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Frequency Control
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Abstract—A  switched capacitor dc-dc converter with
frequency-planned control is presented. By splitting the output
stage switches in eight segments the output voltage can be
regulated with a combination of switching frequency and
switch conductance. This allows for switching at predetermined
frequencies, 31.25 kHz, 250 kHz, 500 kHz, and 1 MHz, while
maintaining regulation of the output voltage. The controller is
implemented in 180 CMOS with a 1/3 series-parallel output
stage designed for 3.6-4.2 V input, 1.2 V output, and 1-40
mA load current. The proposed controller is compared with
a co-integrated pulse skipping controller and yields a 84.8%
reduction in worst-case low-load output ripple voltage and
a 1.5% increase in peak efficiency reaching 92.5%, while
also providing a predictable spectrum of the switching noise,
reducing the risk of interfering with other sensitive circuits.

I. INTRODUCTION

The increased integration of electronic systems has led to
the development of portable battery-powered products that
provide people with a broad range of benefits. A modern
hearing aid is a good example of a heavily integrated de-
vice, which in a small form factor combines advanced audio
processing from multiple microphones, an audio output stage,
and Bluetooth communication for audio streaming, device
configuration, and communication between two hearing aids.
The many features result in substantial power consumption
when compared with the available energy in the small battery.

In a small wearable device like a rechargeable hearing aid
the noise generated by the power supplies is an issue. Both
the microphone channels, class D amplifier, and the Bluetooth
and telecoil radio systems are susceptible to noise in certain
frequency bands, and they are all placed in close proximity
to the power converters. Combined with the desire to use fre-
quency modulation control to ensure a high power conversion
efficiency makes the control of the power converters especially
challenging.

Recent research in switched capacitor converters (SCCs) has
mainly focused on fully integrated converters for microproces-
sors. Fully integrated power conversion is a necessity in e.g.
point of load converters for dynamic voltage and frequency
scaling on individual processor cores, and for reducing the
number of power pads on high performance microprocessors.
For a low power system like a hearing aid, where the typical
supply current is in the order of 1 mA, loss in the power
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Fig. 1. The proposed converter consisting of a 1/3 output stage where
each switch is split in eight segments, a switched capacitor PI filter, a
single-comparator 9-level quantizer, and the clock selection logic. The output
stage takes the switch conductance selection vector ¢/0:7] and the two non-
overlapping clock signals p; and p2 as inputs.

distribution network is small. Having the power converter
integrated with the DSP is therefore not a necessity and having
a dedicated power management IC (PMIC) allows for more
flexibility in the choice of process technology when having
to interface to Li-Ion battery voltage levels (3.0-4.2 V). The
PMIC should be designed for high efficiency to give a long
operating time between recharging the Li-ion battery and the
power density should be high to keep the hearing aid small.

In this paper we present an SCC with frequency planned
control that ensures that most of the switching energy is
located at predetermined frequencies in contrast to most prior
art [1], [2]. The use of external multi layer ceramic capacitors
(MLCCs) results in a competitive power density and the
proposed control results in a reduction in both output voltage
ripple and the input peak currents when compared with a
traditional pulse skipping control scheme. In Section II the
design and modeling of a 1/3 topology SCC output stage is
described and in Section III the proposed controller design is
presented. In Section IV measurement results on a prototype
IC in 180 nm CMOS are presented and in Section V the paper
findings are summarized.



II. SWITCHED-CAPACITOR OUTPUT STAGE DESIGN AND
MODELING

The operation, modeling, and design of SCCs have been
widely studied in the literature [3], and we will therefore focus
on the specifics of the pseudo fixed frequency controller. An
SCC consists of an output stage and a controller. The output
stage used for evaluating the controller is a 1/3 series-parallel
topology, such as the one reported in [4], and it consists of
two flying capacitors and seven switches. Before defining the
output stage operating points for the controller in Section II-B
we need to understand the dynamics of the output stage.

A. Output Stage Fundamentals

The output stage has two inputs (see Fig. 1): the selected
clock signal clk_sel (having a certain frequency Fj,) and
the number of selected switch segments in the output stage
q[0:7] (leading to a certain switch conductance (Gg,). In
this way both the switch conductance G, = 1/Rs, and
output stage switching frequency Fj,, can be controlled by
having a proportional-integral (PI) controller slide between
eight operating points. Each operating point is defined with
a certain G4, and Fj,, value. We therefore need to establish
the output stage dynamics at the eight operating points.

