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SYSTEM, METHOD AND APPARATUS FOR COMMUNICATION THAT IS
INSENSITIVE TO A SAMPLING CLOCK ERROR

Field
This disclosure relates to the field of digital communication. More particularly,
this description relates to a system, method and apparatus for digital communication

that is insensitive to a sampling clock error.

Background

The ability to provide long-distance wireless communication in dangerous
and/or obstructed environments, for example in underground mines, is essential for both
efficient operation and safety. In some applications, such as coal mining,
communication systems are required by regulations for post-accident communications.
In these environments, transmitting communication signals through earth, water and
rock, for example, in addition to the large amounts of steel and concrete used in
associated structures, severely impacts the effective range of a communications signal.

Waveform attenuation can be a significant problem in these embodiments as the
sampling clocks in a transmitter and receiver of the communication system are not
precisely synchronized. The lack of sampling clock synchronization can result in an
undesired frequency shift/stretch of the carrier frequency which can generate an
undesirable signal to noise ratio (SNR) penalty. While a phase-locked loop control
system or similar feedback control mechanisms can be implemented in the
communication system to recover the carrier frequency, these systems can be complex,
expensive and may not provide carrier recovery when the communication system is

operating at a very low signal to noise ratio.
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Summary

This disclosure is directed to a system, method and apparatus for digital

communication that is insensitive to a sampling clock error.

The embodiments described herein provide a system, method and apparatus for
communicating in a dangerous and/or obstructed environment where carrier signal

feedback is not required to achieve carrier signal recovery.

In particular, the embodiments described herein implement the use of a non-
linear chirp carrier waveform in which the frequency of the chirp signal changes non-
linearly in proportion to time. In some embodiments, the non-linear chirp carrier
waveform is a hyperbolic chirp carrier waveform in which the frequency of the chirp
signal changes hyperbolically in proportion to time. That is, in a hyperbolic chirp
carrier waveform, the frequency changes in inverse proportion to time, or otherwise
stated, in proportion to the reciprocal of time. In other embodiments, the non-linear
chirp carrier waveform is an exponential chirp carrier waveform in which the frequency

of the chirp signal changes exponentially in proportion to time.

By transmitting information using a non-linear chirp carrier waveform, the
resulting communication signal can become less sensitive to interference caused by

constant-frequency sinusoid waves.

By transmitting information using a hyperbolic chirp carrier waveform, the
resulting communication signal can be invariant to a stretched frequency scale resulting
from a lack of synchronization between a transmitting communication unit (e.g., a
transmitter, a transceiver, etc.) and a receiving communication unit (e.g., a receiver, a
transceiver, etc.). That is, any frequency-shifted/stretched version of the hyperbolic
chirp carrier waveform received by a communication unit of the digital communication
system is identical to a time-shifted version of the hyperbolic chirp carrier waveform
transmitted by another communication unit of the digital communication system. Thus,
an undesirable SNR penalty occurring because of a sampling clock error can be reduced

and/or eliminated.
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Also, by transmitting information using a hyperbolic chirp carrier waveform, the

resulting communication signal can be invariant to Doppler shifts.

Further, by transmitting information using a hyperbolic chirp carrier waveform,
a communication unit of the digital communication system receiving information via
the hyperbolic chirp carrier waveform is not required to include a phase-locked loop
control system or similar feedback control mechanism to recover the carrier waveform.
In fact, in in dangerous and/or obstructed environments, a phase-locked loop control
system or similar feedback control mechanism may be unstable as the carrier waveform
would have a very low amplitude in comparison to noise and interference after being

transmitted through rock, earth, water, etc.

In one embodiment, a digital communication system is provided. The digital
communication system includes a transmitting communication unit and a receiving
communication unit. The transmitting communication unit is configured to transmit
digital data. The transmitting communication unit includes a modulator configured to
modulate the digital data into a modulated digital data communication signal that is
invariant to a stretched frequency scale resulting from a lack of synchronization with a
receiving communication unit. The receiving communication unit is configured to
receive the modulated digital data communication signal. The receiving
communication unit includes a demodulator configured to demodulate the digital data
from the modulated digital data communication signal that is invariant to the stretched
frequency scale.

In another embodiment, a method for digital communication is provided. The
method includes obtaining digital data for transmission. The method also includes
modulating the digital data into a modulated digital data communication signal that is
invariant to a stretched frequency scale resulting from a lack of synchronization with a
receiving communication unit. Also, the method includes a transmitting
communication unit transmitting the modulated digital data communication signal.

