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ENHANCED EFFICIENCY FEED FORWARD

POWER AMPLIFIER UTILIZING REDUCED

CANCELLATION BANDWIDTH AND SMALL
ERROR AMPLIFIER

RELATED APPLICATION INFORMATION

The present application claims the benefit under 35 USC
119(e) of U.S. provisional application Ser. No. 60/447,772
filed Feb. 14, 2003, the disclosure of which is incorporated
herein by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to RF power amplifiers and
methods of amplifying an RF signal. More particularly, the
present invention relates to feed forward amplifiers and
related methods.

2. Description of the Prior Art and Related Information

Linear RF power amplifiers are designed to amplify
incident RF signals without adding unwanted distortion
products, producing output signals at significantly higher
output levels. As is known in the art, amplifiers have a wide
variety of applications. Amplifiers can be biased to operate
in one of a number of so-called Classes. When biased to
operate in Class A, the amplifier provides a linear relation-
ship between input voltage and output voltage. While opera-
tion in. Class A has a wide range of applications, when
higher power output and efficiency are required or desired,
the amplifier is sometimes biased to operate in Class A/B.
When biased to operate in Class A/B, however, the Class
A/B amplifier power transfer curve 25 is less linear than for
Class A amplifiers, illustrated in FIG. 1 by trace 15. To
increase efficiency, communication systems often operate
amplifiers in the non-linear region 25. This practice, how-
ever, does introduce amplitude and phase distortion compo-
nents into the output signal produced by the amplifier.

As is also known in the art, most communication systems
have government allocated frequency bandwidths 18 (that
is, in-band frequencies) centered about a carrier frequency
F as shown in FIG. 2. For example, a CDMA (Code
Division Multiple Access) 1S-95 communication system
signal has a predefined bandwidth of 1.25 MHz. Different
CDMA communication channels are allocated different
bands of the frequency spectrum. Amplifiers are used in such
systems, and are frequently biased to operate in Class A/B.
Referring to FIG. 1, signal processing such as amplification
by an amplifier operating in the non-linear region 25 can
produce distortion frequency “shoulders™ 22a-22b outside a
signal’s allocated bandwidth 18 (FIG. 3). (These are called
out-of-band frequencies.) These distortion frequency com-
ponents 22a-225b can interfere with bandwidths allocated to
other communication signals. Thus, regulatory bodies
around the world impose strict limitations on out-of-band
frequency components.

Many techniques exist to reduce out-of-band distortion.
One such technique is shown in FIG. 4 where a predistortion
unit 24 is fed by a signal 22 to be amplified. The predistor-
tion unit 24 has a power transfer characteristic 23 (FIG. 1)
and compensates for distortion introduced by subsequent
amplification in Class A/B amplifier 26. More particularly,
the predistortion unit 24 transforms electrical characteristics
(for example, gain and phase) of the input signal such that
subsequent amplification provides linear amplification to the
phase and frequency characteristics of the input signal. In
one embodiment, compensation is effected by changing bias
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parameters of the predistortion amplifier or the main Class
A/B amplifier. One method is described in U.S. Pat. No.
6,046,635 titled DYNAMIC PREDISTORTION COMPEN-
SATION FOR A POWER AMPLIFIER, the contents of
which are incorporated herein, in their entirety, by reference.
The predistortion unit 24 is configured with a priori mea-
surements of the non-linear characteristics of the Class A/B
amplifier. Unfortunately, the amplifier characteristics (am-
plification curve 10 with region 25 in FIG. 1) change over
time and temperature making effective predistortion more
difficult. For example, as the temperature of the amplifier
increases, its non-linear region 25 may become more or less
linear, requiring a compensating change in the transform
performed by a predistortion unit 24. As shown in FIG. 6,
some adaptive predistortion systems use a control system 30
to alter predistorter characteristics based on environmental
factors such as temperature. Typically the control system
employs a look-up table with predetermined predistorter
control settings for use in predetermined situations. How-
ever, environmental factors alone do not determine the
alterations in an amplifier’s characteristics. Thus, over time,
amplifier characteristics vary unpredictably due to aging of
amplifier components.

Another approach to reduce amplifier distortion is to use
feed forward compensation, as shown in FIG. 5. Here, a feed
forward network 100 is included for reducing out-of-band
distortion. The feed forward amplifier includes a differenc-
ing network or combiner 25, a main amplifier 20 operating
as a Class A/B amplifier, an error amplifier 35, delay circuits
15 and 30, and a combiner 40. The differencing network 25
produces an output signal representative of the difference
between a portion of the amplified signal output from the
main amplifier 20 operated in Class A/B and the signal fed
to the amplifier 20 prior to such amplification. The fre-
quency components in the differencing network 25 output
signals are, therefore, the out-of-band frequency compo-
nents 22a¢-22b introduced by the main amplifier 20 as
illustrated in FIG. 5. The output produced by the differenc-
ing network 25 is amplified by error amplifier 35 to produce
an out-of-band correcting signal. The combiner 40 combines
the correcting signal produced by differencing network 25
and error amplifier 35, 180 degrees out of phase with the
delayed signal (delayed by delay 30) output of the main
amplifier 20 thus reducing the energy in the out-of-band
frequencies 22a-22b of the signal output by the main
amplifier 20. Fe includes delay line 30 to compensate for the
delay in error amplifier 35. It should be noted that minute
differences in timing between these elements can impair the
effectiveness of a feed forward system. While a manufac-
turer can carefully match components prior to shipment, as
feed forward components age, the correcting signal and
processed signal can become mistimed if not properly
compensated. This will limit the ability to cancel the out-
of-band distortion. Another problem associated with the
delay line 30 is that significant output power losses occur for
delays which are long enough to match that of the error
amplifier path. These losses are highly undesirable.

Accordingly, a need presently exists for a system and
method for amplifying RF signals while minimizing power
losses and minimizing out-of-band distortion.