The output stage operates by periodically connecting the
two flying capacitors in Fig. 1 in parallel with V,,; or in
series between V;,, and V,,;. The output voltage of an SCC
can be expressed as a function of the equivalent converter
output impedance R,,;::

Vout = N‘/zn - RoutIload' (1)

This widely used model [5], reveals that R,,; has to be
controllable in order to maintain a desired V,,; when both
Vin and Ij,qq are varying given that N = 1/3 is fixed by the
topology. The expressions for R,,; in the two extremes, slow
switching limit (SSL) and fast switching limit (FSL), for when
the switching period is much greater or smaller than the time
constant of Cy, and the switch resistance, shows how R,y
depends on R, and Fj,, [3]:

1
45Cs, Fap’

Here R, is the resistance of each switch and Cyyy is the
capacitance of each flying capacitor.

The minimum equivalent output impedance R,u¢min 1S
achieved at the maximum Fy,,. Royut,min 1s chosen based
on the Ij,,q specifications and the desired minimum Vj,
where the controller can still maintain V,,; at the desired
voltage. The controller presented here will be used with a multi
topology gearbox output stage in the final implementation
which adds another dimension in the decision of R,y min
of each topology. For the sake of comparing the proposed
controller with the prior art the 1/3 output stage is designed
to have Rout,min = 2Q, and the two flying capacitors are
chosen to be Cyyy = 185nF, and Cyy¢ = 4.7nF. With these
values the equivalent output impedance Goy: = 1/Royt can
be evaluated as a function of G, and Fj,,.
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RSSL = RFSL = KRS’UJ ~ 1-56st- (2)
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Fig. 2. The equivalent output conductance as a function of Fj,, with one
through eight switch segments engaged.

B. State Space Model and Operating Points

An SCC is a switched linear system which makes it suited
for modeling as a sampled data state space system [6]. By
representing each of the two operating states as a linear
system, the dynamics can be readily found. The model is
used to design the eight operating points to be approximately
equidistant in the G,,; dimension. The maximum Gy, (the
entire switch conductance) and maximum Fy,, defines the top
operating point g; in Fig. 2. The frequency is increased when
increasing G, only has little effect on the G, which is
the case when the converter is moved into SSL where the
capacitors fully settle in each state.

III. CONVERTER IMPLEMENTATION

The 1/3 output stage is fabricated together with the proposed
controller and a pulse skipping controller in a 180 nm CMOS
process (see Fig. 3). The main elements of the system are
depicted in Fig. 1. To the right are the external flying capa-
citors and output filter capacitor, and next to that the output
stage block comprising seven switches and necessary circuitry
to interface between the 1.8 V controller logic and the Li-Ion
battery voltage domain. The output stage is operated in one
of the eight operating points described above, or turned off if
necessary. As there always is a base current consumption in
the system the lowest G, operating point can be designed
to satisfy the lightest load scenario that the converter will be
exposed to.

The clock selector block directly maps the number of
enabled switch elements to a given clock frequency. F,, of
the different operating points can be extracted from Fig. 2'.

The switched capacitor PI controller filters the error signal
Verr = Vet — Vo (Vyp is Ve inside the chip before the
bonding wire). It is clocked at 2 MHz and implemented using
two OTAs and a network of switches and capacitors.

!In the implemented prototype ripple voltage is momentarily elevated when
the controller switches between two clocks. E.g. when switching from the
250kHz clock (having 2 ps between clock transitions) to the 500 kHz clock
(having 1 ps between clock transitions) sometimes a single pulse of 3 us
duration occurs (longer than for the two clock signals it is switching between)
which causes the output voltage to drop. An updated clock selector correcting
this problem is to be manufactured.
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Fig. 3. Photograph of the prototype together with the layout of relevant blocks
shown. The prototype was manufactured on a multi-project IC.

The filtered error signal Vy;;; is quantized by the reference
tracking quantizer. The quantized V¢, g/0:7], directly deci-
des the output stage operating point. This causes the controller
to continuously slide between the different operating points to
minimize V... The controller operation can be understood by
considering the situation where V,,,; drops due to an increase
in I,y This causes V., to increase which will eventually
cause Vy;; to engage another level in the quantizer. This
results in an increase in G, which will cause more charge
to be delivered to C,,; effectively increasing V,,; again.

The 9-level quantizer directly selects one of the eight opera-
ting points, or the state where all switch segments are turned
off. It is implemented using a single low-power comparator
having a moderate offset combined with a logic block (the
reference tracker) that routes one of the eight reference voltage
levels to the comparator. Only the level directly above and
below the current quantization level is updated in each clock
period to minimize power dissipation. By only using a single
comparator, the offset of the comparator contributes the same
to each quantization level and is therefore a constant common
offset that is suppressed by the DC gain of the PI filter.