In yet another embodiment, a transmitting unit for a digital communication
system is provided. The transmitting unit includes an interface, a modulator and an

antenna. The interface is configured to obtain digital data for transmission. The
3
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modulator is connected to the interface and is configured to modulate the digital data
into a modulated digital data communication signal that is invariant to a stretched
frequency scale resulting from a lack of synchronization with a receiving
communication unit. The antenna is connected to the modulator and is configured to
transmit the digital data communication signal.

In a further embodiment, a digital communication system that is insensitive to a
sampling clock error is provided. The digital communication system includes a
transmitting communication unit and a receiving communication unit. The transmitting
communication unit is configured to generate a digital data communication signal and
includes a modulator configured to modulate digital data onto a non-linear chirp carrier
waveform. The receiving communication unit is configured to receive the digital data
communication signal and includes a demodulator configured to demodulate the digital

data from the non-linear chirp carrier waveform.

Drawings

FIG. 1 illustrates a diagram of a digital communication system according to one
embodiment;

FIG. 2 illustrates a block diagram of a portable transceiver according to one
embodiment;

FIG. 3 illustrates a block diagram of a base transceiver according to one
embodiment;

FIG. 4 shows a chart that illustrates a SNR penalty that can occur when a digital
data signal is transmitted using a sinusoidal carrier waveform that maintains a constant
frequency, for example, in a dangerous and/or obstructed environment; and

FIG. 5 shows a chart that illustrates a SNR penalty that can occur when a digital
data signal is transmitted using a hyperbolic chirp carrier waveform, for example, in a
dangerous and/or obstructed environment.

FIG. 6 shows a chart that illustrates a frequency over time of a digital data signal

modulated using a hyperbolic chirp carrier waveform.
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FIG. 7 shows a chart that illustrates minimum shift keying using an equation

x(t).
FIG. 8 shows a chart that illustrates a hyperbolic chirp using a non-linear

equation u(t).

Detailed Description

The embodiments provided herein are directed to a digital communication
system. Particularly, the embodiments herein provide a system, method and apparatus

for digital communication that is insensitive to a sampling clock error.

A chirp carrier waveform as defined herein refers to a sinusoid carrier waveform
with a time-varying frequency. A non-linear chirp carrier waveform as defined herein
refers to a sinusoid carrier waveform in which the frequency changes non-linearly in
proportion to time. A hyperbolic chirp carrier waveform as defined herein refers to a
sinusoid carrier waveform in which a frequency changes hyperbolically in proportion to
time. An exponential chirp carrier waveform as defined herein refers to a sinusoid

carrier waveform in which a frequency changes exponentially in proportion to time.

By transmitting information using a non-linear chirp carrier waveform, the
resulting communication signal can become less sensitive to interference caused by

constant-frequency sinusoid waves.

By transmitting information using a hyperbolic chirp carrier waveform, the
resulting communication signal can be invariant to a stretched frequency scale resulting
from a lack of synchronization between a transmitting communication unit (e.g., a
transmitter, a transceiver, etc.) and a receiving communication unit (e.g., a receiver, a
transceiver, etc.). That is, any frequency-shifted/stretched version of the hyperbolic
chirp carrier waveform received by a communication unit of the digital communication
system is identical to a time-shifted version of the hyperbolic chirp carrier waveform
transmitted by another communication unit of the digital communication system. Thus,
an undesirable SNR penalty occurring because of a sampling clock error can be reduced

and/or eliminated.
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Also, by transmitting information using a hyperbolic chirp carrier waveform, the

resulting communication signal can be invariant to Doppler shifts.

Further, by transmitting information using a hyperbolic chirp carrier waveform,
a communication unit of the digital communication system receiving information via
the hyperbolic chirp carrier waveform is not required to include a phase-locked loop
control system or similar feedback control mechanism to recover the carrier waveform.
In fact, in dangerous and/or obstructed environments, a phase-locked loop control
system or similar feedback control mechanism may be unstable as the carrier waveform
would have a very low amplitude in comparison to noise and interference after being

transmitted through rock, earth, water, etc.

Equations for a hyperbolic chirp carrier waveform can include:

F(t) = ktfi -kt > —1
_fo—fr
AT
In(kt + 1)

(p(t) =@ot znfOT

Equations for an exponential chirp carrier waveform can include:

f(t) = fokt
T|fr
k= |IX
fo
(k' —1)

(p(t) :¢0+27Tf0 ll’lk

In the equations above: f(t) is an instantaneous frequency as a function of time;
fo is the frequency at time t = 0; fr is the frequency at time t = T, where T is the duration

of one symbol; ¢(t) is the phase as a function of time; and ¢, is the phase at time t = 0.

