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Description

FIELD OF THE INVENTION

[0001] The present invention relates to wireless network communications and particular to a method and system for
estimating the wireless channel in the presence of inter-carrier interference.

BACKGROUND OF THE INVENTION

[0002] The demand for reliable and high data throughput wireless communication networks has never been so great
as in the present. While initial consumer and business demand was for wireless communication technologies to support
voice communication, this demand has grown both in terms of the sheer volume of users as well as the bandwidth
requirement; the latter being the result of demand for wireless broadband data services. These services arc provided,
for example, by Fourth Generation ("4G") wireless systems based on 3GPP Long Term Evolution ("LTE"), IEEE 802.16e
WiMax, and 3GPP2 Ultra Mobile Broadband (UMB), each of which use orthogonal frequency division multiple access
("OFDMA") technology as the air interface technology, These 4G systems are mandated to support mobility of up to 350
km/hr and such systems can be deployed in various channel frequency bands up to 5 GHz.
[0003] OFDMA is a modulation and multiple wireless network access scheme in which large channel bandwidth is
divided into numerous orthogonal narrowband subcarriers. Information data symbols are modulated onto these subcar-
riers. Because the subcarriers are narrowband, the OFDMA symbols have longer time durations. OFDMA symbols are
relatively immune to multi-path and inter-symbol interferences from the radio (wireless network) channel as a result of
long symbol durations.
[0004] In practical use, symbols transmitted using OFDMA propagate through a wireless fading channel which distorts
the transmitted signal amplitude and distorts the phase. On the other hand, channel induced amplitude and phase needs
to be estimated at the receiver in order to correctly demodulate the information symbols from the OFDMA subcarriers.
Channel estimation is therefore an important aspect of receiver functionality. To aid channel estimation in OFDMA
systems, some of the subcarriers in the OFDMA symbol are reserved for use as pilots. Pilot subcarriers carry symbols
which are apriori known to the receiver, i.e., not user data information symbols.
[0005] OFDMA channel estimation is normally a two-step procedure. The first step is to estimate the channel for the
pilot subcarriers that carry known symbols. The second step is to interpolate the channel estimate for information data
bearing subcarriers using the channel estimates from pilot subcarriers. There are several known techniques for performing
such interpolation, e.g., linear, second order, spline, interpolation with low pass filtering, etc.
[0006] It stands to reason that, for the interpolated channel estimates to be accurate, the estimates obtained from pilot
subcarriers have to be very accurate. Therefore, the first step of extracting accurate pilot subcarrier channel estimates
in presence of channel impairments and interference is an important step. A major source of interference in OFDMA
systems is known as inter carrier interference ("ICI"). ICI causes subcarriers to interfere with one another resulting in
degradation of the signal to noise ratio ("SNR"). ICI can occur due to the spectral broadening of the subcarriers due to
Doppler offset and Doppler spread due to mobility of the receiving mobile terminals. Doppler shift/spread in the received
frequency can be written as: 

[0007] In equation (1), fd is the Doppler shift/spread in received frequency, fc is the channel transmit/receive frequency,
ν is the velocity of the receive terminal, and c is the velocity of light. As the Doppler shift/spread grows to more than 1%
of the subcarriers spacing, the ICI degrades the pilot SNR resulting in inaccurate pilot channel estimates and the resultant
interpolated channel estimates. Unreliable channel estimation at high ICI levels causes the demodulated data error
probability to increase significantly. For example, it has been found that there is approximately a 15 dB degradation in
SNR at a bit error rate ("BER") of 0.01 when Doppler shift is 10% of the subcarrier spacing.
[0008] As noted above, 4G wireless communication technologies include LTE, WiMAX and UMB. The subcarrier
spacings are 15 KHz, 10.94 KHz, and 9.6 KHz for LTE, WiMax and UMB respectively. For a 5GHz channel frequency,
at mobility of 350 km/hr, Doppler shifts are 10.8%, 14.81%, and 16.88% of subcarrier spacing for LTE, WiMax, and UMB
based wireless systems, respectively. The result is that more than a 15 dB degradation in SNR vs. BER performance
is expected at a 5GHz channel frequency at a mobility speed of 350 km/hr when conventional channel estimation methods
are employed in the receiver. In other words, ICI increases when the Doppler shift increases because the sub-carriers
are spread out and begin to interfere with one another.
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[0009] Channel estimation techniques try to estimate the channel so that the mean square error between the actual
channel and the estimated channel is minimized. Filtering based techniques are simple to implement, but need optimi-
zation of the bandwidth of the filter which is very difficult to accomplish when the operating environment results in changing
mobile terminal mobility, e.g., speed, conditions.
[0010] Minimum mean squared error ("MMSE") estimators have also been used. MMSE techniques utilize the second-
order statistics of the channel conditions to minimize the mean-square error of the channel estimates. Performance
using MMSE estimators is good at low mobility, but degrades at high mobility. The major drawbacks of MMSE estimators
are (i) the need to know second order moments of the channel, and (ii) high computational complexity, especially if
matrix inversions are needed each time the data changes. The result is that MMSE estimators are not suitable for
deployment within mobile terminals.
[0011] Methods based on least squares ("LS") techniques have also been tried. LS techniques do not require any
knowledge of the statistics of the channels. However, because LS estimators use calculations with very low complexity,
they suffer from a high mean-square error, especially under low SNR conditions.
[0012] It is therefore desirable to have a system and method that can more accurately estimate the wireless commu-
nication channel conditions and that is deployable in a wireless mobile device. Such estimation should be suitable for
deployment in wireless broadband communication systems where ICI is a factor.

