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from a segment of the received signal; perform Minimum Mean Square Error (MMSE)
filtering on the extracted pilot signals, wherein the filter provides estimated pilot signal
impulse responses; estimate the amplitudes of one or more path components of the es-
timated pilot signal impulse responses; estimate the phases of one or more path com-
ponents of the estimated pilot signal impulse responses; and combine the estimated
amplitudes and the estimated phases of the path components of the pilot signal impulse
responses, wherein the combination provides an estimated channel impulse response.
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RECEIVER WITH DOPPLER TOLERANT EQUALIZATION

FIELD

The present disclosure relates to receivers, and more particularly, to receivers with
adaptive Doppler tolerant equalization using linear prediction.

BACKGROUND

Signals propagating from a transmitter to a receiver over a channel may be subject
to multipath effects where reflections, such as those off structures for example, cause
attenuated and delayed versions of the signal to arrive at the receiver in addition to, or
sometimes in place of, a directly arriving signal. Furthermore, in a dynamic environment,
where the transmitter and/or the receiver are in motion for example, the received signal as
well as its multipath components may be subjected to independent Doppler shifts.

Channel equalization methods are typically performed at the receiver to
compensate for the multipath effects. These equalizers, which generally use block-based
frequency domain processing to improve efficiency, are subject to performance
degradation, however, resulting from the Doppler shifts in dynamic multipath channels.
BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of embodiments of the claimed subject matter will
become apparent as the following Detailed Description proceeds, and upon reference to
the Drawings, wherein like numerals depict like parts, and in which:

Figure 1 illustrates a top level system diagram of one exemplary embodiment
consistent with the present disclosure;

Figure 2 illustrates a system block diagram of one exemplary embodiment
consistent with the present disclosure;

Figure 3 illustrates a more detailed block diagram of one exemplary embodiment
consistent with the present disclosure;

Figure 4 illustrates a phase slope plot consistent with one exemplary embodiment
of the present disclosure;

Figure 5 illustrates performance curves consistent with one exemplary embodiment
of the present disclosure;

Figure 6 illustrates a flowchart of operations of an exemplary embodiment
consistent with the present disclosure;

Figure 7 illustrates a system diagram of another exemplary embodiment consistent

with the present disclosure; and
-1-
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Figure 8 illustrates a sliding window consistent with one exemplary embodiment of
the present disclosure.

Although the following Detailed Description will proceed with reference being
made to illustrative embodiments, many alternatives, modifications, and variations thereof
will be apparent to those skilled in the art.

DETAILED DESCRIPTION

Generally, this disclosure provides systems and methods for receiver channel
equalization employing adaptive Doppler tolerant linear prediction based equalization.
This may be accomplished with a time domain Minimum Mean Squared Error (MMSE)
channel impulse response estimation circuit that operates on pilot signals extracted from
the received signal. Amplitudes and phases for each of the multipath components of the
channel impulse response are estimated for each of the pilot signals and then combined to
form an estimated channel impulse response. The estimated channel impulse response
may then be converted to the frequency domain for use in a channel equalizer.

Figure 1 illustrates a top-level system diagram 100 of one exemplary embodiment
consistent with the present disclosure.  Transmitter 102 transmits a signal, which
propagates over a channel (or transmission medium) 104 that introduces multipath and
Doppler shift, and is then received by receiver 106. The multipath may be caused, for
example, by reflection off structures in the environment. The Doppler shift may be
generated by relative motion between the transmitter and receiver, either of which may be
in motion, such as for example with mobile communication devices. Receiver 106 may
employ digital signal processing (DSP) techniques to improve performance, such as, for
example, an MMSE channel equalizer that is Doppler tolerant. In some embodiments,
transmitter 102 may transmit an Advanced Television System Committee (ATSC) digital
television signal, a wireless communication signal or any other signal that comprises pilot
signals.

