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RECONFIGURABLE TUNABLE RF POWER
AMPLIFIER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119(e) to
U.S. Provisional Patent Application No. 60/940,022 filed
May 24, 2007 and entitled “RECONFIGURABLE AND

TUNABLE RF POWER AMPLIFIER,” which 1s herein
incorporated by reference in its entirety.

BACKGROUND

1. Field of Invention

The present invention relates generally to power amplifiers
and, more particularly, to power amplifiers for multi-band,
multi-standard transceivers.

2. Discussion of Related Art

Typical radio frequency (RF) power amplifier circuits use
impedance-varying circuitry, such as an impedance trans-
former, impedance matching circuit or tank circuit, at their
outputs 1n order to enhance performance. An example of this
configuration is 1llustrated in FIG. 1. The RF power amplifier
circuit 100 includes an 1mput circuit 102 coupled between an
input terminal 104 where the RF signal to be amplified i1s
applied, and the base (or gate) of the power transistor 106. A
bias current, 15,,., 1s provided to the transistor 106 from a
supply voltage terminal 108 via an inductor 110, and an
output voltage, V ;- 15 generated across the transistor. The
transistor 106 drives a load 114 via the output circuit 112,
with a load current, I, ,,, drawn by the load and a corre-
sponding load voltage, V; , , », generated across the load. The
power provided to the load, P; . 1s given by the following
equation:

(1)

Wheremn 0 1s the phase angle between the load voltage,
V. ouns> and load current, I, , ., used to calculate the power,

Pro40=Vioan lrosn™cos(0)

PLOAE-" ‘ ‘ ‘ ‘
The output circuit 112 1s generally narrow-band 1n order to

maximize performance of the power amplifier circuit 100 at a
given frequency. However, in many modern applications,
such as mobile telephone handsets or wireless network cards
for computers, wide-band or multi-band operation may be
required or desirable and therefore, the power amplifier
should have good performance over a wide frequency band-
width. Conventional attempts to increase the bandwidth o the
output circuit (and thus the power amplifier circuit) using
teedback control, multi-stage reactive matching and other
techniques, decrease most power metrics of the power ampli-
fier circuit, including the output power, P, ,, delivered to
the load, the efficiency, n (given by equation (2) below), the
Mask (being the standards body-defined limits of spectral
emissions for a transmitter, usually given 1n dBc/Hz or dBmy/
Hz), and the error vector magnitude (1.e., the difference
between the desired symbol location 1n the constellation and

the actual symbol location).

SUMMARY OF INVENTION

Accordingly, aspects and embodiments of the invention are
directed to power amplifier circuit that 1s programmable and
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2

tunable over a wide operating frequency range and can
accommodate various different communications standards.

According to one embodiment, a programmable power
amplifier comprises an amplifier, an impedance matching
iput circuit coupled to an mmput of the amplifier, and an
impedance matching output network coupled to an output of
the amplifier, the impedance matching output network having
a programmable impedance that 1s adjustable responsive to an
impedance control signal. The amplifier may comprise a
power transistor. The impedance matching output network
may comprise a plurality of impedance elements including at
least one programmable impedance element that 1s program-
mable responsive to the impedance control signal. In one
example, the at least one programmable impedance element
includes a bank of switchable capacitors and/or a varactor.
The impedance matching input circuit may also comprise at
least one programmable impedance element that 1s program-
mable responsive to a second impedance control signal. Fur-
thermore, the power transistor may comprise a programmable
bias circuit including a parallel resonance circuit comprising
an inductor and a bank of switchable capacitors that are
switched 1nto and out of the bias circuit responsive to a bias
control signal. In one example, the parallel resonance circuit
further comprises a varactor. In another example, the power
transistor has a variable gate width, wherein the variable gate
width 1s programmable responsive to a transistor control sig-
nal.

According to another embodiment, a digital programmable
power amplifier comprises an amplifier stage, a program-
mable impedance matching input circuit coupled to an input
of the amplifier stage, a programmable impedance matching
output network coupled to an output of the amplifier stage, an
error generator coupled to an output of the programmable
impedance matching output network and configured to com-
pare a signal received from the programmable impedance
matching output network with a reference signal to generate
an error signal, a control circuit coupled to the error generator
and configured to receive the error signal, and a digital pro-
gramming bus coupled to the control circuit and to each of the
amplifier stage, the programmable impedance matching input
network and the programmable impedance matching output
network. The control circuit 1s configured to generate at least
one digital control signal responsive to the error signal and to
provide the at least one digital control signal to the amplifier,
the programmable impedance matching input network and
the programmable impedance matching output network via
the digital programming bus. Parameters of the amplifier, the
programmable 1impedance matching mput network and the
programmable impedance matching output network are vari-
able responsive to the at least one digital control signal.

In one example, the parameters that are variable responsive
to the at least one digital control signal include any of an
impedance of the impedance matching output network, an
impedance of the impedance matching input network, and a
device width of the amplifier. The amplifier may include a
FET transistor having a variable gate width that 1s vanable
responsive to the at least one digital control signal.

Another embodiment 1s directed to a method of tuning an
operating frequency ol a power amplifier that includes an
programmable impedance matching output network. In one
example, the method comprises comparing at least a portion
of an output signal from the power amplifier with a reference
signal to generate an error signal, generating a control signal
responsive to the error signal, and varying an impedance of
the programmable impedance matching output network of
the power amplifier responsive to the control signal. The
method may also 1include varying a gate width of the power
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transistor, and/or varying the impedance of a programmable
impedance matching input circuit of the amplifier.