It will be appreciated that the embodiments described herein can be used in a
digital communication system. Examples of a digital communication system that can

be used in conjunction with the embodiments provided herein are disclosed in US
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Patent No. 7,796,943, filed on March 28, 2007, titled SUB-SURFACE
COMMUNICATIONS SYSTEM AND METHOD, which is herewith incorporated by
reference in its entirety. Another example of a digital communication system that can
be used in conjunction with the embodiments provided herein can be a home
automation network such as a low power home automation network operating at
frequencies in the gigahertz (GHz) range. It will be appreciated that the embodiments
described herein can be used with any type of digital communication system,
particularly in digital communication systems that are operating at the limit of their
range, where the SNR penalty is negatively impacting operation of the digital
communication system. This allows the digital communication system to achieve, for

example, a farther range and a more reliable communication.

Referring first to FIG. 1, there is shown a diagram of a digital communication
system 10, according to one embodiment. Digital communication system 10 includes a
plurality of sub-surface portable transceivers each labeled 20. Each transceiver 20 may
be underground portable, and/or under-water portable, for example. System 10 includes
a base transceiver 30. In one embodiment of system 10, base transceiver 30 is on or
above a surface 32. The surface 32 may take the form of the planet surface (e.g.,
surface of the Earth), or a surface within the planet (e.g., in a tunnel from the surface of
the Earth). In the illustrated embodiment, the transceivers 20 and the base transceiver

30 communicate with one-another via one or more communication signals 40.

According to one embodiment, the transceivers 20 may be well suited for being
carried by personnel into, for example, an underground mine, cave and/or into a shallow
sca water (littoral waters). For example, the transceivers 20 may be suited for being
carried on the order of about 2,000 feet underground into a mine, below surface 32, yet
still be in communication (via the one or more signals 40) with the base transceiver 30.
While four (4) portable transceivers 20 and one (1) base transceiver 30 are shown for
purposes of illustration in FIG. 1, other combinations are expected to be used in actual

practice.
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Referring now also to FIG. 2, there is shown a block diagram of a transceiver
200 being suitable for use as a transceiver 20 according to one embodiment. The
transceiver 200 includes a housing 205. Within the housing 205 is a controller 210.
The controller 210 may typically take the form of a computing device that includes a
processor. A processor generally includes a Central Processing Unit (CPU), such as a
microprocessor. A CPU generally includes an arithmetic logic unit (ALU), which
performs arithmetic and logical operations, and a control unit, which extracts
instructions (e.g., code) from memory and decodes and executes them, calling on the
ALU when necessary. "Memory", as used herein, generally refers to one or more
devices capable of storing data, such as in the form of chips, tapes, disks or drives.
Memory may take the form of one or more random-access memory (RAM), read-only
memory (ROM), programmable read-only memory (PROM), erasable programmable
read-only memory (EPROM)), or electrically erasable programmable read-only memory
(EEPROM) chips, by way of further example only. Memory may take the form of
internal or external disc drives, for example. Memory may be internal or external to an
integrated unit including a processor. Memory preferably stores a computer program or

code, e.g., a sequence of instructions being operable by a processor.

The controller 210 may take the form of hardware, such as an Application
Specific Integrated Circuit (ASIC) and or firmware, in addition or in lieu of
incorporating a processor. The controller 210 may include an encoder for encoding the
data or information bearing signals according to one or more encoding techniques, as is
known in the art, for subsequent modulation, transmission, reception, demodulation,
decoding and processing. Such encoding techniques as multi-carrier modulation (e.g.,
multiple frequency-shift keying) and convolutional coding are suitable for application to

the present application.

According to one embodiment, the controller 210 may take the form of a
portable, personal computer, such as a conventional lap-top computer, having a
conventional microphone, a speaker and a inertial navigation unit (INU) operatively

coupled thereto.
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Also contained within the housing 205 is a display 211, a keyboard 212, a
microphone 213, a speaker 214, an INU 215, an interface 220, a modulator 225, an
amplifier 230, an impedance matching and inductive coupler 235, a power source 240, a

loop antenna 245, a demodulator 250, and an antenna 255.

The interface 220 is operatively coupled to the controller 210. According to one
embodiment, the interface 220 is configured/programmed to communicate with the

controller 210.

