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METHODS, DEVICES AND SYSTEMS FOR 
RECEIVING AND DECODING ASIGNAL IN 
THE PRESENCE OF NOISEUSING SLCES 

AND WARPNG 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit under 35 USC S119(e) 
of U.S. Provisional Application No. 61/880,786 titled “Meth 
ods, Devices and Systems for Receiving and Decoding a 
Signal in the Presence of Noise Using Slices and Warping.” 
filed Sep. 20, 2013, the disclosure of which application is 
herein incorporated by reference. 

INTRODUCTION 

Ingestible sensors may comprise a low power communica 
tor whose transmissions are received by a receiver that may be 
worn outside of the body. Conventional body communica 
tion systems should be capable of processing high-speed raw 
data in a predetermined amount of time, with considerations 
to available power consumption and memory size. In a con 
ventional receiver, the incoming signal passes through an 
analog front-end circuit comprising analog filters and ana 
log electronic amplifiers. The analog filter typically has a 
wide bandwidth, to allow for the detection of all possible 
transmitted frequencies, as determined by the manufacturing 
tolerance of the transmitter carrier frequency. The filtering 
provided in the analog front-end is modest, and allows a 
significant amount of noise to get through along with the 
desired signal. After analog amplification and filtering, the 
signal is digitized by an analog-to-digital converter (ADC). 
The remainder of the processing of the received signal may be 
carried out in digital hardware, such as an embedded micro 
processor, state machine, logic gate array, among others. The 
now-digitized signal may pass through one or more narrow 
band digital filters to remove as much noise as possible before 
decoding is attempted. 

In cases in which the receiver's estimate of the carrier 
frequency has a significant amount of uncertainty, the 
receiver is required to start with a wider-bandwidth digital 
filter and to, therefore, admit a greater amount of noise. The 
greater amount of noise means that a weak signal may be 
missed entirely. To reject the most noise, however, the 
receiver may apply a digital filter with a narrow bandwidth. 
But, if the narrow filter is centered on the incorrect carrier 
frequency, the incoming signal may be missed entirely. For 
efficient detection and decoding of the incoming signal, 
therefore, a balance must beachieved between narrow-band 
width filters to remove as much noise as possible and filters 
having a greater bandwidth to increase the likelihood that the 
signals carrier frequency will be captured when the receiv 
er's knowledge of the incoming carrier frequency is impre 
cise. The receiver, therefore, may be configured to iteratively 
adjust the center frequency of the narrow filter, move it to a 
new center and to thereafter again attempt detection. This 
process of searching for the carrier with a narrow bandwidth 
filter is both time consuming and power intensive. Signifi 
cantly, to re-filter at the new center frequency, the receiver 
either must retain a copy of the original data record in 
memory, or, if the original data is not available, capture an 
entirely new data record. This process not only requires sig 
nificant memory resources (especially using high resolution 
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2 
ADCs) but also expends a significant amount of device bat 
tery life merely to identify the carrier frequency of the incom 
ing signal. 

SUMMARY 

The present invention in its first aspect provides a method 
as specified in the appended claims. 
The present invention in a further aspect provides a pro 

gram. Such a program can be provided by itself or carried by 
a carrier medium. The carrier medium may be a recording or 
other storage medium. The transmission medium may be a 
signal. 

According to one embodiment, a method may comprise 
receiving and sampling a signal. The signal may encode a data 
packet. A slice may be generated and stored comprising a pair 
of values for each of a selected number of samples of the 
signal. The presence of the data packet may then be detected 
and the detected packet decoded from the stored slices. The 
samples of the signal may represent a correlation of the signal 
to reference functions in the receiver. The generating and 
storing slices may be carried out as the received signal is 
sampled. The sampled values of the signal may be discarded 
as the slices are generated and stored. The slice representation 
of the signal can be manipulated to generate filters with flex 
ible bandwidth and center frequency. 

According to one embodiment, a method of detecting and 
decoding a signal arriving at a receiver may begin with the 
receiver receiving an incoming signal, optionally carrying out 
Some analog pre-processing (e.g. amplifying and filtering) at 
an analog front-end, after which the pre-processed data may 
be sampled in an ADC. The sampled raw data, according to 
one embodiment, then may be compared against internal 
reference templates stored in memory, using, for example, a 
correlation algorithm. One exemplary technique comprises 
correlating the sampled incoming signal with predetermined 
reference templates over a time period. 

Embodiments address the problems inherent in capturing 
and storing a great many high-speed samples, which strains 
both computational capability and memory size. Embodi 
ments solve both problems by capturing “slices”. The slice 
data representation, according to one embodiment, contains 
Sufficient information to efficiently and compactly represent 
the incoming signal and to implement filters of most any 
bandwidth. According to one embodiment, slices may be 
Subject to a warping operation, by which sets of slices are 
transformed in useful ways to complete the detection process. 
Indeed, slices may be combined, according to one embodi 
ment, to create filters having selectably wide or narrow pass 
bands. According to embodiments, the warping operation 
may be configured to transform slices captured at one fre 
quency to slices at another nearby frequency. This warping 
operation may be carried out by an algorithm configured to 
find an incoming carrier frequency and to find evidence of 
data packets in a noisy environment. The slice representation 
of signal data, coupled with the warping function, according 
to embodiments, represent a novel and highly efficient way to 
perform Sophisticated detection algorithms with modest 
hardware and memory resources. 

Further features of the present invention will become 
apparent from the following description of exemplary 
embodiments with reference to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows various waveforms and an example slice, 
according to one embodiment. FIG. 1 also shows a system 
comprising a transmitter and a receiver configured according 
to one embodiment. 
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FIG. 2A illustrates correlation of two sampled waveforms. 
FIG. 2B illustrates shows the manner in which one term 

(the sine term, in this case) is calculated, according to one 
embodiment. 

FIG. 3 illustrates aspects of a method of calculating a 
combined slice term (the cosine term, in this case), according 
to one embodiment. 

FIG. 4 shows aspects of a method of combining sine and 
cosine slice terms to form a longer correlation, according to 
one embodiment. 

FIG. 5 shows the phase of a signal depicted as a rotating 
vector in a polar coordinate system. 

FIG. 6A shows a rotating vectorata reference frequency in 
a polar coordinate system. 

FIG. 6B shows a rotating vector at a reference frequency 
and a rotating vector of a signal at a frequency that is greater 
than the reference frequency, in a polar coordinate system. 

FIG. 6C shows a rotating vector at a reference frequency 
and a rotating vector of a signal at a frequency that is lower 
than the reference frequency, in a polar coordinate system. 

FIG.7 shows aspects of warping, according to one embodi 
ment. 

FIG. 8 shows slices warped, aligned and ready for combi 
nation, according to one embodiment. 

FIG.9 shows aspects of a method for searching for a carrier 
frequency using warping of slices, according to one embodi 
ment. 

FIG. 10 shows aspects of Frequency Shift Keying (FSK) 
carrier detection, according to one embodiment. 

FIG. 11 shows aspects offine tuning FSK carrier detection, 
according to one embodiment. 

FIG. 12 is a logic flow of a method of detecting a signal, 
according to one embodiment. 

FIG. 13 is a logic flow of a method according to one 
embodiment. 

DETAILED DESCRIPTION 

FIG. 1 shows a system comprising a low-power oscillating 
transmitter 102 and a receiver 104, according to one embodi 
ment. As shown therein, the oscillating transmitter 102 may 
be separated from the receiver 104 by a communication chan 
nel 103. For example, the oscillating transmitter 102 may be 
disposed within an ingestible sensor whose transmissions 105 
are received by a receiver patch comprising the receiver 104 
that may be worn outside of the body, such as on the skin 106. 
In this case, the communication channel 103 may comprise 
the aqueous environment of the body. The receiver 104 may 
comprise an analog front-end in which the received signal 
may be pre-processed, before being input to an ADC 110. 
which may generate a time-series of raw digital samples. The 
samples may be represented as binary numbers, from 1 to 24 
bits in size, for example. The receiver 104 also may comprise 
a controller 112, which may be coupled to a memory 114. The 
memory 114 may be configured to store, as detailed below, 
slice data, reference templates and other temporary values as 
needed by controller 112. The receiver may also comprise a 
communication interface (not shown), to enable decoded 
payload of packets encoded in the received signal to be com 
municated to the outside world. 

According to one embodiment, a computer-implemented 
method of detecting and decoding a signal arriving at a 
receiver 104 may begin with the receiver 104 receiving an 
incoming signal 105, carrying out Some analog pre-process 
ing (e.g. amplifying and filtering) at analog front-end 108, 
after which the pre-processed data may be sampled in ADC 
110. The sampled raw data, according to one embodiment, 
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then may be compared by the controller 112 against internal 
reference templates stored in memory 114, using a correlation 
algorithm. One technique comprises correlating the sampled 
incoming signal with predetermined reference templates over 
a time period. 

Embodiments address the problems inherent in capturing 
and storing a great many high-speed samples, which strains 
both computational capability and memory size. Embodi 
ments solve both problems by capturing “slices”. The slice 
data representation, according to one embodiment, contains 
Sufficient information to efficiently and compactly represent 
the incoming signal and to implement filters of most any 
bandwidth. According to one embodiment, slices may be 
Subject to a warping operation, by which sets of slices are 
transformed in useful ways to complete the detection process. 
Indeed, slices may be combined, according to one embodi 
ment, to create filters having selectably wide or narrow pass 
bands. According to embodiments, the warping operation 
may be configured to transform slices captured at one fre 
quency to slices at another nearby frequency. This warping 
operation may be carried out by an algorithm configured to 
find an incoming carrier frequency and to find evidence of 
data packets in a noisy environment. The slice representation 
of signal data, coupled with the warping function, according 
to embodiments, represent a novel and highly efficient way to 
perform Sophisticated detection algorithms with modest 
hardware and memory resources. For example, one or more 
microcontrollers, one or more Field Programmable Gate 
Arrays (FPGAs) or Application Specific Integrated Circuits 
(ASICS) may be used to carry out the processing disclosed 
herein. A Digital Signal Processor (DSP) may also be used to 
good advantage. 

