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Abstract—Current-mode ripple-based DC-DC converters have
become a widely adopted topology due to their inherent ad-
vantages of improved dynamic transient response along with a
simple current sensing scheme. However, the switching frequency
of such converters is a function of the converter’s duty cycle and
inherent circuit delays. In this work, a novel frequency control
of a buck converter is proposed through the implementation of
a frequency-to-voltage converter that obviates the need for an
external clock, and which enables both fixed-switching frequency
(FSW ) and spread-spectrum modes of operation. A current-mode
ripple-based buck converter is implemented in a 180-nm CMOS
process for an input voltage of 2.8–4.2 V, output voltage range
of 1.3–2.2 V, and load current range of 40–200 mA. In fixed-
FSW mode a peak efficiency of 89.4% was achieved at an input
voltage of 3.8 V, load current of 200 mA and 1.8 V output voltage,
while in spread-spectrum mode, a peak efficiency of 88.2% was
achieved for similar conditions. Additionally in spread-spectrum
mode, a 19 dB reduction in peak noise power is observed in the
output at the fundamental frequency.

Index Terms—hysteretic buck converter, ripple-based control,
frequency control, current-mode control, spread spectrum, WSN.

I. INTRODUCTION

Integrated circuits continue to proliferate all domains of
life around us, specifically through the increased demand

for portable electronics. High demand for Internet of Things
(IoT) compatible devices and wireless sensor nodes (WSNs),
have necessitated the requirement for highly-efficient power
management units (PMU) with small footprint. A typical WSN
shown in Fig. 1 is generally a system-on-chip (SoC) that
consists of an application specific integrated circuit (ASIC),
PMU, sensing circuitry, clocking modules, and radio frequency
(RF) blocks. Several voltage domains are required to power
the different modules present in an SoC. Hence, typical PMUs
contain multiple buck converters and low-dropout (LDO)
voltage regulators to provide regulated voltages, as shown
in Fig. 1. As trends point towards devices with additional
features, there is a growing necessity to focus efforts towards
low-cost, small-area DC-DC converters.

Buck converters with voltage-mode pulse width modulation
(PWM) control exhibit several advantages such as: accurate
voltage regulation, constant switching frequency and high
efficiency. However, for applications that require an improved
dynamic transient response, current-mode control is essential.
Several control topologies have been proposed to improve the
dynamic performance of buck converters [1]–[5].
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Fig. 1. Architecture of a low-power wireless sensor node SoC.

Ripple-based topologies are a form of non-linear control,
which are easy to implement owing to the control circuit
simplicity. Also, they do not require any components for phase
compensation, improving their suitability in cost-constrained
designs. Another advantage of ripple-based controllers is their
inherent sensitivity to load changes. Consequently, current-
mode ripple-based, or hysteretic, converters are the preferred
choice for dynamic voltage scaling (DVS) applications.

However the switching frequency (FSW ) of such a converter
exhibits a strong relationship with duty cycle D and hysteresis
window VH [6]. This frequency variation under typical oper-
ating conditions leads to an unpredictable frequency spectrum
of the converter. A buck converter with a variable FSW could
lead to: interference with on-chip RF circuits, increased power
supply noise leading to device reliability problems, and sub-
optimal efficiency across converter specifications.

In order to mitigate these issues, several techniques have
been proposed to control the switching frequency of the
converter [1]–[4], [7]–[14]. One frequency control scheme is
injection locking, where a current of finite magnitude and time
period is injected into the hysteretic intermediate node [7].
In [2], the loop delay is adjusted for frequency control using
a complex digital phase locked loop (D-PLL), that would be
prohibitive for low-cost solutions. Similarly, in [10], [13], [14],
PLL-based frequency synchronization schemes lock the phase
to an external reference clock. For multi-phase implementa-
tions, phase synchronization is essential, but for single phase
converters, phase locking schemes are superfluous. For the
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purpose of single-phase converters, frequency locked loops
(FLLs) have also been proposed to control the frequency [3],
[4], [12]. In [3], [4], [15] locking is achieved through the use
of a control voltage, but [3], [4] were discrete implementations
designed for high-power applications.

While a constant FSW is advantageous for a buck converter,
in some applications electro-magnetic interference (EMI)
emissions can be a concern. Under such conditions, a fixed
frequency buck converter would exhibit spurious noise at
its fundamental frequency and higher-order harmonics. When
such a converter is used to drive RF loads, these spurs are
up-converted, resulting in noise near the carrier frequency.
To reduce EMI, several solutions that utilize spread spectrum
techniques have been proposed [16], [17]. Pseudo-random
frequency hopping techniques also help in spur elimina-
tion [17], [18]. In some applications explicit spread spectrum
clock generators (SSCG) are used [19]. Monotonic frequency
modulation either through discrete stepping or continuous
modulation also aids in reducing peak power around the
fundamental.