Still other aspects, embodiments, and advantages of these
exemplary aspects and embodiments, are discussed 1n detail
below. Moreover, 1t 1s to be understood that both the foregoing,
information and the following detailed description are merely
illustrative examples of various aspects and embodiments,
and are mtended to provide an overview or framework for
understanding the nature and character of the claimed aspects
and embodiments. The accompanying drawings are included
to provide illustration and a further understanding of the
various aspects and embodiments, and are incorporated in
and constitute a part of this specification. The drawings,
together with the remainder of the specification, serve to
explain principles and operations of the described and
claimed aspects and embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of at least one embodiment are discussed
below with reference to the accompanying figures. In the
figures, which are not intended to be drawn to scale, each
identical or nearly i1dentical component that 1s 1llustrated 1n
various figures 1s represented by a like numeral. For purposes
of clarity, not every component may be labeled in every
drawing. The figures are provided for the purposes of 1llus-
tration and explanation and are not intended as a definition of
the limits of the invention. In the figures:

FIG. 1 1s a block diagram of an example of a conventional
power amplifier circuit including an output circuit for imped-
ance matching;

FIG. 2 1s a block diagram of one example of a program-
mable power amplifier circuit according to aspects of the
imnvention;

FIG. 3A 1s an 1illustration of power amplifier return loss
(impedance match) as a function of frequency for various
control voltages according to aspects of the invention;

FIG. 3B 1s a corresponding smith chart illustration of the
return loss versus frequency illustrated 1n FIG. 3A;

FI1G. 4 1s a block diagram of another example of a program-
mable power amplifier circuit according to aspects of the
imnvention;

FIG. 5A 15 a circuit diagram of one example of a transistor
with programmable gate width, according to aspects of the
invention;

FIG. 5B 1s a circuit diagram of another example of a tran-
sistor with programmable gate width, according to aspects of
the invention;

FI1G. 5C 1s a circuit diagram of another example of a tran-
s1stor with programmable gate width, according to aspects of
the invention;

FIG. 6 1s a diagram of one example of a programmable
power amplifier circuit according to aspects of the invention;

FIG. 7 1s a diagram of another example of a programmable
power amplifier circuit according to aspects of the invention

FIG. 8A 1s a circuit diagram of one example of an induc-
tively coupled transistor according to aspects of the invention;

FI1G. 8B 1s a diagram illustrating an example of a bondwire
configuration for implementing the inductors of FIG. 8A,
according to aspects of the invention;

FI1G. 9A 1s circuit diagram of another example of an induc-
tively coupled transistor according to aspects of the invention;

FI1G. 9B 1s diagram 1llustrating an example of a bondwire
configuration for implementing the inductors of FIG. 9A,
according to aspects of the invention; and
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FIG. 10 1s a block diagram of one example of a digital
programmable power amplifier circuit according to aspects of
the invention.

DETAILED DESCRIPTION

Modermn communications devices, such as mobile tele-
phone handsets, portable computers, personal digital assis-
tants (PDAs), etc. operate in varying frequency ranges using
a variety of communications protocols. Therefore, these
devices may include multi-band, multi-mode transceiver
architectures designed to accommodate various frequency
bands and modes for today’s different communication stan-
dards and protocols such as, for example, GSM (Groupe
Special Mobile), CDMA (Code Division Multiple Access),
CDMA 2k (Code Division Multiple Access 2000), W-CDMA,
UMTS (Umversal Mobil Telecommunications Systems),
IEEE 802.11a/b/g, and the like. Accordingly, the RF power
amplifier used 1n conjunction with such multi-band, multi-
mode transceivers should also have a wide operating band-
width to be able to accommodate various operating frequency
bands. However, as discussed above, the output circuit used to
match the power amplifier output impedance to the 1imped-
ance of 1ts load 1s typically narrowband to enhance perfor-
mance, and conventional approaches to increasing the band-
width adversely affect power performance metrics.

Therefore, aspects and embodiments are directed to a
power amplifier including a tunable narrowband output net-
work that can be programmed to change the instantaneous
operating frequency of the power amplifier and/or the imped-
ance of the output network, so as to modily functionality or
improve performance of the power amplifier. By allowing
parameters of the output network, including 1ts impedance, to
be tunable and programmable, good performance may be
achieved over several different operating frequency bands, as
discussed further below.

It1s to be appreciated that embodiments of the methods and
apparatuses discussed herein are not limited 1n application to
the details of construction and the arrangement of compo-
nents set forth 1n the following description or illustrated in the
accompanying drawings. The methods and apparatuses are
capable of implementation 1n other embodiments and of
being practiced or of being carried out in various ways.
Examples of specific implementations are provided herein for
illustrative purposes only and are not intended to be limiting.
In particular, acts, elements and features discussed in connec-
tion with any one or more embodiments are not intended to be
excluded from a similar role 1n any other embodiments. Also,
the phraseology and terminology used herein 1s for the pur-
pose of description and should not be regarded as limiting.
Theuse herein of “including,” “comprising,” “having,” “con-
taining,” “involving,” and variations thereof 1s meant to
encompass the items listed thereaiter and equivalents thereof
as well as additional 1tems.