SUMMARY OF THE INVENTION

In a first aspect the present invention provides a feed
forward amplifier, comprising an input for receiving an RF
signal and a main amplifier receiving and amplitying the RF
signal. The feed forward amplifier further comprises a main
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amplifier output sampling coupler, a first delay coupled to
the input and providing a delayed RF signal, and a carrier
cancellation combiner coupling the delayed RF signal from
the first delay to the sampled output from the main amplifier.
The feed forward amplifier further comprises an error ampli-
fier which receives and amplifies the output of the carrier
cancellation combiner, a second delay coupled to the output
of the main amplifier and an error coupler which combines
the output from the error amplifier and the delayed main
amplifier output from the second delay so as to cancel
distortion introduced by the main amplifier. An output
sampling coupler is coupled to the error coupler output and
provides a sampled output signal. The feed forward ampli-
fier further comprises a carrier signal reduction circuit
coupled to the output sampling coupler which provides a
sampled output signal with a reduced carrier component,
and a spurious signal detector coupled to the carrier signal
reduction circuit, comprising a variable frequency down
converter, for detecting out of band distortion in the reduced
carrier sampled output signal.

In a preferred embodiment the feed forward amplifier may
further comprise a controller, coupled to the spurious signal
detector, for controlling the feed forward amplifier system to
minimize distortion detected by the spurious signal detector.
The feed forward amplifier may also further comprise a gain
adjuster and phase adjuster coupled between the carrier
cancellation combiner and the error amplifier. The controller
controls the gain adjuster and phase adjuster to minimize the
distortion detected by the spurious signal detector. The feed
forward amplifier may also further comprise a gain adjuster
and phase adjuster coupled between the input and the main
amplifier. The controller controls the gain adjuster and phase
adjuster to minimize the output signal from the carrier
cancellation combiner. The feed forward amplifier may also
further comprise a predistorter coupled between the input
and the main amplifier. The controller controls the predis-
torter to minimize the distortion detected by the spurious
signal detector. The carrier signal reduction circuit prefer-
ably comprises an input sampling coupler configured
between the first delay and the carrier cancellation combiner
for sampling the input RF signal and a second carrier
cancellation combiner for combining the sampled output
signal and the sampled input signal to cancel a carrier
component in the sampled output signal. The carrier signal
reduction circuit preferably further comprises an input delay
between the input sampling coupler and the second carrier
cancellation combiner and an output delay between the
output sampling coupler and the second carrier cancellation
combiner. The carrier signal reduction circuit may further
comprise a gain adjuster and phase adjuster coupled between
the output sampling coupler and the second carrier cancel-
lation combiner, and the controller controls the gain and
phase adjuster to minimize the carrier component of the
sampled output signal. Preferably, the second delay is sub-
stantially less than the delay of the signal path through the
error amplifier. Also, the error amplifier is preferably sub-
stantially smaller than the main amplifier. For example, the
error amplifier may be about one tenth the size of the main
amplifier. The reduced carrier sampled output signal pro-
vided by the carrier signal reduction circuit preferably has a
carrier component about 15-20 dB less than the sampled
output signal provided by the output sampling coupler. The
variable frequency down converter preferably comprises a
variable frequency signal generator controlled by the con-
troller and a mixer, coupled to receive the variable frequency
signal and the sampled output signal, for converting the
frequency of the carrier reduced sampled output signal to a

5

20

25

30

35

40

45

55

60

65

4

lower frequency signal. The spurious signal detector pref-
erably further comprises a bandpass filter coupled to the
output of the down converter and a digital signal processor
coupled to the output of the bandpass filter. The spurious
signal detector also further comprises an analog to digital
converter coupled between the bandpass filter and the digital
signal processor.

According to another aspect the present invention pro-
vides a delay mismatched feed forward amplifier comprising
an input for receiving an RF input signal and a first control
loop coupled to the input. The first control loop comprises a
main amplifier, a main amplifier output sampling coupler, a
delay element, and a first carrier cancellation combiner. The
feed forward amplifier further comprises a second control
loop, coupled to the first control loop, comprising a first
signal path receiving the output of the main amplifier and a
second signal path comprising an error amplifier receiving
the output of the first carrier cancellation combiner. An error
injection coupler couples the first and second signal paths.
The first and second signal paths have a delay mismatch with
the first signal path having substantially less delay than the
second signal path. The feed forward amplifier further
comprises an output coupled to the error injection coupler
and a third control loop coupled between the input and the
output. The third control loop comprises a first coupler for
sampling the input, a second coupler for sampling the
output, and a second carrier cancellation combiner. The feed
forward amplifier further comprises a distortion detector
coupled to the output of the second carrier cancellation
combiner and a controller, coupled to the distortion detector,
for controlling at least one of the first and second control
loops to minimize distortion detected by the distortion
detector.

In a preferred embodiment the delay mismatch between
the first and second signal paths is greater than 3 cycles of
the RF input signal. For example, the delay of the second
signal path may be about 10-20 ns. and the delay of the first
signal path may be less than about 3 ns. More specifically,
the delay of the second path may be about 10 ns. and the
delay of the first signal path may be about 1.0-1.5 ns. More
generally, the delay of the first signal path is preferably
about 30 percent or less of the delay of the second signal
path. The third control loop preferably further comprises a
delay means for providing a signal delay equalization of the
sampled input signal and the sampled output signal and gain
and phase adjusting means for providing an amplitude
equalization of the sampled output signal and the sampled
input signal and an anti-phase addition of the sampled output
signal and the sampled input signal at the second carrier
cancellation combiner. The controller controls the gain and
phase adjusting means to minimize the level of carrier
components in the signal output from the second carrier
cancellation combiner. Preferably, the error amplifier is
substantially smaller than the main amplifier. For example,
the error amplifier may be about one tenth the size of the
main amplifier. The input signal preferably has a carrier
bandwidth of about 5 MHz or less. The output of the second
carrier cancellation combiner preferably has a substantially
lower power carrier component than the output signal
sampled by the second coupler. For example, the output of
the second carrier cancellation combiner may have about
15-20 dB less power than the output signal sampled by the
second coupler.

