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Abstract: This paper reviews and discusses the state of the art of integrated switched-capacitor
and integrated inductive power converters and provides a perspective on progress towards the
realization of efficient and fully integrated DC–DC power conversion. A comparative assessment has
been presented to review the salient features in the utilization of transistor technology between the
switched-capacitor and switched inductor converter-based approaches. First, applications that drive
the need for integrated switching power converters are introduced, and further implementation
issues to be addressed also are discussed. Second, different control and modulation strategies applied
to integrated switched-capacitor (voltage conversion ratio control, duty cycle control, switching
frequency modulation, Ron modulation, and series low drop out) and inductive converters (pulse
width modulation and pulse frequency modulation) are then discussed. Finally, a complete set of
integrated power converters are related in terms of their conditions and operation metrics, thereby
allowing a categorization to provide the suitability of converter technologies.
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With the advancements in integrated circuit technologies and computing, the demand
for integrated power conversion, regulation, and its management functions is increasing
in many applications, such as portable devices that alter one voltage level into another
level, which can be accommodated in a limited volume. Small-volume voltage conversion
and efficiency are the key features, as they allow the provision to host an additional
number of features in portable devices such as notebook computers, cellular and cordless
phones, and camcorders. Conventionally, two popular approaches exist to achieve the
voltage conversion [1]. They are the linear regulator and switch-mode conversion. The
linear regulator is a continuous time circuit and acts like a voltage divider network. It
allows the voltage conversion, but only in step-down mode. The energy supplied from
the input source is dissipated in the form of heat across the resistor element. On-the other
hand, switch-mode regulators consist of a controllable switch and one or more energy
storage elements, such as an inductor and a capacitor, which allow both step-up and stepdown voltage conversions. When a capacitor is used, it is termed as ‘switched-capacitor
converter’. Similarly, an inductor is used to yield a ‘switched inductive converter’. In
comparison to inductors, energy density of capacitors is 100–1000 times more [2]. This
makes Switched capacitor converters (SCCs) to be of excessive power-density converters
and are accessible in reduced circuit volume [3,4].
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The use of linear regulators is not a preferred choice in many applications to assist
with voltage conversion due to their poor efficiency and a limitation of their output
voltage Vo being less than input voltage Vin . In particular, when the voltage conversion
ratio between Vo and Vin is large, the energy in the linear regulators gets dissipated and
produce high temperatures in a small volume. On the other hand, switch-mode power
converters became popular for exhibiting higher efficiencies along with the achievable
desired voltage conversion ratio. The realization of switch-mode power converters utilizes
reactive elements; i.e., inductors and/or capacitors. In recent times, the applications
maintain a stringent requirement on small volume. In this direction, switch-mode power
converters with a small form factor are gaining interest due to the addition of integrated
reactive components; i.e., no external capacitors or inductors.
The objective of on-chip power distribution system is to supply the necessary current
to the load through the whole chip, by keeping the required voltage level for suitable for
the load. Low noise, efficient, and minimized power supply on-chip is needed for fully
integrated system on-a-chip (SoC) arrangements [5–8]. With regard to the timely evolution
of SOC functions that has maturely developed, switch-mode power conversion will be
used. The efficient integrated power conversion, which is at an early stage, would be better
suited for SOC functions than switch-mode power conversion, owing to smaller volume.
The present trend in multicore processors is to use many individually controlled voltage
rails and dissipate the power around 1 W/mm2 . An integrated DC–DC conversion would
possibly serve as a desired benchmark, and requires a regulation such that: (1) higher
efficiency can be maintained over a wide range of operating conditions; (2) it affords tight
regulation; (3) it can hold power around 10 W/mm2 ; (4) it reduces to a voltage below the
CMOS (Complementary Metal Oxide Semiconductor) core voltage that it can handle; (5) it
is suitable for granular implementation [9].
In the modern era, digital ICs are gaining more attention due to their low power
consumption, and they increase the necessity of usage of the integrated switch-mode
power converters. Further, voltage-scaling and body-bias techniques reduce the power
consumption of digital circuits [10–12]. For performing voltage scaling, the digital circuit is
segregated into separate voltage islands with distinct voltage rails to reduce their power
consumption without sacrificing the desired performance. Body-bias techniques modify
the circuit behavior and require step-up/down conversion, or voltage inversion. By raising
the threshold voltage level, the gate discharge of a transistor can be reduced when a reverse
body bias is supplied, and this decreases the discharge of the digital circuit during idle
operation. Forward body bias makes the digital circuit operate in active mode. This
improves both speed and performance for a smaller value of threshold voltage. The output
power range of an integrated downconverter, either switched-inductive or capacitor with
voltage scaling, lies around 100–400 mW for subthreshold processors [13]. In comparison
to inductive converters, switched-capacitor converters are more suitable for integration, as
they need the lower output power of body-bias voltage generators.
The amalgamation of a power converter with a load is desirable in reducing the space
and delivering enhanced power quality. The integrated switching power converters are
synthesized in the nanometer range for CMOS IC processes in voltage scaling and bodybias voltage generation. The integration of reactive elements becomes more complex in
nanometer CMOS processes, as it demands high cost/area with low energy-storage density.
In the process of reducing the silicon area, the integration follows two major approaches.
First and foremost is a system-in package (SiP) approach that uses a committed technology
for integrating the reactive components. In the second approach, the reactive elements are
added on the same die followed by the postprocessing procedure.
In comparison to the nonintegrated switch-mode power converters, the integration
process produces smaller capacitance and inductance densities. As a consequence, the
switching frequencies of integrated switching power converters are quite high. This implies
a trade-off between the efficiency and the area occupied by the reactive elements (switching
frequency), which plays a crucial role in the design of integrated power converters. The
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(a)

(b)

Figure 1.
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[19];[19];
(b)
Figure
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output resistance of an SCPC (Switched Capacitor Power Converter) as a function of the switching frequency fs [20]. Re(b) output resistance of an SCPC (Switched Capacitor Power Converter) as a function of the switching frequency fs [20].
produced from [19], IEEE TRANSACTIONS ON POWER ELECTRONICS: 1998, [20] IEEE TRANSACTIONS ON POWER
Reproduced from [19], IEEE TRANSACTIONS ON POWER ELECTRONICS: 1998 [20], IEEE TRANSACTIONS ON POWER
ELECTRONICS: 2008.
ELECTRONICS: 2008.

