. 1. The transmitter 10 transforms the data 
into a signal Suitable for transmission over the channel 20. 
The channel may distort the transmitted signal in some way. 
The receiver's goal is to remove the effects of the channel 
distortions from the signal and to transform the signal into an 
estimate of the original data. 
0004. The receiver may include a Channel Estimator. The 
Channel Estimator may observe a received signal that has 
been distorted by transmission over the channel, and generate 
a channel estimate based upon this observation. Channel dis 
tortions may include amplitude distortions, frequency offsets, 
phase offsets, Doppler effects, or distortions resulting from a 
channel with memory, such as Rayleigh fading, Rician fad 
ing, or multipath channels, or additive noise or interference. 
The receiver may use the channel estimate to remove the 
effect of the channel and generate an estimate of the data that 
was transmitted. 

0005. In an ideal receiver (a.k.a. a Genie-aided receiver) 
the channel estimate would be perfect, and the estimate of the 
transmitted data would be optimal. However, in practice 
channel estimates may not be perfect, so the estimate of the 
transmitted data may be sub-optimal. Furthermore, many 
receivers are designed for operation over a narrow range of 
channel types. If these receivers are used to receive data 
transmitted over types of channels they were not designed for, 
then their channel estimators may be more likely to generate 
erroneous channel estimates, thereby degrading perfor 
aCC. 

0006. The Digital Video Broadcast Handheld (DVB-H) 
standard, published by the European Telecommunications 
Standard Institute (ETSI), extends the terrestrial standard 
(DVB-T). DVB-H aims to specify an efficient means for 
broadcasting multimedia services to battery-powered hand 
held terminals. DVB-H is backward compatible with its ter 
restrial predecessor. 
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0007. The standards are published as follows: 
0008 Digital video broadcasting (DVB); transmission 
system for handheld terminals (DVB-H), ETSI EN 302 
304 V1.1.1 (2004-11), European Telecommunications 
Standards Institute; and 

0009 Digital video broadcasting (DVB); framing struc 
ture, channel coding and modulation for digital terres 
trial television, ETSI EN 300 744 V1.5.1 (2004-11), 
European Telecommunications Standards Institute. 

0010. Aims of the DVB-H standard include: 
0.011 Robust mobile connectivity; 
0012 Maximization of coverage; 
0013 Low power consumption; 
0.014) Mitigation of impulse interference; and 
0.015 User roaming between cells. 

0016. With these aims in mind, the standard includes the 
components described in Table 1. 

TABLE 1 

DVB-H Specific Components 

Mandatory/ 
Component Layer Optional Stated Aim 

Time- Link Mandatory Reduce average power consumption 
Slicing and allow seamless handover. 
DVB-H PHY Mandatory Fast service discovery 
Signalling and handover. 
MPE-FEC Link Optional Improve C/N and Doppler per 

formance in mobile channels, 
and improve tolerance to 
impulse interference. 

4K Mode PHY Optional Trade-off mobility and SFN size. 
In-depth PHY Optional Improved robustness for 2K, 4K 
Symbol modes. 
Interleaver 

(0017. When mobility is present the DVB waveform may 
suffer from Inter-Carrier Interference (ICI) where, due to 
mobility-induced Doppler, subcarriers interfere with each 
other. 
(0018 To address this problem the DVB-H standard 
extends DVB-T by addition of a “4K mode to the 2K and 8K 
modes. The number here refers to the number of subcarriers in 
the FFT used to generate the transmitted DVB waveform. For 
a given bandwidth signal more Subcarriers means closer Sub 
carriers and higher vulnerability to Doppler. The 8K mode is 
particularly vulnerable to Doppler. The 4K mode is seen as a 
compromise between wider subcarriers, as offered by the 2K 
mode, and the longer cyclic prefix offered by the 8K mode. 
0019 DVB also has a hierarchical mode where a wave 
form may be demodulated in two ways. One method results in 
more reliable demodulation at a lower data rate and the other 
is more difficult to demodulate but results in higher data rates. 
An ability to demodulate in higher data rate modes offers 
improved service to end users. 
0020 Pilot symbols are inserted in the transmitted wave 
form in order to enable channel estimation for coherent 
demodulation and decoding at the receiver. Approximately 
%" of the subcarriers, in any given Orthogonal Frequency 
Division Multiplexing (OFDM) symbol, are used for this 
purpose in DVB. At the limits of coverage and mobility the 
ability of a receiver, using these pilots alone, to derive an 
accurate channel estimate is compromised. 
0021 Reference to any prior art in the specification is not, 
and should not be taken as, an acknowledgement or any form 
of Suggestion that this prior art forms part of the common 
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general knowledge in Australia or any other jurisdiction or 
that this prior art could reasonably be expected to be ascer 
tained, understood and regarded as relevant by a person 
skilled in the art. 

SUMMARY OF THE INVENTION 

0022. It is an object of the present invention to substan 
tially overcome, or at least ameliorate, one or more disadvan 
tages of existing arrangements. 
0023. According to a first aspect of the invention there is 
provided a pre-processor for operation in conjunction with a 
communications receiver, the pre-processor comprising: 

0024 an input operable to receive an input signal that is 
transmitted via a communication channel; 

0025 a channel estimator operable to estimate at least 
one feature of the communication channel based on the 
input signal; 

0026 a signal modifier operable to modify the input 
signal dependent on the at least one estimated feature; 
and 

0027 an output for providing the modified signal to the 
communications receiver. 

0028. According to a second aspect of the invention there 
is provided a method of pre-processing a signal for provision 
to a communications receiver, said method comprising: 

0029 receiving an input signal that is transmitted via a 
communication channel; 

0030) estimating at least one feature of the communica 
tion channel based on the input signal; 

0031 modifying the input signal dependent on the at 
least one estimated feature; and 

0032 providing the modified signal to the communica 
tions receiver. 

0033 According to a further aspect of the invention there 
is provided a computer program product comprising 
machine-readable program code recorded on a machine-read 
able recording medium, for controlling the operation of a data 
processing apparatus on which the program code executes to 
perform a method of pre-processing a signal for provision to 
a communications receiver, said method comprising: 

0034 receiving an input signal that is transmitted via a 
communication channel; 

0035 estimating at least one feature of the communica 
tion channel based on the input signal; 

0036 modifying the input signal dependent on the at 
least one estimated feature; and 

0037 providing the modified signal to the communica 
tions receiver. 

0038 A communications system incorporating the pre 
processor is also described. 
0039. According to a further aspect of the invention there 

is provided a method of decoding a symbol in a multicarrier 
communications system, comprising: 

0040 a) receiving an encoded symbol transmitted over 
a transmission channel in the communications system; 

0041 b) estimating a model of the transmission chan 
nel, said model characterising an effect of intercarrier 
interference on at least one carrier in the multicarrier 
system and 

0042 c) decoding the received symbol using the esti 
mated model to remove a predicted effect of intercarrier 
interference. 
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0043. According to a further aspect of the invention there 
is provided a method of intercarrier interference prediction 
and removal in a receiver for a multicarrier wireless commu 
nications system, including: 

0044) estimating a first smoothed direct channel based 
on pilot symbols; 

0.045 decoding a received symbol using the first 
Smoothed direct channel estimate to produce Soft and 
hard transmitted symbol estimates; 

0046 estimating a second smoothed direct channel 
using pilots and first hard transmitted symbol estimates; 

0047 decoding the received symbol using the second 
smoothed direct channel estimate to produce first soft 
and second hard transmitted symbol estimates; 

0.048 estimating a third smoothed direct channel using 
pilot symbols and second hard transmitted symbol esti 
mates; and 

0049 estimating the smoothed intercarrier interference 
channels for at least the adjacent Subcarriers having first 
removed the current estimate of direct channel interfer 
ence from the observation using first soft transmitted 
symbol estimate. 

0050. Preferably, the method includes 
0051 cancellation of interference from at least one sub 
carrier according to the channel estimates; 

0.052 decoding the interference cancelled subcarriers 
to return information bit estimates. 

