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APPARATUS AND METHOD FOR PERFORMING ERROR CORRECTED
AMPLIFICATION IN A RADIO FREQUENCY SYSTEM

Field of the Invention

This invention relates generally to amplifiers for use in
radio frequency (RF) systems, and more particularly to error
corrected amplifiers for use in an RF system.

Background of the Invention

In radio frequency (RF) system applications, such as
cellular and microwave communication system applications,
where multiple carrier input signals are fed into an RF power
amplifier, the amplifier's inherent nonlinear characteristics at
higher power levels generally cawnse the amplifier output to
contain undesirable intermodulation (IM) products. These IM
products may cause undesirable interference and crosstalk over
the operative amplifier frequency range. In addition. the IM
products may exceed transmission standards for RF equipment.

One conventional method of reducing IM products uses a
"spectral analysis" approach and is described in U.S. Pat. No.
4,879,519. The "spectral analysis" approach involves scanning
the output of the amplifier using a receiver tuned to the
frequency of candidate IM products. The IM level for a
candidate IM product is read by the scanner, and a linearizer is
adjusted to minimize the IM product. This procedure of reading
the level of the IM product and adjusting to minimize the IM
product is repeated until each of the IM products has a level
below a predetermined acceptable level.
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Although this conventional method reduces IM products,
the method requires the scanner to iteratively search for the IM
products and therefore has a slow convergence interval due to
the time required to scan and find the IM products. In addition,
this method requires sophisticated spectral analysis equipment
which adds significant cost to the amplifier.

Accordingly, there is a need for a method and apparatus for
amplifying multiple carrier input signals with a faster
convergence time and reduced cost while still reducing IM
products in an RF system.

Summary of the Invention

According to an aspect of the present invention, an
apparatus and a method for performing error corrected
amplification in a radio frequency system is provided. The
apparatus is an error corrected amplifier circuit including a first
pilot modulation stage and a second pilot modulation stage. The
first pilot modulation stage creates a first amplified signal having
an error component and a first error signal indicative of the error
component. The second pilot modulation stage receives the first
amplified signal and the error signal and generates an error
reduced amplified signal.

Preferably, the first pilot modulation stage comprises a
pilot modulation circuit and an amplifier responsive to the pilot
modulation circuit. The pilot modulation circuit preferably
includes a phase and gain control circuit and a pilot modulator
coupled to the phase and gain control circuit. In a preferred
embodiment, the pilot modulator is driven by a phase pilot
source and a gain pilot source.
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The second pilot modulation stage preferably includes an
error insertion coupler, a second pilot modulator responsive to
the error insertion coupler, and a main amplifier responsive to
the second pilot modulator. The error insertion coupler receives
the first amplified signal and the error signal. and the main
amplifier generates the error reduced output signal.

According to another aspect of the invention. the error
correcting amplifier circuit includes an amplifier. a phase pilot
source. a gain pilot source, a pilot modulator coupled to the
amplifier. and a first on/off switch. The on/off switch selectively
couples the pilot modulator and at least one of the pilot sources.
Preferably, the first on/off switch is used to perform DC offset

" compensation.

The method of performing error corrected amplification
includes a method of aligning the error correcting amplifier
circuit. . According 10 a preferred embodiment. the method
includes the steps of providing a first amplifier having inherent
distortion characteristics. providing a second amplifier having
substantially similar distortion characteristics as the first
amplifier. setting a first phase and gaih control circuit in response
to a power level detected by a carrier detector which is
responsive to the first amplifier, and setting a second phase and
gain control circuit in response to the output of a pilot detector
which is responsive to the second amplifier to produce an error
signal which is out of phase from the output of the first amplifier.

The invention itself. together with its intended advantages
will best be understood by reference to the following detailed
description, taken in conjunction with the accompanying
drawings.
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Brief Description of the Drawings
FIG. 1 is a block circuit diagram illustrating a preferred
embodiment of an error correcting amplifier circuit according to
the present invention.
FIG. 2 is a block circuit diagram illustrating a second
preferred embodiment of an error correcting amplifier circuit

according to the present invention.

FIG. 3 is a block circuit diagram illustrating a third
preferred embodiment of an error correcting amplifier circuit.

FIG. 4 is a block circuit diagram illustrating a fourth
preferred embodiment of an error correcting amplifier circuit.

