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Abstract—This paper presents a hybrid switching amplitude
modulator for class-E2 EDGE polar transmitters. To achieve both
high efficiency and high speed, it consists of a wideband buffered
linear amplifier as a voltage source and a PWM switching am-
plifier with a 2 MHz switching frequency as a dependent current
source. The linear amplifier with a novel class-AB topology has
a high current-driving capability of approximately 300 mA with
a bandwidth wider than 10 MHz. It can also operate on four
quadrants with very low output impedance of about 200 m
 at
the switching frequency attenuating the output ripple voltage to
less than 12 mVpp. A feedforward path, a PWM control, and a
third-order ripple filter are used to reduce the current burden of
the linear amplifier. The output voltage of the hybrid modulator
ranges from 0.4 to 3 V for a 3.5 V supply. It can drive an RF power
amplifier with an equivalent impedance of 4 
 up to a maximum
output power of 2.25 W with a maximum efficiency of 88.3%. The
chip has been fabricated in a 0.35 m CMOS process and occupies
an area of 4.7 mm2.

Index Terms—Buffer, class AB, dc–dc converter, EDGE, low
dropout (LDO), low output impedance, operational amplifier,
polar transmitter, power amplifier (PA), pulsewidth modulation
(PWM), switching amplifier.

I. INTRODUCTION

EVEN THOUGH amplitude variations of a phase-modu-
lated carrier require inefficient linear RF power amplifiers,

recent wireless systems tend to use amplitude modulation as
well as phase modulation to achieve a high data rate. Polar trans-
mitters as shown in Fig. 1 are known as good candidates for such
high-data-rate systems because they can obtain high efficiency
by using efficient switched-mode RF power amplifiers. How-
ever, when a complex signal is being split into its amplitude
and phase components, the bandwidth of each component be-
comes wider than that of the original signal [1], [2]. This is why
wideband low-dropout (LDO) linear amplifiers are still used in
the amplitude path of most polar transmitters in spite of their
low efficiencies. Recently, many efforts have been made to re-
place LDO amplifiers with switching ones to obtain better effi-
ciency. Nevertheless, a switching amplifier has difficulty in ef-
ficiently following a high-frequency amplitude signal because
a high switching frequency is required, and switching loss in-
creases with switching frequency. Moreover, it has been im-
plemented with many external components or expensive high-
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speed processes such as GaAs or SiGe. Although a CMOS am-
plitude modulator based on the concept of interleaving delta
modulation has been suggested in [3], it still consumes consider-
able power and requires many external components—especially
binary-weighted inductors. However, our proposed CMOS hy-
brid switching amplifier achieves both high speed and high effi-
ciency through the combination of a wideband linear amplifier
with a very efficient switching amplifier.

The organization of this paper is as follows. In Section II, we
review the concept of the hybrid switching amplifier and present
the auxiliary circuits, such as a feedforward path and a third-
order ripple filter. In Section III, we present the proposed low-
output-impedance buffer amplifier. In Section IV, we discuss
the experimental results. Finally, in Section V, we present our
conclusions.

II. HYBRID SWITCHING AMPLIFIER

A. Concept of a Conventional Hybrid Switching Amplifier

As shown in Fig. 2(a), the hybrid switching amplifier has a
master–slave structure consisting of a wideband linear ampli-
fier as a voltage source and a switching amplifier as a current-
controlled current source. The wideband linear amplifier accu-
rately controls the output voltage with good linearity, and the
switching amplifier efficiently supplies most of the output cur-
rent by sensing and amplifying the output current of the former.

Assuming that the current loop has a large loop
gain and a wide bandwidth, the linear amplifier only delivers the
switching ripple current of the switching amplifier because the
switching amplifier supplies most of the output current through
the relation of . In reality, however,
as shown in Fig. 2(b), the output current of the switching ampli-
fier is slower and less than the output current because
of the finite loop gain . Thus, the linear amplifier must provide
some amount of signal current in addition to the ripple current to
compensate for the distortion that results from the phase lag of
the switching stage in the high-frequency region. With the mag-
nitude of loop gain , the phase of loop gain , and the output
current at a specific frequency, the required output current of
the linear amplifier and the phase delay of the switching stage

are given by

(1)

Although this hybrid switching concept has been suggested
for audio [4], [5] and envelope elimination and restoration
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Fig. 1. Block diagram of a polar transmitter.