0053. The method may additionally include combining, 
according to smooth channel estimates, the interference can 
celled symbols before decoding. 
0054 The method may include one or more additional 
repetitions of 

0.055 estimating a new smoothed direct channel using 
pilot symbols and current hard decoder outcomes; 

0056 estimating the smoothed intercarrier interference 
channels for at least the adjacent Subcarriers having first 
removed the current estimate of direct channel interfer 
ence from the observation using current soft transmitted 
symbol estimate; 

0057 cancellation of interference from at least one sub 
carrier according to the channel estimates; 

0.058 decoding the received symbol using the 
Smoothed direct channel estimate to produce new soft 
and hard transmitted symbol estimates; 

0059 Smoothing of the channel estimate may be achieved 
using either 

0060 convolution by a low pass filter, 
0061 transformation via an FFT, windowing and IFFT 

0062 Generalisation to multiple receiver antenna may be 
achieved by defining a set of channels for each antenna and 
vectorising the demodulation stage of the decoding process. 
0063. The ICI present in the output of the FFT may also be 
reduced by feeding back local frequency offset estimates to a 
pre-FFT module that corrects the time domain sequence for 
the measured frequency offset. This correction may be done 
in a forward only manner or retrospectively, i.e. any given 
OFDM symbol may be transformed through the FFT multiple 
times if the frequency offset estimate changes during appli 
cation of the receiver. 
0064. The use of soft output decoding of the convolutional 
code (e.g. via A-Posteriori Probaility decoding) may be used 
to allow the use of erasure prediction ahead of any Subsequent 
Reed-Solomon decoding thereby improving the error correc 
tion capability of the system. 
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0065 According to another aspect of the invention there is 
provided a method of intercarrier interference prediction and 
removal in a receiver for a multicarrier wireless communica 
tions system, including: 

0.066 estimating a first smoothed direct channel based 
on pilot symbols; 

0067 decoding a received symbol using the first 
Smoothed direct channel estimate to produce soft and 
hard transmitted symbol estimates; 

0068 estimating a next smoothed direct channel using 
pilot symbols and the hard transmitted symbol esti 
mates; and 

0069 estimating the smoothed intercarrier interference 
channels for at least adjacent Subcarriers, preferably 
having first removed the current estimate of direct chan 
nel interference from the observation using the soft 
transmitted symbol estimate. 

0070 Preferably, the method includes 
(0071 cancellation of interference from at least one sub 

carrier according to the channel estimates; 
0072 decoding the interference cancelled subcarriers 
to return information bit estimates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0073 Embodiments of the present invention will now be 
described with reference to the drawings, in which: 
0074 FIG. 1: is a schematic drawing of a communications 
system; 
0075 FIG. 2: is a schematic drawing of a communications 
system incorporating a Pre-Processor, 
0076 FIG. 3: is a schematic drawing of a time-domain 
Pre-Processor structure; 
0077 FIG. 4: is a schematic diagram of a frequency-do 
main Pre-Processor structure; 
0078 FIG. 5: shows a frequency domain Pre-Processor 
structure with a Maximum Ratio Combiner (MRC); 
0079 FIG. 6: shows a frequency domain Pre-Processor 
structure with demodulation; 
0080 FIG. 7: shows a frequency domain Pre-Processor 
structure with Forward Error Correction (FEC) decoding: 
0081 FIG. 8: is a schematic diagram of a satellite channel 
model; 
0082 FIG.9A. is a schematic diagram of a conventional 
IEEE 802.11a communications system; 
0083 FIG.9B: is a schematic diagram of a conventional 
IEEE 802.11a receiver implementation; 
0084 FIG.10: is a schematic diagram of a Pre-Processor 
enabled IEEE 802.11a receiver implementation; 
0085 FIG. 11: is a schematic diagram of part of a com 
munication network that includes Pre-Processor enabled 
IEEE 802.11a receivers and receivers without pre-processors; 
I0086 FIG. 12: shows a schematic block diagram of a first 
IEEE 802.11a Pre-Processor frequency domain embodiment; 
I0087 FIG. 13: shows a schematic diagram of a FEC block 
consisting of LLR calculator and Viterbi decoder for use in 
the pre-processor of FIG. 13; 
0088 FIG. 14: shows a schematic diagram of a FEC block 
consisting of LLR calculator and APP decoder for use in the 
pre-processor of FIG. 13; 
0089 FIG. 15: illustrates IEEE 802.11a Pre-Processor 
acquisition processing: 
0090 FIG. 16: illustrates the IEEE 802.11a preamble 
Structure: 
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(0091 FIG. 17: is a schematic diagram of a second IEEE 
802.11a Pre-Processor frequency domain embodiment with 
lower latency; 
0092 FIG. 18: is a schematic diagram of a third IEEE 
802.11a Pre-Processor that uses time domain processing: 
(0093 FIG. 19: is a schematic diagram of a further IEEE 
802.11a Pre-Processor using frequency domain processing 
with hard or soft decision re-modulation; 
0094 FIG. 20: shows a schematic diagram of a FEC con 
straint module that may be used in the prediction and removal 
of Inter-Carrier Interference (ICI) effects; 
0.095 FIG. 21: shows a schematic diagram of a module 
that may be used to estimate the Direct Component of a 
Channel Estimate; 
(0096 FIG. 22: shows further detail of the ICI Cancelling 
and Training aspects of the Direct Channel Estimator of FIG. 
21; 
0097 FIG. 23: shows a schematic diagram of a module 
that estimates an ICI Component of the Channel Estimate; 
(0098 FIG. 24: shows detail of the ICI Cancelling and 
Training aspects of the ICI Channel Estimator of FIG. 23; 
0099 FIG. 25: shows a schematic diagram of an ICI Can 
celler and Combiner block used in the FEC module of FIG. 
21; 
0100 FIG. 26: illustrates a schedule for prediction and 
removal of ICI using the modules of FIGS. 21-26 and based 
on Soft Remodulation; 
0101 FIG. 27: illustrates a schedule for prediction and 
removal of ICI using the modules of FIGS. 21-26 and based 
on Hard Remodulation; 
0102 FIG. 28: illustrates an alternative schedule for pre 
diction and removal of ICI using the modules of FIGS. 21-26; 
and 
(0103 FIG. 29: illustrates a further alternative schedule for 
prediction and removal of ICI using the modules of FIGS. 
21-26. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

Pre-Processor 

0104 Embodiments of a pre-processor are described that 
may be placed before a communications receiver in a com 
munications network to improve the performance of the 
receiver. The pre-processor modifies the communication 
channel observed by the receiver to better match the capabil 
ity of the receiver. 
0105. The described pre-processor has potential applica 
tion to: 

0106 Wireless communications systems, e.g. DVB-T, 
DVB-H, IEEE 802.11, IEEE 802.16, 3GPP2: 

0.107 Satellite communications systems; and 
0.108 Wired communications systems, e.g. ADSL, 
HomePlug. 

0109 The described pre-processors may be paired with a 
range of existing communications receivers to improve 
receiver performance. In one arrangement, the pre-processor 
may be paired with an existing IEEE 802.11 receiver that was 
designed to operate on a non-mobile, indoor channel to 
enable the receiver to operate on a mobile, outdoor channel. 
0110. The pre-processors may be used to modify the sig 
nal input to the receiver in order to improve system perfor 
mance. This is illustrated in FIG. 2. The Pre-Processor 40 
takes the signal that has been affected by the channel 20 and 
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processes the signal Such that the signal output to the receiver 
30 appears to have been affected by a different channel, where 
that channel is matched to the capabilities of the receiver 30. 
The use of the Pre-Processor 40 expands the range of chan 
nels that an existing receiver can operate with. In the cases 
where the existing receiver cannot be easily modified (such as 
when the existing receiver is an application specific inte 
grated circuit (ASIC)), the receiver may fail to meet perfor 
mance requirements on channels beyond its capabilities. In 
these cases the Pre-Processor 40 can be added prior to the 
existing receiver to expand the range of channels the receiver 
30 can operate with. 
0111. The Pre-Processor 40 makes an estimate of the 
channel 20 based upon the received signal. It then uses this 
channel estimate to remove or modify the effect of the chan 
nel. A goal of the Pre-Processor 40 is to put the input to the 
receiver into such a form that the effective channel that the 
receiver observes is within the range that the receiver is 
capable of operating with. 
0112 FIG.3 shows a block diagram for the Pre-Processor 
40 implemented in the time domain. Inputs to the pre-proces 
sor 40 are provided to a channel estimator 42 and a filter 41. 
Here the channel estimator 42 takes inputs that are in the time 
domain and the estimator output is used by module 39 to 
calculate the filter coefficients for a time domain filter 41 that 
modifies the received signal Such that it appears to have been 
affected by a different channel than the actual channel in the 
communications system. The output of the filter 41 is pro 
vided to the receiver 30. 

