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Abstract This Mixed Signal Letter presents a proposal of
four-quadrant linear-assisted DC/DC voltage regulator. In
this topology, a class-AB linear voltage amplifier assists a
four-quadrant switching DC/DC converter in order to
obtain a compact circuit with advantages of both alterna-
tives; i.e., high efficiency, inherent in switching converters,
and low output ripple and fast reaction to the load changes
that are characteristics of linear regulators. In order to
reduce the power dissipation in the linear regulator, it is
considered as an assisting circuit for providing just a small
fraction of the total load current. Furthermore, this stage
provides the required clock signal for the switching coun-
terpart, obtaining a compact topology thanks to the
reduction of the complexity in the design of the control
scheme for the switching converter. In fact, the proposed
topology can be addressed to on-chip practical implemen-
tations, since no output capacitors are required. This last
advantage provides the possibility of obtaining good-per-
formance power-supply modulators for envelope tracking
techniques in power amplifiers. The implementation and
results indicate that the proposed four-quadrant linear-as-
sisted DC/DC regulator can achieve a notably compacting
and higher performance, while consuming less power in
comparison to linear alternatives.
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1 Introduction

Nowadays, the emergence of high bandwidth communi-
cation architectures involving radio frequency (RF) or
audio power amplifiers (PAs), have created new challenges
for powering telecommunication networks [1]. One of the
most demanding functions, from a energy management
perspective, is the generation of suitable power supply rails
in order to supply these PAs not only with suitable positive,
but also negative voltages. The PA, which is usually
responsible for most of the power consumption in the entire
transceiver, has poor energy efficiency, especially when
transmitting low power levels [2, 3]. The stringent linearity
requirements in broadband systems make linear PAs, par-
ticularly class A, the preferred choice in the transceiver [4].
This linearity requirement, coupled with the fact that the
PA operates at low transmit power during most of its
operation, makes the power efficiency of the entire trans-
ceiver poor. Consequently, wireless transmitters usually
employ envelope-tracking techniques for the power-supply
subsystem, and they are becoming popular nowadays since
they provide significant power savings [5]. In these sys-
tems, the supply modulator, usually a switching regulator
in order to achieve good efficiency generates the PA supply
voltage while its output tracks the signal envelope. The
aforementioned conventional switching regulators are
usually efficient, but have slow response; since switching
frequencies cannot be drastically increased.

A solution to enhance the transient response of a
switching converter consists of a combination of a linear
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regulator (or class-AB amplifier) in parallel with a
switching one. This architecture is referred as linear-as-
sisted hybrid regulator or master—slave modulator. This
one-quadrant structure increases the response speed of the
supply modulator while maintaining other performances,
such as small ripple and small switching losses [6]. How-
ever, achieving four-quadrant linear-assisted DC/DC reg-
ulator usually involves increasing the complexity of the
power supply modulator.

In this Mixed Signal Letter, the proposal of a four-quad-
rant DC/DC linear-assisted switching regulator is presented.
A class-AB linear amplifier, together with a suitable control,
assists a four-quadrant DC/DC switching converter that uses
only two switches, simplifying the architecture. Limiting the
maximum value of the current flowing through the linear
amplifier, high efficiency can be achieved, whereas high
output capacitors, normally bulky and with poor frequency
response, can be removed from the circuit.

In addition, this four-quadrant proposal can be a candidate
not only in the power supply path of the supply modulator, but
also in the signal path (with a suitable component design
according to the frequency requirements) in order to overcome
the major drawbacks associated to audio and RF class-D power
amplifiers. They are widely used in consumer portable elec-
tronic devices and industrial applications, such as mobile
phones and laptops audio amplifiers, etc., thanks to their high
efficiency. Nevertheless, notice that these amplifiers have a
limited linearity due to their switching behavior and a limited
control bandwidth [7-9]. Therefore, the use of a four-quadrant
linear-assisted amplifier (also named as class-AD amplifier)
can avoid these restrictions associated to class-D amplifiers.

This Mixed Signal Letter is organized as follows:
Sect. 2 reviews the four-quadrant DC/DC switching con-
verter that uses only two switches. In addition, Sect. 3
introduces the proposal of a four-quadrant DC/DC linear-
assisted switching regulator. On the other hand, as a proof
of concept, Sect. 4 provides simulation and experimental
results in order to corroborate the proposed design pre-
sented in previous section. These results are obtained for
both low-frequency (audio class-AD power amplifier) and
high-frequency applications (CDMA IS-95 specifications
and WCDMA). Finally, the main conclusions obtained in
the article are presented in Sect. 5.

