
WO 01/10015 PCT/US00120750  DRIVING CIRCUITS FOR SNITCH MODE RF: POWER
AMPLIFIERS BACKGROUND OF THE INVENTION  1. Field of the Invention The
present invention relates to driving circuits for switch mode radio fre-
quency (RF) power amplifiers. 2. State of the Art Battery life is a
significant concern in wireless communications devices  such as cellular
telephones, pagers, wireless modems, etc. Radio-frequency trans- mission,
especially, consumes considerable power. A contributing factor to such
power consumption is inefficient power amplifier operation. A typical RF
power  amplifier for wireless communications operates with only about 10%
efficiency.  Clearly, a low-cost technique for significantly boosting
amplifier efficiency would  satisfy an acute need. Furthermore, most modern
digital wireless communications devices oper- ate on a packet basis. That
is, the transmitted information is sent in a series of one  or more short
bursts, where the transmitter is active only during the burst times and
inactive at all other times. It is therefore also desirable that control of
burst activa- tion and deactivation be controlled in an energy-efficient
manner, further contrib- uting to extended battery life. Power amplifiers
are classified into different groups: Class A, Class B,  Class AB, etc. The
different classes of power amplifiers usually signify different  biasing or
load conditions. In designing an RF power amplifier, there is usually a
trade-off between linearity and efficiency. The different classes of
amplifier opera- tion offer designers ways to balance these two parameters.
Generally speaking, power amplifiers are divided into two different catego-
ries, linear and non-linear. Linear amplifiers (e.g. Class A amplifiers and
Class B  push-pull amplifiers), maintain high linearity, resulting in
faithful reproduction of  the input signal at their output since the output
signal is linearly proportional to the 



WO otnool5 PGT/USOOn07SO  2 input signal. In non-linear amplifiers (e.g.
single-ended Class B and Class C ampli- fiers), the output signal is not
directly proportional to the input signal. The result- ing amplitude
distortion on the output signal makes these amplifiers most applicable to
signals without any amplitude modulation, which are also known as
constant-envelope.signals. Amplifier output efficiency is defined as the
ratio between the RF output  power and the input (DC) power. A major source
of power amplifier inefficiency  is power dissipated in the transistor. A
Class A amplifier is inefficient since current  flows continuously through
the device, whether or not there is an output signal.  Conventionally,
efficiency is improved by trading-off linearity for increased effi- ciency.
In Class B amplifiers, for example, biasing conditions are chosen such that
the output signal is cut off during half of the cycle unless the opposing
half is pro- vided by a second transistor (push-pull). As a result, the
waveform will be less lin- ear. The output waveform may still be made
sinusoidal using a tank circuit or other  filter to filter out higher and
lower frequency components. Class C amplifiers conduct during less than 50%
of the cycle, in order to  further increase efficiency; i.e., if the output
current conduction angle is less than  180 degrees, the amplifier is
referred to as Class C. This mode of operation can  have a greater
efficiency than Class A or Class B, but it typically creates more dis-
tortion than Class A or Class B amplifiers. In the case of a Class C
amplifier, there  is still some change in output amplitude when the input
amplitude is varied. This is  because the Class C amplifier operates as a
controlled current source--albeit one  that is only on briefly--and not as
a switch. The remaining classes of amplifiers vigorously attack the problem
of  power dissipation within the transistor, using the transistor merely as
a switch. The  underlying principle of such amplifiers is that a switch
ideally dissipates no power,  for there is either zero voltage across it or
zero current through it. Since the 