0113 FIG. 4 shows a general block diagram for another 
Pre-Processor 40 implemented in the frequency domain. Here 
the received signal is first transformed from the time domain 
to the frequency domain. A mapper block 43 modifies the 
frequency domain signal Such that it appears to have been 
affected by a different channel than the actual channel 20 in 
the communications system, and then this signal is trans 
formed back to the time domain and output. The channel 
estimator 42 uses as input the received signal 44 in the time 
domain, or the received signal 45 in the frequency domain, or 
the received signal in both the time domain and the frequency 
domain 44, 45. The channel estimator 42 may optionally also 
use the mapped signal 46 in the frequency domain, or the 
mapped signal 47 in the time domain, or the mapped signal in 
both the frequency domain and the time domain 46, 47. The 
mapping performed by the mapper block 43 is based on the 
channel estimate generated by channel estimator 42. 
0114 FIG. 5 shows a block diagram of a variant of the 
frequency domain Pre-Processor structure 40. Here the time 
domain to frequency domain transformation is performed 
using a fast Fourier transform (FFT) 48, and the frequency 
domain to time domain transformation is performed using an 
inverse fast Fourier transform (IFFT) 49. The frequency 
domain received signal is combined with the output of the 
channel estimator block 42 using a maximum ratio combiner 
(MRC)50. 
0115 The channel estimator 42 uses as input the received 
signal in the time domain, or the received signal in the fre 
quency domain, or the received signal in both the time domain 
and the frequency domain. The channel estimator may 
optionally also use the MRC output signal in the frequency 
domain, or the MRC output signal in the time domain, or the 
MRC output signal in both the frequency domain and the time 
domain. 
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0116 FIG. 6 shows a block diagram of another variant of 
the frequency domain Pre-Processor structure. Here the 
modified input signal output by the MRC 50 in the frequency 
domain is first demodulated and then remodulated, before 
being used to direct the channel estimator 42. The channel 
estimator 42 uses as input the received signal in the time 
domain, or the received signal in the frequency domain, or the 
received signal in both the time domain and the frequency 
domain. The channel estimator may optionally also use the 
remodulated signal in the frequency domain, or the remodu 
lated signal in the time domain, or the remodulated signal in 
both the frequency domain and the time domain. 
0117 FIG. 7 shows a block diagram of yet another variant 
of the frequency domain Pre-Processor structure. Here the 
modified input signal output by MRC 50 in the frequency 
domain is first demodulated, then decoded and re-encoded in 
the forward error control (FEC) block 51, and then remodu 
lated, before being used to direct the channel estimator 42. 
The channel estimator 42 uses as input the received signal in 
the time domain, or the received signal in the frequency 
domain, or the received signal in both the time domain and the 
frequency domain. The channel estimator 42 may optionally 
also use the remodulated signal in the frequency domain, or 
the remodulated signal in the time domain, or the remodu 
lated signal in both the frequency domain and the time 
domain. 

0118. In FIG. 5, FIG. 6, FIG. 7 the FFT 48 and IFFT 49 
may be replaced with any form of time to frequency domain 
conversion, or frequency to time domain conversion, respec 
tively. Also the MRC 50 may be replaced by any form of 
signal combiner, such as a minimum mean square error 
(MMSE) combiner, or zero forcing combiner. 
0119) An example of a channel 20 that the Pre-Processor 
40 could be applied to is a frequency offset channel. A fre 
quency offset channel introduces a frequency offset to the 
signal that is transmitted. If the receiver can accurately esti 
mate the frequency offset then the effect of the channel can be 
removed. Consider the case of a receiver 30 that has been 
designed to operate with frequency offsets up to 10 kHz. If the 
frequency offset is, say, 100 kHz then the performance is 
likely to be very poor. If instead a channel estimator 42 is used 
in the Pre-Processor 40 that can cope with a frequency offset 
of 100 kHz, then the Pre-Processor could remove the effects 
of the channel. This would allow an existing receiver that can 
only cope with 10 kHz frequency offsets to be used on chan 
nels with frequency offsets of up to 100kHz, thereby expand 
ing the range of channels that the existing receiver can operate 
with. 

I0120 Another example of a channel 22 that the Pre-Pro 
cessor 40 could be applied to is a satellite channel. Satellite 
channels are characterised by Rician fading with path delay, 
as illustrated in FIG.8. A typical maritime (i.e. ships at sea 
communicating via a geostationary satellite) satellite channel 
has a K-factor of 10 dB, a fading bandwidth of 0.7 Hz, and a 
path delay of Ous. A typical aeronautical (i.e. planes in the air 
communicating via a geostationary satellite) satellite channel 
may have a K-factor of 20 dB, a fading bandwidth of 100 Hz, 
and a path delay of 15 us. A receiver designed for operation 
with a maritime satellite channel may not cope with the 
harsher aeronautical satellite. In this case a Pre-Processor 40 
can be added prior to a receiver 30 designed for maritime 
satellite channels to allow the receiver 30 to perform well on 
an aeronautical satellite channel. 
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0121. Yet another example channel 24 that the Pre-Proces 
sor 40 could be applied to is the channel experienced by IEEE 
802.11a radios, described for example in IEEE 802.11 WG, 
“IEEE 802.11 Wireless Local Area Networks (WLAN).” 
http://grouperieee.org/groupS/802/11/. 
0122. A conventional IEEE 802.11a transmitter and 
receiver are illustrated in FIG. 9A. The transmitter imple 
ments a sequence of operations on the input data, ie scramble, 
FEC encode, interleave, modulate, IFFT, add cyclic prefix, 
upsample and filter. The resultant signal is transmitted over a 
transmission channel and a complementary receiver acts to 
filter and downsample the received signal, which is synchro 
nized has the cyclic prefix removed and transformed to the 
frequency domain by an FFT. The output of the FFT is pro 
vided to a channel estimator and a demodulator, which uses 
the output of the channel estimator. The demodulated signal is 
deinterleaved, FEC decoded and descrambled. 
0123. These receivers are designed for multipath chan 
nels. Conventional IEEE 802.11a receivers are designed for 
indoor, low mobility channels characterised by low RMS 
delay spread (e.g. <200 ns) and low Doppler frequency (e.g. 
<300 Hz). When these receivers experience outdoor, high 
mobility channels they may fail. However, channel estimators 
and signal processors can be implemented that are able to 
cope with the high RMS delay spread and high Doppler 
frequency of outdoor, mobile channels. 
0124. If Such a channel estimator and signal processor is 
incorporated into a Pre-Processor then the Pre-Processor may 
reduce the effect of the channel to the point where the existing 
IEEE 802.11a receiver can cope with it. Such a Pre-Processor 
allows conventional IEEE 802.11a ASIC receivers that have 
been designed for indoor, low mobility channels to be used on 
outdoor, highly mobile channels. 
0.125. The exemplary embodiments described below are 

all IEEE 802.11a Pre-Processors. However, these techniques 
may also be applied to other communications systems. The 
described pre-processors are relevant to communications 
receivers that include a Radio Frequency (RF) circuit, a 
Medium Access Control (MAC) circuit and a Physical Layer 
(PHY) circuit. Protocols that include RF/PHY/MAC include 
IEEE 802.16 and IEEE 802.11. The described pre-processors 
may also be used in DVB-H and DVB-T contexts, which 
contain RF/PHY. Other relevantapplications that may use the 
pre-processors, such as ADSL and Homeplug only contain 
PHYAMAC. 