The SC converter’s topology determines the voltage conversion ratio M of the transformer, where the capacitors are placed at various phases to form a new circuit. The
average equivalent output resistance of an SCPC is denoted with Rout , which depends on
the switching frequency fs , the capacitance value of floating capacitors, the ON state resistance of the respective switches Ron , and the duty cycle. To a lesser extent, the secondary
effects, such as dead time of switching pulses, parasitic resistance of the floating capacitors,
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and their connections, also vary the output resistance. Subsequently, such variation affects
the output voltage Vo .
For a given number of floating capacitors, an SCPC was proposed using all the positive
conversion ratios available in 1995 [21]. All the possible voltage conversion ratios of the
transformer can be determined from the following equation:
M =

P[k]
Q[k]

(1)

where P[k] represents the positive integers and Q[k] represents the ‘k’ elements of the
Fibonacci series (2 ≤ k ≤ (N + 1). ‘N’ represents the number of capacitors together with the
output capacitor Cout . For different numbers of floating capacitors, possible conversion
ratios are given in Table 1. All the possible conversion ratios of the SC converter were
established by the theorem presented in [21].
Table 1. Number of floating capacitors (N − 1) VS feasible conversion ratios (m) [21]. Reproduced
from [21], In Proceedings of the IEEE Power Electronics Specialists Conference: 1995.
Floating Capacitors

Feasible Conversion Ratios
1
2;

1
2

1/3;

3

1/5; 1/4; 1/3; 2/5;

4

3
4;

1
2;

1; 2

2/3; 1; 3/2; 2; 3

1
3
2 ; 3/5; 2/3; 4 ; 4/5; 1; 5/4; 4/3; 3/2; 5/3; 2;5/2;3; 4; 5
1
1
4 ; 2/7; 1/3; 3/8; 2/5; 3/7; 2 ; 4/7; 3/5; 5/8; 2/3; 5/7;

1/8; 1/7; 1/6; 1/5;
4/5; 5/6; 6/7; 7/8; 1; 8/7; 7/6; 6/5; 5/4; 4/3; 7/5; 3/2; 8/5; 5/3; 7/4; 2;
7/3; 5/2; 8/3; 3; 7/2; 4; 5; 6; 7; 8

The SCPC operates either in slow switching limit (SSL) or in fast switching limit (FSL),
or in between them. When the SCPC is operated at a low/high switching frequency, its
behavior is termed as SFL/FSL. In the SSL operating region, the amount of charge that
can be transferred by capacitors dominates the SCPC losses and output impedance. In the
FSL operating region, Ron dominates the converter losses, as it restricts the capacitors from
transferring the charge completely in each switching period.
It was pointed out in [21] that the output resistance of SCPC (Rout ) is a function of
the switching frequency, as shown in Figure 1b, and it can be inferred that Rout behaves
asymptotically different at low and high switching frequencies. Its value can be found from
the square root of the sum of the squared asymptotic values. However, Ref. [20] proposed
a simple yet systematic approach to model the Rout in the case of a two-phase SCPC. This
method depends on SSL and FSL operating regions that correspond to asymptotically
different characteristics, as pointed out in [19]. Based on this model, the approximated
value of Rout can be found from the following:
Rout =

q

R2 FSL + R2 SSL

(2)

where RFSL and RSSL represent the FSL and SSL limits as shown in Figure 1b, respectively.
Considering a 50% duty cycle in coherence to the clock signal, the capacitance C, which is
the sum of all floating capacitances, and assuming the same Ron for all switches, the values
of RFSL and RSSL are calculated as follows:
RSSL =

m
; RFSL = pRon
fs C

(3)

where m and p are the positive integers. For the same voltage conversion ratio M, m and
p behavior changes w.r.t the topology. For example, two circuit topologies with M = 0.25
exhibit different output impedances, as shown in Figure 2.
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floating capacitors [21]. Reproduced from [21], In Proceedings of the IEEE Power Electronics Specialists Conference: 1995.

When parameters such as switching frequency and component sizes are excluded, an
optimized design can be achieved around the corner frequency (fc ), where SSL and FSL
2.2. Efficiency and Power-Loss Distribution
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where Io represents the output current. In the FSL region of operation, the conduction
losses hold a proportional relationship with the on-state resistance of switches Ron . On the
other hand, they do not depend on each other in SSL operation. These relations are shown
in Equation (3). An important observation is that in both SSL and FSL operations, the power
is dissipated due to the on-state resistance of switches and the parasitic resistance. This
illustrates the reason behind Pcond losses for both the SSL and FSL limits. After selecting
the suitable voltage conversion ratio M and using Equation (4) as the upper limit for the
efficiency, the switching losses Psw are computed. These are classified into the following
two categories.
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2.2.1. Bottom-Plate Losses
As the circuit phase changes, the energy is wasted in charging and discharging the
capacitances at the ends of floating capacitors of the SCPC, and this waste contributes
to these switching losses. These losses are mainly due to the common planar nature of
integrated capacitors, and are mainly associated with the top and bottom plates of parasitic
capacitances, as well as the junction capacitance between the drain-source terminals of
switches. Bottom-plate losses contribute in large extent to switching losses, even though
they greatly depend on technology. For the same voltage conversion ratio M, different
topologies produce bottom-plate losses in different amounts; this is addressed in [22,23].
Moreover, Ref. [22] developed a switching scheme to decrease the amount of these losses.
2.2.2. Driver Losses
Typically, the drivers are realized by tapered buffers in CMOS technologies, and the
energy wasted in the drivers of power switches belongs to this category. With an optimized
design, the total switching losses can be reduced if the driver circuits are designed alongside
the respective switches [24].
2.3. Multiratio SC Power Converters (MR-SCPC)
The applications that demand a wide range of variations in Vin and/or Vo values
would result in poor efficiency when an SCPC is employed. In order to enhance the
efficiency, the multiratio SCPC (MR-SCPC) would be a suitable choice. Neglecting the
switching losses, making Rout = 0 Ω at the peaks, the efficiency of various topologies of
SCPC with one, two, or three floating capacitors is shown in Figure 3 [25]. It shows that
for wide variations in Vin and/or Vo , employing MR-SCPC would provide additional
Energies 2021, 14, x FOR PEER REVIEW
of 27
benefits. Several researchers suggest using an integrated SCPC to implement as an 7MRSCPC [26–29].
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The multiratio configuration is less efficient than expected, as there is an increase in
the number of components such as drivers and switches, which provides inadequate low
output impedance and affects the peak of waveforms, as shown in Figure 3. The efficiency
as a function of current density is shown in Figure 4 for two MR-SCPCs with N = 3 and
N = 4. To take full advantage of the average efficiency throughout the Vin range, the designs
are improved at every stage. It can be noticed from Figure 4 that the enhancement in the
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efficiency with a multiratio structure becomes clearly visible only for low power densities
Figure 3. Comparison of a multiratio switched-capacitor converter’s theoretical efficiency (without
that use relatively low switching frequencies. Under these circumstances, the efficiency
including switching losses), with N = 2, 3, 4. ‘N’ represents the number of capacitors together with
majorly
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onCout
conduction
losses, which
needIEEE
to beTRANSACTIONS
reduced by using
a larger
MELECfrom
the output
capacitor
[25]. Reproduced
from [25],
ON
POWER
the
available
choices.
TRONICS:2013.

