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Peak fade depth Is measured (202) over a period of time, and a bandwidth of a channel filter (104) Iis then determined (206)
according to the measured peak fade depth (202). In preferred embodiments the average peak fade depth over two or more time
slots Is used. In a specific embodiment, an a filter (206) Is used to determine the bandwidth of the matched filter (104), in which ais
determined based upon the measured peak fade depth (204). In various embodiments, peak fade depth Is correlated to the
Doppler shifting of the channel, which In turn is used to determine the bandwidth of the matched filter by way of the o parameter.
Hence, a non-linear equation can be used to determine the value of o which yields a minimum bit error rate for the matched filter
(104). More specifically, a matched filter (104) is matched to a recelved signal r(t) having k states according to a plurality of matched
filters M,_and outputs a signal given by |r(t)-Ck(t)*I\/|k(t)\2, in which C, (t) Is a channel estimate provide by a channel tracker (106) for

a state k at time period t that is given by C (t) = ac (t) + (1-0) C (t-1), ¢ (t) = M_r()/(M_conj(M,)), and conj(M,) is the complex
conjugate of M . For each time slot, o Is computed from the running average of the peak fade depth (202) according to a
predetermined equation (204).
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(57) Abstract: Peak fade depth 1s measured (202) over a period of time, and a bandwidth of a channel filter (104) 1s then determined
(206) according to the measured peak fade depth (202). In preferred embodiments the average peak fade depth over two or more
time slots 1s used. In a specific embodiment, an ¢ filter (206) 1s used to determine the bandwidth of the matched filter (104),
which ¢ 1s determined based upon the measured peak fade depth (204). In various embodiments, peak fade depth 1s correlated to the
Doppler shifting of the channel, which 1n turn 1s used to determine the bandwidth of the matched filter by way of the o parameter.
Hence, a non-linear equation can be used to determine the value of o which yields a mmimum bit error rate for the matched filter
(104). More specitically, a matched filter (104) 1s matched to a received signal r(f) having & states according to a plurality of
matched filters M, and outputs a signal given by |r(2)-Ci(t) *Mi(t)]', in which Ci(?) is a channel estimate provide by a channel tracker
(106) for a state k£ at time period ¢ that 1s given by Ci(t) = a*ci(t) + (1-0)*Ci(t-1), ci(t) = M *r(t)/(M;*conj(M})), and conj(M;) is the
complex conjugate of M. For each time slot, o 1s computed from the running average ot the peak fade depth (202) according to a
predetermined equation (204).
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ADAPTIVE CHANNEL TRACKING USING PEAK FADE DEPTH
ESTIMATION OVER A SLOT

The mventive arrangements relate to coherent demodulators, and more
particularly to coherent demodulators that use adaptive channel trackers

In digital data communication systems, transmit symbols must be
reconstructed from a received sequence of transmitted symbols. A common difficulty
which must be overcome 1n such systems 1s the problem of inter-symbol interference
(ISI), as 1s frequently caused by multi-path propagation. It is well known that ISI can
be reduced by lowering the symbol transmission rate. However, this leads to lower
efficiency and can be avoided by using an equalizer or a maximum likelihood Viterbi
algorithm which etfectively compensate for the ISI problem. The equalizer
ctfectively mverts the effects of the channel by functioning as a system 1n series with
the channel.

In order to function effectively, an equalizer must have some
knowledge of the channel. However, real mobile radio channels are constantly
changing and therefore the equalizer must be constantly updated with new
information about the current state of the channel. This function 1s performed by a
channel tracker (sometimes referred to as a channel estimator) which implements a
channel tracking algorithm. The combination of the equalizer and the channel tracker
1s sometimes referred to as an adaptive equalizer.