SLICE: According to one embodiment, a slice construct is 
introduced. Short correlations, achieved through correlating a 
relatively short portion of the incoming signal (e.g. approxi 
mately 4-8 cycles), are denoted as slices herein. A slice inter 
val, according to one embodiment, may be defined as a pre 
determined period of time. FIG. 1 shows various segments of 
a 20,000 Hz signal. As shown, reference 102 shows a single 
cycle of such a 20,000 Hz signal, whose period T is /20,000 Hz 
or 50 usec. Reference 104 shows a single slice interval, 
defined as a time equal to 4 cycles of the 20,000 Hz signal, or 
200 usec. Herein, a slice interval is arbitrarily defined as 4 
cycles of the incoming signal. A slice interval, however, may 
comprise a different amount of time or number of cycles. For 
example, a slice interval may comprise the time equal to 8 
cycles. Below, unless specifically noted, a slice interval is 
defined as comprising 4 cycles of the incoming signal, it 
being understood that other slice intervals may readily be 
implemented. For example, the slice definition may be 
expressed in cycles, but is not required to be a multiple of full 
cycles of any signal or template. A slice may be any defined 
amount of time. The slice time may be changed in the receiver 
as needed. For example, the receiver could implement two 
slice routines to capture two slice streams simultaneously, 
one at 20 kHz and another at 12.5 kHz, for example. The two 
slice computations could use different slice times suitable for 
each channel. As shown at 106 in FIG. 1, four slice intervals 
may comprise 16 cycles and have a period of 800 usec. Lastly, 
64 cycles of the reference frequency may be divided into 16 
slice intervals as shown at 108. The number of samples of the 
incoming signal included in one slice is governed by the 
definition of the slice interval and the sampling rate of the 
ADC: 

samples per slice=ADC sample rate slice interval. 
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The ADC sampling rate may be at least as often as the 
Nyquist theorem call for; namely, at least twice the frequency 
of interest. According to one embodiment, the ADC sample 
rate may be chosen to be higher, such as five or more times the 
frequency of interest of the incoming signal. Other sampling 
rates may be utilized. In one embodiment, the ADC in the 
receiver (adhered to a patient’s abdomen, for example) may 
be configured to carry out forty or more samples per second. 
The starting times of consecutive slices may advantageously 
be selected to be periodic according to some fixed, for 
example, interval. However, acceptable results may also be 
obtained even when there are brief periods of time when no 
sampling is being carried out. 
To determine the similarity between digitized samples of 

an incoming signal and a reference template, a dot product 
(the sum of the products of corresponding samples) or corre 
lation operation may be carried out. FIG. 2A shows such a 
correlation operation of a digitized incoming signal with a 
cosine template. Here. A may represent the digitized incom 
ing signal and B may represent a template of a first reference 
function Such as, for example, a cosine template at the refer 
ence frequency (e.g. 20,000 Hz). In other words, the cosine 
template B, according to one embodiment, is a representation 
of what the receiver 104 expects the cosine component of the 
received signal to look like and the correlation operation 
determines the degree of similarity between signal A and 
cosine template B. As shown, Samples of signal A are multi 
plied with the corresponding samples of the cosine template 
B, and the results of these additions summed over the number 
of samples N. Stated more formally, C is the scalar product of 
A and B and may be expressed as: 

Similarly, FIG. 2B shows correlation with a sine template. 
Here. A may represent the digitized incoming signal and D 
may represent a template of a second reference function in 
quadrature with the first reference function. For example, the 
template of the second reference function may be, for 
example, a sine template at the reference frequency (e.g. 
20,000 Hz). As shown, samples of signal A are multiplied 
with the corresponding samples of the sine template D, and 
the results of these additions summed over the number of 
samples N. Stated more formally, S is the scalar product of A 
and D and may be expressed as: 

The orthogonal cosine and sine templates are in a quadrature 
phase relationship. The two correlation results, Cand S, when 
taken together, represent a slice. In complex polar notation, 
C+jS is a vector with an angle indicating the phase between 
the incoming signal and the receiver's reference templates. In 
practice, the slice may be thought of as a 1/(slice interval) 
filter. 

According to one embodiment, the Scalars C and S may be 
scaled by a scaling factor. For example, CandS may be scaled 
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Such that they may assume a range of values between, for 
example, 0 and 1. Other scaling factors and ranges may be 
accommodated. 
As shown and discussed herein, the reference templates are 

sine templates and cosine templates. Other periodic shapes, 
however, may be used as the reference templates Such as, for 
example, Sawtooth, triangle or square signals. Selecting non 
sinusoidal waveforms for the reference templates may result 
in some information being discarded, but the signal of interest 
may still be extracted from the received signal. Moreover, 
even though having the reference templates 90 degrees out of 
phase with one another (in quadrature), reference templates 
having other phase relationships with one another may be 
used. For example, the two reference templates could be 89 
degrees or 91 degrees out of phase with one another, without 
substantial ill effect. 

According to one embodiment, slice correlations (or, sim 
ply, slices) may be calculated from the raw digitized samples 
generated by the receiver's ADC 110. These raw digitized 
samples may be correlated against samples of both cosine and 
sine reference templates at the reference frequency (freqRef) 
stored in the receiver 104. The cosine term and sine term of a 
slice, according to one embodiment, may be defined as: 

Slice CosTerm = S. signal X referenceCos 
W 

Slice.Sin Term = X signal X reference.Sin, 

where N is the number of samples in one slice. 
The vector magnitude of a slice may be computed in Root 
Mean Square (RMS) fashion: 

Slice Magnitudevsticecosterm slicesinterm 
The Slice Magnitude quantity is a scalar indicative of the 
magnitude of the combined slices. 
The vector angle of a slice thereof (Slice Angle), is given by 

Slice.Sin Term 
Slice Angle = aretar E. SliceCosTerm 

COMBINING SLICES: FIG. 3 is a diagram showing the 
Scalar dot product of signal A and template B over two slice 
intervals (where, in this figure, the slice interval encompasses 
one cycle of the cosine template), and shows the additive 
nature of the correlation. According to one embodiment, for 
slices to be combinable, each of the reference signals of each 
reference template should be coherent, meaning in phase with 
one another. As shown, the correlation or dot product of A and 
B over two slice intervals (2N samples, in this case) corre 
sponds to the simple Scalar Sum (accumulation) of the corre 
lation over the first N cycles with the correlation over the 
second N cycles of A and B. Or, 
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-continued 
2W 

Ci2 =XA, XB, 
=l 

C2 = C + C2 

Moreover, to compute the correlation for a time interval 
corresponding to 3 slice intervals of A and B, it is not neces 
sary to re-compute C1 and C2. Simply, compute the correla 
tion C3, and add the result to C12 to generate the correlation 
(dot product of vectors A and B over a signal length of 3 slice 
intervals) C13. As a slice is equivalent to a 1/(slice interval) 
filter, as slices are combined into longer correlations, the filter 
bandwidth is correspondingly reduced, as further detailed 
below. 

According to one embodiment, slices are treated as com 
plex pairs, comprising both a cosine term and a sine term. The 
cosine term of a slice, according to one embodiment, repre 
sents the correlation between the sampled incoming signal 
and a cosine template stored in the receiver 104 at the refer 
ence frequency (freqRef). Similarly, the sine term of a slice, 
according to one embodiment, represents the correlation 
between the sampled incoming signal and a sine template 
stored in the receiver 104 at freqRef. FreqRefcan be set to the 
expected or nominal frequency at which the transmitter is 
specified to transmit, but which may vary due to manufactur 
ing variations (which may occur in both the transmitter and 
the receiver), ambient conditions such as the temperature of 
the transmitter and receiver, distortion through the commu 
nication channel (e.g. the aqueous and physiologic environ 
ments of the human body such as the salinity of the stomach 
and Surrounding tissues. Other factors may include, for 
example, variations in the frequency calibration process used 
on the transmitter and receiver, which may not be very accu 
rate, or might have large frequency steps in their adjustment 
method. 

According to embodiments, once the slice calculations 
have been carried out and the slice terms stored in memory 
114, the original raw samples generated by the ADC (and 
from which the slices were generated) now may be discarded, 
as all Subsequent packet detecting, frequency determination 
and payload decoding steps may be based on the stored slice 
data, without the need to ever consult or re-generate the 
digitized samples generated by the ADC. According to 
embodiments, the slice calculation and the storage of the slice 
data in memory 114 may be carried out on-the-fly in real 
time by a suitable controller provided within the receiver 104. 
According to one embodiment, the slice correlation data may 
be calculated and stored in memory 114 by the receiver's 
controller 112 in the controller command execution cycles 
available between ADC sample times. Accordingly, there 
may be no need to store the raw digitized sample stream from 
the ADC 110 in memory 114, which represents a significant 
efficiency. 

According to embodiments, significant reductions in the 
amount of data stored by the receiver 104 may be achieved. 
For example, the reference frequency of the carrier may be 
20,000 Hz, and the sample rate of the ADC may be 3.2 million 
samples per second (SPS), which corresponds to 160 ADC 
samples per cycle of the carrier. The sample rate of the ADC, 
however, may be freely chosen. For example, the sample rate 
of the ADC may be selected to be in the thousands of samples 
per second. For example, the sample rate of the ADC may be 
chosen to be about 200 kSPS, which corresponds to 10 ADC 
samples per cycle of the carrier. A controller 112 may be 
configured to execute, for example, 16 million instructions 
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8 
per second. If a slice interval were to be defined as 4 cycles of 
the reference frequency, at a sample rate of 200 kSPS, there 
are 104 or 40 ADC samples in each slice. There are 16,000, 
000/20,000 or 80 processor cycles available between each 
ADC sample, which is generally sufficient to generate and 
store the slice record. According to one embodiment, each 
individual new sample may be incorporated into the accumu 
lating slice cosine and sine dot products and stored within 
these available processor cycles, thereby enabling the con 
troller 112 to generate the slice data while keeping pace with 
the samples as they are generated by the ADC. The result of 
the slice correlation calculation is two numbers (a cosine term 
and a sine term), which represents a compression, per slice 
(e.g. 4 cycles of the incoming signal) of 40:2 or a compression 
factor of 20 relative to the raw sample stream. In this particu 
lar example, this represents over an order of magnitude reduc 
tion in memory requirements. Increasing the slice time or 
increasing the sampling rate linearly increases this compres 
sion rate. In one embodiment, a sampling rate of 760 kSPS 
allows for 21 processor cycles between samples, which is 
Sufficient computational power to generate slice data while 
keeping pace with the samples as they arrive. Each cycle is 
represented by 760/20 or 38 samples, so each slice represents 
4:38 or 152 samples of the incoming signal. The resulting 
compression factor is 152:2 or a compression factor of 71. 
ANALOG SLICE PROCESSING According to one 