Fig. 2. (a) Conceptual diagram of the hybrid switching amplifier. (b) Phase
diagram of each current.

(EER) applications [6], it has not been used for polar transmit-
ters in CMOS process because of the difficulty of designing a
linear amplifier with a wide bandwidth, a low output impedance,
and a high current-driving capability. However, if the switching
stage with a wide bandwidth and a low ripple current is used
for the hybrid switching amplifier, such burdens of the linear
amplifier can be reduced. By the way, a bandwidth and a ripple
current are influenced by the control method. Compared with
pulsewidth modulation (PWM) control, a hysteretic control of
the switching amplifier relatively has a narrow bandwidth and
a large constant ripple current because the switching frequency
varies according to the output voltage and the bandwidth is
limited by the minimum switching frequency. Therefore, the
conventional hybrid switching amplifier based on the hysteretic
control has a relatively lower bandwidth and a larger ripple
current. To extend the narrow bandwidth wider, the linear
amplifier must have a high current-driving capability according
to (1) to provide more signal current for making up for the
distortion from the switching stage. In case of a large ripple
current, in particular, the linear amplifier must have a lower
output impedance at the switching frequency to reduce the
output ripple voltage because the multiplication of the output
impedance of the linear amplifier and the ripple current makes
the output ripple voltage.

B. Proposed Hybrid Switching Amplifier

As shown in Fig. 3(a), the PWM control is used for the
switching stage to mitigate the difficulties in the design of the
linear amplifier. Hence, the switching frequency is fixed,
which makes the unity-gain frequency constant as well. In addi-
tion, the peak-to-peak ripple current of the PWM-based hybrid
switching amplifier is less than that of the hysteresis-based one
[5] with the constant ripple current on the assumption that the
switching frequency of the former is equal to the maximum
switching frequency of the latter. This is because the relation
between the switching frequency and the peak-to-peak ripple
current is expressed as follows for both cases:

(2)

where is the duty ratio, V is the supply voltage, and is
the inductance.

However, when we use the PWM control, we must consider
the loop stability. From Fig. 3(a), the current loop gain can be
found by

(3)

where , , and are the current sense gain, integrator
gain, and modulation gain, respectively, and is the
impedance from a switching node . The modulation gain
is the ratio of to a peak-to-peak magnitude of a triangular
wave. For loop compensation, as shown in Fig. 3(b), one zero
at about 160 kHz is inserted into the integrator since two poles
result from the integrator and the inductor in the current loop.

C. Third-Order Ripple Filter and Current Feedback

Although the linear amplifier has low output impedance, the
switching ripple current should be reduced to decrease both
the output ripple voltage and the power consumption of the
linear amplifier. For this purpose, as shown in Fig. 4, a third-
order filter with , , and is used in the current loop.
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Fig. 3. (a) Simplified block diagram of the hybrid switching amplifier. (b) Bode
plots for the current loop design.

In spite of the desirability of lowering the resonant frequency
for greater reduction of the ripple current, two additional poles
should have little impact on the current loop. Accordingly, the
resonant frequency is chosen between the unity-gain frequency
of the current loop and the switching frequency. Additionally,
a damping resistor is inserted, taking a quality factor into
account, because an excessively small can generate an un-
wanted resonance.

To stabilize the current loop in spite of the relatively small
, the current feedback suggested in [7] is introduced. The

ripple information is used for the hysteretic control in the ref-
erence, whereas only a high-frequency signal current passing
through the capacitor is used for the PWM control with the
same but negative gain as the current sense gain , because the

Fig. 4. Hybrid switching amplifier with the third-order ripple filter and the cur-
rent feedback.