Detailed Description of the Preferred Embodiments

Referring to FIG. 1. a preferred embodiment of an error

corrected amplifier circuit is illustrated. The error correction

amplifier circuit 100 includes a first pilot modulation stage 101
and a second pilot modulation stage 103. The first pilot
modulation stage 101 includes a first pilot modulator 106, a first
phase and gain control circuit 108, a companion amplifier 110, a
first delay line 112. a carrier cancellation combiner 114, a
carrier detector 116, a second phase and gain control circuit 118,
a seconid delay line 120 and an error amplifier 122. The first
pilot modulation stage 101 also includes a two way splitter 104
which receives an input signal from an input node 102.

The second pilot modulation stage 103 includes an error
insertion coupler 136, a second pilot modulator 138, a main
amplifier 152, an output sampler 156, and envelope detectors
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162 and 164. The second pilot modulation stage 103 aiso
includes a gain pilot detector 166, a phase pilot detector 168. a
phase pilot source 140, and a gain pilot source 142. The second
pilot modulation stage 103 also preferably includes DC
compensation on/off switches 144, 146, 148 and 150. In
addition to the first and second pilot modulation stages. the
amplifier circuit 100¢ also includes a controller 170 coupled to
the first and second pilot modulation stages 101, 103.

During operation. an input signal is received at input node
102 and fed into the two way splitter 104. The splitter 104
provides a first signal fed into the first pilot modulator 106 and
a second signal that is substantially identical to the first signal
which is fed into the first phase and gain control circuit 108. In
the first pilot modulator 106, an amplitude modulator is driven
by the gain pilot source 142, and a phase modulator is driven by
the phase pilot source 140. The output from the first pilot
modulator 106 is fed into the companion amplifier 110.

Distortion products produced by the companion amplifier
110 are isolated by the carrier cancellation combiner 114,
amplified by the error amplifier 122. and re-inserted by the
error insertion coupler 136 such that the signal at the output of
the error insertion coupler 136 has distortion products which are
preferably equal in amplitude related to the carriers. but out of
phase from the distortion products present at the output of the
companion amplifier 110. This preferred configuration is .
designed to cancel the distortion produced by the main amplifier
152, assuming that its distortion characteristics are substantially
identical to those of the companion amplifier 110.

The first phase and gain control circuit 108 is controlled by
the controller 170 and produces an output signal which is
delayed by first delay line 112 and then fed into the second port
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of the carrier cancellation combiner 114. The companion

amplifier 110 produces an ampiified signal 124 which is in wm

fed into the first port of the combiner 114. The combiner 114

produces a first output signal 128 at a third port and a second
5 output signal 130 at a fourth port.

The first output signal 128 has an error component which
is generally caused by IM products from amplification within the
amplifier 110. The second output signal 130 has an error

10 component which is representative of the IM products produced
by amplifier 110 and a residval carrier signal component.
Carrier detector 116 receives the second output signal 130 and
detects the residual camrier signal component in the output sigmal
128 that has not been removed by the combiner 114. The first

15 -phase and gain control circuit 108, is adjusted by controller 170
S0 as to minimize this residual carrier signal component.

The second phase and gain control circuit 118 receives the
second output signal 130 and responds to control signals from
20 controller 170. The second phase and gain control circuit 118, in
response to contro} information from the controller 170,
produces a signal 132 which is indicative of the error component
in the first output signal 128. The signal 132 is then amplified
by the error amplifier 122 to produce an error siginal 134.
25
The output signal 128 is delayed by the second delay line
120 to produce a first amplified signal 129. The first amplified
signal 129 has an eror component due to distortion
characteristics of the amplifier 110. Error insertion coupler 136
30 receives the first amplified signal 129 and the error signal 134
and produces a combined signal.

In the preferred embodiment the controller 170 includes a
microprocessor. such as a Motorola 68030 processor, that is
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programmed to control the second phase and gain control circuit
118 so that after passing through error insertion coupler 136,
the error signal 134 has an amplitude twice as great as the
amplitude of the error component in the first amplified signal
129. In addition. the error signal 134 is out of phase. preferably
180° out of phase. from.the error component in the first
amplified signal 129.

The second pilot modulator circuit 138 receives the
combined signal from the error imsertion coupler 136 and
applies a pilot modulation signal from the phase pilot source 140
and the gain pilot source 142 to produce a pilot modulated
output signal 151. The output signal 151 from the second pilot
modulator 138 is amplified by the main amplifier 152 to create
an output amplified signal 154. The output amplified signal 154
is sampled by output sampler 156 and then provided as an error
reduced amplified signal 158 at the output of the ermror corrected
amplifier circuit 100.