If the channel comprises p paths with delays 1, T2, ... Tp, amplitudes 4;, 45, ... 4,
initial phases ¢,, @2, ... ¢, and Doppler shifts F19P, 7P, .. £, with initial Doppler shift
phases 9%, ¢, ... ¢, then instantaneous impulse response of the channel at the

moment ¢ can be described as:

mst

P ) {2 dop dop P 3 i2 dop P .
B (=Y. 4,601, e /BT S § g 51— r e e =Y 4,5t -7, )
k=1 k=1 k=1

and the instantaneous frequency response, H‘oi,,s, is the Fourier transform of the

instantaneous impulse response.
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Figure 2 illustrates a system block diagram 200 of one exemplary embodiment
consistent with the present disclosure. Receiver 106 is shown to include a tuner 202
which is configured to tune to the frequency of the signal to be received. Additional
receiver front-end circuitry (not shown) may be employed to downshift, filter and pre-
process the signal as needed. An analog to digital converter (ADC) circuit 204 converts
the pre-processed signal to digital samples which may then be segmented into blocks by
block segmentation circuit 206. In some embodiments, the blocks may overlap in time by
a pre-determined amount. The MMSE channel impulse response estimation circuit 208
estimates the channel impulse response using linear prediction techniques and employing
the pilot signals included in the received signal as will be described in greater detail
below. The estimated channel impulse response for the given block is then converted to
the frequency domain by FFT circuit 210 and used by MMSE equalizer circuit 212.

Figure 3 illustrates a block diagram 300 of one exemplary embodiment consistent
with the present disclosure showing a more detailed view of MMSE channel impulse
response estimation circuit 208. Pilot extraction circuit 302 extracts one or more of the
pilot signals that are included in the received signal. For each pilot signal, pilot impulse
response estimation filter circuit 304 uses an MMSE linear predictive filter to estimate the
impulse response associated with that pilot signal. The filter circuit 304 may operate as
follows. The extracted pilot signal, designated as a vector of samples y, may be modeled
by the equation:
y=Xh+n
where X is a matrix containing the known symbols comprising that pilot signal, of

which there are N,

% E%ﬂ es %
62 G2 v B
Brme Hemoio - Eopo
R+ Remmm+m - Bom

and 4 is a vector containing the samples of impulse response (of length L) of the channel,

and »n is a vector of additive white Gaussian noise (AWGN). In this case, the MMSE
estimated impulse response of the channel, };m , for pilot signal m can be calculated as:

= (i)~
where the superscript H designates the complex conjugate transpose operation of the

matrix, also known as the Hermitian operation.
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Path amplitude estimation circuit 306 estimates the impulse response amplitudes of

the paths according to:

which is an average of the magnitudes of the estimated channel impulse responses over R
pilot signals for each of the L paths.
Path phase estimation circuit 308 estimates the impulse response phases of the

paths based on the fact that the full phase of every path is a linear function of time. Thus,

A A e ”~ =dd
if ¥, = arg(hm), then ¥m (k) = @p + 2Ty - - /1™ where T, is the period of pilot

signal insertion in the transmitted signal, and a least squares straight line curve fit

can be applied to the R estimates to obtain a slope and intercept corresponding to

"do ~
Pl , and ﬂ?_ respectively for each of the & paths.

Channel impulse response estimation circuit 310 may then calculate the estimated
, . ] Fdop ~0 .
channel impulse response based on the estimates Ak, fi. ", and @i according to the

equation for A,y given above. The estimates of &._ , fﬁi , and @_2 may be updated
every Ty time period. Thus, the estimation is calculated over a sliding window with
duration RT,. One example of the use of a sliding window is illustrated in greater
detail in figure 8 which shows a sequence of pilot signals and data signal. An
estimation 804 is calculated based on a windowed segment 802 of pilot and data
signals. The estimation 804 is used for equalization of the data block 810 that
follows the windowed segment 802. The sliding window may then move forward to
window a new segment 806 that includes the next pilot signal while dropping the
oldest pilot signal. A new estimation 808 is then calculated based on the new
windowed segment 806 of pilot and data signals. This new estimation 808 is used
for equalization of the data block 812 that follows the windowed segment 806. This
process may continue indefinitely with the window sliding forward to include each
new pilot signal.

In some embodiments, a minimum of value or R may be 2 for a dynamic channel
and 1 for a static channel.

Figure 4 illustrates a phase slope plot 400 consistent with one exemplary

embodiment of the present disclosure. The phase, in degrees, is shown on the y-axis
-4-
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versus pilot signal number on the x-axis. Samples of E,L 402 are shown along with a least
squares straight line fit 404.