Figure
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control techniques
techniques provide
provide
the controlling action for adjusting the voltage through the alteration of Rout , similar to a
the controlling action for adjusting the voltage through the alteration of Rout, similar to a
linear regulator. According to Equation (5), the conduction losses Pcond can be found using
linear regulator. According to Equation (5), the conduction losses Pcond can be found using
the SCPC topology. Hence, the variation in the efficiency for smaller values of Io is related
the SCPC topology. Hence, the variation in the efficiency for smaller values of Io is related
to the controller for minimizing the switching losses Psw . The integrated SCPC requires
to the controller for minimizing the switching losses Psw. The integrated SCPC requires
closed-loop controllers to achieve the line and load regulation, and in view of this, there
closed-loop controllers to achieve the line and load regulation, and in view of this, there
are several control schemes available despite the complex nature of the output impedance
are several control schemes available despite the complex nature of the output impedance
of an SCPC. A brief description is provided below.
of an SCPC. A brief description is provided below.
2.4.1. Conversion Ratio Control
This technique tunes the voltage conversion ratio M to maintain the desired output
voltage, and this further allows reducing the conduction losses. However, M takes only
discrete values, and the output resistance Rout varies nonlinearly as the SCPC topology
changes. Due to this, the majority of the designs alter the topology in an open loop
based on Vin and Vo , instead of including the drop associated with Io Rout in a closed
loop [13,22,26–28]. However, M of an SCPC topology is controlled in a closed loop after
sensing the load current Io , even though the topology is not fully integrated [30,31]. As the
adequate M values are not available, these topologies are combined with various control
schemes to maintain a fine regulation. The value of switching frequency does not vary, and
produces noise in the expected spectrum.
2.4.2. Duty-Cycle Control
Under the constant frequency operation, the ON time duration of the switches is
varied to control the output voltage for the changes in load current. This control approach
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effectively changes the series resistance of the charge-transfer switches, RFSL . This in turn
varies the quantity of charge transferred to the load in each cycle. The duty-cycle control
scheme depends on the RFSL value, as RFSL is a function of the duty ratio. When fixing
the duty ratio to 50%, the minimum RFSL value is determined. However, this does not
enhance the efficiency, as the switching activity is not related to the output power. As a
result, the switching losses become constant for the complete range of load current [32] Io,
and this produces a noise in the expected spectrum. The duty-cycle control is integrated
with programmable fs to minimize the switching losses at low power [33,34].
2.4.3. Switching Frequency Modulation
The use of frequency-modulation techniques such as PFM for hysteresis control in
the majority of control schemes linked with SCPC are favored, as they minimize Psw ,
which is proportional to Io [35–37]. This provides invariable efficiency η = f(Io). The main
limitation of this frequency modulation comes from the noise produced, which is result of
switching frequency modulation to attain the desired regulation. The switching frequency
modulation is beneficial in digital systems like wireless applications [32].
2.4.4. Ron Modulation
This method uses the ON-state resistance of the switches to regulate the output voltage
of an SCPC in the presence of changes in the input voltage and output current, particularly
in FSL designs. There are two ways for altering the Ron if the switches are realized with
MOS transistors, and they are as follows:
(1)

(2)

The width of MOS transistor is varied using segmented switches [26]. This mechanism
has a limitation in that it only works with the discrete Ron values and produces a
complex control signals for routing.
The second mechanism uses the Ron for modulating the Vgs voltage of a MOS (METAL
OXIDE SEMICONDUCTOR) transistor. It generates the uninterrupted values for the
complete ON duration of the switch. However, the strong nonlinearity between the
Ids and Vgs makes the control loop unstable, whenever Vgs approaches the threshold
voltage. For example, Ref. [31] used the transistor as a switch in an SCPC.