Fig. 5. Hybrid switching amplifier with the feedforward path.

sensed ripple information is attenuated at the output of the in-
tegrator. The current loop therefore remains stable because the
same voltage , as in the case of a single inductor, is recov-
ered without losing the high-frequency current component.

D. Feedforward Path

As given in (1), the linear amplifier should provide some com-
pensation current to prevent the output voltage from being dis-
torted by the delay of the current loop at the high frequency. The
higher the frequency, the more the compensation current flows.
There are higher frequency components than the EDGE base-
band signal of about 270 kHz in the amplitude path of the polar
transmitter. Hence, an auxiliary circuit is necessary to alleviate
the burden of the linear amplifier.

If we add a feedforward path, like the one shown in Fig. 5, the
input signal can directly control the switching amplifier. Such a
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Fig. 6. Detailed block diagram of the hybrid switching amplifier.

path is faster than the feedback current path formed by sensing
the output current of the linear amplifier. Although the feedfor-
ward signal can be injected after the integrator, it is added before
the integrator in Fig. 5 considering the implementation of the
summing circuit and integrator as will be explained in the next
section. With this feedforward path, we can express the output
current as follows:

(4)

where is the overall closed-loop gain of . Since the
output current of the linear amplifier ideally has to be equal
to zero, the gain of the feedforward path is given as

(5)

where the integrator gain is .
Notice that the gain of the feedforward path has the reciprocal
characteristic of the integrator and the inductor to compensate
for their delays.

E. Implementation of a Hybrid Switching Amplifier

Fig. 6 shows the detailed circuit of the hybrid switching am-
plifier. In CMOS design, although three voltage signals can be
added and then integrated as shown in Figs. 4 and 5, the simul-
taneous summation and integration of the signals at the node

, after the conversion of the three voltage signals into cur-
rent ones, is advantageous, that is, the sensed output current of
the linear amplifier, the feedforward current, and the high-fre-
quency current through the ripple filter are added together and
integrated at the node with the inverted polarity of the last one.

In this case, the dc gain of the integrator is replaced by
and the sensing ratio of the output current of the linear

amplifier is 1 to so that the current sense gain is .
The feedforward path gain given in (5) can be expressed
as because the input voltage is converted into
the current by after passing through the lead compensator

. As mentioned before, the zero and the pole of
should be located at the pole and the zero of the integrator, re-
spectively. If the transfer functions of the integrator and
are given, the value of can be found to set the dc gain of

. The capacitor in the feedforward path is a coupling
capacitor with a large capacitance.

After the high-frequency current that passes through the
ripple filter is sensed as a voltage by the damping resistor ,
the voltage is converted into the current by . Since the
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high-frequency current should be transferred to the integrator
with the same gain of as the output current of the linear
amplifier, the value of is set equal to . The capacitor

is also a coupling capacitor like .

F. Design for the Class-E2 EDGE

The Class-E2 EDGE specifications require an average output
power of 26 dBm and a peak-to-average power ratio of 3.2 dB.
Accordingly, the amplitude modulator should be able to supply
more than about 2.2 W, assuming that the RF power amplifier
has a maximum efficiency of 40%. This means that the equiva-
lent dc load resistance is approximately 4 when the maximum
output voltage of the amplitude modulator is 3 V at V
[2]. Hence, the hybrid switching amplifier is designed to drive a
power amplifier with an equivalent impedance of 4 while its
output voltage varies from 0.4 to 3 V.

Despite the EDGE signal bandwidth of about 270 kHz, the
amplitude modulator should have a bandwidth wider than 2 MHz
to satisfy the error vector magnitude (EVM) and the spectral
mask requirements because, as mentioned before, the amplitude
component for the polar modulator becomes much wider than
that of the original EDGE signal in the process of extracting it
[1], [2]. Fortunately, however, the low-speed switching amplifier
can efficiently supply most of the output current because most of
the EDGE amplitude signal power is concentrated on the low-
frequency band of less than 50 kHz, as shown in [1]. This is why
the current loop is designed to have a unity-gain frequency
of about 460 kHz using a 2 MHz switching frequency with a
4 H inductance, as shown in Fig. 3(b). As a result, a switching
ripple current of about 110 mA is generated without the use
of the third-order ripple filter at a duty ratio of 0.5. However, it
is reduced up to about 40 mA with the third-order ripple filter
and the current feedback. The values of the used components are
as follows: H, H, nF, ,
and .