Figure 5 illustrates performance curves 500 consistent with one exemplary
embodiment of the present disclosure. The curves were generated for a case with a single
dynamic echo channel with a path delay of 5 microseconds, attenuation of -3 dB and a
signal to noise ratio of 25 dB. The Mean Squared Error (MSE) at the equalizer output is
shown on the y-axis versus the block number on the x-axis. Curve 502 represents the
performance of a prior-art equalizer. Curve 504 represents the performance of an
exemplary embodiment of an equalizer consistent with the present disclosure. Curve 506
represents the performance of an equalizer when the dynamic channel profile is known,
i.e., a theoretical optimal performance limit.

Figure 6 illustrates a flowchart of operations 600 of an exemplary embodiment
consistent with the present disclosure. At operation 610, pilot signals are extracted from a
segment of the received signal. At operation 620, MMSE filtering is performed on the
extracted pilot signals to estimate the pilot signal impulse responses. At operation 630,
estimation is made of the amplitudes of the path components of the estimated pilot signals
impulse responses. At operation 640, estimation is made of the phases of the path
components of the estimated pilot signals impulse responses. At operation 650, the
estimated amplitudes and phases are combined to provide an estimated channel impulse
response. In some embodiments, the estimated channel impulse response may be
transformed into the frequency domain and employed for channel equalization.

Figure 7 illustrates a system diagram 700 of another exemplary embodiment
consistent with the present disclosure. A mobile communication device 706 is shown,
which may be a smartphone, a laptop computing device, a tablet, a digital television or any
other suitable type of mobile or portable device configured to receive a signal. The mobile
communication device 706 may receive signals over a wireless network 702, a single
frequency network 704 or any other suitable type of network. Mobile communication
device 706 may comprise a processor 708, a memory 710, a user interface 712 and one or
more receivers 106 with Doppler tolerant equalization. Antenna 714 may be coupled to
receiver 106. In some embodiments, the user interface may be a touchscreen.

Figure 8 illustrates a sliding window 800 consistent with one exemplary

embodiment of the present disclosure. The estimation calculations may be based on
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segments of the signal that are extracted using a sliding window as described in greater
detail above.

Embodiments of the methods described herein may be implemented in a system
that includes one or more storage mediums having stored thereon, individually or in
combination, instructions that when executed by one or more processors perform the
methods. Here, the processor may include, for example, a system CPU (e.g., core
processor) and/or programmable circuitry. Thus, it is intended that operations according
to the methods described herein may be distributed across a plurality of physical devices,
such as processing structures at several different physical locations. Also, it is intended
that the method operations may be performed individually or in a subcombination, as
would be understood by one skilled in the art. Thus, not all of the operations of each of
the flow charts need to be performed, and the present disclosure expressly intends that all
subcombinations of such operations are enabled as would be understood by one of
ordinary skill in the art.

The storage medium may include any type of tangible medium, for example, any
type of disk including floppy disks, optical disks, compact disk read-only memories (CD-
ROMs), compact disk rewritables (CD-RWs), digital versatile disks (DVDs) and magneto-
optical disks, semiconductor devices such as read-only memories (ROMs), random access
memories (RAMs) such as dynamic and static RAMs, erasable programmable read-only
memories (EPROMs), electrically erasable programmable read-only memories
(EEPROMs), flash memories, magnetic or optical cards, or any type of media suitable for
storing electronic instructions.

“Circuitry”, as used in any embodiment herein, may comprise, for example, singly
or in any combination, hardwired circuitry, programmable circuitry, state machine
circuitry, and/or firmware that stores instructions executed by programmable circuitry. A
module, as used in any embodiment herein, may be embodied as circuitry. The circuitry
may be embodied as an integrated circuit, such as an integrated circuit chip.

Thus, the present disclosure provides an apparatus, method and system for
equalizing a Doppler shifted received signal.

According to one aspect there is provided a mobile communication device. The
device may be configured to extract one or more pilot signals from a segment of the
received signal. The device of this example may also be configured to perform Minimum
Mean Square Error (MMSE) filtering on the extracted pilot signals, and the filtering

provides estimated pilot signal impulse responses. The device of this example may further
-6~
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be configured to estimate the amplitudes of one or more path components of the estimated
pilot signal impulse responses. The device of this example may further be configured to
estimate the phases of one or more path components of the estimated pilot signal impulse
responses. The device of this example may be configured to combine the estimated
amplitudes and the estimated phases of the path components of the pilot signal impulse
responses, and the combination provides an estimated channel impulse response.