The modulator 225 is coupled to interface 220. According to one embodiment,
modulator 225 may modulate the digital data for transmission using a non-linear chirp
carrier waveform. In some embodiments, the non-linear chirp carrier waveform is a
hyperbolic chirp carrier waveform. In other embodiments, the non-linear chirp carrier

waveform is an exponential chirp carrier waveform.

The power source 240 is illustrated as being contained within housing 205, but
may optionally be external thereto. Alternatively, power source 240 may be contained
within housing 205, and include terminals 242 that extend from housing 205. Terminals
242 may optionally be used to provide additional power to supply 240, and/or charge
supply 240. Terminals 242 may optionally be used to provide power from supply 240 to
power one or more devices external to housing 205. Power supply 240 may be coupled
to the other components of transceiver 200 to power them. In one embodiment, power
supply 240 may take the form of a rechargeable battery, and provide voltage outputs of
about +/-5 VDC and +/-12 VDC.

The demodulator 250 is coupled to an antenna 255. The antenna 255 may be
adapted for receiving communications from the transceiver 30 (FIG. 1). The
demodulator 250 is also coupled to the interface 220. According to one embodiment,
the demodulator 250 may demodulate the transmitted digital information from the non-
linear chirp carrier waveform. In some embodiments, the non-linear chirp carrier
waveform is a hyperbolic chirp carrier waveform. In other embodiments, the non-linear

chirp carrier waveform is an exponential chirp carrier waveform.
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By transmitting information using a hyperbolic chirp carrier waveform, the
resulting communication signal 40 can be invariant to a stretched frequency scale
resulting from a lack of synchronization between the transceiver 20 and the base
transceiver 30. Thus, any frequency-shifted/stretched version of the hyperbolic chirp
carrier waveform received by base transceiver 30 is identical to a time-shifted version
of the hyperbolic chirp carrier waveform transmitted by the transceiver 20. Thus, an
undesirable SNR penalty occurring because of a sampling clock error can be reduced

and/or eliminated.

The demodulator 250 can be used to demodulate the transmitted digital data
modulated by a modulator 345 (see FIG. 3) and if encoding of the transceiver 300 is
implemented, a corresponding demodulator/decoder of the transceiver 200 can provide
decoding of the encoded transmitted data/information signals as is understood by those
skilled in the arts. Alternatively, the transceiver 200 may incorporate the components of

transceiver 300 of FIG. 3, or in addition to the components discussed hereinabove.

The transceiver 200 may further optionally include a decoder as discussed with
regard to the decoder 333 of FIG. 3 (for the case where the controller 340 of FIG. 3

operates to encode data/information signals for transmission to the transceiver 200).

Referring now to FIG. 3, there is shown a block diagram of a transceiver 300
being suitable for use as a transceiver 30 according to one embodiment. In the
illustrated embodiment, the transceiver 300 includes both magnetic (b-field) and electric
(e-field) antennas 305, 310. Also, the transceiver 300 includes magnetic (b-field) and
electric (e-field) receivers 315, 320. The receiver 315 is coupled to the antenna 305.

The receiver 320 is coupled to the antenna 310.

According to one embodiment, the receiver 315 may include a tuned circuit,
automatic gain control and pre-amplifier for receiving signals transmitted from the
transceivers 20, in addition to the magnetic component of ambient electromagnetic
noise. In one embodiment, the receiver 315 may take the form of a conventional audio
amplifier due to the low audio frequencies of the received signals. According to one

embodiment, the receiver 320 may include a tuned circuit, an automatic gain control

10
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and a pre-amplifier for receiving the electric component of electromagnetic noise
corresponding to the magnetic component of electromagnetic noise received via the
antenna 305 and the receiver 315. The receiver 320 may similarly take the form of a

conventional low frequency audio amplifier device.

In the illustrated embodiment, the transceiver 300 also includes a noise canceller

325 coupled to the receivers 315, 320.

The transceiver 300 also includes a demodulator 330. The demodulator 330 is
coupled to noise canceller 325. The noise cancelled, demodulated signal is then input
into a decoding processor or decoder 333. The decoding processor or decoder 333
operates on an input demodulated signal to decode the signal encoded by the controller
240. The decoder 333 operates to further separate the data or information bearing

signal components associated with the original signal (from the transceiver 20).

The demodulated, decoded signal output from the decoder 333 may be provided
to an interface 335. The interface 335 may be operatively coupled to a controller,
optionally the illustrated controller 340. The interface 335 may provide data
input/output, that may be coupled to a conventional computing device external to the
transceiver 300. Where the components of the transceiver 300 are incorporated into the
transceiver 200 (FIG. 2), the interface 220 may serve as the interface 335, and the

controller 210 may serve as a digital data source and sink.