Consider a WSN which operates in two modes: sense and
transmit, as shown in Fig. 2(a). In sense mode the WSN is
sensing and collecting data, but operating with an inactive RF
unit. After a pre-defined collection time, the WSN transitions
into transmit mode, during which time it transmits data. When
in sense mode, a fixed-FSW buck converter would give the
highest possible efficiency, thereby maximizing system run-
time. Importantly, as the RF blocks would not be active in
sense mode, the spurious noise generated by a fixed FSW buck
converter would not adversely effect their performance. In
transmit mode, the RF circuitry is transmitting data, and hence
requires a buck converter with low spurious noise to effectively
communicate. As introduced in Fig. 2(b), for a WSN with
such characteristics, a buck converter with dual modes of
operation, fixed-FSW and spread-spectrum, would be critical
in improving system run-time. As shown in Fig. 2(b), when a
system is in sense mode, a constant DC voltage is provided
from a voltage generator at node VFC , which enables the

buck to operate in the fixed-FSW mode. When the system
transitions into the transmit mode, a triangular voltage is
provided at node VFC , which would enable spread-spectrum
mode of operation. A buck converter with the above described
modes of operation would be potentially beneficial in scenarios
where both fixed-switching frequency and spread-spectrum
modes are required.

The major contribution of this work is a novel frequency
control scheme that does not require any external clock
reference for regulating the switching frequency of a current-
mode ripple-based buck converter. Additionally, the proposed
scheme enables easy utilization between dual modes of op-
eration in a buck converter: fixed-FSW mode and spread-
spectrum mode.

II. RIPPLE-BASED BUCK CONVERTER

A ripple-based buck converter is shown in Fig. 2(b). The
control loop is formed by a passive integrator, error amplifier
and a comparator. The passive integrator is implemented
using an RC filter formed by RI and CI connected between
switching node LX and VOUT . Thus, with respect to node
LX , the filter acts as an integrator and emulates the inductor
current [6]. However, the passive network acts as a high-pass
filter with respect to the output, VOUT , and immediately senses
transients in the output voltage. The voltage at node VFB

represents the sensed inductor current, provided the integrator
time constant matches that of the inductor time constant [6],
[10]. This current-voltage relationship can be described by:

VFB(s) = IL(s)RD
1 + (L/RD)s

1 + (RICI)s
. (1)

where RD is the DC resistance of inductor L.
Based on the values of the inductor time constant L/RD

and integrator time constant, a trade-off exists between the
transient response and noise sensitivity. In this implementation
a comparator with no hysteresis is utilized. Switching action
still ensues due to the inherent circuit delay of the converter.
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Fig. 2. (a) Architecture of an WSN with a spread-spectrum mode enabled buck converter. (b) Proposed Clockless Frequency Control (CFC) Loop for a
Current-mode ripple-based buck converter that would enable dual-modes of operation: fixed-FSW , and spread-spectrum .
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As the complementary power bridge formed by transistors
MP and MN turns ON and OFF, switching node LX os-
cillates in the form of a pulse wave between voltage levels
of approximately VBATT and GND. This square pulse is
integrated by the RC passive filter and acts as the ramp signal
for the comparator. Error amplifier (Gm,v) generates the error
signal (VEA) such that VEA is a modulated version of VREF .
The introduction of the outer regulation loop corrects the DC
offset error at the output. The comparator generates the duty
cycle information required to drive the power bridge based on
inputs VFB and VEA. The intrinsic delay of the comparator
determines the switching period of the buck converter and is
given by:

TSW =
τD,ON

1 −D
+
τD,OFF

D
(2)

where τD,ON and τD,OFF are defined as the finite circuit delays
of the comparator and gate drivers and ON/OFF signifies the
state of the PMOS switch. From (2), we note that the switching
frequency of the converter is a function of the duty cycle D.
As D is determined by the ratio of output voltage VOUT

to battery voltage VBATT , it can vary considerably during
typical converter operation. Consequently, this results in a buck
converter with a highly variable switching frequency.

III. CLOCKLESS FREQUENCY CONTROL LOOP

To control the variable switching frequency, we propose
a clockless frequency control (CFC) loop, also shown in
Fig. 2(b). The CFC loop consists of a frequency-to-voltage
converter (FVC) and a Gm,f -C integrator. Frequency stabi-
lization is achieved without the need for an external clock
reference and instead uses a frequency reference voltage VFC

to generate an internal voltage VCNTL for regulating the
switching frequency of the converter. A typical frequency
stabilized current-mode buck converter would potentially re-
quire an external oscillator, and a PLL leading to a qualitative
overhead of: increased bill of material, board area, and power.
The overhead associated with the introduction of the CFC loop
are: minimal increase in silicon area and power. Importantly,
the proposed solution, obviates the need for an external clock
signal or an SSCG IC, thus reducing board area, and bill of
materials.