According to another aspect the present invention pro-
vides a method for controlling an amplifier system. The
amplifier system has an input for receiving an input signal
having a carrier and a control loop comprising a control loop
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input, a first signal path, a second signal path, and a control
loop output, at least one of the first and second signal paths
including an amplifier. The method comprises sampling a
signal at the control loop output, sampling the input signal,
and combining the sampled input signal and sampled output
signal to provide a combined signal with a reduced carrier
component. The method further comprises setting a variable
frequency generator to a first frequency, down converting
the combined signal using the first frequency, and measuring
the energy of the down converted signal. The method further
comprises adjusting the frequency of the variable frequency
generator, detecting distortion using the measured energy at
different down converted frequencies and controlling the
amplifier system using the detected distortion.

In a preferred embodiment of the method for controlling
an amplifier system the act of detecting distortion comprises
detecting the carrier signal frequency band by measuring
energy at different down conversion frequencies and detect-
ing out-of-band distortion by measuring power outside of
the carrier signal frequency band. Controlling the amplifier
preferably comprises controlling the signal characteristics of
at least one of the first and second signal paths to minimize
the detected distortion. The method may further comprise
adjusting the amplitude of at least one of the sampled output
signal and sampled input signal, adjusting the phase of at
least one of the sampled input signal and sampled output
signal, and iteratively repeating the adjusting of amplitude
and phase until the energy measured at the down converted
frequency is less than a desired intermediate frequency
threshold level. In a preferred embodiment the threshold
level is about 15-20 dB below the level of the sampled
output signal prior to carrier cancellation.

According to another aspect the present invention pro-
vides a method for amplifying an RF input signal employing
feed forward compensation. The method comprises receiv-
ing an RF input signal and providing the signal on a main
signal path, amplifying the signal on the main signal path
employing a main amplifier, and sampling the main ampli-
fier output. The method further comprises sampling the RF
input signal and providing the sampled RF input signal on a
second signal path, delaying the sampled RF input signal on
the second signal path, and coupling the delayed RF input
signal to the sampled output from the main amplifier so as
to cancel at least a portion of a carrier component of the
sampled output from the main amplifier and provide a
carrier canceled signal having a distortion component. The
method further comprises amplifying the carrier canceled
signal employing an error amplifier to provide an error
signal, delaying the output of the main amplifier by a delay
substantially less than the signal delay through the error
amplifier, and combining the error signal and the delayed
output of the main amplifier so as to cancel distortion
introduced by the main amplifier and provide an amplified
RF output. The method further comprises sampling the
amplified RF output, combining the sampled amplified RF
output with an anti-phase sample of the input signal to
provide a carrier reduced sampled output, down converting
the carrier reduced sampled output using a variable fre-
quency down converting signal and detecting out-of-band
distortion using the down converted signal.

In a preferred embodiment the method further comprises
adjusting the gain and phase of the signal input to the error
amplifier to minimize the detected out-of-band distortion.
The method may also further comprise adjusting the gain
and phase of at least one of the sampled amplified RF output
and sampled input signal to reduce the carrier component of
the down converted signal to a desired level. The signal
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delay through the error amplifier is preferably greater than
the signal delay of the output of the main amplifier by at least
3 cycles of the RF input signal. For example, the signal delay
through the error amplifier may be about 10-20 ns. and the
signal delay of the output of the main amplifier is less than
about 3 ns. More specifically, the signal delay through the
error amplifier may be about 10 ns. and the signal delay of
the output of the main amplifier is preferably less than about
1.5 ns. More generally, the signal delay of the output of the
main amplifier is preferably less than about 30 percent of the
signal delay through the error amplifier. Also, the input
signal preferably has a carrier bandwidth of about 5 MHz or
less.

Further aspects of the present invention are set out in the
following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a drawing of typical power transfer curves in a
prior art RF power amplifier.

FIG. 2 is a drawing of typical channel bandwidth alloca-
tion in a prior art RF power amplifier.

FIG. 3 is a drawing of typical IMD distortion due to use
of a class A/B amplifier in a prior art RF power amplifier.

FIG. 4 is a block schematic drawing of a prior art
amplifier employing predistortion.

FIG. 5 is a block schematic drawing of a basic prior art
feed forward amplifier.

FIG. 6 is a block schematic drawing of a predistortion
control system in a prior art amplifier employing predistor-
tion.

FIG. 7 is a block schematic drawing of a feed forward
amplifier system in accordance with a preferred embodiment
of the present invention.

FIG. 8 is a drawing of a spurious detection loop control
circuit in accordance with a preferred embodiment of the
present invention.

FIG. 9 is a drawing of a detailed embodiment of the feed
forward amplifier system in accordance with a preferred
embodiment of the present invention.

FIG. 10 is a drawing of the output spectrum of the feed
forward amplifier system.

FIG. 11 is a drawing illustrating carrier reduction in the
output spectrum of the feed forward amplifier system in
accordance with a preferred embodiment of the present
invention.

FIG. 12 is a drawing of an IF signal illustrating carrier
reduction in the output spectrum of the feed forward ampli-
fier system in accordance with a preferred embodiment of
the present invention.

FIG. 13 is a drawing of narrow band loop cancellation
bandwidth vs. number of cycles of delay mismatch illus-
trating delay mismatch employed in a preferred embodiment
of the present invention.

FIG. 14 is a drawing of an AM/AM curve for a class A/B
amplifier.

FIG. 15 is a drawing of an AM/PM curve for a class A/B
amplifier.

FIG. 16 is a drawing of a carrier re-injection curve.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is generally directed to feed for-
ward power amplifiers used for amplification of RF signals
and a preferred embodiment is shown in FIG. 7. Various
aspects of the invention may be utilized in other amplifier
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architectures and implementations, however, and the pre-
ferred embodiment described below is purely illustrative in
nature.