A sampled signal from the output sampler 156 is split into
two paths by the two-way splitter 160. A first path is fed into
the envelope detector. 162 and a second path is fed into the
envelope detector 164. The first path includes the phase pilot
detector 168 and the second path includes the gain pilot detector
166. The phase pilot detector 168 and the gain pilot detector
166 each receive an input from the phase and gain pilot sources
140 and 142 respectively. The phase and gain pilot detectors
168 and 166. each provide a control signal containing detected
phase and gain pilot signal information for use by the controller
170. The controller 170 responds to detected signal information
from pilot detectors 166 and 168 to reduce IM products in the
output signal 158 by adjusting the second phase/gain control
circuit 118.
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An additional feature of the circuit 100 is the provision for
the controller driven on/off switches 144, 146, 148, 150 in all
pilot signal lines going to the pilot modulators 106, 138. The
controller 170 has the ability to "null out” any DC offsets in the
pilot detectors 166, 168 by sampling their outputs when the
moduldtion inputs to the pilot modulators 106, 138 have been
turned off by the appropriate on/off switch. The controller 170
then subtracts a measured residual DC offset signal from the pilot
detector outputs when pilot modulation is turned back on. Of
course, the same effect could also be achieved by placing the DC
compensation switches 144,146, 148, 150 in the lines between
the envelope detector outputs and the pilot detector inputs, or
providing a means to “ground" the pilot detector inputs that are

connected to the envelope detector outputs.

FIG. 2 illustrates another preferred embodiment of an
amplifier circuit 200 having a preamplifier 208. The amplifier
circuit 200 has been slightly modified in comparison to the
amplifier circuit 100 of FIG. 1 and only the differences will be
described. Between the input 1082 and the two way splitter 104
of FIG. 1. a third pilot rhodulator 202 driven by first and second
pilot control lines 206 and 204 from the phase and gain pilot
sources 140 and 142 is coupled to the preamplifier 208. The
preamplifier 208 is preferably chosen to have substantially
similar distortion characteristics as the companion amplifier 110,
In this manner the controller 170 may compensate for distortion
in the third amplifier 208 based on the output of the pilot
detectors 166 and 168 as described above with respect to FIG. 1.

A person of ordinary skill in the art will appreciate and
understand that many additional amplifiers may be added to the
amplifier circuits shown in FIG. 1, such as the preamplifier 208
of FIG. 2. Although multiple amplifiers may be used, it is
important to note that each amplifier is preferably coupled with
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a pilot modulator circuit. such as the pilot moduilator 202 in FIG.
2. In addition, in the preferred embodiment each amplifier has
substantially similar distortion characteristics. Where each of the
amplifiers has substantially similar distortion characteristics, the
controller 170 may more accurately determine the correct
amplitude and phase of the emror signal 134 inserted at the error
coupler 136. However. even if the amplifiers have different
distortion characteristics, the controller 170 may be programmed
to adjust the various phase and gain control circuits connected to
each of the amplifiers to compensate for these variations.

Another aspect of the present invention provides a method
for automatically adjusting the phase and gain controls 108 and
118 so that the amplitude and phase of the error signal 134
cancels distortion produced by the main amplifier 152. In the
preferred alignment method, the first phase and gain control 108
is set to minimize the carrier power present in the second output
signal 130. This may be an automatic. adaptive process, as
indicated in FIG. 1., where the controlier 170 continuously
updates the settings of the first phase/gain control 108 in order
to minimize the power detected by the carrier detector 116.
Carrier cancellation may also be just a simple, one-time
adjustment. The latter approach may be preferred in some
applications, since this system is tolerant of small amounts of
carrier power in the second output signal 130, provided that the
error amplifier 122 is large enough to handle the resulting signal
without contributing any significant distortion of its own.

Those skilled in the art will appreciate that the step of
adjusting the first phase and gain control 108 is primarily used
to compensate for drifts in the gain and phase shift of the
companion amplifier 110. If these problems are not too severe,
this step may be omitted without negatively impacting system
performance.
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The phase adjuster within the second phase and gain
control 118 is then adjusted to minimize the output of the phase
pilot detector 168. Likewise, the gain adjuster within the second
phase and gain control 118 is adjusted to minimize the output of
the gain pilot detector 166. The above steps are then repeated
until no further improvements are seem in pilot cancellation. The
output of the second pilot modulator 138 is then set to "simulate"
the distortion produced by the main amplifier 152.