switch's V-I product is therefore always zero, there is (ideally) no
dissipation in I, .  WO 01/10015 PCTNSOOIZ07S0 3  this device. A Class E
power amplifier uses a single transistor, in contrast with a  Class D power
amplifier, which uses two transistors In real life, however, switches are
not ideal. (Switches have turn onloff  time and on-resistance.) The
associated dissipation degrades efficiency. The prior  art has therefore
sought for ways to modify so-called "switch-mode" amplifiers (in  which the
transistor is driven to act as a switch at the operating frequency to mini-
I mize the power dissipated while the transistor is conducting current) so
that the  switch voltage is zero for a non-zero interval of time about the
instant of switching,  thereby decreasing. power dissipation. The Class E
amplifier uses a reactive output  network that provides enough degrees of
freedom to shape the switch voltage to  have both zero value and zero slope
at switch turn-on, thus reducing switching  losses. Class F amplifiers are
still a further class of switch-mode amplifiers. Class  F amplifiers
generate, a more square output waveform as. compared to the usual
sinewave. This "squaring-up" of the output waveform is achieved by
encouraging  the generation of odd-order harmonics (i.e., x3, x5, x7, etc.)
and suppressing the  even-order harmonics (i.e., x2, x4, etc.) in the
output network. Figure 1 shows an example of a known Class E power
amplifier, described  in U.S. Patent 3,919,656, incorporated herein by
reference. An RF input signal is  coupled over a lead 1 to a driver stage
2, the latter controlling the active device 5  via a signal coupled over a
lead 3. The active device 5 acts substantially as a switch  when
appropriately driven by the driver 2. The output port of the active device
is  therefore represented as a single-pole single-throw switch 6. Connected
across the  switch 6 is the series combination of a DC power supply 7 and
the input port of a  load network 9. The output port of the load network 9
is connected to the load 11.  



As the switch 6 is cyclically operated at the desired AC output frequency,
DC  energy from the power supply 7 is converted into AC energy at the
switching fre- quency (and harmonics thereon. The arrangement of Figure 1,
although it is capable of achieving high con HIM WO 01/10015 PCT/USO0/20750
4 version efficiency, suffers from the disadvaniage that large voltage
swings occur at  the output of the act F a device, due to ringing. This
Iar' vblta8e swing, which typ- ically g exceeds three times the supply
voltage, precludes the use of the Class E cir cuit with certain active
devices which have a low breakdown voltage.  Furthermore, the driving
circuit in the RF amplifier typically includes a  matching network
consisting of a tuned (resonant) circuit. Referring to Figure 2, in  such
an arrangement, an RF input signal is coupled to a driver amplifier,
typically  of Class A operation. An output signal of the driver amplifier
is coupled through  the matching network to a control terminal of the
switching transistor, shown in  Figure 2 as an FET. As with design of the
load network of Figure 1, proper design  of the matching network is not an
easy matter. SUMMARY OF THE INVENTION The present invention, generally
speaking, provides an RF amplifier circuit  architecture that enables high
efficiency to be achieved while avoiding compli- cated matching networks
and load networks. The active device may be of the bipo- lar transistor
type or the FET (field effect transistor) type. A simple driving circuit
is provided for each type of active device. In accordance with one
embodiment of  the invention, a single-ended switch mode RF amplifier
includes an RF input sig- nal; an active device having a control terminal;
and a non-resonant driving circuit  for receiving the RF input signal and
controlling a signal applied to the control ter- minal so as to operate the
active device in switch mode. BRIEF DESCRIPTION OF THE DRAWING 



The present invention may be further understood from the following
description in conjunction with the appended drawing. In the drawing:
Figure 1 is a simplified block diagram of a known single-ended switch  mode
RF amplifier; Figure 2 is a schematic diagram of a portion of a known RF
amplifier; WO 01/10015 PCT/US00/20150  5 Figure 3 is a block diagram of an
RF switch mode amplifier in accordance  with the present invention; Figure
4 is a schematic diagram of a portion of an RF switch mode ampli- fier in
accordance with one embodiment of the present invention; Figure 5 is a
schematic diagram of a suitable load network for use in the RF  switch mode
amplifier of Figure 4; Figure 6 is a waveform diagram showing input voltage
and related wave- forms for the RF switch mode amplifier of Figure 4;
Figure 7 is a waveform diagram showing base and collector current wave-
forms of the switching transistor of Figure 4; Figure 8 is a waveform
diagram showing output voltage for the RF switch  mode amplifier of Figure
4; Figure 9 is a schematic diagram of a portion of an RF switch mode ampli-
fier in accordance with another embodiment of the present invention;
Figure 10 is a waveform diagram showing input voltage and related wave-
forms for the. RF switch mode amplifier of Figure 9; Figure 11 is a
waveform diagram showing collector current waveforms of  the drive
transistors of Figure 9; and Figure 12 is a waveform diagram showing a gate
voltage waveform of the  switching, transistor of Figure 9. DETAILED
DESCRIPTION OF THE PREFERRED EMBODIMENTS  Referring. now to Figure 3, there
is shown a block diagram of an RF switch  