First, referring to FIG. 7 the general architecture and
principles of operation of the present invention will be
described. In the illustrated preferred embodiment a feed
forward power amplifier is disclosed which utilizes three
signal cancellation loops. Loop 1 comprises main amplifier
block (or module) 215 and associated couplers and inter-
connections and is used to derive a carrier cancelled signal
at the first summing junction or (carrier cancellation com-
biner) 315. Loop 2 comprises error amplifier block (or
module) 400 and associated couplers and interconnections.
Loop 2 is used to amplify the carrier cancelled signal derived
from Loop 1 operation in order to cancel IMD (Inter
Modulation Distortion) products generated due to nonlinear
operation of the main amplifier block 215. Loop 2 also
utilizes a very short Loop 2 delay line 225. The nominal
length of a Loop 2 delay line in a conventionally designed
feed forward amplifier is determined by the electrical length
of the error amplifier module and associated couplers and
interconnections in order to achieve maximum cancellation
bandwidth. A typical Loop 2 delay line, or in some imple-
mentations delay filter, can have an electrical delay on the
order of 13 to 20 ns (nanoseconds). In practical implemen-
tations such a delay line, or a delay filter, contributes to a
significant increase in power losses in the output of the main
amplifier block 215. These power losses are highly unde-
sirable and should be minimized whenever possible.

In order to address these power losses a very short delay
line 225 is implemented in the present invention introducing
an intentional delay mismatch between the two signal paths
of Loop 2. Implementation of a short delay line 225 results
in a narrow IMD cancellation bandwidth, when compared to
a more conventional design. However, IMD cancellation
performance achievable by the present invention is compa-
rable against a conventionally designed feed forward power
amplifier when used with narrow bandwidth RF signals, e.g.,
about 5 MHz or less. One advantage offered by the disclosed
feed forward power amplifier architecture is a significant
efficiency gain due in part to reduced output power losses
associated with a short Loop 2 delay line 225. Lower output
power losses allows a smaller main amplifier module 215 for
given output signal level requirements. One additional ben-
efit of reduced losses in the output of a main amplifier
module 215 is manifested in lower IMD levels produced by
main amplifier module 215. This, in turn, reduces size and
performance requirements placed on error amplifier module
400. Thus, a smaller and more efficient error amplifier can
be implemented resulting in overall feed forward power
amplifier system efficiency improvement.

Loop 3 comprises a second carrier cancellation combiner
260 coupled to the input and output of the feed forward
amplifier. A control system 800 is coupled to the output of
the second carrier cancellation combiner. The configuration
of Loop 3 and control system 800 enhances and simplifies
operation of the feed forward power amplifier. Convention-
ally designed feed forward power amplifier systems typi-
cally utilize pilot carrier control methods in order to con-
tinvously adjust and maintain cancellation of the error
amplifier loop. In another approach described in U.S. Pat.
No. 6,140,874 to French et al., incorporated herein by
reference in its entirety, a spurious signal detection method
is used to control IMD cancellation action of Loop 2. In the
present invention an enhancement to this technique is dis-
closed. The third signal cancellation loop—ILoop 3 is uti-
lized to reduce the carrier level of the signals present at the
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sample port 235 at the output of the amplifier. This reduced
carrier signal is provided to a spurious signal detector (or
receiver) 805, within control system 800. The spurious
signal detector employs a variable frequency down con-
verter and a DSP (Digital Signal Processor) to isolate the
out-of-band IMDs from the carrier bandwidth. By signifi-
cantly reducing carrier level relative to IMD levels a sub-
stantially simpler spurious signal detector can be utilized.
This aspect of the present invention also allows for a faster
conversion time in Loop 2 cancellation and enhanced can-
cellation of IMD products due to a greater useful dynamic
range available for the DSP employed in the spurious signal
detector.

Next the specific construction and operation of the pre-
ferred embodiment of the invention shown in FIG. 7 will be
described. As shown in FIG. 7, RF signal(s) are applied to
the input port 101 of the feed forward power amplifier. A
coupled portion of the input signal is delivered via first
conventionally disposed directional coupler 105 to the input
of the first gain and phase shifting network 205. It is
apparent to those skilled in the art that gain and phase
shifting networks can be implemented using various circuits
and components. For example, a voltage variable attenuator
(WA) and a variable phase adjuster may be employed to
provide the desired controllable gain and phase adjustments.
The output of the first gain and phase shifting network 205
is coupled to the input of the predistortion circuit 210.
Predistortion circuit 210 is used to compensate non-linear
behavior of AM/AM (FIG. 14) and AM/PM (FIG. 15)
characteristics of the class A/B biased main amplifier 215.
The output of the predistortion circuit 210 is coupled to the
input of main amplifier 215. Main amplifier 215 may com-
prise one or more amplifier devices, such as LDMOS
amplifiers, biased in a high efficiency class such as class
A/B. For high power RF applications typically plural ampli-
fier devices or stages will be employed configured in a
module. The output of the main amplifier 215 is connected
to the input port of the second conventionally disposed main
amplifier output sampling coupler 220. The coupling factor
of sampling coupler 220 is dependent on many factors
inherent to feed forward power amplifier design, but typi-
cally a 20 to 30 dB coupling value may be used as in
conventional designs. The output port of coupler 220 is
connected to the input of delay line 225. Delay line 225 is
used to delay amplified signals from the output of the main
amplifier 215. Those skilled in the art can appreciate that
delay line 225 can implemented in a number of ways. For
example, in high power applications where low insertion
loss is critical, the delay line can implemented using a low
insertion, large diameter coaxial cable or by a delay filter
with desired electrical characteristics. In the case of low
power applications where increased insertion losses are not
as critical to system performance a smaller diameter coaxial
cable or lumped circuit elements can be used in order to
achieve desired electrical delay. Specific delay characteris-
tics of delay line 225 will discussed below. The output port
of the delay line 225 is connected to the input port of the
error injection coupler (or error coupler) 230. The output
port of the error injection coupler 230 is connected to the
input port of the output sampling coupler 235. The output
port of the coupler 235 is connected to port 1 of the output
isolator 240. Port 2 of the output isolator 240 is connected
to the output connector 245 of the amplifier system. The
output port of the first directional coupler 105 is connected
to the input port of the first delay line 115. The output port
of'the first delay line 115 is connected to the input port of the
third directional coupler 310. Coupler 310 samples the input
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signal and provides it to Loop 3, described below. The
output port of the coupler 310 is connected to the first port
of the summing junction (carrier cancellation combiner)
315. The second port of the summing junction 315 is
connected to the output of the first attenuator 305. The input
of attenuator 305 is connected to the coupled port of the
second coupler 220.