On the other hand, the linear amplifier should have a band-
width that is much wider than 2 MHz to compensate for the
fast varying amplitude components that the switching ampli-
fier cannot follow. The driving capability of the linear amplifier
should also be more than at least 80 mA, including a switching
ripple current and a high-frequency signal current, because, ac-
cording to (1) and Fig. 3(b), the required output current of the
linear amplifier is approximately 34 mA on the condition that
the maximum output voltage at 50 kHz,

, is applied to a 4 load. To put it con-
cretely, , at 50 kHz from Fig. 3(b), and the
output current from the switching stage is slower than the output
current by .

III. LINEAR AMPLIFIER WITH A NOVEL CLASS-AB BUFFER

A. Critical Design Parameters for the Linear Amplifier

If the amplitude modulator has an input signal of and
an output signal of with a closed-loop gain of 1, is
expressed as the summation of and the switching ripple
voltage of , where is the switching fre-
quency. By assuming the phase-modulated signal of

is applied at the input of the RF power amplifier, we can

express the output of the power amplifier by the ampli-
tude modulation of and as follows:

(6)

The last term is caused by the output ripple voltage of the am-
plitude modulator, that is, the ripple voltage from the switching
amplifier results in unwanted interference with the phase-modu-
lated carrier at the offset frequency of away from the carrier
frequency . Consequently, the fundamental component of the
output ripple voltage should be a factor of approximately 700
less than the output voltage of the amplitude modulator to satisfy
the spectral requirement of about 63 dBc for the maximum
output power of 29.2 dBm at the switching frequency [13].

Because the switching ripple voltage at the output of the hy-
brid switching amplifier is generated by the multiplication of
the ripple current and the output impedance of the linear ampli-
fier, it is crucial to design the linear amplifier with low output
impedance. In this design, when we consider the ripple current
of about 40 mA , the output impedance should be less than
about 200 m at a switching frequency of 2 MHz.

In addition, the linear amplifier should be able to sink or
source the ripple current at any level of the output voltage
varying in the positive range during operation. In other words,
the ripple current should be absorbed as well as supplied at a
high output voltage and supplied as well as absorbed at a low
output voltage. For a dual-supply voltage, this type of operation
is called a four-quadrant operation with respect to the relation
between the output current and the output voltage of the linear
amplifier. We based our definition of the four-quadrant opera-
tion on the assumption that the output voltage at the center is
half because of using a single supply voltage.

B. Conventional Class-AB Output Stages

A complementary common-source (CS) configuration [8], [9]
used in most class-AB output stages has inherently high output
impedance, and a source-follower (SF) configuration with a rel-
atively low output impedance has a limited output swing that
is unsuitable for low-voltage applications. With relatively small
transconductance, these are why few output stages have been
suggested for the low output impedance in the CMOS process
while many class-AB output stages have been suggested for a
low-voltage rail-to-rail operation, a wide bandwidth, and a high
slew rate.

A local negative feedback using an operational transcon-
ductance amplifier (OTA) has often been applied to reduce the
output impedance in a CS output stage [9]. The loop gain of the
local feedback loop effectively reduces the output impedance
together with that of a global feedback loop. The higher the
loop gain of the OTA, the greater the decrease of the output
impedance. However, the output impedance increases at a high
frequency because the gains of both feedback loops decrease
due to the bandwidth limitation. While increasing the transcon-
ductance of the output transistor in a CS output stage helps
to reduce the output impedance with a Miller compensation
capacitor at a high frequency, it requires much power consump-
tion and large area to obtain the desired output impedance.
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Fig. 7. Composite output stages advantageous to sourcing the output current.