2 Double-switch four-quadrant DC/DC switching
converter

Figure 1 shows the basic structure of the four-quadrant
converter [10]. Considering the basic operation, an nMOS
transistor, My, and a pMOS one, M,, operate in opposite
phase and at a constant switching frequency. Notice that
some control techniques can be used (not shown in the

@ Springer

s

Ll LZ
If—NW\——D Vom

1

Fig. 1 Basic topology of the four-quadrant DC/DC switching
converter

Cout

figure) in order to obtain output voltage regulation (for
instance, current mode control to modulate the duty cycle
of the transistors, as needed). By considering the fixed
frequency operation, conversion ratio, M, of the switching
converter can be obtained as:

w 2D—1
=Y , (1)
Vi D—-1

in which D is the duty cycle for the on time of the transistor
M,. As it can be seen, with a positive input voltage, V;,, the
output voltage, V,,,;, is positive (up to the input voltage V;,)
for 0 < D < 0.5, or negative for 0.5 < D < 1, limited by
practical duty cycle considerations in order not to fall into
instability conditions. In addition, note that for D = 0.5,
output voltage V,,,, can reach zero as well. Furthermore, the
output of the converter can sink or source current regard-
less of the polarity of the output voltage, providing a true
four-quadrant operating conditions [10].

3 Proposal of a four-quadrant DC/DC linear-
assisted switching regulator

This Mixed Signal Letter shows the proposal of including a
linear amplifier, together with a suitable control, to assist
the aforementioned four-quadrant DC/DC switching con-
verter. A simple way to control this four-quadrant DC/DC
converter consists of using a linear voltage regulator, which
is able to assist the switching converter, obtaining a four-
quadrant linear-assisted DC/DC voltage regulator. Figure 2
shows the block diagram of the basic structure of the
proposed four-quadrant DC/DC linear-assisted switching
regulator. Thanks to this technique, in addition to having a
simple control technique, the output capacitor, normally
with high value, bulky, and with poor frequency response
(since it should be electrolytic), can be removed from the
circuit. Thus, it is important to highlight that the linear
voltage regulator acts as an “active output capacitor” in
order to filter output voltage ripples.
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Fig. 2 Block diagram of the basic structure of the proposed four-
quadrant DC/DC linear-assisted switching regulator
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Fig. 3 Circuit implementation of the four-quadrant DC/DC linear-
assisted switching regulator

Figure 3 shows the circuit implementation of the pro-
posed four-quadrant linear-assisted switching regulator.
The circuit consists of a linear voltage regulator that assists
the four-quadrant DC/DC switching converter presented in

Fig. 1. The control of this converter is carried out by
sensing the current flowing through the linear regulator
ireo(t) and using a hysteretic controller based on an analog
comparator (CMP,) that controls MOS transistors M; and
M,. As commented before, these transistors operate out of
phase from each other. However, unlike the basic four-
quadrant DC/DC switching converter, in this case, the
linear-assisted version works at a variable switching fre-
quency due to the aforementioned hysteretic controller.

Obviously, if the reference voltage, V, at the input
terminal of the linear regulator is constant, the output
voltage, V,,;, will also remain constant. Thus, the output
current provided by the circuit will be also constant and
regulated, independently of load and/or input voltage
variations, achieving good output voltage regulation with-
out any need to include the output capacitor C,,,, (which is
shown in Fig. 1) [11].

To maintain the efficiency at the same level of a sole
switching converter, the linear regulator is considered as an
assisting circuit for providing just a small fraction of the
load current while the excess current is supported by the
four-quadrant switching converter. Consequently, the out-
put current can be written as:

Iout - ireg(t) + iL(t)y (2)

The aforementioned analog comparator CMP; determi-
nes the control of the switching converter. If the load current
is below a boundary current value, named threshold
switching current, I, the comparator CMP, disables the
switching converter. Consequently, the current through the
inductance L, will be zero. Therefore, the linear regulator
supplies the load R;, providing all the output current
(Ireg = Low)-

Both the reference voltage, V.. and sensor’s transre-
sistance, R,,, fix the value of a threshold switching current
I, according to:

Vre'
1=V (3)

Rm

Notice that this threshold switching current, is the maxi-
mum value of the average current flowing through the linear
regulator block at the steady state, as we can appreciate in
Fig. 4. Thus, if the output current overtakes this value, the
switching DC/DC converter will provide the difference. It is
noted that, selecting an appropriate I, (with the objective of
not decreasing the efficiency), the circuit has the ability to
provide almost all the output current I,,, thanks to the
switching converter. In fact, under these conditions, only a
small fraction of the aforementioned output current is pro-
vided by the linear regulator, which acts as an “active output
capacitor” in order to filter output voltage ripples.

