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SYSTEMS AND METHODS FOR THE REDUCTION OF PEAK TO AVERAGE SIGNAL LEVELS OF MULTI-BEARER
SINGLE-CARRIER AND MULTI-CARRIER WAVEFORMS

Background of the Invention

Field of the Invention

The present invention generally relates to electronics. In particular, the present invention relates to
communications systems.

Description of the Related Art

The rapid commoditization of the cellular, personal communication service (PCS) and wireless industries has
resulted in the emergence of new digital radio standards, which support the emergence of high user bandwidth
requirements. For example, third generation (3G) digital wide-band cede division multiple access (W-CDMA) and
Enhanced Data GSM (Group System for Mobile Communications) Environment (EDGE) air interface standards exploit
signal processing techniques that can generate radio and baseband waveforms with a relatively high peak power to
average power ratio.

The signals amplified by a wireless base station include multiple signals, which are combined to a multi-
bearer waveform. The number of voice and data connections represented within the multi-bearer waveform can vary
randomly and vary over time. Occasionally, the information sources that are combined to form the multi-bearer
waveform can co-align and generate a relatively large instantaneous signal peak or crest. In one example, the
relatively large instantaneous signal peak is about 10 times higher in power than a nominal or average output level.

In practice, the alignment that generates a relatively large instantaneous signal peak occurs with a relatively
low probability. Despite the relatively low probability, however, the dynamic range of the entire signal processing
chain of a base station should be sufficient to handle the large instantaneous signal peak in order to transmit the signal
without error.

One conventional approach is to design the hase station to accommodate the relatively rare, but large, signal
peak. As a result, the base station is significantly overdesigned, which results in a significant increase to the cost of
the base station. In particular, the cost and the size of tﬁe radio frequency (RF) amplifier of the base station are
deleteriously affected. For example, such an approach disadvantageously lowers the efficiency of the RF amplifier, as
a higher powered RF amplifier will waste significantly larger amounts of power for biases and the like. Further, the
extra power dissipation is correspondingly dissipated with larger and more costly heat management techniques.

In addition, the relatively large dynamic range imposed upon the base station by the relatively large signal
peak typically requires that the upconversion circuitry, the digital to analog converters, the digital signal processing
circuits, and the like also accommodate the relatively large dynamic range.

In another canventional approach, the signal waveform is hard limited to reduce the dynamic range of the
relatively rare signal peaks. This allows a relatively lower power RF transmitter to be used to transmit the signal,

which allows the RF transmitter to operate with relatively larger efficiency. However, conventional hard limiting
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techniques are impractical because hard limiting generates distortion energy, which causes interference in adjacent
channels.
Summary of the Invention

Embodiments of the present invention include apparatus and methods that overcome the disadvantages of
the prior art by manipulating a multibearer waveform, which can include single carrier or multiple carrier waveforms
that reduce the peak to average ratio of the multibearer waveform. Advantageously, embodiments of the present
invention allow radio frequency (RF) base stations to be more efficient, compact, and lower in cost than conventional
base stations.

Embodiments of the invention permit significant reduction to the cost to provision digital and analog signal
processing chains in communication systems. Embodiments of the invention may be applied to a variety of
communications systems including both wire and wireless communications systems such as cellular, personal
communications service (PCS), local multipoint distribution systems {LMDS), and satellite systems.

One embodiment of the invention includes a waveshaping circuit that digitally modifies data in a data stream
to decrease the amplitude of signal peaks in a waveform such that an available power of a radio frequency power
amplifier can be efficiently used while preserving the spectral integrity waveform. The waveshaping circuit includes a
preconditioning circuit, a pulse generator, a delay circuit and a summing circuit.

‘ The preconditioning circuit receives an input symbol stream and compares data in the input symbel stream to
a first reference. The preconditioning circuit modifies the data in the input symbol stream by applying a first impulse
to the input symbol stream selected to at least partially reduce the magnitude of a signal peak in the first waveform
when the input symbol stream exceeds the first reference. The preconditioning circuit further provides the modified
symbol stream as an input to a pulse-shaping filter, which maps the modified symbol stream to a basehand stream.
The pulse-shaping filter is configured to provide the baseband stream to a mixer, which upconverts the baseband
stream by multiplication with an oscillator signal from an oscillator to an upconverted signal. A plurality of
preconditioning circuits can be combined to process a plurality of input symbol streams.

The pulse generator receives the upconverted signal and receives phase information from the oscillator. The
pulse generator generates a band-limited pulse, such as a Gaussian pulse, a Square Root Raised Cosine (SRRC) pulse, a
Raised Cosine (RC) pulse, a Sinc pulse, and the like, when the pulse generator detects that the upconverted signal has
a signal crest above a predetermined threshold. The band-limited pulse is substantially limited to a frequency band
allocated to the input symbol stream.

The delay circuit is configured to delay the upconverted signal to a delayed upconverted signal, where an
amount of delay is approximately equal to a latency in the pulse generator. The summing circuit is adapted to sum the
band-limited pulse from the pulse generator with the delayed upconverted signal from the delay circuit to generate the
first waveform.

Another embodiment of the invention includes an adaptive control circuit that provides parameter updates to

a digital waveshaping circuit. The adaptive control circuit is coupled to at least one input symbol stream that is
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provided as an input to the digital waveshaping circuit. The adaptive control circuit is further coupled to an output

sample stream, which is generated by the digital waveshaping circuit. The adaptive control circuit includes a reference
input adapted to receive reference information that at least partially'controls the parameter updates generated by the
adaptive control circuit. The adaptive control circuit further includes an input monitoring circuit and a receiver circuit
that respectively monitor input symbol streams provided as inputs to the digital waveshaping circuit and output sample
streams from the digital waveshaping circuit, e.g., a composite output. The adaptive control further includes a
parameter update circuit adapted to calculate and to provide updated parameters to the digital waveshaping circuit
based on the reference input, a monitored portion of the at least one input symbol stream, and the output sample
stream.

Another embodiment of the invention includes a preconditioning circuit that reduces an amplitude of a signal
peak in an input symbol stream in real time. An output of the preconditioning circuit is applied as an input to a pulse-
shaping filter. The preconditioning circuit includes a comparator, a pseudo random sequence generator, a weight
generator, a first delay circuit, a multiplier circuit, a second delay circuit,

The comparator compares a symbol from the input symbol stream to a reference level and is configured to
generate a correction vector when the symbol exceeds the reference level. The pseudo randem sequence generator
generates a pseudo random noise sequence. The weight generator provides a weight factor based on the correction
vector and the received pseudo random noise sequence. The first delay circuit delays an impulse from the pseudo
random sequence generator by a time approximately equal to a latency in the weight generator.

The multiplier circuit multiplies an impulse from the first delay circuit with a corresponding weight factor
from the weight generator in order to select the impulse from the pseudo random noise sequence and to scale the
selected impulse.

The second delay circuit delays the input symbol stream by a time approximately equal to a latency in the
comparator, the weight generator, and the multiplier circuit. The summing circuit sums the impulse selected and
scaled by the multiplier circuit with the input symbol stream from the second delay circuit to generate the output of
the preconditioning circuit.

Another embodiment of the invention includes a predictive weight generator that reduces an amount of
waveshaping processing applied to a plurality of input symbol streams by a waveshaping circuit. The predictive weight
generator includes pulse-shaping filter emulation circuits that receive the plurality of input symbol streams. A pulse-
shaping filter emulation circuit can be constructed from a pulse-shaping circuit. The predictive weight generator
further includes mixers coupled to the pulse-shaping filter emulation circuits and coupled to digital numerically
contralled escillators that-upconvert actual outputs of actual pulse-shaping filters for the input symbol streams. The
outputs of the mixers are summed by a summing circuit to simulate a composite signal and to thereby predict an
amplitude of an actual composite signal. A comparator compares the predicted amplitude to a threshold level and

provides weight value modifications to the waveshaping circuit in response to the comparison in real time.
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One embodiment of the invention includes a post-conditioning circuit that generates a de-cresting pulse that
can decrease an amplitude of a signal peak of a composite multicarrier signal in real time. The composite multicarrier
signal includes a plurality of input symbol streams that are pulse-shaped and frequency upconverted to a plurality of
upconverted streams. The post-conditioning circuit includes a comparator, a weight generator, an impulse generator, a
multiplier circuit, and a bandpass filter.

The comparator compares the composite multicarrier signal to a predetermined threshold such that the
comparator activates an output when the composite multicarrier signal exceeds the predetermined threshold. The
weight generator receives the plurality of upconverted streams and phase information from a plurality of oscillators as
inputs. The weight generator also receives carrier waveforms for the plurality of upconverted streams so that the
weight generator can determine an upconverted stream’s contribution to the composite multicarrier signal’s signal
peak. The weight generator calculates a weight value for the upconverted stream approximately proportionately to the
upconverted stream’s contribution to the composite multicarvier signal’s signal peak.

The impulse generator provides an impulse as an output in response to the output of the comparater. The
impulse generator also controls a duration of the generated impulse in response to the output of the comparator. The
multiplier circuit multiplies the weight value from the weight generator with the impulse from the impulse generator to
generate a scaled impulse. The bandpass filter filters the scaled impulse to a frequency band that corresponds to the
upconverted stream’s allocated frequency band to generate the de-cresting pulse.

In one embodiment, multiple pulses are injected to de-crest the composite multicarrier signal. The multiple
pulses can advantageously prevent the injection of signal energy to unutilized adjacent channel allocations.

One embodiment of the invention includes a pulse-shaping circuit that reduces a probability of an alignment in
amplitude and phase of similar symbals in a plurality of input symbol streams. The plurality of input symbol streams
are eventually upconverted and combined to a composite data stream and include at least a first input symbol stream
and a second input symbol stream. Advantageously, a reduction in the probability of the alignment reduces a
probability of a large signal crest in the compoesite data stream.

The pulse-shaping circuit includes a plurality of pulse-shaping filters, which pulse-shape the plurality of input
symbol streams to a corresponding plurality of baseband streams. The pulse shaping circuit further includes a plurality
of multipliers, which upconvert the plurality of baseband streams to a plurality of upconverted streams, and a summing
circuit that combines the upconverted streams to the composite signal. The pulse shaping circuit also includes a delay
circuit in at least a first data path. The first data path is a path from an input symbol stream to the composite data
stream. The delay circuit delays data in the first data path by a fraction of a symbol period relative to data in a second
data path to stagger symbols in the symbol streams.

One embodiment of the invention includes a composite waveform de-cresting circuit that digitally generates
at least one de-cresting phase shift in real time that allows a composite multicarrier signal to be generated with a

decrease in an amplitude of a signal peak. Advantageously, the circuit decreases the amplitude of the signal peak of
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the composite multicarrier signal without altering an amplitude of the plurality of input symbol streams. The circuit
ineludes a computation circuit, a comparator, at least ane impulse generator, and at least one phase shifter.

The computation circuit receives the plurality of upconverted streams and a phase information from a
plurality of oscillators that provide carrier waveforms for the plurality of upconverted streams. The computation
circuit predicts a level in the composite multicarrier signal. The comparator compares the predicted level of the
composite multicarrier signal from the computation circuit to a predetermined threshold and the comparator activates
an output when the composite multicarrier signal exceeds the predetermined threshold.

The weight generator receives the plurality of upconverted streams and a phase information from the
plurality of oscillators that provide carrier waveforms for the plurality of upconverted streams. The weight generator
calculates a weight value for an upconverted stream in the plurality of upconverted streams, where the weight value is
approximately proportional to the upconverted stream’s contribution to the predicted level of the composite
multicarrier signal’s signal peak.

The impulse generator provides an impulse as an output in response to the output of the comparator. The
impulse generator also controls a duration of the generated impulse in response to the output of the comparator. The
multiplier circuit multiplies the weight value from the weight generator with the impulse from the impulse generator to
generate a scaled impulse. The bandpass filter that filters the scaled impulse to a frequency band that corresponds to
the upconverted stream’s allocated frequency band to generate a de-cresting phase-shift control signal.. The phase
shifter modulates a relative phase of the upconverted stream in response to the de-cresting phase-shift control signal.

Brief Description of the Drawings

These and other features of the invention will now be described with reference to the drawings summarized
below. These drawings and the associated description are provided to illustrate preferred embodiments of the
invention and are not intended to limit the scope of the invention.

Figure 1 illustrates a waveshaping circuit according to one embodiment of the present invention,

Figure 2 illustrates a complementary cumulative distribution function (CCDF) curve for an intrinsic W-COMA
multicarrier signal.

Figure 3 illustrates a multi-carrier waveshaping circuit according to one embodiment of the present invention.

Figure 4 illustrates a waveshaping circuit according to an embodiment of the present invention that
adaptively modifies the waveshaping processing to fit predetermined criteria. ‘

Figure 5 illustrates a preconditioning circuit according to an embodiment of the present invention.

Figures BA-E illustrate an example of the operation of the preconditioning circuit shown in Figure 5.

Figure 7 graphically represents limiting with a relatively soft signal level threshold and fimiting with a
relatively hard signal level threshold.

Figure 8 illustrates another preconditioning circuit according to an embodiment of the present invention.

Figure 9 illustrates a waveshaping circuit according to an embodiment of the present invention,

Figure 10 illustrates a multicarrier de-cresting circuit according to an embodiment of the present invention.
-5-
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Figures 11A-E illustrate an example of the operation of the multicarrier de-cresting circuit shown in Figure
10.

Figures 12A-C are power spectral density (PSD) plots of de-cresting with a single Gaussian pulse.

Figures 13A-E illustrate de-cresting with multiple Gaussian pulses.

Figures 14A and 14B illustrate the results of a complementary frequency domain analysis of a multicarrier
de-cresting circuit.

Figure 15 illustrates one embodiment of a de-cresting pulse generation circuit.

Figure 16 illustrates a pulse-shaping filter according to an embodiment of the present invention.

Figure 17 illustrates a phase-modulating waveshaping circuit according to an embodiment of the present
invention.

Detailed Description of Preferred Embodiments

Although this invention will be described in terms of certain preferred embodiments, other embodiments that
are apparent to those of ordinary skill in the art, including embodiments which do not provide all of the benefits and
features set forth herein, are also within the scope of this invention. Accordingly, the scope of the present invention is
defined only by reference to the appended claims.