0126 The pre-processors described herein may be imple 
mented in hardware, for example application-specific inte 
grated circuits (ASICs). Other hardware implementations 
include, but are not limited to, field-programmable gate 
arrays (FPGAs), structured ASICs, digital signal processors 
and discrete logic. Alternatively, the pre-processor may be 
implemented as Software, such as one or more application 
programs executable within a computer system. The Software 
may be stored in a computer-readable medium and be loaded 
into a computer system from the computer readable medium 
for execution by the computer system. A computer readable 
medium having a computer program recorded on it is a com 
puter program product. Examples of such media include, but 
are not limited to CD-ROMs, hard disk drives, a ROM or 
integrated circuit. Program code may also be transmitted via 
computer-readable transmission media, for example a radio 
transmission channel or a networked connection to another 
computer or networked device. 
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0127. In one embodiment, the Pre-Processor 40 is 
designed to remove the effects of multipath and mobility from 
IEEE 802.11a channels and present the modified signal to an 
IEEE 802.11a receiver for subsequent demodulation and pro 
cessing. A typical implementation of an IEEE 802.11 node 53 
is shown in FIG. 9B. Here an off-the-shelf IEEE 802.11 RF 
ASIC 55 downconverts the signal received on the antenna 54 
to baseband and passes this signal to an off-the-shelf IEEE 
802.11 PHY/MAC ASIC 56, which processes the signal and 
outputs the data to the user via a number of possible inter 
faces. A model for an IEEE 802.11 node 60 incorporating an 
ASIC implementation of the Pre-Processor 40 is shown in 
FIG. 10 (other implementations are possible). Here two off 
the-shelf IEEE 802.11 RF ASICs 63, 64 downconvert the 
signal received on two separate antennas 61, 62 to baseband 
and pass these signals to the Pre-Processor 40. The Pre 
Processor 40 combines these two signals and removes some 
or all of the effect of the channel from the resultant signal 
before passing the processed signal to an off-the-shelf IEEE 
802.11 PHY/MAC ASIC 56, which processes the signal as 
before and outputs it. The depicted embodiment of the Pre 
Processor 40 uses signals from two antennas 61, 62, but it 
could also use one antenna or more than two antennas. Other 
embodiments may performantenna selection as an alternative 
to signal combining. 
I0128. A possible embodiment of a system of IEEE 802.11 
nodes incorporating the Pre-Processor is shown in FIG. 11. 
This figure shows that Pre-Processor enabled nodes 70 can 
co-exist in an IEEE 802.11 network with standard (i.e. non 
Pre-Processor enabled) nodes 72. 
I0129. In one arrangement the Pre-Processor uses analogue 
baseband inputs and outputs. However there are several other 
interface possibilities: 

0.130 Digital baseband signals. This requires that the 
RFASIC and/or the PHY/MAC ASIC have digital base 
band interfaces, or external analogue-to-digital and digi 
tal-to-analogue converters are used. 

0131 Post-acquisition baseband signals. This would 
require that the PHY/MAC ASIC can have the PHY 
acquisition functionality bypassed. 

(0132) Post PHY demodulated signals. This would 
require that the PHY/MAC ASIC can have its PHY 
bypassed. It would also be possible to use a MAC only 
ASIC in this configuration. 

0.133 PHY Bridge. In this configuration the Pre-Pro 
cessor would incorporate a MAC and transmitter, and 
would retransmit data to the PHY/MAC ASIC. 

0.134 RF input. In this configuration the functionality 
of the RF ASIC would be incorporated into the Pre 
Processor ASIC. 

0135 RF Output. In this configuration the Pre-Proces 
Sor ASIC receives a baseband signal from a standalone 
RF ASIC, and outputs an RF signal to an integrated 
RFAMACFPHY ASIC. 

0.136 RF input and RF output. This configuration 
would work with off-the-shelf IEEE 802.11 radios 
where the RF ASIC and MAC/PHY ASIC have been 
integrated. The Pre-Processor ASIC would receive sig 
nals at RF directly from the antenna(s), process them, 
and output them to the RF/MAC/PHY ASIC at RF. An 
important thing to do in this case is ensure that the RF 
inputs and RF outputs of the Pre-Processor ASIC do not 
interfere. This could be achieved by keeping the RF 
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output power level very low, and/or by outputting the 
signal on a different channel to the channel used on the 
input. 

0.137 The interfaces of the IEEE 802.11 Pre-Processor 
may be designed such that RF ASICs and PHY/MAC ASICs 
from several manufacturers are Supported. 
0.138. The Pre-Processor 40 may pass signals through 
without modification (except perhaps some delay) to the 
existing receiver 30. This bypass mode also allows the opera 
tion of the Pre-Processor enabled node 70 to be indistinguish 
able from a standard node (i.e. a non-Pre-Processor enabled 
node) 72. 
0139 FIG. 12 shows the preferred embodiment 80 of the 
IEEE 802.11a Pre-Processor. This embodiment uses algo 
rithms derived from those defined in USA patent application 
publication US2004/0264561 "Filter structure for iterative 
signal processing published on 30 Dec. 2004, Australian 
provisional patent application 2005904528 filed 22 Aug. 
2005 and related PCT application PCT/AU2006/001201, 
PCT application PCT/AU2007/000231 “Method and system 
for communication in a wireless network' filed 27 Feb. 2007 
and PCT/AU2007/000722 “Method and apparatus for multi 
carrier communications' filed 24 May 2007, the contents of 
which are incorporated herein by cross-reference. 
0140 Pre-processor 80 takes the baseband signals from 
two RF ASICs (eg 63, 64) and performs automatic gain con 
trol (AGC), DC offset removal, and filtering in block 81. The 
filtered signal is output to the acquisition block 82, which 
identifies the beginning of the valid transmitted frame. If the 
frame is valid, it is converted from the time domain to the 
frequency domain using a fast Fourier transform (FFT) 48. 
The outputs from the FFT block 48 go to both the Channel 
Estimator block 42, and a linear combiner block 83, which in 
the depicted arrangement is a maximal ratio combiner (MRC) 
block. The maximal ratio combiner block 83 combines the 
outputs of the FFT block 48 and the channel estimator block 
42. The outputs of the MRC block 83 are fed to the forward 
error correction (FEC) block 84. The outputs of the FEC 
block 84 are then used to direct the Channel Estimator 42. 
They are also passed to the Inverse FFT (IFFT) block 85 
where they are converted back into the time domain, and the 
cyclic prefix (CP) inserted. The output of block 85 is filtered 
in block 86 and output from the Pre-Processor 80. 
0141. The linear combiner block 83 may use a minimum 
mean square error (MMSE) algorithm, or a Zero forcing algo 
rithm as an alternative to the maximal ratio algorithm. 
0142. The FEC block 84 may use either a Viterbi decoder 
block, a re-encoder/mapper block, and an optional LLR cal 
culator block (FIG. 13), or an a posteriori probability (APP) 
decoder block, a re-encoder/mapper block and optional LLR 
calculator (FIG. 14). 
0143. In another embodiment of the Pre-Processor 80 a 
second FEC decoder is used before re-encoding, as shown in 
PCT/AU2007/000722, which claims priority from Australian 
provisional patent application 2006902812. This introduces 
more latency, but increases decoding gain. 
0144. The preferred embodiment of the IEEE 802.11a 
Pre-Processor 80 uses a method of initial acquisition that 
involves an autocorrelation of delay length equal to the short 
preamble word size (i.e. 16 samples at 20 MHz 0.8 us). 
Another autocorrelation of delay length equal to 8 samples is 
then subtracted from this first autocorrelation to provide CW 
and DC offset rejection. The initial acquisition is detected by 
counting the number of descenders from a peak value (see 
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FIG. 15). The peak value must be above a predefined thresh 
old before the descender count is incremented. Once the 
number of descenders exceeds a threshold then acquisition is 
deemed to have occurred. If we assume there is minimal 
latency in the implementation and latency is due to con 
straints of receiving the samples only, then the latency for the 
short preamble initial acquisition decision is 32 samples (a) 20 
MHz into the Long Preamble. This delay is 1.6 us after the 
start of the short preamble or 9.6 us after the start of the 
Packet. 
(0145. In the preferred embodiment of the IEEE 802.11a 
Pre-Processor 80 stored preambles are used to reduce latency. 
Here short and long preambles are stored in the data store 87 
and are output once the Pre-Processor 80 has acquired the 
incoming packet. This means that the Pre-Processor 80 can 
start outputting the preamble with reduced delay. 
0146 In another embodiment of the IEEE 802.11 Pre 
Processor 80 the preambles received from the channel are 
passed through to the output of the Pre-Processor. 
0.147. In another embodiment of the IEEE 802.11a Pre 
Processor the stored or passed through preambles are pro 
cessed in order to ensure continuity in the channel that the 
MAC/PHY ASIC SeeS. Since the MAC/PHY ASIC 56 Still 
performs its own channel estimate and removal on the signal, 
the ASIC 56 may be presented with a signal which it can 
demodulate without performance loss. 
(0.148. In the preferred embodiment of the IEEE 802.11a 
Pre-Processor 80 latency is reduced by only outputting a 
portion of the short preamble. In this arrangement the pre 
processor 80 outputs a reduced number of short preamble 
sub-words, where the short preamble is constructed of 10 
repetitions of the sub-word. The structure of the IEEE 802. 
11a preamble is shown in FIG. 16. 
0149. In another embodiment of the IEEE 802.11a Pre 
Processor 80 the acquisition delay is reduced by beginning to 
output the short preamble to the MAC/PHY ASIC 56 imme 
diately that a packet is detected. Then, once the timing has 
been determined from the long preamble the Pre-Processor 
80 can stop transmitting the short preamble and start trans 
mitting the stored long preamble. The transmission can com 
mence in one of two ways. Firstly it can commence on the 
boundary of a short preamble sub-word. Secondly sub-word 
boundaries are ignored allowing the long preamble to begin 
transmission at the correct position as indicated by the timing 
of the received packet irrespective of the short preamble sub 
word. 