mode amplifier in accordance with a preferred embodiment of the present
inven- tion. An RF input signal is applied to a non-reactive driving
circuit. The driving  circuit is coupled to an active device to drive the
active device switch. The active  device switch is coupled to a load
network that produces an RF output signal for  application to a load, e.g.,
an antenna. Preferably, power is applied to the active  device switch
through a rapid time variable power supply, realized by the series
combination of a switch mode power supply and a linear regulator, enabling
the  operating voltage of the active device switch to be varied. By varying
the operating  voltage in a controlled manner, power control, burst control
and modulation may Hill. WO 01/10015 PCTIUS00/20750  6 be achieved as
described previously. The active Mice switch may be either a
bipolatffinsistor or a FET tran- sistor. Referring to Figure 4, a schematic
diagram is shown of a portion of an RF  switch mode amplifier in which the
active device switch is a bipolar transistor hav- ing collector, emitter
and base terminals. The collector of the bipolar transistor N i  is
connected through an RF choke L to an operating voltage VpA and is also
con- nected to an output network. The emittcr of the bipolar transistor N I
is connected  to circuit (AC) ground. The base of the bipolar transistor Ni
is connected to the emitter of another  bipolar transistor N2 (the driver
transistor) in Darlington fashion. The collector of  the driver transistor
N2 is connected to an operating voltage VDRIJER and is also  connected to a
bypass capacitor. Associated with the driver transistor N2 is a bias
network including, in the illustrated embodiment, three resistors, RI, R2
and R3.  One resistor RI is connected from the emitter of the driver
transistor to circuit  ground. Another resistor R2 is connected from the
base of the driver transistor to  ground. The final resistor R3 is
connected from the base of the driver transistor N2  to VDRNHR. An RF input
signal is applied to the base of the driver transistor  



through a DC isolation capacitor C;n. Referring to Figure 5, the output
network may take the form of an imped- ance-matching transmission line TL
and a capacitor Cout The RF input voltage signal is sinusoidal as shown by
waveform 1 of Fig- ure 6. The input voltage is level shifted upward to
produce a voltage at the base of  the driver transistor N2, shown by
waveform 2. The emitter voltage of the driver  transistor N2, shown by
waveform 3, is one Vbe drop below and is applied to the  base of the
switching transistor N 1. At the beginning of the positive half-cycle, the
driver transistor N2 is operating as an emitter follower, with output
(emitter) volt- age sufficiently below the turn-on voltage of the switching
transistor NI so that the  switching transistor Ni is cut off. As the
signal increases, the driver transistor N2 WO 01/10015 PCT/USOO/20150  7
turns the switching transistor N 1 on and drives it into saturation as
shown in Figure  7. Current flows through the RF choke L and through the
switching transistor Ni,  and the output voltage decreases as the capacitor
Cout is discharged as shown in  Figure 8. Near the end of the positive
half-cycle, the driver transistor N2 output  voltage falls below the
turn-on voltage of the switching transistor N 1, allowing it  to turn off.
The value.of the resistor RI is chosen such that the switching transistor
N I quickly cuts off. Current continues to flow through the RF choke L,
charging  the capacitor Cout and causing the output voltage to increase.
Referring to Figure 9, a schematic diagram is shown of a portion of an RF
switch mode amplifier in which the active device switch is a FET transistor
(MES- FET, JFET, PHEMT, etc.) having drain, source and gate terminals. The
drain of  the FET transistor M I is connected through an RF choke L 1 to an
operating volt- age VpA and is also connected to an output network. The
source of the FET tran- sistor is.connected to. circuit (AC) ground. The
gate of the FET transistor is biased from supply -VB through a large  value
resistor R 1, and is further connected through a DC isolation capacitor Cl
to a  