A. CFC Loop: Operation

As the frequency control signal is a voltage instead of
a clock signal, the operating principle of the loop is based
on the conversion of the switching frequency into a voltage.
A frequency-to-voltage converter (FVC) is used to convert
the digital output of the comparator, VCMP , into a voltage.
Inversely proportional to the switching frequency of the con-
verter, voltage VPK is generated by the FVC. VPK is then
compared with reference VFC and their difference integrated
to generate control voltage VCNTL. As the converter’s switch-
ing frequency is set by the comparator’s delay, VCNTL is used
to adapt the comparator delay.

B. FVC: Operation and Implementation

To convert a digital signal’s frequency into a voltage, we
require a circuit that can generate a voltage that is monotonic

with input frequency. To this end, consider a ramp generator
with a constant current source. As the constant current charges
the capacitor, the capacitor voltage ramps up linearly. Now if
we add a switch in series with the current source, the ramp
signal generated would be a function of the time period the
switch is ON. The ramp’s peak voltage can then be used to
generate an output voltage related to a particular frequency.
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Fig. 3. Clockless Frequency Control (CFC) Loop implementation.

Based on the above conceptual description of the frequency-
to-voltage conversion [20], the architecture of the frequency-
to-voltage converter is shown in Fig. 3, where the FVC is a
part of the CFC loop. The FVC consists of a D flip-flop, ramp
and pulse generator and a peak detector. The pulse width of
the input clock VCMP is proportional to D, the duty cycle
of the converter, which can vary considerably over the typical
operational range. The flip-flop reduces VCMP ’s frequency to
half its value, while generating a 50% duty cycle clock VD,50.
The generated VD,50 is then given to the ramp generator.
The ramp generator creates a half-cycle ramp VRP . A pulse
generator circuit creates signal Pulse with the rising edge of
VD,50. These signals are utilized by the peak detector to extract
the frequency information of the signal in the form of peak
voltage VPK .

The ramp generator consists of a constant current source,
IRP , PMOS switch M1, ramp capacitor C1 and reset switch
M2. Frequency-to-voltage conversion occurs over two phases.
In the first phase, VD,50 turns transistor M1 ON, thus charging
capacitor C1. At the beginning of phase two, the transmission
gate formed by transistors M3–M4 is turned ON momentarily,
resulting in charge transfer between the ramp capacitor C1 and
hold capacitor C2. Capacitor C2 is sized much smaller than
C1 such that a voltage nearly equal to the peak voltage value is
captured on C2. Once the peak voltage is stored, transmission
gate (M3–M4) is turned off and the voltage on C1 is reset by
pulling the gate of reset transistor M2 to VDD.

As the input to the FVC is a square pulse from the output
of the comparator with a 50% duty cycle, i.e. VD,50, the peak
voltage VPK can be expressed in terms of FCMP as follows

VPK =
IRP

C1

T

2
=
IRP

C1

1

2FD,50
=
IRP

C1

1

FCMP
(3)

where T , FD,50, and FCMP are the period of signal VD,50,
frequency of signal VD,50, and frequency of VCMP , re-
spectively. From (3), one can observe that the frequency of
comparator FCMP is inversely proportional to the output
voltage of FVC. The above described characteristic of the
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buck converter can be utilized in order to consider the buck
converter as a voltage controlled oscillator (VCO).

The ratio IRP /C1 determines the value of VPK at a particu-
lar frequency FCMP . In order to mitigate process variations of
capacitor C1, current source IRP is implemented with +/-25%
trim capability. Calibration is achieved by initializing the buck
converter with a constant voltage at VFC that corresponds to
a nominal expected switching frequency. Then, based on the
observed switching frequency, current source IRP is trimmed
such that expected switching frequency is obtained. In this
implementation, IRP = 8 µA, capacitor C1= 1 pF and is 3.33
times larger than capacitor C2.

C. Gm,f -C Integrator

Once VPK is generated from the FVC block, it is then
compared to a frequency reference voltage VFC using an oper-
ational transconductance amplifier (OTA), which is configured
as a Gm,f -C integrator to generate control voltage VCNTL, as
shown in Fig. 3. The effect of the output of FVC (VPK) on the
converter’s switching frequency is shown in Fig. 4. In Fig. 4
the reader can also observe that the switching frequency is
directly proportional to the CFC loop’s output VCNTL.

The OTA is implemented using a folded-cascode topol-
ogy to achieve high gain. The input common-mode range
of the OTA sets the allowable range of values for VPK .
Using an NMOS differential input pair, VPK is limited to
VGS +VDS,SAT < VPK < VDD where VGS and VDS,SAT are
the gate-to-source and overdrive voltages of the input stage,
respectively.