In the illustrated embodiment, the transceiver 300 may optionally include a
controller 340. The controller 340 may typically take the form of a computing device
that includes a processor. The controller 340 may optionally include an encoder for
encoding data or information bearing signals according to one or more encoding
techniques, such as multi-carrier modulation (e.g., multiple frequency-shift keying),
convolutional coding and so on, as is known in the art, for subsequent modulation,
transmission, reception, demodulation, decoding and processing. In the illustrated
embodiment, the transceiver 300 may optionally include a display 341, a keyboard 342,

a microphone 343, and a speaker 344.

11
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Referring still to FIG. 3, the illustrated embodiment of the transceiver 300 also

includes a modulator 345. The modulator 345 is coupled to the interface 335.

According to one embodiment, the one or more signals 40 (FIG. 1) take the form
of low frequency signals (e.g., low frequency magnetic signals) and transmit data at a
low bit rate. By way of non-limiting example, the one or more signals 40 may be below
10 kHz. Also, the one or more signals 40 may carry digitized information between the
transceivers 20, 30 at a rate of around 100 bits per second or slower. The low frequency
signal and low bit rate is provided to allow for long distance communication in a
dangerous and/or obstructed environment. That is, the frequency range used to transmit
data can significantly impact a transmission distance through an obstructed environment

such as rock and earth.

Referring back to FIG. 2, the controller 210 serves as a digital data source, e.g.,
a source of digitized voice communications input via the microphone 213 and/or
alphanumeric data entered via the keyboard 212. In other words, either voice activity
conventionally captured by the microphone 213 and digitized by an analog/digital
conversion functionality of the controller 210 and/or data conventionally captured using
the keyboard 212 is used to provide digital data indicative thereof. The digital data is
provided to the interface 220. The interface 220 receives the digital data and transmits
it to the modulator 225. The modulator 225 may modulate the digital data for
transmission using a non-linear chirp carrier waveform. In some embodiments, the non-
linear chirp carrier waveform is a hyperbolic chirp carrier waveform. In other
embodiments, the non-linear chirp carrier waveform is an exponential chirp carrier

waveform.

Referring back to FIG. 3, the transceiver 300 includes two antennas 305, 310.
The antenna 305 is configured to receive substantially only magnetic field (b-field)
components while the antenna 310 is configured to receive substantially only electric
field (e-field) components. Due to signal propagation through Earth materials (e.g.,

rock and water), primarily only the magnetic component of the one or more signals 40

12
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may reach the transceiver 30. The frequency modulated digital data carried by the

received signal 40 is passed by the noise canceller 325 to the demodulator 330.

According to one embodiment, the demodulator 330 may demodulate the
transmitted digital information from the non-linear chirp carrier waveform. In some
embodiments, the non-linear chirp carrier waveform is a hyperbolic chirp carrier
waveform. In other embodiments, the non-linear chirp carrier waveform is an
exponential chirp carrier waveform. By transmitting information using a hyperbolic
chirp carrier waveform, the resulting communication signal 40 can be invariant to a
stretched frequency scale resulting from a lack of synchronization between the base
transceiver 30 and the transceiver 20. Thus, any frequency-shifted/stretched version of
the hyperbolic chirp carrier waveform received by transceiver 20 is identical to a time-
shifted version of the hyperbolic chirp carrier waveform transmitted by the base
transceiver 30. Thus, an undesirable SNR penalty occurring because of a sampling

clock error can be reduced and/or eliminated.

It is to be appreciated that communication of data transmitted from the
transceiver 300 to the transceiver 200 could follow a similar methodology as described

above, in reverse.

Fig. 4 shows a chart 400 that illustrates a SNR penalty that can occur when a
digital data signal is transmitted using a sinusoidal carrier waveform that maintains a
constant frequency, for example, in a dangerous and/or obstructed environment. In
particular, the chart 400 shows a digital data signal 410 received by a receiving
communication unit (e.g., the base transceiver 30) that is in perfect clock
synchronization with a transmitting communication unit (e.g., the transceiver 20). The
chart 400 also shows a digital data signal 420 received by a receiving communication
unit that is not in perfect clock synchronization with the transmitting communication
unit. That is, the difference between the digital data signal 410 and the digital data
signal 420 is the result of a lack of synchronization between a sampling clock of the
transmitting communication unit and a sampling clock of the receiving communication

unit. In this example, the sinusoidal carrier waveform that maintains a constant

13
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frequency results in a ~2.5 dB penalty. Also, the peak output of the received digital
data signal 420 is reduced.