Referring to FIG. 2, there 1s illustrated a block diagram of
one example of a programmable and tunable power amplifier
according to aspects of the mvention. The power amplifier
includes an amplifier stage, which typically may include a
power transistor 202, coupled to a supply voltage, V ,, via an
inductance 204, through which 1s flowed a bias current, I 5, .
for the power transistor. The inductor 204 acts as a bias choke
to prevent shorting ol the AC supply voltage to the AC ground.
The power transistor 202 1s coupled between an input circuit
206 and an output network 208. The output network 208 1s
coupled to a load, represented by a resistor 210, via a capaci-
tor 212. It 1s to be appreciated that the resistor 210 1s intended
to be representative of any load that may be coupled to the
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output of the power amplifier and may be a complex circuit
rather than a physical resistor. In one example, the power
transistor 202 1s a FET transistor which may be implemented,
for example, using CMOS technology. In this example, the
iput circuit 206 1s connected to the gate of the power tran-
sistor 202, as illustrated 1n FI1G. 2. However, it 1s to be appre-
ciated that the invention 1s not limited to the use of FET
transistors and other types of transistors (e.g., BIT transistors)
may be used. In addition, if implemented using semiconduc-
tor technologies, the transistor 202 may be n-type or p-type
depending on design choice. Control signals CTL1, CTL2
and CTL3 may be applied to the output network 208 via
control terminals 214, 216 and 218, respectively, to tune or
program parameters of the output network, as discussed fur-
ther below.

According to one embodiment, the control signals CTL1,
CTL2 and CTL3 are used to tune the impedance of the output
network 208 so as to vary the operating frequency of the
power amplifier. For example, the output network 208 may
include resistive and/or reactive impedance elements 220a,
220b and 220c¢ which together define the output impedance of
the output network 208 and the resistance and/or reactance of
which can be tuned by the control signals CTL1, CTL2 and
CTL3, respectively. It 1s to be appreciated that although FIG.
2 1llustrates three impedance elements 220a, 220b and 220c,
and three corresponding control signals CTL1, CTL2 and
CTL3, the invention 1s not so limited, and the output network
may comprise any number of impedance elements 220 and a
corresponding number of control signals. In addition, it 1s to
be appreciated that each impedance element 220 need not
have a dedicated control signal, but instead, one or more
control signals may be shared among a number of impedance
clements. The impedance elements 220a, 220b and 220c may
include, for example, any combination of fixed and/or tunable
resistors, capacitors, varactors, and inductors. In one
example, these elements can be directly tunable (for example,
the capacitance of a varactor may be tuned by varying a
corresponding control voltage or current). In another
example, the resistance and/or reactance of a given 1imped-
ance element 220 may be varied by switching in and out of
connection selected fixed-value components. For example, an
impedance element (e.g., element 220a) may include a bank
of switchable fixed-value capacitors, such that the total
capacitance of the impedance element 1s given by a combi-
nation of all the connected ones of the fixed-value capacitors.
Selection of components to be connected may be responsive
to the control signal, as discussed further below. By varying
the resistance and/or reactance of each of the impedance
clements 220a, 220b, 220c¢ 1n the output network 208, respon-
stve to the control signals, CTL1, CTL2, CTL3, the total
impedance of the output network may be varied and thus, the
operating frequency of the power amplifier may be varied.

In another example, the control signals CTL1, CTL2,
CTL3 may be used to select one or more of the impedance
elements 220a, 220b or 220c to be connected between the
power transistor 202 and the capacitor 212, while disconnect-
ing the other impedance elements. Each impedance element
220a, 220b, 220c may be configured, for example, by the
arrangement and values of 1ts components, to have a pre-
defined impedance and/or to match the output impedance of
the power amplifier to the load 210 for a particular operating,
frequency or frequency band. Each impedance element 220a,
220b, 220c may be switchably connected between the power
transistor 202 and the capacitor 212, and this switchable
connection may be controlled by the control signals CTL1,
CTL2, CTL3. For example, activating control signal CTL1
and deactivating control signals CTL2 and CTL3 may result
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in 1impedance element 220a being connected between the
power transistor 202 and the capacitor 212, and impedance
clements 220b and 220c¢ being disconnected. Thus, the
impedance elements 220a, 220b and 200c may be switched 1n
and out by activating or deactivating their respective control
signals, CTL1, CTL2 and CTL3, thereby tuning the imped-
ance of the output network 208 and the operating frequency of
the power amplifier.

For example, referring to FIG. 3A, there 1s 1llustrated an
example of the return loss, that 1s the input/output impedance
match of the power amplifier, as a function of frequency for an
example of the power amplifier. As can be seen 1n FIG. 3A, the
output (or 1nput) impedance of the power amplifier may be
tuned so as to provide a good match (and therefore low return
loss) at different operating frequencies using the different
control signals CTL1, CTL2 and CTL3. FIG. 3B shows the
data of FIG. 3A plotted on a smith chart to i1llustrate the
resistive and reactive impedance changes with different con-
trol signal settings.

According to one embodiment, in addition to frequency
tuning to achieve a multi-band operation, a programmable
power amplifier may have multi-standard capability. As dis-
cussed above, modern transceivers may operate across a vari-
ety of communications standards as well as frequency bands.
Therefore, 1t may be desirable to have a single power ampli-
fier with multi-standard capability rather than having to use
multiple power amplifiers in the transceiver. A power ampli-
fier with both multi-standard capability, as discussed further
below, and frequency tuning may be made applicable to sev-
eral diverse communications standards, such as GSM,
W-CDMA, WikF1, and WiMax, and may provide improved
cost/performance versus benefit metrics.

