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WO 98/47222 PCT/US98/05765

AN AMPLIFIER CIRCUIT HAVING A HIGH LINEARITY MODE
OF OPERATION AND A HIGH EFFICIENCY MODE OF
OPERATION

BACKGROUND OF THE INVENTION

L. Field of the Invention

The present invention relates to an amplifier circuit having a high
linearity mode of operation and a high efficiency mode of operation.

II. Description of the Related Art

As is known in the art of amplifier design, high linearity and high
efficiency are generally mutually exclusive design considerations. That is to
say that when one is designing a particular transistor-based amplifier, one
must usually make a tradeoff between the high linearity and high efficiency.
The difference between high linearity and high efficiency is manifested by
saturation characteristics which are determined by the load impedance in
relation to the current capability and breakdown voltage of the amplifier.
Thus, a designer who wishes to design a highly linear amplifier will
generally choose a relatively low load impedance for a given supply voltage.
Highly linear amplifiers maintain the integrity of the input signal envelope
at the expense of higher average power dissipation. This high average
power dissipation which results from overlap of current and voltage in the
transistor over time is particularly undesirable in a battery-powered portable
transmitter because it reduces the battery life, and thus the transmit time of
the portable transmitter between battery charges.

Conversely, a designer who wishes to design a highly efficient
amplifier will generally choose a relatively higher load impedance for the
same supply voltage. Highly efficient amplifiers maintain a lower average
power dissipation at the expense of “clipping” of the input signal at high
input amplitudes due to premature saturation of the amplifier. Although
clipping the input signal gives rise to high efficiency and longer battery life
because the device's power dissipation (and thus the instantaneous
voltage/current overlap and power dissipation) is minimized during
saturation, it results in distortion of the input signal envelope, and
consequent generation of in-band spectral sidelobes of information.
Furthermore, clipping generates higher-order harmonics that may be spread
outside of the allowed operating bandwidth of the transmitter, causing
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interference to other RF devices transmitting or receiving on other
frequencies.

In the field of wireless telecommunications, such as in various
cellular, Personal Communication Services (PCS), and wireless local loop
(WLL) communication systems, many different communication standards
exist for these wireless communication systems. For example, Code-
Division Multiple Access (CDMA) digital communications may be governed
in the United States by either Telecommunications Industry Association
(TIA)/Electronic Industries Association (EIA) Interim Standard IS-95 for
cellular bands, or ANSI J-STD-008 for PCS bands. Additionally, Time-
Division Multiple Access (TDMA) digital communications may be governed
by the TIA/EIA IS-54 or by the European standard Global System for Mobile
Communications (GSM). Finally, analog FM-based communications may be
governed by the Advanced Mobile Phone System (AMPS) standard, or one
of its improvement standards such as N-AMPS.

For each of these communication system standards, a long-felt need
exists for an amplifier for a wireless communication device which exhibits
the high linearity needed for signal integrity, as well as the high efficiency
needed for longer operating time. This is particularly true for dual-mode
communication devices that can operate according to two different
standards (such as CDMA/AMPS), because each of the standards may have
different linearity requirements. For example, the linearity requirements in
a CDMA communication device are more stringent than those of an AMPS
communication device which has no in-band linearity requirement. Thus a
dual-mode CDMA/AMPS communication device would benefit greatly
from being able to take advantage of a high linearity amplifier while
operating in a CDMA mode, while still being able to operate with high
efficiency while in the AMPS mode where there are no in-band linearity
requirements.

Although there have been various attempts to create a highly efficient
amplifier that is also highly linear, these attempts contain inherent
problems which limit their effectiveness. For example, Doherty-type
amplifiers are well known in the art as being highly efficient and also highly
linear. A Doherty-type amplifier modulates the load impedance in response
to the envelope of the input signal by using two amplifiers in parallel, and
the output of one of the amplifiers in series with a quarter-wavelength
phase shifter. An example of such an amplifier is illustrated in U.S. Patent
No. 5,568,086 to Schuss et al., entitled “LINEAR POWER AMPLIFIER FOR
HIGH EFFICIENCY MULTI-CARRIER PERFORMANCE.” However, a
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significant drawback to the Doherty-type design of Schuss et al. is that a
quarter-wavelength phase shifter may be difficult and costly to realize at
certain frequencies in the mobile telephone environment, such as the 850
MHz cellular band. Additionally, Doherty-type amplifiers are narrowband
“tuned” amplifiers that operate best around a single frequency and are ill-
suited for broadband use mobile telephone environment.