embodiment, the incoming signal may be multiplied by two 
analog multipliers (e.g. quadrature mixers) with two refer 
ence signals. Each of the product signals may then be 
Summed (e.g. by analog integration using a capacitor or an 
active circuit based on Stored capacitor charge) for a period of 
time and then sampled at a much lower frequency. Each such 
sample pair represents a slice pair. Such an analog embodi 
ment may enable power consumption advantages to be real 
ized. 
COMBINING SLICES, FILTERING Effectively, the 

slice correlation calculation represents a filter with a band 
width of 1/(slice interval) which, in the example case of a 
reference frequency of 20,000 Hz, and 4 cycles per slice, 
works out to /200 usec or 5,000 Hz, which is a filter having a 
relatively broadbandwidth. According to one embodiment, 
the constituent cosine components of the slice pair may be 
combined and the constituent sine components of the slice 
pair may be combined, thereby increasing the slice time and 
creating a filter having a narrower bandwidth. Due to the 
inverse relationship between slice interval and filter band 
width, according to one embodiment, a narrower bandwidth 
filter may beachieved through combining slice terms. Indeed, 
slice correlations computed over short periods of time may be 
extended to longer correlations by combining such short peri 
ods of time; that is, by combining slices. Combining slice 
terms, according to one embodiment, may be carried out by 
Summing a number of sequential cosine slice terms, Summing 
the same number of sequential sine slice terms. The resulting 
two new terms, when paired together form a combined slice 
representing a longer correlation. 

According to embodiments, such a slice combination cal 
culation may be performed at every slice index (i.e., without 
skipping to every N' slice index). FIG. 4 is a graphical rep 
resentation of combining previously-computed and stored 
slice pairs of cosine and sine components. As shown, the 
original cosine components of the stored slice data are labeled 
as "original slice cosine terms' and the original sine compo 
nents of the slice data are labeled “original slice sine terms”. 
To combine four slices, the first four cosine terms (i-1, 2, 3, 
4) are summed into a “combined slice cosine term' with slice 
index 1. Likewise, the first four sine components of the slice 
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data are Summed into a “combined slice sine term', starting 
with the current index 1. Therefore, on the first iteration, i=1 
and the previously computed cosine terms indexedati-1, i=2. 
i=3 and i=4 are summed to form Slice Cos Term, and the 
previously computed sine terms indexed at i=1, i=2, i=3 and 
i=4 are combined to form Slice Sin Term, whereupon i is 
incremented to 2. Slice Cos Term may then beformed by the 
four consecutive slice cosine terms, starting with the current 
i=2 slice index; namely, i=2, i=3, i=4 and i=5. Likewise, Slice 
Sin Term may then beformed by a similar computation. This 
operation may be carried out for the entire slice record. By 
varying the number of slices over which the combining is 
carried out, the bandwidth of the resultant filter may be 
selected at will. This ability to rapidly and simply generate 
different filters is a generally useful capability in a receiver. 
By way of a simple example, when the receiver 104 is search 
ing for the carrier frequency of the received signal, a small 
number of slice cosine and sine terms may be combined to 
generate what is, in effect, a filter having a relatively wide 
bandwidth, thereby increasing the probability that the carrier 
will be present somewhere within the frequency range 
encompassed by the wide bandwidth filter. However, such a 
wide bandwidth filter also admits a correspondingly large 
amount of noise, which may render detection of especially 
weak signals difficult. Alternatively, a larger number of slice 
terms may be combined to generate what is, in effect, a filter 
having a correspondingly narrow bandwidth. Such a narrow 
bandwidth filter, however, does not admit a large amount of 
noise, which may facilitate the detection of the carrier fre 
quency. 

According to embodiments, one result of combining slices 
is a digital filter having reduced bandwidth, while maintain 
ing the time resolution of the original slices. It is to be noted 
that such filters may be constructed using only the slice data 
stored in memory 114, as the original raw ADC data may have 
already been discarded and may be, therefore unavailable. 
According to embodiments, slice combinations over a greater 
number of slices may be implemented. Moreover, slice com 
binations may be repeatedly performed over different num 
bers of slices (hence implementing filters of different band 
widths) using the original slice data or using previously 
combined slice records, without re-referencing the original 
raw ADC samples (which may have been previously dis 
carded anyway) and without re-acquiring the incoming signal 
and re-generating new raw ADC samples. Because of the high 
level of compression represented by slice data (i.e., over an 
order of magnitude in the example being developed here 
with), long recordings of slice data may be stored in, for 
example, controller memory, even in the face of strict 
memory size constraints. The memory 114 shown in FIG. 1 
may be external to the controller 112 or internal thereto. 

According to one embodiment, one need not combine 
slices if the original slice interval is defined to be as long a 
period of time as a combined slice would be, had the slices 
been combined. For example, the slice interval may be 
defined to be longer than 4 cycles, which is the exemplary 
implementation discussed herein. This may be desirable in 
systems in which there is good crystal control of the trans 
mitter and the receiver. In such cases, warping (as discussed 
herein below) need be carried out over only a narrow fre 
quency range to find the carrier frequency and/or to detect the 
presence of a packet in a noisy environment. Therefore, 
according to one embodiment, the originally-captured set of 
slices may be used to form a filter, without the need to com 
bine slices as described herein. 
As the slice combining calculations described and shown 

herein are largely composed of additions, such combining 
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10 
calculations may be carried out efficiently. Also, as the slice 
combining operation may operate only on the indexed slice 
cosine and sine terms stored in memory 114, the combining 
operation need not be carried out in real time, as the raw 
samples arrive, as it may be carried out after all slice pairs 
have been generated from the raw ADC samples of the incom 
ing signal and stored in memory 114. Moreover, as the com 
bining operations do not, according to one embodiment, alter 
the stored indexed slice pairs, the slice combining operations 
may be repeated any number of times, depending on the needs 
of the overall detection and decoding algorithms. That is, the 
original slice data may be reused many times at will. Alter 
natively, the slice combining operation may be performed on 
slices that themselves are the result of a combining operation. 
For example, a combination of four slices (a 4-slice slice 
record) may beachieved either by 1) Combining four original 
slices to generate a 4-slice slice record, or 2) Combining two 
original slices into a 2-slice slice record, and then combine 
two slices from the 2-slice slice record to generate the desired 
4-slice record. Such flexibility can be exploited to, for 
example, conserve memory in the processor. 
SUMMARY SILICE AND SILICE COMBINING TO 

review the slice representation up to this point in the discus 
Sion, an incoming signal can be captured by a sequence of 
short correlations against reference templates. The templates 
may comprise a first reference function and a second refer 
ence function. According to one embodiment, the first and 
second reference functions are in quadrature. For example, 
the first reference function may be or comprise a cosine 
function and the second reference function may be or com 
prise a sine function. The length of the correlation may be 
conveniently selected to be a few periods (or more) of the 
template functions. The result of a correlation is two scalar 
terms that can be thought of as representing a complex num 
ber: cos term--sin term. Each correlation result is herein 
referred to as a slice, and a number of slices are captured in 
memory in a slice record. One operation that may be applied 
to a slice record is slice combination as described above. 
Combining slices is performed with simple additions of the 
individual slice terms. Combining slices results in a new slice 
record representing a filter of narrower bandwidth than the 
original slice record. This capability is highly useful in receiv 
ing and filtering a signal embedded in noise. 
To this point in the discussion, the center frequency of the 

combined-slice narrow-band filter is the frequency of the 
reference template functions. This choice of only a single 
center frequency is a significant limitation to the slice capture 
and slice combining operations described to this point. The 
following sections describe a method, according to one 
embodiment, to move the slice record to any nearby fre 
quency, thereby significantly increasing the utility of the slice 
representation. 
WARP An important function in any signal processing 

device is the ability to respond to variations in the transmitted 
signal frequency. For systems capturing a signal in the slice 
representation described above, the same need applies. After 
capturing a signal in slice form using correlation to reference 
templates, it may be desirable to create filters at a frequency 
other than the reference frequency, (e. g. at a frequency 
freqRef plus a frequency delta (freqDelta). The frequency 
delta may be either a positive or negative offset from freqRef. 
According to one embodiment, such a new narrow-band filter 
centered at freqReft-freqLelta may be created by a) capturing 
slice records at a reference frequency (freqRef), b) transform 
ing (also denoted as “warping herein) the original slice 
record into a new warped slice record using a complex vector 
rotation operation in which the rotation angle is governed or 
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determined by a so-called warping function (WF), and c) 
combining the warped slices to generate a narrow-band filter 
now centered at frequency freqRef-freqDelta. 
One embodiment, therefore, enables slice data taken at one 

frequency (e.g. freqRef) to be warped to slice data at another 
frequency, say freqRef-freqLelta. This may be carried out, 
according to one embodiment, without acquiring new data 
and without the need to re-use the original samples generated 
from the ADC 110 at the analog front end of the receiver 104, 
as Such original data stream may be discarded—or may sim 
ply never be stored. According to one embodiment, therefore, 
a warping method may be configured to shift the center fre 
quency of a digital filter without re-acquiring new data and 
without re-using the original samples generated by the ADC 
110 to which the (processed) incoming signal is input. 
POLAR NOTATION FIG.5 shows a vector 504 of length 

1 in a polar coordinate system 502. As shown, any point in the 
polar coordinate system 502 may be represented as a complex 
pair, namely (x, y). Equivalently, any point in the polar coor 
dinate system 502 can be represented by a magnitude 504 and 
angle, (r. 6) where 0 (505) is the angle of the vector 504 
relative to the positive x-axis. Points Z in the complex plane 
may be defined as those points satisfying the equation ZircoS 
0+r sin 0. The coordinates of any point comprises both a 
cosine term: rcos 0 (508) and a sine term: rsin 0 (506). 
As shown in FIG. 6A, a reference frequency freqRef, such 

as the frequency of a reference template used in a correlation 
operation, may be represented as a rotating vector in a polar 
coordinate system. Ideally, the frequency of a signal received 
by a receiver would be exactly the same frequency that was 
transmitted, the reference frequency. Practically, however, 
such is not often the case. The frequency of the received 
incoming signal may be higher than that of the reference 
frequency freqRef. In that case, using the rotating vector 
representation of FIG.5, the vector representing the incoming 
signal would lead (rotate faster than) the vector representing 
the reference frequency freqRef, as shown in FIG. 6B. Simi 
larly, the frequency of the received incoming signal may be 
lower than that of the reference frequency freqRef. In that 
case, the vector representing the incoming signal would lag 
(rotate slower than) the vector representing the reference 
frequency freqRef, as shown in FIG. 6C. 