These two mechanisms for altering the ON-state resistance produces the switching
losses due to the power dissipated in the drive, which is a squared function of variation
in the applied voltage. Thus, the control logic for Ron modulation reduces the switching
losses without disturbing the fs . This feature is attractive for noise-sensitive applications.
2.4.5. Series LDO
The series connection of an LDO with an SCPC is a frequently used method, as it
adopts a simple approach [38,39]. The basic idea in this method is to maintain the voltage
difference between the input and output voltages using an SCPC, and control the output
voltage using a series-connected LDO. When an LDO is connected to the input/output
terminals of an SCPC, it minimizes the input current/output voltage ripples, respectively.
Moreover, faster dynamics can be obtained for controlling the load. The major limitation of
this method is that it demands a higher switching frequency to allow the smaller voltage
drop across the LDO when compared to the Io Rout drop of the SCPC. As a result, this
method increases the size of capacitors and ratings of switches, or both, and this increases
the switching losses Psw .
2.4.6. Floating-Capacitor Size Modulation
This method maintains the switching losses Psw in proportion to the load current
without altering the switching frequency fs. The aim is to divide the number of floating
capacitors into smaller numbers, such that only the desired amount of floating capacitors
is used at various levels of output power [32]. This affects the number of bottom plates.
When the same idea is applied to SCPC in dividing the number of floating capacitors and
switches, the split portions can be used as estranged parallel modules [27]. The sizing
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of the split modules determines the amount of change in the efficiency as a function of
load current and the change in output voltage ripple for a fixed-output capacitor. The
resulting discrete values of applied output power cause cycle-limit behavior, which requires
additional techniques to regulate. The significant benefit of this strategy is that the switch
width is selected to fit in size of the capacitance.
A qualitative comparison is provided below. All the above control strategies discussed
with switching, conduction losses, and noise are shown in Table 2. In addition, availability
of a continuous/discrete regulation of output voltage Vo is provided. Hence, it can be
concluded that a combination of different control strategies is required to get several
advantages [13,27,32,33,37].
Table 2. Different control schemes comparison of SCPCs.
Control Strategy

Switching Losses

Conduction Losses

Noise

Continuous/Discrete

Conversion ratio [13,22,26–28]

–

Reduces

Reduces

Discrete

Duty-cycle control [32–34]

Increases

–

Reduces

Continuous

Switching frequency modulation
[32,35–37]

Highly reduces

–

Highly
increases

Continuous

Ron modulation (Wch ) [26,32]

Reduces

–

Reduces

Discrete

Ron modulation (Vgs ) [31]

Reduces

–

Reduces

Continuous

Series LDO [38,39]

Highly increases

–

Reduces

Continuous

Capacitor size modulation [32]

Highly reduces

–

Reduces

Discrete

From Table 2, it can be observed that the series LDO control technique reduces the
noise, but has more switching losses. Switching frequency modulation enhances the noise,
but has low switching losses. Both Ron modulations (Vgs and Wch ) have low switching
losses and noise. Capacitor size modulation has very low switching losses and also reduces
the noise. Therefore, it can be concluded that capacitor size modulation brings significant
improvements, as it reduces both the switching losses and noise.
2.5. Multiphase SC Power Converters (MP-SCPC)
A single SCPC is divided into numerous smaller SCPCs in a modular approach, which
leads to a multiphase SCPC (MP-SCPC) [26,28,29,35,36,40,41], and their clock phases are
uniformly shared throughout the entire switching period. The output voltage ripple will
be reduced because at different time constants, the charge is applied to the output with the
help of small charge packages. By doing so, the input current shows a smaller ripple when
the charge is taken in small packages from the input source voltage. As a consequence, the
noise generated is of a lower value. The size of Cout gets reduced at the output node when
the charge is injected at one or fewer phases, and this further remarkably reduces the size
of the integrated SCPC.
Furthermore, the control of the number of MP-SCPC active converters will deliver a
constant efficiency as a function of Io . Nevertheless, the produced noise spectrum is altered
by turning ON/OFF some modules.
2.6. SC Converters Technology Options
The realization of all capacitors on a chip is the major hurdle that arises in the integration of an SCPC. Integration of parallel-plate capacitors is simple, but the nonconventional
procedure gives low capacitive density values. As a result, capacitors occupy more than
80% of the area in a fully integrated SCPC if regular CMOS technologies are employed,
and this increases the implementation cost. Therefore, the technology used decides power
density and efficiency.
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The main benefits and limitations of the various technologies in the integration of
SCPCs are discussed below. The capacitive density, quantity of the “bottom-plate” parasitic,
and the design cost were chosen as major parameters for consideration.
A.

B.

C.

D.

The present trend is to use the gate capacitance of MOS transistors (MOSCAPs) in
bulk CMOS technologies to offer a capacitance density that varies from 4 nF/mm2
to 12 nF/mm2 . Its main benefit is to integrate SCPCs with the remaining portion
of the system, especially in large ICs. The thin-gate oxide transistors provide a low
breakdown voltage, and this allows providing higher gate capacitance values. Due
to the usage of floating capacitors, a separate well is required for the gate capacitance
of MOS transistors. Moreover, N-type MOSCAPs exhibit a lower ESR than their
counter, the P-type, and essentially require a triple-well process. The fringe metal
capacitors offer low capacity density (<1 nF/mm2 ) even with lower parasitic, and
are neglected [13,22,23,28,32,33,40,41].
An alternative is to use metal–insulator–metal (MIM) capacitors in bulk technologies;
this requires additional masks in the fabrication stage, which increases the cost.
However, this reduces the bottom-plate parasitic capacitance to approximately 1%,
but increases the desired area due to low capacitive density (up to 2 nF/mm2 ) and
the cost [27,35–37,39].
Silicon-on insulator (SOI) technology is another alternative to bulk CMOS technology.
In this technology, the components are positioned on a high-impedance substrate
for reducing the bottom-plate parasitic capacitance of a gate capacitance of the MOS
transistor. As a result, high capacitive density of about 0.1% is achievable with
MOSCAP parasitic capacitances. Due to its higher cost, this technology is used only
if an application demands it. This is the major limitation of SOI technology [26,29].
Another important technology is the use of trench capacitors that can offer as high
as 400 nF/mm2 of capacitive density [42]. It can be seen that this technology is far
ahead of the others in terms of its higher capacitive density, breakdown voltage, and
the parasitic (<1%). Despite their benefits, trench capacitors are unsuited for use
with active components, and therefore need to be on a separate die. The complexity
becomes more pronounced between the interconnection of two separate dies in the
case of MR-SCPCs or MP-SCPCs. The complete assembling of this technology is
associated with cost [43].