Fig. 5 shows a chart 500 that illustrates a SNR penalty that can occur when a
digital data signal is transmitted using a hyperbolic chirp carrier waveform, for
example, in a dangerous and/or obstructed environment. In particular, the chart 500
shows a digital data signal 510 received by a receiving communication unit (e.g., the
base transceiver 30) that is in perfect clock synchronization with a transmitting
communication unit (e.g., the transceiver 20). The chart 500 also shows a digital data
signal 520 received by the receiving communication unit that is not in perfect clock
synchronization with the transmitting communication unit. That is, the difference
between the digital data signal 510 and the digital data signal 520 is the result of a lack
of synchronization between a sampling clock of the transmitting communication unit
and a sampling clock of the receiving communication unit. In this example, the

hyperbolic chirp sinusoidal carrier waveform results in only a ~0.3 dB penalty.

Accordingly, using a hyperbolic chirp carrier waveform as opposed to a
sinusoidal carrier waveform that maintains a constant frequency can result in a drop of

the SNR penalty from ~2.5 dB to ~0.3 dB.

FIG. 6 shows a chart 600 that illustrates a frequency over time of a digital data
signal modulated using a hyperbolic chirp carrier waveform. The horizontal axis
represents a time in seconds and the vertical axis represents a frequency in Hertz. The
chart 600 shows a digital data signal 610 received by a receiving communication unit
(e.g., the base transceiver 30) that is in perfect clock synchronization with a transmitting
communication unit (e.g., the transceiver 20). The chart 500 also shows a digital data
signal 620 received by the receiving communication unit that is not in perfect clock
synchronization with the transmitting communication unit. As shown in the chart 600,
the digital data signal 610 and the digital data signal 620 are nearly identical. Thus, a
digital data signal modulated using a hyperbolic chirp carrier waveform can be

transmitted with minimal SNR penalty regardless of whether the transmitting

14
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communication unit and the receiving communication unit are in perfect clock

synchronization.

It will be appreciated that the details of the modulated waveform, as described in
the embodiments herein, may vary (such as the choice of e.g., the data rate, the carrier

5  frequency, etc.) without departing from the scope and the spirit of the disclosure.

In some embodiments, the non-linear (e.g., hyperbolic, exponential, etc.) chirp
carrier waveform can be modulated using minimum shift keying to achieve a constant

amplitude and a continuous phase.

Equations for a hyperbolic chirp carrier waveform using minimum shift keying

10  can include:

nu(t .
x(t) = cos (_,...2_%2) e P <t T

a bt
u(t) = - bln ?-i—l

a = G)OmTT mOewC/w{] = G)TemC/wT
b = Wy — wr — W,
— T W =
C = Wyl W — W, el o
wo

In these equations, x(t) is an equation for minimum shift keying and u(t) is an
15  equation for a hyperbolic chirp carrier waveform. Also: o is a carrier frequency; mo 18
a frequency at time t = 0; o a frequency at time = T; and W is a Lambert W function

(also referred to as an omega function or a product logarithm).

FIG. 7 shows a chart 700 that illustrates minimum shift keying using the
equation x(t) provided above. In particular, the chart 700 illustrates the equation x(t)
20  provided above via line 710 with the horizontal axis representing time normalized by T

and the vertical axis representing amplitude (e.g., voltage).
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FIG. 8 shows a chart 800 that illustrates a hyperbolic chirp using the non-linear
equation u(t) provided above. In particular, the chart 800 illustrates the non-linear
equation u(t) provided above via line 810 and a linear baseline line 820 where t="T. In
the chart 800, the horizontal axis represents time normalized by T and the vertical axis

represents the non-linear equation u(t) provided above.

As shown in FIGs. 7 and 8, a digital data signal can be transmitted with a
constant amplitude and a continuous phase. Accordingly, for example, in a power
constrained digital communication system, a digital data signal (that uses minimum
shift keying and a non-linear chirp carrier waveform) can be transmitted that maximizes
the amount of power available for use by the digital communication system. Also, the
use of minimum shift keying can reduce sensitivity to sinusoidal interference and

provide optimal symbol separation.

Aspects:

It is appreciated that any of aspects 1-6, 7-14 and 15-20 can be combined.