The second pilot modulator 138 allows the circuit 100 to
align itself so that the modulation sidebands produced by the
first pilot modulator 106 appear at the output of the error
insertion coupler 136 with the same amplitude relative to the
carriers, but 180° out of phase from the modulation sidebands
present at the output of the first pilot modulator 106. These
modulation sidebands will preferably be “canceled" at the output
of the second pilot modulator 138 by the modulation sidebands
produced within the second pilot modulator 138 itself. In the
preferred embodiment, the pilot modulator and amplifier
components are selected to approximate the following
theoretically ideal conditions:

1.  All pilot modulators produce no IMD by themselves.

2.  All pilot modulators have identical modulation
characteristics.

3. Al pilot modulators inmediately precede their
respective amplifiers in the signal path.

4.  The gain pil(j:i signal has the same magnitude and
phase at each modulator
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. 5. The phase pilot signal has the same magnitude and
phase at each modulator.

6. Both the main and companion 'ampliﬁers have
identical distortion characteristics.

The above theoretical considerations highlight the
importance of designing the system such that each pilot
modulator accurately simulates the distortion characteristics of
its associated amplifier.

In practice. it is unlikely that both the main amplifier 152
and the companion amplifier 110 will have identical distortion
characteristics. This is not a problem, so long as the difference is
rcasonably small and repeatable (or at least stable vs. time and
temperature). In this case, there are slight differences in the
pilot signals supplied to each pilot modulator and the gain pilot
amplitudes are adjusted to compensate for differences in gain
compression between the two amplifiers. For example, the gain
pilot signal supplied to the second pilot modulator 138 may be
increased if the main amplifier 152 has more gain compression
than the companion amplifier 110. Likewise. the phase pilot
amplitudes may be adjusted to compensate for differences in
amplitude to phase modulation conversion. This pilot amplitude
adjustment is preferably performed only once. either as part of
the amplifier design process, as part of the final tune-up
procedure performed on each amplifier design process. or as part
of the final tune-up procedure performed on each amplifier in
the factory.

Referring now to FIG. 3, an alternative preferred
embodiment is illustrated. This embodiment is preferred over
the system of FIG. 1 in some applications, such as applications
where the companion amplifier will be driven to the same power
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level as the main amplifier. This approach can give better error
cancellation than the previous two embodiments because two
amplifiers of the same power level can have more closely
matched distortion characteristics than two amplifiers of
differing power levels. In order to operate efficiently, however.
the power output from the companion amplifier 110 must be
summed in phase with the output from the main amplifier 152 ,
so that both amplifiers contribute equally to the system output
258.

The system shown in FIG. 3 provides a means for
performing this power summation by first adding a three way
splitter 302 to create a third input signal path inciuding third
delay line 304 and third gain and phase control 306 to drive the
second pilot modulator 138. The error insertion coupler 136 is
placed along the third input signal path and is comnected between
the third phase and gain control 306 and the second pilot
modulator 138. The output 129 from the second delay line 120
is fed into an output combiner 308 so that it can be added to the
main amplifier output 154.

During initial system design, the delay of the third delay
line 304 is chosen to match the delay from the input splitter 302
to the output of the error amplifier 122. During the alignment
process. the third phase and gain control 306 is adjusted so as to
minimize the signal from a dump port detector 310, thereby
minimizing the power wasted in a dump port 312 connected to
the output combiner 308. This forces the companion and main
amplifiers 110, 152 to operate substantially in phase at nearly
the same power level (the power levels will be truly identical if
there were no power lost in the carrier cancellation combiner and
the second delay line). The adjustment of the third phase and
gain control 306 is normally donec between the adjustments of
the first 108 and second118 phase and gain controls.
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Another preferred embodiment is provided in FIG. 4. This
system is similar to FIG. 3, in that it is used in situations where
both companion and main amplifiers have nearly the same power
output capability. The main difference is that Fig. 4 does away
with the second signal path (error amplifier and associated
blocks) in .Fig. 3, but at the expense of a more complicated
alignment procedure, as indicated below. '

1. The first step is to pre-align the system as a conventional type
2 feedforward loop. This can be accomplished by turning off
the second pilot modulator, then foliowing the alignment
procedure outlined in copending U.S. Patent Application Serial
No. 08/282298.