Figure 1 illustrates a waveshaping circuit 100 according to one embodiment of the present invention. A
waveshaping circuit can be adapted to shape either single data streams or multiple input streams with multiple
baseband signals. The waveshaping circuit 100 shown in Figure 1 is adapted to shape a single input data stream to a
single shaped output data stream. Other embodiments that are adapted to shape and to combine multiple input signals
to a shaped output data stream are described later in connection with Figures 3, 4, 9, 10, 15, 16, and 17.

An input symbol stream 102 is applied as an input to the waveshaping circuit 100. The input symbol stream
102 can include data for cellular telephone communications, data communications, and the like. The waveshaping
circuit 100 generates an output sample stream 104 as an output. Advantageously, the output of the waveshaping
circuit 100 has a lower dynamic range than the input symbol stream 102. The lower dynamic range of the output
sample stream 104 allows a base station to process and to amplify the output sample stream 104 with lower power
and lower dynamic range components.

The waveshaping circuit 100 includes a preconditioning stage 1086, a pulse-shaping and frequency translating
circuit 108, and a post-conditioning circuit 110. The waveshaping circuit 100 can replace an upconversion circuit or
portions of the waveshaping circuit 100 can be used to supplement existing upconversion circuits.

The preconditioning stage 106 includes a preconditioning circuit 112. In alternate embodiments, where
multiple input baseband signals are shaped and comhined, the preconditioning stage 106 can include multiple
preconditioning circuits. The preconditioning circuit 112 applies nonlinear processing to the input symbol stream 102
on a symbol by symbol basis. In one embodiment, the preconditioning circuit 112 applies a soft nonlinear compression
function, which severely compresses relatively extensive signal peaks and compresses relatively modest signal peaks

into a predefined signal range. The output of the preconditioning circuit 112 is provided as an input to the pulse-
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shaping and frequency translating circuit 108. At this point in the data flow, bandwidth expansion is not a concern
since the output of the preconditioning circuit 112 exhibits a white spectral characteristic. Further details of the
preconditioning circuit 112 are described later in connection with Figures 5, 6, 7, and 8.

The illustrated pulse-shaping and frequency translating circuit 108 includes a pulse-shaping filter 114, a
digital numerically controlled oscillator (NCO) 116, and a mixer 118. The pulse-shaping filter 114 maps the source bits
of the output of the preconditioning circuit 112 to a baseband pulse. The output of the pulse-shaping filter 114 and an
output of the digital NCO 116 are applied as inputs to the mixer 118. In one embodiment of the waveshaping circuit
100, the pulse-shaping and frequency translating circuit 108 is implemented with conventional components.

In a conventional base station without waveshaping, a sequence of input modulation symbols-is streamed
into a pulse-shaping filter and to a frequency upconversion circuit. The modulation symbols usually exhibit a white
frequency spectral density and it is not until the symbol rate is stepped up to the higher sample stream rate by the
pulse-shaping filter that the new modulation sample stream is band-limited by the actions of the filter. The baseband
sample stream output of the pulse-shaping filter can be shifted to a new digital carrier frequency by multiplication with
the output of the digital NCO. The input symbol stream 102 often is a composite of many symbol streams drawn from
a number of active voice and data users. Consequently, on occasion, these symbol streams linearly (vectorially) add up
to a relatively large signal peak when relatively many users simultaneously transmit a similar or identical modulation
symbol.

The mere preconditioning of the input symbol stream 102 by the preconditioning circuit 112 does not
adequately reduce peaks in the output of the mixer 118 due to Gibbs-type phenomena in the pulse-shaping filter 114.
The Gibbs-type phenomena re-introduces signal peaks to the signal stream as a natural consequence of filtering.

In order to compensate for the signal peaks from the pulse-shaping filter 114, the waveshaping circuit 100
includes the post-conditioning circuit 110. The post-conditioning circuit 110 includes a pulse generator 120 and a
summing circuit 122. The pulse generator 120 detects signal peaks and introduces via the summing circuit 122 a
band-limited Gaussian pulse that destructively interferes with peaks in the output of the mixer 118 to reduce the peaks
in the output sample stream 104. Although the destructive interference can temporarily undermine the waveform
integrity of the output sample stream 104, the post-conditioning circuit 110 advantageously limits the upper peak
values of the output sample stream 104 to a relatively precise dynamic range.

This transitory degradation in the integrity of the output sample stream 104 is tolerable, particularly in
CDMA systems, because the introduced error energy is not de-spread in the signal recovery processing undertaken by
the receiver. In one embodiment, the pulse generator 120 generates a Gaussian pulse or a family of Gaussian pulses to
destructively interfere with the signal peaks in the output of the mixer 118. Advantageously, the error energy of a
Gaussian pulse or family of Gaussian pulses is equally spread among W-CDMA spreading codes. In addition to their
spectral characteristic, Gaussian pulses can be generated relatively easily and with relatively low latency. In other
embodiments, the pulse generator 120 uses other types of band-limited pulse shapes such as Blackman pulses,

Hamming pulses, Square Root Raised Cosine (SRRC) pulses, Raised Cosine (RC) pulses, Sinc pulses and the like to
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destructively interfere with and reduce the signal peaks. Further details of the post-conditioning circuit 110 are
described later in connection with Figures 10 to 17.

Figure 2 illustrates a complementary cumulative distribution function (CCDF) curve for an intrinsic W-COMA
multicarrier signal. The W-CDMA multicarrier signal is a multi-bearer waveform that includes a time variant random
number of data and voice connections which, on relatively rare occasions, can co-align and generate a relétively large
instantaneous signal peak. Although the relatively high amplitude signal peaks are relatively rare, the probability of the
occurrence of the relatively high amplitude signal peaks is non-zero and should be accommodated by RF transmitters,
base stations, and the like.
| A horizontal axis 202 indicates output power relative to an average or mean power at 0 decibels (dB). A
vertical axis 204 indicates the inverse probability (1-P) of the CCDF curve. The curves in Figure 2 illustrate an example
of the effects of peak power reduction by the destructive interference of a waveshaping circuit according to an
embodiment of the present invention.

A first curve 206 corresponds to a typical, i.e., without waveshaping pracessing, CCDF curve with 10 dB of
input back-off (ibo) for an intrinsic W-CDMA multicarrier signal. The first curve 206 illustrates that without
waveshaping processing, signal levels that exceed b dB above the average signal level occur with a non-zero
probability. Although the probability of such signal peaks is relatively low, the entire transmitter, which includes
digital processors, analog upconverters, and power amplifiers, should accommodate such signal peaks.

A second curve 208 illustrates an example of the effects of waveshaping processing according to an
embodiment of the present invention. The second curve 208 corresponds to a CCDF curve, where output signal peaks
have been reduced through destructive interference by a waveshaping circuit to limit the signal peaks te a selected
threshold. In the second curve 208, the selected threshold is about 5 dB above the mean power. The selected
threshold can be varied to correspond to a broad range of values. In one embodiment, the selected threshold is fixed in
a waveform shaping circuit. In another embodiment, a waveform shaping circuit monitors the incoming data
sequences and adaptively adjusts the circuit’s behavior to match with predetermined criteria. The reduction in signal
peaks provided by embodiments of the present invention advantageously allows signals fo be transmitted with more
efficiency and with lower power and lower cost RF amplifiers.

Figure 3 illustrates a multi-carrier waveshaping circuit 300 according to one embodiment of the present
invention, where the multi-carrier waveshaping circuit 300 is adapted to reduce relatively high amplitude signal peaks
in a multi-carrier W-CDMA application. It will be understood by one of ordinary skill in the art that the number of
carriers can vary over a broad range. The illustrated multi-carrier waveshaping circuit 300 of Figure 3 is shown with 3
carriers.

The multi-carrier waveshaping circuit 300 receives a first input symbol stream 302, a second input symbol
stream 304 and a third input symbol stream 306 as inputs. The multi-carrier waveshaping circuit 300 generates an

output sample stream 308 by pulse-shaping, upconverting, combining, and waveshaping the input symbol streams.
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The multi-carrier waveshaping circuit 300 includes a first preconditioning circuit 310, a second
preconditioning circuit 312, a third preconditioning circuit 314, a first pulse-shaping filter 316, a second pulse-shaping
filter 318, a third pulse-shaping filter 320, a first mixer 322, a second mixer 324, a third mixer 326, a first digital
numerically controlled oscillator (NCO) 328, a second digital NCO 330, a third digital NCO 332, a post-conditioning
pulse generator 348, a first summing circuit 350, a delay circuit 352, and a second summing circuit 354,

The first preconditioning circuit 310, the second preconditioning circuit 312, and the third preconditioning
circuit 314 receive as inputs and process the first input symbol stream 302, the second input symbol stream 304 and
the third input symbol stream 3086, respecﬁvely, such that the peak to average ratio of each independent baseband
input channel stream of modulation symbols is constrained within an initial level. One embodiment of a preconditioning
circuit according to the present invention is described in greater detail later in connection with Figures 5 and 8.

The outputs of the first preconditioning circuit 310, the second preconditioning bircuit 312, and the third
preconditioning circuit 314, are applied as inputs to the first pulse-shaping filter 316, the second pulse-shaping filter
318, and the third pulse-shaping filter 320, respectively, which map the inputs to baseband symbol streams.

The baseband symbol streams are applied as inputs to the first mixer 322, the second mixer 324, and the
third mixer 326. The first mixer 322, the second mixer 324, and the third mixer 326 mix the symbol streams with a
first output 340, a second output 342, and a third output 344 of the first digital NCO 328, the second digital NCO
330, and the third digital NCO 332, respectively, to upconvert and to produce multiple streams of modulated channels.
An output 334 of the first mixer 322, an output 336 of the second mixer 324, and an output 338 of the third mixer
326 are combined to a composite signal by the first summing circuit 350. In addition, the outputs 334, 336, 338
constructively interfere and destructively interfere with each other when combined. The constructive interference and
the destructive interference can occur even where the signals that are combined are individually pre-compensated to
limit high-amplitude signal peaks. As a result, the composite signal exhibits an even greater dynamic range with a
significantly greater peak to average power ratio than a single modulated channel.

Embodiments of the present invention advantageously compensate for the relatively high-amplitude signal
peaks in composite signals caused by constructive interference. In addition, embodiments of the present invention
compensate for the relatively high-amplitude signal peaks with relatively little, if any, injection of signal energy to
adjacent channe! allocations. One embodiment ‘that further advantageously detects destructive interference to at least
partially disable the pre-compensation and the post-compensation applied to the input signals and to the composite
signal is described later in connection with Figure 9.

The post-conditioning pulse generator 348 compensates for the relatively high-amplitude signal peaks in the
composite signal by generating multiple Gaussian pulses, which are selected to destructively interfere with relatively
high-amplitude signal peaks in the composite signal. The post-conditioning pulse generator 348 receives as inputs the
outputs 334, 336, 338 and analyzes the phase, frequency and amplitude of each respective channel carrier stream.
This information permits the Gaussian pulse generator control to independently weigh a family of Gaussian pulses and

to generate individual Gaussian pulses for each channel carrier stream, where each pulse is centered at the respective
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carrier frequency with a phase and amplitude selected to proportionally cancel the particular channel’s contribution to
the instantaneous composite signal’s peak. The approach of utilizing multiple pulses is advantageous because signal
energy is not injected into non-utilized adjacent channel allocations. Injection of signal energy to non-utilized adjacent
channel allocations can undesirably interfere with other transmitters and systems. Further details of the post-
conditioning pulse generator 348 are described later in connection with Figures 10-17.

The family of Gaussian pulses generated by the post-conditioning puise generator 348 is applied 'as an input
to the second summing circuit 354. The second summing circuit 354 sums the family of Gaussian pulses with an
output of the delay circuit 352. The delay circuit 352 delays the composite signal from the first summing circuit 350
to align the composite signal with the Gaussian pulses generated by the post-conditioning pulse generator 348. In one
embodiment, the delay circuit 352 delays the composite signal by the latency time associated with the post-
conditioning pulse generator 348 minus the latency time associated with the first summing circuit 350. The delay
circuit 352 can be implemented with cascaded flip-flops, delay lines, and the like. The second summing circuit 354
generates the output sample stream 308 as an output.

Waveshaping according to one embodiment of the present invention includes three processes: input
preconditioning, pulse-shaping, and post-conditioning de-cresting. Although each process can be configured to operate
independently within a waveshaping circuit, the operating parameters for each process are preferably selected to
complement each other so that the waveshaping circuit as a whole functions optimally. In one embodiment, the
operating parameters are selected a priori and remain static. In another embodiment, a global de-cresting control
selects operating parameters adaptively and can adjust the operating parameters dynamically.

Figure 4 illustrates a waveshaping circuit 400 according to an embodiment of the present invention that
adaptively modifies the waveshaping processing to fit predetermined criteria. It will be understood by one of ordinary
skill in the art that the number of individual input symbol streams processed by the waveshaping circuit 400 can vary
over a broad range. The waveshaping circuit 400 shown in Figure 4 is configured to process three such input symbol
streams, which are a first input symbol stream 402, a second input symbol stream 404, and a third input symbol
stream 406. As an output, the waveshaping circuit 400 generates an output sample stream 408.

The output sample stream 408 is advantageously monitored by a de-cresting control 416, which calculates
and provides updates for the waveshaping circuit 400 to allow the waveshaping circuit to adapt the waveshaping
processing to the input symbol stream. The de-cresting control 416 also monitors the first input symbol stream 402,
the second input symbol stream 404, and the third input symbol stream 4086. In addition, the de-cresting control 416
receives a reference information 418.

In response to the monitored input symbol streams 402, 404, 406, the monitored output sample stream 408,
and the reference information 418, the de-cresting control 416 generates and provides parameter updates to the first
preconditioning circuit 410, to the second preconditioning circuit 412, to the third preconditioning circuit 414, and to
the post-conditioning pulse generator 428. The parameter updates can include updates to coefficients used in digital

filters, such as a finite impulse response (FIR) filter.
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The first preconditioning circuit 410, the second preconditioning circuit 412, the third preconditioning circuit
414, and the post-conditioning pulse generator 428 shown in Figure 4 are similar to the first preconditioning circuit
310, the second preconditioning circuit 312, the third preconditioning circuit 314, and the post-conditioning pulse
generator 348 described earlier in connection with Figure 3. Further details of a preconditioning circuit are described
later in connection with Figures 5, 7, and 8.