SUMMARY OF THE INVENTION

[0013] The present invention advantageously provides a method and system for wireless communication channel
estimation such as an OFDM wireless communication channel.
[0014] In accordance with one aspect, the present invention provides a method for wireless communication channel
estimation. A frequency offset hypothesis is determined. An interchannel interference ("ICI") matrix based on the fre-
quency offset hypothesis is generated. Pilot channel estimates based on the ICI matrix are obtained. A correlation error
of the pilot channel estimates to the frequency offset hypothesis is calculated. The correlation error is compared with a
predetermined correlation error value. The frequency offset hypothesis is updated and the aforementioned steps arc
iteratively repeated if the correlation error is greater than the predetermined correlation error value. The pilot channel
estimates are used to estimate the wireless communication channel.
[0015] In accordance with another aspect, the present invention provides a system for wireless communication channel
estimation from a wireless signal. An antenna receives the wireless communication signal. A receiver is in operative
communication with the antenna. The receiver operates to:

(a) determine a frequency offset hypothesis;
(b) generate an interchannel interference ("ICI") matrix based on the frequency offset hypothesis;
(c) obtain pilot channel estimates based on the ICI matrix;
(d) calculate a correlation error of the pilot channel estimates to the frequency offset hypothesis;
(e) compare the correlation error with a predetermined correlation error value;
(f) update the frequency offset hypothesis and iteratively repeat (a)-(e) if the correlation error is greater than the
predetermined correlation error value; and
(g) use the pilot channel estimates to estimate the wireless communication channel.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] A more complete understanding of the present invention, and the attendant advantages and features thereof,
will be more readily understood by reference to the following detailed description when considered in conjunction with
the accompanying drawings wherein:

FIG. 1 is a diagram of an embodiment of a system constructed in accordance with the principles of the present
invention;
FIG. 2 is a block diagram of an exemplary base station constructed in accordance with the principles of the present
invention;
FIG. 3 is a block diagram of an exemplary mobile terminal constructed in accordance with the principles of the
present invention;
FIG. 4 is a block diagram of an exemplary OFDM architecture constructed in accordance with the principles of the
present invention;
FIG. 5 is a block diagram of the flow of received signal processing in accordance with the principles of the present
invention;
FIG. 6 is a diagram of an exemplary scattering of pilot symbols among available sub-carriers;
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FIG. 7 is a flow chart of a least mean square channel estimation method in accordance with the principles of the
present invention; and
FIG. 8 is a block diagram of the least mean square estimation method of FIG. 7.