Another example device includes the forgoing components and the MMSE

filtering provides estimated pilot signal impulse responses, h, according to:

h=(x"x)" x"y

and y is the extracted pilot signal and X is a matrix of known pilot signal symbols
associated with the extracted pilot signal.

Another example device includes the forgoing components and the path amplitude
estimation is obtained by averaging the magnitudes of one or more of the estimated pilot
signal impulse responses.

Another example device includes the forgoing components and the path phase
estimation is obtained by performing a least square linear fit to the phase response of one
or more of the estimated pilot signal impulse responses.

Another example device includes the forgoing components and is further
configured to provide the segments of the received signal, and the segments overlap by a
pre-determined time period.

Another example device includes the forgoing components and is further
configured to perform an FFT to transform the channel impulse response to the frequency
domain.

Another example device includes the forgoing components and is further
configured to perform MMSE equalization to reduce multipath distortion in the received
signal.

Another example device includes the forgoing components and the device is a
digital ATSC receiver.

Another example device includes the forgoing components and the device is one of
a smartphone, a laptop computing device, a tablet, or a digital television.

Another example device includes the forgoing components and the device is
configured to communicate over a network, and the network is one of a wireless network,
a single frequency network or a digital television network.

-
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According to another aspect there is provided a method. The method may include
extracting one or more pilot signals from a segment of the received signal. The method of
this example may also include performing MMSE filtering on the extracted pilot signals,
and the filtering provides estimated pilot signal impulse responses. The method of this
example may further include estimating the amplitudes of one or more path components of
the estimated pilot signal impulse responses. The method of this example may further
include estimating the phases of one or more path components of the estimated pilot signal
impulse responses. The method of this example may further include combining the
estimated amplitudes and the estimated phases of the path components of the pilot signal
impulse responses, and the combination provides an estimated channel impulse response.

Another example method includes the forgoing operations and the MMSE filtering

provides estimated pilot signal impulse responses, h, according to:
h=(x"x)" X"y

and y is the extracted pilot signal and X is a matrix of known pilot signal symbols
associated with the extracted pilot signal.

Another example method includes the forgoing operations and the path amplitude
estimation includes averaging the magnitudes of one or more of the estimated pilot signal
impulse responses.

Another example method includes the forgoing operations and the path phase
estimation includes performing a least square linear fit to the phase response of one or
more of the estimated pilot signal impulse responses.

Another example method includes the forgoing operations and further includes
providing the segments of the received signal and the segments overlap by a pre-
determined time period.

Another example method includes the forgoing operations and further includes
performing an FFT to transform the channel impulse response to the frequency domain.

Another example method includes the forgoing operations and further includes
performing MMSE equalization on the channel impulse response to reduce multipath
distortion in the received signal.

According to another aspect there is provided at least one computer-readable
storage medium having instructions stored thereon which when executed by a processor,

cause the processor to perform the steps of the method as described in the examples above.

-8-
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According to another aspect there is provided system. The system may include a
processor, a memory coupled to the processor, a user interface coupled to the processor,
and an antenna. The system of this example may include a pilot extraction circuit coupled
to the antenna and the processor, the pilot extraction circuit configured to extract one or
more pilot signals from a segment of the received signal. The system of this example may
also include an impulse response estimation filter circuit coupled to the pilot extraction
circuit, the impulse response estimation filter circuit configured to perform MMSE
filtering on the extracted pilot signals, and the filter provides estimated pilot signal
impulse responses. The system of this example may further include a path amplitude
estimation circuit coupled to the impulse response estimation filter circuit, the path
amplitude estimation circuit configured to estimate the amplitudes of one or more path
components of the estimated pilot signal impulse responses. The system of this example
may further include a path phase estimation circuit coupled to the impulse response
estimation filter circuit, the path phase estimation circuit configured to estimate the phases
of one or more path components of the estimated pilot signal impulse responses. The
system of this example may further include a channel impulse response estimation circuit
coupled to the path amplitude estimation circuit and the path phase estimation circuit, the
channel impulse response estimation circuit configured to combine the estimated
amplitudes and the estimated phases of the path components of the pilot signal impulse
responses, and the combination provides an estimated channel impulse response.