0150. In another embodiment of the IEEE 802.11 Pre 
Processor 80 the acquisition delay is reduced by continuously 
transmitting a stored short preamble to MAC/PHY ASIC 56 
even when there is no packet present. Then, once the actual 
packet is detected the short preamble is stopped at an appro 
priate position and the long preamble and remainder of the 
packet transmitted to MAC/PHY. 
0151 FIG. 17 shows an alternate embodiment 90 of an 
IEEE 802.11a Pre-Processor that has low latency. In this 
embodiment 90 the outputs 91 of maximum ratio combiner 83 
are passed directly (or via a buffer) to the IFFT block 85, 
thereby reducing processing delay. 
0152 FIG. 18 shows an alternate embodiment 100 of an 
IEEE 802.11a Pre-Processor that has low latency. In this 
embodiment the effects of the channel are reduced or elimi 
nated using a time domain filter 102. The coefficients of the 
time-domain filter 102 are generated by filter coefficient gen 
erator 104, which receives an output from the channel esti 
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mator 42. The output of the time domain filter 102 is passed to 
the output of the pre-processor 100. 
0153 FIG. 19 shows an alternate embodiment 200 of an 
IEEE 802.11a Pre-Processor structure which performs either 
Soft or hard re-modulation and processing in the frequency 
domain before retransmitting the data. This structure uses a 
soft-input soft-output (SISO) FEC block 212 that receives an 
output from the MRC block 83. The decoderin the SISOFEC 
block could be any SISO decoder, such as a soft-output Vit 
erbialgorithm (SOVA) or APP decoder. The output of the 
SISO FEC 212 is processed by the soft/hard decision re 
modulator 214, which in turn directs the channel estimator 
42. The output of the re-modulator 214 is also passed to the 
IFFT block 85. The preambles are processed by filter 210, 
coefficients for which are provided by the channel estimator 
42. 

0154 The IEEE 802.11a standard specifies that acknowl 
edgement (ACK) frames commence transmission within one 
short interframe space (SIFS) of the end of the corresponding 
data frame being received. The SIFS time is defined to be 16 
us. The IEEE 802.11 modification of the IEEE 802.11a stan 
dard introduced Coverage Classes, which are a mechanism to 
compensate for air propagation time of signal. In the 
described embodiments of the IEEE 802.11a Pre-Processor, 
if there exists any delay in excess of the SIFS time, such a 
delay is compensated for by increasing the Coverage Class by 
an amount at least equal to the delay. Several IEEE 802.11 
MAC/PHY ASICs 56 have a programmable SIFS time, and 
can have their SIFS time reduced to a value less than 16 us. In 
the described embodiments of the IEEE 802.11a Pre-Proces 
sor if there exists any delay in excess of the SIFS time of the 
Pre-Processor ASIC and MAC/PHY ASIC combination, then 
Such a delay or part thereof, is compensated by reducing the 
programmable SIFS time of the MAC/PHY ASIC 56. 
(O155 The IEEE 802.11a standard specifies that ACK 
frames are transmitted within SIFS (16 us) of the end of the 
previous frame. However, no other transmitters under control 
of a distributed control function (DCF) will transmit on the 
channel until DCF interframe space (DIFS, 34 us) after the 
previous frame. This is to allow transmitters under control of 
a point control function (PCF) to transmit PCF interframe 
space (PIFS, 25us) after the previous frame. However, if PCF 
is not used in the network then, in the IEEE 802.11a Pre 
Processor, if there exists any delay in excess of the SIFS time, 
such a delay or part thereof can be tolerated by waiting PIFS 
time for the ACK frames. 

0156 The IEEE 802.11a standard supports several PHY 
data rates (6, 9, 12, 18, 24, 36, 48, and 54 Mbps). In the 
embodiment of the IEEE 802.11a Pre-Processor shown in 
FIG. 12 it is not necessary that the re-encoding and re-map 
ping of output signal is at the same data rate as the input 
signal. Some of the delay in excess of the SIFS time may be 
compensated by outputting the delayed output signal at a 
higher data rate in Such a way as to ensure that the end of the 
frame at the output of the Pre-Processor is as close as possible 
to the end of the frame at the input to the Pre-Processor. 
0157. In order for the slot timing mechanism in the IEEE 
802.11a standard to work correctly, the receiver must be able 
to detect the presence of another 802.11a signal within the 
clear channel assessment (CCA) time (CCA time). For IEEE 
802.11a the detection time is 4 us. IEEE 802.11 MAC/PHY 
ASICs typically use a received signal strength indicator 
(RSSI) from an IEEE 802.11 RF ASIC to perform CCA. One 
embodiment of the IEEE 802.11a Pre-Processor forces the 
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CCA busy state in the MAC/PHY ASIC 56 by setting this 
RSSI input to a level above the CCA power threshold (the 
standard requires that any signal greater than-62 dBm should 
generate a CCA busy state). This means that the CCA circuit 
of the MAC/PHY ASIC56 is not affected by the delay of the 
Pre-Processor. 

0158. In the preferred embodiment of the IEEE 802.11a 
Pre-Processor the status and control signals (such as the RSSI 
signal) from the IEEE 802.11 RF ASIC (eg 63, 64) are input 
to the Pre-Processor ASIC 40, delayed such that they are 
aligned to the output signal of the pre-processor 40, and 
output to the IEEE 802.11a MAC/PHY ASIC 56. 
0159. The pre-processor arrangements described herein 
provide: 

0.160 A method ofusing a Pre-Processor placed prior to 
a communications receiver in order to improve the per 
formance of the receiver; 

0.161 Amethod ofusing a Pre-Processor placed prior to 
a communications receiver in order to improve the per 
formance of the receiver by changing the channel that 
the receiver observes; 

0162. A method ofusing a Pre-Processor placed prior to 
a communications receiver in order to expand the range 
of channels that the receiver can operate with: 

0.163 A method ofusing a Pre-Processor in conjunction 
with an existing communications receiver in order to 
improve the performance of the receiver and to expand 
the range of channels that the receiver can operate with: 

0164. A method ofusing a Pre-Processor in conjunction 
with an IEEE 802.11 communications receiver in order 
to improve the performance of the receiver and to 
expand the range of channels that the receiver can oper 
ate with: 

0.165 A Pre-Processor that operates in the time domain; 
0166 A Pre-Processor that operates in the time domain 
and uses a time-domain filter to combine the channel 
estimate with the received signal 

0.167 A Pre-Processor that operates in the frequency 
domain; 

0168 A Pre-Processor that operates in the frequency 
domain and uses an FFT and an IFFT to perform the time 
domain to frequency domain transformation, and fre 
quency domain to time domain transformation, respec 
tively; 

0169. A Pre-Processor that operates in the frequency 
domain and uses a MRC to combine the channel esti 
mate with the received signal; 

0170 A Pre-Processor that operates in the frequency 
domain and drives the channel estimator with output of 
the MRC; 

0171 A Pre-Processor that operates in the frequency 
domain and drives the channel estimator with the 
demodulated, and remodulated output of the MRC; 

0172 A Pre-Processor that operates in the frequency 
domain and drives the channel estimator with the 
demodulated, FEC decoded, FEC re-encoded, and 
remodulated output of the MRC; 

0173 A Pre-Processor that has inputs from one or more 
antennas, 

0.174. A Pre-Processor that allows Pre-Processor 
enabled receivers to coexist in a network with non-Pre 
Processor enabled receivers; 
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(0175. A Pre-Processor that can be placed between the 
antenna and an existing IEEE 802.11 RF/PHY/MAC 
receiver circuit; 

(0176 A Pre-Processor that incorporates an IEEE 802. 
11 RF circuit and can be placed between the antenna and 
an existing IEEE 802.11 PHY/MAC receiver circuit; 

(0177 A Pre-Processor that can be placed between one 
or more existing IEEE 802.11 RF circuit and an existing 
IEEE 802.11 RF/PHY/MAC receiver circuit; 

0.178 A Pre-Processor that can be placed between an 
existing IEEE 802.11 RF circuit and an existing IEEE 
802.11 PHY/MAC receiver circuit; 