Loop 1 is formed when the delayed input signal is
summed with the sampled main amplifier output signal.
Moreover, the active portion of Loop 1 is formed with first
coupler 105, first gain and phase adjusting network 205,
predistortion circuit 210, main amplifier 215, main amplifier
output sampling coupler 220 and first attenuator 305. A
passive portion of Loop 1 comprises first coupler 105, first
delay line 115 and third coupler 310. It is apparent to those
skilled in the art that the two halves share common compo-
nents: first directional coupler 105 which is used to route the
required portion of the input signal to each half of Loop 1
and summing junction 315 which is used to combine the
delayed input signal with the sample of the main amplifier
215 output. The output port of the summing junction 315
contains IMDs due to non-linearities in the main amplifier
210 transfer function and attenuated input carrier (22a &
22b; FIG. 5). Loop 1 cancellation is controlled by monitor-
ing the power level of carrier cancelled signals at the output
of the first summing junction 315. Specifically, a conven-
tionally disposed directional coupler 320 is connected to the
output of the first summing junction 315. The coupled port
of coupler 320 is coupled to the input of the carrier cancel-
lation detector 500. Carrier cancellation detector 500 pro-
vides an appropriate signal to the microcontroller 810.
Microcontroller 810, in conjunction with other input signals,
continuously adjusts control signals to the first gain and
phase network 205 in order to minimize the amount of
carrier power present at the output of the first summing
junction 315. Under full carrier cancellation conditions only
IMD signals (22a & 22b; FIG. 5) should be present at the
input of the error amplifier block 400. However, it is also
advantageous to be able to insert or subtract additional input
carrier power through the error amplifier in some applica-
tions.

FIG. 16 depicts a carrier cancellation detector voltage vs.
loop 1 VVA control. Accordingly, a maximum carrier can-
cellation occurs at VVA setting 130 when the carrier can-
cellation detector detects minimum incident power 105.
Under these conditions the resultant error signal (FIG. 5; 22a
& 22b) contains mainly IMD’s and very little of input carrier
power. In most cases such a signal is very useful for IMD
cancellation at the error injection coupler. However, use of
such an error signal may not be optimum under certain
operating conditions. If the input carrier signal is greater
then the sampled output of the main amplifier the resultant
composite signal will reduce peak to average ratio of such
input signal. This is illustrated by VVA setting 140 and
carrier power 100 offset from the minimum. Such composite
input signal is termed to be a positive re-injection. This
signal type increases average power levels in the error
amplifier by having some carrier power present along with
error signal. On a benefit side, such composite signal
reduces the losses associated with the injection coupler by
canceling carrier power dumped into a dump load of the
injection from the main amplifier output. Conversely, a 180
degree out of phase carrier signal can be combined with the
error signal at the input of the error amplifier. Such com-
posite input signal might reduce peak signal levels present in
the error amplifier path and could be defined as a negative
re-injection. This is illustrated by VVA setting 135 and
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carrier power 110 offset in the opposite portion of the carrier
power curve. Such negative re-injection reduces average
power handling requirements on the error amplifier stages.
This signal configuration does not yield any power loss
compensation in the injection coupler dump load, but may
be useful where the error amplifier can not handle high peak
power levels. In both cases Loop 1 VVA control transfer
function characteristics are known and the amount of desired
compensation is controlled by a microprocessor algorithm.

Referring again to FIG. 7, Loop 2 is used to cancel IMDs
present in the output of the main amplifier 215. Loop 2 is
formed by the following circuit elements: second directional
coupler 220, main delay line 225 and error injection coupler
230 which together constitute the passive portion of Loop 2.
The active portion of Loop 2 contains second directional
coupler 220, first attenuator 305, summing junction 315
acting as a carrier cancellation combiner, fourth directional
coupler 320 which is used for carrier cancellation detection
as described previously, second gain and phase adjusting
network 325, error amplifier 400, and error injection coupler
230. As noted above, one aspect of the present invention is
implementation and usage of a very short electrical delay
line 225. In a conventional feed forward power amplifier the
length of the delay line is selected in such manner as to
achieve equal delay from the input port of the second
directional coupler 220 through the active portion of the
loop 2 vs. from the input port of second directional coupler
220 through the delay line 225 to the output port of the error
injection coupler 230. Any delay mismatch in terms of
number of wavelengths results in a narrow cancellation
bandwidth. For example, if we assume that the input signal
is a WCDMA (Wide Code Division Multiple Access) signal
with occupied bandwidth of 5 MHz, while operating at 2140
MHz we would consider instantaneous cancellation band-
width of 25 MHz, i.e. 10 MHz above and below the
WCDMA carrier. Referring to FIG. 13 we can determine the
amount of cancellation afforded by the amount of delay
mismatch cycles, N, between each half of Loop 2. In the
present invention the delay provided by delay line 225 is less
than the error path delay with a mismatch of N>3 cycles. As
one example, for an error path delay of about 10 ns the delay
provided by delay 225 would be about 1 to 1.5 ns in contrast
to 10 ns for a conventional design. More generally, for a
typical error path delay of about 10-20 ns the present
invention will provide a delay in delay line 225 of less than
3 ns. Stated differently, the delay mismatch is such that the
delay line is less than about 30% of the error path delay. Use
of predistortion circuits in the main amplifier path provides
additional advantages as it offers reduction in IMD levels
found in the output of the main amplifier 215. Predistortion
causes main amplifier 215 to be linearized, thus reducing
instantaneous cancellation requirements from loop 2 due to
reduction in IMD 22a & 225 levels in the output of the main
amplifier 215.