Another example system includes the forgoing components and the MMSE filter

provides estimated pilot signal impulse responses, h, according to:

h=(x"x)"x"y

and y is the extracted pilot signal and X is a matrix of known pilot signal symbols
associated with the extracted pilot signal.

Another example system includes the forgoing components and the path amplitude
estimation is obtained by averaging the magnitudes of one or more of the estimated pilot
signal impulse responses.

Another example system includes the forgoing components and the path phase
estimation is obtained by performing a least square linear fit to the phase response of one
or more of the estimated pilot signal impulse responses.

Another example system includes the forgoing components and the system further
includes a block segmentation circuit coupled to the pilot extraction circuit, the block

9.
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segmentation circuit configured to provide the segments of the received signal and the
segments overlap by a pre-determined time period.

Another example system includes the forgoing components and the system further
includes an FFT circuit coupled to the channel impulse response estimation circuit, the
FFT circuit configured to transform the channel impulse response to the frequency
domain.

Another example system includes the forgoing components and the system further
includes an MMSE equalizer circuit coupled to the channel impulse response estimation
circuit, the MMSE equalizer circuit configured to reduce multipath distortion in the
received signal.

Another example system includes the forgoing components and the system is one
of a smartphone, a laptop computing device, a tablet, or a digital television.

Another example system includes the forgoing components and the user interface
is a touchscreen.

Another example device includes the forgoing components and the device is
configured to communicate over a network, and the network is one of a wireless network,
a single frequency network or a digital television network.

The terms and expressions which have been employed herein are used as terms of
description and not of limitation, and there is no intention, in the use of such terms and
expressions, of excluding any equivalents of the features shown and described (or portions
thereof), and it is recognized that various modifications are possible within the scope of
the claims. Accordingly, the claims are intended to cover all such equivalents. Various
features, aspects, and embodiments have been described herein. The features, aspects, and
embodiments are susceptible to combination with one another as well as to variation and
modification, as will be understood by those having skill in the art. The present disclosure
should, therefore, be considered to encompass such combinations, variations, and

modifications.

-10-
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CLAIMS

What is claimed is:
1. A mobile communication device configured to:

extract one or more pilot signals from a segment of a received signal;

perform Minimum Mean Square Error (MMSE) filtering on said extracted pilot
signals, wherein said filter provides estimated pilot signal impulse responses;

estimate the amplitudes of one or more path components of said estimated pilot
signal impulse responses;

estimate the phases of one or more path components of said estimated pilot signal
impulse responses; and

combine said estimated amplitudes and said estimated phases of said path
components of said pilot signal impulse responses, wherein said combination provides an
estimated channel impulse response.

2. The mobile communication device of claim 2, wherein said MMSE filter provides

estimated pilot signal impulse responses, /, according to:

h=(x"x)" X"y

wherein y is said extracted pilot signal and X is a matrix of known pilot signal symbols
associated with said extracted pilot signal.

3. The mobile communication device of claim 1, wherein said path amplitude
estimation is obtained by averaging the magnitudes of one or more of said estimated pilot
signal impulse responses.

4. The mobile communication device of claim 1, wherein said path phase estimation
is obtained by performing a least square linear fit to the phase response of one or more of
said estimated pilot signal impulse responses.

5. The mobile communication device of claim 1, further configured to provide said
segments of said received signal wherein said segments overlap by a pre-determined time
period.

6. The mobile communication device of claim 1, further configured to perform a Fast
Fourier Transform (FFT) to transform said channel impulse response to the frequency
domain.

7. The mobile communication device of claim 1, further configured to perform

MMSE equalization to reduce multipath distortion in said received signal.

-11-
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8. The mobile communication device of claim 1, wherein said device is a digital

Advanced Television System Committee (ATSC) receiver.

9. The mobile communication device of claim 1, wherein said device is one of a

smartphone, a laptop computing device, a tablet, or a digital television.