In one emhodihent, the reference information 418 controls an amount of dynamic range compression by the
waveshaping circuit 400. The reference information 418 can also be used to control a relative “hardness” or relative
“softness” of limiting as described later in connection with Figure 7. The de-cresting control 416 permits the overall
performance of the waveshaping circuit 400 to be monitored and permits adjustments to be made to the parameters of
individual, multiple or all of the sub-components of the waveshaping circuit 400. For example, the de-cresting control
416 can be used to adapt the processing of a waveshaping circuit to RF transmitters with a broad range of output
power.

The de-cresting control 416 does not have to provide parameter updates in real time. In one embodiment, the
de-cresting control 416 is implemented by firmware in a general purpose DSP or by a general-purpose microprocessor

o microcontroller. In one embodiment, the general purpose DSP or the general purpese microprocessor resides in an
external circuit and interfaces to the first preconditioning circuit 410, to the secend preconditioning circuit 412, to the
third preconditioning circuit 414, and to the post-conditioning pulse generator 428. In another embodiment, the de-
cresting control 416, together with other components of the waveshaping circuit 400, is implemented with an
application specific integrated circuit {ASIC) or with a field programmable gate array (FPGA).

Figure 5 illustrates a preconditioning circuit 500 according to an embodiment of the present invention. The
preconditioning circuit 500 exploits the white spectral properties of an input symbol stream 502. The input symbol
stream 502 includes a sequence of modulation symbel impulses or rectangular pulses and occupies a relatively wide
frequency spectrum prior to pulse shaping by a pulse-shaping circuit. The subsequent pulse-shaping circuit filters a
modified symbol stream 504 and provides the overall spectral shaping to apply the specified bandwidth constraints.

One embodiment of the preconditioning circuit 500 advantageously exploits the pulse shaping by the pulse-
shaping circuit to modify the overall signal characteristics of the input symbol stream 502 by application of both linear
and non-linear signal processing techniques. The spectral expansion induced by non-linear signal processing is later
removed by the pulse-shaping circuit. In one embodiment, a subsequent post-conditioning circuit, such as a post-
conditioning pulse generator, is not permitted to process in a manner that would expand the spectrum occupied by the
processed signal. One embodiment of the post-conditioning circuit accordingly processes the applied signal with linear
signal processing. However, exceptions are conceivable.

One embodiment of the preconditioning circuit 500 uses a pseudo random sequence of pulses that is
weighted to destructively interfere with selected pulses of the input symbol stream 502 and to select an amount of

destructive interference.
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With reference to Figure 5, the illustrated preconditioning circuit 500 includes a comparator 506, a first
delay circuit 508, a weight generator 512, a pseudo random sequence generator 514, a second delay circuit 516, a
multiplier 518, and a summing circuit 520. Further operational details of the preconditioning circuit 500 are also
described later in connection with Figures 6A-E.

The input symbol stream 502 is applied as an input to the comparator 506 and to the first delay circuit 508.
The comparator 506 detects the level of the instantaneous magnitude of the input symbol stream 502 and compares
the level to a reference level information 510 to determine whether to apply signal preconditioning to the input symbol
stream. The reference level information 510 can be used to indicate a threshold or a limit to the magnitude and/or
phase of a signal peak. In one embodiment, the reference level information 510 is statically predetermined a priori and
hard coded into the preconditioning circuit 500. In another embodiment, the reference level information 510 is
adaptively provided by the de-cresting control, which can be an internal function or circuit of the waveshaping circuit
or provided by a function or circuit external to the waveshaping circuit. When the comparison indicates that signal
precenditioning is to be applied, the comparator 506 applies a correction vector as an input to the weight generator
512.

The weight generator 512 receives the correction vector from the comparator 506 and a pseudo random
sequence from the pseudo random sequence generator 514. In response to the correction vector and the pseudo '
random sequence, the weight generator 512 computes a weight factor, which is applied as an input to the multiplier
518. The weight factor, when applied to the pseude random sequence, generates the appropriate correction vector
that is linearly added to a delayed version of the input symbol stream 502 to destructively interfere with relatively
high-amplitude signal peaks in the input symbol stream 502. In one embodiment, the weight factor is a scalar quantity
that depends on a complex value of the input symbol stream 502 and a complex value of the pseudo random seguence.

The second delay circuit 516 delays the pseudo random sequence from the pseudo random sequence
generator 514 to align the pseudo random sequence with the weight factor from the weight generator. The weight
factor and the delayed pseudo random sequence are multiplied together by the multiplier 518 to generate the
correction impulses.

The input symbol stream 502 is delayed by the first delay circuit 508. The first delay circuit 508 is
configured to delay the input symbel stream 502 such that the input symbol stream 502 aligns with the correction
impulses. In one embodiment, the first delay circuit 508 delays the input symbel stream 502 by an amount of time
approximately equal to the latency of the comparator 506, the weight generator 512, and the multiplier 518. The
delays provide the preconditioning circuit 500 with time to determine whether a modifying impulse or pulse is to be
introduced into the data flow in order to reduce a relatively high signal peak or crest in the data sequence and to
determine an amount of a reduction in the magnitude and/or phase of the crest.

The delayed input symbol stream from the first delay circuit 508 is linearly summed by the summing circuit
520 with the correction impulses from the multiplier 518. The linear superposition of the summing circuit 520

generates the modified symbol stream 504 as an output. The relatively high signal peaks in the input symbol stream
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502 are reduced in the modified symbol stream 504 by destructive interference of the input symbol stream 502 with
the correction impulses.

Advantageously, the illustrated preconditioning circuit 500 can produce both phase variations and amplitude
variations in the input symbol stream 502 to de-crest the input symbol stream 502. The ability to provide a phase
variation finds particular utility in multi-carrier applications, as will be described in connection with Figures 3, 4, 9, and
10.

Figures BA-E illustrate an example of the operation of the preconditioning circuit 500 illustrated in Figure 5.
For clarity, the example shown in Figures 6A-E is drawn with the input symbol stream 502 and the pseudo random
sequence represented as scalar quantities. It will be understood by one of ordinary skill in the art that both the input
symbol stream 502 and the pseudo random sequence are generally complex quantities with both magnitude and phase.
Also for clarity, the example shown in Figures 6A-E does not show the delay in the first delay circuit 508 and in the
second delay circuit 18.

In Figures 6A-E, a plurality of horizontal axes 602, 604, 606, 608, 610 indicate time. Figure 6A illustrates
an example of the input symbol stream 502, which is applied as an input to the preconditioning circuit 500. Dashed
lines 612, 614 indicate a predetermined threshold level. For example, the predetermined threshold level can correspond
to a peak output power level of an associated RF transmitter. In the example, four events 616, 618, 620, 622 exceed
the predetermined threshold level.

Figure 6B illustrates a time aligned pseudo random sequence of constant amplitude signal pulses from the
pseudo random sequence generator 514. Figure 6C illustrates a sequence of weight factors that are calculated by the
weight generator 512. The weight factors are applied to the pseudo randem sequence to generate the correction
impulses. Figure 6D illustrates a sequence of the correction impulses for the preconditioning circuit 500.

Figure 6E illustrates the modified symbol stream 504. The modified symbol stream 504 is the time-aligned
linear superposition of the input symbel stream 502 with the correction impulses. The correction impulses
destructively interfere with the four events 616, 618, 620, 622 shown in Figure 6A so that an output level of the
modified symbol stream 504 shown in Figure 6E remains at or below the predetermined threshold level as shown by
the dashed lines 612, 614. In one embodiment, the preconditioning circuit 500 applies correction impulses to the input
symbol stream 502 such that the modified symbol stream 504 does not transgress beyond a selected signal level
threshold.

Figure 7 graphically represents limiting with a relatively soft signal level threshold and limiting with a
relatively hard signal level threshold. A horizontél axis 702 indicates an input level. A vertical axis 704 indicates an
output level.

A first trace 706 corresponds to limiting with a relatively hard signal level threshold. In practice, the use of a
single hard signal level threshold is not appropriate because the resulting complementary cumulative distribution

function {CCDF) of the signal, as described earlier in connection with Figure 2, will not exhibit a smooth transition but
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rather an abrupt or rapid “cliff.” Such an approach often results in an unacceptably high error rate in the downstream
receiver.

The preconditioning circuits according to the present invention advantageously overcome the disadvantages
of relatively hard signal level thresholding by employing a nonlinear weighting function that provides a varying amount
of correction depending upon the magnitude of the input data stream. A second trace 708, a third trace 710, and a
fourth trace 712 represent exemplary transfer functions associated with a relatively soft signal-leveling threshold.

This approach of soft weighting eliminates the rapid onset of a “cliff” in the CCDF and replaces the abrupt
cliff with a relatively soft region in which the probability of a signal level exceeding a predetermined signal level is
significantly less than that exhibited by the intrinsic input symbol stream. At relatively high signal levels, the non-
linear weighting function approaches a hard threshold, and a delay “cliff” in the signal’s CCDF eccurs. The soft
weighting approach does, however, provide a significant decrease in the level of error energy observed by the
downstream receivers.

The preconditioning circuit 500 operates by deliberately manipulating the amplitude and phase probability
density function of the input signal waveform so that the peak to average of the input signal’s impulse stream is
significantly lower than the original input waveform. In practice, any function or non-linear eguation that exhibits
behavior which incurs desirable changes in the weight calculation can be employed by the preconditioning circuit 500.
In one embodiment, the non-linear weighting function is expressed by Equation 1. In addition, the deliberate insertion
of Amplitude Modulation {AM), Phase Modulation (PM), or both can require an alternative function.

Equation 1 defines a family of soft preconditioning weighting functions. Equation 1 includes parameters

and , which correspond to the degree of non-linearity invoked.

V()= le(Z )| G A0) Eq. 1

1{1&@)\)“
B

As increases, the gain of the function increases, which permits an overall level of preconditioning to he
defined. Manipulation of permits the rate at which a hard clipping level is set.

Figure 8 illustrates another preconditioning circuit 800 according to an embodiment of the present invention.
The illustrated preconditioning circuit 800 uses multipliers and coefficients to calculate a Taylor series expansion of
the non-linear weighting function shown in Equation 1.

The approximation of the non-linear weighting function by the Taylor series expansion includes at least three
engineering compromises: delay latency, power consumption, and precision of the Taylor series approximation. The
delay latency of the preconditioning circuit 800 increases as a function of the order of the Taylor series expansion, i.e.,
increases with the number of multiplier stages. The power consumption of the preconditioning circuit 800 increases
as the number of multipliers is increased. The weighting function is less closely approximated by the Taylor series

expansion, where fewer terms of the Taylor series expansion are computed.
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The Taylor series approximation approach uses relatively extensive delay balancing between each of the
signal processing paths to ensure that the calculated preconditioning function, represented in Figure 8 as “p,” applies
to the appropriate input samples. The illustrated preconditioning circuﬁ 800 computes the Taylor series expansion to
the fourth order. It will be understood by one of ordinary skill in the art that the preconditioning circuit 800 can be
implemented in software as well as in hardware.

The illustrated preconditioning circuit 800 includes a magnitude computation circuit 802, a first delay circuit
804, a first multiplier 806, a second multiplier 808, a third multiplier 810, a second delay circuit 812, a third delay
circuit 814, a fourth delay circuit 816, a fifth delay circuit 818, a sixth delay circuit 820, a coefficient bank 822, a
fourth multiplier 824, a fifth multiplier 826, a sixth multiplier 828, a seventh multiplier 830, a summing circuit 832, an
eighth multiplier 834, and a ninth multiplier 836.

Generally, the input symbol stream is complex, with both an in-phase component and a quadrature-phase
component. The in-phase component of the input symbol stream, I, is applied as an input to the magnitude
computation circuit 802 and to the first delay circuit 804. The quadrature phase component of the input symbol
stream, 0;,,,, is applied as an input to the magnitude computation circuit 802 and to the first delay circuit 804. The
magnitude computation circuit 802 computes the magnitude of the input symbol stream. In one embodiment, the
computed magnitude corresponds approximately to a sum of squares.

An output of the magnitude computation circuit 802, termed “magnitude,” is applied as an input to the first
multiplier 806, the second delay circuit 812, and the fourth delay circuit 816. The first multiplier 806 multiplies the
magnitude by itself to produce a square of the magnitude as an output. The output of the first multiplier 806 is
applied as an input to the second multiplier 808 and to the fifth delay circuit 818.

The second multiplier 808 receives and multiplies the output of the first multiplier 806 and an output of the
second delay circuit 812. The second delay circuit 812 delays the magnitude or the output of the magnitude
computation circuit 802 by a latency associated with the first multiplier 806. The second multiplier 808 multiplies the
squared magnitude from the first multiplier 806 with the first delayed magnitude from the second delay circuit 812 to
generate a cubed magnitude.

The cubed magnitude output of the second multiplier is applied as an input to the third multiplier 810 and to
the sixth delay circuit 820. The first delayed magnitude output of the second delay circuit 812 is applied as an input
to the third delay circuit 814, which generates a second delayed magnitude. The second delayed magnitude from the
third delay circuit 814 and the cubed magnitude from the second multiplier 808 are provided as inputs to the third
multiplier 810. The third multiplier 810 generates an output, which corresponds to the magnitude raised to the fourth
power.

The output of the third multiplier 810 is provided as an input to the seventh multiplier 830. The output of
the third multiplier 810 is delayed from the magnitude output of the magnitude computation circuit 802 by the sum of

the latency time of the first multiplier 808, the latency time of the second multiplier 808, and latency time of the third
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multiplier 810. The sixth delay circuit 820, the fifth delay circuit 818, and the fourth delay circuit 816 delay samples
such that Taylor series expansion terms combined by the summing circuit 832 correspond to the same sample.