The output stages, which are a combination of the CS and
SF stages, have sometimes been suggested as a solution for
both rail-to-rail operation and low output impedance [10], [11].
The output impedance of the composite output stage in [10]
depends solely on the transconductance of the SF stage, so
that it is not easy to implement the desired impedance through
reasonable power consumption at a high frequency where the
loop gain of the global feedback becomes small, that is, the
enormous transconductance of the SF transistor required for
the desired impedance brings about inefficiency in aspects of
power and area, as mentioned above. On the other hand, the
composite output stage in [11] can make the output impedance
very low with relatively low power dissipation because of
reducing the output impedance of the SF by a factor of the
loop gain of the local feedback loop. The local loop operates as
the same manner as the current loop of the hybrid switching
amplifier in that the SF and CS stages correspond to a voltage
source and a dependent current source, respectively. Therefore,
by widening the local loop, it is possible to implement the
output stage with a wide bandwidth, a high current-driving
capability, and a very low output impedance even at a high
frequency. However, the composite output stage in [11] cannot
complete the four-quadrant operation in itself without the help
of a feedback class-AB biasing circuit [8], [12]. To facilitate
the understanding, Fig. 7 shows two composite output stages
advantageous to sourcing the output current. The composite
output stage shown in Fig. 7(a) cannot obtain large negative
output swing because of the source follower . As a result,
there is a region unable to operate in the second quadrant. In
contrast, the output stage in Fig. 7(b) has this type of region
in the first quadrant because of the source follower .
Because the complementary counterpart of Fig. 7(a) has a
region unable to operate in the fourth quadrant, the composite
push–pull output stage in [11] needs a feedback class-AB

biasing circuit to achieve the four-quadrant operation required
for the hybrid switching amplifier.

C. Proposed Class-AB Output Stage With Low Output
Impedance and Four-Quadrant Operation

As shown in Fig. 8, a low output impedance and a four-quad-
rant operation can be achieved by combining the two structures
shown in Fig. 7(a) and (b). Because the nMOS CS transistor

is added for the push-pull operation, four local loops can
be found in the middle range of the output voltage. In addition,
the switches and are inserted to prevent the output
voltage from being clipped by the SF transistor, namely
or , near the positive or negative supply rail, respectively.
In the concrete, during positive output swings, is turned
off by , and the two loops (
and ) source or sink the ripple
current to eliminate the output ripple voltage. During negative
output swings, is turned off by , and the two loops
( and

) perform the same function.
This kind of push–pull output stage requires a bias control

circuit that can reduce the distortion of the output transistors by
guaranteeing that a certain minimum current flows. The com-
posite output stage suggested in [11] can function in four quad-
rants solely with a feedback class-AB biasing circuit as men-
tioned before, whereas the proposed output stage can operate
in four quadrants with any class-AB biasing circuit [8], [12],
though, in our design, as shown in Fig. 9, a feedback class-AB
biasing circuit is used for future low-voltage applications. The
branch of the cascode transistors
in Fig. 8 is separated into two branches (

and ) for biasing of the output
transistors. In particular, the selected minimum current is in-
serted into the source node of the cascode transistor ( and

) and not into the gate node, as suggested elsewhere [8].
This helps increase the phase margin of the class-AB feedback
loop by avoiding a nondominant pole at the gate of the cascode
transistor.