The optimum bandwidth to be used for a filter which 1s matched to the
modulation scheme will vary depending on the Doppler shift associated with a
recerved sequence of transmitted symbols. Doppler shift 1s the frequency shaft
experienced by a radio signal when a wireless receiver and/or transmitter 1s 1n motion.
Doppler shift can result in Doppler spread 1n the frequency domain. Accordingly, the
adaptation time of processes which are used by channel trackers are preferably faster
than the rate of change of the channel. Current methods used for adaptive channel
tracking are processing intensive and include Kalman filters, pilot sequences and/or
multiple filter banks. Accordingly, it would be desirable to provide adaptive channel

tracking that 1s quick, simple and effective.

_1-
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Embodiments of the invention concern adaptive channel tracking, and
in particular involve determining an optimal bandwidth for a channel tracking filter.
A peak fade depth is measured over a period of time, and a bandwidth of a channel
tracking filter 1S then determined according to the measured peak fade depth. The
average peak fade depth over two or more time slots is advantageously used for
purposes of determuning bandwidth. In a specific embodiment, an o filter is used to
determine the bandwidth of the channel tracking filter, in which « is determined based
upon the measured peak fade depth. In various embodiments, peak fade depth is
highly correlated to the Doppler shift of the channel, which in turn is used to
determine the bandwidth of the channel tracking filter by way of the o parameter.
Hence, a non-linear equation can be used to determine the value of a which yields a
minimum bit error rate for the demodulation process. In a preferred embodiment the
matched filter unit 1s matched to a received signal ©(¢) having £ states according to a
plurality of matched filters My and outputs a signal given by |r(£)-Cu(t)*Mi(?)|*. An
adaptive channel tracker provides Ci(¢) that is a filtered channel estimate for a state &
at time period ¢ that is given by Ci(f) = a*ci(f) + (1-a)*Ci(t-1), where the
instantaneous estimate of the channel at time ¢ is given by ci(¢) =
M *r(t)/(M*cony(My)), and conj(My) is the complex conjugate of My. For each time
slot, o 1s computed from the running average of the peak fade depth according to a
predetermined equation.

Embodiments will be described with reference to the following
drawing figures, in which like numerals represent like items throughout the figures,

and 1n which:

FI1G. 1 1s a block diagram of a coherent demodulator in which an

adaptive channel tracker would be used.

FIG. 2 1s a block diagram which is useful for understanding the processing
pertormed by the adaptive channel tracker in FIG. 1.
FIG. 3 1s a plot which shows peak fade depth represented in dB, versus

Doppler shift in Hertz.
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FIG. 4 1s a plot which shows optimal values of the variable o which
should be used 1n a channel tracker filter, versus Doppler shift in Hertz.

FIG. 5 1s a plot which shows optimal values of the variable o which
should be used 1n a channel tracker filter, versus Doppler shift in Hertz.

The invention 18 described with reference to the attached figures. The
figures are not drawn to scale and they are provided merely to 1llustrate the instant
invention. Several aspects of the invention are described below with reference to
example applications for 1llustration. It should be understood that numerous specific
details, relationships, and methods are set forth to provide a full understanding of the
invention. One having ordinary skill in the relevant art, however, will readily
recognize that the invention can be practiced without one or more of the specific
details or with other methods. In other instances, well-known structures or operation
arc not shown 1n detail to avoid obscuring the invention. The invention is not limited
by the 1llustrated ordering of acts or events, as some acts may occur in different orders
and/or concurrently with other acts or events. Furthermore, not all 1llustrated acts or
events are required to implement a methodology 1n accordance with the invention.

Coherent demodulators for communication systems need to adapt to
channel conditions for optimum performance. The optimum bandwidth as determined
by a channel tracker varies depending on the Doppler frequency shift of received
signals, and hence Doppler tracking can be important for such receivers. However,
the Doppler shift 1s not known 1n advance, which makes 1t difficult to know what 1s
the optimum bandwidth that should be used for the channel tracker. It has been
determined, however, that the peak fade depth of a received signal varies as a function
of the Doppler shift for that signal. Accordingly, one embodiment of the present
invention provides a simple method for estimating Doppler shift by using the
measured peak fade depth of a signal. The estimate of the Doppler shift 1s thereafter
used as a basis to change the receiver bandwidth. The method 1s facilitated by use of a
stmple adaptive filter, and 1n particular an o filter for the channel tracker. Using such

an o filter, the bandwidth 1s adjusted in accordance with the parameter a. The
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method, which 1s described below, will be more clearly understood as the discussion
pProgresses.