The sixth delay circuit 820 delays the magnitude cubed output of the second multiplier 808 by the latency
time of the third multiplier 810 to time align the magnitude cubed output with the magnitude to the fourth power of
the third multiplier 810.

The fifth delay circuit 818 delays the magnitude squared output of the first multiplier 806 by the sum of the
latency time of the second multiplier 808 and the latency time of the third multiplier 810. The fifth delay circuit 818
time aligns the magnitude squared output of the first multiplier 806 with the magnitude to the fourth power output of
the third multiplier 810.

The fourth delay circuit 816 delays the magnitude output of the magnitude computation circuit 802
approximately by the sum of the latency time of the first multiplier 808, the latency time of the second multiplier 808,
and the latency time of the third multiplier 810. It will be understood by one of ordinary skill in the art that the fourth
delay circuit 816, the fifth delay circuit 818, and the sixth delay circuit 820 can be placed in the signal path either
hefore or after the fourth multiplier 824, the fifth multiplier 826, and the sixth multiplier 828, respectively.

The fourth multiplier 824, the fifth multiplier 826, the sixth multiplier 828, and the seventh multiplier 830
compute the individual terms of the Taylor series expansion. The coefficient bank 822 stores the coefficients of the
Taylor series expansion. The coefficients are applied as inputs to the fourth multiplier 824, to the fifth multiplier 826,
to the sixth multiplier 828, and to the seventh multiplier 830. The outputs of the fourth delay circuit 816, the fifth
delay cireuit 818, the sixth delay circuit 820 and the third multiplier 810 are also applied as inputs to the fourth
multiplier 824, the fifth multiplier 826, the sixth multiplier 828, and the seventh multiplier 830, respectively. In one
embadiment, the latency times of the fourth multiplier 824, the fifth multiplier 826, the sixth multiplier 828, and the
seventh multiplier 830 are approximately equal.

The outputs of the fourth multiplier 824, the fifth multiplier 826, the sixth multiplier 828, and the seventh
multiplier 830 are provided as inputs to the summing circuit 832 to compute the Taylor series expansion of the
preconditioning function. The output of the summing circuit 832 is provided as an input to the eighth multiplier 834
and to the ninth multiplier 836. The outputs of the first delay circuit 804 are also provided as inputs to the eighth
multiplier 834 and to the ninth multiplier 836. |

The first delay circuit 804 delays the in-phase component of the input symbol stream and the quadrature-
phase component of the input symbol stream to time align the in-phase component and the quadrature-phase
component with the corresponding preconditioning function as provided by computation of the Taylor series expansion.
In one embodiment, the delay of the first delay circuit 804 is approximately the sum of the latency time of the
magnitude computation circuit 802, the latency time of the first multiplier 8086, the latency time of the second
multiplier 808, the latency time of the third multiplier 810, the latency time of the seventh multiplier 830, and the

latency time of the summing circuit 832.
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The preconditioning circuit 800 illustrated in Figure 8 can be implemented in hardware or by software. For
example, where the data rate is relatively low, the preconditioning circuit 800 can be implemented by software running
on a general-purpose digital signal processor (DSP) or a microprocessor. In a relatively wideband application, the
preconditioning circuit 800 can he fabricated in dedicated hardware with, for example, a field programmable gate array
(FPGA) or with an application specific integrated circuit (ASIC).

Figure 9 illustrates another waveshaping circuit 900 according to one embodiment of the present invention.
The waveshaping circuit 900 receives multiple input symbol streams and advantageously detects when the multiple
input symbol streams fortuitously destructively interfere with each other such that an amount of preconditioning
applied to the individual input symbol streams can he decreased or eliminated.

In the multi-carrier waveshaping circuit 300 and the waveshaping circuit 400 described earlier in connection
with Figures 3 and 4, respectively, an individual preconditioning circuit independently applies preconditioning to limit a
relatively high signal peak in its respective input symbol stream. However, where multiple input symbol streams are
eventually combined, such as by the first summing circuit 350 described in connection with Figures 3 and 4, the
multiple input symbol streams may on occasion destructively interfere with each other. On these occasions, the
preconditioning applied to relatively high signal peaks in the input symbol streams can be decreased or eliminated,
thereby reducing or eliminating the associated injection of error energy that otherwise would have been injected into
the composite multicarrier waveform stream by the preconditioning circuits and the post-conditioning circuit.

For illustrative purposes, the waveshaping circuit 900 shown in Figure 9 processes three input symbol
streams. However, it will be understood by one of ordinary skill in the art that the number of input symbel streams
processed by embodiments of the present invention is arbitrary. A broad range of input symbol streams can be
processed by embodiments of the present invention.

The illustrated waveshaping circuit 900 includes the first pulse-shaping filter 316, the second pulse-shaping
filter 318, the third pulse-shaping filter 320, the first mixer 322, the second mixer 324, the third mixer 326, the first
digital NCO 328, the second dipital NCO 330, the third digital NCO 332, and the first summing circuit 350 described
earlier in connection with Figure 3. The waveshaping circuit 900 further includes a first preconditioning circuit 910, a
second preconditioning circuit 912, a third preconditioning circuit 914, a crest predictive weight generator 916, a post-
conditioning pulse generator 928, a second summing circuit 930, and a delay circuit 932.

A first input symbol stream 902, a second input symbol stream 904, and a third input symbol stream 906 are
applied as inputs to the first preconditioning circuit 910, the second preconditioning circuit 912, the third
preconditioning circuit 914, respectively, and to the crest predictive weight generator 916. The first preconditioning
circuit 910, the second preconditioning circuit 912, the third precenditioning circuit 914, respectively, and to the crest
predictive weight generator 916 can be similar to the preconditioning circuits described in connection with Figures 5
and 8.

A digital NCO phase information 934, a second digital NCO phase information 9386, and a third digital phase

information 938 from the first digital NCO 328, the second digital NCO 330, and the third digital NCO 332,
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respectively, are applied as inputs to the crest predictive weight generator 916. The phase information allows the
crest predictive weight generator 916 to determine how the input symbol streams will combine. The crest predictive
weight generator 916 can use pulse-shaping filters to predict how the input symbol streams will combine. In one
embodiment, the length, the latency, or both the latency and the length of the pulse-shaping filters of the crest
predictive weight generator 916 is less than the length, the latency, or both the latency and the length of the pulse-
shaping filters 316, 318, 320.

The crest predictive weight generator 916 examines the multiple information symbol streams and the
corresponding phases of the digital numerical controlled oscillators to determine or to predict whether a relatively high-
level signal crest will subsequently occur in the combined signal. When the crest predictive weight generator 916
predicts that a relatively high-amplitude signal crest will occur in the combined signal, the crest predictive weight
generator 916 provides weight values to the pre-conditioning circuits that allow the preconditioning circuits to
individually process their respective input symbol streams to reduce the relatively high amplitude signal peaks. When
the crest predictive weight generator 916 predicts that destructive interference between the symbol streams
themselves will reduce or will eliminate the relatively high-level signal crest, the crest predictive weight generator 916
provides weight values to the preconditioning circuits that reduce or disable the preconditioning applied by the
preconditioning circuits.

The crest predictive weight generator 916 can optionally provide an advanced crest occurrence information
940 to the post-conditioning pulse generator 928. The advanced crest occurrence information 940 can
advantageously be used to reduce computation latency in the waveshaping circuit 900 by allowing the post-
conditioning pulse generator 928 to initiate early production of band-limited pulses, such as Gaussian pulses, which are
applied to destructively interfere with a composite signal output of the delay circuit 932. In other aspects, one
embodiment of the post-conditioning pulse generator 928 is similar to the post-conditioning pulse generator 348
described earlier in connection with Figure 3.

One embodiment of the crest predictive weight generator 916 provides the weight value as a binary value
with a first state and a second state. For example, in the first state, the crest predictive weight generator 916 allows
waveshaping, and in the second state, the crest predictive weight generator 916 disables waveshaping. The crest
predictive weight generator 916 provides the weight value or values to the preconditioning circuits and the crest
occurrence information to the post-conditioning circuit in real time and not in non-real time. By contrast, the de-
cresting control 416 described in connection with Figure 4 can provide parameter updates to preconditioning and to
post-conditioning circuits in either real time or in non-real time. In one embodiment, a waveshaping circuit includes
both the crest predictive weight generator 916 and the de-cresting control 416.

The advanced crest occurrence information 940 allows the crest predictive weight generator 916 to notify
the post-conditioning pulse generator 928 of when the input symbol streams at least partially destructively interfere

when combined. This allows the post-conditioning pulse generator to correspondingly decrease the magnitude of the
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band-limited pulse or to eliminate the band-limited pulse that would otherwise be applied by the post-conditioning pulse
generator 928 to the composite signal to reduce relatively high-amplitude signal peaks.

In one embodiment, the first preconditioning circuit 910, the second preconditioning circuit 912, and the third
preconditioning circuit 914 are adapted to receive weight values 920, 922, 924 from the crest predictive weight
generator 916 and are also adapted to modify the preconditioning according to the received weight values. In one
embodiment, the weight values 920, 922, 924 are the same for each preconditioning circuit and can be provided on a
single signal line. In another embodiment, the weight values 920, 922, 924 are individually tailored for each
preconditioning circuit.

The preconditioning circuit 500 described in connection with Figure 5 can be modified to be used for the first
preconditioning circuit 910, the second preconditioning circuit 912, or the third preconditioning circuit 914 by allowing
the applied weight value provided by the crest predictive weight generator 916 to vary the weight applied by the
weight generator 512. In another embodiment, the weight value from the crest predictive weight generator 916
disables the summation of the input symbol stream 502 with the correction impulse by, for example, partially disabling
the summing circuit 520, disabling the multiplier 518, or by otherwise effectively zeraing the correction impulse.

The preconditioning circuit 800 described in connection with Figure 8 can also be modified to be used for the
first preconditioning circuit 910, the second preconditioning circuit 912, and the third preconditioning circuit 914. For
example, when the amount of preconditioning is decreased, the weight values applied to the preconditioning circuit 800
can be used to select alternative coefficients in the coefficient bank 822. The weight values can also be used to
decrease a magnitude of the applied preconditioning by, for example, attenuating the output of the summing circuit
832. Where the preconditioning is disabled, the weight value can be used to disable a portion of the preconditioning
circuit 800, such as the summing circuit 832 or the eighth multiplier 834 and the ninth multiplier 836, to disable the
preconditioning.

The waveshaping circuit 900 can further include an additional delay circuit to compensate for computational
latency in the crest predictive weight generator 916. In one embodiment, the first preconditioning circuit 910, the
second preconditioning circuit 912, and the third preconditioning circuit 914 include the additional delay circuit.

In addition to detecting when the input symbol streams destructively interfere with each other so that an
amount of waveshaping can be reduced or eliminated, one embodiment of the crest predictive weight generator 916
advantageously detects when a relatively short transitory sequence of impulses or pulses from fthe information source
sequentially exhibits similar amplitude and phase levels and would otherwise give rise to a relatively large crest.

Pulse-shaping filters, such as the first pulse-shaping filter 316, the second pulse-shaping filter 318, and the
third pulse-shaping filter 320, limit the spectral occupancy of impulse and pulse information-bearing data streams in
communication systems. A deleterious characteristic of these filters is that the peak to average of the pulse or
impulse stream is invariably expanded during the pulse-shaping process, often by in excess of 3 dB. These newly
introduced signal crests are generally attributed to Gibbs filter ringing effects. Ordinarily, relatively large crests occur

when a relatively short transitory sequences of impulses or pulses from the information sources sequentially exhibit
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similar amplitude and phase levels. Thesp scenarios may be advantageously predicted by the crest predictive weight
generator 916,

Upon detection of the relatively short transitory sequence of impulses or pulses that sequentially exhibit
similar amplitude and phase levels, the crest predictive weight generator 916 selects compensation with a sequence of
corrective vectors rather than compensation with a single corrective vector. This distributes the introduction of error
energy over a short sequence of modulation symbols rather than to a single symbol. In systems that do not exploit
code division multiple access (CDMA), such as Enhanced Data GSM Environment (EDGE), the distribution of the error
energy is desirable because it mitigates against the impact of error energy upon the downstream receiver's detector
error rate. )

Figure 10 illustrates further details of a multicarrier de-cresting circuit 1000 according to an embodiment of
the present invention. The illustrated multicarrier de-cresting circuit 1000 does not include pre-conditioning of the
input symbol streams.

The multicarrier de-cresting circuit 1000 shewn in Figure 10 includes a multiple channel circuit 1002, a de-
cresting pulse generation circuit 1004, and a de-cresting combiner 1008. The multiple channel circuit 1002 pulse-
shapes, upconverts, and combines multiple input symbol streams. In one embodiment of the multicarrier de-cresting
circuit 1000, the multiple channel circuit 1002 corresponds to a conventional circuit. Another embodiment of the
multicarrier de-cresting circuit 1000 uses a multiple channel circuit described in greater detail later in connection with
Figure 16.

The de-cresting pulse generation circuit 1004 generates carrier waveforms and generates post-compensation
hand-limited de-cresting pulses. A pulse generator control 1008 receives and inspects a composite multicarrier signal
M.(t} 1010, individual subcarrier signals (or baseband equivalents), and digital NCO waveforms. This permits the pulse
generator control 1008 to determine the requirement for, the total number of, the duration, the frequency, the
amplitude and the phase of band-limited pulses that are to be injected into the transmission data stream to reduce or to
eliminate relatively high amplitude peaks in the composite multicarrier signal 1010. In one embodiment, the band-
limited pulses are Gaussian pulses that are provided by a bank of generalized Gaussian pulse generators that accept
commands from the pulse generator control 1008 to generate a pulse of a specific duration, phase, amplitude and
center frequency. Further details of the de-cresting pulse generation circuit 1004 are described later in connection
with Figure 15. Further details of the pulse generator control 1008 are deseribed later in connection with Figures 13A-
E.