1. A digital communication system comprising:

a transmitting communication unit configured to transmit digital data, the
transmitting communication unit including a modulator configured to modulate the
digital data into a modulated digital data communication signal that is invariant to a
stretched frequency scale resulting from a lack of synchronization with a receiving
communication unit;

a receiving communication unit configured to receive the modulated digital data
communication signal, the receiving communication unit including a demodulator
configured to demodulate the digital data from the modulated digital data

communication signal that is invariant to the stretched frequency scale.

2. The digital communication system of aspect 1, wherein the modulator is
configured to modulate the digital data onto a non-linear chirp carrier waveform, and
the demodulator is configured to demodulate the digital data from the non-linear

chirp carrier waveform.

16
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3. The digital communication system of aspect 2, wherein the non-linear chirp

carrier waveform is a hyperbolic chirp carrier waveform.

4. The digital communication system of aspect 3, wherein the modulator is
5  configured to modulate the digital data onto the hyperbolic chirp carrier waveform

using the equations:

_f
f@) = pr 1,kt > —1
o _fo—fr
frT
In(kt+1)

@(t) = o + 21fy —

5. The digital communication system of aspect 2, wherein the non-linear chirp

10 carrier waveform is an exponential chirp carrier waveform.

6. The digital communication system of aspect 5, wherein the modulator is
configured to modulate the digital data onto the exponential chirp carrier waveform

using the equations:

f© = fok!

_lh
= 1%

(k

-1
Ink

)

15 @p(t) = @o + 21fy

7. A method for digital communication, the method comprising:
obtaining digital data for transmission;
modulating the digital data into a modulated digital data communication signal
20  thatis invariant to a stretched frequency scale resulting from a lack of synchronization

with a receiving communication unit; and
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a transmitting communication unit transmitting the modulated digital data

communication signal.

8. The method of aspect 7, wherein modulating the digital data into the modulated

digital data communication signal includes modulating the digital data onto a non-linear

chirp carrier waveform.

9. The method of any of aspects 7-8, further comprising:

a receiving communication unit receiving the modulated digital data
communication signal; and

demodulating the digital data from the modulated digital data communication

signal.

10.  The method of aspect 9, wherein demodulating the digital data from the
modulated digital data communication signal includes demodulating the digital data

from a non-linear chirp carrier waveform.

11.  The method of any of aspects claim 8-10, wherein the non-linear chirp carrier

waveform is a hyperbolic chirp carrier waveform.

12.  The method of aspect 11, wherein modulating the digital data onto the

hyperbolic chirp carrier waveform includes modulating the digital data using the

equations:
fo
t) = Jkt > —1
AQ kt+1
L _fo—f
frT
In(kt+1)

@p(t) = @o + 21fy .
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13.  The method of any of aspects 8-10, wherein the non-linear chirp carrier

waveform is an exponential chirp carrier waveform.

14.  The method of aspect 13, wherein modulating the digital data onto the

exponential chirp carrier waveform includes modulating the digital data using the

equations:
f© = fok!
T
o=
fo
_ (k'-1)
P() = go + 21fy =L
15. A transmitting unit for a digital communication system, the transmitting unit
including:

an interface configured to obtain digital data for transmission;

a modulator connected to the interface, the modulator configured to modulate
the digital data into a modulated digital data communication signal that is invariant to a
stretched frequency scale resulting from a lack of synchronization with a receiving
communication unit;

an antenna connected to the modulator, the antenna configured to transmit the

digital data communication signal.

16.  The transmitting unit of aspect 15, wherein the modulator is configured to

modulate the digital data onto a non-linear chirp carrier waveform.

17.  The transmitting unit of aspect 16, wherein the non-linear chirp carrier

waveform is a hyperbolic chirp carrier waveform.
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18.  The transmitting unit of aspect 17, wherein the modulator is configured to

modulate the digital data onto the hyperbolic chirp carrier waveform using the

equations:
fo
t) = Skt > —1
f@® kt+1
L _fomtr
frT
In(kt+1
@(t) = @o + 21fy e k+ .
19.  The transmitting unit of aspect 16, wherein the non-linear chirp carrier

waveform is an exponential chirp carrier waveform.

20.  The transmitting unit of aspect 19, wherein the modulator is configured to
modulate the digital data onto the exponential chirp carrier waveform using the

equations:

f© = fok!