pair of bipolar transistors (driver transistors) connected in push-pull
arrangement.  The driver transistors include an NPN transistor N I and a
PNP transistor P 1. The  collector of the NPN driver transistor N I is
connected to an operating voltage VCC  and is also connected to a bypass
capacitor. The collector of the. PNP driver tran- sistor P1 is connected to
a negative reference voltage -VB and is also connected to  a bypass
capacitor. The bases of the driver transistors are connected in common.
Large-valued resistors R2 and R3 connect the common node to the respective
power supply rails... A further NPN bipolar transistor N2 is connected in
common base configu- ration. The emitter of the further bipolar transistor
is connected through a resistor  R4 to -VB and is connected through a
capacitor C3 to. the RF input signal. The col- lector of the further
bipolar transistor is connected through an inductor L2 to VCC Illifl: WO
01110015 PCr/USOO/20750  s and is also connected to a bypass capacitor.
Referring to Figure 10, input voltage waveforrfig.1-4 are shown for the
cir- cuit of Figure 9. The input voltage I is level shifted down one Vb.
and is applied to  the emitter of the bipolar transistor N2. A large
voltage swing 3 is produced at the  collector of the bipolar transistor N2
by action of the inductor L2. This voltage  swing is level shifted downward
to produce a voltage 4 that is applied to the bases  of the driver
transistors at node N. In operation, during the positive half-cycle, ini-
tially the further bipolar transistor N2 is turned off. Current flows
through the  inductor L2 into the capacitor C2 coupled to the bases of the
transistor pair, caus- ing the NPN transistor NI to turn on and causing the
PNP transistor PI to turn off  (Figure 11). The DC isolation capacitor Cl
is charged up from the VCC supply,  raising the gate potential of the FET
MI, causing it to turn on (Figure 12). During  the negative half-cycle, the
further bipolar transistor N2 is turned on. Current  flows through the
inductor L2, through the further transistor N2 to the -VB rail.  



Current also flows out of the base of the PNP transistor P 1, turning it
on. The DC  isolation capacitor CI discharges, lowering the gate potential
of the FET M1, caus- ing it to turn off. The output network operates in the
same manner as previously  described. It will be appreciated by those of
ordinary skill in the art that the invention  can be embodied in other
specific forms without departing from the spirit or essen- tial character
thereof. The presently disclosed embodiments are therefore consid- ered in
all respects to be illustrative and not restrictive. The scope of the
invention  is indicated by the appended claims rather than the foregoing
description, and all  changes which come within the meaning and range of
equivalents thereof are  intended to be embraced therein. WO 01/10015
PCT/US00/20150  9 What is claimed is: 1. A single-ended switch mode RF
amplifier, comprising:  an RF: input signal; an active device having a
control terminal;. and a driving circuit for receiving the RF input signal
and controlling a  signal applied'to the control terminal so as to operate
the active device in  switch mode;s. 2. The apparatus of Claim 1, wherein
the active device is a bipolar  switching transistor having a collector, a
base and an emitter. 3. The apparatus of Claim 2, wherein the driving
circuit comprises a  bipolar driver transistor having a collector, a base
and an emitter, the emitter of the  bipolar driving transistor being
connected to the base of the bipolar switching tran- sistor. 4. The
apparatus of Claim 3, wherein the RF input signal is coupled to  the base
of the bipolar driver transistor. 5. The apparatus of Claim 4, wherein the
RF input signal is coupled to  



the base of the bipolar driver transistor through a DC isolation capacitor.
6. The apparatus of Claim 1, wherein the active device is a FET  switching
transistor having a drain, a source and a gate.. 7. The ,apparatus of Claim
6, wherein the driving circuit comprises a  pair of bipolar driver
transistors each having a collector, a base and an emitter and  connected
in push-pull arrangement, the emitters of the bipolar driving transistors
being connected to gate of the FET switching transistor. 11~~1 C L p~ S I
II WO 01/10015 PCT/USOOn0750  10 8. The apparatus of Claim 7, further
comprising a further bipolar tran- sistor having a collector, a base and an
emitter, the fu?tlr bipolar transistor being  connected in common base
configuration, the collector of the further bipolar tran- sistor being
connected to the bases of the pair of bipolar transistors. 9. The apparatus
of Claim 8, wherein the RF input signal is coupled to  the emitter of the
further bipolar transistor. 10. The apparatus of Claim 9, wherein the RF
input signal is coupled to  the emitter of the further bipolar transistor
through a DC isolation capacitor. 11. The apparatus of Claim 8, wherein the
collector of the further bipo- lar transistor is coupled through an
inductor to an operating potential. 12. The apparatus of Claim 1, wherein
an operating voltage is applied  to the active device through a reactive
element. 13. The apparatus of Claim 12, further comprising means for
varying  the operating voltage to control RF output power. jt'~iii 