DETAILED DESCRIPTION OF THE INVENTION

[0017] As an initial matter, while certain embodiments arc discussed in the context of wireless networks operating in
accordance with the Ultra-Mobile Broadband ("UMB") broadband wireless standard, which is hereby incorporated by
reference, the invention is not limited in this regard and may be applicable to other broadband networks including those
operating in accordance with other OFDM orthogonal frequency division ("OFDM")-based systems including other WiMAX
(IEEE 802.16) and 3rd Generation Partnership Project ("3GPP") evolution, e.g., Long Term Evolution ("LTE"), etc.
Similarly, the present invention is not limited solely to OFDM-based systems and can be implemented in accordance
with other system technologies, e.g.. CDMA, single carrier-frequency division multiple access ("SC-FDMA"), etc.
[0018] Referring now to the drawing figures in which like reference designators refer to like elements, there is shown
in FIG. 1, a system constructed in accordance with the principles of the present invention and designated generally as
"8." System 8 includes a base station controller ("BSC") 10 that controls wireless communications within multiple cells
12, which are served by corresponding base stations ("BS") 14. Although not shown, it is understood that some imple-
mentations, such LTE and WiMax, do not make use of BSC 10. In general, each base station 14 facilitates communications
using OFDM with mobile terminals 16, which are illustrated as being within the geographic confines of the cell 12
associated with the corresponding base station 14. Movement of mobile terminals 16 in relation to the base stations 14
can result in significant fluctuation in channel conditions as a consequence of multipath distortion, terrain variation,
reflection and/or interference caused by man-made objects (such as buildings and other structures), and so on. The
movement of the mobile terminals 16 in relation to the base stations 14 results in significant fluctuation in channel
conditions. As illustrated, the base stations 14 and mobile terminals 16 may include multiple antennas to provide spatial
diversity for communications.
[0019] A high level overview of the mobile terminals 16 and base stations 14 of the present invention is provided prior
to delving into the structural and functional details of the preferred embodiments. With reference to FIG. 2, a base station
14 configured according to one embodiment of the present invention is illustrated. The base station 14 generally includes
a control system 20, a baseband processor 22, transmit circuitry 24, receive circuitry 26, multiple antennas 28, and a
network interface 30. The receive circuitry 26 receives radio frequency signals bearing information from one or more
remote transmitters provided by mobile terminals 16 (illustrated in FIG. 3). Preferably, a low noise amplifier and a filter
(not shown) cooperate to amplify and remove out-of-band interference from the signal for processing. Down conversion
and digitization circuitry (not shown) then down converts the filtered, received signal to an intermediate or baseband
frequency signal, which is then digitized into one or more digital streams.
[0020] The baseband processor 22 processes the digitized received signal to extract the information or data bits
conveyed in the received signal. This processing typically comprises demodulation, decoding, and error correction
operations. As such, the baseband processor 22 is generally implemented in one or more digital signal processors
("DSPs") or application-specific integrated circuits ("ASICs"). The received information is then sent across a wireline or
wireless network via the network interface 30 or transmitted to another mobile terminal 16 serviced by the base station 14.
[0021] On the transmit side, the baseband processors 22 receives digitized data, which may represent voice, data,
or control information, from the network interface 30 under the control of control system 20, and encodes the data for
transmission. The encoded data is output to the transmit circuitry 24, where it is modulated by a carrier signal having a
desired transmit frequency or frequencies. A power amplifier (not shown) amplifies the modulated carrier signal to a
level appropriate for transmission, and delivers the modulated carrier signal to the antennas 28 through a matching
network (not shown). Modulation and processing details are described in greater detail below.
[0022] With reference to FIG. 3, a mobile terminal 16 configured according to one embodiment of the present invention
is described. Similar to base station 14, a mobile terminal 16 constructed in accordance with the principles of the present
invention includes a control system 32, a baseband processor 34, transmit circuitry 36, receive circuitry 38, multiple
antennas 40, and user interface circuitry 42. The receive circuitry 38 receives radio frequency signals bearing information
from one or more base stations 14. Preferably, a low noise amplifier and a filter (not shown) cooperate to amplify and
remove out-of-band interference from the signal for processing. Down conversion and digitization circuitry (not shown)
then down convert the filtered, received signal to an intermediate or baseband frequency signal, which is then digitized
into one or more digital streams.
[0023] The baseband processor 34 processes the digitized received signal to extract the information or data bits
conveyed in the received signal. This processing typically comprises demodulation, decoding, and error correction
operations, as will be discussed in greater detail below. The baseband processor 34 is generally implemented in one
or more digital signal processors ("DSPs") and application specific integrated circuits ("ASICs").
[0024] With respect to transmission, the baseband processor 34 receives digitized data, which may represent voice,
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data, or control information, from the control system 32, which the baseband processor 34 encodes for transmission.
The encoded data is output to the transmit circuitry 36, where it is used by a modulator to modulate a carrier signal that
is at a desired transmit frequency or frequencies. A power amplifier (not shown) amplifies the modulated carrier signal
to a level appropriate for transmission, and delivers the modulated carrier signal to the antennas 40 through a matching
network (not shown). Various modulation and processing techniques available to those skilled in the art are applicable
to the present invention.
[0025] In OFDM modulation, the transmission band is divided into multiple, orthogonal carrier waves. Each carrier
wave is modulated according to the digital data to be transmitted. Because OFDM divides the transmission band into
multiple carriers, the bandwidth per carrier decreases and the modulation time per carrier increases. Since the multiple
carriers are transmitted in parallel, the transmission rate for the digital data, or symbols, on any given carrier is lower
than when a single carrier is used.
[0026] OFDM modulation is implemented, for example, through the performance of an Inverse Fast Fourier Transform
("IFFT") on the information to be transmitted. For demodulation, a Fast Fourier Transform ("FFT") on the received signal
is performed to recover the transmitted information. In practice, the IFFT and FFT are provided by digital signal processing
carrying out an Inverse Discrete Fourier Transform (IDFT) and Discrete Fourier Transform ("DFT"), respectively. Ac-
cordingly, the characterizing feature of OFDM modulation is that orthogonal carrier waves are generated for multiple
bands within a transmission channel. The modulated signals are digital signals having a relatively low transmission rate
and capable of staying within their respective bands. The individual carrier waves are not modulated directly by the
digital signals. Instead, all carrier waves are modulated at once by IFFT processing.
[0027] In one embodiment, OFDM is used for at least the downlink transmission from the base stations 14 to the
mobile terminals 16. Each base station 14 is equipped with n transmit antennas 28, and each mobile terminal 16 is
equipped with m receive antennas 40. Notably, the respective antennas can be used for reception and transmission
using appropriate duplexers or switches and are so labeled only for clarity.
[0028] With reference to FIG. 4, a logical OFDM transmission architecture is described according to one embodiment.
Initially, the base station controller 10 sends data to be transmitted to various mobile terminals 16 to the base station
14. The base station 14 may use the channel quality indicators ("CQIs") associated with the mobile terminals to schedule
the data for transmission as well as select appropriate coding and modulation for transmitting the scheduled data. The
CQIs may be provided directly by the mobile terminals 16 or determined at the base station 14 based on information
provided by the mobile terminals 16. In either case, the CQI for each mobile terminal 16 is a function of the degree to
which the channel amplitude (or response) varies across the OFDM frequency band.
[0029] The scheduled data 44, which is a stream of bits, is scrambled in a manner reducing the peak-to-average power
ratio associated with the data using data scrambling logic 46. A cyclic redundancy check ("CRC") for the scrambled data
is determined and appended to the scrambled data using CRC adding logic 48. Next, channel coding is performed using
channel encoder logic 50 to affectively add redundancy to the data to facilitate recovery and error correction at the mobile
terminal 16. Again, the channel coding for a particular mobile terminal 16 is based on the CQI. The channel encoder