The de-cresting combiner 1006 combines the upconverted input symhol streams with the post-compensation
band-limited de-cresting pulses to remove the relatively high-level signal crests from the combined input symbol
streams. The de-eresting combiner 10086 includes a time delay circuit 1012. The time delay circuit 1012 delays the
composite multicarrier signal 1010 to a time-delayed composite multicarrier signal 1016. The delay of the time delay
circuit 1012 is matched to the corresponding delfay in the de-cresting pulse generation cireuit 1004 so that a desired

amount of destructive interference can be reliably induced. An output of the time delay circuit 1012 is provided as an
-20-



10

15

20

25

30

35

WO 02/09373 PCT/US01/22844

input to a multiinput summing junction 1014, which provides a de-crested composite multicarrier signal 1018 as the
linear sum of the composite multicarrier signal 1010, as delayed by the time delay circuit 1012, and a collection of
band-limited pulses. It will be understood by one of ordinary skill in the art that the band-limited pulses can be
individually applied to the multi-input summing junction 1014 or the band-limited pulses can be combined to a
composite pulse stream and then applied to the multi-input summing junction 1014.

In one embodiment, the band-limited pulses are Gaussian pulses. The collection of Gaussian pulses can
include zero, one, or multiple pulses depending on the instantaneous magnitude of the composite multicarrier signal
1010.

Figures 11A-E illustrate an example of the operation of the multicarrier de-cresting circuit 1000 shown in
Figure 10. With reference to Figures 11A-E, horizontal axes 1102, 1104, 1106, 1108, 1110 indicate time. As shown
in Figures 11A-E, time increases to the right. Figure 11A includes a first waveform 1112, which corresponds to an
illustrative portion of the composite multicarrier signal 1010. The first waveform 1112 further includes a waveform
crest 1114, which corresponds to a relatively high-amplitude signal crest in the composite multicarrier signal 1010.
Although the average power level of the composite multicarrier signal 1010 can be relatively low, the waveform crest
1114 illustrates that the information sources, which contribute to the input symbol streams, can occasionally align and
generate a relatively high-amplitude signal peak. For example, a signal peak that is about 10 dB above the average
power level can occur with a probability of 10, In another example, 14 dB signal peaks can occur with a probability
of 10%,

Figure 11B illustrates a second waveform 1116 with a pulse 1118. The pulse 1118 of the second waveform
1116 corresponds to a band-limited pulse, such as a Gaussian pulse, which is generated by the de-cresting pulse
generation circuit 1004 to destructively interfere with the relatively high-amplitude signal crest in the composite
multicarrier signal 1010 as illustrated by the waveform crest 1114.

Figure 11C illustrates a third waveform 1120, which corresponds to the time-delayed composite multicarrier
signal 1016. The time delay circuit 1012 delays the composite multicarrier signal 1010 to the time-delayed compasite
multicarrier signal 1016 to compensate for the computational latency of the de-cresting pulse generation circuit 1004.
This alignment is shown in Figures 11B and 11C by the alignment of the delayed signal crest 1122 with the pulse
1118.

The band-limited pulse destructively interferes with the relatively high signal peak in the time-delayed
composite multicarrier signal 1016. Figure 11D illustrates a fourth waveform 1124, which corresponds to the output
of the multi-input summing junction 1014. The fourth waveform 1124 is thus the linear superposition of the second
waveform 1116 and the third waveform 1120. In the fourth waveform 1124, a compensated portion 1126 is
substantially devoid of the waveform crest 1114 by the destructive interference induced by the band-limited pulse.
Figure 11E superimposes the second waveform 11186, the third waveform 1120, and the fourth waveform 1124,

Figures 12A-C illustrate a complementary frequency domain analysis of the multicarrier de-cresting circuit

that uses only a single Gaussian pulse to de-crest a composite waveform. Figure 12A illustrates an example of a basic
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power spectral density plot (PSD) of a composite single carrier signal 1202 and a PSD plot of a single Gaussian pulse
1204. Figure 12A also illustrates a resulting output signal power spectral density 1206 when the composite single
carrier signal 1202 and the single Gaussian pulse 1204 are linearly combined. In one embodiment, the multicarrier de-
cresting circuit 1000 expands the PSD only when the Gaussian pulse’s characteristics expand the signal energy
beyond the basic frequency allocation. Thus, the bandwidth expansion of the combined signal is readily controlled by
controlling the characteristics of the de-cresting pulse generation circuit 1004 configured to generate a single Gaussian
pulse.

Figure 12B also illustrates the applicability of a generating a single Gaussian pulse to reduce a magnitude of
a signal crest in a multicarrier application. A trace 1208 corresponds to a basic PSD plot corresponding to a
multicarrier signal crest. A trace 1210 corresponds to a PSD plot of the single Gaussian pulse. A trace 1212
illustrates a composite PSD of the combination of the multicarrier signal crest with the single Gaussian pulse.

Figure 12C illustrates a disadvantage of generating a single Gaussian pulse to reduce the magnitude of a
signal crest in a multicarrier signal. In the example shown in Figure 12C, one of the channel streams is dropped either
temporarily or permanently from the composite multicarrier signal 1010. A trace 1214 corresponds to a basic PSD of
the multicarrier signal crest with a channel stream dropped. A trace 1216 corresponds to a PSD plot of the single
Gaussian pulse. A trace 1218 illustrates a composite PSD of the combination of the single Gaussian pulse and the
multicarrier signal crest with the channel stream dropped. As shown in Figure 12C, energy from the Gaussian pulse
increases the residual energy level within the unoccupied channel allocation. The increase in residual energy in the
unoccupied channel is relatively undesirable in a commercial application.

Embodiments of the invention, such as the multicarrier de-cresting circuit 1000 described in connection with
Figure 10, advantageously overcome the undesirable polluting of unoccupied channel allocatiens by injecting multiple
band-limited pulses from multiple pulse generators. In one embodiment, the multiple band-limited pulses are Gaussian
pulses. The generation of multiple band-limited pulses allows the pulse generator control to determine the PSD content
in each of the allocated channels and advantageously insert Gaussian pulse energy only into occupied channels to
counteract the signal peak. This advantageously prevents the injection of Gaussian pulse energy to unoccupied
channel allocation.

Further, one embodiment of the pulse generator control 1008 is provided with the individual amplitude levels
for each baseband channel’s contribution to the overall composite signal’s peak, so that the pulse generator control
1008 can weigh the amplitude of each Gaussian pulse according to the contribution to the peak in the composite
multicarrier signal 1010.

Figures 13A-E illustrate the operation of the pulse generator control 1008 described in connection with
Figure 10. The pulse generator control 1008 advantageously provides multiple band-limited pulses, such as Gaussian
pulses, that destructively interfere with the signal crests in the composite multicarrier signal 1010. With reference to
Figures 13A-E, horizontal axes 1302, 1304, 1306, 1308, 1310 indicate time. As shown in Figures 13A-E, time

increases to the right.
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Figure 13A includes a first waveform 1312, which corresponds to a portion of the composite multicarrier
signal 1010. The first waveform 1312 further includes a waveform crest 1314, which corresponds to a relatively
high-amplitude signal crest in the composite multicarrier signal 1010. The first waveform 1312 and the waveform
crest 1314 are similar to the first waveform 1112 and the waveform crest 1114 described in connection with Figure
11A.

Figure 13B illustrates a second waveform 1316 that includes cancellation pulses 1318, 1320 that are
generated from a family of band-limited pulses 1322, 1324, 1326, 1328, 1330, such as Gaussian pulses. In contrast
to a single destructive pulse, such as the pulse 1118 described earlier in connection with Figure 11B, the cancellation
pulses 1318, 1320 in the second waveform 1316 include multiple cancellation pulses. The pulses in the family of
band-limited pulses 1322, 1324, 1326, 1328, 1330 are selected to be centered at the corresponding active channel
frequencies. The cancellation pulses 1318, 1320 of the second waveform 1316 are generated by the de-cresting
pulse generation circuit 1004 to destructively interfere with the relatively high-amplitude signal crest in the composite
multicarrier signal 1010 as illustrated by the waveform crest 1314.

Figure 13C illustrates a third waveform 1332, which corresponds to the time-delayed composite multicarrier
signal 1016. The time delay circuit 1012 delays the composite multicarrier signal 1010 to the time-delayed composite
multicarrier signal 1016 to compensate for the computational latency of the de-cresting pulse generation circuit 1004.
This alignment is shown in Figures 13B and 13C by the alignment of a delayed signal crest 1334 with the cancellation
pulses 1318, 1320. '

The cancellation pulses 1318, 1320 destructively interfere with the relatively high signal peak in the time-
delayed composite multicarrier signal 1016. Figure 13D illustrates a fourth waveform 1336, which corresponds to the
output of the multi-input summing junction 1014. The fourth waveform 1336 is thus the linear superposition of the
second waveform 1316 and the third waveform 1332. In the fourth waveform 1336, a compensated portion 1338 is
substantially devoid of the waveform crest 1314 by the destructive interference induced by the band-limited pulse.
Figure 13E superimposes the second waveform 1316, the third waveform 1332, and the fourth waveform 1336.

Figures 14A and 14B illustrate the results of a complementary frequency domain analysis of the multicarrier
de-cresting circuit 1000. With reference to Figure 14A, a trace 1402 is a basic PSD pldt ’of the composite multicarrier
signal 1010, which is provided as an input fo the de-cresting pulse generation circuit 1004. A trace 1404 is a PSD
plot of the multiple Gaussian pulses, which are the outputs of the de-cresting pulse generation circuit 1004. A trace
1406 is a PSD plot of the de-crested composite multicarrier signal 1018 of the multi-input summing junction 1014,
which combines the time-delayed composite multicarrier signal 1016 with the multiple Gaussian pulses. The trace
1406 illustrates that the PSD bandwidth expansion of the de-crested composite multicarrier signal 1018 can be
relatively readily controlled by managing the PSD of the corresponding multiple Gaussian pulses from the de-cresting
pulse generation circuit 1004,

With reference to Figure 14B, a trace 1408 is a PSD plot of the composite multicarrier signal 1010, where

the composite multicarrier signal 1010 includes a non-utilized channel allocation. Advantageously, embodiments of the
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invention can inject multiple Gaussian pulses to destructively interfere with signal peaks at the utilized channel
allocations, thereby preventing the expansion or pollution of the frequency spectrum. A trace 1410 is a PSD plot of
multiple Gaussian pulses, which correspond to output of the de-ncresting pulse generation circuit 1004. In one
embodiment, each of the multiple Gaussian pulses generated by the de-cresting pulse generator is substantially band-
limited to its corresponding channel. A trace 1412 is a PSD plot of the de-crested composite multicarrier signal 1018
of the multi-input summing junction 1014, which combines the time-delayed composite multicarrier signal 1016 with
the multiple Gaussian pulses. In contrast to the injection of a single Gaussian pulse de-crest the composite multicarrier
signal 1010, which is illustrated in Figure 12C, the injection of multiple Gaussian pulses corresponding only to
allocated channels is advantageously relatively free from spectral pollution.

Figure 15 illustrates one embodiment of the de-cresting pulse generation circuit 1004. The de-cresting pulse
generation circuit 1004 advantageously provides multiple band-limited pulses to de-crest the composite multicarrier
signal 1010 with relatively little pollution of the frequency spectrum.

The illustrated de-cresting pulse generation circuit 1004 includes the pulse generator control 1008 and a
pulse generator 1502. The pulse generator control 1008 shown in Figure 15 further includes a comparator 1504, a
weight generator 1506, and an impulse generater 1508.

The composite multicarrier signal 1010 is provided as an input to the comparator 1504. In addition, the
comparator 1504 receives channel inputs from the pulse shaping filters and phase information from digital NCO
sources. This information enables the comparator 1504 to determine whether to apply single or multiple cancellation
pulses to de-crest the composite multicarrier signal 1010 or the time-delayed composite multicarrier signal 1016. In
one embodiment, the comparator 1504 compares these signals to reference information of the intrinsic waveform.
The reference information can include the average, the peak, and other pertinent signal statistics to determine whether
to apply cancellation pulses to de-crest the composite multicarrier signal 1010.

When the comparator 1504 has determined that a cancellation pulse or a group of cancellation pulses will be
applied, the comparator 1504 calculates a duration for a cancellation pulse and instructs the impulse generator 1508
to provide a sequence of impulses to the pulse generator 1502.

The weight generator 1506 provides weight values to the pulse generator 1502. The weight values are used
by the pulse generator 1502 to vary an amount of a band-limited de-cresting pulse injected into a channel according to
the weight value corresponding to the channel.

In one embodiment, the weight generator 1506 calculates a relative magnitude and phase for each channel’s
contribution to the crest in the composite multicarrier signal 1010 and provides weight values to the pulse generator
1502 so that each channel suffers an approximately equal degradation in signal quality. The weight values generated
by the weight generator 1506 can advantageously be set at a zero weight for inactive channels and a relatively high
weight for relatively high-power channels. The weight values can correspond to positive values, to negative values, to
zero, and to complex values. This allows the error vector magnitude (EVM) to be approximately equal for all active

channels, while simultaneously eliminating or reducing signal crests.
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In another embodiment, a single active channel is randomly selected for introduction of a stronger correction
pulse. This lowers aggregate error rates, but increases the severity of the errors.

The pulse generator 1502 includes a group of multipliers 1510, a group of filters 1512, and a summing
circuit 1514. It will be understood by one of ordinary skill in the art that the waveshaping circuits and sub-circuits
disclosed herein can be configured to process an arbitrary or “N” number of channels. In addition, although the pulse
generator 1502 can include processing capability for several channels, it will be understood by one of ordinary skill in
the art that some applications will not utilize all of the processing capability.

The group of multipliers 1510 in the illustrated pulse generator 1502 can include “N” multipliers. A first
multiplier 1516 multiplies the impulses from the pulse generator 1502 with the weight value from the weight
generator 1506 that corresponds to a first channel. A second multiplier 1518 similarly multiplies the impulses from
the pulse generator 1502 with the weight value from the weight generator 1506 that corresponds to a second
channel.

The group of filters 1512 in the illustrated pulse generator 1502 can include “N” passband filters. A first
passhand filter 1520 generates band-limited pulses in response to receiving impulses from the first multiplier 1516.
The band-limited pulses from the first passhand filter 1520 are centered at approximately the first channel’s frequency
band or allocation. In one embodiment, the first passband filter 1520 is a Gaussian passband finite impulse response
(FIR) filter.