The complete clockless frequency control loop can be
represented as the cascade of the gains of a VCO (KV CO), an
FVC (KFV C), and the integrator blocks, whose small-signal
open-loop transfer function is given by

HCFC(s) = (KFV CKV CO)
Gm,fRO

1 + sROCINT
. (4)

The transconductance (Gm,f ) of the OTA and capacitor
CINT (sized = 10 pF) at the output of integrator defines
the dominant pole fint = (2πROCINT )−1. From (4), we note
that the open loop frequency response of the CFC loop exhibits
the behavior of a single-pole low-pass filter and is, therefore,
unconditionally stable.

Fig. 4. Relationship between buck converter switching frequency FCMP ,
output of FVC (VPK ), and output of CFC loop (VCNTL) .

D. Dual Modes: Fixed-FSW or Spread-spectrum

As discussed earlier, from a system perspective, it is advan-
tageous to have both fixed-FSW mode and spread-spectrum
mode for a DC-DC converter. A fixed-FSW buck converter

mode aids in achieving the highest possible efficiency during
sense mode. However in transmit mode, spread spectrum
operation aids in lowering spurious noise emitted by the
converter. Specifically this proposed solution can potentially
help alleviate the effect of EMI on WSNs, as discussed in [21].

The proposed CFC loop can also be utilized to realize
a spread-spectrum mode buck converter. While a constant
VFC was used to drive the frequency control input for fixed-
frequency operation, a time varying reference signal can
continuously alter the converter’s switching frequency due
to proposed CFC loop. The modulated switching frequency
results in the reduction of peak noise power across the output
spectrum of the converter. In this implementation, a triangular
modulation signal is chosen, since it can be generated in a
simple and cost-effective manner. A modulating frequency fm
≤ 100 kHz can be used, limited by the proposed CFC loop’s
unity gain frequency.

IV. EXPERIMENTAL RESULTS

The micrograph of a dual-mode ripple-based buck converter
using the proposed CFC loop, implemented in a 180-nm
CMOS process is shown in Fig. 5(a). The converter is designed
to operate across a lithium-ion battery voltage range of 2.8–
4.2 V. The output voltage range of the converter is from 1.3–
2.2 V, while providing an output load current of 40–200 mA.
Fig. 5(b) shows the measured efficiency of the converter in
the two modes of operation, as a function of output load
current IOUT at an output voltage of 1.8 V and VBATT of
3.8 V. All measurements were conducted using an inductor L
= 1 µH, and an output capacitor COUT = 1 µF. In Fig. 5(b), the
converter’s efficiency is measured as IOUT is swept from 40–
200 mA. In the fixed-FSW mode, a peak efficiency of 89.4%
was realized at an output voltage of 1.8 V and load current
of 200 mA. In spread-spectrum mode with a modulating
frequency (fm) = 10 kHz, a peak efficiency of 88.2 % was
achieved for the exact conditions. In spread-spectrum mode
the measured efficiency degrades by ≈ 0.5 − 2 % across the
output load current range.
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Fig. 5. (a) Chip micrograph (b) Measured efficiency of converter versus load
current in Fixed-frequency mode and Spread-spectrum mode of operation.

Steady-state converter operation is captured in Fig. 6(a).
Switching node (LX ), comparator output (VCMP ), average
output voltage (VOUT ) and ripple information are recorded.
The load transient response of the converter for a load step of
100 mA with 100 ns rise and fall times is shown in Fig. 6(b).
The converter exhibits undershoot and overshoot values of
18 mV and 24 mV, respectively. The settling time (Tsettling)
of the converter is ≈ 2.8 µs, which can be attributed to the
passive current sensor, where RI = 200 kΩ and CI = 3 pF.
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The converter’s output spectrum during fixed-FSW and
Spread-spectrum modes are shown in Fig. 7. The converter’s
switching frequency is at 9.5 MHz in the fixed-FSW mode.
In the spread-spectrum mode, signal VFC is modulated at a
frequency of 10 kHz with a 400 mV peak-to-peak triangle
waveform. During spread-spectrum operation, a 19 dB reduc-
tion in peak noise power is observed of the fundamental and
a 22 dB reduction of the third harmonic.
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Fig. 7. Output spectrum of buck converter in (a) fixed-FSW mode and (b)
spread-spectrum mode with a triangle wave fm = 10 kHz applied at VFC .

V. CONCLUSION

A novel clockless frequency control loop using a frequency-
to-voltage converter (FVC) was introduced and implemented
to control the switching frequency in a ripple-based buck
converter. As frequency stabilization is achieved without an
external clock, this solution obviates the need of an external
oscillator. Importantly, this solution enables spread spectrum
operation leading to a 19 dB reduction in peak output noise
power, without additional board area and system cost.
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