To achieve multi-standard capability, along with frequency
agility, parameters of the power amplifier such as, for
example, transistor bias current, transistor size, and bias point
of the transistor, may be made programmable. Referring to
FIG. 4, there 1s illustrated one example of a programmable
power amplifier circuit that may be used in a multi-band,
multi-standard transceiver. The power amplifier circuit com-
prises the amplifier stage 226, including the power transistor
202, coupled between an input circuit 206 and an output
network 208, each of which has programmable impedance.
One or more impedance control signals may be applied to the
programmable 1nput circuit 206 via control terminal 222 to
tune the impedance of the input circuit. Tuning the input
circuit impedance allows more power from the mput signal
(at terminal 104) to be delivered to the power transistor 202,
and to be processed (e.g., amplified) by it, rather than being
reflected back to the source connected to the mput terminal
104. This improves the elliciency of the power amplifier
circuit, which 1s an important metric for power amplifiers and
transmitters. Similarly, one or more impedance control sig-
nals may be applied to the programmable output network 208
via control terminal 224 to tune the impedance of the output
network, as discussed above. A transistor control signal may
also be applied to the power transistor 202 via transistor
control terminal 228. The transistor control signal may be
used to program parameters of the power transistor 202, such
as the device size and biasing. For example, if the power
transistor 202 1s a CMOS FET transistor, the transistor control
signal may be used to program the gate width, bias current,
and/or bias voltage, as discussed further below.

Still referring to FIG. 4, in one embodiment, a current
source 230 can be coupled to the power transistor 202, option-
ally via a resistor 232. The resistor 232 1s used in the bias
circuit for the power transistor 202 to prevent or reduce noise
generated 1n the bias circuit from entering the signal path of
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the amplifier. In one example, the resistor 232 together with
the input capacitance of the transistor 226 forms a first order
noise filter. The current source 230 may provide a current to
the power transistor 202 to set a bias point of the transistor. A
bias control signal may be applied to the current source 230
via bias control terminal 234 to control the current supplied
by the current source, and thereby to set and/or vary the bias
point of the power transistor 202. A coupling capacitor 236
may be coupled between the mnput circuit 206 and the ampli-
fier stage 226, as 1illustrated 1n FIG. 4, to allow signal path
cascading with DC bias points needing to be shared between
stages.

It 1s to be appreciated that although for each of the pro-
grammable input circuit 206, current source 230, power tran-
sistor 202 and output network 208, only a single respective
control terminal 1s 1llustrated, the invention 1s not so limited.
Any of the mput circuit 206, current source 230, power tran-
s1stor 202 and output network 208 may be programmed using
one or more control signals applied via one or more control
terminals. In one example, where the power amplifier circuit
1s 1implemented 1n part or 1 full as a digital circuit, digital
components of the circuit may be coupled to a digital pro-
gramming bus via which the control signals are applied to the
digital components. In this example, control terminals 222,
224, 228 and 234 would all be part of the digital programming
bus. The control signals may be supplied over the digital
programming bus as one or more digital control words, as
discussed further below.

As discussed above, one parameter of the power transistor
202 that may be tunable i1s the device width. Referring to
FIGS. SA, 5B and 5C, there are illustrated examples of circuit
topologies that may allow dynamic (*on the fly”) tuning of the
device width. FIGS. 5A and 5B illustrate example common
source implementations, and FIG. 5C illustrates an example
cascode implementation corresponding to the common
source implementations shown 1n FIGS. SA and 5B. In one
example, the cascode configuration of FIG. 5C offers the
added benefit of lower mput capacitance due to minimal
miller multiplication of the mput gate-source capacitance
(Cgs) which results 1n a greater tuning bandwidth. In the
illustrated examples, the power transistor 202 comprises four
individual transistors 11, 12, T3 and T4, the individual source
or drain contacts of which are commonly connected to an
output contact 238. However, it 1s to be appreciated that the
invention 1s not limited to the use of four transistors and any
number of transistors may be used. Furthermore, depending
on the circuit configuration, additional transistors, such as the
transistor 282 illustrated in FIG. 5C, may also be included.
Switches S1, S2 and S3 may be controlled by the bits B0, Bl
and B2, respectively, of a digital control signal supplied via a
digital programming bus, as discussed further below. In FIG.
5C, the inductor 276 provides loss-less series feedback which
may help to linearize the transter function of transistor 282.

As 1llustrated 1n FIGS. SA and 5B, the individual gate
contacts of the transistors T1, T2, T3 and T4 may be com-
bined to a total input contact 240. This mput contact 240 may
be coupled to the mput circuit 206 (see FI1G. 2). As discussed
above, 1t 1s to be appreciated that although the individual
transistors 11,12, T3 and T4 may be illustrated and discussed
as MOS transistors (each having a gate, drain and source), the
invention 1s not so limited and other types of transistors, such
as BIT transistors may be used instead. Also, 1t 1s to be
appreciated that the transistors may be n-type or p-type and
appropriate modifications may be made to the circuit dia-
grams 1llustrated in FIGS. SA-C to accommodate different
types of transistors, as would be recognized by those skilled
in the art.
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According to one embodiment, each of the four transistors
11, T2, T3 and T4 has a particular gate width, referred to
herein as W1, W2, W3, and W4, respectively. Generally, the
gate width dimensions of the transistors may vary over a wide
range depending on the circuit layout and the CMOS or other
semiconductor (e.g., GaAs) process technology used to fab-
ricate the power amplifier circuit. In one example, the gate
widths may vary 1n a range from about 80 microns to about
700 microns. Digital programming of either a logical “1” or
logical “0” to each of the four binary control inputs B0-B2
may produce an overall device behavior whose composite
gate width can vary to be any of up to eighteen different sizes.
The total gate width for the power transistor 202 may be
determined by summing the individual gate widths of each

transistor that 1s connected (1.e., the corresponding switch 1s
closed). Therelfore, 11 each of W1, W2, W3 and W4 are dii-

terent, depending on the digital bit pattern that controls the
values of B0-B2, the overall gate width can be controlled to
any one of eighteen values.