A second passband filter 1522 similarly generates band-limited pulses in response to receiving impulses from
the second multiplier 1518. The band-limited pulses from the second passhand filter 1522 are centered at
approximately the second channel’s frequency band or allocation. In one embodiment, the second passband filter 1522
is a Gaussian passhand FIR filter. Preferably, all passband filters in the group of filters 1512 are FIR filters so that the
outputs of the passband filters are phase aligned.

The summing circuit 1514 combines the outputs of the first passband filter 1520, the second passband filter
15622, and other passband filters, as applicable, in the group of filters 1512. The output of the summing circuit 1514
is a composite stream of Gaussian pulses, which is then applied to the multi-input summing junction 1014 to reduce or
to eliminate relatively high amplitude signal crests. In another embodiment, the individual outputs of the passhand

. filters in the group of filters 1512 are applied directly the multi-input summing junction 1014.

Figure 16 illustrates a multiple channel circuit 1600 according to an embodiment of the present invention.
The multiple channel circuit 1600 advantageously reduees the likelihood of the occurrences of signal crests in
composite waveforms, and can be used to decrease a frequency of application of waveshaping. It will be understood
by one of ordinary skill in the art that the number of channels pulse shaped and combined by the multiple channel
circuit 1600 can be arbitrarily large.

The multiple channel circuit 1600 includes fractional delays, which stagger the input symbol streams relative
to each other by fractions of a symbol period. In one embodiment, the delay offset from one symbol stream to another

"

is determined by allocating the symbol period over the numbér of active symbol streams. For example, where “x
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corresponds to a symbol period and there are four input symbol streams, a first symbol stream can have 0 delay, a
second input symbol stream can have 0.25x delay, a third input symbol stream can have 0.50x delay, and a fourth
input symbol stream can have 0.75x delay.

The illustrated embodiment of the multiple channel eircuit 1600 implements the fractional delay to the data
streams before the pulse shaping filters. In one example, “N,” or the number of active symbol streams, corresponds to
4. In the multiple channel circuit 1600, a first input symbol stream 1602 is applied as an input directly to a first pulse-
shaping filter 1604 without fractional delay. In another embodiment, the data stream associated with the first input
symbol stream 1602 includes a fractional delay.

A second input symbol stream 1606 is provided as an input to a first fractional delay circuit 1608, which
delays the second input symbol stream 1606 relative to the first input symhol stream 1602 by a first fraction of a
symbol period, such as 0.25 of the symbol period. A third input symbol stream 1612 is provided as an input to a
second fractional delay circuit 1614, which delays the third input symbol stream 1612 relative to the first input
symbol stream 1602 by a second fraction of the symbol period, such as 0.50 of the symbol period. A fourth input
symbol stream 1618 is applied to a third fractional delay circuit 1620, which delays the fourth input symbo! stream
1618 by a third fraction of a symbol period, such as 0.75 of the symbol period.

The staggered symbel streams are mixed by their respective mixer circuits 1624, 1626, 1628, 1630 and
combined by a summing circuit 1632. The staggering of the symbol streams reduces the probahility of occurrence of
signal crests in the resulting composite waveform 1634 because the staggering displaces each channel’s individual
signal crest from another channel's signal crest és a function of time. This decreases the probability of a mutual
alignment in amplitude and phase in the composite waveform 1634.

However, it will be understood by one of ordinary skill in the art that the fractional delay can be applied
elsewhere, such as embedded directly within a pulse-shaping filter, applied post pulse-shaping, and the like. In one
embodiment, the amount of the fractional delay for each symbol stream is fixed in hardware. In another embodiment,
the fractional delays can he selected or programmed by, for example, firmware.

Some systems that are susceptible to relatively high-amplitude signal peaks or crests are incompatible with
techniques that modify the amplitude of the underlying signals to reduce or to eliminate the relatively high-amplitude
signal peaks in a composite multicérrier signal. One example of such a system is an EDGE system, where introduction
of amplitude modulating pulses such as band-limited Gaussian pulses is undesirable and may not be permissible.

Figure 17 illustrates a phase-modulating waveshaping circuit 1700 according to an embodiment of the
present invention. Advantageously, the phase-modulating waveshaping circuit 1700 reduces or eliminates relatively
high-amplitude signal crests in composite multi-carrier signals without modulation of the amplitude of the underlying
signals. Rather than sum a composite multicarrier signal with band-limited pulses to de-crest the composite
multicarrier signal as described in connection with Figure 10, the phase-modulating waveshaping circuit 1700

modulates the phases of the input symbol streams to reduce or to eliminate relatively high signal crests in the resulting

26-



10

15

20

25

30

WO 02/09373 PCT/US01/22844

composite multicarrier signal. It will be understood by one of ordinary skill in the art that the phase-modulating
waveshaping circuit 1700 can be configured to process an arhitrary or “N” number of channels.

The phase-modulating waveshaping circuit 1700 includes a multiple channel circuit 1702, a de-cresting
combiner 1704, digital NCOs 1706, and a pulse phase modulation circuit 1708. The multiple channel cirpuit 1702
receives the input symbol streams, pulse shapes and upconverts the input symbol streams. The pulse shaped and
upconverted input streams are provided as inputs to the de-cresting combiner 1704 and to a pulse phase modulator
control 1710 of the pulse phase modulation circuit 1708.

One embodiment of the pulse phase modulation circuit 1708 is substantially the same as the de-cresting
pulse generation circuit 1004 described in connection with Figures 10 and 15. However, rather than summing the
composite multicarrier signal with the generated band-limited pulses, the band-limited pulses are used to phase
modulate the upconverted symbol streams. As such, the pulse phase modulator control 1710 corresponds to the pulse
generator control 1008. The pulse phase modulator control 1710 predicts whether the current modulation streams
and digital NGO phase combinations will constructively interfere with each other and result in a composite waveform
crest. Where a crest is predicted, the Gaussian pulse phase modulators are engaged to relatively slowly modulate the
individual channel phases to prevent or to reduce a signal crest in the composite waveform.

A Gaussian pulse phase modulator, such as a first Gaussian pulse phase modulator 1712 corresponds to a
Gaussian pulse generator, such as a first Gaussian pulse generator 1020. Again, the corresponding Gaussian pulses
gp,(t), gp,(t), and so forth, generated by the Gaussian pulse phase modulators of the pulse phase modulation circuit
1708 are band-limited to their corresponding input symbol stream’s allocated channel.

The de-cresting combiner 1704 includes multiple delay circuits 1714, 1716, 1718, 1720, which align the
upconverted symbol streams from the multiple channel circuit 1702 with the Gaussian pulses from the pulse phase
modulation circuit 1708. The de-cresting combiner 1704 further includes phase modulators 1722, 1724, 1726, 1728,
which phase modulate their respective upconverted input symbel streams in accordance with the respective Gaussian
pulse from the pulse phase modulation circuit 1708. A summing circuit 1730 combines the outputs of the phase
modulators 1722, 1724, 1726, 1728 and provides a de-crested composite multicarrier signal 1732 as an output.

The skilled practitioner will recognize that care should be taken to ensure that the rate of change of phase
due to this correction process does not exceed the capability of the downstream receivers to track effective channel
phase variations.

One embodiment of the present invention further uses a pulse generator control or a pulse phase modulator
control that is already used to de-crest or to waveshape composite signals to continually monitor and to report the
amplitude and phase information of each individual baseband channel. This information can be readily utilized to
extract the average and peak power levels of individual channels. In addition, the presence of active or dormant
channels can be readily ascertained. This information is extremely useful for external subsystems in a range of

communications applications.
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In one embodiment, a waveshaping circuit includes a communications port, such as a serial communications
port or a parallel communications port that enables this information to be transmitted to external devices. In another
embodiment, the collected information is stored in a memory structure, which is accessed by multiple extérnal devices
requiring such information. The information can be ported to an amplifier linearization chip such as the PM7800
PALADIN product from PMCS.

One embodiment of the waveshaping circuit is implemented in dedicated hardware such as a field
programmable gate array (FPGA) or dedicated silicon in an application specific integrated circuit (ASIC). In a relatively
low data rate application, a general purpose digital signal processor (DSP), such as a TMS320C60 from Texas
Instruments I[ncorporated or a SHARC processor from Analog Devices, Inc., performs the waveshaping signal
processing.

A conventional microprocessor/microcontroller or general purpose DSP can interface to a waveshaping circuit
to adaptively control the waveshaping process. For example, a de-cresting control can operate in non-real time, and a
general purpose DSP or microprocessor such as a TMS320C54 | TMS320C60 /TMS320C40 /| ARM 7 or Motorola
68000 device can be used for control. Preferably, the DSP or microprocessor includes non-volatile ROM for both
pregram storage and factory installed default parameters. Both ROM and Flash ROM are relatively well suited for this
purpose. As with most DSP or microprocessor designs, a proportional amount of RAM is used for general-purpose
program execution. In one embodiment, a relatively low speed portion of the waveshaping circuit implemented with a
DSP or a microprocessor core and a relatively high speed portion of the waveshaping circuit implemented in an ASIC or
an FPGA is integrated onto a single ASIC chip with an appropriate amount of RAM and ROM. Examples of licensable
cores include the ARM7 from Advanced RISC Machines, Ltd., the Teak from DSP Group Inc., the Oak from DSP Group
Inc., and the ARC from ARC Cores.

Various embodiments of the present invention have been described above. Although this invention has been
described with reference to these specific embodiments, the descriptions are intended to be illustrative of the invention and
are not intended to be limiting. Various modifications and applications may occur to those skilled in the art without

departing from the true spirit and scope of the invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. A waveshaping circuit that shapes a first waveform to decrease a ratio of peak power to average

power in the first waveform such that an available power of a radio frequency power amplifier can be efficiently used,
where the shaping of the first waveform is substantially free from spectral pollution, the waveshaping circuit
comprising:

a preconditioning circuit adapted to receive an input symbol stream, the preconditioning circuit
configured to compare data in the input symbol stream to a first reference and to modify the data in the
input symbol stream by applying a first impulse to the input symbol stream selected to at least partially
reduce the magnitude of a signal peak in the first waveform when the input symbol stream exceeds the first
reference, the preconditioning circuit further configured to provide the modified symbol stream to a pulse-
shaping filter, which maps the modified symbol stream to a baseband stream, where the pulse-shaping filter
is configured to provide the baseband stream to a mixer, which upconverts the baseband stream by
multiplication with an oscillator signal from a digital numerically controlled oscillator to an upconverted
signal;

a pulse generator adapted o receive the upconverted signal and to receive phase information from
the digital numerically controlled oscillator, the pulse generator configured to generate a band-limited pulse
when the pulse generator detects that the upconverted signal has a signal crest above a predetermined
threshold, where the band-limited pulse is substantially limited to a frequency band allecated to the input
symbol stream;

a delay circuit configured to delay the upconverted signal to a delayed upconverted signal, where an
amount of delay is approximately equal to a latency in the pulse generator; and

a summing circuit adapted to sum the band-limited pulse from the pulse generator with the delayed
upconverted signal from the delay circuit to generate the first waveform.

2. The waveshaping circuit as defined in Claim 1, wherein the band-limited pulse is selected from the
group consisting of a band-limited Gaussian pulse, a band-limited Square Root Raised Cosine (SRRC) pulse, a band-
limited Raised Cosine (RC) pulse, and a band-limited Sinc pulse.

3. The waveshaping circuit as defined in Claim 1, wherein the pulse generator further comprises:

a comparator adapted to detect when the upconverted baseband stream has a signal crest above
the predetermined threshold;

an impulse generator adapted to provide a second impulse in response to an indication from the
comparator that the signal crest is above the predetermined threshold;

a weight generator that provides a weight value to scale a magnitude of the second impulse; and

a finite impulse response (FIR) filter configured to filter the second impulse to substantially limit the

second impulse to a frequency band allocated to the input symbol stream.
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4, The waveshaping circuit as defined in Claim 1, wherein the preconditioning circuit is configured to
receive updates to vary the first reference, and where the pulse generator is configured to receive updates to vary the
predetermined threshold.

5. The waveshaping circuit as defined in Claim 1, where the input symbol stream comprises a plurality
of input symbol streams, which are processed by the preconditioning circuit, pulse-shaped, upconverted and combined
to the upconverted baseband stream, and where the band-limited pulse generated by the pulse generator is
substantially limited to a frequency band allocated to an input symbol stream from the plurality of input symbol
streams.

6. The waveshaping circuit as defined in Claim 5, further comprising a predictive weight generator
circuit coupled to the plurality of input symbol streams and to a plurality of digital numerically controlled oscillators
that are used to upconvert pulse-shaped input symbol streams, the predictive weight generator circuit configured to at
least partially disable the preconditioning circuit and the pulse generator in real time in response to a prediction that
the plurality of input symbol streams at least partially destructively interfere in the combined upconverted baseband
stream.

7. The waveshaping circuit as defined in Claim 1, where the input symbol stream comprises a plurality
of input symbol streams, which are processed by the preconditioning circuit, pulse-shaped, upconverted and combined
to the upconverted baseband stream, and where the band-limited pulse generated by the pulse generator comprises a
plurality of band-limited pulses, which are applied to the combined upconverted baseband stream to destructively
interfere with the signal peak, where each of the plurality of band-limited pulses corresponds to a frequency band
allocated to an input symbol stream from the plurality of input symbol streams.

8. An adaptive control circuit that provides parameter updates to a digital waveshaping circuit, the
adaptive control circuit coupled to at least one input symbol stream and to an output sample stream, where the input
symbol stream is also provided as an input to the digital waveshaping circuit and the output sample stream is
generated by the digital waveshaping circuit, the adaptive control circuit comprising:

a reference input adapted to receive reference information, where the parameter updates are
controlled at least in part by data received at the reference input;

an input monitoring circuit adapted to monitor the at least one input symbol stream provided to the
digital waveshaping circuit;

a receiver circuit adapted to monitor the output sample stream from the digital waveshaping circuit;
and

a parameter update circuit adapted to calculate and to provide updated parameters to the digital
waveshaping circuit based on the reference input, a monitored portion of the at least one input symbol
stream, and the output sample stream.