Another example solution is illustrated in U.S. Patent No. 5,175,871 to
Kunkel, entitled “POWER AMPLIFIER FOR A CELLULAR TELEPHONE.”
The amplifier of Kunkel uses a one non-linear amplifier stage which may be
used when non-linear behavior is desired, and one linear amplifier stage
which may be switched in when linear power amplification is desired.
However, a significant drawback of Kunkel is the switch loss which reduces
analog mode efficiency. An additional drawback is the increased expense of
providing two separate amplifiers, each with its own design characteristics.

Thus, there is a need for an amplifier that is both highly efficient and
highly linear which avoids the problems of the prior art.

SUMMARY OF THE INVENTION

The present invention aims to provide an improved dual-mode RF
amplifier which is both highly efficient and highly linear.

In one aspect the invention provides an amplifier circuit comprising:
a first amplifier stage having a first supply voltage input for receiving a
supply voltage and a first signal input for receiving a signal to be amplified
and a bias signal; a second amplifier stage having a second supply voltage
input for receiving said supply voltage and a second signal input for
receiving said signal to be amplified and said bias signal; and a control circuit
having a supply voltage output coupled to said first and second supply
voltage inputs and having first and second bias signal outputs respectively
coupled to said first and second signal inputs, and having a mode select
input for receiving a mode select signal, said control circuit for varying said
supply voltage and said bias signals in response to said mode select signal.

In another aspect the invention provides an amplifier circuit
having a high linearity mode of operation and a high efficiency mode of
operation, said amplifier circuit comprising: an amplifier having a variable
active device periphery and a variable supply voltage; and a control circuit,
coupled to said amplifier, for decreasing said variable active device
periphery and increasing said variable supply voltage when in said high
linearity mode of operation, and for increasing said variable active device
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periphery and decreasing said variable supply voltage when in said high
efficiency mode of operation.

In a further aspect the invention provides a method for operating an
amplifier circuit having a variable active device periphery and a variable
supply voltage, said method comprising the steps of: decreasing said variable
active device periphery and increasing said variable supply voltage when in
a high linearity mode of operation; and increasing said variable active
device periphery and decreasing said variable supply voltage when in a high
efficiency mode of operation.

The invention also provides an amplifier in which plural amplifier
stages are controlled by varying respective bias and/or supply voltages
applied thereto and selected to cause the amplifier to operate in different
selectable modes.

The invention is embodied in an amplifier circuit having a high
linearity mode of operation and a high efficiency mode of operation. The
amplifier circuit comprises an amplifier having a variable active device
periphery and a variable supply voltage; and a control circuit, coupled to the
amplifier, for decreasing the variable active device periphery and increasing
the variable supply voltage when in the high linearity mode of operation,
and for increasing the variable active device periphery and decreasing the
variable supply voltage when in the high efficiency mode of operation.
Additionally, the quiescent current may also be varied in order to increase
efficiency even further.

The variable active device periphery comprises a plurality of
transistor stages. The control circuit decreases the variable active device
periphery by biasing off at least one of the plurality of transistor stages, and
increases the variable active device periphery by biasing on at least one of
the plurality of transistor stages. Each of the plurality of transistor stages has
a transistor output coupled to the variable supply voltage and an input
coupled to a signal to be amplified. The control circuit may be responsive to
a mode select signal indicative of the high efficiency mode of operation or
the high linearity mode of operation. .

The present invention is also embodied in a a method for operating
an amplifier circuit having a variable active device periphery and a variable
supply voltage. The method comprises the steps of decreasing said variable
active device periphery and increasing said variable supply voltage when in
a high linearity mode of operation, and increasing said variable active
device periphery and decreasing said variable supply voltage when in a high
efficiency mode of operation.
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BRIEF DESCRIPTION OF THE DRAWINGS

The features, objects, and advantages of the present invention will
become more apparent from the detailed description of an embodiment of
the invention set forth below when taken in conjunction with the drawings
in which like reference characters identify correspondingly throughout and
wherein:

FIG. 1 is a block diagram of the amplifier embodying the present
invention;

FIG. 2 is a graph of the current-voltage characteristics of the amplifier
embodying the present invention when operating in a high linearity mode;

FIG. 3 is a graph of the current-voltage characteristics of the amplifier
embodying the present invention when operating in a high efficiency mode;
and