In addition, when the reference voltage, V, at the input
terminal of the linear regulator is variable, adopting
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Fig. 4 Transient response of
the output load current (Z,,,,),
switching DC/DC converter’s
output current (i;()), and linear
voltage regulator’ current

(ireg(D))

Fig. 5 Currents flowing
through the load resistor
(ipu(1)), inductance Ly (iz(?)),
and linear regulator (i,.,(f)) at
the steady state when the input
voltage V7 is a single 4-V
20-kHz tone, and the linear-
assisted switching regulator
provides a peak current of 4.0 A
to the 1-Q output load
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Fig. 6 Comparison of
efficiencies of the four-quadrant
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Fig. 7 Input and output signals of proposed four-quadrant linear-assisted voltage regulator, and the single four-quadrant switching voltage
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Fig. 8 Transient response for 3.8V - - -
CDMA IS-95 specifications: Input signal
Input and output signals of & & &
proposed four-quadrant linear- 3.5V
assisted voltage modulator, and
the single four-quadrant
switching voltage modulator to
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voltage modulator’s output signal
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positive and negative values, the output voltage, V,,,;, will
also follow the first one thanks to the four quadrants
capability of the topology. However, notice that the current
flowing through the linear regulator block will remain
below I,, independently of the output voltage value, V.
Therefore, the whole four-quadrant DC/DC linear-assisted
switching regulator will have almost the same efficiency
that the four-quadrant DC/DC switching converter.

4 Results

The discussed four-quadrant DC/DC linear-assisted
switching regulator is designed and simulated using a dis-
crete implementation as a proof of concept in order to
explore and characterize the validity of the proposal. On the
one hand, low frequency corroboration has been carried out
in order to validate the four-quadrant linear-assisted DC/DC
voltage regulator as a candidate for audio class-AD power
amplifiers. Moreover, the response of the proposal is com-
pared with the single four-quadrant switching voltage

@ Springer
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regulator. In this case, Fig. 5 shows the transient response to
a single 20-kHz tone of the linear-assisted switching regu-
lator that provides a peak current of 4.0 A to the 1-Q output
load (adjusting V; = 4V,,.,). The values of the switching
converter  passive components are L; = 10 pH,
L, = 100 pH, C; = 100 pF, and input voltage V;, = 5 V.
On the other hand, adjusting R,,, = 1 Q, and Vig =02V,
we have I, = 200 mA. Notice the achieved tracking of the
output voltage (or current) and V. It is important to highlight
that the output current (and, thus, output voltage) is free of
output ripples, and almost all the output is provided by the
witching block. In fact, the linear block only provides a small
percentage, with average value equal to 200 mA.

In order to corroborate the efficiency of the proposed
four-quadrant linear-assisted regulator in low frequency,
Fig. 6 shows the efficiency of the circuit compared to its
single four-quadrant switching and linear version counter-
parts. Note that efficiencies in the linear-assisted and
switching versions are very similar, especially in full-load
conditions. In particular, the maximum efficiency for the
linear-assisted regulator is 86 % when the maximum
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efficiency for the switching converter is slightly higher
(around 87 %).

In addition, in order to evaluate the non-sinusoidal
tracking capability of the proposed four-quadrant linear-
assisted voltage regulator for audio applications, a multi-
tone signal, with 16 logarithmic distributed frequency
components in the range of 20 Hz to 22 kHz, is applied to
the circuit (as a candidate for class-AD power amplifier).
This multi-tone signal is applied, on the one hand, to the
proposed circuit. In addition, it is applied as time-varying
modulation signal to produce the time-varying PWM and
excite the switches of a single four-quadrant switching
voltage regulator (with the same component values used in
the linear-assisted proposal). The cut-off frequency of the
converter for this signal is set to 200 kHz, and the
switching frequencies f; is 1 MHz. In particular, Fig. 7
illustrates the time domain input and output signals. As it
can be observed, the proposed four-quadrant linear-assisted
voltage regulator operation is well, and it can track without
important output ripples. However, the single four-quad-
rant switching regulator can track the input signal, but in a

worst way than the proposal, and presenting significant
ripple.