The output stage is implemented with 5V transistors each
designed to have equal conductance. The output stage requires
three unique clock signals (two non overlapping clocks phases
and one inverted phase for PMOS transistors). Multiplying
this with eight switch segments results in 24 gate drivers. An
automated buffer chain generator was implemented to optimize
each gate driver to the specific gate capacitance to minimize
the power dissipation.

IV. MEASUREMENT RESULTS

The proposed controller can be directly compared with
the pulse skipping controller as both are implemented on
the same chip. In the final application the PMIC would be
flip-chip mounted but the prototype was wire bonded to a
package. The resistance from a pad to package pin was
measured to Ry = 0.5 Q). The extra series resistance results
in Royt,min = 3.70) instead of the expected 2.0 without
bonding wires. As the feedback loop for the controllers is

V= 3.7 V[Vouoc = 12V

Proposed control

Fig. 4. Measured output voltage, input voltage, and the live switch conduc-
tance read-out, for a typical hearing aid load scenario and 3.7 V input.

closed inside the chip (notice Vi, # Vi, in Fig. 1) the load
regulation of the power converter is dominated by Rpyy.

The operation of the proposed controller is demonstrated by
loading it with a typical load scenario of a hearing aid: a base
load of 1 mA DC plus a 7 mA rectified 1 kHz sinusoidal current
waveform emulating a load from a full bridge audio output
stage (i.e. the combined load goes from 1 mA to 8mA)? with
typical Li-ion battery voltage V;,, = 3.7 V. In Fig. 4 I, is
shown together with a digital readout of G,,, the input current
I;,, and V,,;. We observe that the controller choses between
the operating points in response to the I,,; waveform. The
peak I, tracks the load current such that the power converter
generates very little noise at low audio signal levels.

To investigate the transient load performance and to de-
monstrate how the controller helps minimize the V,,; ripple
and peak I;,, a step load from 1mA to 25mA is applied
in Fig. 5. The measurements for the pulse skipping control
in Fig. 5a shows constant V,,; ripple and I;,, peak values,
and the varying Fj,, is clearly observed. Notice that G, is
not plotted for the pulse skipping controller as this type of
controller always uses all the switch segments.

The V,,; and I;,, waveforms for the proposed controller in
Fig. 5b clearly shows the benefits of modulating the switch
conductance as both the output rippled and peak I;, are
reduced. Especially the disturbances at the 1 mA load are
reduced. The output voltage shows some undershoot, although
the peak-peak value of V,,,; is still significantly lower than that
of the pulse skipping controller. Notice that the G, values
are mostly at very low values as the high input voltage level
results in a high R, being required to regulate V,,,,;, referring
to (1) (high R,y is achieved with low Ggy).

In Fig. 6a and 6b the efficiency is plotted for various V;,
and I,,;. The proposed controller has lower efficiency at low
load due to the higher power dissipation of the controller
circuitry compared with the low power dissipation of the single
comparator used in the pulse skipper. At higher currents the
proposed controller has superior efficiency as it minimizes the

2At Vi, = 3.7V we have to limit the load to 8 mA due to Ry limiting
Rout,min 10 3.7Q. Le. Vout =3.7V/3—3.7Q x 8mA = 1.2 V. Without
the Rpy we could have loaded it up to 16 mA at this specific V.
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Fig. 5. Comparison of (a) pulse skipping and (b) the proposed controller for a load step.
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Fig. 6. Measured efficiency for (a) a load sweep with V;,, = 4.2V and (b) an input voltage sweep, and (c) a the ripple voltage vs. input voltage.

gate losses by only charging a subset of the switch segments.
The efficiency peaks at 92.45% for the proposed controller
and at 90.96% for the pulse skipper. The proposed controller
shows a 84.8% reduction in worst case ripple voltage in Fig.
6c.

V. CONCLUSION

A frequency planned controller for switched capacitor dc-dc
converters is presented and compared with a traditional pulse
skipping controller. The controller uses a quantized version of
the filtered error signal to configure the output stage to operate
in one of eight operating points, each defined by a fixed swit-
ching frequency and switch conductance. The measurements
show a 84.8% reduction in worst case output ripple voltage.
At low load levels the proposed controller ensures minimal
disturbances. The controller results in 1.5% increase in peak
efficiency and higher efficiency at low battery voltage. Due to
the higher power dissipation in the more complex controller,
compared with pulse skipping, the efficiency is lower at low
loads. In addition to this the controller ensures a predictable
disturbance frequency spectrum.
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