Wide bandwidth cancellation is advantageous in feed
forward power amplifiers designed for operation with wide
input signals or multiple carriers with significant frequency
separation between such carriers. Although a wideband
solution is universally useful, when a single CDMA carrier
is present a wideband feed forward power amplifier solution
is not optimum due to the relatively low efficiency and high
cost involved. Thus for a single carrier or a narrow band-
width signal application the approach of the present inven-
tion is more advantageous. In narrow band applications
instantaneous cancellation bandwidth is relatively small
compared to that offered by broadband solutions. Thus, a
delay mismatch penalty between the two portions of Loop 2
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can be afforded without sacrificing cancellation ability of
Loop 2 over the required cancellation bandwidth. Given
these factors, a narrow input signal and instantaneous can-
cellation bandwidth requirements placed on Loop 2,
together, reduce power-handling requirements on the error
amplifier 400. The disclosed feed forward power amplifier
architecture therefore utilizes a smaller error amplifier 400
than otherwise found in broadband feed forward power
amplifier solutions. Typically, a broadband solution would
utilize an error amplifier 400, which is a quarter of the main
amplifier 215. One aspect of the present invention is higher
efficiency afforded by the use of a smaller error amplifier
400, which can be about one tenth of the main amplifier 215.
A smaller amplifier is also less costly to implement and
easier to align in manufacturing.

Next Loop 3 of the feed forward power amplifier of the
present invention will be described. Loop 3 comprises a
second carrier cancellation combiner 260 and is formed
between the input and output of the feed forward power
amplifier system. One of the aspects of the present invention
is to provide a carrier-reduced sample of the feed forward
power amplifier output to the input of the spurious signal
detector (or receiver) 805. The output signal is sampled by
a fifth directional coupler 235 with its input port connected
to the output port of the error injection coupler 230. Accord-
ingly, the sample port of the fifth directional coupler 235
delivers a sample of amplified signal and remaining IMDs
(which were not fully cancelled by the loop 2 operation)
generated by a non-linear transfer function of the main
amplifier 215 to the input port of the third delay line 250.
The output port of the third delay line is connected to the
input port of the third gain and phase adjustment network
255. The output port of the third gain and phase adjustment
network 255 is connected to the first input port of the second
summing junction (second carrier cancellation combiner)
260. The passive portion of loop 3 incorporates passive
portions of loop 1: first directional coupler 105 and first
delay line 115, and the input signal is provided by a third
directional coupler or input sampling coupler 310. The
coupled port of the third directional coupler 310 is con-
nected to the input port of the fourth delay line 330. The
output port of the fourth delay line 330 is connected to the
second input port of the second summing junction 260. The
output port of the second summing junction 260 is con-
nected to the input port of the spurious signal receiver 805.

Loop 3 functions to reduce the amount of carrier power
relative to IMD levels present at the input of the spurious
signal receiver 805. More specifically, delay line 250 and
delay line 330 provide a signal delay equalization of the
sampled input carrier signals and the sampled main amplifier
output signals so as to match the delays to allow carrier
cancellation at combiner 260. Gain and phase adjustment
circuit 255 provides an amplitude equalization of the
sampled output signals from output coupler 235 to the
amplitude of the sampled input carrier signals from coupler
310 and a phase adjustment to provide anti-phase addition of
the sampled output signals and sampled input carrier signals
at combiner 260. As a result the signal output from combiner
260 corresponds to the sampled output signal with a sub-
stantially reduced carrier component. This reduced carrier
sampled output signal is provided as an input signal to the
spurious signal detector 805.

FIGS. 10 and 11 illustrate how the sampled output signal
carrier level 18 can be substantially reduced to a lower level
28 by the above described Loop 3 operation. For example,
a carrier level reduction of 15 to 20 dB may be provided
(FIG. 11; 25). Reduced carrier power extends the useful
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dynamic range of the spurious receiver. Thus lower cost
circuit components can be used in the spurious signal
receiver operating on reduced power down converted IF
(Intermediate Frequency) signals in order to achieve similar
receiver performance. Such a down converted reduced
power IF signal is shown in FIG. 12.

Referring to FIG. 8 a detailed embodiment of the control
system 800 is disclosed. As shown the control system
includes microcontroller 810 and a spurious signal detector
comprising down conversion mixer 830, a frequency gen-
erator 835 (which may comprise a suitable local oscillator)
which provides a variable frequency signal (with frequency
controllable by microcontroller 810) to mixer 830, band-
pass filter 825, a small gain amplification stage 820, A/D
converter 815, and digital signal processor 817. The micro-
controller 810 adjusts the frequency of the frequency gen-
erator 835 and the DSP 817 measures signal power at
different frequencies to locate the center frequency of the
carrier bandwidth. Once the carrier band is located the
out-of-band distortion products (22a, 22b; FIGS. 11 and 12)
may be identified and such IMDs monitored to control the
amplifier to minimize IMDs. In particular, the output of the
spurious signal detector is used by microcontroller 810 to
control IMD cancellation action of Loop 2 and (optionally)
control pre-distorter 210 in Loop 1. In U.S. Pat. No. 6,140,
874 to French et al., incorporated herein by reference, a
control system utilizing a spurious signal detector is dis-
closed in detail and the operation of the control system and
spurious signal detector of FIG. 8 may employ such teach-
ings, which accordingly will not be described in detail
herein. Due to the reduced carrier components of the
sampled output signal, as shown in FIGS. 11 and 12,
however, the circuit components of the spurious signal
receiver of FIG. 8 may employ circuit components with less
dynamic range and hence a more inexpensive spurious
signal detector may be provided.