(0179 A Pre-Processor that can be placed between an 
existing IEEE 802.11 RF circuit and an existing IEEE 
802.11 PHY/MAC receiver circuit, that bypasses the 
acquisition circuit of the existing PHY circuit; 

0180 A Pre-Processor that can be placed between an 
existing IEEE 802.11 RF circuit and an existing IEEE 
802.11 PHY/MAC receiver circuit, that bypasses the 
existing PHY circuit; 

0181 A Pre-Processor that can be placed between an 
existing IEEE 802.11 RF circuit and an existing IEEE 
802.11 PHY/MAC receiver circuit, that acts as a bridge; 

0182 A Pre-Processor that supports the interfaces of 
more than one manufacturer of IEEE 802.11 radio com 
ponents; 

0183 A Pre-Processor that has a bypass mode that 
passes input signals through to the output with little or no 
modification; 

0184. A Pre-Processor that outputs a signal derived 
from a hard decision output of an FEC decoder circuit; 

0185. A Pre-Processor that outputs a signal derived 
from a soft decision output of an MRC circuit; 

0186 A Pre-Processor that outputs a signal derived 
from a time domain filter circuit; 

0187. A Pre-Processor that uses a Viterbi decoder; 
0188 A Pre-Processor that uses a SOVA decoder; 
(0189 APre-Processor that uses an APP decoder; 
0190. A Pre-Processor that incorporates more than one 
FEC block; 

0191 A Pre-Processor that uses an acquisition circuit 
that utilises two autocorrelations of different lengths; 

0.192 A Pre-Processor that uses stored preambles that 
are output; 

0193 A Pre-Processor that passes preambles through to 
the output; 

0.194. A Pre-Processor that processes stored or passed 
through preambles; 

(0195 A Pre-Processor that deletes part of the preamble: 
0196. A Pre-Processor that outputs the short preamble 
immediately that a signal is detected in the input, and 
then outputs the long preamble once timing is acquired; 

(0197) A Pre-Processor that outputs the short preamble 
continuously, and then outputs the long preamble once 
timing is acquired; 

0198 A method of compensating for delay in a Pre 
Processor enabled node in an IEEE 802.11 network by 
increasing the Coverage Class; 

0199. A method of compensating for delay in a Pre 
Processor enabled node in an IEEE 802.11 network by 
decreasing SIFS time of the IEEE 802.11 MAC/PHY 
ASIC: 
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0200. A method of compensating for delay in a Pre 
Processor enabled node in an IEEE 802.11 network by 
increasing SIFS time to PIFS time; 

0201 A method of compensating for delay in a Pre 
Processor enabled node in an IEEE 802.11 network by 
outputting signals at a higher data rate from the Pre 
Processor than that received from the channel; 

0202. A method of compensating for delay in a Pre 
Processor enabled node in an IEEE 802.11 network by 
asserting the CCA signal of the IEEE 802.11 MAC/PHY 
circuit early; and 

0203 A Pre-Processor that processes the status and 
control signals input from the IEEE 802.11 RF circuits 
before outputting them to the IEEE 802.11 MAC/PHY 
circuit. 

Prediction and Removal of ICI 

0204 The receiver performance may be improved by pre 
dicting and removing Inter-Carrier Interference (ICI), as 
described below. 
0205. In the frequency domain a channel for Orthogonal 
Frequency Division Multiplexing (OFDM) affected by ICI 
may be modelled using a matrix model where an interference 
matrix models the transform of the transmitted symbols to an 
equivalent set of received symbols. When the matrix has 
non-Zero off-diagonals, ICI results. In most circumstances 
the dominant interfering terms are the principal off-diagonals 
describing interference from adjacent subcarriers. When we 
consider only interference from the adjacent subcarriers the 
resulting vector model of the received OFDM symbol ri is: 

rfi =h find fif+hofiidfif--hfifdfil 

where 

0206 hi is a vector from the channel interference 
matrix that characterises the direct effect of the channel 
on the component of the received symbol containing the 
desired symbol; 

0207 h i is a vector from the channel interference 
matrix that characterises the interference caused by the 
Subcarrier with index one less than the subcarrier of 
interest (the subcarriers are indexed in incremental order 
across the band); 

0208 hi is a vector from the channel interference 
matrix that characterises the interference caused by the 
Subcarrier with index one more than the subcarrier of 
interest; 

0209 di is a vector of transmitted frequency domain 
symbols for OFDM symbol i: 

0210 di is derived from di by moving values to 
new locations having index one less than their original 
positions (The treatment of the subcarrier with lowest 
index is arbitrary); 

0211 di is a cyclic rotation of di moving values to 
new locations having index one more than there original 
positions (The treatment of the subcarrier with highest 
index is arbitrary); and 

0212. The operator represents element-wise multipli 
cation of equal-sized vectors. 

0213 Note that although di), di and di are all 
shifted versions of each other the same is not true of the 
vectorshi, hi and hoi. Estimates of these parameters 
at the receiver are identified using a caret () or explicitly 
stated as an estimate. 



US 2015/O 103959 A1 

0214 Estimates of hi may be referred to hereinas direct 
channel estimates. Estimates of hi and h i may be 
referred to as intercarrier interference channel estimates. 

0215. The system and method for ICI removal are 
described with reference to three modular building blocks, 
designated module A, module B and module C respectively. 
The modules may be implemented in hardware, for example 
application-specific integrated circuits (ASICs). Other hard 
ware implementations include, but are not limited to, field 
programmable gate arrays (FPGAs), structured ASICs, digi 
tal signal processors and discrete logic. Alternatively, the 
modules may be implemented as Software. Such as one or 
more application programs executable within a receiver sys 
tem. The software may be stored in a computer-readable 
medium and be loaded into a receiver system from the com 
puter readable medium for execution by the receiver system. 
A computer readable medium having a computer program 
recorded on it is a computer program product. Examples of 
such media include, but are not limited to CD-ROMs, hard 
disk drives, a ROM or integrated circuit. Program code may 
also be transmitted via computer-readable transmission 
media, for example a radio transmission channel or a net 
worked connection to another computer or networked device. 
0216. The ICI removal may be carried out in a receiver unit 
or in a pre-processor associated with a receiver unit. 
0217 FIG. 20 shows a functional block diagram of a mod 
ule 300 (designated Module A) that operates to apply FEC 
constraints. The inputs to the FEC module 300 are a trans 
mitted symbol estimate di) 270, a set of channel estimates ho 
i. hi and h. (il 260 and the received signal ri). The 
output of FEC module 300 is an information bit sequence and 
(optionally) transmitted symbol estimates. The FEC module 
300 includes a functional block 310 (the ICI Cancel and 
Combine block). In block 310 the symbol estimate used for 
demodulation is derived by first cancelling the interference 
from adjacent subcarriers and then combining the ICI free 
energy pertaining to the symbol of interest as follows: 

rfil shift(h_*fil(rfill-ho?ijdo?ij-h, fifd, ?il),1)+ 
fi (fil-hofiidofif-h fifa fi),-1) (Eq. 1) 

0218. The shift(x,m) function executes the cyclic rotation 
of the vector by m steps described above. * indicates a con 
jugate transpose. Cyclic rotation maps entries in position i to 
position where ji-m. If j is negative or greater than the 
maximum index of the input vector then no action is taken. 
Values that are not written to are set to zero. 

0219. Here we have used a Maximum Ratio Combiner 
approach through the use of hil in Eq 1. Other weightings 
may be used such as those derived according to an MMSE 
criteria. 