In one example, the individual widths are selected to be

successively doubled, such that W2=2*W1, W3=4*W1, efc.
Of course, 1t will be recognized by those skilled 1n the art that
the overall gate width may be varied among more or fewer
values by increasing or decreasing the number of individual
transistors and corresponding switches used 1n the circuit.
Furthermore, 1t 1s not necessary that each switch S1, S2 and
S3 be controlled by a single bit of a digital control word.
Rather, each switch may be controlled by multiple bits of a
digital control word or by an analog control signal.

In addition to frequency tuming and controlling the device
width, other considerations for implementing a program-
mable multi-band, multi-standard power amplifier circuit
such as that shown in FI1G. 4 may include maintaining a high
Q for the output network 208 (1n order to minimize power loss
in the impedance elements) and controlling the various pro-
gramming variables to optimize device performance. The O
of a circuit 1s defined as the ratio of stored energy in the
resonance circuit to the dissipated energy from the resonance
circuit. According to one embodiment, the high Q and/or low
power dissipation criteria may be met by using microstrip or
bondwire inductors, high (Q varactors and/or switchable
capacitor banks to implement aspects of the circuit, such as
illustrated, for example, 1n FIG. 6.

Referring to FIG. 6, the impedance elements (FI1G. 2; 220)
of the output network 208 may be implemented using a com-
bination of an inductor 242, a bank of switchable capacitors
244 (coupled to corresponding switches 246) and a variable
capacitor 248. A fixed-value capacitor 280 may also be
included, as illustrated. These capacitors 244 may be, for
example, MOS (metal oxide semiconductor) or MIM (metal-
insulator-metal ) capacitors. One or more control signals may
be applied to actuate the switches 246, thereby switching ones
of the capacitors 244 1nto and out of electrical connection
with the circuit making up the output network 208. As dis-
cussed above, these control signals may include one or more
analog control signals, or a digital control word, with 1ndi-
vidual bits of the word actuating individual ones of the
switches 246. Similarly, a control signal (analog or digital)
may be applied to the variable capacitor 248 to tune the
capacitance thereof. In one example, the variable capacitor
248 1includes one or more high () varactor diodes. By selecting
tuning the variable capacitor 248 and switching 1n and out
selected ones of the switchable capacitors 244, the total reac-
tance, and thus impedance, of the output network 208 may be
varied.

According to one embodiment, the bias circuit 278 for the
power transistor 202 1s also at least partially tunable to
account for varying operating frequencies and standards.
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Because 1t may be difficult to construct a bias choke inductor
204 having a sufficiently high value so as to provide a high
impedance at the frequencies of mterest for many transceiv-
ers, the transistor bias signal may be injected through a par-
allel resonance bias circuit 278, such as that shown in FIG. 6,
rather than through a lone bias choke inductor. For example,

in FIG. 6, the bias circuit 278 comprises a combination of the
bias choke inductor 204, a bank of switchable capacitors 252,
coupled to corresponding switches 254, a fixed capacitor 258
and a variable capacitor 256, the combination forming an
open parallel resonance circuit. The vaniable capacitor 256
may include, for example, a varactor diode. The switchable
capacitors 254, which can be switched into and out of the bias
circuit 278 by actuating the corresponding switches 254
responsive to a control signal, may be used to change the
resonant frequency of the bias choke. By changing the reso-
nance Irequency, the switchable capacitor arrangement
allows at least partial tuning of the operating frequency of the
power amplifier circuit. The fixed capacitor 258 and variable
capacitor 256 provide a fine tuning capability to the bias
circuit 278. Capacitor 258 may be referenced to ground,
rather than to the supply, V ,,, to change the polarity effect of
the fine frequency tuning. In addition, in one example, the
capacitor 258 1solates the DC supply from signals generated
in a feedback loop configuration discussed below with refer-
ence to FIG. 10, and reduces the parasitic capacitance seen
across the inductor 204. In one example, the varactor 250
changes the coupling coeflicient between the two parallel
resonators of FIG. 6 (namely, the bias circuit 278 and output
network 208). This allows for the load impedance seen by the
transistor 202 to be either stepped-up or stepped-down in the
frequency band of interest.

According to one embodiment, imnductors in the power
amplifier circuit, such as the inductors 204, 276 and 242
illustrated 1n FIG. 6 may be formed by a transmission line
structure, such as microstrip lines, coplanar waveguide lines,
or bondwires. As known to those skilled in the art, active
devices provided as semiconductor integrated circuits are
coupled to the device package, for example, a base substrate
or lead frame, using a plurality of bondwires. Each of these
bondwires has associated with 1t a certain inductance that 1s
dependent on the length of the bondwire, the cross-sectional
area of the bondwire and the spacing between adjacent bond-
wires (which affects mutual inductive coupling between adja-
cent bondwires). A particular inductance can therefore be
implemented by suitably adjusting length, cross section, and
spacing of the bondwires. In this manner, parasitic inductance
inherent to the semiconductor assembly can be utilized to
replace conventional “on-chip” inductors, such as the spiral
inductors conventionally used in many radio frequency inte-
grated circuits (RFICs). It 1s to be appreciated however, that
invention 1s not limited to the use of bondwires and other
types of transmission lines, such as microstrip lines and
coplanar waveguide lines may be used instead of or 1n addi-
tion to bondwires. Accordingly, although for clarity the fol-
lowing discussion will refer primarily to bondwires, 1t 1s to be
understood that the principles discussed apply equally to
other types of transmission lines.