logic 50 uses known Turbo encoding techniques in one embodiment. The encoded data is then processed by rate
matching logic 52 to compensate for the data expansion associated with encoding.
[0030] Bit interleaver logic 54 systematically reorders the bits in the encoded data to minimize the loss of consecutive
data bits. The resultant data bits are systematically mapped into corresponding symbols depending on the chosen
baseband modulation by mapping logic 56. Preferably, Quadrature Amplitude Modulation ("QAM") or Quadrature Phase
Shift Key ("QPSK") modulation is used. The degree of modulation is preferably chosen based on the CQI for the particular
mobile terminal. The symbols may be systematically reordered to further bolster the immunity of the transmitted signal
to periodic data loss caused by frequency selective fading using symbol interleaver logic 58.
[0031] At this point, groups of bits have been mapped into symbols representing locations in an amplitude and phase
constellation. When spatial diversity is desired, blocks of symbols are then processed by space-time block code ("STC")
encoder logic 60, which modifies the symbols in a fashion making the transmitted signals more resistant to interference
and more readily decoded at a mobile terminal 16. The STC encoder logic 60 will process the incoming symbols and
provide n outputs corresponding to the number of transmit antennas 28 for the base station 14. The control system 20
and/or baseband processor 22 will provide a mapping control signal to control STC encoding. At this point, assume the
symbols for the n outputs are representative of the data to be transmitted and capable of being recovered by the mobile
terminal 16. See A.F. Naguib, N. Seshadri, and A.R. Calderbank, "Applications of space-time codes and interference
suppression for high capacity and high data rate wireless systems," Thirty-Second Asilomar Conference on Signals,
Systems & Computers, Volume 2, pp. 1803-1810, 1998, which is incorporated herein by reference in its entirety.
[0032] For the present example, assume the base station 14 has two antennas 28 (n=2) and the STC encoder logic
60 provides two output streams of symbols. Accordingly, each of the symbol streams output by the STC encoder logic
60 is sent to a corresponding IFFT processor 62, illustrated separately for ease of understanding. Those skilled in the
art will recognize that one or more processors may be used to provide such digital signal processing, alone or in
combination with other processing described herein. The IFFT processors 62 will preferably operate on the respective
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symbols to provide an inverse Fourier Transform. The output of the IFFT processors 62 provides symbols in the time
domain. The time domain symbols are grouped into frames, which are associated with a prefix by like insertion logic 64.
Each of the resultant signals is up-converted in the digital domain to an intermediate frequency and converted to an
analog signal via the corresponding digital up-conversion (DUC) and digital-to-analog (D/A) conversion circuitry 66. The
resultant (analog) signals are then simultaneously modulated at the desired RF frequency, amplified, and transmitted
via the RF circuitry 68 and antennas 28. Notably, pilot signals known by the intended mobile terminal 16 are scattered
among the sub-carriers. The mobile terminal 16, which is discussed in detail below, will use the pilot signals for channel
estimation.
[0033] Reference is now made to FIG. 5 to illustrate reception of the transmitted signals by a mobile terminal 16. Upon
arrival of the transmitted signals at each of the antennas 40 of the mobile terminal 16, the respective signals are de-
modulated and amplified by corresponding RF circuitry 70. For the sake of conciseness and clarity, only one of the
receive paths is described and illustrated in detail, it being understood that a receive path exists for each antenna 40.
Analog-to-digital ("A/D") converter and down-conversion circuitry 72 digitizes and downconverts the analog signal for
digital processing. The resultant digitized signal may be used by automatic gain control circuitry ("AGC") 74 to control
the gain of the amplifiers in the RF circuitry 70 based on the received signal level.
[0034] Initially, the digitized signal is provided to synchronization logic 76, which includes coarse synchronization logic
78, which buffers several OFDM symbols and calculates an auto-correlation between the two successive OFDM symbols.
A resultant time index corresponding to the maximum of the correlation result determines a fine synchronization search
window, which is used by fine synchronization logic 80 to determine a precise framing starting position based on the
headers. The output of the fine synchronization logic 80 facilitates frame acquisition by frame alignment logic 84. Proper
framing alignment is important so that subsequent FFT processing provides an accurate conversion from the time to
the frequency domain. The fine synchronization algorithm is based on the correlation between the received pilot signals
carried by the headers and a local copy of the known pilot data. Once frame alignment acquisition occurs, the prefix of
the OFDM symbol is removed with prefix removal logic 86 and resultant samples are sent to frequency offset correction
logic 88, which compensates for the system frequency offset caused by the unmatched local oscillators in the transmitter
and the receiver. Preferably, the synchronization logic 76 includes frequency offset and clock estimation logic 82, which
is based on the headers to help estimate such effects on the transmitted signal and provide those estimations to the
correction logic 88 to properly process OFDM symbols.
[0035] At this point, the OFDM symbols in the time domain arc ready for conversion to the frequency domain using
FFT processing logic 90. The results are frequency domain symbols, which are sent to processing logic 92. The processing
logic 92 extracts the scattered pilot signal using scattered pilot extraction logic 94, determines a channel estimate based
on the extracted pilot signal using channel estimation logic 96, and provides channel responses for all sub-carriers using
channel reconstruction logic 98. In order to determine a channel response for each of the sub-carriers, the pilot signal
is essentially multiple pilot symbols that arc scattered among the data symbols throughout the OFDM sub-carriers in a
known pattern in both time and frequency. FIG. 6 illustrates an exemplary scattering of pilot symbols among available
sub-carriers over a given time and frequency plot in an OFDM environment. Referring again to FIG. 5, the processing
logic compares the received pilot symbols with the pilot symbols that are expected in certain sub-carriers at certain times
to determine a channel response for the sub-carriers in which pilot symbols were transmitted. The results are interpolated
to estimate a channel response for most, if not all, of the remaining sub-carriers for which pilot symbols were not provided.
The actual and interpolated channel responses are used to estimate an overall channel response, which includes the
channel responses for most, if not all, of the sub-carriers in the OFDM channel. An exemplary system and method for
providing this estimation, even in the face of ICI, are discussed below in detail.
[0036] The frequency domain symbols and channel reconstruction information, which are derived from the channel
responses for each receive path are provided to an STC decoder 100, which provides STC decoding on both received
paths to recover the transmitted symbols. The channel reconstruction information provides equalization information to
the STC decoder 100 sufficient to remove the effects of the transmission channel when processing the respective
frequency domain symbols
[0037] The recovered symbols are placed back in order using symbol de-interleaver logic 102, which corresponds to
the symbol interleaver logic 58 of the transmitter. The de-interleaved symbols are then demodulated or de-mapped to
a corresponding bitstream using de-mapping logic 104. The bits are then de-interleaved using bit de-interleaver logic
106, which corresponds to the bit interleaver logic 54 of the transmitter architecture. The de-interleaved bits are then
processed by rate de-matching logic 108 and presented to channel decoder logic 110 to recover the initially scrambled
data and the CRC checksum. Accordingly, CRC logic 112 removes the CRC checksum, checks the scrambled data in
traditional fashion, and provides it to the de-scrambling logic 114 for de-scrambling using the known base station de-
scrambling code to recover the originally transmitted data 116.
[0038] The present invention advantageously provides a method and system for pilot channel estimation in the face
of ICI. Accurate pilot channel estimation at high ICI is achieved through an iterative joint search of frequency offset and
channel. The estimated frequency offset obtained through this iterative search procedure is passed on to the receiver
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38 front end frequency tracking and compensation circuit, e.g., synchronization circuit 76. The estimated channel infor-
mation is passed on to interpolate the data channel estimates. The joint search for frequency offset and channel is
performed on each OFDMA symbol. Frequency offset estimates from the previous search are used to reduce the number
of search iterations for the following OFDMA symbols.
[0039] The present invention is described using the following components for ICI-limited OFDMA channel estimation:

Modeling of the ICI in the OFDM symbol;
Properties of the ICI model of the present invention to reduce the computational and hence processing burden of
the iterative search procedure;
Method for joint estimation of the frequency offset and the channel;
LMS search technique for the frequency offset and the channel; and
Exemplary process for implementing the present invention.

[0040] Each is described in detail.

Modeling of ICI in the OFDM symbol

[0041] OFDMA transmitter 24 converts a serial data stream into parallel blocks of size N and modulates these blocks
using an Inverse Discrete Fourier Transform ("IDFT") to create an OFDMA symbol. Time domain samples can be
represented as 

Where, in equation (2), Xk, is the symbol transmitted on the k th subcarrier. The time domain signal is cyclically extended
to avoid ISI from previous symbol.
[0042] Some of the transmitted OFDMA symbols, known as preambles, carry pilot symbols in all the N subcarriers.
Other OFDMA symbols may carry pilot symbols and data symbols within their N subcarriers At receiver 38, the signal
is received along with noise. Receiver 38 front end performs coarse channel frequency tracking and frequency compen-
sation using, for example, synchronization circuitry 78. This is followed by time synchronization and removal of the cyclic
prefix using prefix remover 86. Receiver 38 then performs an FFT on the received time domain samples. The baseband
received frequency domain samples can be written in matrix form using equation 3 below as: 

where y is the vector of received symbols, and X is a diagonal matrix with the transmitted pilot symbols on its diagonal.
The vector h = [h1 h2.. hN]T represents the channel induced amplitude and phase. The goal of the channel estimation
is the estimation of the vector h which is also referred to as the channel frequency response (CFR) vector. n is the
additive white Gaussian noise vector with mean zero and variance of σn

2.
[0043] The N x N matrix, Sεp, is the ICI matrix. This ICI matrix represents the leakage among subcarriers, i.e., crosstalk,
due to the received frequency offset coming from oscillator drift or Doppler spread/Doppler shift resulting from mobility
in the wireless channel. If there is no frequency offset, i.e. εp = 0, then Sεp becomes S0 = I (identity matrix), which implies
no interference among neighboring subcarriers. The entries of Sεp can be found using the following formula: 

Where, in formula (4), εp is the normalized carrier frequency offset, i.e., the ratio of the frequency offset to the inter-
subcarrier spacing.
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Properties of the ICI model of the present invention to reduce computational burden of iterative search procedure

[0044] There are some properties of the interference matrix that can be used to reduce the computational burden of
the estimation method of the present invention. These properties are described as follows:

Property I: SHS = I. The interference matrix is a unitary matrix ("I" refers to the identity matrix). Therefore, the inverse
of the interference matrix can be calculated easily by taking the conjugate transpose since S-1 = SH, where H is the
conjugate transpose.
Property II: Sε1Sε2 = Sε1+ε2. If two interference matrices corresponding to two different frequency offsets are multiplied,
another interference matrix corresponding to the sum can be obtained. This enables simple and processing non-
intensive generation of several ICI matrices for the frequency offset/channel search procedure from a few stored
ICI matrice.
Property III: S-ε = Sε

H. The interference matrix for a negative frequency offset can be obtained from the interference
matrix corresponding to a positive frequency offset with the same magnitude by finding the complex transpose.

[0045] With these properties in mind, an exemplary method for jointly estimating the frequency offset and channel is
described.

Method of Joint Estimation of Frequency Offset and Channel

[0046] In the case where the interference matrix Sεp in equation (3) is known at the receiver, pre-multiplying the
received vector y with the conjugate transpose of that matrix will completely eliminate the ICI in the received OFDM
signal, and accurate estimation of the channel frequency response ("CFR") vector can be obtained. However, the inter-
ference matrix Sεp is not generally known to receiver 38 because as it depends on the unknown carrier frequency offset,
εp resulting from the mobility in the wireless channel.
[0047] The present invention seeks to match the actual frequency offset εp with εh, where εh is a hypothetical value
for the true frequency offset. Using this hypothetical value, the ICI matrix Sεh is computed. Because pilot symbols are
already known at the receiver, (Sεh X)-1 can be generated. The pilot channel estimate hεh corresponding to the frequency
offset hypothesis εh, is obtained by multiplying both sides of equation (3) with (Sεh X)-1. 

[0048] By making use of Properties I - III of the interference matrix described above, the multiplication of two interference
matrices in equation (5) above can be written as 

where εr is the difference between the actual frequency offset and frequency offset hypothesis, i.e. the residual frequency
offset or the error in the frequency offset hypothesis.
[0049] By way of further simplilication, equation (5) may therefore be written as: 

[0050] Equation (7) will yield several channel estimates for different frequency offset hypotheses. For the frequency
offset hypothesis, εh, which is closest to the actual frequency offset, εp, equation (7) will yield the best estimate of the CFR.
[0051] For choosing the best frequency offset hypothesis, correlation of the pilot channel estimates vector is used as
the decision criteria. Correlation approaches the maximum value when the frequency offset hypothesis, εh, approaches
the actual frequency offset εp. Correlation of the pilot channel estimates vector, hεh, is performed for each iteration of
the frequency offset hypotheses. Correlation of the pilot channel estimates vector, hεh, depends on the residual frequency
offset.
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LMS search technique for frequency offset and channel