T|fr
k= |—
1
(k'-1)
k

(1) = po + 2mfy

With regard to the preceding description, it is to be understood that changes may
be made in detail, especially in matters of the construction materials employed and the
shape, size, and arrangement of parts without departing from the scope of the present
disclosure. The word “embodiment” as used within this Specification may, but does not
necessarily, refer to the same embodiment. This Specification and the embodiments
described are exemplary only. Other and further embodiments may be devised without
departing from the basic scope thereof, with the true scope and spirit of the disclosure

being indicated by the claims that follow.
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CLAIMS

1. A digital communication system comprising:

a transmitting communication unit configured to transmit digital data, the
transmitting communication unit including a modulator configured to modulate the
digital data into a modulated digital data communication signal that is invariant to a
stretched frequency scale resulting from a lack of synchronization with a receiving
communication unit;

a receiving communication unit configured to receive the modulated digital data
communication signal, the receiving communication unit including a demodulator
configured to demodulate the digital data from the modulated digital data

communication signal that is invariant to the stretched frequency scale.

2. The digital communication system of claim 1, wherein the modulator is
configured to modulate the digital data onto a non-linear chirp carrier waveform, and
the demodulator is configured to demodulate the digital data from the non-lincar

chirp carrier waveform.

3. The digital communication system of claim 2, wherein the non-linear chirp

carrier waveform is a hyperbolic chirp carrier waveform.

4. The digital communication system of claim 3, wherein the modulator is
configured to modulate the digital data onto the hyperbolic chirp carrier waveform

using the equations:

flo) = ktfi -kt > —1
_fo—fr
KT

In(kt+1)
. .

() = @o + 27fy
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5. The digital communication system of claim 2, wherein the non-linear chirp

carrier waveform is an exponential chirp carrier waveform.

6. The digital communication system of claim 5, wherein the modulator is
configured to modulate the digital data onto the exponential chirp carrier waveform

using the equations:

f© = fok!

ol
=15

(kt-1)

Ink

@(t) = @ + 27fy

7. A method for digital communication, the method comprising:

obtaining digital data for transmission;

modulating the digital data into a modulated digital data communication signal
that is invariant to a stretched frequency scale resulting from a lack of synchronization
with a receiving communication unit; and

a transmitting communication unit transmitting the modulated digital data

communication signal.

8. The method of claim 7, wherein modulating the digital data into the modulated
digital data communication signal includes modulating the digital data onto a non-linear

chirp carrier waveform.

9. The method of claim 7, further comprising:

a receiving communication unit receiving the modulated digital data
communication signal; and

demodulating the digital data from the modulated digital data communication

signal.
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10.  The method of claim 9, wherein demodulating the digital data from the
modulated digital data communication signal includes demodulating the digital data

from a non-linear chirp carrier waveform.

5 11.  The method of claim 8, wherein the non-linear chirp carrier waveform is a

hyperbolic chirp carrier waveform.

12.  The method of claim 11, wherein modulating the digital data onto the hyperbolic

chirp carrier waveform includes modulating the digital data using the equations:

fo
kt+1°
_fo—fr
=TT

10 P(t) = @ + 2mfy D

kt > -1

=

13.  The method of claim &, wherein the non-linear chirp carrier waveform is an

exponential chirp carrier waveform.

15 14.  The method of claim 13, wherein modulating the digital data onto the

exponential chirp carrier waveform includes modulating the digital data using the

equations:
f®) = fok!
T
k="
fo
_ (k-1
@(t) = @o + 21fy VR
20 15. A transmitting unit for a digital communication system, the transmitting unit

including:

an interface configured to obtain digital data for transmission;
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a modulator connected to the interface, the modulator configured to modulate
the digital data into a modulated digital data communication signal that is invariant to a
stretched frequency scale resulting from a lack of synchronization with a receiving
communication unit;

an antenna connected to the modulator, the antenna configured to transmit the

digital data communication signal.

16.  The transmitting unit of claim 15, wherein the modulator is configured to

modulate the digital data onto a non-linear chirp carrier waveform.

17.  The transmitting unit of claim 16, wherein the non-linear chirp carrier waveform

is a hyperbolic chirp carrier waveform.

18.  The transmitting unit of claim 17, wherein the modulator is configured to

modulate the digital data onto the hyperbolic chirp carrier waveform using the

equations:
fo
t) = Skt > —1
f® kt+1
_fo—fr
frT
In(fet+1
P(t) = o + 2mfy L.
19.  The transmitting unit of claim 16, wherein the non-linear chirp carrier waveform

is an exponential chirp carrier waveform.

20.  The transmitting unit of claim 19, wherein the modulator is configured to
modulate the digital data onto the exponential chirp carrier waveform using the

equations:

f© = fok!

24
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T|fr
k= |IX
fo

@(t) = @o + 21fy (kl;_kl) .
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