In the example of FIG. 7, the incoming signal is shown as 
a higher frequency than the reference frequency. With refer 
ence to FIG. 7, a polar coordinate system is illustrated, with 
the X-axis corresponding to the cosine term and the y-axis 
corresponding to the sine term. A reference signal (freqRef. 
Solid line) is shown, by convention, as a vector pointing along 
the positive X-axis (cosine axis). Slice data generated from an 
incoming signal are shown as dashed vectors representing 
slices 1, 2, 3, 4, etc. In this static representation, it can be seen 
that the vector representing the first slice establishes an arbi 
trary (0 to 2at radian) phase angle C. with respect to the 
reference frequency vector. In this example, the Subsequent 
slice vectors having slice indices 2, 3, 4, etc., lead (i.e., rotate 
faster than) the reference vector by an ever-increasing angle. 
The observation central to the warping concept is that the 
angle for each Successive slice increases by a constant angle 
for all slices.d. That is, the second slice vector is at an angle 
dB relative to the first slice vector, the third slice vector is at an 
angle of db relative the second slice vector, or equivalently 2D 
relative to the first slice vector, and the fourth slice is located 
at an angle did relative to the third slice, or equivalently 3d 
relative to the first slice vector. The angle dp, and multiples 
thereof, therefore, may be thought of as the amount of lead or 
lag from slice to slice, and multiples thereof represent the 
amount of lead or lag with respect to the reference vector. 
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FIG. 7 demonstrates that for an incoming signal frequency 
that does not perfectly match the reference frequency, the 
slice data becomes more and more out of phase (leads or lags) 
with the reference vector as the slice number increases. Even 
a very Small initial angled tends to grow Such that the slices 
become significantly out of phase over time. The angle d is 
proportional to the ratio of freqDelta (the frequency differ 
ence between the incoming signal and the reference templates 
in the receiver) to the frequency of the reference templates, 
freqRef. The angle d is also proportional to the slice interval. 
According to one embodiment, the angled in radians may be 
defined as 

CD = 2: freqDelta freqRef ) cycles per slice 

where freqLelta is the difference between the frequency of 
the incoming signal (freqSignal) and the frequency of the 
reference signal (freqRef), 

freqLDelta=freqSignal-freqRef 

For a signal with a constant frequency, the angular shift 
between slices is consistent across slices. AS graphically seen 
in FIG. 7, the amount of rotation for successive slices is not a 
constant angle with respect to the reference. Rather, the angle 
by which each successive slice is shifted, relative to the first 
slice is, in this illustrative example, an integer multiple of the 
angle d. 
VECTOR ROTATION The general form of a complex 

vector rotation by an angle 0 can be represented in matrix 
form as: 

cost -sine | X 
siné cosé Ly 

Where x and y are the original vector coordinates and 0 is the 
rotation angle, with positive rotation in the counterclockwise 
direction. The resulting rotated vector coordinates are X and 
y'. In algebraic form, the rotation operation can be expressed 
by two equations: 

The operation may be represented informally as 

rotated vector=Vector Rotate(input vectorangle) 

In slice notation, cos term plays the role of the X value, and sin 
term plays the role of they value. 
WARP FUNCTION A complex representation allows 

slices to be displayed as vectors on a complex polar plane. 
Complex vector notation is a convenient way to illustrate 
warping operations in the following description of the so 
called warp function (WF). Slices may be represented as 
complex pairs; namely, costerm--sinterm. According to one 
embodiment, the manner in which slice data are operated 
upon may be characterized as vector rotation where the rota 
tion angle is determined by a Warp Function (WF). Warping 
of a slice record may be the result of a complex vector rotation 
operation (say, VectorRotate), which takes two arguments: 
the input slice data record (denoted Input Slice below) and a 
rotation angle (determined by the output of a Warp Function) 
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to which each slice in the slice data record is to be rotated. 
Stated more Succinctly, the generalized warping operation 
may be described as: 

Warped Slice(i)=Vector Rotate(Input Slice(i), WF(0,i, 
other arguments)) 

Where i runs from 1 to the number of slices in the slice record. 
The rotation angle is derived from a warp function, 

angle(i)=WF(0,i,other arguments) 

In various embodiments, the selection of the warp function 
WF and the angle 0 in the equation determines the properties 
of the resulting warped slice record. 
WARP FUNCTION EXAMPLES This Section 

describes a number of warp functions, from a simple case to 
a more complex case from which several useful definitions 
may be derived. 

Beginning with a relatively simple example, the warp func 
tion may be defined as WF()=1-0. Applying this warp func 
tion to the slice record results in the entire slice record being 
shifted by a constant phase angle 0. In the polar coordinate 
diagram of FIG. 5, this warp function corresponds to rotating 
all slice vectors by the same amount, 0. In the time domain, 
the constant phase shift advances or delays the incoming 
signal with respect to the receiver's reference templates, 
without otherwise altering the properties of the signal. 
WARPING TO TUNE SLICES TO A NEW CENTER 

FREQUENCY In one embodiment, the warp function may 
be defined as 

where the canonical index i is the slice index number (not the 
complex root 'i') and dd is the angle between successive 
slices. Then 

Warped Slice(i)=Vector Rotate(Input Slice(i),-i-d) 

The warp operation may be carried out on the original slice 
terms (cos term, sin term) to generate the warped slice record 
comprising warped slice terms (warped cos term, warped sin 
term): 

warped cos term (i)=cos term (i) cos(-i-d)-sin term (i); 
sin(-idd) 

warped sin term (i)=cos term (i) sin(-idd)+sin term (i) 
cos(-idd) 

The warp operation immediately above effectively 
re-tunes the receiver 104, using the stored slices, to a new 
frequency (freqRef-freqLelta). According to embodiments, 
this re-tuning is achieved from the stored slice data and not 
from a re-acquisition of slice data at Some other frequency 
(such as the new frequency) or a re-processing of the original 
ADC samples—which were may have been discarded or 
never even stored upon acquisition thereof. Moreover, Such 
an operation is not a straightforward vector rotation, but 
rather a warping operation on slices, which has the resulting 
effect of tuning a slice record from one frequency (freqRef) to 
another (freqReft-freqDelta). As shown in FIG. 8, slices 1, 2, 
3 and 4, ... N become aligned with each other. Performing a 
slice combining operation, as described earlier, on a set of 
warped slices produces a peak response at the warped fre 
quency, freqRef-freqDelta. This corresponds to a filter tuned 
with this center frequency. FIG. 8 illustrates how slice com 
bination (a vector addition), according to one embodiment, 
combines the aligned slice vectors resulting from the warp 
operation. If the incoming signal is a frequency equal to 
freqRef-freqLelta, slices in the warped slice record will be 
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14 
aligned with each other or Substantially aligned with each 
other, and will combine to give the maximum possible filter 
response. 
FINDING CARRIER BY WARPING AND SILICE COM 

BINATION According to one embodiment, the warping 
and slice combining functions shown and described herein 
may be used to identify the incoming carrier during the initial 
phase of the detection process by searching for the transmit 
ted carrier over a range of frequencies. As shown in FIG. 9. 
freqRef is a reference frequency Such as, for example, the 
frequency at which the transmitter was nominally designed to 
transmit. The actual carrier 904 may be unknown a priori to 
the receiver 104, which may then search for the actual carrier, 
armed only with the knowledge of the reference frequency 
and perhaps some knowledge of the transmitter (for example, 
that the actual frequency at the receiver is unlikely to deviate 
from the reference frequency by more than some number of 
Hertz). According to one embodiment, to find the actual car 
rier 904 of the incoming signal, the incoming signal may be 
sampled and converted to digital form (optionally after some 
analog pre-processing) and converted to slice data (complex 
cosine, sine pairs). The received incoming data is, therefore, 
converted to slice data, indexed and stored (the sequential 
storing of the slice data starting from a known memory loca 
tion may inherently operate to index the slice data) as the 
ADC 110 generates samples from the incoming pre-pro 
cessed (e.g. filtered, amplified and/or normalized among 
other possible operations) analog data. The sampled incom 
ing data (e.g. samples generated by the ADC 110) need not be 
stored and if stored, may be discarded after the generation and 
storage of the slice data. The stored slices may then be com 
bined over a selectable number of slices to achieve a filter 905 
having a correspondingly selectable bandwidth. The band 
width of the filter may be selected by combining fewer (re 
Sulting in abroader filter) or a greater number of slices (result 
ing in a narrower filter). A peak in the filtered slice data may 
be indicative of the actual carrier. If no peak is detected 
indicative of the presence of the actual carrier 904 within the 
pass-band of the filter, the warping function shown and 
described above may be used to warp the original slices (in 
exemplary FIG. 9) to a next candidate frequency 906, a shift 
of freqDelta Hz in FIG. 9. The warped slices may again be 
combined to form a selectably narrow or broad filter at a new 
center frequency 907 and the presence of a peak 908 that is 
indicative of the actual carrier may be checked. This process 
may be repeated rapidly until the frequency of the actual 
carrier 904 is encompassed within the pass-band of the filter 
909. Increasingly good estimates of the frequency of the 
actual carrier 904 may then be made by constructing one or 
more filters having a narrower band-width (by combining a 
greater number of slices) and checking for the presence of the 
actual carrier 904. Such narrower filters may aid the detection 
process, as a great deal of the noise may be attenuated. Such 
that much of the energy within the pass-band of the filter 
originates from the carrier 904. The carrier hunt strategy 
described above is one simple strategy for locating the actual 
carrier. Other strategies may be envisioned that use warping 
and slice combination functions to achieve the same end. 
USING A SINGLE SLICE RECORD TO DETECT 