[0052] A search method and corresponding criterion are used to achieve convergence of the frequency offset hypoth-
esis. The frequency offset search method of the present invention is based on either an optimal gradient search or a
pragmatic implementation based on an adaptive Least Mean Square ("LMS") technique. LMS techniques in generally
are known and not described herein. The search criterion is a maximization of the pilot channel frequency correlation.
The LMS method of the present invention is a gradient-based method of steepest decent to achieve convergence in the
frequency offset hypothesis. The LMS method of the present invention incorporates an iterative procedure that makes
successive corrections to the frequency offset hypothesis in the direction of the negative of the gradient vector. This
eventually leads to the minimum mean square error of the estimate.
[0053] An exemplary LMS method for frequency offset and channel estimation is described with reference to the flow
chart of FIG. 7 and the process block diagram of FIG 8. In general, the frequency offset hypothesis for the (n+1) th
iteration of the search loop, during a given OFDM symbol duration, is derived using equation (8) follows: 

where εh’(n+1) is the frequency offset hypothesis for the (n+1) th iteration of the LMS search, εh’(n) is the frequency
offset hypothesis used in the previous (n) th iteration of the LMS search, m is the gradient parameter and en is the
frequency correlation error. The latter portion of equation (8), namely menεh’(n) is the component (also preferred to herein
as Δεh) that is updated with each iteration.
[0054] Referring to FIG. 7, OFDM symbol number is set to n=1 (step S100). For the nth received baseband OFDM
symbol, a diagonal pilot symbol matrix X is generated (step S102). An initial frequency offset hypothesis εh,n(0) value
for the LMS search is determined (step S104). This value can be obtained from (n-1)th OFDMA symbol frequency offset
search if n # 1. If n = 1, then this value is obtained from the coarse frequency tracking loop. The ICI matrix, Sεh,n(0),
corresponding to this frequency offset is generated using equation (4) above (step S106). The inverse matrix (Sεh,n(0)X)-1

is generated (step S108). The received baseband vector y is pre-multiplied with (Sεh,n(0)X)-1 (step S110). For the pilot
channel estimates vector obtained from step S110, the correlation for correlation lag of 1 is determined (step S112).
The correlation error is generated as Ci - value from step S112 and the frequency offset hypothesis Sεh,n(1) is then
updated for the next iteration using correlation error (step S114). Steps S106 to S114 are repeated with Sεh,n(1) ....
Sεh,n(m) where m is the number of iterations, until the correlation error is within a predetermined value (step S116). The
predetermined value is established based on the designer’s preference. The lower the correlation error (and higher the
correlation), the greater the system performance due to better estimation. However, the processing result is that it will
take more iterations to achieve the higher correlation.
[0055] The OFDM symbol number n is set to n=n+1 and steps S104 to S116 are repeated (step S118). Of note, if a
symbol has no pilot, estimation using that symbol is skipped. The best frequency offset value is used for the next OFDM
symbol search and is passed to the receiver front end frequency offset correction 88. In addition, the best pilot channel
estimate values obtained is passed on for data channel interpolation. FIG. 8 shows the process is a block diagram form
and shows a mapping of the above-referenced steps into the overall process of the present invention.
[0056] The system and method of the present invention can improve link level performance of uncoded OFDM systems
by up to 15 dB. Actual performance improvements that can be realized from the invention depend on certain factors of
the wireless channel and the parameters of the frequency offset search loop. These factors include but are not limited
to channel frequency and mobile device mobility, the type of modulation used (QPSK/QAM) in the OFDMA system, the
optimization of the frequency offset search loop parameters (Ci and m), the number of iterations in the frequency offset
search and the type of interpolation used for data channel estimates from pilot channel estimates. The data channel
estimate is used by the receiver, for example, to establish a CQI which in turn is used to select a modulation and coding
scheme.
[0057] Although the present invention is described with respect to receiver 38 in mobile device 16, the present invention
is not limited in this matter. It is readily apparent and contemplated that the present invention can be implanted in the
receiver of base station 14.
[0058] The present invention advantageously provides a method and system that can be used to estimate an OFDMA
wireless communication channel in a manner that is accurate without burdening the processor of mobile devices 16 and
base stations 14 in system 8. The method allows an acceptable correlation error to be specified such that a larger
acceptable error requires fewer iterations from the initial (and updated) frequency hypothesis.
[0059] It will be appreciated by persons skilled in the art that the present invention is not limited to what has been
particularly shown and described herein above. In addition, unless mention was made above to the contrary, it should
be noted that all of the accompanying drawings are not to scale. A variety of modifications and variations are possible



EP 2 232 741 B1

10

5

10

15

20

25

30

35

40

45

50

55

in light of the above teachings without departing from the scope of the invention, which is limited only by the following
claims.

Claims

1. A method for wireless communication channel estimation, the method comprising:

(a) determining a frequency offset hypothesis;
(b) generating an interchannel interference, ICI, matrix based on the frequency offset hypothesis;
(c) obtaining pilot channel estimates based on the ICI matrix;
(d) calculating a correlation error of the pilot channel estimates to the frequency offset hypothesis;
(e) comparing the correlation error with a predetermined correlation error value;
(f) updating the frequency offset hypothesis and iteratively repeating steps (a)-(e) if the correlation error is
greater than the predetermined correlation error value; and
(g) using the pilot channel estimates to estimate the wireless communication channel.

2. The method of claim 1, wherein the wireless communication channel is an OFDM channel, and wherein steps (a)-(g)
are repeated for each OFDM symbol having a pilot.

3. The method of claim 1, wherein obtaining pilot channel estimates based on the ICI matrix includes:

generating an inverse matrix of the product of the ICI matrix and a pilot symbol diagonal matrix; and
pre-multiplying a received baseband vector with the inverse matrix.