Brietly, there 1s a relationship between peak fade depth of a signal and
the Doppler frequency shift of that signal, which relationship can be determined from
computer simulation, empirical data or combinations of the two. Once the
relationship 1s known, then 1t 1s possible to estimate a Doppler frequency shift based
on mmformation concerning measured peak fade depth during some time-period, such
as the channel slot time period. For each Doppler frequency shift, there 1s an optimal
matched filter bandwidth that can be used to minimize a bit error rate (BER) when
demodulating that signal. Hence, the optimal matched filter bandwidth may be set as
a function of the measured peak fade depth. However, it 1s typically better to use a
filter to estimate the optimal band width rather than relying on an instantancous
measurement of the peak fade depth, particularly, for example, 1f the channel 1s not
fast changing. A preferred embodiment uses an o filter as such filters are
computationally easy to implement, although any suitable filter or related algorithm
may be used to convert peak fade depth into bandwidth. With regards to an « filter,
on¢ can use simulation, empirical data or a combination of the two to estimate an
optimal o to use as a function of the Doppler shift in the recerved signal to provide the
lowest BER. Filter bandwidth 1s then related to the value of a, and o 1s related to the
instantancous peak fade depth. This process 1s discussed 1n greater detail 1n the
follow1ing.

Doppler shifts occur in the frequency of a transmitted signal due to
motion of a transmitter and/or a receiver. The actual amount of shift will vary
depending on the frequency of the signal and the relative velocity of the receiver and
transmitter. The Doppler shift will typically result in the frequency of a signal
varying over time between a maximum and a minimum value which are determined
by the amount of Doppler shift that has occurred. The Doppler shift will result 1n
spectral broadening of the received signal, which will i turn cause signal fading.

Pcak fade depth 1s a measure of the ratio between a maximum signal power and a
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minimum signal power, measured during some period of time, where the difference 1n
power 18 caused by signal fading.

An o filter, as referenced herein 1s a simple filter having a single tap, in
which the output 1s the function of the input and of the immediately previous output.
That 1s, an o filter has the form: X(t) = a*x(t) + f*X(t-1), m which the values of o
and [} are either constants or are computed by other means with each iteration t. For
the sitmplest case, one can set B = (1-a), and hence the o filter has the form: X(t) =
o*x(t) + (1-a)*X(t-1). Although o filters are used in the following, 1t will be
appreciated that other types of filters, or even no filter at all, need be used. For
example, more computationally intensive filters that have greater numbers of taps can
also be used.

Referring now to FIG. 1, there 1s shown a block diagram of an
embodiment coherent demodulator system 100. RF signals from an antenna are
processed by a recerver (not shown) and converted to an intermediate frequency (IF),
as known 1n the art. The IF signals are processed in an optional IF filter 102 to
remove extrancous signals and noise, as known in the art. Generally, the IF filter 102
1s tuned to the bandwidth of the transmitted signal so as to eliminate extrancous noise.
The output of the IF filter 102 1s a signal r(?) which 1s intended for demodulation. In
an embodiment of the invention, the coherent demodulator system 100 includes a
matched filter 104, a channel tracker 106, a maximum likelihood sequence estimator
108, and a soft decision decoding block 110.