FIG. 4 is a graph of the efficiency as a function of average input power
for the amplifier embodying the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to FIG. 1, a block diagram of the RF amplifier 100
embodying the present invention is shown. The RF input signal, which
may generally be a carrier signal modulated with information in amplitude,
frequency, or phase is presented to the inputs of DC blocks 106a-106n. DC
blocks 106a-106n, in the simplest embodiment, may be DC blocking
capacitors. At the high frequencies of the RF input signal, the DC blocks
106a-106n pass the RF input signal through to their respective parallel
amplifier stages 104a-104n. Amplifier stages 104a-104n may be bipolar
junction transistors (BJTs), field effect transistors (FETs) or any other
transistor type as is known in the art, whether CMOS, NMOS, PMOS or
otherwise. ~Additionally, amplifier stages 104a-104n may be hybrid-type
devices or tubes or TWT’s as are known in the art. The present invention is
not limited by the specific construction of amplifier stages 104a-104n.

When biased on by control circuit 102, each amplifier stage 104a-104n
independently amplifies the RF input signal according to a gain
characteristic determined by the device’s construction and the bias voltages
applied to it. The outputs of amplifier stages 104a-104n are combined and
applied to a load 108 which may include a matching network, a diplexer, and
isolator, and an antenna in a wireless communication device.
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Although only three parallel amplifier stages 104a-104n are depicted,
it would be well understood by one skilled in the art that more or fewer than
three amplifier stages may be used. For example, only two amplifier stages
104a and 104b or as many as n amplifier stages 104a to 104n may be used.

Control circuit 102 selectively applies a DC bias to the inputs of
parallel amplifier stages 104a-104n in order to switch the individual
amplifier stages on or off. For example, if each of amplifier stages 104a-104n
was a FET with a maximum power output of one watt, control circuit 102
might apply a DC bias to the gates of amplifier stages 104a and 104b but not
104n in order to get a maximum output through load 108 of two watts.
Similarly, for an output power through load 108 of one watt only, control
circuit 102 might apply a DC bias to the gates of amplifier stage 104a only, it
being understood that the other amplifier stages 104b-104n would not be
active in the absence of a DC bias applied to their gates. A similar scheme
would be followed if amplifier stages 104a-104n were BJT devices, with the
DC bias being applied to their respective bases.

The appropriate number of amplifier stages may be selected by control
circuit 102 in response to a desired output power, which may in turn be
determined in response to a power control circuit (not shown) within a
wireless communication device employing the RF amplifier 100. A similar
topology as that just described which results in extremely favorable DC
efficiency, and thus longer battery life, is described in greater detail in
copending U.S. Patent Application Serial No. 08/579,169 entitled
“EFFICIENT PARALLEL-STAGE POWER AMPLIFIER”, filed December 25,
1995 and assigned to the assignee of the present invention, and hereby
incorporated by reference, and additionally copending U.S. Patent
Application Serial No. 08/767,124 entitied “EFFICIENT PARALLEL-STAGE
POWER AMPLIFIER”, filed December 9, 1996 also assigned to the assignee of
the present invention, also hereby incorporated by reference.

In the RF amplifier 100, control circuit 102 provides an additional
function.  Specifically, control circuit 102 varies the supply voltage, Vc,
which is input to each amplifier stage 104a-104n in response to a mode select
signal. The mode select signal, for example, may be a logic signal indicating
whether a dual-mode CDMA/AMPS wireless communication device
employing the present invention is in the CDMA mode of operation or the
AMPS mode of operation. More generally, the mode select signal indicates
whether the amplifier 100 will operate generally in the high efficiency mode
or the high linearity mode. As is known in the art, the linearity or efficiency



10

15

20

25

30

35

WO 98/47222 PCT/US98/05765

7

characteristics of a transistor device are dependent upon the load impedance
in relation to the maximum current and supply voltage of the device.

When the mode select signal indicates that the amplifier 100 is to
operate in the high linearity mode, control circuit 102 outputs a relatively
high supply voltage Vc(max) to at least amplifier stage 104a. Since the
saturation characteristics of a transistor are generally proportional to its
supply voltage, the saturation voltage of amplifier 100 with Vc(max) being
applied to amplifier stage 104a would be relatively high, thereby providing
good linearity performance. For a BJT transistor-based amplifier stage, V¢
may be applied to the collector, and for a FET transistor-based amplifier
stage, Vc may be applied to the drain. Other embodiments use alternate
topologies such as common emitter or common source.