4. The method of claim 1 wherein updating the frequency offset hypothesis includes adding an updated frequency
offset component to the frequency offset hypothesis.

5. The method of claim 1, wherein the ICI matrix corresponds to leakage among subcarriers in the wireless commu-
nication channel.

6. A system for wireless communication channel estimation of a wireless communication signal, the system comprising:

an antenna receiving the wireless communication signal;
a receiver in operative communication with the antenna, the receiver operating to:

(a) determine a frequency offset hypothesis;
(b) generate an interchannel interference, ICI, matrix based on the frequency offset hypothesis;
(c) obtain pilot channel estimates based on the ICI matrix;
(d) calculate a correlation error of the pilot channel estimates to the frequency offset hypothesis;
(e) compare the correlation error with a predetermined correlation error value;
(f) update the frequency offset hypothesis and iteratively repeat (a)-(e) if the correlation error is greater than
the predetermined correlation error value; and
(g) use the pilot channel estimates to estimate the wireless communication channel.

7. The system of claim 6, wherein the wireless communication channel is an OFDMA channel.

8. The system of claim 7, wherein the receiver repeats (a)-(g) for each OFDM symbol having a pilot.

9. The system of claim 6, wherein the correlation is based on a correlation lag of 1.

10. The system of claim 6, wherein the receiver operates to obtain pilot channel estimates based on the ICI matrix by
at least:

generating an inverse matrix of the product of the ICI matrix and a pilot symbol diagonal matrix; and
pre-multiplying a received baseband vector with the inverse matrix.

11. The system of claim 6, wherein the receiver updates the frequency hypothesis using a least mean squared arrange-
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ment seeking to maximize pilot channel frequency correlation.

12. The system of claim 6, wherein the receiver updates the frequency offset hypothesis at least by adding an updated
frequency offset component to the frequency offset hypothesis.

13. The system of claim 12, wherein the updated frequency offset component includes a gradient parameter and a
frequency correlation error component.

14. The system of claim 6, wherein the ICI matrix corresponds to leakage among subcarriers in the wireless communi-
cation channel.

15. The system of claim 6, wherein the channel estimation is used to establish a channel quality indicator, CQI.

Patentansprüche

1. Verfahren zur drahtlosen Kommunikationskanalschätzung, das Verfahren umfassend:

(a) Bestimmen einer Frequenz-Offset-Hypothese;
(b) Erzeugen einer Interkanal-Interferenz-ICI-Matrix basierend auf der Frequenz-Offset-Hypothese;
(c) Erhalten von Pilot-Kanalschätzungen basierend auf der ICI-Matrix;
(d) Berechnen eines Korrelationsfehlers der Pilotkanalschätzungen zu der Frequenz-Offset-Hypothese;
(e) Vergleichen des Korrelationsfehlers mit einem vorbestimmten Korrelationsfehlerwert;
(f) Aktualisieren der Frequenz-Offset-Hypothese und iterativ Wiederholen der Schritte (a) - (e), wenn der Kor-
relationsfehler größer als der vorbestimmte Korrelationsfehlerwert ist; und
(g) Verwenden der Pilotkanalschätzungen, um den drahtlosen Kommunikationskanal zu schätzen.

2. Verfahren nach Anspruch 1, wobei der drahtlose Kommunikationskanal ein OFDM-Kanal ist und wobei die Schritte
(a) - (g) für jedes OFDM-Symbol mit einem Piloten wiederholt werden.

3. Verfahren nach Anspruch 1, wobei das Erhalten von Pilotkanalschätzungen basierend auf der ICI-Matrix umfasst:

Erzeugen einer inversen Matrix des Produkts der ICI-Matrix und einer Pilotsymbol-Diagonalmatrix; und
Vormultiplizieren eines empfangenen Basisbandvektors mit der inversen Matrix.

4. Verfahren nach Anspruch 1, wobei das Aktualisieren der Frequenz-Offset-Hypothese umfasst das Hinzufügen einer
aktualisierten Frequenz-Offset-Komponente zur Frequenz-Offset-Hypothese.

5. Verfahren nach Anspruch 1, wobei die ICI-Matrix einem Verlust unter Zwischenträgern im drahtlosen Kommunika-
tionskanal entspricht.

6. System zur drahtlosen Kommunikationskanalschätzung eines drahtlosen Kommunikationssignals, das System um-
fassend:

Eine Antenne, die das drahtlose Kommunikationssignal empfängt;
Ein Empfänger in operativer Kommunikation mit der Antenne, wobei der Empfänger arbeitet um:

(a) eine Frequenz-Offset-Hypothese zu bestimmen;
(b) eine Interkanal-Interferenz-ICI-Matrix, basierend auf der Frequenz-Offset-Hypothese zu erzeugen;
(c) Pilotkanalschätzungen basierend auf der ICI-Matrix zu erhalten;
(d) einen Korrelationsfehler der Pilotkanalschätzungen zu der Frequenz-Offset-Hypothese zu berechnen;
(e) den Korrelationsfehler mit einem vorbestimmten Korrelationsfehlerwert zu vergleichen;
(f) die Frequenz-Offset-Hypothese zu aktualisieren und die Schritte (a) - (e) iterativ zu wiederholen, wenn
der Korrelationsfehler größer als der vorbestimmte Korrelationsfehlerwert ist; und
(g) die Pilotkanalschätzungen zu verwenden, um den drahtlosen Kommunikationskanal zu schätzen.

7. System nach Anspruch 6, wobei der drahtlose Kommunikationskanal ein OFDMA-Kanal ist.
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8. System nach Anspruch 7, wobei der Empfänger die Schritte (a) - (g) für jedes OFDM-Symbol mit einem Piloten
wiederholt.