As shown 1n Fig. 1, the output #(7) of the IF filter 102 1s communicated
to a matched filter 104 and a channel tracker 106. Generally, for each symbol time ¢
and state & the signal »(7) 1s compared to matched filter My (¢) which 1s matched to the
encoding method employed by the transmitter of the signal r(z) and modified 1n
accordance with the best channel estimate Ci(7) for that time ¢ and state k. The
modified filter can be expressed as Ci(t)*My(7). The best channel estimate Cx(7) 1s
generated by the channel estimator 106, such that the modified filter will generate a
scalar filtered signal with an increased signal-to-noise ratio (SNR) relative to the

original received signal r(z). That 1s, the output of the matched filter 104 1s given as
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r(£)-Ci(t)*Mi(7)|*. This filtered scalar signal which represents a difference between
what was received and what 1s the estimate of the transmitted signal at time 7 and 1n
state &, 1s then used by the maximum likelihood sequence estimator 108 for
demodulation of the transmitted symbol information by finding the path (the specific
state k at time ¢7) through the trellis which minimizes the total measured difference
over a slot.

The channel tracker 106 generates the channel estimate Ci(7) for a data
slot # and state & that 1s used by the matched filter 104. Hence, for each slot ¢, the
channel tracker 106 generates & channel estimates and 1t 18 therefore desirable that the
complexity of the channel tracker 106 be minimized so as to reduce computational
loading. By employing peak fade depth to estimate the value of o 1n a sitmple o filter,
the channel tracker 106 meets this criteria.

Because the channel tracker 106 employs an a filter, 1t 1S recursive 1n
nature. That 1s, for each slot ¢, the channel estimate Ci(¢) 1s a function of a current
value of a, which 1tself 1s a function of the peak fade depth for the slot 7, and of the
previous channel estimate Ci(z-/) for the immediately prior slot (z-/). On startup, 1.¢.,
when =1, the value for Ci(0) can be set to the instantancous value of Ci(1).

Thereafter, the best channel estimate Ci(7) over a slot of data 7 and state £ 1s given by:

Ci(?t) = a*ci(t) + (1-0)*Ci(z-1), (Eqn. 1)
in which:

ci(t) = M*r(t)/ (M *cony(My)), (Eqn. 2)

where M, a vector value, 1s the matched filter for the state £, and conj(Mjy) 1s the
complex conjugate of My. This scalar value Ci(¢) of Eqn. 1, which may be thought of
as a weighted time average of the instantancous channel estimate ci(7) of Eqn. 2, 1s
then forwarded on to the matched filter 104 for processing of the input signal r(7), as
discussed above.

With respect to the calculation of o for each slot 1teration 7 of the
channel tracker 106, reference 1s drawn to Fig. 2. To predict the current value of o for
the current slot ¢, the channel tracker 106, 1n a first step 202, estimates the peak fade

depth over the slot 7 and then filters this value by way of averaging. For example, a

_6-
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running average of the peak fade depth can be employed using, again, a simple o
filter, in which o 1s a constant, for example. Of course, as above, other types of filters
can be used, or even no filter at all (1.¢., the instantancous peak fade depth can be used
instead). In a second step 204, the channel tracker 106 uses this averaged (filtered)
peak fade depth for the current slot 7 to determine the current optimum value of «.
This can be done, for example, by way of processing circuitry that employs a
mathematical function that uses peak fade depth as an mput to output a corresponding
value for a, employs a look-up table that indexes based upon peak fade depth to
provide a corresponding o, or employs combinations therecof. Any suitable processing
circuitry may be used to perform this conversion operation, such as a digital signal
processor or the like. Methods for finding functions that convert peak fade depth
(filtered or otherwise) into a corresponding value for o are discussed below. As
indicated, the channel tracker 106 recalls at least the last best channel estimate Cx(7-/)
for the previous data slot (z-7), such as by storing 1t in a non-volatile memory region, a
register or the like. In a third step 206, the channel tracker 106 uses the immediately
previous best channel estimate Ci(#-/) and the computed value of o from the second
step 204 to predict the current best channel estimate Ci(7) for the current data slot ¢
and state & according to Equations 1 and 2 above.

The channel tracker 106 outputs this best channel estimate Ci(7) for the
current data slot 7 and state £ to the matched filter 104 and to the soft decision decoder
110, as indicated 1n Fig. 1. As indicated earlier, the matched filter 104 uses the
channel estimate Ci(7), which determines the bandwidth that the matched filter My
will use. Consequently, the output of the matched filter can provide a scalar signal
with enhanced SNR to the sequence estimator 108 for subsequent decoding. Further
crror detection and correction 18 then performed by the soft decision decoder 110.