Referring to FI1G. 7, there 1s illustrated another example of
a portion of a programmable power amplifier circuit. In this
example, the mductors 242 and 204 may again be imple-
mented using bondwires or other transmission lines. One
advantage of bondwire inductors over conventional spiral
inductors 1s that bondwire inductors do not take up large chip
areas. Also, because the bondwires are external to the active
device, little electromagnetic field iterference or coupling
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into the chip area 1s induced. However, a disadvantage 1s that
the self-inductance of the bondwires may vary largely, for
example, up to about 30% between different fabrications, due
to process variations such as wire length, wire height, solder-
ing condition variations, etc. However, this disadvantage may
be mitigated because inductance variations can be compen-
sated for by using a variable capacitance in combination with
the inductors. For example, as shown 1 FIG. 7, the output
network 208 may include a variable capacitor 264, the capaci-
tance of which may be varied by applying a control signal, as
discussed above. This variable capacitor 264 may be tuned to
alfect the overall impedance of the output network 208, as
discussed above, and/or to compensate for process variations
in the value of the inductance of mnductor 242. Although not
shown 1n FIG. 7, the output network may also include one or
more fixed capacitors that may be used to account for vari-
ance 1 the bondwire mnductance due to manufacturing vari-
ability, and/or the switchable capacitors 244 (see FIG. 6) may
be used for this purpose as well. Similarly, the parallel reso-
nance bias circuit 278 may include a capacitor 260 and/or
variable capacitor 262 to compensate for process variations in
the inductance of inductor 204, as well as to provide the
biasing and tuning functions discussed above.

FIGS. 8A and 9A illustrate some example configurations
of 1inductors used to couple the power transistor 202 to the
supply voltage, V ,,,,, input circuit and output network. FIGS.
8B and 9B illustrate corresponding bondwire configurations
to implement the inductor configurations shown in FIGS. 8 A
and 9A, respectively. As discussed above, bondwires are used
to couple the active device mtegrated circuit (the “chip”) to
the package substrate or lead frame. Thus, referring to FIGS.
8A-9B, the inductors 204, 266, 272, 274 and 276 shown 1n
FIGS. 8A and 9A may be implemented using bondwires
connecting contact pads 268 on the package substrate or lead
frame to contact pads 270 on the chip, as shown 1n FIGS. 8B
and 9B. It 1s to be appreciated that any of the inductors 204,
266, 272, 274 and 276 may be implemented using multiple
bondwires coupled between multiple pads, and that each
inductor 204, 266, 272, 274 and 276 does not necessarily
correspond to only a single bondwire. In FIGS. 9A and 9B,
the inductors 204 and 274 form a lossless parallel feedback
network that may significantly enhance performance of the
power amplifier. This lossless network may be tuned 1n fre-
quency by the switchable capacitor and/or tunable variable
capacitor arrangements discussed above.

As discussed above, control and organization of the various
programming (control) signals used to tune or program
parameters of the various components of the power amplifier
circuit may be desirable for optimal performance of the power
amplifier. Referring to FIG. 10 there 1s illustrated a block
diagram of one example of a programmable power amplifier
circuit mcorporating a feedback loop to tune parameters of
the circuit to improve performance of the power amplifier. As
discussed above, the power amplifier circuit includes an
amplifier stage 226, which may include the power transistor
202 discussed above, coupled between an input circuit 206
and output network 208 used for impedance matching. The
impedance of the input circuit 206 and output network 208
may be programmable responsive to one or more impedance
control signals, as discussed above. In the example 1llustrated
in FIG. 10, the impedance control signals are provided as
digital control words from a control circuit 302. A device 304
may be coupled between the control circuit 304 and the
amplifier 300, as discussed further below.

The control circuit 302 may supply digital control words on
lines 308, 310 and 312 to program parameters of the output
network 208, input circuit 206 and amplifier stage 226,
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respectively, as discussed above. It 1s to be appreciated that
lines 308, 310 and 312 may form part of a digital program-
ming bus, as discussed above, and the control signals applied
to any or all of the output network 208, input circuit 206 and
amplifier stage 226 may be one or more digital control words
provided via this digital programming bus. The control circuit
304 may 1itself recerve programming signals 306, for
example, from a microprocessor or other controller (not
shown). The digital control words supplied on lines 308 (to
the output network 208), 310 (to the input circuit 206) and 312
(to the amplifier 226) may have the same or different numbers
of bits which may be selected, for example, based on the
number of programmable elements 1n the input circuit 206
and output network 208. For example, the digital control
word supplied on line 308 may have N bits, the digital control
word supplied on line 310 may have L bits, and the digital
control bit supplied on line 312 may have M baits, as 1llustrated
in F1G. 10. In another example, the control signals supplied to
the output network 208, input circuit 206 and amplifier stage
226 may be varying numbers of bits (e.g., N, L and M,
respectively) of a single composite control word provided on
the digital programming bus.