0220. The channel against which the new composite sym 
bol is demodulated is calculated as: 

=hfif=h fil+ho filhofif+h fifth fil 

0221 Optionally, the first and third lines of Eq. 1 may be 
dropped to save complexity, leaving the observation ri-ho 
i(ri-hi-hidi) and composite channel 

hfif=h fi-1h fil 

0222. The ICI canceller and combiner processing element 
310 for a given OFDM symboli is shown in FIG. 25. 
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0223) The output of the ICI Cancel and Combine block 
310 is provided to Demodulation module 320. The FEC 
Decoding 330 uses the output of demodulator 320 to generate 
information bit estimates. 
0224. If the FEC decoding 330 employs soft output meth 
ods (e.g. A-Posteriori Probability (APP) decoding using the 
forward backward algorithm) then hard and soft transmitted 
symbol estimates may be generated using hard and soft 
remodulators 340. If hard decision decoding (such as Viterbi 
decoding) was used in the FEC decoder 330 then hard 
remodulation may be applied in block 340 to generate a hard 
estimate of the transmitted symbol. In any case pilot symbols 
(known a priori) should be inserted in the estimate. 
0225. It is also possible to ignore the FEC constraints and 
apply a "slicer to the received symbols ri to generate an 
estimate of the transmitted symbols di. The slicer may pro 
duce hard or soft decisions. Hard decisions from a "slicer' 
can be generated by computing the constellation point with 
minimum distance to the received point given the channel 
model. Soft decisions from a "slicer can be generated by 
computing the likelihood for each constellation point given 
the channel model and then computing the average symbol. 
0226 FIG. 21 shows a functional block diagram of a 
Direct Channel Estimator 400 (designated Module B). Given 
a received symbol ri, a transmitted symbol estimate di) 270 
and the ICI channelestimatesh- i and h. i 260, the direct 
channel estimate hill may be derived as follows: 

0227. An ICI cancel block 410 subtracts the ICI estimates 
from the received signal ri), as illustrated in FIG. 22. The 
training block 420 generates the element-by-element multi 
plication with the inverse of the hard estimate, inv(di), and 
the output of the training block 420 is smoothed by the 
smoothing block 430 to produce an estimate 280 of the direct 
component channel, hoi. Various Smoothing techniques 
may be used, including convolution by a low-pass filter. 
Another Smoothing option is to transform the estimates using 
an FFT, window the transform and then apply an IFFT. 
0228. Equation 2 reflects the combined operation of 
blocks 410, 420 and 430. The direct channel estimator pro 
cessing element 400 for a given OFDM symboli is shown in 
more detail in FIG.22 excluding the smoothing function 430. 
0229 FIG. 23 shows a functional block diagram of an ICI 
Channel Estimator 500 (designated module C). The inputs to 
the ICI Channel Estimator 500 are the received symbol ri 
250, a transmitted symbol estimate dil 270 and a direct 
channel estimate ho i 260. The ICI channel estimator 500 
generates estimates 290 of h-i) and hill as follows 

fi)) Eq. 3b 

0230. Eqs. 3a and 3b reflect the overall operation of func 
tional blocks 510,520 and 530 of the ICI Channel Estimator 
500. The Direct Cancel block 510 implements the expres 
sion within round brackets that subtracts the contribution of 
the direct channel and one of the ICI terms from the received 
symbol ri). The training block 520 implements the element 
by-element multiplication of the respective outputs of block 
510 with an inverse of the symbol estimates di ord N. 
The raw outputs of block 520 (ie estimates of hi and 
hi) are smoothed in smoothing block 520. The smooth 
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function may be implemented in the time or frequency 
domain. The bandwidth of the smoothing may be set accord 
ing to the coherence frequency of the radio channel. 
0231. The inv function computes (or obtains via a lookup 
table) the inverse of the symbols. For example, if the trans 
mitted symbol on a subcarrier was (1+)/sqrt(10) then the 
inverse (that forces the product to unity) is sqrt(5/2)(1-). 
0232. The ICI channel estimator processing element 500 
for a given OFDM symboli is shown in FIG. 24, excluding the 
smoothing function 530. In the depicted arrangement soft 
estimates of the transmitted symbols are used as inputs to 
block 510, and hard estimates are used for the training block 
S2O. 

0233 FIG. 26 is a schematic representation of a schedule 
702 for decoding a received OFDM symbol 250. It is assumed 
that the OFDM symbol 250 is subject to convolutional cod 
ing, interleaving and modulation at the transmitter. The 
schedule 702 may be implemented at the receiver using the 
modules A, B and C described above. 
0234 All estimate memories are initialised to zero, 
including the Direct Channel Estimate, transmitted symbol 
estimate and ICI channel estimate. Inputs to the schedule 702 
include a received OFDM symbol 250 and pilot symbols 704. 
0235. In a first stage 710 of the schedule 702, the receiver 
obtains a first Direct channel estimate using the received 
outputri 250, and the pilot symbols 704. The outputri may 
be a frequency-domain version output from a FFT (not 
shown). The initial estimate of the direct channel may be 
obtained in stage 710 by first removing the effect of the 
Transmitted pilots 704 on the corresponding subcarriers in 
the received OFDM symbol 250. This is typically done, for 
Phase Shift Keyed (PSK) modulation, via multiplication with 
the conjugate of the transmitted pilot. 
0236. This may be implemented using the training block 
420. The resulting raw estimate of the direct channel may then 
be smoothed, for example using block 430 to obtain a channel 
estimate for the data bearing subcarriers. Options for obtain 
ing the channel estimate include: 

0237 a) Replicating the channel estimate of the pilot 
Subcarrier on the Surrounding Subcarriers until the next 
pilot subcarrier is closer. 

0238 b) Constructing a frequency domain estimate of 
the channel by copying the pilot-based channel esti 
mates to a vector of length equal to the number of Sub 
carriers and setting the data positions to Zero. The result 
ing vector is transformed through use of an IFFT. The 
low frequency terms in the transposed domain are then 
Selected through application of a window. The win 
dowed vector is then transformed back to the frequency 
domain. 

0239 c) A further option is to perform processa) and 
then process b). 

0240 d) Another option is to perform process a) and 
then apply abidirectional auto regression (as described, 
for example, in co-pending PCT application PCT/ 
AU2006/001201 (publication number WO 2007/ 
022564) claiming priority from Australian application 
AU2005904528, the contents of which are incorporated 
herein by cross-reference). 

0241. Then stage 712 of the schedule 702 demodulates 
and decodes the OFDM symbol 250 using the first Direct 
Channel Estimate output from stage 710. The output of stage 
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712 is a first transmitted symbol estimate (including pilot 
insertion). Stage 712 may be implemented using Module A 
3OO. 

0242. The next stage 714 of schedule 702 uses the first 
Direct Channel estimate 260 output from stage 710 and the 
first transmitted symbol estimate 270 output from stage 712 
to generate a second estimate 280 of the Direct Channel. The 
stage 714 may be implemented using Module B 400. 
0243 The direct channel estimate output from stage 714 is 
used as an input to the next stage 716 and also to the Subse 
quent stage 718. Stage 716 uses Module A300 to demodulate 
and decode the OFDM symbol 250 using the second Direct 
Channel Estimate 280 to obtain a second transmitted symbol 
estimate (including pilot insertion). Stage 716 may output 
both a hard frequency domain estimate and a soft frequency 
domain estimate of the transmitted symbol. 
0244. The next stage 718 of schedule 702 may be imple 
mented using Module B 400 and Module C 500. Inputs to 
stage 718 include the second direct channel estimate from 
stage 714 and the second transmitted symbol estimate from 
stage 716. In stage 718 the second Direct Channel estimate 
280 and the second transmitted symbol estimate 270 are 
provided to Module B 400 to generate a third estimate of the 
Direct Channel 280. 

0245. In stage 718 the third Direct Channel estimate 280 
and the second transmitted symbol estimate 270 are provided 
to Module C500 to generate a first ICI channel estimate 290. 
0246 Stage 720 uses module A 300 without the retrans 
mission stage 340 to demodulate and decode the OFDM 
symbol 250 using the third Direct Channel Estimate 280 and 
the first ICI channel estimate 290 to obtain a final information 
bit estimate. Stage 720 uses the soft frequency domain sym 
bol estimate output in stage 716. 
0247 FIG. 26 shows the schedule 702, which uses soft 
decisions. FIG. 27 is a schematic illustration of a schedule 
750 that is similar to schedule 702 but does not use soft 
decisions. Inputs include pilot symbols 704 and the received 
OFDM symbol 250. Stage 752 provides an initial estimate of 
the direct channel based on the pilot symbols. Stage 754 then 
provides a first estimate of the transmitted OFDM symbol. 
Stage 756 then provides an updated estimate of the direct 
channel and stage 758 provides a second estimate of the 
frequency domain OFDM symbol. Stage 760 provides a fur 
therestimate of the direct channel and provides an estimate of 
the ICI channel characteristics, which are used in stage 762 to 
cancel the ICI effects and to output a final estimate of the 
transmitted symbol. 
0248. The stages 754, 756, 758, 760 and 762 each include 
indicia to show which of Modules A, B and C (300, 400,500) 
may be utilised to perform the operations required in each of 
the stages. Stage 754 uses Module A 300, stage 756 uses 
Module B 400, stage 758 uses Module A300, stage 760 uses 
modules B 400 and Module C500, and stage 762 uses blocks 
from Module A 300. Schedules 702 and 750 may be sum 
marised by the sequence ABABCA. 