FSK According to one embodiment, the warping function 
shown and described herein may be used for efficient detec 
tion of Frequency Shift Keying (FSK) modulation. It is to be 
noted that FSK detection may also be carried out by perform 
ing two parallel slice computations, one at freq0 and one at 
freq1. Referring now to FIG. 10, the incoming data may be 
converted to slice data at one reference frequency (freqRef) 
1001 that may be selected, according to one embodiment to 
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be, for example, about mid-way between the known or nomi 
nal upper (freq1) 1002 and nominal lower (freq0) 1003 FSK 
frequencies. If not already, the slice data may then be indexed 
and stored as the ADC 110 generates digital samples from the 
incoming pre-processed analog data. The incoming data (e.g. 
samples from the ADC 110) need not be stored and if stored, 
may be discarded after the acquisition and storage of the slice 
data. The stored slices may then be selectably warped over a 
selectable number of frequencies and combined to achieve a 
first relatively wide-band filter having a center frequency that 
is centered on one of the two nominal FSK frequencies, say 
freq0 1004. Effectively, this re-tunes the receiver 104 from a 
first frequency (freqRef in this example) to a second fre 
quency freq0 away from the first frequency by an amount (in 
Hz) equal to the difference between freqRefand freq0. Simi 
larly, the original stored slices may then be selectably warped 
over a selectable number of frequencies and combined to 
achieve a second relatively wide-band filter having a center 
frequency that is centered on the second of the nominal FSK 
frequencies, freq1 1005 in this example. As was the case with 
the re-tuning of the receiver 104 to freq0, this effectively 
retunes the receiver 104 from the first frequency (freqRef in 
this example) to a second frequency freq1 away from the first 
frequency by an amount equal to the difference between freq1 
and freqRef. When re-tuning the receiver 104 to freq0 and 
freq1, the pass-band of the first 1004 and second 1005 filters 
may be configured to be relatively wide (by combining rela 
tively few slices) so as to increase the likelihood that, in each 
instance, the actual FSK frequencies (presumably in the 
vicinities of freq0 and freq1) will be located within the pass 
band of the respective first and second filters. The warping 
function may be applied as needed to hunt or fine-tune for the 
actual FSK frequencies. The detection may be refined by 
constructing relatively narrower filters (by combining a rela 
tively greater number of slices), which would increase the 
S/N of the output by attenuating a greater amount of noise. 

Indeed, according to one embodiment and with reference 
to FIG. 11, Supposing that an indication of the actual first and 
second FSK frequencies (actual freq0 at reference numeral 
1104 and actual freq1 at reference numeral 1110) is detected 
within the pass-band of the wide-bandwidth filters generated 
from the slice data, the warping function may be used again 
for a precise identification of the two actual FSK frequencies 
actual freq0 1104 and actual freq1 1110. As shown, freq01102 
and actual freq0 1104 differ by freqLDelta0 Hz, as shown at 
reference numeral 1106. Similarly, freq1 1108 and actual 
freq1 1110 differ by freqDelta1 Hz, as shown at reference 
numeral 1112. The two deltas, namely freqDelta0 1106 and 
freqLelta11112, represent the amount of deviation of the two 
FSK frequencies away from the nominal FSK frequencies 
freq0 1102 and freq1 1108 at which the transmitter was 
designed to transmit. Such deviation may be caused by, for 
example, a calibration error caused by imperfect tuning of the 
transmitter at the factory, temperature effects, or other envi 
ronmental effects such as local conductivity around the trans 
mitter that influence the transmitted frequency. As such, freq0 
1102 and freq1 1108 may be thought of as a first order 
approximation of the location of actual freq0 1104 and actu 
alfreq1 1110, respectively. To fine tune the receiver 104 to the 
two actual FSK frequencies actual freq0 1104 and actual freq1 
1110 and to reject unwanted signal(s) (if any), the warping 
function may be again applied to the already-warped slice 
data to iteratively (if required) create suitably narrow band 
width filters at different center frequencies until strong peaks 
indicative of the presence of the actual frequencies at 1104 
and 1110 appear in the pass-bands of the filters. This process 
may be iteratively carried out until the actual frequencies at 
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1104 and 1110 are sufficiently isolated and the frequencies 
(noise, generally) on either side of the thus-created narrow 
band filters are rejected to enable reliable detection and 
decoding. 

Referring again to FIG. 11, after having detected the actual 
FSK signals around nominal frequencies freq0 1102 and 
freq1 1108, the warping function may be applied to re-tune 
the receiver 104 (if not already re-tuned as a result of search 
ing for the two actual FSK frequencies) from freq0 1102 to 
actual freq0 1104, by warping the filter by a few Hz, shown in 
FIG. 11 at freqDelta0 1106. Similarly, the warping function 
also may be applied to re-tune the receiver 104 from freq1 
1108 to actual freq1 1110, by again warping the filter by a few 
Hz, shown in FIG. 11 at freqLDelta1 1112. The result of this 
fine tuning, therefore, is a receiver 104 that utilizes slice data 
acquired at freqRef and that has been re-tuned to the first and 
second actual FSK frequencies; namely, freqwarp0 1114 
(equal to freq0-freqReft-freqDeltaO) and freqwarp 1 1116 
(equal to freq1-freqRef-freqDelta1). As the relationship 
between the two FSK frequencies is known a priori to the 
receiver (such as a known ratio relationship). Such relation 
ship may be exploited by the receiver as it tunes the two 
separate FSK frequencies. 

According to one embodiment, therefore, an FSK receiver 
104 may be configured to be tuned at a frequency freqRefthat 
is neither the first FSK frequency freq0 nor the second FSK 
frequency freq1. The receiver 104 may then be re-tuned, 
using warp and slice combining functions, to each of the first 
and second FSK frequencies freq0 and freq1 and, thereafter, 
to the actual FSK frequencies through fine-tuning without, 
however, re-acquiring data at either of these frequencies; that 
is, without re-acquiring new raw ADC data at the re-tuned 
frequency or without reading previously stored sampled raw 
data from memory 114. Moreover, such re-tuning according 
to embodiments may be carried out by processing vastly less 
data (by, e.g. orders of magnitude or more) than would oth 
erwise be required had new ADC data been acquired or had 
the original data been maintained in memory 114 and re 
processed to detect the freq0 and freq1 FSK frequencies. That 
is, according to one embodiment, the re-tuning of the receiver 
104 may be effected solely by carrying out what are, for the 
most part, addition operations with Some multiplication 
operations on a limited Store of previously-acquired slice 
data. 
WARPING TO REDUCE NOISE, ALIGN SLICESTO 

AN AXIS Referring to FIG. 8, the aligned slice vectors 
have a non-zero cosine component along the X-axis and a 
non-Zero sine component along the y-axis. Each of these 
components may include Some signal component and some 
noise. According to one embodiment, if the aligned slice 
vectors of FIG. 8 were forced to align with, for example, the 
X-axis (thereby driving the sine component thereof to Zero), 
the sine components thereof would include Zero signal and 
only noise. This noise may be safely ignored, as all of the 
energy of the slice (and thus of the signal) is now aligned with 
the X-axis. Accordingly, one embodiment changes the warp 
ing functionWF in the detection to put all the slice energy into 
one of the two dimensions. For instance, if all slices were to be 
pointed along the real axis (cosine, X-axis), then no signal 
would be left in the imaginary (sine, y-axis) axis, leaving only 
noise therein. According to one embodiment, therefore, 
aligning the warped slices to either the X, or y axis may be 
carried out by adding a constant angle (0) to the warped 
slices: 
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Accordingly, this implementation of the warping function 
adds a constant angle after Scaling db by i, the slice index 
number. The addition of the constant angle, 0 (which may be 
positive or negative in sign) causes the output slices to be 
aligned in a selected (and preferred) direction, for example, 
aligned with the real axis (cosine component or X-axis) or the 
imaginary axis (sine component or y-axis). The warped 
slices, however, may be aligned by warping to any angle 
though judicious selection of the constant angle. 
WARPING TO CORRECT FREQUENCY DEFECT 

According to further embodiments, warping functions may 
be devised based on more Sophisticated patterns or sequences 
of the slice index number. For example, the Scaling factor 
need not be an integer. For example, if a transmitter transmits 
packets whose frequency falls (or rises) towards the end of a 
packet, the warping function may be adapted to track that 
falling frequency toward the end of the packet. For example, 
assuming the receiver has identified the starting slice index of 
a packet, the following warp function could be applied to the 
slice record for the purpose of aligning all slices in a packet. 

WF( )=(Scaling Factor-idd) 

where, for example, Scaling Factor-11 11 11 1 1 0.90.90.8 
0.80.70.6 0.5 0.3 etc. The scaling factor may be analgebraic 
expression or may be read from a table stored in memory 114 
with suitable values stored therein. The warping function, in 
this manner, may be configured to track any quantifiable 
change in the frequency profile of the received packets, 
thereby allowing for, for example, non-constant and/or non 
integer sequential adjustments of warping angled from slice 
to slice. 
WARPING TO DETECT CHIRP Warping, according to 

one embodiment, also may be applied to any incoming signal 
having a non-constant frequency, such an intentional chirp 
type signal, or a transmitter with poor frequency control 
where the frequency of the transmitted signal increases or 
decreases as the transmitter battery depletes. 