The compensation capacitors and resistors should be deter-
mined in order to obtain as wide a bandwidth as possible and
to stabilize each local loop under any output voltage and load
conditions. Because the loop composed of and
is the slowest at the maximum output voltage and the heaviest
load, the bandwidth of the linear amplifier depends on this loop.
In spite of the desirability of using large compensation capac-
itors to achieve a sufficient phase margin of each loop at the
open load, the optimum values of these capacitors should be
found to achieve a wide bandwidth. In other words, the com-
pensation capacitor in a two-stage OTA is determined to locate
the unity-gain frequency of the global feedback loop inside the

3 dB frequency of the buffer stage and the compensation ca-
pacitors, and , in the buffer stage are set to guarantee
the stability of the local loops at the open load with the zero
frequencies by and located near the unity-gain fre-
quencies of the local loops. To get a unity-gain frequency of
more than 10 MHz in this design, we assigned a capacitance
of 710 fF for both and and 1.6 pF for the compen-
sation capacitor of a two-stage OTA. The bias currents of the
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Fig. 8. Rail-to-rail four-quadrant output stage with low output impedance.

Fig. 9. Linear amplifier with a class-AB low-output-impedance buffer.

source followers are set to about 300 A to prevent the non-
dominant pole at the output caused by the impedances of them
from affecting the phase margin. The common-source transis-
tors and have the aspect ratios of 1500 m/0.35 m
and 600 m/0.35 m, respectively, and are biased at about 2 mA.

IV. EXPERIMENTAL RESULTS

Fig. 10 shows a micrograph of the prototype fabricated in a
0.35- m CMOS process with an area of 4.7 mm . The size of
the power transistor is 72,000 m for the pMOS and 20,160 m
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Fig. 10. Chip micrograph of the hybrid switching amplifier.

Fig. 11. Measured waveforms (a) without the feedforward path and (b) with
the feedforward path (Ch1 : V , Ch2 : V , Ch3 : i , Ch4 : i ).

Fig. 12. Measured waveforms with the third-order ripple filter (a) without the
current feedback and (b) with the current feedback (Ch1 : V , Ch2 : V ,
Ch4 : i ).

for the NMOS. The closed-loop gain of the hybrid switching
amplifier is 2, and the feedback resistors and in Fig. 6
are integrated.

The chip is powered from a 3.5 V supply. To prevent the high-
frequency switching noise caused by parasitic components at
the switching stage from being coupled to the output, the supply
voltage of the gate driver and the output switches was separated
from that of the other circuits and the bare chip was directly
bonded to the PCB.

Fig. 11 shows the effect of the feedforward path. Without the
feedforward path, as shown in Fig. 11(a), the output current of
the linear amplifier is approximately 120 mA . In contrast, as
shown in Fig. 11(b), this value is reduced to about half when the
feedforward path is used.

Fig. 13. (a) Measured ac-coupled output ripple voltages according to the output
voltage. (b) Output current of the linear amplifier at V = 0:5 V. (c) Simulated
frequency response of the output impedance of the linear amplifier.

Fig. 14. Measured waveforms for (a) 50 kHz square-wave signal at 4 
 load
and (b) 160 kHz full-wave rectified signal at 8 
 load.

Fig. 12 demonstrates how well the current feedback operates
with the third-order ripple filter. Because the resonant frequency
of 580 kHz with a -factor of 1.37 is approximately obtained
from the components given in Section II, the unwanted oscilla-
tion of about 600 kHz occurs as shown in Fig. 12(a) when the
current feedback is not used. However, there is no resonance
after the current feedback is applied, as shown in Fig. 12(b).

Fig. 13(a) shows the output ripple voltage in relation to the
output voltage. A maximum ripple voltage of about 12 mV
occurs in the middle of the output voltage because of the
PWM control. As shown in Fig. 13(b), the output current of
the linear amplifier was measured at V to indirectly
guess the output impedance of the linear amplifier. The output
impedance of about 500 m is obtained since the peak-to-peak
ripple voltage and ripple current are approximately 8 mV and
16 mA , respectively. The value of the peak-to-peak ripple
voltage shown in Fig. 13(a) should be used because the parasitic
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Fig. 15. (a) Block diagram of the measurement setup. Output spectrum at instantaneous output power ranging from 8.5 dBm to 28 dBm with (b) 1 MHz span and
(c) 10 MHz span.

impedance added in the course of measuring the output current
of the linear amplifier increased the output ripple voltage.
Similarly, taking the negative feedback from the slightly wrong
place resulted in the larger output impedance than the simu-
lation result shown in Fig. 13(c), that is, the impedances of
bond wire and PCB trace from the linear amplifier output to
the output had dominant influence upon the output impedance
because the feedback resistors and are integrated in the
chip as mentioned before.