3. Integrated Switched Inductive Converters
For a wide range of voltage conversion ratios, inductive converters are promising
candidates that deliver the best efficiency. Moreover, integrated inductive converters also
provide higher efficiencies for a wide range of voltage conversion, along with high current
densities. However, they depend on high-quality off-chip inductors [44].
The availability of integrated inductors that offer both low losses and high inductance
density is due to recent developments. In order to provide the efficient on-chip power
conversion at realistic current densities [45], planar spiral inductor topologies using a typical CMOS process have been built; these are popular in radio-frequency communication
circuits [46]. Air-core inductors are relatively simple in structure and possess good integration possibilities [46,47]. For a 10 W output power, various air-core inductors are utilized
in multi-phase Voltage-Controller Module utilities and achieves efficiencies in the range
of 72% and 84% are accomplished for switching frequencies of 480 MHz and 100 MHz,
respectively [47,48].The surface-mount technology (SMT)-based air-core inductors provide
a current density of up to 1.7 A/mm2 [47–49]. However, the size and discrete nature
of SMT components creates a difficulty in scaling. The integrated magnetic-core power
inductors provide current densities as high as 8 A/mm2 and are highly scalable [50–53].
These inductors are useful in on-chip integration [15] and chip stacking [16].
Integrated inductive converters face the challenge of the requirement of high-quality
inductors [47–49]. From the control viewpoint, inductive DC–DC converters allow good
control of the output voltage for the variations in the input voltage and output load. Its
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The following section briefly discusses integrated inductive converters based on
efficiency and power-loss contributions, control and modulation strategies, implementation
issues, and integration technology options.
3.1. Power-Loss and Efficiency Calculations
The efficiency of an integrated inductive switching power converter (ηiisp ) is defined
as the ratio of output power to the input power, which is given as:
ηiisp = Po /Pin

(6)

where Pin = Po + Ploss , Po = the output power of the converter, Pin = the input power of the
converter, and Ploss = the power loss in the converter.
The major losses are given below.
3.1.1. Conduction Losses
Ohmic losses in power switches and integrated inductor produces conduction losses,
which are denoted as Pcond and are expressed as:
Pcond = Σi I 2 rms,i Ri

(7)
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where Irms,i represents the rms value of current that is passing through ith resistor Ri . A
small inductance is used in the integrated inductor due to technology restrictions, and
this causes a large current ripple, followed by a large value of rms current. On the other
hand, skin and proximity effects in the inductor windings cause the ohmic resistance to
increase along with the increase in switching frequency. If the inductor is air-cored, the
effective winding resistance of inductor further increases due to significant eddy current
losses, which can significantly affect the converter’s efficiency [54].
3.1.2. Switching Losses
The charging and discharging of parasitic capacitances associated with Turn-On and
Turn-Off causes the nonzero values of voltage and current. This leads to the switching
losses Pswitch . To reduce the on-resistance of the power switches, Vdd is the maximum
available voltage. In case of step-up, it is the output voltage Vo , and in case of step-down,
it is Vin . In general, they are not straightforward to model and compute, but hold a
proportional relationship to the switching frequency fs . These losses are given as:
Pswitch = Σi fs Ci V2 dd

(8)

Gate driver losses, which can account for large portion of the switching losses can be
limited either by using accurate dimensioning or using ascended voltage supplies.
3.1.3. Dead-Time Losses
When a switching converter is implemented as a synchronous rectifier, dead-time
occurs. In CMOS processes, in the absence of fast-switching diodes, dead-time occurs
during the OFF state of the power switches in order to avoid high current peaks. The
dead-time losses are given as:
Pdead = fs IL Vdiode td

(9)