For example, if the incoming signal is a rising chirp, the 
slice data may be warped by an angle that increases faster than 
the integer pattern shown and described relative to FIGS. 7 
and 8. For example, the first slice may be warped by 1 (p, the 
second slice may be warped by 2.2 dB, the third slice may be 
warped by 3.3 dB, and so on. According to embodiments, 
therefore, the computation of the warping angle may com 
prise any function that reflects the frequency structure of the 
expected incoming signal. The use of slices, according to 
embodiments, enables efficient use of resources, in that a high 
degree of data compression may be achieved by converting 
the raw sample stream from the ADC 110 to slice data and 
discarding (or failing to store) the raw sample data. This is 
significant not only in terms of the size of the memory 114 
required, but also in terms of the amount of calculations to be 
carried out later in the detection and decoding processes. The 
use of slices, warping functions, and slice combining func 
tions, according to embodiments, also affords the receiver 
104 a high degree of flexibility at multiple places in the 
detection algorithm. Because the original slices can be 
designed to have a relatively wide bandwidth, they can be 
re-tuned/warped over great number of HZ in either direction. 
For example, a slice with a 5000 Hz bandwidth, according to 
embodiments, may be warped 1000-2000 Hertz or more, up 
or down, without significant loss of signal strength. SLICE 
CORRELATION: FINDING A KNOWN PATTERN AC 
cording to one embodiment, a detection procedure may be 
carried out, to determine the presence of one or more data 
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packets in the slice record. According to one embodiment, it 
is not the original raw ADC sampled data stream that is 
analyzed (which may have been previously discarded any 
way), but the indexed and stored slice data. According to one 
embodiment, a function (for example, a real or complex cor 
relation function) may be applied to the slice data, to compare 
the slice data with one or more pre-stored slice patterns cor 
responding to a known slice pattern in the signal. According 
to one embodiment, the data packets sought to be detected 
(and framed, to determine the boundaries thereof) may com 
prise a preamble of known length and configuration, followed 
by a payload of known length from which useful information 
may be extracted by a decoding process. For example, each 
data packet sought to be detected may comprise a preamble 
comprising 11 bits. For example, the preamble may comprise 
a known sequence Such as, for example, a sequence of 7 Zeros, 
followed by 1010 (00000001010). To determine the presence 
of a packet, therefore, a real or complex correlation function 
may be applied, according to one embodiment, to cross 
correlate slice data to a slice pattern corresponding to the 
known preamble. To the extent that the slice data encodes data 
corresponding to one or more preambles of one or more data 
packets, the correlation function will return higher results 
when the preamble(s) of the input slice data and that of the 
template are aligned with one another, correspondingly lower 
results as the preambles in the input slice data and the tem 
plate are only partially aligned with one another and lowest 
results when the preambles in the input slice data and the 
template are not aligned with one another or the input slices 
do not comprise any packets. This cross-correlation operation 
represents a very narrow-band filter, with bandwidth propor 
tional to the reciprocal of the number of slices in the known 
preamble. 

In one embodiment, slice correlation and warping may be 
used together to provide a fair estimate of the actual carrier 
frequency of the received signal, as the receiver 104 is itera 
tively re-tuned through warping and the resultant warped 
slices correlated with, for example, the expected slice pattern 
used to determine the presence and boundaries of the pre 
amble. In this manner, a high correlation value may be asso 
ciated with the actual carrier frequency of the received signal. 
SLICE CORRELATION: FINDING EVIDENCE OF A 

PACKET. According to one embodiment, a detection pro 
cedure may be carried out to determine the presence of one or 
more data packets in the slice record prior to determining the 
frequency(ies) of the carrier(s). As in the discussion of cross 
correlation with a pre-stored template above, only the indexed 
and stored slice data need be analyzed. According to one 
embodiment, a function (for example, a real or complex cor 
relation function) may be applied to the slice data, to compare 
the slice data with itself (auto-correlation). Often, it is useful 
to perform correlation calculations at just a few different lags. 
For example, is the energy for an entire slice record, A, can be 
estimated by slice correlation with lag 0: 

W 

Corr(0) = X AXA 
=l 

AutoCorr(O) represents the baseline energy level for the 
slice record, against which other autocorrelations can becom 
pared. 
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For a slice record containing no packets, slice auto-corre 
lation with lag 1: 

W 

Corr(1) = X An XA-1 

According to one embodiment, prior to determining the 
frequency(ies) of the carrier(s), an autocorrelation may be 
performed on the slice record A to determine if a packet is 
present therein. For a case where the slice record contains one 
or more packets, Corr(1) will have a higher value relative to 
Corr(O). This is an indication that a packet exists somewhere 
in the slice record. For a slice record containing no packets, 
slice auto-correlation with lag-1 will have a very low value 
relative to AutoCorr(O) if the slice record contains only uncor 
related noise. According to one embodiment, a packet may be 
considered to have been detected when the autocorrelation 
term Corr(1)/Corr(O) is determined to be above a predeter 
mined threshold. 

Confirmatory evidence for the presence of a packet can be 
developed if multiple packets exist in the slice record at a 
known packet separation m (measured in slices). Correlating 
the slice record with a lag m (lag equal to the packet spacing) 
produces a high correlation result if packets are present at the 
anticipated spacing: 

N 

Corr(n) = X An X Ann 

According to one embodiment, a packet may be considered 
to have been detected when the correlation terms computed 
multiple times over a range of anticipated packet separations, 
Corr(m-trange), are determined to be above a predetermined 
threshold relative to Corr(O). The expected range of packet 
separations arises due to variations in the as-yet to be deter 
mined packet frequency. In this manner, using slice data, 
packet detection may be carried out by correlating a delayed 
version of the slice record A with the slice record A and 
monitoring the magnitude of the resulting correlation terms. 
OVERLAPPING PACKETS According to one embodi 

ment, the greater the number of packets in a slice data record, 
the better the auto-correlation results may be. Slices repre 
senting multiple Suspected packets may be added to one 
another, to increase the likelihood of correct packet detection. 
Moreover, the packet boundaries may be determined by add 
ing two or more suspected packets with one another. The 
result of the addition will be highest when the respective 
packets are perfectly aligned. The Suspected packets may be 
shifted by one or more slices (according to one embodiment, 
by the number of slices between packets) and the addition 
operation may be applied to the shifted packets in this manner 
to determine the boundaries of the packets. It is to be under 
stood, however, that there is more than one method of packet 
detection and framing. All Such methods are understood to be 
encompassed by the present embodiments. It is also to be 
understood that, having identified the boundaries of packets, 
the signal to noise ratio is increased when only the packet is 
observed, as the only noise present is that within the packet 
and as all noise outside of the packet boundaries may be 
excluded or greatly attenuated. 
MODULATION SCHEME: BPSK The packet need not 

be encoded and decoded using FSK modulation. According to 
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one embodiment, anotherforms of digital modulation may be 
used such as, for example, binary phase shift keying (BPSK). 
In Such an encoding scheme, the symbol 0 may be encoded 
using a sine waveform of a certain number of cycles and the 
symbol 1 may be encoded using a -sine waveform out of 
phase by It radians of the same number of cycles. For 
example, a packet encoded using BPSK may comprise a 
preamble and a payload. The preamble may comprise, for 
example, seven 0s, followed by 1, 0, 1 and 0, in the form 
(000000001010). Real or complex correlation methods may 
be utilized,as described above, to determine the presence of 
one or more packets by comparing the slice record to a pre 
determined slice pattern representing the preamble. This 
operation serves to identify the presence of a packet and to 
synchronize the receiver 104 with the starting bit of the pre 
amble. As noted above, the correlation function may addi 
tionally provide an estimate of the actual carrier frequency of 
the signal. 
ITERATIVE DECODING According to one embodi 

ment, the bits of the packet payload may be decoded in the 
receiver one at a time in Succession. To determine whether a 
bit is a logic Zero or a logic one, successive correlations 
against a “Zero template” and a "one template may be used, 
with the larger of the two correlation results indicating the 
value of the bit. Such a method may, according to one embodi 
ment, be used to decode the payload of a packet that appears 
after the preamble thereof, as the bit sequence in the payload 
is most often unknown a-priori by the receiver. 
ARCTANGENT According to one embodiment, in 

cases in which the signal to noise ratio is reasonable (e.g. 
around 0 dB or above), taking the arctangent of slices con 
taining suspected packets may be revealing, and may identify 
the presence or absence of a packet. 
CARRIER HUNT STRATEGY According to one 

embodiment, once the presence of one or more packets in the 
slice data is determined, to determine the frequency(ies) with 
which the packets were modulated, whether encoded using 
FSK or PSK (for example) or however encoded, if a rough 
estimate of the actual frequency of the signal is known (say 
within 20 Hz, for example for an exemplary 20 kHz signal), 
the magnitudes of the correlations of the preamble, for 
example, may be determined at each of 20 different frequen 
cies, at 1 Hz (or less) increments. According to one embodi 
ment, the rough estimate of the carrier frequency(ies) may be 
the nominal frequency(ies) with which the transmitter is 
designed to transmit. Some knowledge of the communication 
channel may enable such an educated guess as to the fre 
quency range within which the actual signal is likely to be 
found. In such a case, after having computed the correlation 
for each frequency within the frequency range, the frequency 
associated with the largest correlation magnitude may be 
safely assumed to be the (or one of the) carrier frequencies. 
FIXDETECTION BY FLATTENING PHASE It is to be 

understood that other methods of determining the frequency 
of a detected packet may be employed, without departing 
from the scope of the embodiments described in the present 
disclosure. For example, for each bit of a packet, the phase 
angles of the bits constituent slices may be determined. The 
phase angles may, according to one embodiment, be deter 
mined by taking the arctangent (the ratio of the sine compo 
nent of the slice to the cosine component) of each slice. Such 
a method may be best implemented when the signal to noise 
ratio is above a predetermined threshold Such as, for example, 
about 0 dB. For BPSK modulation, such a phase angle, may 
swing between 0 and 21, in a saw-tooth like fashion. The 
presence of Such a saw-tooth pattern is Suggestive that the 
constituent slices making up the bits being examined are, 
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using the polar representation of FIG. 7, misaligned, as are 
slices 1, 2, 3 and 4 in that figure. With reference to FIG. 8, 
when the frequency being tested results in warping angles that 
form more or less a straight line (as opposed to a saw-tooth 
pattern), that frequency may be the or close to the actual 
frequency of the signal of interest. For PSK, for example, the 
warping angles will shift from one warping angle to another 
warping angle that is indicative of the PSK frequency at 
which the data was encoded. The resultant pattern may then 
resemble a square wave, from which the data may be readily 
apparent. 
MODULATION SCHEME: MSK Using methods simi 

lar to those previously described, data encoded using other 
modulation formats may be detected and decoded using only 
the stored slices and the warping function described herein. 
For example, the data in the slices may have been encoded 
using, for example, Multiple Shift Keying (MSK) using, for 
example, 4 frequencies or, for example, 16 frequencies to 
represent different symbols. In this case, each symbol may 
comprise information bits encoded with one or more frequen 
cies (e.g. one or two) out of a plurality (e.g. 16) of frequencies, 
with each symbol potentially representing more than one bit. 
Other modulation formats that encode data may be decoded 
using only the slice information (and not the original data 
from the ADC 110, which has since been discarded) and the 
warping and slice combining functions described herein. 
Moreover, data encoded using combinations of modulation 
formats also may be detected and decoded, again using only 
slice information, warping, and slice combination. For 
example, data encoded with a combination of MSK and PSK 
may be decoded from the retained slice data. 