9, The adaptive control circuit as defined in Claim 8, wherein the parameter update circuit calculates

the updated parameters in non real time.
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10. A preconditioning circuit adapted to reduce an amplitude of a signal peak in an input symbol stream
in real time, where an output of the preconditioning circuit is applied to a pulse-shaping filter, the preconditioning
circuit comprising:

a comparator coupled to the input symbol stream to compares a symbol from the input symbol
stream to a reference level, the comparator configured to generate a correction vector in response to the
symbol exceeding the reference level;

a pseudo random sequence generator adapted to generate a pseudo random noise sequence;

a weight generator coupled to the comparator and to the pseudoe random sequence generator, the
weight generator configured to provide a weight factor based on the correction vector and the received
pseude random noise sequence;

a first delay circuit coupled to the pseudo random sequence generator, where the first delay circuit
is adapted to delay an impulse from the pseudo random sequence generator by a time approximately equal to
a latency in the weight generator;

a multiplier circuit coupled to the first delay circuit and to the weight generator, where the
multiplier circuit is configured to multiply an impulse from the first delay circuit with a corresponding weight
factor from the weight generator in order to select the impulse from the pseudo random noise sequence and
to scale the selected impulse;

a second delay circuit coupled to the input symbol stream, where the second delay circuit is
configured to delay the input symbol stream by a time approximately equal to a latency in the comparator,
the weight generator, and the multiplier circuit; and

a summing circuit coupled to the multiplier circuit and to the second delay circuit, where the
summing circuit is configured to sum the impulse selected and scaled by the multiplier circuit with the input
symbol stream from the second delay circuit to generate the output of the preconditioning circuit.

11. The preconditioning circuit as defined in Claim 10, wherein a value of the weight factor generated
by the weight generator includes positive values, negative values, zero, and complex numbers.

12. The preconditioning circuit as defined in Claim 10, wherein the comparator is configured to receive
adaptive updates to the reference.

13. The preconditioning circuit as defined in Claim 10, wherein the preconditioning circuit is adapted to
at least decrease an amount of the impulse selected and scaled by the multiplier circuit in response to a prediction of
destructive interference to a signal peak in a composite waveform that includes pulse-shaped and upconverted from
the input symbol stream.

14. The preconditioning circuit as defined in Claim 10, wherein the preconditioning circuit is adapted to
at least decrease an amount of the impulse selected and scaled by the multiplier circuit in response to a prediction of
destructive interference to a signal peak in a composite waveform that includes pulse-shaped and upconverted from

the input symbol stream.
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15. The preconditioning circuit as defined in Claim 10, wherein the comparator further comprises:

a magnitude computation circuit adapted to compute a magnitude of the input symbol stream;

a Taylor series approximation circuit adapted to compute a Taylor series expansion of a nonlinear
weighting function with the computed magnitude as an input;

a delay circuit adapted to delay the input symbol stream by a time substantially equal to latency in
the magnitude computation circuit and the FIR filter; and

a mixer adapted to multiply a filtered output of the FIR filter with the delayed input symbol stream
from the delay circuit.

16. A predictive weight generator adapted to reduce an amount of waveshaping processing applied to a
plurality of input symbol streams by a waveshaping circuit, where the waveshaping processing reduces an amplitude of
at least one input symbol stream, the predictive weight generator comprising:

pulse-shaping filter emulation circuits configured to receive the plurality of input symbol streams
that are also applied as inputs to the waveshaping circuit, where the pulse-shaping filter emulation circuits
emulate the mapping of actual pulse-shaping filters in the waveshaping circuit;

mixers coupled to the pulse-shaping filter emulation circuits and to digital numerically controlled
oscillators, where the digital numerically controlled oscillators also upconvert actual outputs of actual pulse-
shaping filters for the input symbol streams;

a summing circuit adapted to combine the outputs of the mixers to a simulated composite signal to
predict an amplitude of an actual composite signal;

a comparator adapted to compare the predicted amplitude to a threshold level and to provide
weight value modifications to the waveshaping circuit in response to the comparison; and

a delay circuit adapted to delay the plurality of input symbol streams to the waveshaping circuit,
where the delay is substantially equal to a computational latency of a computational path including the pulse-
shaping filter emulation circuits, the mixers, the summing circuit, and the comparator such that the
waveshaping circuit receives the weight value modifications from the predictive weight generator in real
time.

17. The predictive Weight generator as defined in Claim 16, wherein the pulse-shaping filter emulation
circuits comprise actual pulse-shaping filters.

18. The predictive weight generator as defined in Claim 16, wherein the weight value modifications
provided by tﬂe comparator correspond to a binary value with a first state and a second state, such that waveshaping

in the waveshaping circuit is enabled in the first state and is disabled in the second state.
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19. A post-conditioning circuit that generates a de-cresting pulse that can decrease an amplitude of a
signal peak of a composite multicarrier signal in real time, where the composite multicarrier signal includes a plurality
of input symbol streams that are pulse-shaped and frequency upconverted to a plurality of upconverted streams, the
post-conditioning circuit comprising:

a comparator configured to compare the composite multicarrier signal to a predetermined threshold,
where the comparator activates an output when the composite multicarrier signal exceeds the predetermined
threshold;

a weight generator that receives the plurality of upconverted streams and a phase information from
a plurality of oscillators that provide carrier waveforms for the plurality of upconverted streams, where the
weight generator calculates a weight value for an upconverted stream in the plurality of upconverted
streams, where the weight value is approximately proportional to the upconverted stream’s contribution to
the composite multicarrier signal’s signal peak;

an impulse generator coupled to the comparator, where the impulse generator provides an impulse
as an output in response to the output of the comparator, where the impulse generator also controls a
duration of the generated impulse in response to the output of the comparator;

a multiplier circuit adapted to multiply the weight value from the weight generator with the impulse
from the impulse generator to generate a scaled impulse; and

a bandpass filter that filters the scaled impuise to a frequency band that corresponds to the
upconverted stream’s allocated frequency band to generate the de-cresting pulse.

20. The post-conditioning circuit as defined in Claim 19, wherein the bandpass filter has a response
selected from the group consisting of a Gaussian response, a Square Root Raised Cosine (SRRC) response, a Raised
Cosine (RC) response, and a Sinc response.

21. The post-conditioning circuit as defined in Claim 19, wherein the bandpass filter is a finite impulse
response (FIR) filter.

22. The post-conditioning circuit as defined in Claim 19, wherein the composite multicarrier signal
propagates to the comparator in a first path, further comprising:

a delay circuit adapted to receive the composite multicarrier signal from a second path and to
delay the composite multicarrier signal by a time approximately equal to the latency of a sum of the
comparator, the impulse generator, the multiplier, and the bandpass filter, where an output of the delay
circuit is a delayed composite multicarrier signal; and

a summing circuit configured to combine the delayed composite multicarrier signal with the de-

cresting pulse to reduce the signal peak.
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23. The post-conditioning circuit as defined in Claim 19, wherein the de-cresting pulse comprises a
plurality of de-cresting pulses, wherein:

the weight generator calculates a plurality of weight values corresponding to the plurality of
upconverted streams, where a weight value fram the plurality of weight values is approximately proportional
to the corresponding upconverted stream’s contribution to the composite multicarrier signal’s signal peak;

the multiplier circuit comprises a plurality of multiplier circuits for the plurality of upconverted
streams, where each multiplier circuit in the plurality of multiplier circuits multiplies the impulse from the
impulse generator with a weight value for the corresponding upconverted stream such that the plurality of
multiplier circuits generates a plurality of scaled impulses; and

the bandpass filter comprises a plurality of bandpass filters that filter the scaled impulses to
frequency bands that correspond to the upconverted streams’ allocated frequency bands to generate the
plurality of de-cresting pulses.

24, A pulse-shaping circuit that reduces a probability of an alignment in amplitude and phase of similar
symbols in a plurality of input symbol streams including at least a first input symbol stream and a second input symbol
stream, where the plurality of input symbol streams are eventually upconverted and combined to a composite data
stream such that a reduction in the probability of the alignment reduces a probahility of a large signal crest in the
composite data stream, the pulse-shaping circuit comprising:

a plurality of pulse-shaping filters adapted to pulse-shape the plurality of input symbel streams to a
corresponding plurality of baseband streams;

a pluratity of multipliers adapted to receive a plurality of input carrier streams and to upconvert the
plurality of baseband streams to a plurality of upconverted streams;

a summing circuit that combines the upconverted streams to the composite signal; and

a delay circuit in at least a first data path, where the first data path is a path from an input symbol
stream to the composite data stream, where the delay circuit delays data in the first data path by a fraction
of a symbol period relative to data in a second data path.

25. The pulse-shaping circuit ‘as defined in Claim 24, wherein the at least first data path comprises a
plurality of data paths with delay circuits, wherein the delay circuits delay data in their respective data paths relative
to data in the second data path with delays distributed approximately evenly through the symbal period.

26. The pulse-shaping circuit as defined in Claim 24, wherein the delay circuit in the first data path is
configured to delay data between the first input symbol stream and the first pulse shaped filter.

27. A composite waveform de-cresting circuit that digitally generates at least one de-cresting phase
shift in real time that allows a composite multicarrier signal to be generated with a decrease in an amplitude of a signal
peak, where the composite multicarrier signal includes a plurality of input symbol streams that are pulse-shaped and

frequency upconverted, where an application of the de-cresting phase shift decreases the amplitude of the signal peak
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of the composite multicarrier signal without altering an amplitude of the plurality of input symbol streams, the
composite waveform de-cresting circuit comprising:

a computation circuit that receives the plurality of upconverted streams and a phase information
from a plurality of oscillators that provide carrier waveforms for the plurality of upconverted streams, the
computation circuit configured to predict a level in the composite multicarrier signal;

a comparator configured to compare the predicted level of the composite multicarrier signal from
the computation circuit to a predetermined threshold, where the comparator activates an output when the
composite multicarrier signal exceeds the predetermined threshold;

a weight generator that receives the plurality of upconverted streams and a phase information from
the plurality of oscillators that provide carrier waveforms for the plurality of upconverted streams, where the
weight generator calculates a weight value for an upconverted stream in the plurality of upconverted
streams, where the weight value is approximately proportional to the upconverted stream’s contribution to
the predicted level of the composite multicarrier signal’s signal peak;

an impulse generator coupled to the comparator, where the impulse generator provides an impulse
as an output in response to the output of the comparator, where the impulse generator also controls a
duration of the generated impulse in response to the output of the comparator;

a multiplier circuit adapted to multiply the weight value from the weight generator with the impulse
from the impulse generator to generate a scaled impulse;

at least one bandpass filter that filters the scaled impulse to a frequency band that corresponds to
the upconverted stream’s allocated frequency band to generate a de-cresting phase-shift control signal; and

at least one phase shifter coupled to the upconverted stream, where the phase shifter is configuréd
te modulate a relative phase of the upconverted stream in response to the de-cresting phase-shift control
signal.

28. The composite waveform decresting circuit as defined in Claim 27, further comprising a combining
circuit coupled to sum the plurality of upconverted streams to generate the composite multicarrier signal, where the
plurality of upconverted streams includes at least one phase-shifted upconverted stream .

29. The post-conditioning circuit as defined in Claim 27, wherein the bandpass filter has a Gaussian
response. ‘ 4

30. The post-conditioning circuit as defined in Claim 27, wherein the bandpass filter is a finite impulse
response (FIR) filter.

31. The post-conditioning circuit as defined in Claim 27, wherein the de-cresting pulse comprises a
plurality of de-cresting pulses,

wherein the weight generator calculates a plurality of weight values corresponding to the plurality

of upconverted streams, where a weight value from the plurality of weight values is approximately

-35-



10

15

20

25

30

35

WO 02/09373 PCT/US01/22844

proportional to the corresponding upconverted stream’s contribution to the predicted level of the composite
multicarrier signal’s signal peak;

wherein the multiplier circuit comprises a plurality of multiplier circuits for the plurality of
upconverted streams, where each multiplier circuit in the plurality of multiplier circuits multiplies the impulse
from the impulse generator with a weight value for the corresponding upconverted stream such that the
plurality of multiplier circuits generates a plurality of scaled impulses;

wherein the at least one bandpass filter comprises a plurality of bandpass filters that filter the
scaled impulses to frequency bands that correspond to the upconverted streams’ allocated frequency bands
to generate the plurality of de-cresting phase-shift control signals; and

wherein the at least one phase shifter comprises a plurality of phase shifters configured to
modulate a relative phase of a corresponding upconverted stream in response to a corresponding de-cresting
phase-shift control signal.

32. A digital waveshaping circuit that decreases an amplitude of a selected portion of a composite
multicarrier signal in real time, where the composite multicarrier signal includes a plurality of input symbol streams
that have been pulse-shaped and frequency up-converted, where the decrease in amplitude of the selected portion
allows a power capability of a related radio frequency amplifier to be more efficiently used, the digital waveshaping
circuit comprising:

means for monitoring the plurality of input symbol streams that eventually combine to the
composite multicarrier signal;

means for monitoring phases of a plurality of carriers from a plurality of digital numerically
controlled oscillators (NCOs), where the plurality of oscillator signals are mixed with a plurality of pulse-
shaped input signal streams to upconvert the plurality of pulse-shaped input signal streams;

means for monitoring the composite multicarrier signal to identify a signal peak above a selected
threshold;

means for determining a first symbol stream’s contribution to the detected signal peak in the
composite multicarrier signal;

means for generating at least a first band-limited pulse selected to destructively interfere with at
least a portion of the identified signal peak, where the first band-limited pulse is substantially limited to a
frequency band allocated to the first symbol stream; and

means for combining the composite multicarrier signal with the at least one band-limited pulse to
reduce the signal peak.