where IL represents the inductor current during the dead-time period, td represents deadtime, and Vdiode represents the forward bias voltage of the body diode. Dead-time losses
are due to the current flowing through the body diode for every switching cycle, and they
are considered as hybrid conduction/switching losses.
3.1.4. Inductor Core Losses
The magnetic core of an integrated inductor produces frequency dependent core
losses, which includes hysteresis and eddy current losses [55]. The proper choice of core
material reduces the EMI and the size of the inductor impression [49,56]. However, the
pronounced core losses will occur, if the core material, thickness, and structure choice are
not chosen carefully.
3.2. Control and Modulation Strategies
The controller is designed for a power converter to maintain the constant output
voltage in the presence of input-voltage and load-current variations. The time constant
associated with the high-frequency integrated power converters is very small, so additional
care must be given in the process of designing a control loop [57]. The implementation
of a control strategy requires modulation schemes that transform the control action into
the switching pattern. The generated switching pattern decides the efficiency when the
switching losses are significant.
Pulse-width modulation (PWM) and pulse-frequency modulation (PFM) [58] are
pronounced modulation schemes in the case of high-frequency power converters. In the
case of PWM, the switching frequency is kept fixed and the duty ratio is varied [59]. In PFM,
the switching frequency is changed, and either constant ON time or constant OFF time is
used to control the power switch. For low-power applications such as mobiles, PFM is a
preferred choice over PWM when integrated inductive conversion is operated with a low
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switching frequency, which provides lower switching losses and a higher efficiency [57].
However, with PFM, the ripple in the output voltage is large at low power. However, this
can be neutralized by placing a larger output capacitance that takes additional space. On
the other hand, the advantage of PWM is better prediction of the EMI due to its constant
switching frequency. When the switching frequency in PWM is high, there might be an
interaction between the application’s frequency band and the EMI energy at the switching
frequency, which is not desirable. To prevent this case, EMI energy is distributed across the
frequency band for PFM-controlled integrated inductive power conversion circuits, and
this becomes beneficial.
3.3. Implementation Issues
The boundary condition of integration requires the inductive converter topologies to
choose the simple buck-and-boost topologies. For integrated inductive converters, isolated
and resonant topologies are not suitable due to the requirements of an on-chip transformer
and a low-quality factor, respectively [60]. In conventional buck-and-boost topologies,
the measurement of on-state resistance of the switch and its related area, capacitance,
and inductance are not straightforward. The primary consideration is given to the lesssignificant parasitic in the design of a conventional switch-mode power converter to
provide the low-quality factor, followed by parasitic capacitances of a switch. To take these
effects into account, the design equations need to be developed. The second critical aspects
arise in formulation of the optimization problem in the multidimensional design space.
Thus, the calculation of efficiency in the multidimensional design space over the entire
design space based on the power-converter model becomes helpful [61–63].
For large Vdd and higher switching frequencies, decreasing the switching losses is
most important (see Equation (8)). The charge and discharge of parasitic capacitances due
to the flow of inductor current reduces the switching losses with zero-voltage switching
(ZVS) in a quasi-resonant operation. Due to this, the energy is not dissipated in the switches;
rather, it is swapped between the inductor and capacitor. The application of this idea to
driver circuits results in the resonant gate drivers that operate at 200 MHz [64].
Another component to reduce the switching loss is associated with the dead-time of
the body diode conduction. The inductor current raisess linearly when the upper PMOSFET
is ON, and the same is discharged through the parasitic capacitance Cx at the node LX when
the switch is OFF as shown in Figure 5. For appropriate control of the dead-time between
the turn-on time instant of the lower NMOSFET and turn-off time instant of the upper
PMOSFET, the NMOSFET can be turned ON when the voltage between the drain and
source is zero. This discharges the parasitic capacitance Cx , and as a result, switching losses
are reduced. In a similar way, the NMOSFET is turned OFF at the instant the inductor
current becomes negative and it charges the CX [65], and the same is used in an integrated
converter [66]. To arrest the turning ON of the MOSFET too early or too late, it becomes
necessary that the dead-time needs to be controlled using adaptive control [67–70].
Multilevel power conversion using a conventional power converter was presented
for integrated power conversion in [71] and recently extended in [72]. This decreases
the value of RMS current and has more advantages in the form of reduced conduction
losses, particularly in integrated inductive converters due to smaller inductance and
related high current ripple, low Q-factor of the inductor, and related high series resistance.
However, a major limitation in multilevel power conversion arises, as it requires a higher
number of switches and associated gate driving signals when compared to the conventional
topologies [71].
Multiphase power converters increase their maximum output power with the parallel
connection of converter stages, since every stage contributes output power, and the same is
limited for each stage. Furthermore, these converters can operate in such a way that all
its stages operate at maximum possible efficiency, so that the overall converter efficiency
improves. Based on the number of phases and the duty cycle, the complete output current
ripple can be decreased significantly when the phases are out of phase. This implies the
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reduction of input and output capacitance related to a single converter with the same input
and output ripples. On the other hand, the lower input and output voltage ripples will be
the outcome with unchanged capacitance values. A two-phase integrated buck converter
and four-phase integrated inductive buck converter can be found in [44,73]. Current ripple
can be further decreased by coupling of inductors [74], which is not practicable when more
than two phases are used.
The input voltage of the converter in many instances will be more than it can withstand
in nm-CMOS IC processes. Cascaded connection of power switches using a regular CMOS
allows tolerating high input or output voltages for both switched-inductive and capacitive
converters [75]. Synthesizing high voltage (HV) MOSFETs in a baseline CMOS without
the need of any extra process masks is another method [76]. These MOSFETS permit high
switching-frequency operation, which is suitable in RF power amplifiers [77].
Another design parameter in integrated inductive converters is the requirement to
operate in CCM or in DCM. In CCM, the inductor current does not approach zero, and
provides satisfactory results due to ease of generation of switching signals. Its counterpart
is DCM, in which the inductor current does not flow all the time; this is a viable option
for low power when efficiency is more stringent [78]. Deciding whether to operate in
CCM or in DCM is a primary choice, but to balance the losses for wide variation of output
loads, or operate the converter with PFM [79] or in CCM/DCM, is to balance between the
conduction and switching losses.
3.4. Integration Technology Options
Integration of converters majorly adopts SiP and monolithic integration techniques.
Their details are as follows:
The reactive components in the SiP approach are executed in various technologies,
leading to best implementation. The power IC was organized for a solenoid inductor by
utilizing ferrite as substrate to arrange a chip-size module in [80]. On the other hand,
using an off-chip surface mount device (SMD) and air-core capacitors and inductors, an
eight-phase interleaved buck was designed in [47], an SC interleaved voltage doubler was
designed in [81,82], and further to decrease the EMI, a single fully integrated cross-coupled
SC voltage doublers is used [83].
In the dual-die approach, the reactive components are not kept on the same dies as the
switches and its control. Here, the die with reactive elements and the active die are linked
to each other through uneven patches. The reactive components with a characteristic size of
0.35 µm can be placed in a CMOS process in which the area is less costly, and then the active
components can be added with load in nm CMOS [70]. A committed low-mask-count
passive-integration process is beneficial to integrating inductors and capacitors to attain
cost reduction. A passive-integration process of capacitance density with 80 nF/mm2 was
used in [54,63] with a 8 µm-thick copper-top metal layer to synthesize inductors with a
practical Q-factor. The large output and input capacitance values can be synthesized at low
costs as an additional benefit.
Monolithically integrated inductive converters have been realized on a single die for an
130 nm CMOS [84] and 180 nm CMOS [85]. A buck converter was integrated monolithically
on a 130 nm CMOS [86] and on a 180 nm SiGe IC [74], and recently via GaAs pHEMT [87].
Nevertheless, to integrate the inductor and attain a satisfactory performance in a basic
CMOS is a challenging task in a selected area. Using bond wires, the inductors can be
synthesized [88]. The postprocessing procedure can be applied to improve the performance
of the inductor in a basic CMOS. To reduce EMI issues in a microelectromechanical system,
a postprocessed plastic deformation magnetic assembly (PDMA) inductor was utilized due
to the parallel connection between the magnetic fields and the planar circuits [46]. Based
on an amorphous CoZrTa alloy, thin film inductors were suggested for the postprocessing
procedure [89].
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4. Comparison between Integrated SC and Inductive Converters
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Following are the noticeable points related to SCPCs (see Figure 6a):
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There is a comprehensible tradeoff between the maximum efficiency and the power
density in bulk CMOS applications that include MIM capacitors. Using MIM capacitors allows higher peak efficiency designs, whereas lower capacitive density leads to
lower power densities.
Operating the SCPC at higher switching frequencies results in a small size design,
around 100 nm. This will give high power density at acceptable efficiencies for gate
capacitance of MOS transistors.
Acceptable performance is acquired for different technologies as in [26] (fully integrated step-down SC converter), Ref. [29] (fully integrated step-down SC converter)
and [43] (fully integrated SC 2:1 voltage converter), as shown in Figure 7 (trench
capacitors).
It is challenging to determine the type of converter circuit (i.e., either SCPC or inductive converter) that can provide the satisfactory overall performance between the
power density and the efficiency as depicted in Figure 6. The SCPC is the best possible
design [43], but it engages at corresponding low voltage and affords low absolute
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capacitors results in a higher power density [47]. So, the main motive for selecting
SiP over the monolithic approach is the lower cost, but not the power density.
(3) The power density of the converter can be improved after applying the postpro-
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mentation), as shown in Figure 11. The use of committed and advanced small SMD
18 ofmo27
inductors and capacitors results in a higher power density [47]. So, the main
tive for selecting SiP over the monolithic approach is the lower cost, but not the
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Using the works on DC–DC converters related to on-chip-integrated or package-integrated passive elements, Table 3 is presented to compare the test chips using different
process technologies, input/output voltage ranges, inductor/capacitor technologies,
power density, and efficiency.
Table 3. Performance comparison of step-down DC-DC converter designs based on on-chip-integrated passive elements.
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Figure 11. Synchronous buck converter and its control [84]. Reproduced from [84], In Proceedings
of the IEEE European Solid-State Circuits Conference: 2009.
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For off-chip applications, the reduced size and the copackage option of inductor-based
switching converters are a step closer to complete integration [47]. However, they require
costly fabrication steps [44] for improving the Q-factor of the inductor and a low energy
density for fully integrated DC–DC converters based on CMOS inductors. Their counterpart, integrated capacitors, achieve low series resistance and high capacitance density. This
allows them to be used for implementing DC–DC converters in CMOS processes without
any extra construction stages. As a result, fully integrated SC converters are gaining interest
in both academia and industrial researchers. Regarding SC converters [36,40], investigated
the fully integrated SC with voltage doublers, using the interleaving of multiple phases
to reduce the output ripple. The work in [36] demonstrated a high efficiency of 82% but a
reduced power density of 0.67 mW/mm2 , whereas the work in [40] achieved a high power
density of 1.123 W/mm2 with a poor efficiency of 60%.
Using the works on DC–DC converters related to on-chip-integrated or packageintegrated passive elements, Table 3 is presented to compare the test chips using different
process technologies, input/output voltage ranges, inductor/capacitor technologies, power
density, and efficiency.
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Table 3. Performance comparison of step-down DC-DC converter designs based on on-chip-integrated passive elements.
Parameters