In each case, the computational load on the controller 112 
portion of the receiver 104 is lighter than it otherwise would 
be if the controller 112 were obliged to re-process the original 
raw data stream. For similar reasons, the memory require 
ments of the receiver's controller 112 are orders of magnitude 
less than would be the case had it been necessary to store the 
original raw incoming data in order to operate thereon later, 
during detection and decoding. 
ONE-BIT ADC For situations exhibiting an especially 

low signal to noise ratio, it may be advantageous for the 
receiver 104 to use an analog comparator or a 1-bit ADC to 
quantize the signal as being above or below a predetermined 
threshold (encoded as two values: +1 and -1). In this manner, 
the amount of data that is stored in the slice construct, accord 
ing to embodiments, greatly decreases compared to storing 
multi-bit representations of the signal. A comparator or a 1-bit 
ADC may be used to good advantage in situations exhibiting 
low signal to noise ratio, as it enables samples to be gathered 
at a very high sample rate while still computing slices in a fast 
real-time loop on an ordinary processor. Inside the real-time 
loop, multiply operations are greatly simplified because one 
of the operands is either +1 or -1. 

FIG. 12 is a logic flow of a method according to one 
embodiment. As shown therein, at B121 a signal that encodes 
one or more data packets is received. At B122, the received 
signal then may be sampled in an ADC to generate sampled 
values. At B123, a slice then may be generated and stored in 
memory, where each slice comprises a pair of values repre 
senting a selected slice interval of time. At B124, data packets 
are detected and decoded from the stored slices using various 
combinations of warp and slice combination operations. 

FIG. 13 is a logic flow of a method according to one 
embodiment. As shown therein, at B131, a signal may be 
received that encodes a data packet at a first frequency. The 
received signal, as shown at B132, may then be sampled in an 
ADC to generate sampled values. The sampled values, as 
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called for at B133, may then be correlated with first and 
second templates of values obtained at a second frequency 
that may be different from the first frequency to generate 
slices at the second frequency. According to one embodiment 
and as described and shown herein, the first template may be 
generated using a first reference function and the second 
template may be generated using a second reference function 
that is in quadrature with the first reference function. Some or 
all of the slices at the second frequency may be transformed 
(also denoted as “warped herein) to slices at the second 
frequency (also denoted as “freqRef herein), plus or minus 
an offset (denoted as “freqDelta' herein), as shown at B134. 
As shown at B135, a filter having a center frequency at the 
second frequency plus or minus the offset may be generated 
by combining the transformed (warped) slices. 

According to one embodiment, a determination may then 
be made, as suggested at B136, whether the first frequency 
(the frequency of interest at which the data packet(s) is/are 
encoded) is within the pass-band of the generated filter. If the 
first frequency is indeed within the pass-band of the thus 
generated filter, further steps may be carried out Such as, for 
example, detection and decoding steps, as detailed herein. If 
the first frequency is not present within the pass-band of the 
generated filter, the slice transforming (warping) and filter 
generating (slice combining) steps may be iteratively 
repeated using respectively different offsets until the first 
frequency is indeed within the pass-band of the filter, as 
indicated by the NO branch of B136. 

While certain embodiments of the disclosure have been 
described, these embodiments have been presented by way of 
example only, and are not intended to limit the scope of the 
disclosure. Indeed, the novel methods, devices and systems 
described herein may be embodied in a variety of otherforms. 
Furthermore, various omissions, Substitutions and changes in 
the form of the methods and systems described herein may be 
made without departing from the spirit of the disclosure. The 
accompanying claims and their equivalents are intended to 
cover such forms or modifications as would fall within the 
scope and spirit of the disclosure. For example, those skilled 
in the art will appreciate that in various embodiments, the 
actual physical and logical structures may differ from those 
shown in the figures. Depending on the embodiment, certain 
steps described in the example above may be removed, others 
may be added. Also, the features and attributes of the specific 
embodiments disclosed above may be combined in different 
ways to form additional embodiments, all of which fall within 
the scope of the present disclosure. Although the present 
disclosure provides certain preferred embodiments and appli 
cations, other embodiments that are apparent to those of 
ordinary skill in the art, including embodiments which do not 
provide all of the features and advantages set forth herein, are 
also within the scope of this disclosure. Accordingly, the 
scope of the present disclosure is intended to be defined only 
by reference to the appended claims. 

Embodiments of the present invention have been described 
above. Further embodiments of the present invention can also 
be realized by Systems or apparatuses that read out and 
execute programs recorded on a memory device to perform 
the functions of the above-described embodiment(s), and by 
a method, the steps of which are performed by, for example, 
reading out and executing a program recorded on a memory 
device to perform the functions of the above-described 
embodiment(s). For this purpose, the program may be pro 
vided to the system or apparatus (e.g. receiver), for example 
via a network or from a recording medium of various types 
serving as the memory device (e.g. computer-readable 
medium). 
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The present invention may be defined by way of the fol 
lowing clauses. It will be understood that the features recited 
are interchangeable defined by the following clauses and their 
dependencies. That is, the features of the clauses may be 
combined to define the present invention. 

Clauses 
1. A method, comprising: 
receiving a signal, the signal encoding a data packet; 
sampling the received signal; 
generating and storing a plurality of slices comprising pairs 

of values for each of a selected number of samples of the 
signal; and 

detecting a presence of and decoding the data packet from 
the stored slices. 

2. The method of clause 1, wherein generating each of the 
plurality of slices comprises: 

correlating samples of the signal with a first reference 
template; 

generating a first value of the pair of values; 
correlating the selected number of samples of the signal 

with a second reference template; and 
generating a second value of the pair of values. 
3. The method of clause 2, wherein the first reference 

template comprises a cosine functionata reference frequency 
and the second reference template comprises a sine function 
at the reference frequency. 

4. The method of any of clauses 1 to 3, further comprising 
forming a filter by combining a number of the plurality of 
slices. 

5. The method of any of clauses 1 to 4, wherein detecting 
the presence of the packet comprises detecting a carrier fre 
quency within a pass-band of a filter formed by the plurality 
of slices. 

6. The method of any of clauses 1 to 4, wherein detecting 
the presence of the packet comprises detecting a carrier fre 
quency within a pass-band of a filter formed by combining 
slices. 

7. The method of any of clauses 4 to 6, wherein detecting 
further comprises re-tuning a center frequency of the filter 
from a first center frequency to a second center frequency that 
is different from the first center frequency using the stored 
slices. 

8. The method of clause 7, wherein re-tuning the center 
frequency of the filter comprises warping the slices from 
which the filter was formed by rotating the respective pairs of 
values thereof by a quantity. 

9. The method of clause 8, wherein the quantity comprises 
a rotation angle, a Scaling factor and indices associated with 
the slices from which the filter was formed. 

10. The method of clause 8, wherein the quantity comprises 
a sum of a phase angle from a reference frequency and a 
product of a rotation angle and a slice index. 

11. A signal receiver, comprising: 
analog-to-digital converter means (ADC) configured to 

sample a received signal; 
memory means; 
controller means coupled to the memory means and con 

figured to: 
generate and store, in the memory means, a slice compris 

ing a pair of values for each of a selected number of 
samples of the signal; and 

detect a presence of and decode the data packet from the 
stored slices. 

12. The signal receiver of clause 11, wherein the memory 
means is configured to store at least a first reference template 
and a second reference template and wherein the controller 
means is further configured to correlate the selected number 
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of cycles of the sampled signal with the first reference tem 
plate to generate a first value of the pair of values and to 
correlate the selected number of samples of the signal with the 
second reference template to generate a second value of the 
pair of values. 

13. The signal receiver of clause 11 or clause 12, wherein 
the controller means is further configured to combine a num 
ber of slices to form a filter. 

14. The signal receiver of clause 13, wherein a bandwidth 
of the filter is related to the number of combined slices. 

15. The signal receiver of any of clauses 11 to 14, wherein 
the controller means is further configured to detect the pres 
ence of the packet by detecting a carrier frequency within a 
pass-band of a filter formed by combining the slices. 

16. The signal receiver of any of clauses 13 to 15, wherein 
the controller means is further configured to re-tune, using the 
stored slices, a center frequency of the filter from a first center 
frequency to a second center frequency that is different from 
the first center frequency. 

17. The signal receiver of any of clauses 11 to 16, wherein 
the signal encodes data packets at a first frequency and 
wherein controller means is further configured to: 

correlate the samples with first and second templates of 
values obtained at a second frequency that is different from 
the first frequency to generate a plurality of slices that each 
comprise a pair of values; 

transform at least some of the plurality of slices at the 
second frequency to slices at the second frequency plus or 
minus an offset, and 

generate a filter having a center frequency at the second 
frequency plus or minus the offset by combining the trans 
formed slices. 

18. A method, comprising: 
receiving a signal, the signal encoding a data packet at a 

first frequency; 
sampling the signal to generate sampled values; 
correlating the sampled values with first and second tem 

plates of values obtained at a second frequency that is differ 
ent from the first frequency to generate a plurality of slices at 
the second frequency, each of the slices comprising a pair of 
values; 

transforming at least Some of the plurality of slices at the 
second frequency to slices at the second frequency plus or 
minus an offset, and 

generating a filter having a center frequency at the second 
frequency plus or minus the offset by combining the trans 
formed slices. 

19. The method of clause 18, further comprising determin 
ing whether the first frequency is within a pass-band of the 
generated filter 

20. The method of clause 19, further comprising iteratively 
transforming, generating and determining using respectively 
different offsets until the first frequency is within the pass 
band of the filter. 

21. A method, comprising: 
receiving a signal, the signal encoding a data packet; 
sampling the signal to generate sampled values; 
generating a slice record comprising a plurality of slices by 

correlating the sampled values with first and second reference 
templates, the first reference template comprising a first ref 
erence function and the second reference template compris 
ing a second reference function in quadrature with the first 
reference function; 

auto-correlatingaportion of the slice record with a delayed 
version of the portion of the slice record to generate auto 
correlation terms; and 
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determining when magnitudes of auto-correlation terms 
exceed a predetermined threshold for a predetermined num 
ber of auto-correlation terms. 