33. A method of shaping a first waveform to decrease a ratio of peak power to average power in the
first waveform by digitally modifying data in a data stream that gives rise to the first waveform, where the shaping of
the first waveform is substantially free from spectral pollution, the method comprising:

comparing data in an input symbol stream to a first reference;
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modifying the input symbol stream by applying an impulse to the input symbol stream selected to at
least partially reduce the magnitude of a signal peak in the first waveform when the comparing indicates that

a corresponding data in the input symbol stream exceeds the first reference;

providing the modified input symbol stream to a pulse-shaping filter, which maps the modified input
symbol stream to a baseband stream, where the baseband stream is upconverted by a mixer and a carrier
information stream to an upconverted stream;

comparing the upconverted stream to a second reference; and

generating the first waveform by applying a band-limited pulse to the upconverted stream selected
to at least partially reduce the signal peak in the upconverted stream when the comparing indicates that at
least a portion of the upconverted stream exceeds the second reference, where the band-limited pulse is
substantially limited to a frequency band allocated to the input symbol stream.

34, The method as defined in Claim 33, wherein the band-limited pulse is a band-limited Gaussian pulse.

35. The method as defined in CGlaim 33, wherein the impulse applied to the input symbol stream is
selected by applying weight values te a sequence of pulses from a pseudo-random sequence generator.

36. The method as defined in Claim 33, wherein a size of the impulse applied to the input symbol
stream and a size of the band-limited pulse applied to the upcenverted stream are under adaptive control.

37. The method as defined in Claim 33, wherein the input symbol stream is an input symbol stream in a
plurality of input symbol streams, where the plurality of input symbol streams are pulse-shaped to a plurality of
baseband streams, where the plurality of baseband streams are upconverted by multiple carriers to upconverted
streams, where the upconverted streams are combined to a composite stream, where at least one band-limited pulse is
applied to the composite stream to destructively interfere with the signal peak, where the at least one band-limited
pulse corresponds to a frequency band allocated to an input symbol stream from the plurality of input symbol streams.

38. The method as defined in Claim 37, wherein the at least one band-limited pulse corﬁprises a
plurality of band-limited pulses applied to the composite stream to destructively interfere with the signal peak, where
each of the plurality of band-limited pulses corresponds to a frequency band allocated to an input symbol stream from
the plurality of input symbol streams.

39. The method as defined in Claim 37, further comprising:

predicting a leve! of the composite stream;

cbmparing the predicted level of the composite stream to a predetermined threshold;

reducing, in real time, an amount of the impulse applied to the input symbol stream when the
predicted level of the composite stream is below the predetermined threshold; and

reducing, in real time, an amount of the at least one hand-limited pulse applied to the composite
stream.

40, A method of adaptively controlling a digital waveshaping process, the method comprising:

receiving a reference information as a control input;
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monitoring at least one input symbol stream applied to the waveshaping process;

monitoring an output of the waveshaping process, where the output includes a waveform that is
pulse-shaped and upconverted from the at least one input symbol stream;

updating a first parameter used to select an impulse that is applied to the input symbol stream to at
least partially reduce the magnitude of a signal peak in the output of the waveshaping process; and

updating a second parameter used to select a band-limited pulse that is applied to the output of the
waveshaping process.

41. The method as defined in Claim 40, wherein the method is not performed in real time.

42, The method as defined in Claim 40, wherein the reference information indicates is applied as a
control parameter to a non-linear function that controls a hardness of limiting, the method further comprising
calculating the first parameter and the second parameter to achieve the limiting as specified by the non-linear function.

43. The method as defined in Claim 40, wherein the at least one input stream comprises a plurality of
input streams, which are pulse-shaped, upconverted, combined, and waveshaped to generate the output.

44, A method of digitally preconditioning an input symbol stream to a pulse-shaping filter in real time,
the method comprising:

comparing a symbol from the input symbol stream to a reference;

generating a weight value in response to the comparison between the symbol and the reference;

receiving a pseudo random sequence;

multiplying an impulse from the pseudo random seguence with the weight value to generate a
correction impulse; and

summing the correction impulse with the symbol.

45, The method as defined in Claim 44, wherein the weight value includes zero.

46. The method as defined in Claim 44, wherein the weight value can take on positive values, negative
values, zero, and complex numbers.

47. The method as defined in Claim 44, further comprising adaptively updating the reference.

48. The method as defined in Claim 44, wherein the input symbol stream comprises a plurality of input
symbol streams and the preconditioning is applied to the plurality of input symbol streams, the method further
comprising decreasing a magnitude of the correction impulse in response to a prediction that a peak level of a
composite signal is less than a predetermined threshold, where the composite signal is generated by pulse-shaping,
frequency upconverting, and combining of the plurality of input symbol streams, and where the predicted peak level is
computed without preconditioning applied to the plurality of input symbol streams.

49, The method as defined in Claim 44, wherein the input symbol stream comprises a plurality of input
symbol streams and the preconditioning is applied to the plurality of input symbol streams, the method further
comprising disabling application of the correction impulse in response to a prediction that a peak level of a composite

signal is less than a predetermined threshold, where the composite signal is generated by pulse-shaping, frequency
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upconverting, and combining of the plurality of input symbol streams, and where the predicted peak level is computed
without preconditioning applied to the plurality of input symbol streams.
50. The method as defined in Claim 44, further comprising:
computing a magnitude of data in the input symbol stream;
applying the magnitude to a Taylor series expansion of a nonlinear weighting function; and
multiplying a result of the Taylor series expansion with the data in the input symbol stream to
provide the preconditioning to the input symbol stream.
51. A method of controlling at least a portion of coefficients used in a waveform shaping applied to a
plurality of baseband signals and a combination thereof, where the plurality of baseband signals includes at least a
first baseband signal and a second baseband signal, where the waveform shaping reduces a peak to average ratio in
the combination, the method comprising:
monitoring the first baseband signal prior to a first modification of the first baseband signal to a
first modified baseband signal;
monitoring the second baseband signal prior to a second modification of a second baseband signal
to a second modified baseband signal;
receiving a first phase information from a first oscillator, where the first phase information
indicates a phase of a first oscillator signal that is mixed with the first modified baseband signal;
receiving a second phase information from a second oscillator, where the second phase information
indicates a phase of a second oscillator signal that is mixed with the second baseband signal;
predicting a level of a composite waveform, where the composite waveform corresponds to a
combination of at least a first mixed signal and a second mixed signal, where the first mixed signal
corresponds to the first baseband signal mixed with the first oscillator signal, and the second mixed signal
corresponds to the second baseband signal mixed with the second oscillator signal; and
generating a weight signal when the predicting the level indicates that the first mixed signal and
the second mixed signal combine to at léast partially destructively interfere, where the weight signal is used
to at least partially reduce an amount of the first modification and the second modification applied to the
first baseband signal and to the second baseband signal, respectively.
52, The method as defined in Claim 51, further comprising:
comparing the level of the composite waveform te a predetermined level;
generating the weight signal as a binary signal with a first state and a second state, providing the
first state when the level of the composite waveform is predicted to exceed the predetermined level, and
providing the second state otherwise;
enabling the first modification and the second modification when the weight signal is in a first

state; and

-39.-



10

15

20

25

30

WO 02/09373 PCT/US01/22844

disabling the first modification and the second modification when the weight signal is in a second
state.

53. The method as defined in Claim 51, further comprising providing the weight signal to a post-
conditioning pulse generator, which can apply a de-cresting pulse to the composite signal, where the post-conditioning
pulse generator reduces an amount of the de-cresting pulse applied to the composite signal.

b4, The method as defined in Claim 51, further comprising:

comparing the level of the composite waveform to a predetermined level;

generating the weight signal as a binary signal with a first state and a second state, providing the
first state when the level of the composite waveform is predicted to exceed the predetermined level, and
providing the second state otherwise;

providing the weight signal to a post-conditioning pulse generator, which can apply a third
modification to the composite signal to reduce an amplitude of a resulting modified composite signal;

enabling the first modification, the second modification, and the third modification when the weight
signal is in a first state; and

disabling the first modification, the second modification, and the third modification when the
weight signal is in a second state.

55, The method as defined in Claim 571, wherein the first modification of the first baseband signal to
the first modified baseband signal comprises:

reducing an amplitude of a signal peak in the first baseband signal by applying a first
preconditioning pulse to the first baseband signal to generate a first preconditioned baseband signal; and

pulse-shape filtering the first preconditioned baseband signal to generate the first modified
baseband signal.

56. A method of digitally decreasing an amplitude of a selected portion of a compasite multicarrier
signal in real time, where the composite multicarrier signal includes a plurality of input symbol streams that have been
pulse-shaped and frequency up-converted, the method comprising:

monitoring the plurality of input symbol streams that eventually combine to the composite
multicarrier signal; '

monitoring phases of a plurality of carriers from a plurality of digital numerically controlled
oscillators (NCOs), where the plurality of oscillator signals are mixed with a plurality of pulse-shaped input
signal streams to upconvert the plurality of pulse-shaped input signal streams;

monitoring the composite multicarrier signal to identify a signal peak above a selected threshold;

determining a first symbol stream’s contribution to the detected signal peak in the composite

multicarrier signal;
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generating at least a first band-limited pulse selected to destructively interfere with at least a
portion of the identified signal peak, where the first band-limited pulse is substantially limited to a frequency
band allocated to the first symbol stream; and

combining the composite multicarrier signal with the at least one band-limited pulse to reduce the
signal peak.

57. The method as defined in Claim 56, wherein the at least one band-limited pulse comprises a
plurality of band-limited pulses, the method further comprising:

determining each symbol stream’s contribution to the detected peak in the composite multicarrier
signal; and

generating a corresponding band-limited pulse for each symbol stream, where each band-limited
pulse is selected to destructively interfere with the corresponding symbol stream, where a magnitude of a
band-limited pulse varies depending on the corresponding symbol stream’s contribution to the detected peak
in the composite multicarrier signal, where the band-limited pulse is substantially limited to a frequency band
allocated to the corresponding symbol stream.
b8. The method as defined in Claim 56, wherein the band-limited pulse is selected from the group

consisting of a band-limited Gaussian pulse, a band-limited Square Root Raised Cosine (SRRC) pulse, a band-limited
Raised Cosine (RC) pulse, and a hand-‘limited Sinc pulse. '

59. The method as defined in Claim 56, further comprising generating the first band-limited pulse by:

generating an impulse;

scaling the impulse according to the first symbol stream’s contribution to the detected signal peak
in the composite multicarrier signal; and

filtering the impulse with a finite impulse response (FIR) filter configured to bandpass filter the
scaled impulse to a frequency band allocated to the first symbol stream.

60. A method of digitally reducing a probability of an alignment in amplitude and phase of similar
symbols in a plurality of data streams, where the plurality of data streams are eventually pulse-shaped, upconverted,
and combined to a composite data stream such that a reduction in the probability of the alignment reduces a
probability of large signal crest in the composite data stream, the method comprising: .

receiving the plurality of data streams, where the plurality of data streams include at least a first
data stream and a second data stream; and

delaying the second data stream relative to the first data stream by a fraction of a symbol period
prior to the eventual combining of the plurality of data streams.

61. The method as defined in Claim 60, wherein the plurality of data streams includes the first data
stream and other data streams, wherein the fraction of the symbol period from which the other data streams are

delayed relative to the first data stream substantially evenly through the symbol period.
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62. The method as defined in Claim 60, wherein the plurality of data streams includes “N” data
streams, wherein the fraction of the symbol period from a data stream other than the first data stream is delayed
relative to the first data stream by about a fraction of time equal to a multiple of the symbol period divided by N, so
that the data streams other than the first data stream are substantially evenly delayed through the symbol period.

63. The method as defined in Claim 60, wherein the fraction of the symbol period is configurable.

64. A method of digitally decreasing an amplitude of a selected portion of a composite multicarrier
signal in real time, where the composite multicarrier signal includes a plurality of input symbol streams that are pulse-
shaped and frequency up-converted, where the method decreases an amplitude of the selected portion of the
composite multicarrier signal without modification to an amplitude of the plurality of input symbol streams, the method
comprising:

monitoring phases of a plurality of carriers from a plurality of digital numerically controlled
oscillators (NCOs), where the plurality of oscillator signals are mixed with a plurality of pulse-shaped input
signal streams to upconvert a plurality of pulse-shaped input signal streams;

monitoring a plurality of pulse-shaped and frequency upconverted data streams that eventually
combine to the compesite multicarrier signal;

predicting a signal peak in a composite multicarrier signal that is above a selected threshold;

estimating a first pulse-shaped and frequency upconverted data stream’s contribution to the
predicted signal peak;

generating at least a first band-limited pulse selected to modulate a phase, where the first band-
limited pulse is substantially limited to a frequency band allocated to the first symbol stream, where a scaling
of the first band-limited pulse depends on the first pulse-shaped and frequency upconverted data stream’s
contribution to the predicted signal peak;

phase modulating the first pulse-shaped and frequency upconverted data stream according to the
first band-limited pulse; and

combining the plurality of pulse-shaped and frequency upconverted data streams.

65. The method as defined in Claim 64, wherein the at least one band-limited pulse comprises a

plurality of band-limited pulses, the method further comprising:

determining each pulse-shaped and frequency upconverted data stream’s contribution to the
detected peak in the composite multicarrier signal; and

generating a corresponding band-limited pulse for each pulse-shaped and frequency upconverted
data stream, where each band-limited pulse is selected to modulate a phase of a corresponding pulse-shaped
and frequency upconverted data stream, where a magnitude of a band-limited pulse varies depending on the
corresponding pulse-shaped and frequency upconverted data stream’s contribution to the detected peak in
the composite multicarrier signal, where the band-limited pulse is substantially limited to a frequency band

allocated to the corresponding pulse-shaped and frequency upconverted data stream.
-42-



WO 02/09373 PCT/US01/22844

66. The method as defined in Claim 64, wherein the band-limited pulse fs a Gaussian pulse.
67. The method as defined in Claim 64, further comprising generating the first band-limited pulse by:
generating an impulse; ‘
scaling the impulse according to the first pulse-shaped and frequency upconverted data stream’s
contribution to the detected signal peak in the composite multicarrier signal; and
filtering the impulse with a finite impulse response (FIR) filter configured to filter the scaled impulse
to a frequency band allocated to the first pulse-shaped and frequency upconverted data stream.
68. The method as defined in Claim 64, wherein the input symbol streams are pulse shaped according

to an Enhanced Data GSM {Group System for Mobhile Communications) Environment (EDGE) air interface standard.
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