Alternative Schedules, FIG. 28 & FIG. 29 

0249. As the interfaces in Modules A, B, C are identical, 
i.e. they update a set of channel estimates and a transmitted 
symbol estimate, other schedules are anticipated. (The mod 
ule definitions allow for Zero inputs, which are encountered 
during the initial phases of processing). 
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0250. Using the notation of a command sequence (where 
schedules 702 and 750 are ABABCA) further schedules may 
be defined, including: 

A 

ABA 

ABCA 

ABACA 

ABCABCA 

0251 Examples of some of these variants are shown in 
FIG. 28& FIG. 29. 

0252 FIG. 28 illustrates a schedule 770 that uses the 
sequence ABACA. This differs from sequences 702 and 750 
in that there one less update of the direct channel estimate. 
0253 Stage 772 provides an initial estimate of the direct 
channel based on the pilot symbols, as discussed with refer 
ence to stage 710. Stage 774 then provides a first estimate of 
the OFDM symbol, which is used by stage 776 to update the 
estimate of the direct channel. Stage 778 then updates the 
symbol estimate and stage 780 generates an estimate of the 
ICI effects. Finally, stage 782 uses the ICI estimates from 
stage 780 and the direct channel estimates from stage 776 to 
cancel the estimated ICI effects and provide a final estimate of 
the transmitted symbol. 
0254 FIG. 29 illustrates a schedule 790 that uses the 
sequence ABCA. Stage 792 provides an initial estimate of the 
direct channel based on the pilot symbols, as discussed with 
reference to stage 710. Stage 794 then provides a first esti 
mate of the OFDM symbol, which is used by stage 796 to 
update the estimate of the direct channel and also to generate 
an ICI estimate. Stage 796 uses Modules B and C. Stage 798 
uses the ICI estimates and the direct channel estimates from 
stage 796 to cancel the estimated ICI effects and provide a 
final estimate of the transmitted symbol. 
3: Soft and Hard Symbol Estimates from FEC Decoder 
0255. The FEC decoder 330 in Module A300 may output 
soft estimates of the encoder output bits. These soft output 
bits may be used to generate an estimate of the transmitted 
OFDM symbol. The soft bits are soft modulated 340 by 
computing the average position on the constellation map over 
the bit PDFs of the bits corresponding to the symbol. Pilot 
symbols (known a priori) are also inserted. The FEC decoder 
330 may simultaneously output hard decisions. 
0256 Transmitted OFDM symbol estimates may be used 
in two ways in the receiver: 

0257 as training symbols for channel estimation in 
training blocks 420 and 520, and 

0258 in interference cancellation, for example in the 
ICI cancel and combine block 310. 

0259. In one arrangement soft symbols are used for inter 
ference cancellation and hard symbols for training. One 
advantage of using soft symbols for interference cancellation 
is that if the decoder is uncertain, the soft symbols are small, 
which may improve the accuracy of the interference cancel 
lation step. If hard symbols are used for training then symbol 
inverses can be stored in a lookup table in the receiver. 
4: Differential Update of Interference-cancelled state 
Several modules may make use of the quantity 
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which is the received symbol minus all of the signal compo 
nents that are modelled. An estimate of the direct component 
can be obtained by adding the direct component estimate 
hild i to the noise estimate hi. Any of the ICI terms can 
be generated in a similar manner. 
0260 Any update that a module makes may be in terms of 
a difference term caused by the subset of parameters that the 
module has modified. 
0261) If the ICI cancellation step needed to use further ICI 
terms then this noise estimate can be calculated in general as 

5: Use of Sync Byte for FEC Priors 
0262 The performance of the FEC Module (A) 300 may 
be improved through use of any known encoder input bits. In 
the case of DVB SYNC Bytes are encoded. These will force 
the Convolutional Code into known states. For example, this 
information can be employed in both Viterbi and APP decod 
ers of the Convolutional code. In the case of APP decoding the 
information bit priors are set according to the SYNC Byte 
values. In the case of Viterbi decoding the known bits can be 
used to execute terminated traceback. 

6: Frequency Offset Tracking 

0263. The ICI present in the output of an FFT in the 
receiver system, for example FFT 48 is also reduced by feed 
ing back local frequency-offset estimates to a pre-FFT mod 
ule that corrects the time domain sequence for the measured 
frequency offset. This correction may be performed in a for 
ward-only manner or retrospectively, i.e. any given OFDM 
symbol may be transformed through the FFT multiple times if 
the frequency offset estimate changes during application of 
the receiver. 
0264. The quantities derived as part of either of the chan 
nel estimation modules 400, 500 (Modules B and/or C) may 
be used to form a frequency offset estimate. In one arrange 
ment the quantity h, Lil inv(di) (ri-hild ill-hi 
di) or hi inv (dil)-ri is compared between two 
successive OFDM symbols to form a frequency-offset esti 
mate. The phase change per OFDM symbol period is 

0265. The phase change will, in general, change from 
OFDM symbol to symbol. In this case the time domain cor 
rection for the frequency offset can be based on an interpola 
tion of0i for a set of sample points between adjacent OFDM 
symbols. In this way the frequency for which the time domain 
signal is correct can change at a rate higher than the OFDM 
symbol period. 

7: Reed Solomon Erasure Marking 
0266 The soft output FEC decoder 330 may be used to 
mark erasures for an outer Reed Solomon (RS) erasure 
decoder, and may improve the error correction capability of 
the Reed Solomon outer code. Soft outputs may be used to 
assign reliability to RS codeword symbols, and some number 
of the least reliable symbols may then be marked for erasure 
at the input to the RS decoder. The RS erasure decoder may 
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run be for one or more iterations, where the number of era 
Sures marked in each Successive iteration is reduced, until 
Some minimum value. In the case where the minimum value 
is Zero, operation is equivalent to that of an error-correcting 
RS decoder. The iterative loop may be terminated early in the 
case when the decoder reports a Successful decode. The num 
ber of iterations employed, and the number of symbols to be 
marked for erasure at each iterative step, may either be fixed 
or dynamically updated according to some system state met 
ric. 
0267. It will be understood that the invention disclosed 
and defined in this specification extends to all alternative 
combinations of two or more of the individual features men 
tioned or evident from the test of the drawings. All these 
different combinations constitute various alternative aspects 
of the invention. 
0268. It will also be understood that the term “comprises' 
and its grammatical variants as used in this specification is 
equivalent to the term “includes and should not be taken as 
excluding the presence of other elements or features. 

1. A communications system comprising: 
an input operable to receive an input signal that is trans 

mitted via a communication channel, the input signal 
including first encoded data; 

a channel estimator operable to produce a channel estimate 
for at least one feature of the communication channel 
based on the input signal and a feedback signal; 

a signal combiner operable to combine the input signal and 
the channel estimate to result in an information bit 
sequence, the signal combiner including a forward error 
correction (FEC) unit for deriving: 
second encoded data, related to and different from the 

first encoded data, for inclusion in the feedback signal 
provided to the channel estimator, and 

a decoded estimate of the second encoded data; 
an output for providing the information bit sequence 

including the decoded estimate. 
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2. The communications system according to claim 1, 
wherein the second encoded data is obtained by forward 
error-correcting the first encoded data. 

3. The communications system according to claim 2, 
wherein the second encoded data is obtained by a forward 
error-correcting the first encoded data using a Viterbi decoder. 

4. The communications system according to claim 3, 
wherein the Viterbi decoder is a dual-output Viterbi decoder. 

5. The communications system according to claim 4. 
wherein the dual-output Viterbi decoder includes a first out 
put for providing the second encoded data. 

6. The communications system according to claim 4 or 5. 
wherein the dual-output Viterbi decoder includes a second 
output for providing the decoded estimate of the second 
encoded data. 

7. The communications system according to any one of 
claims 2-6, wherein said combiner is selected from the group 
consisting of: 

a maximum ratio combiner (MRC); 
a Zero forcing combiner; and 
a minimum mean square error combiner. 
8. A method for a communications system comprising: 
receiving an input signal that is transmitted via a commu 

nication channel, the input signal including first encoded 
data; 

producing a channel estimate for at least one feature of the 
communication channel based on the input signal and a 
feedback signal; 

combining the input signal and the channel estimate to 
result in an information bit sequence, the signal com 
biner including a forward error correction (FEC) unit for 
deriving: 
second encoded data, related to and different from the 

first encoded data, for inclusion in the feedback signal 
provided to the channel estimator, and 

a decoded estimate of the second encoded data; 
providing the information bit sequence including the 

decoded estimate. 

k k k k k 