[26]

[32]

[43]

[44]

[49]

[56]

[71]

[72]

[73]

Process technology

32 nm SOI

45 nm CMOS

45 nm SOI

130 nm CMOS

90 nm CMOS

130 nm
CMOS

250 nm CMOS

130 nm CMOS

130 nm CMOS

Topology

Fully
integrated
step-down SC
converter

Fully
integrated
step-down SC
converter

Fully
integrated SC
2:1 voltage
converter

Stacked
interleaved buck
converter

Four-phase buck
converter

Buck

Step-down
3-level 2-phase
converter

3-level DC–DC
converter
(hybrid of buck
and switchedcapacitor)

Step-down
four-phase
converter

Inductor/Capacitor
technology

Standard CMOS
technology

Standard CMOS
technology

Integrated
on-chip trench
capacitors

On-chip spiral
inductors

Off-chip air-core
inductors
soldered to the
package

Fe-core
on-pkg

Bond-wire
inductor

On-chip spiral
inductors

On-chip spiral
inductor

Vin (V)

2

1.8

2

1.2

1.2–1.4

3.3

3.6

2.4

2–2.6

VOUT (V)

0.5–1.1

0.8–1

0.95

0.9

0.9

0–1.6

1

0.4–1.4

1.1–1.5

Frequency (MHz)

70

30

100

170

233

60

37.3

50–250

225

No. of phases

32

-

-

1

4

16

2

4

4

L per phase (nH)

N/A

N/A

N/A

2

6.8

-

26.7

1

3.9

Total flying
Capacitance (nF)

-

0.534

0.2

N/A

N/A

N/A

5.07

18

N/A

Output
capacitance(nF)

0

0.7

-

5.2

2.5

-

25.9

10

12.2

Maximum power (W)

0.3

0.008

0.0026

0.32

0.27

120

0.1

1

0.8

Area (mm2 )

0.378

0.16

0.0012

1.5

1.26

37.6

5.01

5

3.8

Power density
(W/mm2 )

0.55

0.05

2.19

0.21

0.213

3.19

0.02

0.2

0.213

Efficiency at peak (%)

81

68.5

90

77.9

84.5

87.9

69.68

77

58

Note: - indicates no information.
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It is difficult to make a fair comparison of the on-chip-integrated or the packageintegrated technologies, as they differ in every aspect. However, Refs. [44,49,74] used
the same technology with a power rating of more than 200 mW. So, only these works
were considered for the comparison of the various parameters of DC–DC converters using
the on-chip-integrated/package-integrated passive elements under the buck mode of
operation [44,49,74]. The maximum output power and power density were chosen as the
metrics for comparison, as they define the nature of application. It can be observed that [74]
proposed buck operation for an output power of 0.8 W, which was two times more than
the second highest value of 0.32 W, achieved in [44]. The designs in [49,74] share similar
power densities of 0.213 W/mm2 . However, Ref. [49] used off-chip air-core SMT inductors,
which were not considered for the area calculation. In addition, it was found that when
the process adopted SOI technology and implementation, using on-chip trench capacitor
structures enabled higher efficiency.
Table 4 shows a comparison of step-up DC-DC converters with different viewpoints.
It could be seen that the converters recorded in the table have on-chip capacitors, though
the methods for realization of inductors are distinct. For instance [92] had utilized onchip metal inductor and [93] had utilized bond wire to design the inductor. The data
of power densities is given in Table 4. Commonly, power densities of the in-package
inductor-based designs are considerably higher than those of the on-chip inductor-based
designs. The proposed design in [94] depends on in- package inductor and it is noticed
that the in-package inductor-based design has the best power density. The other significant
perspective to notice here is that the decrease of output ripple. In [93] bond wires are
utilized to realize the inductors, the ripple performance stays poor (around 6%), while
in [94] in-package inductor is utilized and the ripple performance is 0.62%.
Table 4. Performance comparison of step-up DC–DC converters designs based on on-chip-integrated
passive elements.
Parameters