The coherent demodulator 100 includes a sequence estimator 108.
According to one embodiment the sequence estimator 108 can be a maximum
likelihood sequence estimator (MLSE). As such, the MLSE can determine a best
estimate of the transmitted data by comparing all possible transmitted code words 1n a

data stream with the actual signal output from the matched filter 104. The codeword
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that 1s closest to the received work can be found by exhaustively checking all possible
codewords, or by using a more efficient technique that gives better decoding
performance. For example, in an embodiment of the invention, the sequence
estimator 108 1s advantageously selected to be an MLSE which implements a Viterbi
algorithm. As will be appreciated by those skilled 1n the art, the Viterbi algorithm can
grcatly reduce the complexity of an MLSE. Still, the invention 1s not limited to an
MLSE type sequence decoder or Viterbi algorithm and other sequence estimators can
also be used, without limitation. Sequence estimators including MLSESs are well
known 1n the art and therefore will not be descried here 1n detail.

Finally, as another level of error detection and correction, the coherent
demodulator 100 can include a soft decision decoder 110. Any suitable decoder 110
may be employed, as known 1n the art. Generally, the soft-decision decoding block
110 will implement an algorithm by way of suitable processing hardware to decode
data that has been encoded by the transmitter with an error correcting code.

As noted earlier, 1t has been found that there 1s a relationship between
peak fade depth for a slot 7 and the Doppler shift of the received signal (7). Knowing
the Doppler shift of the signal r(7) 1s beneficial for channel tracking purposes. Hence,
as a first step for determining o as a function of peak fade depth, one can mitially
obtain for a slot 7 the relationship between peak fade depth and Doppler shift of the
signal r(¢). In preferred embodiments, the relationship 1s determined for average peak
fade depth as would be measured and reported by the peak fade depth estimator in
step 202; however, 1t will be appreciated that other relationships between peak fade
depth and Doppler shift may be investigated, such as instantancous peak fade depth,
or peak fade depth averaged over more than just two time slots. By way of example,
MatLab by MathWorks, El Segunda, CA, can be used to simulate the relationship
between peak fade depth and Doppler shift of the signal (7). An example graph of
average peak fade depth versus Doppler shift for an embodiment coherent
demodulator 1s shown 1n Fig. 3.

As a next step, the optimum value of a that yields a minimum BER for

a particular Doppler shift can then be determined, such as by experiment or by
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stmulation. That 18, for each of a plurality of Doppler shift values, a corresponding o
value 1s determined, either experimentally, via simulation or combinations thereof,
that yiclds a minimum BER when used 1n Equations 1 and 2 above for channel
tracking and coherent demodulation purposes. By way of example, optimal o as a
function of Doppler shift for an embodiment coherent demodulator 1s shown 1n Fig. 4.

Finally, the data obtained from the steps above, 1.¢., as represented 1n
the graphs of Figures 3 and 4, may be combined to generate a function that yields
optimum ¢ as a function of peak fade depth, using, for example, standard
mathematical tools known in the art. A graph of optimal o as a function of average
peak fade depth for an embodiment coherent demodulator 1s shown 1n Fig. 5. The
data as obtained 1n this step may be encoded 1n the coherent demodulator 100, such as
by way of a formula, lookup tables, combinations thereof or the like to provide a
computable algorithm that converts an input peak fade depth value as generated 1n
step 202 into a corresponding o value that yields an expected minimum BER for
channel tracking and demodulation purposes.