The detailed implementation of Loop 3 and the control
system in the feed forward architecture is illustrated in FIG.
9. As described above the third signal cancellation loop—
Loop 3 is utilized to reduce the carrier level of the signals
present at the sample port 235 at the output of the amplifier.
The microcontroller 810 controls this function along with
the control of Loop 1 carrier cancellation and Loop 2 error
(IMD) cancellation. More specifically, during Loop 3 con-
trol microcontroller 810 first sets the frequency of local
oscillator 835 to a predetermined initial frequency. The IF
output of mixer 830 is then band-pass filtered by filter 825
and converted to a digital signal by A/D converter 815. DSP
817 measures the energy at the intermediate frequency. DSP
817, for example, can frequency scan and integrate power in
the IF. Microcontroller 810 iteratively adjusts the gain and
phase adjustment circuit 255, and determines whether the
energy measured at the intermediate frequency by DSP 817
does or does not exceed a desired intermediate frequency
threshold level. Iterative adjustments of the gain and phase
adjustment circuit 255 by microcontroller 810 will allow
desired third loop carrier cancellation at combiner 260 by
monitoring IF power level to achieve a desired reduction 25
(referring to FIG. 10) in carrier power. With Loop 3 con-
trolled to a desired reduced carrier level the methods
described in U.S. Pat. No. 6,140,874 may be employed for
Loop 1 and Loop 2 control. More specifically, the frequency
of'the RF carrier (e.g., CDMA carrier) can be determined by
varying the frequency of local oscillator 835. Once carrier
frequency has been established a spectrum analyzer like
processing is used in DSP 817 to measure the level of IMD
products present at the output of the feed forward amplifier
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system. These measured IMD levels may be used by micro-
controller 810 to control Loop 2 to minimize IMD levels
(22a —22b, FIG. 10) at the output of the amplifier system.
These measured IMD levels may also be used by microcon-
troller 810 to control predistorter 210 in Loop 1 to minimize
IMDs which are created by the nonlinear operation of main
amplifier 215.

To summarize, Loop 3 carrier level reduction allows for
a reduction in dynamic range requirements placed on DSP
and IF chain components of the control system. This aspect
of the present invention allows for a faster conversion time
in Loop 2 cancellation and enhanced cancellation of IMD
products due to a greater useful dynamic range available for
DSP 817.

The present invention has been described in relation to a
presently preferred embodiment, however, it will be appre-
ciated by those skilled in the art that a variety of modifica-
tions, too numerous to describe, may be made while remain-
ing within the scope of the present invention. Accordingly,
the above detailed description should be viewed as illustra-
tive only and not limiting in nature.

What is claimed is:

1. A feed forward amplifier, comprising:

an input for receiving an RF signal;

a main amplifier receiving and amplifying said RF signal;

a main amplifier output sampling coupler;

a first delay coupled to the input and providing a delayed
RF signal;

a carrier cancellation combiner coupling the delayed RF
signal from the first delay and to the output of the
output sampling coupler;

an error amplifier receiving and amplifying the output
signal of the carrier cancellation combiner;

a second delay coupled to the output of the main ampli-
fier;

an error coupler combining the output of the error ampli-
fier and a delayed main amplifier output from the
second delay so as to cancel distortion introduced by
the main amplifier;

an output sampling coupler coupled to the output of the
error coupler and providing a sampled output signal;

a carrier signal reduction circuit coupled to the output
sampling coupler and providing a reduced carrier
sampled output signal with a reduced carrier compo-
nent; and

a spurious signal detector coupled to the carrier signal
reduction circuit, comprising a variable frequency
down converter and a digital signal processor, for
detecting out of band distortion in the reduced carrier
sampled output signal;

wherein the error amplifier has an inherent third delay
associated with a signal path and wherein said second
delay is substantially less than said third delay.

2. A feed forward amplifier as set out in claim 1, further
comprising a controller, coupled to the spurious signal
detector, for controlling the feed forward amplifier to mini-
mize distortion detected by the spurious signal detector.

3. A feed forward amplifier as set out in claim 2, further
comprising a gain adjuster and phase adjuster coupled
between the carrier cancellation combiner and the error
amplifier, wherein the controller controls the gain adjuster
and phase adjuster to minimize the distortion detected by the
spurious signal detector.

4. A feed forward amplifier as set out in claim 2, further
comprising a gain adjuster and phase adjuster coupled
between the input and the main amplifier, wherein the
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controller controls the gain adjuster and phase adjuster to
minimize the output signal of the carrier cancellation com-
biner.

5. A feed forward amplifier as set out in claim 2, further
comprising a predistorter coupled between the input and the
main amplifier, wherein the controller controls the predis-
torter to minimize the distortion detected by the spurious
signal detector.

6. A feed forward amplifier as set out in claim 1, wherein
said error amplifier is substantially smaller than said main
amplifier.

7. A feed forward amplifier as set out in claim 6, wherein
said error amplifier is about one tenth the size of said main
amplifier.

8. A feed forward amplifier as set out in claim 1, wherein
the reduced carrier sampled output signal provided by said
carrier signal reduction circuit has a carrier component about
15-20 dB less than the sampled output signal provided by
said output sampling coupler.

9. A feed forward amplifier as set out in claim 2, wherein
said variable frequency down converter comprises a variable
frequency signal generator controlled by said controller and
a mixer coupled to receive the variable frequency signal and
the reduced carrier sampled output signal, for converting the
frequency of the reduced carrier sampled output signal to a
lower frequency signal.

10. A feed forward amplifier as set out in claim 9, wherein
said spurious signal detector further comprises a bandpass
filter coupled to the output of the down converter and
wherein said digital signal processor is coupled to the output
of the bandpass filter.

11. A feed forward amplifier as set out in claim 10,
wherein said spurious signal detector further comprises an
analog to digital converter coupled between the bandpass
filter and the digital signal processor.

12. A feed forward amplifier, comprising:

an input for receiving an RF signal;

a main amplifier receiving and amplifying said RF signal;

a main amplifier output sampling coupler;

a first delay coupled to the input and providing a delayed
RF signal;

a carrier cancellation combiner coupling the delayed RF
signal from the first delay and to the output of the
output sampling coupler;

an error amplifier receiving and amplifying the output
signal of the carrier cancellation combiner;

a second delay coupled to the output of the main ampli-
fier;

an error coupler combining the output the error amplifier
and a delayed main amplifier output from the second
delay so as to cancel distortion introduced by the main
amplifier;

an output sampling coupler coupled to the output of the
error coupler and providing a sampled output signal;

a carrier signal reduction circuit coupled to the output
sampling coupler and providing a reduced carrier
sampled output signal with a reduced carrier compo-
nent, wherein said carrier signal reduction circuit fur-
ther comprises an input sampling coupler configured
between the first delay and the carrier cancellation
combiner for sampling the input RF signal and a second
carrier cancellation combiner for combining the
sampled output signal and the sampled input RF signal
to cancel a carrier component in said sampled output
signal; and

a spurious signal detector coupled to the carrier signal
reduction circuit, comprising a variable frequency
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down converter and a digital signal processor, for
detecting out of band distortion in the reduced carrier
sampled output signal.