[92]

[93]

[94]

Process technology

0.18 µm

0.18 µm

0.18 µm

Topology

Step-Up DC–DC
converter

Step-Up DC–DC
converter

Step-Up DC–DC
converter

Capacitor (F)

1.2 n (MOS)

1.3 n (MIM)

1.08 n (MOS)

Inductor (H)

22 n (on-chip)

18 n (bond wire)

30 n (bond wire)

Vin (V)

0.3

1.6–2

1.0–2.7

VOUT (V)

1.1

2.5–4

3.2

Frequency (MHz)

-

100

118

0.63

1

0.52

Power density
(W/mm2 )

0.032

0.149

0.387

Efficiency at peak (%)

45%

63%

75.9%

Ripple

-

6.1%

0.62%

Area

(mm2 )

With a plethora of designs available in the literature pertaining to the choice of power
converters, it was more challenging to find the suitability of a power converter for an
application. This is shown in Figure 14 for both SCPCs and inductive converters based on
the maximum output power obtained. Integrated inductive converters are more suitable for
higher power levels [89,90]. Most of the designs, in the case of SCPCs, favored low-power
applications. However, recently there were some investigations in [26,35] in 2010, and
in [29,41] in 2011, to achieve the comparable output power levels as inductive converters.
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Table 5. Performance comparison of various topologies based on EMI.
Parameters
[14]
[17]
[36]
[81]
[82]
[83]
[95]
Process technology 0.35 μm CMOS 0.35 μm CMOS 0.13 μm CMOS 0.35 μm CMOS 0.13 μm CMOS 0.6 μm CMOS 0.18 μm CMOS
SC Voltage
SC Interleaved
SC Voltage
SC Voltage
SC Voltage
Topology
Dickson
Dickson
Doubler
Voltage Doubler
Doubler
Doubler
Doubler
Fully integrated
Yes
Yes
Yes
No
Yes
No
Yes
Capacitor
Finger
Integrated
MIM
External
On-chip
External
MIM
technology
Total flying
740 pF
20 pF
400 pF
2 μF
210 pF
1 μF
20 pF
capacitance
Control mechaFrequency
Open loop
Frequency
Phase delay
Open loop
Open loop
Current
nism
Clock frequency
0–35.4 MHz
6 MHz
20 MHz
200–500 kHz
60 MHz
500 kHz
5–60 MHz
Ripple voltage
2.7 V
10 mV
20 mV
40 mV
Parasitic CaInput capacitance
10 pF
220 nF
pacitance Only
3–5 pF
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Table 5. Performance comparison of various topologies based on EMI.
Parameters

[14]

[17]

[36]

[81]

[82]

[83]

[95]

Process technology

0.35 µm CMOS

0.35 µm CMOS

0.13 µm CMOS

0.35 µm CMOS

0.13 µm CMOS

0.6 µm CMOS

0.18 µm CMOS

Topology

Dickson

Dickson

SC Voltage Doubler

SC Interleaved
Voltage Doubler

SC Voltage Doubler

SC Voltage Doubler

SC Voltage Doubler

Fully integrated

Yes

Yes

Yes

No

Yes

No

Yes

Capacitor
technology

Finger

Integrated

MIM

External

On-chip

External

MIM

Total flying
capacitance

740 pF

20 pF

400 pF

2 µF

210 pF

1 µF

20 pF

Control mechanism

Frequency

Open loop

Frequency

Phase delay

Open loop

Open loop

Current

Clock frequency

0–35.4 MHz

6 MHz

20 MHz

200–500 kHz

60 MHz

500 kHz

5–60 MHz

Ripple voltage

2.7 V

-

10 mV

20 mV

-

-

40 mV

Input capacitance

-

10 pF

-

-

-

220 nF

Parasitic Capacitance
Only
3–5 pF

Output capacitance

-

10 pF

400 pF

2 µF

200 pF

2.2 µF

20 pF

Vin

12 V

-

1–1.2 V

1.8–2.0 V

1.2 V

1.5–2.5 V

1–1.8 V

IOUT

4.57 mA

50 µA

-

10–180 mA

1 mA

50 mA

1 mA

VOUT

70 V

3 × Vin

1.8–2.1 V

3.3 V

1.99 × Vin

2 × Vin

Vin –2 × Vin

ηmax

21%

-

82%

91.5%

88%

95.7%

IEC 61,967 Class L
(<24 dBµV)

Measured
emissions

-

CISPR-25 Class 5
(<34 dBµV)

-

-

-

>69 dBµV

IEC 61,967 Class L
(<24 dBµV)
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5. Conclusions
This paper presented the technologies, modulation strategies, and control schemes of
integrated switching power converters, both switched-capacitor and switched-inductive
networks. Both types allow efficient conversion for up and down operations, which is
essential in many applications. For the integrated switched-capacitor converters, a clear
trade-off between peak efficiency and power density has been presented graphically to
distinguish between MIM, SOI, and trench capacitor technologies. From the various
control strategies of SCPCs, it was observed that the switching losses could be greatly
reduced using the switching-frequency modulation technique, but at the same time, it
enhanced the noise significantly. To overcome this problem, a capacitor-size modulation
technique was used for reducing the effect of the switching frequency and noise to a
great extent. For inductive converters, an SiP-based approach has both low and high
power densities when compared to monolithic-approach-based converters due to the use
of committed and advanced small SMD capacitors and inductors. It was also observed
that the power density can be greatly increased by utilizing the postprocessed magnetic
structures on a CMOS. Comparing the integrated versions of switched-capacitor and
inductive converters, inductive converters are generally suited for higher output power
applications. On the other side, integrated switched-capacitor converters are suitable for
ultralow output powers.
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