2. Tumm the second pilot modulator back on.
3. Repeat the following steps in sequence

3a. Adjust the first and second gain controls together and in
the same direction to null out the detected gain pilot
signal.

3b. Adjust the first phase coﬁtrol, if necessary, to null out the
detected phase pilot signal.

3c. Adjust the second gain and phase controls to minimize the
power delivered to the dump load.

It should be noted that step 3b is only needed to compensate for
incidental phase shifts in the gain adjusters and amplitude
modulation (AM)/]Shase modulation (PM) conversion in the
amplifier stages. If these problems are not too severe, step 3b
may be omitted without impacting the final (post-alignment)
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system performance. This is because, theoretically, gain balancing
is the only difference between a straight type 2 feedforward
loop, and one that uses predistortion for additional error
correction.

Those skilled in the art will understand that the above
described method and apparatus is operative to amplify
multicarrier input signals to produce an amplified output and
reduces IM products. In addition. the preferred embodiments
advantageously perform this desirable function without using
expensive spectral analysis equipment and without a slowly
converging iterative process.

Further advantages and modifications of the above

" described apparatus and miethod will readily occur to those

skilled in the art. The invention, in its broader aspects, is
therefore not limited to the specific details, representative
apparatus, and illustrative examples shown and described above.
Various modifications and variations can be made to the above
specification without departing from the scope or spirit of the
present invention, and it is intended that the present invention
cover all such modifications and variations provided they come
within the scope of the following claims and their equivalents.
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Claims

What is claimed is:

1. An error corrected amplifier circuit for use in a radio
frequency system comprising:

a first pilot modulation stage creating a first amplified
signal having an error component and an error signal indicative
of the error component: and

a second pilot modulation stage receiving the first amplified
signal and the error signal and generating an error reduced

- amplified signal.

2. The amplifier circuit of claim 1, wherein said first
pilot modulation stage comprises a pilot modulation circuit and
an amplifier responsive to the pilot modulation circuit.

3.. The amplifier circuit of claim 1. wherein said first
pilot modulation stage comprises:

a signal splitter receiving an input signal and generating a
first and second input signal;

a pilot modulator coupled to said signal splitter and
receiving the first input signal;

a phase and gain control circuit coupled to said signal
splitter and receiving the second input signal;

an amplifier responsive to the pilot modulator; and

This Sheet Has Been Replaced
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a coupler responsive to said amplifier and responsive to
said phase and gain control circuit, said coupler generating said
first amplified signal.

5 4,  The amplifier circuit of claim 3, wherein said first
pilot modulation stage further comprises a second gain and phase
control circuit in communication with said coupler and an error
amplifier coupled to the second gain and phase control circuit and
generating said error signal.

10
5.  The amplifier circuit of claim 3. wherein said phase
and gain conmtrol circuit is in communication with a programmable
controller.
15 6. The amplifier circuit of claim 1, wherein the second
pilot modulation stage comprises:
an error insertion coupler receivihg said first amplified
signal and said error signal:
20

a second pilot modulator responsive to said error insertion
coupler: and

a main amplifier responsive to said second pilot modulator,
25 said main amplifier generating said error reduced amplified
signal.

7.  The amplifier circuit of claim 1, wherein said radio
frequency system comprises one of a cellular system and a
30 microwave system.

8. A method of aligning an error correcting amplifier
circuit for use in a radio frequency system comprising the steps
of:
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providing a first amplifier having inherent distortion

characteristics;

providing a second amplifier having substantially similar

distortion characteristics as the first amplifier;

setting a first phase and gain control circuit in response to a
power level detected by a carrier detector which is responsive to

the first amplifier; and

setting a second phase and gain control circuit in response
to an output of a pilot detector which is responsive to the second
amplifier to produce an error signal which is out of phase from

the output of the first amplifier.

9. - An error correcting radio frequency amplifier circuit

comprising:
an amplifier:
a phase pilot source:

a gain pilot source:

a pilot modulator coupled to the amplifier; and

a first on/off switch selectively coupling the pilot

modulator and the phase pilot source.

10. The amplifier circuit of claim 9, further comprising a
second on/off switch selectively coupling the pilot modulator and

the gain pilot source.
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