In one embodiment, a sample of at least a portion of the
output spectrum may be taken from the output line 314 and
used for feedback control. The sample may be detected and/or
filtered by block 316 and fed to an error detector 318. The
error detector 318 also recerves a reference signal on line 320
from a reference amplifier (not shown). The error detector
318 may compare (e.g., using a subtraction operation) the
received sample output spectrum with the reference signal
and provide an error signal on line 322 to the control circuit
302. In one example, a loop filter 324 controls the dynamics
of the feedback loop. From the error signal, the control circuit
302 may determine the level of distortion of the output spec-
trum relative to the reference signal. For example, the control
circuit 302 may determine the level of harmonic content, the
EVM and/or the amount of out-of-band energy 1n the output
spectrum. Based on this determination, the control circuit 302
may adjust the values of the digital control words supplied on
any or all of lines 308, 310 and 312 to adjust the parameters of
the amplifier 226 and/or impedance of the input circuit 206
and/or output network 208 to decrease the distortion level,
thereby enhancing the performance of the power amplifier
circuit. In one embodiment, the control circuit 302 controls
the feedback loop parameters and the device 304 1s used to
decode the feedback parameters into device programming
parameters, such as bit patterns to control the switches in the
circuit (such as the switches used to select among the swit-
chable capacitors), bias current values and/or bias voltage
values. It 1s to be appreciated that the device 304 need not be
a separate component from the control circuit 302 and 1n
some examples may be a part of the control circuit 302.

Furthermore, 11 the transceiver in which the power ampli-
fier 1s being used 1s switched from one operating frequency
band to another, or from one communications standard to
another, the feedback control loop may facilitate fast repro-
gramming ol the impedances and/or device characteristics to
allow the power amplifier to operate efliciently at the new
frequency and/or standard. In one example, the control circuit
302 uses a closed feedback loop and look-up tables to con-
verge to optimal (or near optimal) configuration of the digital
control words, and thus the circuit components, based on a
search algorithm. Examples of search algorithms that may be
used include successive approximation (SAR) algorithms
and Razor search algorithms

Having thus described several aspects of at least one
embodiment, 1t 1s to be appreciated various alterations, modi-
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fications, and improvements will readily occur to those
skilled 1in the art. Such alterations, modifications, and
improvements are intended to be part of this disclosure and
are ntended to be within the scope of the invention. In addi-
tion, 1t 1s to be appreciated that many variations of the tunable
capacitor arrangements illustrated are possible. All switch-
able capacitors and tunable variable capacitors may be used to
mampulate output or input impedance of the power amplifier
circuit so that 1t can be optimized for or tuned to a particular
operating frequency band or for a particular efficiency. The
different individual locations of the capacitors in the power
amplifier circuit, the number of capacitors used and their
arrangements may affect the impedance differently, as will be
appreciated by those skilled 1n the art. In addition, some or all
of these capacitors may be used to change the order (N) of the
matching network 1n which they are used, and thus to change
the matching bandwidth. Accordingly, the foregoing descrip-
tion and drawings are by way of example only, and the scope
of the mnvention should be determined from proper construc-
tion of the appended claims, and their equivalents.

What 1s claimed 1s:

1. A programmable power amplifier comprising:

an amplifier comprising a power transistor;

an impedance matching input circuit coupled to an input of

the amplifier; and
an impedance matching output network coupled to an out-
put of the amplifier, the impedance matching output
network having a programmable impedance that is
adjustable responsive to an impedance control signal;

wherein the power transistor comprises a programmable
bias circuit including a parallel resonance circuit com-
prising an inductor and a bank of switchable capacitors
that are switched into and out of the bias circuit respon-
stve to a bias control signal.

2. The programmable power amplifier as claimed in claim
1, wherein the impedance matching output network com-
prises a plurality of impedance elements including at least
one programmable impedance element that 1s programmable
responsive to the impedance control signal.

3. The programmable power amplifier as claimed 1n claim
2, wherein the at least one programmable impedance element
includes a bank of switchable capacitors.

4. The programmable power amplifier as claimed 1n claim
2, wherein the at least one programmable impedance element
includes a varactor.

5. The programmable power amplifier as claimed 1n claim
1, wherein the impedance matching input circuit comprises at
least one programmable impedance element that 1s program-
mable responsive to a second impedance control signal.

6. The programmable power amplifier circuit as claimed in
claim 1, wherein the parallel resonance circuit further com-
prises a varactor.

7. A programmable power amplifier, comprising:

an amplifier comprising a power transistor;

an impedance matching input circuit coupled to an input of

the amplifier; and
an impedance matching output network coupled to an out-
put of the amplifier, the impedance matching output
network having a programmable impedance that 1s
adjustable responsive to an impedance control signal;

wherein the power transistor has a variable gate width, and
wherein the variable gate width 1s programmable
responsive to a transistor control signal.

8. A digital programmable power amplifier comprising;

an amplifier stage;

a programmable impedance matching input circuit coupled

to an iput of the amplifier stage;
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a programmable impedance matching output network

coupled to an output of the amplifier stage;

an error generator coupled to an output of the program-

mable impedance matching output network and config-
ured to compare a signal received from the program-
mable impedance matching output network with a
reference signal to generate an error signal;

a control circuit coupled to the error generator and config-

ured to recerve the error signal; and

a digital programming bus coupled to the control circuit

and to each of the amplifier stage, the programmable
impedance matching input network and the program-
mable impedance matching output network;

wherein the control circuit 1s configured to generate at least

one digital control signal responsive to the error signal
and to provide the at least one digital control signal to the
amplifier, the programmable impedance matching input
network and the programmable impedance matching
output network via the digital programming bus; and
wherein parameters of the amplifier, the programmable
impedance matching input network and the program-
mable impedance matching output network are variable
responsive to the at least one digital control signal.

9. The digital programmable power amplifier as claimed in
claim 8, wherein the parameters that are variable responsive
to the at least one digital control signal include an 1impedance
of the impedance matching output network.