10.  The mobile communication device of claim 1, wherein said device is configured to

communicate over a network, and wherein said network is one of a wireless network, a

single frequency network or a digital television network.
11. A method to equalize a Doppler shifted received signal, said method comprising:
extracting one or more pilot signals from a segment of said received signal;
performing MMSE filtering on said extracted pilot signals, wherein said filtering
provides estimated pilot signal impulse responses;
estimating the amplitudes of one or more path components of said estimated pilot
signal impulse responses;

estimating the phases of one or more path components of said estimated pilot
signal impulse responses; and

combining said estimated amplitudes and said estimated phases of said path
components of said pilot signal impulse responses, wherein said combination provides an
estimated channel impulse response.

12.  The method of claim 11, wherein said MMSE filtering provides estimated pilot

signal impulse responses, h, according to:

h=(x"x)" X"y

wherein y is said extracted pilot signal and X is a matrix of known pilot signal symbols
associated with said extracted pilot signal.

13, The method of claim 11, wherein said path amplitude estimation comprises
averaging the magnitudes of one or more of said estimated pilot signal impulse responses.
14. The method of claim 11, wherein said path phase estimation comprises performing
a least square linear fit to the phase response of one or more of said estimated pilot signal
impulse responses.

15. The method of claim 11, further comprising providing said segments of said
received signal wherein said segments overlap by a pre-determined time period.

16. The method of claim 11, further comprising performing an FFT to transform said

channel impulse response to the frequency domain.

-12-
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17. The method of claim 11, further comprising performing MMSE equalization on
said channel impulse response to reduce multipath distortion in said received signal.

18. At least one computer-readable storage medium having instructions stored thereon
which when executed by a processor, cause the processor to perform the steps of a method
as claimed in any of claims 11 to 17.

19. A system to equalize a Doppler shifted received signal, said system comprising:

a processor;

a memory coupled to said processor;

a user interface coupled to said processor;

an antenna,

a pilot extraction circuit coupled to said antenna and to said processor, said pilot
extraction circuit configured to extract one or more pilot signals from a segment of said
received signal;

an impulse response estimation filter circuit coupled to said pilot extraction circuit,
said impulse response estimation filter circuit configured to perform MMSE filtering on
said extracted pilot signals, wherein said filter provides estimated pilot signal impulse
responses;

a path amplitude estimation circuit coupled to said impulse response estimation
filter circuit, said path amplitude estimation circuit configured to estimate the amplitudes
of one or more path components of said estimated pilot signal impulse responses;

a path phase estimation circuit coupled to said impulse response estimation filter
circuit, said path phase estimation circuit configured to estimate the phases of one or more
path components of said estimated pilot signal impulse responses; and

a channel impulse response estimation circuit coupled to said path amplitude
estimation circuit and said path phase estimation circuit, said channel impulse response
estimation circuit configured to combine said estimated amplitudes and said estimated
phases of said path components of said pilot signal impulse responses, wherein said
combination provides an estimated channel impulse response.

20. The system of claim 19, wherein said MMSE filter provides estimated pilot signal
impulse responses, h, according to:

h=(x"x)" X"y

wherein y is said extracted pilot signal and X is a matrix 6f known pilot signal symbols

associated with said extracted pilot signal.

-13-



10

15

WO 2013/172729 PCT/RU2012/000382

21.  The system of claim 19, wherein said path amplitude estimation is obtained by
averaging the magnitudes of one or more of said estimated pilot signal impulse responses.
22.  The system of claim 19, wherein said path phase estimation is obtained by
performing a least square linear fit to the phase response of one or more of said estimated
pilot signal impulse responses.

23.  The system of claim 19, further comprising a block segmentation circuit coupled to
said pilot extraction circuit, said block segmentation circuit configured to provide said
segments of said received signal wherein said segments overlap by a pre-determined time
period.

24.  The system of claim 19, further comprising an FFT circuit coupled to said channel
impulse response estimation circuit, said FFT circuit configured to transform said channel
impulse response to the frequency domain.

25.  The system of claim 19, further comprising an MMSE equalizer circuit coupled to
said channel impulse response estimation circuit, said MMSE equalizer circuit configured
to reduce multipath distortion in said received signal.

26.  The system of claim 19, wherein said system is one of a smartphone, a laptop
computing device, a tablet, or a digital television.

27.  The system of claim 19, wherein said user interface is a touchscreen.
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