22. The method of clause 21, further comprising determin 
ing a carrier frequency of the received signal. 

23. The method of clause 22, wherein determining com 
prises: 

warping at least some of the plurality of slices by a fre 
quency offset, and 

generating a filter from the warped slices and, 
determining whether the carrier frequency is within a pass 

band of the generated filter. 
24. A method, comprising: 
receiving a signal, the signal encoding a data packet; 
sampling the signal to generate sampled values; 
generating a slice record comprising a plurality of slices 

from the sampled values by correlating the sampled values 
with first and second reference templates, the first reference 
template comprising a first reference function and the second 
reference template comprising a second reference function in 
quadrature with the first reference function; 

cross-correlating the slice record with a stored template to 
generate cross-correlation terms; and 

determining when a magnitude of the cross-correlation 
terms exceeds a predetermined threshold for a width of the 
stored template. 

25. The method of clause 24, wherein the first reference 
template comprises a cosine function and wherein the second 
template function comprises a sine function. 

26. The method of clause 24, further comprising determin 
ing a carrier frequency of the received signal. 

27. A method, comprising: 
receiving a signal; 
sampling the signal to generate sampled values; 
correlating the sampled values with predetermined first 

and second templates of values obtained at a first frequency to 
generate a plurality of slices at the first frequency; 

transforming at least Some of the generated plurality of 
slices at the first frequency to slices at a second frequency that 
is different from the first frequency; 

generating a first filter having from the slices at the second 
frequency; 

transforming at least Some of the generated plurality of 
slices at the first frequency to slices at a third frequency that is 
different from the first and second frequencies, and 

generating a second filter from the slices at the third fre 
quency. 

28. The method of clause 27, further comprising discarding 
the generated sampled values of the received signal after 
generating the plurality of slices at the first frequency. 

29. The method of clause 27 or clause 28, further compris 
ing detecting a first carrier frequency within a pass-band of 
the first filter and detecting a second carrier frequency within 
a pass-band of the second filter. 

30. A method, comprising: 
receiving a signal, the signal encoding data packets; 
sampling the signal to generate sampled values; 
generating a slice record comprising a plurality of slices 

from the sampled values by correlating the sampled values 
with first and second reference templates, the first reference 
template comprising a first reference function and the second 
reference template comprising a second reference function in 
quadrature with the first reference function; 

auto-correlating a portion of the slice record spanning at 
least two preambles of the encoded data packets with a 
delayed version thereof to generate auto-correlation terms; 
and 
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26 
determining when magnitudes of auto-correlation terms 

exceed a predetermined threshold for a predetermined num 
ber of auto-correlation terms. 

31. The method of clause 30, further comprising determin 
ing boundaries of the data packets from magnitudes of the 
auto-correlation terms. 

32. The method of clause 30 or clause 31, wherein the 
carrier frequency of the signal is detected when Successive 
phase angles, across bits of the data packet, least resemble a 
first predetermined pattern and most resemble a second pre 
determined pattern. 

33. A program, which when executed by a computer, 
causes the computer to carry out the method of any of clauses 
1 to 10 and 18 to 32. 

34. A program which, when executed by a computer, 
causes the computer to function as the signal receiver of any 
of clauses 11 to 17. 

35. A storage medium storing the program according to 
clause 33 or clause 34. 

Accordingly, the preceding merely illustrates the prin 
ciples of the invention. It will be appreciated that those skilled 
in the art will be able to devise various arrangements which, 
although not explicitly described or shown herein, embody 
the principles of the invention and are included within its 
spirit and scope. Furthermore, all examples and conditional 
language recited herein are principally intended to aid the 
reader in understanding the principles of the invention and the 
concepts contributed by the inventors to furthering the art, 
and are to be construed as being without limitation to Such 
specifically recited examples and conditions. Moreover, all 
Statements herein reciting principles, aspects, and aspects of 
the invention as well as specific examples thereof, are 
intended to encompass both structural and functional equiva 
lents thereof. Additionally, it is intended that such equivalents 
include both currently known equivalents and equivalents 
developed in the future, i.e., any elements developed that 
perform the same function, regardless of structure. The scope 
of the present invention, therefore, is not intended to be lim 
ited to the exemplary aspects shown and described herein. 
Rather, the scope and spirit of present invention is embodied 
by the appended claims. 

We claim: 
1. A method, comprising: 
receiving a signal, by an analog front-end of a receiver, the 

signal encoding a data packet; 
sampling, by and analog-to-digital converter, the received 

signal; 
generating, by a controller, and storing, by the controller in 

a memory coupled to the controller, a plurality of slices 
comprising pairs of values for each of a selected number 
of samples of the signal; 

detecting, by the controller, a presence of and decoding, by 
the controller, the data packet from the stored slices; 

forming, by the controller, a filter having a predetermined 
pass-band by combining, by the controller, a number of 
the plurality of slices; and 

re-tuning, by the controller, a center frequency of the filter 
from a first center frequency to a second center fre 
quency that is different from the first center frequency 
using the stored slices by warping the stored slices from 
which the filter was formed by rotating the respective 
pairs of values by a quantity. 

2. The method of claim 1, wherein generating and storing, 
by the controller, are carried out as the received signal is 
sampled. 
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3. The method of claim 1, further comprising discarding, 
by the controller, the sampled signal as the slice is generated 
and stored. 

4. The method of claim 1, wherein generating and storing, 
by the controller, are carried out with constituent values of 
each of the slices being generated using a first reference 
function and a second reference function that is in quadrature 
with the first reference function. 

5. The method of claim 1, wherein generating, by the 
controller, each of the plurality of slices comprises: 

Correlating, by the controller, samples of the signal with a 
first reference template: 

generating, by the controller, a first value of the pair of 
values; 

correlating, by the controller, the selected number of 
Samples of the signal with a second reference template: 
and 

generating, by the controller, a second value of the pair of 
values. 

6. The method of claim 5, wherein the first reference tem 
plate comprises a cosine function at a reference frequency and 
the second reference template comprises a sine function at the 
reference frequency. 

7. The method of claim 6, wherein the first value of the pair 
of values of the slice comprises a dot product of the sampled 
signal and the cosine function at the reference frequency and 
the second value of the pair of values of the slice comprises a 
dot products of the sampled signal and the sine function at the 
reference frequency. 

8. The method of claim 1, wherein abandwidth of the filter 
is related to the number of combined slices. 

9. The method of claim 8, wherein when a first number of 
slices are combined, the filter has a first bandwidth and 
wherein when a second number, greater than the first number, 
of slices are combined, the filter has a second bandwidth that 
is narrower than the first bandwidth. 

10. The method of claim 1, wherein detecting, by the con 
troller, the presence of the data packet comprises detecting, 
by the controller, a carrier frequency within the predeter 
mined pass-band of the filter formed by the plurality of slices. 

11. The method of claim 1, wherein detecting, by the con 
troller, further comprises re-tuning, by the controller, the 
center frequency of the filter from a first center frequency to 
a second center frequency that is different from the first center 
frequency using the stored slices. 

12. The method of claim 1, wherein the quantity comprises 
a rotation angle, a scaling factor and indices associated with 
the slices from which the filter was formed. 

13. The method of claim 1, wherein the quantity comprises 
a sum of a phase angle from a reference frequency and a 
product of a rotation angle and a slice index. 

14. A signal receiver, comprising: 
an analog front-end configured to receive a signal, the 

signal encoding a data packet; 
an analog-to-digital converter (ADC) configured to sample 

a received signal; 
a memory; 
a controller coupled to the memory and configured to: 

generate and store, in the memory, a slice comprising a 
pair of values for each of a selected number of 
samples of the signal; 

detect a presence of and decode the data packet from the 
stored slices; 

combine a number of the slices to form a filter having a 
predetermined pass-band; and 
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28 
re-tune a center frequency of the filter by warping the 

slices from which the filter was formed by rotating the 
respective pairs of values by a quantity. 

15. The signal receiver of claim 14, wherein the controller 
is configured to generate and store the slices as the ADC 
samples the received signal. 

16. The signal receiver of claim 14, wherein the controller 
is further configured to discard the sampled signal as the 
slices are generated and stored. 

17. The signal receiver of claim 14, wherein the controller 
is further configured to generate each of the slices such that 
constituent values thereofare generated using a first reference 
function and a second reference function that is in quadrature 
with the first reference function. 

18. The signal receiver of claim 14, wherein the memory is 
configured to store at least a first reference template and a 
second reference template and wherein the controller is fur 
ther configured to correlate the selected number of cycles of 
the sampled signal with the first reference template to gener 
ate a first value of the pair of values and to correlate the 
selected number of samples of the signal with the second 
reference template to generate a second value of the pair of 
values. 

19. The signal receiver of claim 18, wherein the first refer 
ence template comprises a first reference function at a refer 
ence frequency and the second reference template comprises 
a second reference function at the reference frequency. 

20. The signal receiver of claim 19, wherein the first refer 
ence function is in quadrature with the second reference func 
t1On. 

21. The signal receiver of claim 20, wherein the first refer 
ence function comprises a cosine function and the second 
reference function comprises a sine function. 

22. The signal receiver of claim 21, wherein the first value 
of the pair of values of the slice comprises a dot product of the 
sampled signal and the cosine function at the reference fre 
quency and the second value of the pair of values of the slice 
comprises a dot product of the sampled signal and the sine 
function at the reference frequency. 

23. The signal receiver of claim 14, wherein a bandwidth of 
the filter is related to the number of combined slices. 

24. The signal receiver of claim 23, wherein when a first 
number of slices are combined, the filter has a first bandwidth 
and wherein when a second number, greater than the first 
number, of slices are combined, the filter has a second band 
width that is narrower than the first bandwidth. 

25. The signal receiver of claim 14, wherein the controller 
is further configured to detect the presence of the data packet 
by detecting a carrier frequency within the pass-band of the 
filter formed by combining the slices. 

26. The signal receiver of claim 14, wherein the controller 
is further configured to re-tune, using the stored slices, a 
center frequency of the filter from a first center frequency to 
a second center frequency that is different from the first center 
frequency. 

27. The signal receiver of claim 14, wherein the quantity 
comprises a rotation angle, a scaling a factor and respective 
slice indices associated with the slices from which the filter 
was formed. 

28. The signal receiver of claim 27, wherein the scaling 
factor is an integer. 

29. The signal receiver of claim 27, wherein the scaling 
factor comprises an algebraic expression. 
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