10. The digital programmable power amplifier as claimed
in claim 8, wherein the parameters that are variable respon-
stve to the at least one digital control signal include an imped-
ance of the impedance matching input network.

11. The digital programmable power amplifier as claimed
in claim 8, wherein the parameters that are variable respon-
stve to the at least one digital control signal include a device
width of the amplifier.

12. The digital programmable power amplifier as claimed
in claim 11, wherein the amplifier includes a FET transistor,
and wherein the parameters that are variable responsive to the
at least one digital control signal include the gate width of the
FET transistor.

13. A method of tuning an operating frequency of a power
amplifier that includes a power transistor and an program-
mable impedance matching output network, the method com-
prising:

comparing at least a portion of an output signal from the

power amplifier with a reference signal to generate an
error signal;

generating a control signal responsive to the error signal;

varying an impedance of the programmable impedance

matching output network of the power amplifier respon-
stve to the control signal;

varying a gate width of the power transistor responsive to a

transistor control signal.

14. A programmable power amplifier comprising:

a power transistor having a gate width that is adjustable

responsive to a transistor control signal;

an error detector configured to genervate a control signal

based on a comparison of an output signal from an
impedance matching output network with a reference
signal; and

a control circuit configured to vary an impedance of the

impedance matching output network based on the con-
trol signal.

13. The programmable power amplifier of claim 14, further
comprising an impedance matching input circuit coupled to
an input of the amplifier.
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16. The programmable power amplifier of claim 15, further
comprising an impedance matching output network coupled
to an output of the amplifier, the impedance matching output
network having a programmable impedance that is adjust-
able responsive to an impedance control signal.

17. The programmable power amplifier of claim 16,
wherein the impedance matching output network comprises a
plurality of impedance elements including at least one pro-
grammable impedance element that is programmable respon-
sive to the impedance control signal.

18. The programmable power amplifier of claim 17,
wherein the at least one programmable impedance element
includes a bank of switchable capacitors.

19. The programmable power amplifier of claim 17,
wherein the at least one programmable impedance element
includes a varactor.

20. The programmable power amplifier of claim 16,
wherein the impedance matching input civcuit comprises at
least one programmable impedance element that is program-
mable responsive to a second impedance control signal.

21. The programmable power amplifier circuit of claim 14,
wherein the parallel resonance circuit further comprises a
varacior.

22. A programmable power amplifier, comprising:

an amplifier comprising a power transistor and a program-

mable impedance matching output network,
wherein the power transistor comprises a variable gate
width, and wherein the variable gate width is program-
mable vesponsive to a transistor contrvol signal, and

wherein an impedance of the programmable impedance
matching output network is adjustable vesponsive to a
control signal genervated based on a comparison of an
output of the impedance matching output networkwith a
reference signal.

23. The programmable power amplifier of claim 22, further
comprising an impedance matching input circuit coupled to
an input of the amplifier.

24. The programmable power amplifier of claim 22,
wherein the programmable impedance matching output net-
work is coupled to an output of the amplifier.

25. A digital programmable power amplifier, comprising:

a programmable impedance matching input network

coupled to an input of an amplifier; and

a control civcuit configured to receive an error signal based

on a comparison of a signal veceived from a program-
mable impedance matching output network with a ref-
erence signal,

wherein the control circuit is configured to generate at least

one digital control signal responsive to the evvor signal
and to provide the at least one digital control signal to
the amplifier, the programmable impedance matching
input network, and the programmable impedance
matching output network; and

wherein vespective parameters of the amplifier, the pro-

grammable impedance matching input network, and the
programmable impedance matching output network are
variable responsive to the at least one digital control
signal.

26. The digital programmable power amplifier of claim 25,

Jurther comprising:

an amplifier stage;

an evror generator coupled to an output of the program-
mable impedance matching output network and config-
ured to compare a signal rveceived from the program-
mable impedance matching output network with a
reference signal to generate the evvor signal; and
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a digital programming bus coupled to the control circuit
and to the amplifier stage, the programmable impedance
matching input network, and the programmable imped-
ance matching output network,

wherein the programmable impedance matching output
network is coupled to an output of the amplifier stage.

27. The digital programmable power amplifier of claim 25,
wherein the parameters that are variable responsive to the at
least one digital control signal include an impedance of the
programmable impedance matching output network.

28. The digital programmable power amplifier of claim 25,
wherein the parvameters that are variable responsive to the at
least one digital control signal include an impedance of the
programmable impedance matching input network.

29. The digital programmable power amplifier of claim 25,
wherein the pavameters that are variable responsive to the at

least one digital control signal include a device width of the
amplifier.

30. The digital programmable power amplifier of claim 25,
wherein the amplifier includes a field-effect transistor, and
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wherein the parameters that are variable responsive to the at
least one digital control signal include a gate width of the
field-effect transistor:
31. A method, comprising:
generating an error signal based on a comparison of an
output signal from an impedance matching output net-
work of a power amplifier with a veference signal;
varying, responsive to the errvor signal, an impedance of the
impedance matching output network of the power ampli-
fier; and
varying, responsive to a transistor control signal, a gate
width of a power transistor of the power amplifier.
32. A system, comprising.
means for generating an error signal in connection with
varying an impedance of a programmable impedance
matching output network of a power amplifier;
means for varying an impedance of the programmable
impedance matching output network in accovdance with
a control signal responsive to the ervor signal; and
means for varyving a gate width of a power transistor in
accordance with a transistor control signal.

G s x ex e
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