FIG. 2 is a graph of current as a function of voltage for the amplifier
100 when in the high linearity mode of operation. FIG. 2 is representative
of, for example, the case where only amplifier stage 104a is biased on. The
curves 202a-202n represent the current-voltage characteristics of the device
at various gate-source (FET) or base-collector (BJT) voltages provided by
control circuit 102 (FIG. 1). The maximum current generated in this mode is
I(max). A load line 204 represents the current-voltage relationship for this
configuration for a given load 108 impedance and drain or collector supply
voltage of Vc(max). As can be seen from FIG. 2, the load line 204 has been
optimally chosen for linearity, with a maximum symmetrical swing, and
can handle input voltages on the order of 2Vc(max) without clipping. A
typical application of this configuration would be a wireless communication
device operating in the digital CDMA mode.

Conversely, when the mode select signal indicates that the amplifier
100 is to operate in the high efficiency mode, control circuit 102 outputs a
relatively low supply voltage Vc(min) to at least amplifier stage 104a, thereby
increasing its efficiency while simultaneously switching in other amplifier
stages 104b-104n.

This configuration is shown in FIG. 3, where the active periphery (i.e.
the gate width for a FET or the base area for a BJT) of the amplifier 100 is
increased, for example, by biasing on amplifier stage 104b in addition to 104a.
This results in increased current generating capability, such that if amplifier
stage 104a and 104b are the same size, the maximum current would double
in relation to that of FIG. 2 to a new value of 2I(max). The curves 302a-302n
then correspond to the sum of the current from both amplifier stages 104a
and 104b for various gate-source (FET) or base-emitter (BJT) voltages applied
by control circuit 102. Additionally, the supply voltage, Vc, is reduced by a
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predetermined amount to a value of Ve(min). Thus, the load line 304
presented by load 108 now represents a high-efficiency mode relative to FIG.
2, causing the amplifier 100 to become voltage limited and exhibit saturation
for input voltages on the order of 2Vc(min). This occurs because the higher
current capability and the lower drain or collector voltage provided by
control circuit 102 induces premature saturation of the active amplifier
stages 104a and 104b. As can be seen, the current for the amplifier 100 in the
high efficiency mode of FIG. 3 goes to zero above about 2Vc(min), resulting
in very low average power dissipation. A typical application of this
configuration would be a wireless communication device operating in the
analog AMPS mode.

S0 in other words, given a load 108 impedance of R, which is optimal
for linearity for a device periphery of X of amplifier stage 104a at a given
supply voltage of Vc(max) (corresponding to FIG. 2), if one increases the
device periphery to Y by biasing on amplifier stage 104b, and lowers the
supply voltage to Vc(min) (corresponding to FIG. 3), then the load 108
impedance appears relatively larger to the amplifier 100, resulting in a high
efficiency mode of operation. Additionally, one may reduce the quiescent
current by a predetermined amount to obtain even higher efficiency.

It should be noted that more than one of the amplifier stages 104a-
104n may be biased on by control circuit 102 when in the high linearity mode
of FIG. 2, and furthermore that more than two of the amplifier stages 104a-
104n may be biased on by control circuit 102 when in the high efficiency
mode of FIG. 3. The present invention may be generally applied to any
number of parallel amplifier stages. Additionally, it should be noted that it
may also be desirable to lower the quiescent current being drawn by the
amplifier 100 when in the high efficiency mode to gain even more efficiency
by reducing the average current. One skilled in the art will understand that
various alterations to the described embodiment in order to optimize it for
other applications would still be obvious design considerations.

Turning now to FIG. 4, the advantages in efficiency of the RF
amplifier 100 can be readily seen. In FIG. 4, a graph of average load power as
a function of average input power is shown. Curve 402 represents the
characteristic curve of amplifier 100 when in the high linearity mode.
Curve 404 represents the characteristic curve of amplifier 100 when in the
high efficiency mode. A pointer on curve 402 indicates where amplifier 100
might be operated at when in a digital CDMA mode, and a separate pointer
on curve 404 indicates where amplifier 100 might be operated when in an
analog AMPS mode. When in the CDMA mode, the amplifier 100 needs an
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output power of only about 28 dBm, and therefore operates in the linear
region (below the “knee”) of curve 402. However, when in the AMPS mode,
the amplifier 100 needs and output power of about 31.5 dBm and thus
operates in the non-linear, but more power efficient region (above the
“knee”) of curve 404. As can be seen from FIG. 4, curve 404, which
represents the high efficiency mode of operation with the increased device
periphery and lower supply voltage, is shifted higher than curve 402. As
such, it can be readily appreciated that the amplifier 100 is substantially more
power efficient than merely driving an otherwise linear amplifier into its
non-linear region.