Although the above has been discussed with specific reference to o
filters, 1t will be appreciated that other types of filters may be used to determine the
bandwidth to employ as a function of measured peak fade depth. For example, in
situations 1n which the signal strength 1s known to always be high, one could do away
with filters entirely and simply set the filter bandwidth directly as a function of the
instantancous peak fade depth. Conversely, filters with greater numbers of taps (1.¢.,
using more than one previous time slot) can be employed to estimate the bandwidth as
a function of the averaged peak fade depth or some other function of the instantancous

peak fade depth.
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CLAIMS

1. A method for adaptive channel tracking in a wireless receiver in which a matched
filter bandwidth is adaptively determined for minimizing a bit error rate (BER) when
demodulating a received signal which is subject to time varying amounts of Doppler shift,
the method comprising:

measuring peak fade depth of said received signal over a period of time, the peak
fade depth comprising a ratio of a maximum signal power and a minimum signal power;

using the peak fade depth to generate a channel estimate of a Doppler frequency
shift for said received signal from which an optimal matched filter bandwidth can be
determined; and

controlling a bandwidth of said matched filter based on the channel estimate to

provide said optimal matched filter bandwidth.

2. The method according to claim 1 wherein measuring peak fade depth comprises

measuring average peak fade depth over at least two of the periods of time.

3. The method according to claim 1, wherein said channel estimate 1s obtained using
an o, filter, in which a 1s a filter parameter and in which an output of said o filter is

exclusively a function of its input and an immediately previous output of said a filter; and

determining a value of o based on the measured peak fade depth.

1. The method according to claim 3, further comprising determining a value of o

based on the channel estimate of the Doppler frequency shift.

5. The method according to claim 3, further comprising using a non-linear equation to

determine said value of a that yields a minimum bit error rate for the matched filter.

6. The method of claim 3 wherein the matched filter 1s matched to a received signal
r(1) having £ states according to a plurality of matched filters M} and outputs a signal given
by [F(£)-Ci(t)*Mi(£)|", in which C4(¢) is said channel estimate for a state k at time period
that 1s given by Ci(¢) = a*ci(¢) + (1-a)*Cy(t-1), ci(t) = M *r(t)/(M*cony(My)), and
conj(M;) 1s the complex conjugate of Mj.

-10-
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7. The method of claim 6 wherein a is determined based upon an average of peak

fade depth over a plurality of time periods ¢.

8. The method according to claim 1, wherein said period of time 1s one time slot of
data.
9. An adaptive channel tracker for generating at least a channel estimate for a

matched filter of a receiver for each data slot ¢, the channel tracker comprising:

a peak fade depth estimator configured to measure a peak fade depth of a received
signal over at least a time period of a data slot ¢ and output a corresponding peak fade
depth estimate, where the peak fade depth comprises a ratio of a maximum signal power
and a minimum signal power; and

processing circuitry configured to

generate a current channel estimate of a Doppler frequency shift for said
received signal using the peak fade depth-estimate, and

provide the current channel estimate to the matched filter
wherein said current channel estimate includes at least one value from which an optimal

bandwidth of said matched filter can be determined for said data slot t.

10.  The adaptive channel tracker of claim 9 wherein the processing circuitry 1s
configured to further utilize at least one previous channel estimate and the peak fade depth

estimate to generate the current channel estimate.

11.  The adaptive channel tracker of claim 10 wherein the processing circuitry 1s

configured to implement an o, filter to generate the current channel estimate.

12.  The adaptive channel tracker of claim 11 wherein the processing circuitry 1s

configured to implement a non-linear equation to determine a current value of o according

to the peak fade depth estimate.

13.  The adaptive channel tracker of claim 12 wherein the matched filter is matched to a

received signal #(¢) having k states according to a plurality of matched filters My, and

-11-
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wherein the adaptive channel estimator is configured to output to the matched filter a

plurality of current channel estimates C(¢) for each state £ at time period ¢ that are given
by Ci(t) = a*ci(f) + (1-0)*Cy(z-1), in which c(f) = My*r(t)/(My*conj(My)), and conj(Mj) 1s

the complex conjugate of Mjy.

14.  The adaptive channel tracker of claim 9 wherein the peak fade depth estimator 1s
configured to generate the peak fade depth estimate according to the average peak fade

depth over at least two data slots ¢.

_12-
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