9. System nach Anspruch 6, wobei die Korrelation auf einer Korrelationsverzögerung von 1 basiert ist.

10. System nach Anspruch 6, wobei der Empfänger arbeitet, um Pilotkanalschätzungen basierend auf der ICI-Matrix
zu erhalten, und zwar mindestens durch:

Erzeugen einer inversen Matrix des Produkts der ICI-Matrix und einer Pilotsymbol-Diagonalmatrix; und
Vormultiplizieren eines empfangenen Basisbandvektors mit der inversen Matrix.

11. System nach Anspruch 6, wobei der Empfänger die Frequenzhypothese unter Verwendung einer kleinsten Mittel-
quadratanordnung aktualisiert, um die Pilotkanalfrequenzkorrelation zu maximieren.

12. System nach Anspruch 6, wobei der Empfänger die Frequenz-Offset-Hypothese aktualisiert, zumindest durch Hin-
zufügen einer aktualisierten Frequenz-Offset-Komponente zur Frequenz-Offset-Hypothese.

13. System nach Anspruch 12, wobei die aktualisierte Frequenz-Offset-Komponente einen Steigungsparameter und
eine Frequenzkorrelationsfehlerkomponente enthält.

14. System nach Anspruch 6, wobei die ICI-Matrix einem Verlust unter den Zwischenträgern im drahtlosen Kommuni-
kationskanal entspricht.

15. System nach Anspruch 6, wobei die Kanalschätzung zum Erzeugen eines Kanalqualitätsindikators CQI verwendet
wird.

Revendications

1. Un procédé d’estimation d’un canal de communication sans fil, le procédé comprenant :

(a) la détermination d’une hypothèse de décalage de fréquence ;
(b) la génération d’une matrice d’interférence intercanal, ICI, sur la base de l’hypothèse de décalage de
fréquence ;
(c) l’obtention d’estimées de canal pilote sur la base de la matrice ICI ;
(d) le calcul d’une erreur de corrélation des estimées de canal pilote à l’hypothèse de décalage de fréquence ;
(e) la comparaison de l’erreur de corrélation avec une valeur d’erreur de corrélation prédéterminée ;
(f) la mise à jour de l’hypothèse de décalage de fréquence et la répétition itérative des étapes (a) à (e) si l’erreur
de corrélation est supérieure à la valeur d’erreur de corrélation prédéterminée ; et
(g) l’utilisation des estimées de canal pilote pour estimer le canal de communication sans fil.

2. Le procédé de la revendication 1, dans lequel le canal de communication sans fil est un canal OFDM, et dans lequel
les étapes (a) à (g) sont répétées pour chaque symbole OFDM possédant un pilote.

3. Le procédé de la revendication 1, dans lequel l’obtention des estimées de canal pilote sur la base de la matrice
comprend :

la génération d’une matrice inversée du produit de la matrice ICI et d’une matrice diagonale de symbole pilote ; et
la prémultiplication d’un vecteur en bande de base reçu et de la matrice inversée.

4. Le procédé de la revendication 1, dans lequel la mise à jour de l’hypothèse de décalage de fréquence comprend
l’addition à l’hypothèse de décalage de fréquence d’une composante de décalage de fréquence mis à jour.

5. Le procédé de la revendication 1, dans lequel la matrice ICI correspond à une fuite entre sous-porteuses du canal
de communication sans fil.

6. Un système d’estimation de canal de communication sans fil d’un signal de communication sans fil, le système
comprenant :
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une antenne recevant le signal de communication sans fil ;
un récepteur en communication opérante avec l’antenne, le récepteur opérant :

(a) la détermination d’une hypothèse de décalage de fréquence ;
(b) la génération d’une matrice d’interférence intercanal, ICI, sur la base de l’hypothèse de décalage de
fréquence ;
(c) l’obtention d’estimées de canal pilote sur la base de la matrice ICI ;
(d) le calcul d’une erreur de corrélation des estimées de canal pilote à l’hypothèse de décalage de fréquence ;
(e) la comparaison de l’erreur de corrélation avec une valeur d’erreur de corrélation prédéterminée ;
(f) la mise à jour de l’hypothèse de décalage de fréquence et la répétition itérative des étapes (a) à (e) si
l’erreur de corrélation est supérieure à la valeur d’erreur de corrélation prédéterminée ; et
(g) l’utilisation des estimées de canal pilote pour estimer le canal de communication sans fil.

7. Le système de la revendication 6, dans lequel le canal de communication sans fil est un canal OFDMA.

8. Le système de la revendication 7, dans lequel le récepteur répète (a) à (g) pour chaque symbole OFDM ayant un pilote.

9. Le système de la revendication 6, dans lequel la corrélation est basée sur un retard de corrélation de 1.

10. Le système de la revendication 6, dans lequel le récepteur fonctionne de manière à obtenir les estimées de canal
pilote sur la base de la matrice ICI au moins par :

génération d’une matrice inversée du produit de la matrice ICI et d’une matrice diagonale de symbole pilote ; et
prémultiplication d’un vecteur de bande de base reçu et de la matrice inversée.

11. Le système de la revendication 6, dans lequel le récepteur met à jour l’hypothèse de décalage de fréquence en
utilisant une configuration en moindres carrés cherchant à maximiser la corrélation en fréquence de canal pilote.

12. Le système de la revendication 6, dans lequel le récepteur met à jour l’hypothèse de décalage de fréquence au
moins par addition à l’hypothèse de décalage de fréquence d’une composante de décalage de fréquence mis à jour.

13. Le système de la revendication 12, dans lequel la composante de décalage de fréquence mis à jour inclut un
paramètre de gradient et une composante d’erreur de corrélation de fréquence.

14. Le système de la revendication 6, dans lequel la matrice ICI correspond à une fuite entre sous-porteuses du canal
de communication sans fil.

15. Le système de la revendication 6, dans lequel l’estimation de canal est utilisée pour établir un indicateur de qualité
de canal, CQI.
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