13. A feed forward amplifier as set out in claim 12,
wherein said carrier signal reduction circuit further com-
prises an input delay between said input sampling coupler
and said second carrier cancellation combiner and an output
delay between said output sampling coupler and said second
carrier cancellation combiner.

14. A feed forward amplifier as set out in claim 13,
wherein said carrier signal reduction circuit further com-
prises a gain adjuster and phase adjuster coupled between
said output sampling coupler and said second carrier can-
cellation combiner, and wherein the controller controls said
gain and phase adjuster to minimize the carrier component
of the sampled output signal.

15. A delay mismatched feed forward amplifier, compris-
ing:

an input for receiving an RE input signal;

a first control loop coupled to the input and comprising a
main amplifier, a main amplifier output sampling cou-
pler, a delay element, and a first carrier cancellation
combiner;

a second control loop coupled to the first control loop and
comprising a first signal path receiving the output of the
main amplifier, a second signal path comprising an
error amplifier receiving the output of the first carrier
cancellation combiner, and an error injection coupler
coupling the first and second signal paths, said first and
second signal paths having a delay mismatch wherein
said first signal path has substantially less delay than
said second signal path;

an output coupled to the error injection coupler for
providing an output signal;

a third control loop coupled between the input and the
output and comprising a first coupler for sampling the
input signal, a second coupler for sampling the output,
and a second carrier cancellation combiner;

a distortion detector coupled to the output signal of the
second carrier cancellation combiner, said distortion
detector comprising a digital signal processor perform-
ing a signal analysis on the output of the second carrier
cancellation combiner; and

a controller, coupled to the distortion detector, for con-
trolling at least one of the first and second control loops
to minimize distortion detected by the distortion detec-
tor.

16. A feed forward amplifier as set out in claim 15,
wherein said delay mismatch between said first and second
signal paths is greater than 3 cycles of the RF input signal.

17. A feed forward amplifier as set out in claim 15,
wherein the delay of the second signal path is about 10-20
ns. and the delay of the first signal path is less than about 3
ns.

18. A feed forward amplifier as set out in claim 17,
wherein the delay of the second path is about 10 ns. and
wherein the delay of the first signal path is about 1.0-1.5 ns.

19. A feed forward amplifier as set out in claim 15,
wherein the delay of the first signal path is about 30 percent
or less of the delay of the second signal path.

20. A feed forward amplifier as set out in claim 15,
wherein said third control loop further comprises:

delay means for providing a signal delay equalization of
said sampled input signal and said sampled output
signal; and

gain and phase adjusting means for providing an ampli-
tude equalization of said sampled output signal and said
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sampled input signal and an anti-phase addition of the
sampled output signal and said sampled input signal at
said second carrier cancellation combiner.
21. A feed forward amplifier as set out in claim 20,
wherein the controller controls said gain and phase adjusting
means to minimize the level of carrier components on the
output of the second carrier cancellation combiner.
22. A feed forward amplifier as set out in claim 15,
wherein said error amplifier is substantially smaller than said
main amplifier.
23. A feed forward amplifier as set out in claim 22,
wherein said error amplifier is about one tenth the size of the
main amplifier.
24. A feed forward amplifier as set out in claim 15,
wherein said RF input signal has a carrier bandwidth of
about 5 MHz or less.
25. A feed forward amplifier as set out in claim 15,
wherein the output of said second carrier cancellation com-
biner has a substantially lower power carrier component
than the output signal sampled by said second coupler.
26. A feed forward amplifier as set out in claim 25,
wherein the output of said second carrier cancellation com-
biner has about 15-20 dB less power than the output signal
sampled by said second coupler.
27. A method for amplifying an RF input signal employ-
ing feed forward compensation, comprising:
receiving an RF input signal and providing said signal on
a main signal path;

sampling the RF input signal and providing the sampled
RE input signal on a second signal path;

amplifying the signal on said main signal path employing
a main amplifier;

sampling the main amplifier output;

delaying the sampled RF input signal on the second signal

path;

coupling the delayed RF input signal to the sampled

output from a main amplifier so as to cancel at least a
portion of a carrier component of said sampled output
from the main amplifier and provide a carrier canceled
signal having a distortion component;

amplifying the carrier canceled signal employing an error

amplifier to provide an error signal;

delaying the output of the main amplifier by a delay

substantially less than the signal delay through the error
amplifier;

combining the error signal and the delayed output of the

main amplifier so as to cancel distortion introduced by
the main amplifier and providing an amplified RF
output;

sampling said amplified RF output;

combining the sampled amplified RF output with an

anti-phase sample of the input signal to provide a
carrier reduced sampled output;
down converting the carrier reduced sampled output using
a variable frequency down converting signal; and

detecting out-of-band distortion using a digital signal
processor to analyze the spectrum of the down con-
verted signal.

28. A method as set out in claim 27, further comprising
adjusting the gain and phase of the carrier canceled signal
input to said error amplifier to minimize the detected out-
of-band distortion.

29. A method as set out in claim 27, further comprising
adjusting the gain and phase of at least one of the sampled
amplified RF output and sampled input signal to reduce the
carrier component of the down converted signal to a desired
level.
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30. A method as set out in claim 27, wherein the signal
delay through the error amplifier is greater than the signal
delay of the output of the main amplifier by at least 3 cycles
of the RF input signal.

31. A method as set out in claim 27, wherein the signal
delay through the error amplifier is about 10-20 ns. and the
signal delay of the output of the main amplifier is less than
about 3 ns.

32. A method as set out in claim 31, wherein the signal
delay through the error amplifier is about 10 ns. and the
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signal delay of the output of the main amplifier is less than
about 1.5 ns.

33. A method as set out, in claim 27, wherein the signal
delay of the output of the main amplifier is less than about
30 percent of the signal delay through the error amplifier.

34. A method as set out in claim 27, wherein said RF input
signal has a carrier bandwidth of about 5 MHz or less.