On the other hand, in order to validate the response of the
four-quadrant linear-assisted proposal at high frequencies as
a candidate topology for integrated envelope tracking
applications in power supply of RFPAs, simulations have
been carried out, and transient responses are studied. It
allows comparing both the proposed four-quadrant linear-
assisted voltage regulator and the single four-quadrant
switching voltage regulator at high frequencies. In particular,
in this new case, circuit values of the proposed four-quadrant
linear-assisted voltage regulator has been chosen in order to
optimize the high-frequency response with L; = 1 pH,
L, =10 pH, C; =100 nF, and V,, =5 V. Moreover,
adjusting R,, = 1 Q, and V., = 0.2 V, I, remains 200 mA.
Firstly, in order to verify the dynamic response capabilities
of the proposed converter, transient response for CDMA 1S-
95 specifications (transmit power is adjusted by 1 dB every
1.2 ms, as requested by the base station [12, 13]) is consid-
ered. In this case, a step stimulus was applied to the con-
verters’ control in order to change the PAs supply from
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Fig. 10 Comparison of average A
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2.95 V (output power of 22.4 dBm) to 3.6 V (output power
of 24.1 dBm). Figure 8 shows these results; accordingly, itis
seen that, in the worst case, the proposed four-quadrant lin-
ear-assisted voltage regulator responds to the power adjust-
ment within 40 ps, whereas the single four-quadrant
switching voltage regulator responds within 500 ps.

In addition, in order to evaluate the non-constant
envelope tracking capability of the proposed four-quadrant
linear-assisted voltage regulator, a multi-tone signal, in this
case with 32 logarithmic distributed frequency components
in the range of 100 Hz to 3.2 MHz (as a candidate for
WCDMA) has been considered. This multi-tone signal is
applied, on the one hand, to the proposed circuit, and, in
addition, as a time-varying modulation signal to produce
the time-varying PWM and excite the switches of a single
four-quadrant switching voltage regulator (with the same
component values that used in the linear-assisted proposal).
In this case, the cut-off frequency of the converter for this
signal is set to 10 MHz, and the switching frequencies f; is
40 MHz. It is noted that the relation between the input
signal bandwidth, the cut-off frequency, and the switching
frequency for a converter in envelope elimination and
restoration (EER) applications is addressed in [14]. In
particular, Fig. 9 illustrates the time domain input and
output signals. As it can be seen, the single four-quadrant
switching regulator barely can track the input signal, also
presenting significant ripple. However, the proposed four-
quadrant linear-assisted voltage regulator operation is well,
and it can track without significant ripples.

Finally, in order to corroborate the efficiency of the
proposed four-quadrant linear-assisted modulator for this
particular application in WCDMA, Fig. 10 shows the
average efficiency of the circuit compared to the single
four-quadrant switching block and the linear amplifier
block. Note that the efficiencies in both cases are very
similar, especially in medium-load conditions. In particu-
lar, the maximum efficiency for the linear-assisted
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regulator is 82 % when the maximum efficiency for the
switching converter is slightly higher (around 84 %).

5 Conclusions

In this Mixed Signal Letter, a new design of a four-quadrant
DC/DC voltage regulator based on linear-assisted structure
has been presented. In this proposal, a class-AB linear volt-
age regulator assists a four-quadrant switching DC/DC
converter that uses only two switches, simplifying the
architecture and obtaining a compact circuit with advantages
of both alternatives; i.e., high efficiency, low output ripple,
and fast reaction to the load changes.

In order to reduce the power dissipation in the linear
regulator, it is considered as an assisting circuit for providing
just a small fraction of the load current. The circuit can be
focused on obtaining good-performance power-supply
modulators for envelope tracking techniques in power
amplifiers. Finally, this four-quadrant proposal can be a
candidate not only in the power supply path of the supply
modulator, but also in the signal path (with a suitable com-
ponent design according to the frequency requirements) in
order to overcome the well-known drawbacks associated to
audio and RF class-D power amplifiers.
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