The previous description of the preferred embodiment is provided to
enable any person skilled in the art to make or use the present invention.
The various modifications to the embodiment will be readily apparent to
those skilled in the art, and the generic principles defined herein may be
applied to other embodiments without the use of the inventive faculty.
Thus, the present invention is not intended to be limited to the
embodiment shown herein but is to be accorded the widest scope consistent
with the principles and novel features disclosed herein.

WE CLAIM:
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CLAIMS

1. An amplifier circuit comprising:

a first amplifier stage having a first supply voltage input for receiving
a supply voltage and a first signal input for receiving a signal to be amplified
and a bias signal;

a second amplifier stage having a second supply voltage input for
receiving said supply voltage and a second signal input for receiving said
signal to be amplified and said bias signal; and

a control circuit having a supply voltage output coupled to said first
and second supply voltage inputs and having first and second bias signal
outputs respectively coupled to said first and second signal inputs, and
having a mode select input for receiving a mode select signal, said control

circuit for varying said supply voltage and said bias signals in response to
said mode select signal.

2. The amplifier circuit of claim 1 wherein said mode select signal
is indicative of first and second operational modes, and wherein said control
circuit increases said supply voltage and biases said first amplifier to an on
state when in said first operational mode, and wherein said control circuit
decreases said supply voltage and biases both said first and second amplifiers
to an on state when in said second operational mode.

3. The amplifier circuit of claim 2 wherein said first operational
mode is a high linearity mode and said second operational mode is a high
efficiency mode.

4. The amplifier circuit of claim 3 wherein said first operational
mode is a digital transmission mode and said second operational mode is an
analog transmission mode.

5. The amplifier circuit of claim 4 wherein said first and second
amplifier stages are respectively first and second field-effect transistors, said
first and second supply voltage inputs are respectively first and second
transistor drains, and said first and second signal inputs are respectively first
and second transistor gates.

6. The amplifier circuit of claim 5 wherein said first and second
transistor drains are coupled together.
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7. An amplifier circuit having a high linearity mode of operation
and a high efficiency mode of operation, said amplifier circuit comprising:

an amplifier having a variable active device periphery and a variable
supply voltage; and

a control circuit, coupled to said amplifier, for decreasing said variable
active device periphery and increasing said variable supply voltage when in
said high linearity mode of operation, and for increasing said variable active
device periphery and decreasing said variable supply voltage when in said
high efficiency mode of operation.

8. The amplifier circuit of claim 7 wherein said variable active
device periphery comprises a plurality of transistor stages, and wherein said
control circuit decreases said variable active device periphery by biasing off at
least one of said plurality of transistor stages, and wherein said control
circuit increases said variable active device periphery by biasing on said at
least one of said plurality of transistor stages.

9. The amplifier circuit of claim 8 wherein each of said plurality
of transistor stages has a transistor output coupled to said variable supply
voltage and an input coupled to a signal to be amplified.

10.  The amplifier circuit of claim 8 wherein said control circuit is
responsive to a mode select signal indicative of said high efficiency mode of
operation or said high linearity mode of operation.

11. A method for operating an amplifier circuit having a variable
active device periphery and a variable supply voltage, said method
comprising the steps of:

decreasing said variable active device periphery and increasing said
variable supply voltage when in a high linearity mode of operation; and

increasing said variable active device periphery and decreasing said
variable supply voltage when in a high efficiency mode of operation.

12 The method of claim 11 wherein said variable active device
periphery comprises a plurality of transistor stages, and wherein the step of
decreasing said variable active device periphery comprises biasing off at least
one of said plurality of transistor stages, and wherein said step of increasing
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said variable active device periphery comprises biasing on said at least one of
said plurality of transistor stages.

13.  The method of claim 11 further comprising the step of
decreasing a quiescent current of said variable active device periphery.

14. An amplifier in which plural amplifier stages are controlled by
varying respective bias and/or supply voltages applied thereto and selected
to cause the amplifier to operate in different selectable modes.
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