Fig. 14(a) shows the waveforms for a 50 kHz square-wave
signal with a 4 load. The linear amplifier has a current-driving
capability of approximately 300 mA at the rising and falling
edges, respectively. In addition, the hybrid switching amplifier
has a rising time of less than 4 s. Fig. 14(b) shows the input
and output voltage waveforms for a 160 kHz full-wave rectified
signal with an 8 load. The waveforms have some distortions

near the zero-crossing points because the rectified input signal is
generated on the PCB using a commercial opamp with a narrow
bandwidth. Nevertheless, the output follows the input very well.

Fig. 15 shows the spectral responses for the EDGE signal
generated from a DSP. To demonstrate the performance of this
amplitude modulator, we made a prototype of a polar transmitter
by using a commercial RF power amplifier and a DSP for the
function of predistortion, as shown in Fig. 15(a). In spite of a
relatively high noise level of the baseband signal from the DSP,
as shown in Fig. 15(b), the prototype satisfies the EDGE spectral
requirement with negligible margin at the critical frequency of
400 kHz. As a result, it is demonstrated that the proposed hybrid
switching amplifier can become a good candidate for class-E2
EDGE polar transmitters considering the increase of the output
impedance and the high noise level of the baseband signal, even
though there are little margins at 400 kHz and 2 MHz, as shown
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Fig. 16. (a) Measured small-signal bandwidth of the hybrid switching amplifier for a 39 
 load at V = 1:72 V. (b) Response to the amplitude component of
EDGE signal.

Fig. 17. (a) Measured equivalent resistance of a commercial RF power amplifier. (b) Measured efficiency of the hybrid switching amplifier at various loads.

in Fig. 15(b) and (c). The unwanted spur shown in Fig. 15(c) at
about 3 MHz results from the clock frequency of the DAC on
the DSP board, which is not related to the amplitude modulator.

Fig. 16(a) shows that the small-signal closed-loop bandwidth
of the hybrid switching amplifier measured under 39 load con-
dition at the output dc voltage of 1.72 V is larger than about
10 MHz. Fig. 16(b) is the response of the amplitude modu-
lator for the amplitude component of the EDGE signal gener-
ated from a DSP in the prototype of polar transmitter. The output
waveform follows the input signal very faithfully.

Fig. 17(b) shows the efficiency of the hybrid switching ampli-
fier in relation to the load condition. The amplifier can provide
a maximum power of 2.25 W to a 4 load with the maximum
efficiency of 88.3%. Except for small currents, the efficiency of
the hybrid switching amplifier is superior to that of a commer-
cial LDO measured at a 4 load. Actually, the inefficiency for
the small currents shown in Fig. 17(b) is not serious, because the
equivalent dc resistance of the commercial RF power amplifier
as a load of the amplitude modulator ranges from 2.7 to 29.4 ,
as shown in Fig. 17(a).

TABLE I
MEASURED PERFORMANCE PARAMETERS

Table I summarizes the measured performance. The
switching ripple current causes the linear amplifier to dis-
sipate the power of about 20 mW even under a condition of no
input.
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V. CONCLUSION

We propose a CMOS hybrid switching amplitude mod-
ulator for class-E2 EDGE polar transmitters. The proposed
modulator, which is based on a hybrid switching technique,
can achieve both high efficiency and high speed. For better
performance, we introduced a PWM control, a feedforward
path, and a third-order ripple filter with current feedback into
the switching stage. We also propose a novel class-AB buffer
amplifier with the following characteristics: a wide bandwidth,
a low output impedance, four-quadrant operation, and a high
current-driving capability. In conclusion, the hybrid switching
amplitude modulator satisfies the requirements of the output
power, the EVM, and the spectral mask margin.
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